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Abstract 

Amino alcohols, cyclopropanes and nitriles are privileged structural motifs found in the scaffold 

of natural products and bioactive compounds. In addition, they are versatile building blocks in 

organic chemistry. The development of new and increasingly efficient synthetic methods to 

access these chemical motifs from readily available feedstocks is therefore highly desirable. In 

this context, alkenes have been substrates of choice to rapidly access complex molecules, as 

two new functionalities can be installed across their double bond. To achieve such 

transformations, palladium catalysis and radical chemistry stand as two of the most efficient 

strategies. 

In this thesis, a new palladium-catalyzed carboamination of allylic alcohols using a 

trifluoroacetaldehyde-based tether was first investigated. The tether could be easily installed on 

diverse allylic alcohol substrates and the formed hemiaminals underwent in high yield and 

diastereoselectivities the desired transformation under optimized conditions. Both alkynyl- and 

aryl-bromides could be used as electrophilic partners in the reaction. For the latter, in order to 

supress a competitive Heck-pathway, a new phosphine-based ligand “FuXPhos” had to be 

developped and was key to reach high yields for the aminoarylation in combination with CsOTf 

as additive. The tether in the obtained products could be cleaved under acidic conditions 

delivering valuable amino alcohol derivatives. 

This difunctionalization strategy mediated by palladium was then applied to the strained alkene 

of cyclopropenes. With at first no success with intermolecular attempts, preliminary results for 

the intramolecular carbo-amination and carbo-etherification of cyclopropenes could be 

obtained, delivering cyclic aminocyclopropanes and oxabicyclo[3.1.0]hexane derivatives. 

Unfortunately, the difficulty to access the starting materials combined with a tedious 

optimization led to consider a different approach to access functionalized cyclopropanes. The 

use of radical chemistry was then investigated to functionalize the strained alkene of 

cyclopropenes. Photoredox catalysis was particularly attractive, as it has allowed for the 

development of powerful new transformations while providing a mild way to generate radicals. 

A novel synthesis of bicyclo[3.1.0]hexanes could be developed by a convergent (3+2) 

annulation of cyclopropylanilines with cyclopropenes mediated by photoredox. Employing 

4DPAIPN as organic photoredox catalyst with a slight excess of the cyclopropylaniline partner 

in nitromethane, the desired bicyclic product could be isolated in high yield. The scope of the 

transformation was broad for both reaction partners, but the products were obtained with low 
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diastereoselectivities. It was found that by combining difluorocyclopropenes with a bulky 

aromatic N-substituent on the cyclopropylamine, the corresponding fluorinated 

bicyclo[3.1.0]hexanes could be accessed in good yields and diastereoselectivities under slightly 

re-optimized conditions.  

Finally, the possibility to achieve an amination reaction of cyclopropenes using N-centered 

radicals was investigated. It was discovered that the addition of azidyl radicals to the double 

bond of cyclopropenes under photoredox conditions led to the formation of two new products 

coming from an unexpected ring cleavage: an alkenyl nitrile and a quinoline. While the 

formation of the quinoline product could not be optimized above 47% yield, conditions could 

be found for the selective formation of the alkenyl nitrile in high yields using TMSN3, PIDA 

and CuCl2 as cheap and commercial reagents. Through the scope investigations it was 

discovered that an aryl-substituent on the double bond of the cyclopropene substrates was 

necessary for the transformation to proceed. Despite this limitation various substrates could be 

engaged in the transformation and delivered the corresponding alkenyl nitriles in high yields. 

With 1,2-diaryl substituted cyclopropenes a synthesis of valuable polycyclic aromatic 

compounds could be developed, through a one pot radical amination / oxidative cyclization. 

Keywords: palladium catalysis, carboamination, allylic alcohols, cyclopropenes, 

aminocyclopropanes, photoredox catalysis, radical chemistry, (3+2) annulation, azidation, 

amino alcohols, bicyclo[3.1.0]hexanes, nitriles, polycyclic aromatic compounds. 
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Résumé 

Les alcools aminés, les cyclopropanes et les nitriles, sont des motifs chimiques privilégiés que 

l’on retrouve dans la structure moléculaire de produits naturels et de composés bioactifs. Ils 

sont également des groupes fonctionnels polyvalents en chimie organique. Le développement 

de méthodes de synthèse innovantes et toujours plus efficaces pour accéder à ces motifs est 

ainsi hautement souhaitable. A cet égard, les alcènes sont des substrats privilégiés pour accéder 

rapidement à des molécules complexes, deux nouvelles fonctionnalités pouvant être installées 

simultanément sur leur double liaison. Afin d’accomplir de telles réactions, la catalyse au 

palladium et la chimie des radicaux sont deux des stratégies les plus efficaces. 

Dans cette thèse, une nouvelle réaction de carbo-amination d’alcools allyliques catalysée au 

palladium et médiée par un tether dérivé du trifluoroacétaldéhyde a tout d’abord été étudiée. 

Ce tether a pu être installé facilement sur divers alcools allyliques. Les hémiaminals ainsi 

formés ont pu être engagés dans la réaction catalysée, délivrant les hétérocycles correspondant 

avec de hauts rendements et diastéréosélectivités dans les conditions optimisées. Les bromures 

d'alcynes et d’aryles ont pu être utilisés comme partenaires électrophiles dans cette réaction. 

Pour ces derniers, afin de supprimer une voie réactionnelle compétitive de Heck, un nouveau 

ligand à base de phosphine «FuXPhos» a dû être développé et s’est avéré essentiel pour 

atteindre des rendements élevés dans la réaction d’aminoarylation combiné avec CsOTf comme 

additif. Le tether au sein des produits obtenus a pu être clivé en conditions acides, délivrant 

d’importants dérivés d’alcools aminés. 

Cette stratégie de di-fonctionnalisation médiée par le palladium a ensuite été appliquée à 

l’alcène tendu des cyclopropènes. Après des premiers essais sans succès de fonctionnalisation 

intermoléculaire, des résultats préliminaires ont pu être obtenus pour des réactions de carbo-

amination et de carbo-étherification intramoléculaires de cyclopropènes, permettant d’accéder 

à des aminocyclopropanes cycliques et de dérivés d’oxabicyclo[3.1.0]hexane. 

Malheureusement, les difficultés rencontrées pour la synthèse des substrats de départ 

combinées à une optimisation fastidieuse, ont conduit à envisager une approche différente pour 

accéder aux cyclopropanes fonctionnalisés. L'utilisation de la chimie radicalaire a ainsi été 

envisagée pour fonctionnaliser la double liaison des cyclopropènes. La catalyse photorédox 

était une approche particulièrement intéressante, ayant permis le développement récent de 

nouvelles transformations efficaces tout en offrant un moyen plus doux de générer des radicaux. 

Une nouvelle synthèse de bicyclo[3.1.0]hexanes a ainsi pu être développée par une réaction 
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convergente d’annulation (3+2) entre des cyclopropènes et des cyclopropylanilines, médiée par 

la catalyse photorédox. En utilisant le 4DPAIPN comme catalyseur photorédox organique avec 

un léger excès du dérivé de cyclopropylaniline dans le nitrométhane, le composé bicyclique 

attendu a pu être isolé avec un haut rendement. La transformation a pu être appliquée à une 

large variété des deux partenaires de la réaction, bien que les produits aient été obtenus avec de 

faibles diastéréosélectivités. Cependant, il a été découvert que la combinaison de difluoro-

cyclopropènes avec une cyclopropylamine substituée par un groupement aromatique 

volumineux permettait d’obtenir les bicyclo[3.1.0]hexanes fluorés correspondant avec de bons 

rendements et diastéréoselectivités, dans des conditions légèrement ré-optimisées. 

Enfin, la possibilité d’accomplir une réaction d’amination de cyclopropènes en utilisant des 

radicaux azotés a été étudiée. Il a ainsi été découvert que l’addition radicalaire d’azotures sur 

la double liaison des cyclopropènes en conditions photorédox, conduisait à la formation de deux 

nouveaux produits : un dérivé d’acrylonitrile et une quinoléine. Bien que la synthèse de la 

quinoléine n’ait pas pu être optimisée au-delà de 47% de rendement, des conditions ont pu être 

trouvées pour la formation sélective du dérivé d’acrylonitrile avec un rendement élevé en 

utilisant TMSN3, PIDA et CuCl2 comme réactifs commerciaux et bon marché. L’étude de 

l’étendue de cette nouvelle réaction a permis de découvrir que la présence d’un substituant aryle 

sur la double liaison des cyclopropènes était nécessaire à son bon fonctionnement. Malgré cette 

limitation, divers substrats ont pu être engagés dans la transformation, délivrant les dérivés 

d’acrylonitrile correspondants avec de hauts rendements. A partir de cyclopropènes substitués 

en position 1 et 2 par des groupements aryle, une synthèse monotope de composés aromatiques 

polycycliques a pu être développée, par une amination radicalaire suivie d’une photo-

cyclisation oxydante. 

Mots clés: catalyse au palladium, carbo-amination, alcools allyliques, cyclopropènes, 

aminocyclopropanes, catalyse photorédox, chimie radicalaire, annulation (3+2), radicaux 

azotés, alcools aminés, bicyclo[3.1.0]hexanes, acrylonitriles, composés aromatiques 

polycycliques. 
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1. Introduction 

Over the last two centuries organic chemistry has had a tremendous impact on science and 

society. Our modern lives benefit from the chemical industry every day, as it provides food and 

energy, inorganic materials, drugs, perfume, textiles and synthetic dyes. Our ability to 

synthesize small molecules from simple and abundant feedstock is therefore paramount for the 

well-being and progress of our civilization. One of the biggest challenges faced by chemists is 

the search and production of biologically active small molecules, as it enables to study human 

diseases and to find new therapeutics.1 With about half the drugs in clinical use originating from 

natural products or analogues,2 nature is a unique source of inspiration for bioactive compounds 

design. However, natural sources can often provide only trace amount of natural products. 

Hence, organic chemistry plays a leading role in the development of new drugs by supplying 

both natural products and potentially more active derivatives by means of total or partial 

synthesis. For decades, efforts in medicinal chemistry have focused on the development of 

aromatic and achiral molecules as drug candidates, termed as “flat”. Yet, it has been recently 

recognised that more complex, saturated molecules, led to higher specifities for their target and 

hence have better chances at clinical success.3 The synthetic challenges raised by unprecedented 

skeletal structures and ever-increasing molecular complexity required for drug development, 

thus call for the development of new strategies and efficient methodologies to access key 

building blocks. 

In medicinal chemistry, vicinal aminoalcohols and substituted cyclopropanes are both 

important structural motifs found in a variety of naturally occurring or synthetic molecules, that 

display highly diverse bioactivity profiles. For aminoalcohols, their direct interactions with a 

receptor is often key for bioactivity and requires a controlled orientation in space of the 

functional groups. The cyclopropyl motif however, brings stability to a given drug due to its C-

H bonds that are stronger than those of alkanes, and prevents enzymatic degradation. In 

addition, they can help to position pendant functional groups by bringing steric constraints and 

rigidity to a molecule. Furthermore, aminoalcohols and cyclopropanes are privileged synthetic 

intermediates with an exceptional panel of possible derivatizations to access diverse products 

 
1 L. Laraia, L. Robke, H. Waldmann, Chem. 2018, 4, 705–730. 
2 D. J. Newman, G. M. Cragg, J. Nat. Prod. 2012, 75, 311–335. 
3 a) F. Lovering, J. Bikker, C. Humblet, J. Med. Chem. 2009, 52, 6752–6756; b) F. Lovering, Med. Chem. Comm. 2013, 4, 

515–519. 
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of interest. Therefore, the development of novel and efficient strategies to access these scaffolds 

in a stereodefined way are highly desirable.  

In this regard, the functionalization of C-C double bonds has proven to be a very efficient way 

to achieve a rapid increase in molecular complexity from readily available feedstocks. Amongst 

the variety of methods to achieve their functionalization, palladium catalysis and radical-based 

chemistry have emerged as two of the most efficient strategies for the installation of multiple 

functionalities in one single chemical step. 

In this thesis, two projects implementing these strategies for the functionalization of alkenes 

will be described (Scheme 1, a). In the first project, we studied allylic alcohols as cheap and 

readily available alkene starting materials, and we could successfully develop a palladium-

catalyzed carboamination reaction using a removable tether to access vicinal aminoalcohols 

(Scheme 1, b). In the second project, we investigated both palladium and radical-based 

chemistries to access substituted cyclopropanes by functionalization of the strained alkene of 

cyclopropenes (Scheme 1, b). 

 

Scheme 1: General overview and structure of the thesis 

These two projects will be described in two chapters with individual introductions and goal 

sections. In the introduction of the first project (Chapter 2), the importance of aminoalcohols 

and classical methods to synthesize them will be highlighted. Then an overview of the tethering 
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concept and its application to palladium catalysis will be discussed, followed by previous works 

reported in our group. Eventually the successful development of a new palladium-catalyzed 

carbo-amination of allylic alcohols using a trifluoroacetaldehyde-derived tether will be 

presented. 

In the second part of this thesis, I investigated the functionalization of the strained alkene of 

cyclopropenes for the synthesis of functionalized cyclopropane derivatives (Chapter 3). The 

importance of functionalized cyclopropanes will be detailed in the introduction (Chapter 3.1), 

with a focus on aminocyclopropanes and bicyclo[3.1.0]hexane derivatives. Then the 

background on the formation of C-O and C-N bond by cyclopropene functionalization will be 

discussed, followed by precedents on the use of radical chemistry with cyclopropenes. Finally, 

the existing methods to access bicyclo[3.1.0]hexanes from cyclopropenes will be presented. 

The result and discussion will then be divided in three sub-parts. In chapter 3.2, the attempts I 

made in the palladium catalysed difunctionalization of cyclopropenes will be presented, first to 

access amino cyclopropanes using both inter- and intramolecular strategies, and second, to 

access bicyclo[3.1.0]hexane derivatives. In chapter 3.3, driven by an interest to access these 

important bicyclic structures from cyclopropenes, the successful development of a radical-

based (3+2) annulation reaction will be presented. Eventually, in chapter 3.4 will be discussed 

my attempts to access aminocyclopropanes from cyclopropenes by a radical-mediated 

amination, that led to an unexpected rearrangement towards tetrasubstituted acrylonitriles and 

quinolines. The efforts to optimize the synthesis of quinolines from cyclopropenes will be then 

detailed, followed by the successful optimization of the synthesis of tetrasubstituted 

acrylonitriles, its scope, limitations and how I could valorise these building blocks to the one-

pot synthesis of polycyclic aromatic compounds.  

Finally, in chapter 4 a general conclusion of this thesis will outline the main aspects of the 

present work and provide an outlook towards future research building upon the chemistry 

realized in this thesis. The last chapter will compile the experimental and characterization data 

(Chapter 5). 
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2. A Tethering Strategy for the Synthesis of Vicinal Aminoalcohols 

In this chapter, our efforts towards the difunctionalization of the C-C double bond of allylic 

alcohols under palladium catalysis will be described. Allylic alcohols are starting materials of 

choice for the development of olefin functionalization reactions due to their abundant and 

inexpensive nature. In addition, the alcohol moiety can be used as an anchoring point to 

remotely functionalize the double bond. Hence, we believed that we could install a cleavable 

tether bearing a nitrogen on the alcohol. This substrate could then allow for the installation of 

a C-N bond in vicinal position of the oxygen, and the concomitant introduction of a new C-C 

bond across the olefin through a palladium-catalysed carboamination reaction. Upon removal 

of the tether, this strategy would allow for a new and efficient synthesis of vicinal amino 

alcohols. 

2.1 Introduction 

2.1.1 Importance of Vicinal Amino Alcohols 

Vicinal amino alcohols, also called 1,2-amino alcohols or β-amino alcohols, are a common 

structural motif that can be found in a wide array of natural compounds and synthetic molecules 

(Figure 1).4 Either the amine or the alcohol can undergo different transformations resulting in 

their acylation, alkylation or their inclusion inside cyclic systems.  

 

Figure 1: General structure of vicinal amino alcohols 

Natural products exhibiting diverse bioactivities often incorporate vicinal amino alcohol 

derivatives, where their stereochemistry plays a major role (Figure 2). Pertinent examples 

include the anti-malarial agent quinine (2.1) or the more complex pactamycin (2.2)5 and 

vinblastine (2.3),6 which both display antitumoral properties, and have two distinct amino 

alcohol motifs each. Amongst the synthetic, pharmacologically active amino alcohol 

derivatives, Zanamivir (2.4),7 Oxycodon (2.5)8 and AZT (2.6)9 are interesting examples. These 

three molecules being top selling pharmaceutical drugs for the treatment of influenza, pain and 

 
4 S. C. Bergmeier, Tetrahedron 2000, 56, 2561-2576. 
5 D. E. Brodersen, W.M. Clemons, A.P Carter, R.J. M.-Warren, B.T Wimberly, V. Ramakrishnan, Cell 2000, 103, 1143-1154. 
6 J.E. Saxton, Nat. Prod. Rep. 1997, 14, 559-590. 
7 C. U. Kim, W. Lew, M. A. Williams, H. Liu, L. Zhang, S. Swaminathan, N. Bischofberger, M. S. Chen, D. B. Mendel, C. Y. 

Tai, W. G. Laver, R. C. Stevens, J. Am. Chem. Soc. 1997, 119, 681-690. 
8 E. Kalso, J. Pain Symptom Manage. 2005, 29, 47-56. 
9 X. Tan, C. K. Chu, F. D. Boudinot, Adv. Drug Delivery Rev. 1999, 39, 117-151. 
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HIV respectively, they further highlight the key role of the β-amino alcohol motif and its 

importance for the synthetic community. 

 

Figure 2: Bioactive molecules containing 1,2-amino alcohol derivatives 

Vicinal amino alcohols can also be found in a growing number of ligands, catalysts and chiral 

auxiliaries, most commonly derived from amino acids, providing therefore a cheap and 

abundant chiral pool for asymmetric synthesis (Figure 3). The amino alcohols are usually 

derivatized in order to improve their chelating ability or directing effect. Evans’ auxiliary (2.7) 

is one the most used chiral auxiliaries for asymmetric aldols reactions.10 Diaryl prolinol silyl 

ether derivatives, such as 2.8, were developed by the groups of Hayashi and Jørgensen, and 

have been successfully employed in asymmetric organocatalysis.11 Another relevant example 

is the use of pseudoephedrine (2.9) as chiral auxiliaries for asymmetric amides alkylations, as 

described by Myers and co-workers.12 

 

Figure 3: Chiral auxiliaries and catalysts containing 1,2 amino alcohol derivatives 

 
10 D. A. Evans, J. Bartroli, T. L. Shih, J. Am. Chem. Soc. 1981, 103, 2127-2129. 
11 a) Y. Hayashi, H. Gotoh, T. Hayashi, M. Shoji, Angew. Chem. Int. Ed. 2005, 44, 4212-4215; b) M. Marigo, T. C. Wabnitz, 

D. Fielenbach, K. A. Jørgensen, Angew. Chem. Int. Ed. 2005, 44, 794-797. 
12 A. G. Myers, B. H. Yang, H. Chen, L. McKinstry, D. J. Kopecky, J. L. Gleason, J. Am. Chem. Soc. 1997, 119, 6496-6511. 
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2.1.2 Classical Methods to Access Vicinal Amino Alcohols 

Due to the high occurrence of the 1,2-amino alcohol motif, there are already several known 

synthetic methods to access them, that can be divided in four classes of transformations 

(Scheme 2). This section does not aim to cover extensively the existing methods but to give an 

overview of the main synthetic routes to prepare vicinal aminoalcohols.  

 

Scheme 2: Common disconnections for the synthesis of vicinal amino alcohols 

The first class of transformations is the functional group manipulation (Scheme 2, A and B), in 

which the transformation is carried on a reactive functional group of a molecule containing 

already one or both heteroatoms. These transformations are amongst the most studied and 

include the classical addition of nucleophiles onto carbonyls and imines that can be achieved in 

a highly stereoselective fashion. These functional group manipulations also include the 

substitution of α-(pseudo)halides carbonyl, reduction of α-amino carbonyl (Scheme 2, A) as 

well as the opening of epoxides and aziridines by various nucleophiles (Scheme 2, B).13 

Regarding the latter, issues of regioselectivity may arise when internal epoxides or aziridines 

are employed. The second class includes C-C coupling reactions of two partners, each 

containing one heteroatom (Scheme 2, C and D). Different type of coupling reactions can be 

envisioned here, including aldol reactions and pinacol-type reactions. Other representative 

transformations are the Mannich and Henry reactions. The third class comprises C-H bond 

functionalization reactions (Scheme 2, E). Although the first examples were limited to an 

 
13 D. Lucet, T. Le Gall, C. Mioskowski, Angew. Chem. Int. Ed. 1998, 37, 2580-2627. 
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intramolecular C–H amidation of carbamates or sulfamates,14 a very efficient intermolecular Ir-

catalyzed direct C–H amidation of sp3 methyl C–H bonds starting from ketoximes derivatives 

was reported by the group of Chang in 2014.15 The last class of transformations is the 

functionalization of olefins (Scheme 2, F and G). Sharpless’s asymmetric amino-

hydroxylation16 using osmium catalysis as well as the palladium-catalyzed amino-acetoxylation 

developed by Stahl and co-workers17 using hypervalent iodine oxidants are good examples of 

this type of transformations (Scheme 2, F). While these reports are purely intermolecular, some 

methodologies propose to harness the first heteroatom to introduce the second one on the alkene 

in a regio- and stereoselective manner via a tether (Scheme 2, G). This last strategy being the 

one implemented in this work; it will be further discussed in the next sub-chapter. 

2.1.3 Tethering Methods for Olefin Functionalization 

Tethering methods rely on the installation of a tether onto a substrate, commonly via a 

nucleophilic alcohol or amine, that then undergoes functionalization at a remote position 

(Scheme 3). The tether is eventually cleaved to deliver the functionalized product. The 

functionalization step occurs in an intramolecular manner, ensuring high reactivity and 

selectivity, which are the main advantages compared to intermolecular transformations. 

However, the drawbacks of such strategies are the extra steps required to install and remove the 

tether, and naturally its cleavage in the last stage is a substantial atomic waste. 

 

Scheme 3: General tethering strategy for the installation of new functionalities 

Tethering strategies were successfully applied to the mono- and difunctionalization of olefins, 

allowing therefore control on the regio- and stereoselectivity of the newly formed bonds. 

Regarding metal-free methodologies, amongst the many works developed over the past two 

decades, two more recent ones leading to the formation of carbon-heteroatom bonds should be 

highlighted. In 2011, Beauchemin and co-workers disclosed a metal-free synthesis of 1,2-

 
14 a) C. G. Espino, J. Du Bois, Angew. Chem. Int. Ed. 2001, 40, 598-600; b) J.-L. Liang, S.-X. Yuan, J.-S. Huang, W.-Y. Yu, 

C.-M. Che, Angew. Chem. Int. Ed. 2002, 41, 3465-3468; c) H. Lebel, K. Huard, S. Lectard, J. Am. Chem. Soc. 2005, 127, 

14198-14199. 
15 T. Kang, H. Kim, J. G. Kim, S. Chang, Chem. Commun. 2014, 50, 12073-12075. 
16 G. G. Li, H. T. Chang, K. B. Sharpless, Angew. Chem. Int. Ed. 1996, 35, 451-454. 
17 G. Liu, S. S. Stahl, J. Am. Chem. Soc. 2006, 128, 7179-7181. 
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diamines using catalytic aldehydes as tether precursors (Equation 1).18 Their strategy is based 

on a retro Cope elimination, and allows for the formation of a valuable C-N bond by olefin 

functionalization. A key mixed aminal intermediate I is first formed in situ upon reaction of an 

allylamine with an oxime generated from a hydroxylamine and aldehyde 2.10. Then, a Cope-

type hydroamination of the olefin occurs leading to the desired functionalized products. While 

this tethering strategy is not related to the synthesis of vicinal aminoalcohols, it is included in 

this discussion as it was an important inspiration for our group to develop new methodologies 

based on the use of aminals and hemiaminals. 

 

Equation 1: Metal-free hydroamination of allylamines via a transient aminal intermediate 

In the context of amino alcohols synthesis, Minakata and co-workers reported in 2012 a mild 

and efficient access to oxazolidinones via a cyclizative oxy-iodination of allylamines (Equation 

2).19 Unhindered allylamines were found to react in situ with CO2 gas to give carbamic acids, 

which could then undergo a tert-butyl hypoiodite-mediated iodo cyclization. It is important to 

note that the reaction was stereospecific and could be extended to homo-allylamines, as well as 

propargylic amines. However, the deprotection of the obtained amino alcohols was not 

reported. 

 

Equation 2: Oxy-iodination of allylamines via in situ carbamic acid formation with CO2 

 
18 M. J. MacDonald, D. J. Schipper, P. J. Ng, J. Moran, A. M. Beauchemin, J. Am. Chem. Soc. 2011, 133, 20100-20103. 
19 Y. Takeda, S. Okumura, S. Tone, I. Sasaki, S. Minakata, Org. Lett. 2012, 14, 4874-4877. 
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Besides the efficient metal-free methods that were developed, transition metals have also led to 

the development of interesting transformations using tethering strategies for the 

functionalization of alkenes. Of interest in this work, methods involving palladium have proven 

to be particularly efficient to access highly functionalized products. 

2.1.4 Palladium Catalysis for the Functionalization of Alkenes 

The coordination of a transition-metal catalyst to a C-C double bond enables its activation and 

the introduction of one or two new functional groups across the activated double bond, which 

is a straightforward manner to increase chemical complexity. In that regard, the exceptional 

ability of palladium to activate alkenes towards the addition of nucleophiles has led to the 

development of a very dynamic area of research over the past thirty years.20 Indeed, when it 

was realized that such reactions were not limited to the intermolecular addition of water to 

olefins (Wacker reaction), various C-O, C-N and C-C bond forming processes have been 

disclosed via PdII/Pd0 or Pd0/PdII catalysis in an inter- or intramolecular fashion to forge 

heterocycles. A relevant example of such transformations is the Wacker cyclization (Scheme 

4), based on a catalytic cycle initiated by the coordination of an olefin A to a PdII-complex, 

affording the palladium-olefin complex II. The alkene is therefore activated towards the 

addition of a nucleophile which could be tethered, leading to the intermediate III. After 

deprotonation, a β-hydride elimination from the resulting PdII σ-alkyl intermediate IV leads to 

the formation of a palladium hydride complex V and allows the formation of the product B. 

Then, base-mediated reduction generates a Pd0 complex VI, which may finally re-enter the 

catalytic cycle upon oxidation by an external oxidant. 

 
20 R. I. McDonald, G. Liu, S. S. Stahl, Chem Rev. 2011, 111, 2981-3019. 
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Scheme 4: Accepted mechanism for the Wacker cyclization 

Moreover, various strategies have enabled to intercept PdII-alkyl intermediates and therefore 

allow the difunctionalization of olefins (Scheme 5). These reactions might then occur through 

a catalytic cycle where the Pd0 first undergoes an oxidative addition leading to an oxidized 

complexe (II) where the palladium now bears an electrophile. After the nucleo-palladation step, 

a reductive elimination would allow the formation of a product (D) that carries two new 

functionalities, the second one being the electrophile installed during this last step. The ligand 

has a fundamental role in this type of catalysis because not only it stabilizes the Pd0 catalyst, 

but it also helps to prevent undesired β-hydride elimination from IV. 

 

Scheme 5: Proposed mechanism for the Pd0/II-catalyzed di-functionalization of olefins 

A further option involves a PdII/PdIV catalytic cycle (Scheme 6), in which after coordination of 

the alkene A to the PdII and nucleopalladation, a PdII-alkyl complex (III) is formed and can be 

intercepted by a suitable electrophilic oxidant B. The oxidative addition of the latter results in 

the formation of a putative PdIV complex IV, which subsequently undergoes a reductive 
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elimination or a nucleophilic displacement, delivering the product C and regenerating the PdII 

catalyst. This terminating event enables the transfer of an electrophilic synthon onto the former 

C=C double bond, giving access to the difunctionalized product C. The electrophilic properties 

of the oxidizing reagent are essential in order to access the PdIV oxidation state. Moreover, an 

electron-poor source of palladium is required for the successful outcome of the initial 

nucleopalladation step. 

 

Scheme 6: Proposed mechanism for the PdII/IV-catalyzed di-functionalization of olefins 

The nucleopalladation step of the catalytic cycle is of fundamental importance, as it results in 

the formation of two stereocenters (Scheme 7). While not taken in account in the three previous 

general mechanistic schemes, there are two distinct pathways inducing different stereochemical 

outcome.21 Anti-nucleopalladation implies the attack of the nucleophile on the backside of the 

PdII-coordinated alkene, while syn-nucleopalladation, consists in the insertion of the activated 

C=C double bond into the PdII-nucleophile bond. After being the subject of extensive 

mechanistic investigation and controversy over the last decades, the nucleopalladation mode is 

currently assumed to be dependent on the reaction conditions and on the nature of the 

nucleophile.20 

 

Scheme 7: Anti- vs syn- nucleopalladation 

 
21 P. Kočovský, J.-E. Bäckvall, Chem. Eur. J. 2015, 21, 36-56. 
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Olefin di-functionalization using palladium catalysis appears as a powerful tool to access 1,2-

amino alcohols through carbo-oxygenation or carbo-amination reactions. While some 

interesting examples were reported in an inter-molecular fashion,17 more selective approaches 

propose the use of a removable tether to form intra-molecularly C-O or C-N bonds. 

2.1.5 Tethering Strategies Using Pd-Catalysis for the Synthesis of Vicinal 

Amino Alcohols 

In their report from 1986, Hegedus and co-workers discovered a Pd-catalyzed intermolecular 

difunctionalization of allylic alcohols (Equation 3).22 In this transformation, the nitrile solvents 

attacked the alkene activated by the palladium to form nitrilium salts such as I, that could then 

be trapped by the alcohol to give II. A final CO insertion from intermediate II, followed by 

cleavage of the resulting complex with methanol delivered the functionalized products. 

 

Equation 3: Pioneering work on the Pd-catalyzed difunctionalization of allylic alcohols 

This transformation was not investigated further by Hegedus as it first appeared to be a substrate 

dependant and low yielding side reaction. Nevertheless, this pioneering work paved the way to 

the use of removable tethers for the installation of new functionalities on olefins mediated by 

palladium, and therefore to efficiently access amino alcohols. The most common removable 

tethers for the synthesis of 1,2-amino alcohols are depicted in Scheme 8. Based on (homo)allylic 

alcohols or (homo)allylic amines, a single C-N or C-O bond formation allows to access the 

vicinal amino alcohol motif.  

 
22 L. S. Hegedus, T. A. Mulhern, H. Asada, J. Am. Chem. Soc. 1986, 108, 6224–6228. 
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Scheme 8: Most common tethers for the synthesis of vicinal amino alcohols 

The most employed tethers are based upon Csp2 linkers (Scheme 8, a and b).23 Bäckvall and co-

workers reported the oxidative aza-wacker cyclization of alkenes bearing tethered 

tosylcarbamates (Scheme 8, a).23d Starting from broadly available allylic alcohols, the tether is 

here installed in situ, by treatment with the commercial TsNCO (Scheme 9). The formed 

tosylcarbamate intermediate can then undergo the palladium-catalyzed oxidative cyclization 

yielding a wide range of substituted oxazolidinones in 40-95% yields. In addition to be 

efficiently installed with a commercial reagent, this carbamate-based tether was shown to be 

easily removed under basic conditions, delivering tosyl-protected amino alcohols such as 2.11 

in almost quantitative yield. 

 

Scheme 9: Oxidative aza-wacker cyclization of N-tosyl carbamates 

 
23 a) Y. Tamaru, H. Tanigawa, S. Itoh, M. Kimura, S. Tanaka, K. Fugami, T. Sekiyama, Z. ichi Yoshida, Tetrahedron Lett. 

1992, 33, 631–634; b) H. Harayama, A. Abe, T. Sakado, M. Kimura, K. Fugami, S. Tanaka, Y. Tamaru, J. Org. Chem. 1997, 

62, 2113–2122; c) J. Fraunhoffer, M. C. White, J. Am. Chem. Soc. 2007, 129, 7274-7276; d) A. Joosten, A. K. A. Persson, R. 

Millet, M. T. Johnson, J.-E. Bäckvall, Chem. Eur. J. 2012, 18, 15151–15157; e) I. I. Strambeanu, M. C. White, J. Am. Chem. 

Soc. 2013, 135, 12032-12037; f) T. J. Osberger, M. C. White, J. Am. Chem. Soc. 2014, 136, 11176-11181. 
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Starting from Boc-protected allyl amines (Scheme 8, b), White and co-workers reported a 

palladium / Brønsted acid-catalyzed allylic C-H oxidation for the synthesis of oxazolidinones 

(Scheme 10).23f The reaction proceeds through an allylic C-H cleavage promoted by a key 

Pd(II)bis-sulfoxide-phosphate complex. The resulting Pd-π-allyl intermediate can then undergo 

a nucleophilic attack from the Boc with loss of the tBu group. A wide range of oxazolidinones 

could be accessed with this method in good yields and diastereoselectivities. After oxidation of 

the olefin, cleavage of the oxazolidinone tether could be achieved under acidic conditions, 

delivering amino acids such as 2.13 that could be obtained in 86% yield. 

 

Scheme 10: Pd / phosphoric acid-catalyzed allylic C-H oxidation of Boc-protected homo-allylic amines 

Much less used are the tethers based on Csp3 linkers (Scheme 8, c and d), namely aminals and 

hemiaminals,24 that can nonetheless be easily installed on the appropriate nucleophile, and then 

removed in the last stage to access the desired motif. In this context, an important breakthrough 

was reported by Hiemstra and co-workers in 1992,25 on the synthesis of 1-amino-3-alken-2-ols 

from allylic carbamates (Scheme 8, c) via a palladium(II)-catalyzed oxidative cyclization 

(Scheme 11). After installation of the tether using hemiacetal 2.14 and construction of the five-

membered heterocycle by wacker cyclization, the cleavage of the tether required four steps. 

First, hydrolysis of the ester followed by electrochemical oxidation to give a 2-

methoxyoxazolidine derivative. Then an acidic hydrolysis followed by basic treatment 

delivered the corresponding amino alcohols in 76-93% yield. 

 
24 a)  R. A. T. M. van Benthem, H. Hiemstra, J. J. Michels, W. N. Speckamp, J. Chem. Soc. Chem. Commun. 1994, 357-359; 

b) R. A. T. M. Van Benthem, H. Hiemstra, G. R. Longarela, W. N. Speckamp, Tetrahedron Lett. 1994, 35, 9281-9284; c) For 

a recent review see: U. Orcel, J. Waser, Chem. Sci. 2017, 8, 32-39. 
25 R. A. T. M. Van Benthem, H. Hiemstra, W. N. Speckamp, J. Org. Chem. 1992, 57, 6083-6085. 
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Scheme 11: Pd(II)-catalyzed tethering strategy to access 1-amino-3-alken-2-ols 

This strategy could be further exploited by Stahl and co-workers (Scheme 8, d), who reported 

a highly diastereoselective aza-Wacker cyclization using O,N-hemiaminal bearing tethered 

alkenes (Scheme 12).26 The substrates for the cyclization were synthesized in one step from 

readily available allylic alcohols by hemiaminal formation with 2.15. While three steps were 

required to synthesize the latter, its main advantage is that it did not add any stereocenters. The 

reaction was showed to be quite tolerant to diverse functional groups and the products of 

oxidative cyclization were obtained in 53-88% yields. Free amino alcohols could be obtained 

in 53-87% yields, after removal of the tether under acidic conditions in refluxing methanol.  

 

Scheme 12: Aza-Wacker with formaldehyde derived O,N-hemiaminals 

These reports highlight the efficiency of combining a removable tether with palladium 

chemistry to access functionalized amino alcohols. However, while convenient to install, 

removal of the tethers based on Csp3 linkers often proved to be tedious, which impacts the 

practicability of the process. Moreover, difunctionalization reactions of the double bond would 

allow for a higher increase in structural complexity and remained unexplored with Csp3 based 

tethers.  

 
26 A. B. Weinstein, D. P. Schuman, Z. X. Tan, S. S. Stahl, Angew. Chem. Int. Ed. 2013, 52, 11867-11870. 
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2.1.6 Previous Work in our Group 

2.1.6.1 Oxy- and Amino-Alkynylation of Olefins 

The palladium catalysed difunctionalization of olefins was first studied in our group in the 

context of carbo-oxygenation reactions (Scheme 13, a). In 2010, the oxy-alkynylation of 

alkenes was reported using tethered carboxylic acids and phenols as oxygen-centered 

nucleophiles, under PdII/PdIV catalysis.27 Proceeding with the electron-poor Pd(hfacac) as 

catalyst, TIPS-EBX (2.16) was used as the electrophilic source of alkyne to deliver a wide range 

of dihydrobenzofurans and dihydrofurans derivatives. Importantly, this report disclosed the first 

use of TIPS-EBX (2.16) as alkyne transfer reagent under palladium catalysis. Building upon 

this work, alkene bearing tethered nitrogen-centered nucleophiles could be used in an amino-

alkynylation reaction to access 5- and 6-membered nitrogen-containing heterocycles (Scheme 

13, b).28 Employing this time PdCl2 as catalyst with an excess of LiCl in EtOH, the 

transformation proceeded in high yields with amides, carbamates and ureas. Notably, this 

transformation could be applied to the total synthesis of (±)‐Trachelanthamidine, that could be 

completed in nine steps with an overall yield of 22%.  

 

Scheme 13: Oxy- and aminoalkynylations of unactivated olefins under PdII/PdIV catalysis 

When the proton of the nucleophile was less acidic, the carbo-heterofunctionalization was 

found to be unsuccessful under PdII/PdIV catalysis. Therefore, in order to achieve the desired 

alkene difunctionalization with alcohols and amines, switching to a Pd0/PdII catalytic system 

 
27 S. Nicolai, S. Erard, D. F. González, J. Waser, Org. Lett. 2010, 12, 384–387. 
28 S. Nicolai, C. Piemontesi, J. Waser, Angew. Chem. Int. Ed. 2011, 50, 4680–4683. 
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was required (Scheme 14, a).29 Employing Pd2(dba)3 as catalyst and DPEPhos as ligand, in the 

presence of a strong base and a silyl-protected bromoalkyne 2.17 as electrophile, the 

corresponding functionalized tetrahydrofurans and pyrrolidines could be obtained in high yields 

and diastereoselectivities. Unlike the previously developed methodologies under PdII/PdIV 

catalysis, this transformation required higher temperature as well as dry and degassed solvents. 

This transformation could then be extended to aliphatic bromoalkynes by changing the 

palladium source, the concentration and increasing the reaction temperature (Scheme 14, b).30  

 

Scheme 14: Oxy- and aminoalkynylations of unactivated olefins under Pd0/PdII catalysis 

Hence, depending on the acidity of the nucleophile, two catalytic systems based on PdII/PdIV or 

Pd0/PdII were found to be highly efficient for the difunctionalization of olefinic bonds. These 

methods allowed for the concomitant introduction of one carbon-heteroatom bond and one 

carbon-carbon bond from alkenes, making them rapid strategies to increase functional 

complexity. 

2.1.6.2 In Situ Tethering Strategies for the Synthesis of Vicinal Amino Alcohols and 

Diamines 

Based on the work of Dr. Stefano Nicolai and inspired by the precedents on the use of tethers 

based on Csp3 linkers, Dr. Ugo Orcel developed a very efficient path for the synthesis of β-

amino alcohols (Scheme 15).31 This strategy is based on the formation of a tether by 

condensation of an allylic amine with the hemiacetal form 2.18 of trifluoroacetaldehyde. This 

tether being installed in situ, it reduces the number of synthetic steps to apply such a strategy, 

 
29 S. Nicolai, J. Waser, Org. Lett. 2011, 13, 6324–6327. 
30 S. Nicolai, R. Sedigh-Zadeh, J. Waser, J. Org. Chem. 2013, 78, 3783–3801. 
31 U. Orcel, J. Waser, Angew. Chem. Int. Ed. 2015, 54, 5250–5254. 
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compared to previously developed methods. Moreover, this hemiacetal has the advantage of 

being inexpensive and commercially available. After the in-situ condensation of an allylic 

amine with 2.18, the formed hemiaminal can then undergo an intramolecular 

difunctionalization of its tethered double bond under Pd0/PdII catalysis, allowing for the 

formation of a C-O bond by nucleopalladation and a C-C bond upon reductive elimination. 

Various electrophiles could be used in this transformation such as bromoalkynes, 

vinylbromides, heteroaryl- and arylbromides leading to the corresponding heterocycles in high 

yields and diastereoselectivities. Depending on the substitution on the allylic amine, different 

ligands were required for the carboetherifictation. With DPEPHos (2.20) different N-substituted 

allyl amines (R2 = R3 = H) could be used. When α-branched allyl amines (R3 = H) were used, 

TFP (2.21) was found to be optimal, while for methallyl amines (R2 = H) XantPhos (2.22) was 

the best ligand. Importantly, the trifluoroacetaldehyde tether could be easily deprotected under 

acidic conditions to access the 1,2 amino alcohol motif as illustrated with example 2.19. 

 

Scheme 15: Pd.-cat. vicinal amino alcohol synthesis through in situ tether formation 

Thereafter the strategy was successfully extended to the synthesis of diamine (Scheme 16).32 

This work is particularly interesting as it led to the development of a very efficient palladium 

catalysed carbo-amination reaction of olefins, providing an access to highly functionalized 

products. The tether here is a hemiaminal derivative, that could also be installed in situ and 

prepared in two chemical steps. The palladium catalysed difunctionalization of the tethered 

olefins under Pd0/PdII catalysis proceeded smoothly for various electrophiles, including aryl-, 

vinyl- and alkynylbromides, leading to the corresponding cyclized products in moderate to high 

 
32 U. Orcel, J. Waser, Angew. Chem. Int. Ed. 2016, 55, 12881-12885. 
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yields and diastereoselectivites. Here also different ligands were required when diversely 

substituted allylic amines were engaged in the transformation as well as when the electrophile 

was varied. TFP (2.21) was the more general ligand for the reaction, allowing to use different 

N-substituted allyl amines (R2 = R3 = H) or branched allylamines (R3 = H) combined with 

(bromoethynyl)triisopropylsilane (2.17) or diverse aryl- and vinyl-bromides. For aryl bromides, 

vinyl bromides and branched allyl amines the extra addition of CsOTf was required to reach 

higher yields. When alkynylbromides other than 2.17 were used, DPEPhos (2.20) was found to 

be the best ligand, while the use of 1,1-disubstituted olefins (R2 = H) required PhDavePhos 

(2.23) as ligand. Eventually, the Csp
3 aminal tether of the obtained imidazolidines could be 

removed under acidic conditions, delivering the corresponding diamines in high yields. 

 

Scheme 16: Pd.-catalyzed diamine synthesis through in situ tether formation 

These two examples have proven the usefulness of Csp
3 based tethers due to their convenient 

synthesis, installation on a nitrogen-based nucleophile, and easy removal. Moreover, they were 

shown to be highly competent in palladium-catalyzed olefin functionalization reactions. These 

examples also showed the potential of difunctionalization reaction in the context of tethering 

chemistry, by allowing the formation of two new bonds across the double bond which allows 

for a high increase in molecular complexity. 
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2.2 Goals of the Project 

The development of tethering strategies combined with Pd-catalyzed olefin functionalization 

has known intense developments in recent years and therefore proved to be an efficient strategy 

for the installation of new functionalities on an alkene in a 1,2 relationship. Inspired by the 

latest work of Ugo Orcel, this project aimed to access vicinal amino alcohols from readily 

accessible allylic alcohols using Pd0/PdII catalysis and a removable tether (Scheme 17). More 

precisely, this work proposed the synthesis of a stable hemiaminal intermediate that could 

hopefully be formed in situ, followed by a Pd-catalyzed carbo-amination that would 

concomitantly craft the C-N bond and a highly valuable C-C bond. Therefore, a wide variety 

of alkynyl and aryl groups could be introduced, to form functionalized oxazolidines. The latter 

would then deliver the free amino alcohol under acidic hydrolysis.  

 

Scheme 17: Working hypothesis 

The successful development of this project would lead to structurally complementary 1,2-

aminoalcohols compared to those obtained from allylamines, as the novel functionalities would 

be installed alpha to the nitrogen. However with this working hypothesis came several 

challenges (Scheme 18). Indeed, the much lower nucleophilicity and basicity of alcohols 

compared to aliphatic amines were expected to bring significant changes to the transformation, 

making more difficult the development of a one-pot process. First, the formation of hemiaminal 

I should be much slower than it was for allylamines. Also, even though oxonium species such 

as II are less likely to be formed compared to iminiums, they could lead to the formation of 

undesired by-products. Finally, Heck reaction from allylalcohol 2.24 to give A is not to be 

excluded, especially in the presence of arylbromides.33 

 
33 a) A. Sauza, J. Morales-Serna, M. García-Molina, R. Gaviño, J. Cárdenas, Synthesis. 2012, 2, 272-282; b) F. Berthiol, H. 

Doucet, M. Santelli, Eur. J. Org. Chem. 2005, 1367–1377. 
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Scheme 18: 3-component tandem in situ hemiaminal formation/carbo-amination of allylalcohols 
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2.3 Results and Discussion 

2.3.1 Discovery and Optimization of the Reaction with Alkynylbromides 

2.3.1.1 Synthesis and Evaluation of Different Hemiaminals 

As the efficient formation of the hemiaminal was thought to be harder than it was for allylic 

amines, making more difficult the development of a one-pot process, the tether installation and 

carbo-amination reactions were studied as two individual steps to begin our investigations. This 

work started by the synthesis of different tethers to be installed on the simple allylalcohol 2.24. 

The first tether envisioned for the palladium-catalyzed carbo-amination reaction is the one that 

gave the best results for the diamine project carried by Dr Ugo Orcel (Scheme 19).32 It could 

be synthesized in two steps from the commercial 2,2,2-trifluoro-1-methoxyethanol (2.25) by 

substitution of the O-methoxy group followed by acetylation of the secondary alcohol, with an 

overall yield of 62% to give 2.26. Then reaction with allylalcohol 2.24 in toluene at 60 °C using 

Cs2CO3 as a base allowed the isolation of compound 2.27 in 58%.  

 

Scheme 19: Synthesis of hemiaminal 2.27 

The carbo-amination step being known to require a fine tuning of the nucleophilicity of the 

amine, two other aldimines containing a methyl ester (2.28) or a Cbz protecting group (2.30) 

on the nitrogen were synthesized from 2.25 in 71% and 32% yield, respectively (Scheme 20). 

Then reaction of 2.28 and 2.30 with allylalcohol 2.24 under basic conditions with longer 

reaction times than for the formation of 2.27 afforded hemiaminals 2.29 and 2.31 in 50% and 

71% yields.  

 

Scheme 20: Synthesis of hemiaminals 2.29 and 2.31 
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Inspired by the work of Stahl and co-workers,27 and in order to see if one of the tether they 

successfully developed could be applied to our methodology, hemiaminal 2.34 was synthesized 

from tert-butyl carbamate (2.32) by condensation with formaldehyde followed by acetylation 

to first access 2.33 (Scheme 21). Then the desired hemiaminal 2.34 could be obtained by 

reaction of 2.32 and allylalcohol 2.24 in 37% yield. This last step was here carried out at room 

temperature considering the observed instability of 2.34. Overall, the synthesis of 2.34 was 

achieved in a low yield compared to the synthesis of hemiaminals 2.27, 2.29 and 2.31.  

 

Scheme 21: Synthesis of hemiaminal 2.34 

2.3.1.2 Investigations Towards the Aminoalkynylation of Olefins 

The first attempt at the catalytic reaction was carried with the promising hemiaminal 2.27 under 

conditions established in the group that had already proven successful with other analogous 

compounds (Table 1). To our delight, the desired product could be obtained in 80% yield with 

a very good diastereoisomeric ratio in favour of the cis-diatereoisomer, as established by NMR 

(Table 1, Entry 1). The catalyst loading was then decreased to 2 mol% (Entry 2) and we 

investigated the effect of the concentration on the outcome of the transformation. Going to 0.1 

M (Entry 2) resulted in a decrease in yield to 50%. However, at 0.3 M (Entry 3) the yield went 

up to 94 % on optimization scale (0.1 mmol) using 3,4,5-trichloropyridine as internal standard. 

To make sure the reaction was not scale-dependent, it was repeated on 0.3 mmol and the 

corresponding oxazolidine could be isolated in 90% yield. Hemiaminal 2.29 bearing the methyl 

ester as a protecting group gave a good yield of 76% on optimization scale (Entry 4), whereas 

hemiaminal 2.31 gave a lower yield of 60% (Entry 5). When the catalyst loading was increased 

to 4 mol% with the latter, only a slight increase was observed to 66% yield (Entry 6). The 

presence of the CF3 group on the tether proved to be key for the success of this transformation 

as reaction with hemiaminal 2.34 did not lead to the formation of the desired product in the best 

conditions found so far (Entry 7). Only when tert-butoxide bases were used, yields up to 32% 

were observed (Entries 8 and 9), which may be due to the missing acidifying effect of the CF3 

group. Therefore, the Boc-protected hemiaminal 2.27 appeared to be the most appropriate for 

this transformation giving both very good yield and dr. 
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Table 1: Optimization of the Pd-catalyzed carbo-amination reaction 

 

Entry Hemiaminal Loading Base Concentration Yielda  d.r 

1 2.27 4 mol% Cs2CO3 0.2 M 80% >20:1 

2 2.27 2 mol% Cs2CO3 0.1 M 50% >20:1 

3 2.27 2 mol% Cs2CO3 0.3 M 94% (90%b) >20:1 

4 2.29 2 mol% Cs2CO3 0.3 M 76% >20:1 

5 2.31 2 mol% Cs2CO3 0.3 M 60 >20:1 

6 2.31 4 mol% Cs2CO3 0.3 M 66% >20:1 

7 2.34 2 mol% Cs2CO3 0.3 M - - 

8 2.34 2 mol% KOtBu 0.3 M 32% >20:1 

9 2.34 2 mol% NaOtBu 0.3 M 14% >20:1 

Reaction conditions: 0.1 mmol scale. (a) Determined by 1H NMR of the crude reaction mixture using 3,4,5-

trichloropyridine as internal standard. (b) Isolated yield after column chromatography on 0.30 mmol scale. 

2.3.1.3 Study of the In Situ Hemiaminal Formation and Carboamination 

Despite the low yield for the formation of hemiaminal 2.27, a first attempt at the one-pot 

reaction was realized (Equation 4). Here after a pre-association time of 1 h, a solution of the 

bromoalkyne 2.17, TFP (2.21) and Pd(dba)2 in toluene was subsequently added. After the usual 

15 h of reaction, 1H NMR analysis using 3,4,5-trichloropyridine as internal standard indicated 

that compound 2.35 was obtained in 60% yield.  

 

Equation 4: First attempt at the in situ hemiaminal formation and carboamination 

The formation of the hemiaminal was then investigated to find conditions providing satisfying 

yields for the first step of the envisioned one-pot transformation (Table 2). First, the need for a 

base was evaluated as presented in entry 1 using a slight excess of allyl alcohol (2.24), almost 
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no conversion was observed after 4 h. However, simply adding cesium carbonate (Entry 2) 

allowed reaching full conversion of the aldimine precursor 2.26 after 40 minutes of reaction. 

Nevertheless, the product was isolated in only 58% yield, despite a clean 1H NMR spectrum of 

the crude mixture. From this result, two conclusions can be drawn. First, deprotonation of the 

amide may be necessary to form the aldimine. Second, the low yield might be explained by the 

moderate nucleophilicity of allylic alcohols that might not be able to intercept the highly 

activated aldimine intermediate fast enough to prevent its probable decomposition at 60 °C. 

Hence, attempts were made at different temperatures. At 40 °C, the yield went up to 82% (Entry 

3) which was already a considerable increase. The next attempt was carried at 35 °C (Entry 4) 

and allowed the isolation of the hemiaminal in 94%. Then, the reaction was carried at room 

temperature and the isolated yield was of 91% (Entry 5). Thus, conditions of entry 4 were kept 

as the best ones for the efficient formation of hemiaminal 2.27. 

Table 2: Study of the hemiaminal formation 

 

Entry Temperature Time Base Conversiona Yieldb 

1 60 °C 4 h None 15% < 10% 

2 60 °C 40 min Cs2CO3 Full 58% 

3 40 °C 1 h Cs2CO3 Full 82% 

4 35 °C 1 h Cs2CO3 Full 94% 

5 rt 1 h Cs2CO3 Full 91% 

Reaction conditions: 0.1 mmol scale. (a) Determined by 1H NMR of the crude product (b) 

Isolated yield after column chromatography on 0.30 mmol scale. 

With optimized conditions for the hemiaminal formation in hand, the three component 

transformation could be investigated (Table 3). The reaction carried with the hemiaminal 

formation at 35 °C for 1 h before adding the bromoalkyne 2.17 as well as a premix of the 

catalyst and ligand gave the same yield as the one before optimisation of the first step (Entry 

1). However, increasing the catalyst loading to 4 mol% gave a better NMR yield of 65% (Entry 

2). Because of its key role in both steps, a stronger base was then tried but using potassium tert-

butoxide led to a lower yield (Entry 3). As some characteristic peaks coming from the by-

product of the undesired Heck reaction of allylalcohol 2.24 could be seen in the crude NMR of 
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these reactions, it was decided to reverse stoichiometry between allyl alcohol 2.24 and the 

aldimine 2.25. This led to a satisfying yield of 69% as observed by 1H NMR, and of 64% when 

2.35 was isolated on 0.3 mmol scale (Entry 4). 

Table 3: Optimization of the one-pot hemiaminal formation / carbo-amination of allylic alcohols 

 

Entry Loading Base Equiv. of 2.24 Equiv. of 2.25 Yielda 

1 2 mol% Cs2CO3 1.15 1.0 59% 

2 4 mol% Cs2CO3 1.15 1.0 65% 

3 4 mol% KOtBu 1.15 1.0 32% 

4 4 mol% Cs2CO3 1.0 1.15 69% (64%b) 

Reaction conditions: 0.1 mmol scale. (a) Determined by 1H NMR of the crude reaction 

mixture using 3,4,5-trichloropyridine as internal standard. (b) Isolated yield after column 

chromatography on 0.30 mmol scale. 

Despite this interesting result, it was decided to carry on with this project with the hemiaminal 

formation and the carboamination as two individual steps. The reason for this choice can be 

explained by the difficulty we encountered to efficiently form hemiaminals from substituted 

allylic alcohols (see sections 2.3.3 and 2.3.4) which would lead to low yields for the one-pot 

process. 

2.3.1.4 Scope and Limitations 

2.3.1.4.1 Synthesis of Alkynylbromides 

The promising results obtained with alkynylbromide 2.17 under our optimized conditions 

encouraged us to investigate the applicability of the new method. The synthesis of 

alkynylbromides bearing different substituents on the propargylic position was therefore 

performed. Bromoacetylene 2.38 was synthesized from the commercial 2-methylbut-3-yn-2-ol 

(2.36) (Scheme 22). After TIPS-protection of the tertiary alcohol, bromination of the terminal 

alkyne could be performed with N-bromosuccinimide in the presence of catalytic AgNO3 to 

afford the desired alkynyl bromide 2.38 in 91% yield. 
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Scheme 22: Synthesis of bromoacetylene 2.38 

The highly substituted alkynylbromide 2.41 could be accessed in three steps. Starting from 

2,2,2-trifluoro-1-phenylethanone (2.39), addition of the ethynyl Grignard reagent followed by 

protection of the alcohol using TBSCl delivered the corresponding terminal alkyne 2.40 in 73% 

yield over two steps (Scheme 23).The latter could then be submitted to the bromination 

conditions to give compound 2.41 in 94% yield. 

 

Scheme 23: Synthesis of bromoacetylene 2.41 

Compound 2.44 could be accessed from the commercial heptaldehyde (2.42) (Scheme 24) that 

was first treated with ethynyl Grignard reagent followed by subsequent TIPS-protection of the 

secondary alcohol. Then, the corresponding terminal acetylene 2.43 could be brominated in a 

good 92% yield under standard conditions. 

 

Scheme 24: Synthesis of bromoacetylene 2.44 

Bromoacetylenes 2.46 and 2.48 could be directly accessed by bromination of the corresponding 

terminal alkynes 2.45 and 2.47, in 92% yield each (Scheme 25). 

 

Scheme 25: Synthesis of bromoacetylenes 2.46 and 2.48 
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Alkynylbromide 2.52 could be synthesized from 2-(benzyloxy)acetaldehyde (2.49) after 

addition of lithiated TMS-acetylene 2.50, followed by TBS-protection of the formed alcohol 

(Scheme 26). The obtained TMS-protected acetylene (2.51) could be eventually brominated 

using classic conditions with NBS to afford the desired product 2.52 in 79% yield. 

 

Scheme 26: Synthesis of bromoacetylene 2.52 

2.3.1.4.2 Scope and Limitations of the Aminoalkynylation 

The scope of alkynyl bromides as electrophilic partner in the palladium-catalyzed carbo-

amination was investigated beginning with bromoacetylene 2.38 (Equation 5). Oxazolidine 

2.53 could only be isolated in 42% yield with a conversion of only 56%, which was not 

surprising as aliphatic alkynes are usually less suitable for these transformations.31,32 

 

Equation 5: First attempt on scope scale with bromoalkyne 2.38 

We then turned our attention towards different phosphine-based ligand that might allow this 

reaction to reach more satisfying yields. Based on the work on carboamination previously done 

in the group,32 we chose the monodentate ligand XPhos (2.54, Figure 4) and the bidentate 

DPEPhos (2.20) to be engaged in our so far optimized conditions with a 3:1 ratio for the first 

and a 1.5:1 ratio for the second. 

 

Figure 4: Structure of XPhos (2.54) 
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Both gave better yields than TFP (2.21) for this transformation on optimization scale. Indeed, 

with XPhos (2.54) the desired heterocycle was formed in 69% yield while with the bidentate 

ligand (2.20) a yield of 74% was observed. Thus, the catalytic reaction with alkynylbromide 26 

was repeated on scope scale with DPEPhos (2.20) as ligand (Equation 6). The crude NMR of 

the reaction happened to be far less clean than the one previously obtained on optimization scale 

and compound 2.53 proved to be difficult to isolate by column chromatography as another 

compound was co-spotting. Aminoalkynylation product 2.53 was finally isolated in 40% and 

after isolation and characterization of the by-product it turned out to be compound 2.55 coming 

from the undesired Heck reaction. 

 

Equation 6: Second attempt on scope scale with 2.38 and DPEPhos (2.20) as ligand 

We then had a second look at the spectra obtained for the trials made with the two previously 

cited ligands, and it appeared that the characteristic peaks of compound 2.55 could be only 

observed with DPEPhos (2.20) but in a much lower intensity compared to the attempt on scope 

scale. Therefore, it seemed that scaling up the reaction allowed the formation of 2.55 in higher 

yield. Hence, the reaction was performed once more on scope scale but this time XPHos (2.54) 

was used as the ligand and compound 2.53 could be isolated in 66% yield with a d.r > 20:1 

(Equation 7). Investigation of the scope could then be started with different substituted alkynyl 

bromides. Substituted bromoacetylenes bearing protected tertiary and secondary alcohols were 

suitable partners for the transformation as shown with products 2.56 and 2.57. However, 

bromoalkynes 2.46 and 2.48 failed to deliver the aminoalkynylation product in acceptable 

yields (2.58 and 2.59). One explanation for the drop of reactivity with these substrates would 

be an increased rate of the competitive formation of the non-productive alkyne dimer with less 

bulky and more electron-rich substituents at the propargylic position. Eventually, 

bromoacetylene 2.52 incorporating a bis-protected 1,2-diol allowed the formation of 

oxazolidine 2.60 in a moderate yield of 64%. From these results it seemed that bulkiness at the 

propargylic center of the bromoalkynes was key to ensure high yield for the transformation. 
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Equation 7: Scope with substituted alkynyl bromides. Reaction conditions: 2.27 (77 mg, 0.30 mmol, 1.0 

equiv.), arylbromide (0.39 mmol, 1.3 equiv.), Pd(dba)2 (6.9 mg, 0.012 mmol, 0.04 equiv.), XPhos (2.54) (17 mg, 

0.036 mmol, 0.12 equiv.), Cs2CO3 (127 mg, 0.390 mmol, 1.3 equiv.), in toluene (1 mL) for 15 hours at 75 °C. For 

all entries dr > 20:1. (a) Estimated yields by NMR using 3,4,5-trichloropyridine as internal standard. 

2.3.2 Optimization and Scope with Arylbromides 

We were then interested to investigate the carboamination with arylhalides as electrophiles, as 

they are amongst the most widely used in Pd-catalyzed C-C couplings. The first attempts were 

made using 1-bromo-2-fluorobenzene (2.61) and 1,2-dibromobenzene (2.62) (Equation 8). The 

two gave comparable results as the desired products 2.63 and 2.65 were formed in around 40% 

yield and the Heck products 2.64 and 2.66 were obtained in both cases in 26-42% yield.  

 

Equation 8: First attempt with arylbromides as electrophiles 

Trying to favour the formation of the aminoarylation product over the Heck one, different 

triflate salts were added as additive as suggested by Wolfe and co-workers,34 who observed 

improvement of the yields with LiOTf in the Pd-catalyzed carboamination reactions between 

 
34 L. J. Peterson, J. P. Wolfe, Adv. Synth. Catal. 2015, 357, 2339–2344. 
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arylbromides and N-tosyl-pent-4-enylamine. The mechanism of action of this salt remains 

unexplained but as discussed in the above cited work, it is likely that it could facilitate the in 

situ formation of palladium triflate complexes, or that the lithium cation may lead to 

pseudocationic complexes by binding to the halide ligand on Pd.35 Thus, four triflate salts were 

screened with 1-bromo-2-fluorobenzene (2.61) as electrophile (Table 4). The addition of 

lithium triflate slightly reduced the yield of formation of both products (Entries 1-2). Sodium, 

potassium and cesium triflate had a minor beneficial effect (Entries 3-5). The yield for the Heck 

product 2.64 was constant while a small increase in the yield of 2.63 (6-12%) could be observed.  

Table 4: Influence of triflate salts on the product distribution of the amino-arylation reaction 

 

Entry Triflate salt Yield of 2.63a Yield of 2.64a 

1 - 39% 42% 

2 LiOTf 35% 38% 

3 NaOTf 45% 42% 

4 KOTf 48% 45% 

5 CsOTf 51% 42% 

Reaction conditions: 0.1 mmol scale. (a) Determined by 1H NMR of the crude reaction mixture using 3,4,5-

trichloropyridine as internal standard, dr > 20:1 for the formation of 2.63. 

Since no significant improvements were observed with triflate additives, different phosphine 

ligands were evaluated (Table 5). A small set of mono- and bidentate phosphine that proved 

successful in the carboamination developed in the group were tested (Figure 5).32,35 

 

Figure 5: Structure of the first ligands screened in the aminoarylation 

 
35 C. Amatore, A. Jutand, J. Organomet. Chem. 1999, 576, 254–278. 
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Biphosphine ligands gave poor conversions (Entries 1-3), while electron-poor or neutral 

monophosphines favored the Heck over the carboamination (Entries 4-5). 

Table 5: Optimization with mono- and bidentate phosphine ligands 

 

Entry Ligand (mol%) Yield of 2.63a Yield of 2.64a 

1 Dppf (2.67, 6) 9% 13% 

2 DPEPhos (2.20, 6) 17% 21% 

3 XANTPhos (2.22, 6) < 5% < 5% 

4 (pCF3-C6H4)3P (2.68, 12) 23% 65% 

5 PhDavePhos (2.32, 12) 22% 67% 

Reaction conditions: 0.1 mmol scale. (a) Determined by 1H NMR of the crude reaction mixture using 3,4,5-

trichloropyridine as internal standard, dr > 20:1 for the formation of 2.63. 

Despite displaying a strong preference for the formation of the Heck product 2.64, PhDavePhos 

gave a good overall yield for this transformation. Hence, it was decided to try a selection of 

other Buchwald’s biaryl monophosphine ligands (Figure 6), hoping to reverse chemoselectivity 

while keeping high conversion (Table 6). 

 

Figure 6: Buchwald’s biaryl monophosphine ligands selected for screening 

While Cy-JohnPhos (2.69) gave low yields and a 1:1 ratio between the two products (Table 6, 

Entry 1), the more electron-rich and hindered RuPhos (2.70) showed a preference for the 

carboamination product even though low yields were still obtained (Entry 2). More interesting 

are the results obtained with XPhos (2.54) and the cyclohexyl version of PhDavePhos 2.71 
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(Entries 3 and 4). Indeed, regardless of the yields that are still not satisfying, a considerable 

preference is shown for the desired product. 

Table 6: Attempts with phosphine-based biaryl ligands 

 

Entry Ligand (mol%) Yield of 2.63a Yield of 2.64a 

1 Cy-JohnPhos (2.69, 12) 14% 14% 

2 RuPhos (2.70, 6) 18% 3% 

3 XPhos (2.54, 12) 34% 5% 

4 DavePhos (2.71, 6) 26% 9% 

Reaction conditions: 0.1 mmol scale. (a) Determined by 1H NMR of the crude reaction mixture using 3,4,5-

trichloropyridine as internal standard, dr > 20:1 for the formation of 2.63. 

With then decided to carry the synthesis of three ligands ( Scheme 27), two of them being not 

reported (2.77 and 2.81), the last one (2.73) being the methyl substituted derivative of TFP 

(2.21) in position 5. The latter was chosen as TFP (2.21) was the ligand that gave the best result 

so far. Regarding the other two, there were synthesized to combine the furyl and the biaryl motif 

on the phosphorus, which seemed to be both important for the success of this transformation 

considering previous results. Ligand 2.73 could be accessed in one step from the commercial 

2-methylfuran (2.72) in an acceptable yield of 65%. The furyl derivatives of DavePhos (2.77) 

and XPhos (2.81) were synthesized in two steps from the corresponding commercial 

bromoaryls 2.62 and 2.78. After one Csp2-Csp2 coupling step for the formation of the 

substituted biaryls compounds (2.75 and 2.80) that were obtained in moderate yields, lithium / 

halogen exchange followed by nucleophilic substitution with 2.76, delivered the desired 

monophosphine ligands.  
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 Scheme 27: Synthesis of the new ligands for aminoarylation 

These three ligands could then be engaged in the Pd-catalyzed step (Table 7). Ligand 2.73 gave 

comparable results than the one obtained with the simple TFP (2.21) except this time the Heck 

product was formed in a lower quantity (Entry 1). As shown in entry 2, ligand 2.77 did not 

allow a strong improvement even though the yield of compound 2.63 was quite good compared 

to previous optimization attempts. Moreover, compared to the commercial PhDavePhos (2.23), 

it is interesting to consider that the replacement of the two phenyls by furyls allowed a 

significant change in reactivity. Indeed with 2.77 the chemoselectivity was reversed in favor of 

product 2.63 even though the yield remained low. We were then delighted to see that the furyl 

version of XPhos 2.81 gave a considerable increase in the yield of the desired oxazolidine 2.63 

and strongly favored the carboamination (Entry 3). One last attempt (Entry 4) was performed 

with ligand 2.81 and CsOTf as additive which allowed reaching even better yield and selectivity 

compared to entry 3, with 2.63 isolated in 88% yield on a 0.3 mmol scale. 
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Table 7: Optimization with the three synthesized phosphine ligands 

 

Entry Ligand Additive Yield of 2.63a Yield of 2.64a 

1 2.73 None 39% 26% 

2 2.77 None 42% 36% 

3 2.81 None 80% 14% 

4 2.81 CsOTf 92% (88%b) < 5% 

Reaction conditions: 0.1 mmol scale, dr > 20:1 for the formation of 2.63. (a) Determined by 1H NMR of the 

crude reaction mixture using 3,4,5-trichloropyridine as internal standard. (b) Isolated yield after column 

chromatography on 0.30 mmol scale. 

With these optimized conditions in hand using this new furyl-based phosphine ligand (2.81) 

that will be now referred as “FuXPhos”, we wondered if these conditions could be applied to 

electron-rich bromoaryls (Table 8) that were not working in the previous carbo-amination and 

carbo-etherification projects done within the group. We started our investigations with 1-

bromo-4-methoxybenzene using our best conditions as shown in entry 1. Even though the 

formation of Heck product 2.83 was strongly favoured, it was still interesting to witness the 

formation of the desired compound in 17% yield. Without CsOTf, almost the same yields for 

both products were obtained (Entry 2). We then tried the reaction with 1-iodo-4-

methoxybenzene (Entry 3) and the results did not change significantly, indicating that the 

oxidative addition was not the limiting step for the catalytic carbo-amination. Even though 

cationic palladium species are usually formed with aryltriflates which would imply a change in 

the mechanism, we tried 4-methoxyphenyl trifluoromethanesulfonate as the electrophilic 

partner (Entry 4). Unfortunately, the reaction failed as only traces of compounds 2.82 and 2.83 

could be observed. Other biaryl phosphine ligands were then tried with 1-bromo-4-

methoxybenzene (Entries 5 to 9) but none of them allowed any improvements. 
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Table 8: Optimization with electron-rich arylbromides 

 

Entry X Ligand Additive Yield of 2.82a Yield of 2.83a 

1 Br FuXPHos (2.81) CsOTf 17% 45% 

2 Br FuXPHos (2.81) - 22% 46% 

3 I FuXPHos (2.81) - 18% 54% 

4 OTf FuXPHos (2.81) - 3% < 2% 

5 Br 2.77 - 10% 66% 

6 Br SPhos - 11% 14% 

7 Br BrettPhos - 0% 0% 

8 Br XPhos (2.54) - 16% 31% 

9 Br DavePhos (2.71) - 0% 33% 

Reaction conditions: 0.1 mmol scale. (a) Determined by 1H NMR of the crude reaction mixture using 3,4,5-

trichloropyridine as internal standard, dr > 20:1 for the formation of 2.82. 

Regardless of the difficulties faced in the attempt to optimize the catalytic transformation with 

electron-rich arylbromides, two attempts were made on optimization scale with the 

electroneutral bromobenzene (2.84) (Equation 9). Under optimized conditions with CsOTf as 

additive, compound 2.85 could be obtained in 38% yield according to 1H NMR analysis, 

whereas the side product 2.86 was formed in 42% yield. This result was coherent with the 

previous ones but even though these conditions seemed to be very efficient for electron-poor 

arylhalides, there is still a need for further optimization in order to use electron-neutral and -

rich arylhalides. 
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Equation 9: Attempts at the Pd-catalyzed carboamination with bromobenzene 2.84 

Some limitations of this transformation being now highlighted, the scope of the Pd-catalyzed 

carbo-amination reaction with aryl and heteroaryl bromides was then explored (Scheme 28). 

Dibrominated compound 2.87 could be obtained in 57% yield and opens possibilities for further 

derivatization. Having an electron-withdrawing groups in para position was also well tolerated 

as illustrated with oxazolidine 2.88 that could be isolated in 89% yield. The reaction performed 

also well with meta substituted arylbromides as shown with products 2.89 and 2.90 that were 

obtained in 92% and 91% yield, respectively. Having substituents in both ortho and para 

positions was also tolerated in the reaction illustrated with oxazolidines 2.91 and 2.92. 

Eventually, due to the importance of aromatic heterocycles, different heteroarylbromides were 

submitted to the reaction conditions and we were pleased to see that 2-bromo-5-nitrothiophene 

and methyl 5-bromofuran-2-carboxylate underwent the reaction in high yields to afford 

compounds 2.93 and 2.94. Nevertheless, it is important to note that the isolation of the products 

of this reaction by column chromatography was difficult and thus very careful purification was 

required. Indeed, even if often formed in a negligible quantity, the side product coming from 

the undesired Heck reaction was co-spotting on TLC with the desired oxazolidine. However, 

this difficult separation of the two products is not too detrimental as the tether is meant to be 

cleaved to access the corresponding vicinal amino alcohols, which could then be easily 

separated from the cinnamyl alcohol derivatives. 
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Scheme 28: Scope for the carboamination with aryl and heteroarylbromides. Reaction conditions: 2.27 (77 

mg, 0.30 mmol, 1.0 equiv.), arylbromide (0.45 mmol, 1.5 equiv.), Pd(dba)2 (6.9 mg, 0.012 mmol, 0.04 equiv.), 

FuXPhos (2.81) (16 mg, 0.036 mmol, 0.12 equiv.), Cs2CO3 (147 mg, 0.450 mmol, 1.5 equiv.), CsOTf (102 mg, 

0.360 mmol, 1.2 equiv.) in toluene (1 mL) for 15 hours at 75 °C.  

As some entries gave excellent yields it was decided to attempt the 3 component in situ 

hemiaminal formation and carbo-amination with arylbromides (Equation 10). Arylbromide 

2.95 was selected to be engaged in this one-pot transformation and allowed the isolation of the 

corresponding oxazolidine 2.90 in 62% yield. This result is close to the one obtained for the 

similar transformation optimized with alkynylbromide 2.17 which confirms the versatility of 

this powerful reaction resulting in the formation of three new bonds in one chemical step. 

 

Equation 10: Three component in situ hemiaminal formation and carboamination with arylbromide 2.95 
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2.3.3 Optimization and Scope with Alpha-Substituted Allylalcohols 

We next focused on secondary allylic alcohols to evaluate the tolerance towards substitutions 

at the allylic position under the developed conditions. Hemiaminal 2.97 was synthesized from 

commercially available but-3-en-2-ol (2.96) thanks to the previously optimized conditions, as 

a model substrate to start the study of the palladium-catalyzed step with these alpha-substituted 

allylalcohols (Equation 11). Hemiaminal 2.97 could be obtained in 41% as a 1:1 mixture of 

diastereoisomers. The low yield obtained was in accordance with the expected difficult tether 

installation for this kind of substrate. 

 

Equation 11: Synthesis of the substituted hemiaminal 2.97 

The attempts made towards the Pd-catalyzed amino-alkynylation of 2.97 are presented in Table 

9 below. Previously established conditions with alkynylbromide 2.17 using TFP (2.21) as 

ligand gave a good 1H NMR yield of 75% with an acceptable dr of 67:33 for the formation of 

2.98 (Entry 1). To confirm this result, the reaction was repeated on scope scale and oxazolidine 

2.98 could be isolated in a 73% yield. Interestingly the two diastereoisomers of the latter could 

be isolated by column chromatography with the same d.r measured by NMR. Aiming to get an 

even better yield for this transformation different parameters were changed on optimization 

scale. First CsOTf was added to the reaction mixture as it could increase the yield for substituted 

substrate in the diamine project,32 but it resulted here in a lower yield (Entry 2). Thereafter, one 

attempt was made in slightly more concentrated conditions, but the yield also decreased (Entry 

3). Then four ligands that gave interesting results for this project in the different optimizations 

attempted so far were tested (Entries 4 to 7). Even though acceptable yields could be obtained 

with ligands 2.73 and 2.77, no improvements were observed. Hence, conditions of Entry 1 were 

kept as the best for these substrates. 
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Table 9: Optimization of the catalytic transformation with 2.97 

 

Entry Ligand (mol%) Additive Concentration Yield of 2.98a dr 

1 TFP (2.21) - 0.3 M 75% (73% b) 67:33 

2 TFP (2.21) CsOTf 0.3 M 54% 67:33 

3 TFP (2.21) - 0.33 M 54% 67:33 

4 2.73 - 0.3 M 62% 67:33 

5 2.77 - 0.3 M 55% 67:33 

6 FuXPhos (2.81) - 0.3 M 22% 67:33 

7 XPhos (2.54) - 0.3 M 25% 67:33 

Reaction conditions: 0.1 mmol scale. (a) Determined by 1H NMR of the crude reaction mixture using 3,4,5-

trichloropyridine as internal standard. (b) Isolated yield after column chromatography on 0.30 mmol scale. 

Two other hemiaminals (2.100 and 2.102) were synthesized from the corresponding 

commercial substituted allylic alcohols 2.99 and 2.101 in order to investigate the scope of this 

reaction, and were obtained in moderate yields (Scheme 29). 

 

Scheme 29 Synthesis of hemiaminals 2.100 and 2.102 

First hemiaminal 2.100 was engaged in the catalytic transformation on scope scale (Equation 

12). The corresponding heterocycle 2.103 was isolated in 65% with good diastereoselectivity; 

the latter being explained by the symmetry of allylalcohol 2.100.   
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Equation 12: Attempt on scope scale at the carboamination with hemiaminal 2.100 

By analogy, isolation of oxazolidine 2.103 allowed to attribute the stereochemistry of the major 

diastereoisomers that were obtained for all scope entries. Indeed using 2D ROESY NMR 

analysis allowed us to propose that the C-CF3 and CH-CH2CC bonds were in a cis relationship 

(Figure 7). 

 

Figure 7: 2D ROESY experiment with 2.103 

This cis relationship can be explained by the proposed transition state in Scheme 30 below. In 

this speculative proposal, the favored transition state would limit the steric interactions between 

the Boc protecting group and the CF3 and therefore lead to the preferential formation of the cis-

product over the trans (Scheme 30). 

 

Scheme 30: Speculative transition state for the formation of the major diastereoisomer 

Then an attempt at the carboamination was made on optimization scale (0.1 mmol) with 

hemiaminal 2.102, to see how the bulky aromatic substituent would influence the 

transformation (Equation 13). We could observe the formation of 2.104 as a single 
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diastereoisomer but in a low yield of 31%,36 that might be attributed to the initial diastereomeric 

mixture of 2.102.  

 

Equation 13: Attempt at the carboamination with hemiaminal 2.102 

Indeed the first diastereoisomer would react via the favoured transition state (Figure 8, left), 

while the second diastereoisomer would suffer from strong steric repulsions to undergo the 

desired process (Figure 8, right). 

 

Figure 8: Putative transition states for the formation of 2.104 

We were then interested to see if the conditions established for the Pd-catalyzed amino-

arylation could be applied to these hemiaminal coming from substituted allylic alcohols 

(Equation 14). We were delighted to see that the isolated yield on scope scale of compound 

2.105 was of 77%, which is even higher than the one obtained with the optimized amino-

alkynylation. Here again the two diastereoisomers could be separated over column 

chromatography and were isolated in the same dr as measured in the crude 1H NMR.  

 

Equation 14: Attempt on scope scale at the amino-arylation of hemiaminal 2.97 

 
36 This product was not isolated: the yield was estimated by 1H NMR of the crude reaction mixture using 3,4,5-trichloropyridine 

as internal standard. 
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2.3.4 Optimization and Scope with 1,1-disubstituted Olefins 

We then turned our attention towards substituted olefins. With the failure of 1,2-disubstituted 

olefins as substrates in the carboamination previously investigated in our group,32 we wondered 

if our methodology was applicable to 1,1-disubstituted olefins. Thus, hemiaminal 2.107 was 

synthesized from the commercially available β-methallyl alcohol (2.106) in a good yield of 

84% (Equation 15). 

 

Equation 15: Synthesis of hemiaminal 2.107 

We could then engage compound 2.107 in different sets of conditions for the catalytic carbo-

amination (Table 10). Surprisingly, the classic conditions using TFP (2.21) as ligand gave a 

very low yield for the carboamination product 2.108 (Entry 1). Hence different ligands were 

tested, while PhDavePhos (2.23) (Entry 2) failed to deliver the desired product; DavePhos 

(2.71) gave a low yield of 12% (Entry 3). We then turned our attention towards the new Furyl-

based ligands we synthesized for the aminoarylation, and we were pleased to see that the 

DavePhos derivative 2.77 (Entry 4) allowed the formation of oxazolidine 2.108 in 53% yield. 

FuXPhos (2.81) however gave only a low yield of 16%, but its commercial cyclohexyl version 

XPhos (2.54) allowed isolation of the desired aminoalkynylation product 2.108 in 60% yield, 

which was considered acceptable for this substrate. 
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Table 10: Optimization of the catalytic reaction with hemiaminal 2.107 

 

Entry Ligand Yield of 100a dr 

1 TFP (2.21) < 5% - 

2 PhDavePhos (2.23) - - 

3 DavePhos (2.71) 12% - 

4 2.77 53% 10:1 

5 FuXPhos (2.81) 16% - 

6 XPhos (2.54) 63% (60% b) 10:1 

Reaction conditions: 0.1 mmol scale. (a) Determined by 1H NMR of the crude reaction mixture using 3,4,5-

trichloropyridine as internal standard. (b) Isolated yield after column chromatography on 0.30 mmol scale. 

The stereochemistry of the major diastereoisomer of 2.108 could be established by 2D ROESY 

NMR experiment (Figure 9). Stereochemistry of the other related oxazolidines, synthesized 

from 1,1-disubstituted olefins, could then be attributed by analogy. 

 

Figure 9: 2D ROESY experiment with 2.108 

In order to access highly valuable vicinal amino alcohols, another hemiaminal (2.111) was 

synthesized. One of the primary alcohols of the commercial 2-methylenepropane-1,3-diol 

(2.109) was first protected using TBSCl. The obtained unsymmetrical alkene 2.110 could then 

be submitted to our optimized conditions for the formation of hemiaminal 2.111 that could be 

obtained with an overall yield of 52% (Scheme 31). 

 

Scheme 31: Synthesis of hemiaminal 2.111 
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Hemiaminal 2.111 could then be engaged in the aminoalkynylation reaction (Equation 16), and 

delivered oxazolidine 2.112 in an acceptable yield of 57% considering the highly functionalized 

nature of the latter. 

 

Equation 16: Pd-catalyzed aminoalkynylation of 2.111 

Finally, an attempt was made at the aminoarylation of these substituted substrates, using 

hemiaminal 2.107 (Equation 17). A satisfying result could be obtained as oxazolidine 2.113 

was isolated in 61% on scope scale with a good dr.  

 

Equation 17: Pd-catalyzed aminoarylation of 2.107 

2.3.5 Tether Removal 

The efficient removal of the tether to free the 1,2-aminoalcohol was then investigated with 

compound 2.35. The first attempt at the deprotection was performed in DCM, using an excess 

of TFA which was added at 0 °C. After 4 h at room temperature, methanol was added and the 

reaction mixture was further stirred for 2 h. After concentration under reduced pressure, 

recrystallization in DCM afforded the desired compound 2.114 as a TFA salt in a low 53% 

yield. The reaction was then attempted again (Equation 18), but this time after the addition of 

methanol the mixture was left stirring overnight. More importantly, multiple co-evaporations 

with toluene of the crude residue allowed this time to isolate 2.114 in quantitative yield. 

 

Equation 18: Removal of the tether under acidic conditions 
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2.4  Conclusions and Perspectives 

In this work, Pd-catalyzed carbo-amination reactions of allylalcohols bearing tethered 

carbamates were described (Scheme 32). This challenging project required different 

optimizations depending on the electrophilic partner involved, or the substitution on the initial 

allylic alcohol. The difficulties encountered to efficiently form the hemiaminals, especially 

from substituted allyl alcohols, prevented the development of a one pot process applicable to 

all the scope. Nevertheless, two examples of the in situ hemiaminal formation and subsequent 

Pd-catalyzed caboamination could be achieved in satisfying yields for the simple commercial 

allylalcohol, with a chosen alkynylbromide and a substituted arylbromide. Although the rest of 

the project was performed with the hemiaminal formation and carboamination as two individual 

steps, very good yields and dr could be reached for the obtained oxazolidines. A wide variety 

of substituted bromoalkynes, aryl and heteroarylbromides could be used as the electrophilic 

partner for the Pd-catalyzed carbo-amination. Aminoarylation and amino-alkynylation could 

also be applied to alpha-branched and 1,1 disubstituted allylalcohols leading to diverse 

heterocycles with good yields and moderate to excellent dr. Finally, this project aiming for an 

efficient access to vicinal amino alcohols, we could found high yielding conditions for the 

deprotection of the oxazolidines.37 

 

Scheme 32: Different substituted oxazolidines obtained by hemiaminal formation and carboamination 

This work also led to the synthesis of a new ligand with very interesting properties, which was 

designed for the amino-arylation reactions. The latter, as the furyl-derivative of the commercial 

XPhos (2.54), was named “FuXPhos” (2.81) and might hopefully find other interesting 

application in transition-metal mediated transformations. Furthermore, it was fascinating to 

observe that the ligand had so much influence on this particular transformation. Indeed, while 

 
37 B. Muriel, U. Orcel, J. Waser, Org. Lett. 2017, 19, 3548–3551. 
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keeping the same conditions, by changing only the ligand the reaction could favour the amino-

arylation or the Heck product. A control experiment was made using PhDavePhos (2.23) as 

ligand and the simple allylalcohol 2.24 but no product formation could be observed. As the 

Heck reaction did not happen without the tether, it might therefore be interesting to further 

study the role of the latter as a directing group in Pd-catalyzed reactions and the tuning of the 

ligand in order to favour one or the other of these products. The main limitations of our 

methodology are that we could not prevent completely the formation of the Heck product that 

made the isolation of the different heterocycles difficult. Eventually, more investigations could 

be performed in order to make the aminoarylation more efficient with electron-rich arylhalides, 

as encouraging results could be obtained. 
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Chapter 3 

Cyclopropenes for the Synthesis of 

Functionalized Cyclopropanes 
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3. Cyclopropenes for the Synthesis of Functionalized Cyclopropanes 

In this chapter, our efforts and developments towards the functionalization of cyclopropene 

double bonds under palladium- and radical-based approaches will be presented. Given the ease 

to access cyclopropene substrates through modern synthetic methods, we envisioned to achieve 

the formation of C-C, C-O and C- N bonds by functionalization of the strained double bond. 

Such transformations would allow for a direct access to substituted cyclopropanes that are 

useful building blocks and key structural motifs. 

3.1 Introduction 

3.1.1 Importance of Functionalized Cyclopropanes 

3.1.1.1 General Considerations 

First discovered in 1881 by August Freund with the reduction of 1,3-dibromopropane in the 

presence of sodium,38 cyclopropane is the smallest cycloalkane. It found its first application 

only in the 1930’s, after Henderson and Lucas reported its anaesthetic properties in 1929.39 

Nowadays, cyclopropane has found diverse applications in polymer-, medicinal- and material 

sciences and is a versatile and widely used building block in organic chemistry. Its extensive 

use in a growing number of scientific fields can be explained by its unique physicochemical 

properties and reactivity. Indeed, as a three-membered ring cyclopropane has shorter bond 

length (150 vs 154 pm) and angles between the bonds (60° vs 109.5°) resulting in a unique 

small and strained ring system. This strong ring strain energy of 27.5 Kcal/mol,40 has been 

explained by several factors. Coulson and Moffit proposed a model in which the orbitals of the 

cyclopropane belong to the type of the so-called sp3-hybrid model “banana-bond”,41 with a 

deviation of ca 22° from the C-C bond (Figure 10).42 This model explains the enhanced 

reactivity of cyclopropanes by a lack of 20% of orbital overlap compared to C-C bonds in 

ethane. Later, A. D. Walsh presented his theory which outlines a different binding model,43 in 

which the ring would be a combination of three methylene units. In this model, distorted π or 

"quasi π" bonds result from the overlap of p orbitals of the methylene fragments. This bonding 

mode highlights the similarities between the cyclopropane and the olefin orbital systems. 

Indeed, this representation is in accordance with the sp2 character of the C-H bond and also 

 
38 A. Freund, J. Prakt. Chem. 1882, 26, 367-377. 
39 G. H. Lucas, V.E. Henderson, Can. Med. Assoc. J. 1929, 21, 173-175. 
40 A. de Meijere, Angew. Chem. Int. Ed. 2005, 44, 7836-7840. 
41 L. Pauling, J. Am. Chem. Soc. 1931, 53, 1367-1400. 
42 a) C. A. Coulson, W. E. Moffit, J. Chem. Phys. 1947, 15, 151; b) C. A. Coulson, W. E. Moffit, Philos. Mag. 1949, 40, 1-35. 
43 A.D. Walsh, Trans. Faraday Soc. 1949, 45, 179-190. 



55 

 

with the properties enabling cyclopropane to perform addition reactions and conjugation with 

adjacent radicals and cations.  

 

Figure 10: Coulson-Moffitt and Walsh models of cyclopropane orbitals 

Cyclopropanes have been used to quickly access chemical complexity and diversity, often in a 

stereoselective fashion and thus became privileged synthetic intermediates. Their success is due 

to a careful exploitation of their ring strain, which is a powerful driving force for ring-opening 

reactions. Although the three-membered ring is relatively stable under standard conditions of 

temperature and pressure, organic chemists were able to tune its reactivity, allowing access to 

useful products under milder conditions.44 This activation usually comes from a combination 

of electron-withdrawing substituents and/or electron-donating substituents attached to the 

cyclopropane ring. Substituted cyclopropanes have become useful building blocks in organic 

chemistry and allow for the generation of new carbon-carbon bonds. Depending on the 

substitution on the small ring, there are three main types of activated cyclopropanes (Scheme 

33).45 Acceptor cyclopropanes are substituted by an electron-withdrawing group (EWG) that 

allows the stabilization of a negative charge generated after nucleophilic attack and subsequent 

ring opening. Donor cyclopropanes contain an electron-donating group (EDG), causing 

electron density to be distributed throughout the ring and therefore increasing the 

nucleophilicity of the cyclopropane ring. Thus, in the presence of an electrophile, nucleophilic 

attack by the cyclopropane can occur to give a carbocation intermediate stabilized by the EDG. 

More interestingly, when cyclopropanes are vicinally substituted with both electron-donating 

and electron-withdrawing functionalities (DA-cyclopropanes), this push-pull system can be 

further activated by heat or in the presence of a Lewis acid to generate 1,3 dipoles that can react 

with both nucleophilic and electrophilic partners, and in some cases, with dipolarophiles. With 

 
44 a) H. N. C. Wong, M.-Y. Hon, C. W. Tse, Y.-C. Yip, J. Tanko, T. Hudlicky, Chem. Rev. 1989, 89, 165-198; b) F. De Simone, 

J. Waser, Synthesis 2009, 20, 3353-3374.  
45a) H.-U, Reissig, R. Zimmer, Chem. Rev. 2003, 103, 1151-1196; b) M. Yu, B. L. Pagenkopf, Tetrahedron 2005, 61, 321-347. 
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the latter, the use of DA-cyclopropanes allows an effective and convergent synthesis of highly 

substituted ring systems, which became an intensive field of research.45b,46  

 

Scheme 33: Three types of activated cyclopropanes and their reactivity 

Substituted cyclopropanes are not only of preeminent importance for the discovery and 

development of new synthetic methods, they are also key structural motifs found in a variety of 

bioactive compounds.47 In the next sub-chapters, a focus will be made to highlight the 

importance of two types of substituted cyclopropanes: aminocyclopropanes and 

bicyclo[3.1.0]hexanes (Figure 11). 

 

Figure 11: Functionalized cyclopropanes of interest in this thesis 

3.1.1.2 Aminocyclopropanes 

Aminocyclopropanes are a class of three-membered ring carbocycles substituted by at least a 

nitrogen atom. This sub-class of substituted cyclopropanes have grown to be of high interest in 

medicinal chemistry as they are important structural elements in bioactive compounds. In 

addition, due to the electron-donating ability of the nitrogen substituent, their use as synthetic 

intermediates has been of high interest in the past 10 years as they allow to access more complex 

 
46 a) M. A. Cavitt, L. H. Phun, S. France, Chem. Soc. Rev. 2014, 43, 804-818; b) T. F. Schneider, J. Kaschel, D. B. Werz, 

Angew. Chem. Int. Ed. 2014, 53, 5504-5523. 
47 T. T. Talele, J. Med. Chem. 2016, 59, 8712–8756. 
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nitrogen-containing building blocks. Yet, their synthesis was not sufficiently investigated 

compared to their potential. 

3.1.1.2.1 Aminocyclopropanes in Bioactive Compounds 

Aminocyclopropanes are important pharmacophores found in the structure of wide array of 

natural products and synthetic bioactive pharmaceuticals (Figure 12).47,48 For instance (+)-

Coronatine (3.1) is a powerful phytotoxin produced by the bacterium Pseudomonas syringae,49 

while Saxaglaptin (3.2) is a marketed anti-diabetic drug acting as a peptidase inhibitor.50 

Despite its rather simple structure, Tranylcypromine (3.3) is used as a second line treatment to 

treat major depressive disorder.51 The more complex macrocyclic Danoprevir (3.4) is a clinical 

candidate for its potency against Hepatitis C, acting as a peptidomimetic inhibitor.52 While 

Trovafloxacine (3.5) is a commercialized antibiotic with broad applications,53 the nucleoside 

analogue Ticagrelor (3.6) is a platelet aggregation inhibitor used for the prevention of 

thrombotic events (stroke or heart attack for instance) in people with acute coronary 

syndrome.54 

 
48 a) F. H. Vaillancourt, E. Yeh, D. A. Vosburg, S. E. O’Connor, C. T. Walsh, Nature 2005, 436, 1191–1194; b) F. Brackmann, 

A. de Meijere, Chem. Rev. 2007, 107, 4493–4537. 
49 M. Okada, S. Ito, A. Matsubara, I. Iwakura, S. Egoshi, M. Ueda, Org. Biomol. Chem. 2009, 7, 3065–3073. 
50 D. J. Augeri, J. A. Robl, D. A. Betebenner, D. R. Magnin, A. Khanna, J. G. Robertson, A. Wang, L. M. Simpkins, P. Taunk, 

Q. Huang, S.-P. Han, B. Abboa-Offei, M. Cap, L. Xin, L. Tao, E. Tozzo, G. E. Welzel, D. M. Egan, J. Marcinkeviciene, S. Y. 

Chang, S. A. Biller, M. S. Kirby, R. A. Parker, L. G. Hamann, J. Med. Chem. 2005, 48, 5025−5037. 
51 A. Burger, W. L. Yost, J. Am. Chem. Soc. 1948, 70, 2198–2201. 
52 Y. Jiang, S. W. Andrews, K. R. Condroski, B. Buckman, V. Serebryany, S. Wenglowsky, A. L. Kennedy, M. R. Madduru, 

B. Wang, M. Lyon, G. A. Doherty, B. T. Woodard, C. Lemieux, M. Geck Do, H. Zhang, J. Ballard, G. Vigers, B. J. Brandhuber, 

P. Stengel, J. A. Josey, L. Beigelman, L. Blatt, S. D. Seiwert, J. Med. Chem. 2014, 57, 1753−1769. 
53 T. D. Gootz, R. Zaniewski, S. Haskell, B. Schmeider, J. Tankovic, D. Girard, P. Courvalin, R. J. Polzer, Antimicrob. Agents 

and Chemother. 1996, 40, 2691-2697. 
54 K. A. Jacobson, J. Boeynaems, Drug Discov. Today 2010, 15, 570–578. 
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Figure 12: Bioactive aminocyclopropane-containing compounds 

As shown with these examples the spectrum of bioactivities displayed by molecules comprising 

the aminocyclopropane motif is extremely broad. Moreover, the complexity of the structural 

environment around theses motifs justifies the need for efficient synthetic methods to access 

them with diverse and intricate substitution patterns. 

3.1.1.2.2 Reactivity of Aminocyclopropanes 

In addition to their occurrence in bioactive compounds, the importance of nitrogen-substituted 

cyclopropanes stems from their ability to be engaged in ring-opening, rearrangement and 

cyclization reactions, leading to highly functionalized nitrogen-containing products.55 In 

particular, they have been substrates of choice for the development of annulation reactions, to 

access carbocyclic and heterocyclic molecules of various ring sizes.56 Aminocyclopropanes can 

undergo ring-openings via three main activation pathways: C-C bond activation using transition 

metals, polar ring-openings when electron-withdrawing groups are present on the small ring 

and radical ring-openings upon oxidation of the nitrogen.57 Of particular interest in this thesis, 

(3+2) annulations involving DA aminocyclopropanes and electron-rich cyclopropylamines will 

be further discussed. 

 
55 a) V. A. Rassadin, Y. Six, Tetrahedron 2016, 72, 4701–4757; b) H. Kondo, K. Itami, J. Yamaguchi, Chem. Sci. 2017, 8, 

3799–3803; c) G. W. Wang, J. F. Bower, J. Am. Chem. Soc. 2018, 140, 2743–2747; d) M. Zhu, D.-C. Wang, M.-S. Xie, G.-R. 

Qu, H.-M. Guo, Chem. Eur. J. 2018, 24, 15512–15516; e) M. Wang, J. Waser, Angew. Chem. Int. Ed. 2019, 58, 13880–13884; 

f) O. Boyd, G. Wang, O. O. Sokolova, A. D. J. Calow, S. M. Bertrand, J. F. Bower, Angew. Chem. Int. Ed. 2019, 58, 18844–

18848; g) T. Liang, M. Xie, G. Qu, H. Guo, Asian J. Org. Chem. 2019, 8, 1405–1410. 
56 F. De Nanteuil, F. De Simone, R. Frei, F. Benfatti, E. Serrano, J. Waser, Chem. Commun. 2014, 50, 10912–10928. 
57 O. O. Sokolova, J. F. Bower, Chem. Rev. 2020, DOI 10.1021/acs.chemrev.0c00166. 
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3.1.1.2.2.1 (3+2) Annulation Reactions of DA Aminocyclopropanes 

Our group first proposed the use of nitrogen as donating group in DA cyclopropanes in the 

context of homo-nazarov cyclizations, that could be applied to the total synthesis of 

Goniomitine, the synthesis of the tetracyclic core of the Aspidosperma alkaloids,58 as well as 

the total synthesis of Jerantinine E.59 Building upon this work, efforts in our groups were moved 

towards the development of intermolecular transformations, leading in 2011 to the first report 

of (3+2) annulations involving DA aminocyclopropanes.60 In this pioneering work, 

phthalimide-substituted DA cyclopropanes such as 3.7 were found to provide the best 

compromise between stability and reactivity, in an annulation with silyl- and alkyl-enol ethers 

(Equation 19). Under optimized conditions using SnCl4 as Lewis acid catalyst at -78 °C, a wide 

range of substituted cyclopentylamines could be obtained in 77-99% yield and high 

diastereoselectivities. Moreover, the reaction was demonstrated to be enantiospecific. 

 

Equation 19: The first (3+2) annulation of DA aminocyclopropanes 

A proposed mechanism for this Lewis acid catalyzed (3+2) cycloaddition is depicted in Scheme 

34. Activation of DA aminocyclopropane 3.7 by chelation with the Lewis acid catalyst would 

lead to intermediate I where the C-C bond between donating and accepting groups is now 

polarized towards a stable intimate ion pair.61 The enol ethers can then attack at the electrophilic 

carbon via a SN
2 type process, leading to fragmentation of the C-C bond promoted by strain 

release. The resulting zwitterionic intermediate II can then undergo a C-C bond rotation to give 

III, having now a favorable alignment between the malonic anionic center and the electrophilic 

carbon of the silyl-oxonium, leading to ring closure and formation of the desired 

cyclopentylamine. 

 
58 F. De Simone, J. Gertsch, J. Waser, Angew. Chem. Int. Ed. 2010, 49, 5767-5770. 
59 R. Frei, D. Staedler, A. Raja, R. Franke, F. Sasse, S. Gerber-Lemaire, J. Waser, Angew. Chem. Int. Ed. 2013, 52, 13373-

13376. 
60 F. de Nanteuil, J. Waser, Angew. Chem. Int. Ed. 2011, 50, 12075. 
61 a) P. D. Pohlhaus, J. S. Johnson, J. Am. Chem. Soc. 2005, 127, 16014–16015; b) P. D. Pohlhaus, S. D. Sanders, A. T. Parsons, 

W. Li, J. S. Johnson, J. Am. Chem. Soc. 2008, 130, 8642–8650. 
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Scheme 34: Proposed mechanism for the Lewis-acid catalyzed (3+2) annulation of DA 

aminocyclopropanes 

This methodology could be then successfully extended by our group to aldehydes62 and 

ketones63 as dipolarophiles in the (3+2) annulation with 3.7 (Equation 20). For aldehydes the 

catalytic system required a re-optimization, and the best results were obtained with FeCl3 

adsorbed on alumina to ensure a higher stability and prevent the formation of detrimental traces 

of acid. In the case of ketones, the transformation was demonstrated to be enantiospecific.  

 

Equation 20: (3+2) annulations of DA aminocyclopropanes 3.7 with carbonyl compounds 

Accessing enantioenriched cycloadducts is of crucial importance. However, while some of 

these annulations were found to be enantiospecific, it required to have access to the 

enantioenriched aminocyclopropanes starting materials, which is an important limitation. In 

this context a breakthrough was realized by our group with the development of the first dynamic 

 
62 F. Benfatti, F. de Nanteuil, J. Waser, Org. Lett. 2012, 14, 386-389. 
63 F. Benfatti, F. de Nanteuil, J. Waser, Chem. Eur. J. 2012, 18, 4844-4849. 
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kinetic asymmetric transformation (DYKAT) applied to the (3+2) annulation of DA-

aminocyclopropanes (Equation 21).64 With copper (II) complex 3.9, succinimide-substituted 

cyclopropane 3.8 led to the highest levels of enantiocontrol. Under these conditions, both 

aldehydes and enolethers could be used as dipolarophiles, delivering the corresponding 

enantioenriched cycloadducts in 69-99% yields. 

 

Equation 21: DYKAT of DA aminocyclopropane 3.8 

In addition to phthalimides and succinimides, it was realised that different nucleobases could 

be used as donors: thymine, uracil and 5-fluorouracil. The corresponding DA cyclopropanes 

could be successfully engaged in a (3+2) annulation leading to biologically relevant nucleoside 

analogues (Scheme 35, a).65 The use of DA aminocyclopropanes could also be extended to 

annulations with thioalkynes (Scheme 35, b).66 In this case, the use of triethylsilyl-substituted 

thioalkynes was key to achieve the (3+2) annulation with reproducibility and good yields for 

the obtained cyclopentene products. Indeed when alkyl-substituted thioalkynes were used, an 

alternative reaction pathway led to complex polycyclic structures. Eventually, in 2017 our 

group disclosed a novel (3+2) annulation of aminocyclopropanes that could be successfully 

applied to the dearomatization of electron-poor six-membered N-heterocycles (Scheme 35, c).67 

This transformation proved to be very broad, proceeding in high yields and 

diastereoselectivities with quinolines, isoquinolines, benzo-thia/oxa-zoles, and pyridines. 

 
64 F. de Nanteuil, E. Serrano, D. Perrotta, J. Waser, J. Am. Chem. Soc. 2014, 136, 6239-6242. 
65 S. Racine, F. de Nanteuil, E. Serrano, J. Waser, Angew. Chem. Int. Ed. 2014, 53, 8484–8487. 
66 S. Racine, B. Hegedüs, R. Scopelliti, J. Waser, Chem. Eur. J. 2016, 22, 11997-12001. 
67 J. Preindl, S. Chakrabarty, J. Waser, Chem. Sci. 2017, 8, 7112–7118. 



62 

 

 

Scheme 35: (3+2) annulations of DA aminocyclopropanes developed in our group 

These developments in our group pioneered and popularized the use of DA 

aminocyclopropanes in (3+2) annulations, which led to interesting developments from other 

research groups that are summarized in Scheme 36. Various dipolarophiles could indeed be 

employed as annulation partners with DA aminocyclopropanes under Lewis acid catalysis. For 

instance, the groups of Werz and Ohshima, reported the use of thionoesters,68 thioketene 

surrogates such as 3.10,69 and thioketones70 to access tetrahydrothiophenes derivatives (Scheme 

36, a). Nitrosoarenes were also successfully used in a (3+2) annulation with DA 

aminocyclopropanes, leading to isoxazolidines in high yields with complete control of the 

regioselectivity (Scheme 36, b).71 Spirocyclic structures could also be accessed using this 

strategy, as reported by Sierra and co-workers (Scheme 36, c).72 In this work, cyclopropenones 

were used as partners, and the transformation was showed to be completely selective for the 

formation of the (3+2) adducts over the (3+3) ones.  

 
68 Y. Matsumoto, D. Nakatake, R. Yazaki, T. Ohshima, Chem. Eur. J. 2018, 24, 6062–6066. 
69 A. U. Augustin, M. Busse, P. G. Jones, D. B. Werz, Org. Lett. 2018, 20, 820–823. 
70 A. U. Augustin, M. Sensse, P. G. Jones, D. B. Werz, Angew. Chem. Int. Ed. 2017, 56, 14293–14296. 
71 S. Chakrabarty, I. Chatterjee, B. Wibbeling, C. G. Daniliuc, A. Studer, Angew. Chem. Int. Ed. 2014, 53, 5964–5968. 
72 A. R. Rivero, I. Fernández, C. Ramírez De Arellano, M. A. Sierra, J. Org. Chem. 2015, 80, 1207–1213. 
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Scheme 36: Use of DA aminocyclopropanes in (3+2) annulations by other research groups 

Different types of imines could be used as dipolarophiles, leading to highly functionalized 

nitrogen-containing heterocycles (Scheme 36, d). The groups of Guo and You reported the 

enantioselective dearomative annulation of purines73 and benzazoles74 with DA 

aminocyclopropanes, employing copper (II) / BOX catalytic systems. Strained imines such as 

2H-azirines were also used as annulation partners to access nitrogen containing 5,3 fused 

bicyclic structures.75 Moreover, Werz and co-workers reported the use of 1,3,5-triazinanes as 

formylimines surrogates.76 Functionalized cyclopentanes could also be accessed by (3+2) 

annulations of DA aminocyclopropanes with vinyl azides as dipolarophiles (Scheme 36, e).77 

 
73 E. J. Hao, D. D. Fu, D. C. Wang, T. Zhang, G. R. Qu, G. X. Li, Y. Lan, H. M. Guo, Org. Chem. Front. 2019, 6, 863–867. 
74 M. C. Zhang, D. C. Wang, M. S. Xie, G. R. Qu, H. M. Guo, S. L. You, Chem 2019, 5, 156–167. 
75 J. E. Curiel Tejeda, L. C. Irwin, M. A. Kerr, Org. Lett. 2016, 18, 4738–4741. 
76 L. K. B. Garve, A. Kreft, P. G. Jones, D. B. Werz, J. Org. Chem. 2017, 82, 9235–9242. 
77 A. Kaga, D. A. Gandamana, S. Tamura, M. Demirelli, S. Chiba, Synlett 2017, 28, 1091–1095. 
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Eventually, in a collaboration between our group and the Severin group at EPFL, 1-

alkynyltriazenes could be used as dipolarophiles to access triazene-substituted cyclopentenes 

in high yields.78 

3.1.1.2.2.2 Radical-mediated (3+2) Annulations of Electron-Rich 

Cyclopropylamines 

Electron-rich cyclopropylamines are another important class of nitrogen-substituted 

cyclopropanes. In these substrates the nitrogen can be easily oxidized (for instance, 

cyclopropylaniline has an oxidation peak potential of +0.83 V vs SCE)79 to the corresponding 

radical cation I, triggering a radical-based ring opening promoted by strain release, leading to 

a distonic radical cation II (Scheme 37). This intermediate could be exploited as three carbon 

partners in diverse (3+2) annulations, by trapping with a radical acceptor followed by an 

intramolecular cyclization to give the radical cationic intermediate III. Reduction of the latter 

delivers the cycloadduct, resulting in a formal cycloaddition. 

 

Scheme 37: Activation of cyclopropylaniline by oxidation 

The first reports of (3+2) annulation involving cyclopropylamines were disclosed in 1998 by 

the groups of Cha and Iwata (Scheme 38).80 Using stoichiometric oxidants, these intramolecular 

transformations allowed for the synthesis of bicyclic compounds from cyclopropylamine 

bearing tethered alkenes or alkynes. Cha and co-workers (Scheme 38, a) employed 1,4-

dicyanobenzene (DCB) under irradiation to oxidize dialkyl N-substituted substrates. Despite 

the complexity of the scaffolds they could access with this methodology, the yields were 

impacted by the instability of the products under the reaction conditions. Iwata and co-workers 

(Scheme 38, b) could circumvent this issue by using substrates where the nitrogen is substituted 

 
78 F. G. Perrin, G. Kiefer, L. Jeanbourquin, S. Racine, D. Perrotta, J. Waser, R. Scopelliti, K. Severin, Angew. Chem. Int. Ed. 

2015, 54, 13393–13396. 
79 S. A. Morris, J. Wang, N. Zheng, Acc. Chem. Res. 2016, 49, 1957–1968. 
80 a)  J. Du Ha, J. Lee, S. C. Blackstock, J. K. Cha, J. Org. Chem. 1998, 63, 8510–8514; b) Y. Takemoto, S. Yamagata, S. I. 

Furuse, H. Hayase, T. Echigo, C. Iwata, Chem. Commun. 1998, 651–652. 
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by a methyl and a benzyl group. Indeed, the latter is cleaved during the transformation, 

delivering products bearing secondary amines that are less prone to undesired oxidation 

pathways. Interestingly, under their optimized conditions using CAN as oxidant, alkynes also 

underwent the desired annulation towards substituted bicyclic cyclopentenes. 

 

Scheme 38: Intramolecular (3+2) annulations of cyclopropylamines under oxidative conditions 

In 2001, Mahindaratne and co-workers reported the oxidative formation of endoperoxides under 

aerobic conditions (Scheme 39, a).81 Different oxidizing systems were found to be effective, 

involving an iron (III) catalyst or peroxides combined with UV irradiation. In 2007, this 

transformation could be also achieved under electrochemical conditions, as reported by Six, 

Buriez and co-workers (Scheme 39, b).82 The authors could apply this reaction to more complex 

bicyclo-cyclopropylanilines, and studied the obtained endoperoxides for their potential 

antimalarial activity.83 However these products were found to have a limited stability, as they 

quickly underwent ring-opening and dehydration, making their isolation difficult. 

 

Scheme 39: (3+2) annulation of cyclopropylanilines with molecular oxygen 

 
81 K. Wimalasena, H. B. Wickman, M. P. D. Mahindaratne, Eur. J. Org. Chem. 2001, 2001, 3811–3817. 
82 C. Madelaine, Y. Six, O. Buriez, Angew. Chem. Int. Ed. 2007, 46, 8046–8049. 
83 C. Madelaine, O. Buriez, B. Crousse, I. Florent, P. Grellier, P. Retailleau, Y. Six, Org. Biomol. Chem. 2010, 8, 5591–5601. 
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An important discovery was made by Zheng and co-workers in 2011, when they reported the 

(3+2) annulation of cyclopropylanilines with alkenes under photoredox catalysis (Equation 

22).84 The transformation proceeded under visible light irradiation with [Ru(bpz)3](PF6)2 as 

photocatalyst. A large excess of the olefinic partner (5 equivalents) and the use of nitromethane 

as solvent were required to ensure high yields. Under these conditions, cyclopropylanilines 

bearing various sterically and electronically differentiated aryl groups were shown to deliver 

the corresponding cycloadducts in 40-87% yield albeit with almost no diastereoselectivity. To 

circumvent this issue, the authors applied their optimized conditions to bicyclic 

cyclopropylanilines, that underwent the annulation in 28-77% yield with an improved 

diastereoselectivity. It was also shown that different olefins could be engaged in the 

transformation under the same conditions. 

 

Equation 22: Photoredox-mediated (3+2) annulations of cyclopropylanilines with alkenes 

As proposed by the authors in this first report, the reaction would first proceed by excitation of 

the photocatalyst I under irradiation, leading to its photoexcited state II, then able to oxidize 

the nitrogen of a cyclopropylaniline substrate to the corresponding radical cation IV (Scheme 

40). This intermediate would then react with the olefinic partner after ring-opening as depicted 

in Scheme 37, leading to V. Amine radical cation V would then deliver the product after 

reduction by SET from the ruthenium catalyst, that can re-enter the photocatalytic cycle. The 

authors could support this proposed mechanism using mass spectrometry techniques,85 by 

detecting transient amine radical cations including IV and I, as well as the reduced 

photocatalyst III. Importantly, evidence could be gathered to support the involvement of a chain 

mechanism for this (3+2) annulation, by confirming notably the ability of amine radical cation 

V to oxidize cyclopropylaniline A towards IV. 

 
84 S. Maity, M. Zhu, R. S. Shinabery, N. Zheng, Angew. Chem. Int. Ed. 2012, 51, 222–226. 
85 Y. Cai, J. Wang, Y. Zhang, Z. Li, D. Hu, N. Zheng, H. Chen, J. Am. Chem. Soc. 2017, 139, 12259–12266. 
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Scheme 40: Proposed mechanism for the photoredox-mediated (3+2) annulation of cyclopropylanilines 

The same group could apply this photoredox-mediated (3+2) annulation of cyclopropylanilines 

to alkynes (Equation 23).86 Proceeding under the same reaction conditions than for alkenes, 

terminal acetylenes bearing different aryl-, heteroaryl- as well as ester groups could be 

successfully engaged in the transformation, yielding a variety of functionalized cyclopentenes 

in 41-72% yield.  

 

Equation 23: Photoredox-mediated (3+2) annulations of cyclopropylanilines with alkynes 

The same year Zheng and co-workers could extend this methodology to diynes, enynes and 

substituted cyclopropylanilines (Scheme 41).87 For diynes, both symmetrical and 

unsymmetrical substrates could be engaged with cyclopropylaniline 3.11 under the previously 

optimized conditions, delivering cyclopentenes in 20-54% yield (Scheme 41, a). For 

unsymmetrical diynes, good regioselectivity was observed, with the alkyl-substituted alkyne 

that reacted preferentially over the aryl-substituted one. When enynes were used, the conditions 

were re-optimized by switching to the less oxidizing photocatalyst Ir(ppy)2(dtbbpy)(PF6), and 

the solvent system was changed to a 1:1 mixture of nitromethane and trifluoroethanol (Scheme 

41, b). While the alkene moiety was expected to be more reactive towards the radical-based 

annulation, issues of regioselectivities were observed, and attributed to the sterics and electronic 

 
86 T. H. Nguyen, S. Maity, N. Zheng, Beilstein J. Org. Chem. 2014, 10, 975–980. 
87 T. H. Nguyen, S. A. Morris, N. Zheng, Adv. Synth. Catal. 2014, 356, 2831–2837. 



68 

 

properties of the unsaturated bonds in the engaged substrates. Several substituted 

cyclopropylanilines could also be engaged in the photoredox mediated (3+2) annulation with 

phenylacetylene (3.12) (Scheme 41, c). It was found that N-cyclopropyl-N-methylaniline (R1 = 

Me) did not undergo the desired transformation, in accordance with previous results obtained 

by Tanko and co-workers,88 who have found the ring opening of such amine radical cations to 

be difficult. However, substitution on the three-membered ring was tolerated, furnishing the 

corresponding cyclopentenes in 30-46% yield, with an expected low control over the 

diastereochemical outcome. 

 

Scheme 41: Extension of the (3+2) annulation to diynes, enynes and substituted cyclopropylanilines 

Inspired by these reports, in 2018 Wang and co-workers reported a dirhodium(II)-catalyzed 

(3+2) annulation between cyclopropylanilines and alkenes (Equation 24).89 Using Rh2(5S,R-

MenPY)4 as optimal catalyst, the reaction proceeded in hexane with a very broad range of 

alkene derivatives with respect to both electronics and sterics. However, as in the previously 

discussed reports by Zheng and co-workers, the diastereoselectivity of the transformation 

remained here also very low and substrate dependent. While three examples of annulation 

 
88 X. Li, M. L. Grimm, K. Igarashi, N. Castagnoli, J. M. Tanko, Chem. Commun. 2007, 25, 2648–2650. 
89 Y. Kuang, Y. Ning, J. Zhu, Y. Wang, Org. Lett. 2018, 20, 2693–2697. 
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reactions with alkynes were reported in this work, a recent report by the same group disclosed 

optimized conditions for the synthesis of cyclopentenes, by changing the solvent to DCE and 

running the reactions for 24 hours.90  

 

Equation 24: Rh2(II)-catalyzed (3+2) annulation of cyclopropylanilines with alkenes 

Concerning the mechanism, a classical SET from the electron rich amine to the Rh-catalyst 

followed by a radical chain mechanism might have been expected. However, here the authors 

proposed a radical chain-like mechanism where the dimeric rhodium catalyst would have two 

roles (Scheme 42). First it might tame the reactivity of the radicals involved in the process and 

second, it was suggested that it could lower the N-H bond dissociation energy upon formation 

of Rh2(II)-amine complex I. Formation of the latter would then facilitate H-abstraction towards 

N-centered radical II, by a radical source left unspecified by the authors. This radical was 

however proposed to be possibly coming from the decomposition of the starting 

cyclopropylaniline A. Formation of II would then trigger the facile radical-mediated ring 

opening towards III, that is then able to attack through its primary radical an appropriate alkene, 

leading to intermediate IV. V can then be formed by intramolecular ring-closure and could then 

undergo a HAT from complex I to deliver the desired product B and regenerate N-centered 

radical II. 

 
90 W. Liu, Y. Kuang, Z. Wang, J. Zhu, Y. Wang, Beilstein J. Org. Chem. 2019, 15, 542–550. 
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Scheme 42: Proposed mechanism for the Rh2(II)-catalyzed (3+2) annulation of cyclopropylanilines 

Stephenson and co-workers could extend this radical-mediated annulation strategy of 

aminocyclopropanes to an intramolecular transformation to access 1-aminonorbornenes that are 

valuable aniline bioisosters for medicinal chemistry (Equation 25).91 The transformation 

proceeded with N-morpholine substituted cyclopropanes bearing tethered alkenes in the 

presence of a commercial iridium photocatalysts under blue LEDs irradiation. Interestingly, it 

was found by the authors that the addition of ZnCl2 as sub-stoichiometric additive allowed to 

reach higher yields, due to its ability to lower the oxidation potential of the amine. Under the 

optimized conditions the transformation showed a broad functional group tolerance and could 

be applied to continuous flow processing on gram-scale. 

 
91 D. Staveness, T. M. Sodano, K. Li, E. A. Burnham, K. D. Jackson, C. R. J. Stephenson, Chem 2019, 5, 215–226. 
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Equation 25: Intramolecular (3+2) annulation of cyclopropylamines for the synthesis of 1-

aminonorbornenes 

3.1.1.3 Bicyclo[3.1.0]hexanes 

Bicyclo[3.1.0]hexanes are a class of bicyclic molecules comprising a cyclopropane fused with 

a cyclopentane ring. Preferentially adopting a boat-type conformation due to its bicyclic 

nature,92 the bicyclo[3.1.0]hexane scaffold and its heteroatom-containing derivatives display 

unique conformational characteristics making them attractive targets in drug discovery. In 

addition, their inherent strain makes them valuable synthetic intermediates, but renders their 

synthesis challenging. 

3.1.1.3.1 Bicyclo[3.1.0]hexanes in Bioactive Compounds 

This chemical motif can be found in the structure of a plethora of bioactive compounds, from 

natural or synthetic sources (Figure 13). For instance, laurinterol (3.13),93 cycloeudesmol 

(3.14)94 and crispatene (3.15)95 were isolated from marine sources and are being studied for 

they potent bioactivities. Derived from the sesquiterpene-γ-lactone arglabin, 3.16 has been 

synthesized and is evaluated for its antitumor activity.96 The glutamate derivative Eglumegad 

(3.17), is another relevant example of synthetic drug developed by Eli Lilly, investigated for 

the treatment of anxiety.97 Fluorinated analogues having an increasing importance in medicinal 

chemistry,98 3.18 was developed as a GABA-AT inhibitor.99 Oxabicyclo[3.1.0]hexanes, 

incorporating an oxygen in the 5-membered ring, stand as an important sub-class of these 

bicyclic scaffolds, as highlighted by compounds 3.19 and 3.20. While 3.19 is a synthetic 

 
92 a) M. F. Grostic, D. J. Duchamp, C. G. Chidester, J. Org. Chem. 1971, 36, 2929-2932; b) V. S. Mastryukov, E. L. Osina, L. 

V. Vilkov, R. L. Hilderbrandt, J. Am. Chem. Soc. 1977, 99, 6855-6861; c) J. C. Rees, D. Whittaker, Org. Magn. Reson. 1981, 

15, 363–369. 
93 S. Garcia-Davis, E. Viveros-Valdez, A. R. Diaz-Marrero, J. J. Fernández, D. Valencia-Mercado, O. Esquivel-Hernández, P. 

Carranza-Rosales, I. E. Carranza-Torres, N. E. Guzman-Delgado, Mar. Drugs 2019, 17, 201-217. 
94 W. Fenical, J. J. Sims, Tetrahedron Lett. 1974, 15, 1137–1140. 
95 C. Ireland, J. Faulkner, Tetrahedron 1981, 37, 233–240. 
96 R. Csuk, A. Heinold, B. Siewert, S. Schwarz, A. Barthel, R. Kluge, D. Ströhl, Arch. Pharm. 2012, 345, 215–222. 
97 J. A. Monn, M. J. Valli, S. M. Massey, R. A. Wright, C. R. Salhoff, B. G. Johnson, T. Howe, C. A. Alt, G. A. Rhodes, R. L. 

Robey, K. R. Griffey, J. P. Tizzano, M. J. Kallman, D. R. Helton and D. D. Schoepp, J. Med. Chem. 1997, 40, 528-537. 
98 a) K. Muller, C. Faeh and F. Diederich, Science 2007, 317, 1881-1886; b) S. Purser, P. R. Moore, S. Swallow and V. 

Gouverneur, Chem. Soc. Rev. 2008, 37, 320-330; c) E. P. Gillis, K. J. Eastman, M. D. Hill, D. J. Donnelly and N. A. Meanwell, 

J. Med. Chem. 2015, 58, 8315-8359; d) N. A. Meanwell, J. Med. Chem. 2018, 61, 5822-5880; e) A. Pons, T. Poisson, X. 

Pannecoucke, A. B. Charette and P. Jubault, Synthesis 2016, 48, 4060-4071. 
99 Z. Wang and R. B. Silverman, Bioorg. Med. Chem. 2006, 14, 2242-2252. 
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molecule studied for its anti-allergic properties,100 konishone (3.20) has been isolated from the 

wood of cunninghamia konishii and displays anti-inflammatory activities.101 

 

Figure 13: Bioactive compounds incorporating the bicyclo[3.1.0]hexane motif 

3.1.1.3.2 Bicyclo[3.1.0]hexanes as Synthetic Intermediates 

Bicyclo[3.1.0]hexanes are important synthetic intermediates whose strain can be exploited to 

trigger rearrangements and ring-opening reactions, facilitated by the nature of the substituents 

on the bicyclic structure. For instance, bicyclo[3.1.0]hexane can undergo electrocyclic ring-

openings, as highlighted by selected examples in Scheme 43. Starting from cyclopropanated 

indanones, Magauer and co-workers could achieve a thermally-induced fragmentation, with 

simultaneous 1,2-chloride shift (Scheme 43, a).102 This transformation allowed for an efficient 

access to substituted naphthalenes. Furthermore, a domino electrocyclic ring-opening / 

nucleophilic trapping of dibromo-substituted bicyclo[3.1.0]hexane such as 3.21 bearing a 

tethered carboxylic acid was reported by Batey and co-workers (Scheme 43, b).103 The 

functionalized bicyclic lactones obtained through this transformation were designated as 

potential building blocks for the synthesis of biologically relevant compounds. 

 
100 J. Bodensteiner, P. Baumeister, R. Geyer, A. Buschauer, O. Reiser, Org. Biomol. Chem. 2013, 11, 4040-4055. 
101 Y.-C.Chen, Y.-C. Li, B.-J. You, W.-T. Chang, L. Chao, L.-C. Lo, S.-Y. Wang, G.-J. Huang, Y.-H. Kuo, Molecules 2013, 

18, 682–689. 
102 T. A. Unzner, A. S. Grossmann, T. Magauer, Angew. Chem. Int. Ed. 2016, 55, 9763–9767. 
103 S. J. Kim, A. J. Lough, R. A. Batey, J. Org. Chem. 2018, 83, 13799–13810. 
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Scheme 43: Examples of electrocyclic ring opening reactions of bicyclo[3.1.0]hexanes 

Bicyclo[3.1.0]hexanes are also prone to rearrangement reactions. Relevant examples of such 

transformation were reported by Stoltz and co-workers (Scheme 44). In 2003, they studied the 

tandem Wolff/Cope rearrangement of bicyclo[3.1.0]hexanes bearing diazo ketones (Scheme 

44, a).104 Divergent reaction pathways were found depending on the applied conditions. Using 

a sonochemical activation, cycloheptadienones were selectively obtained, while under 

photochemical conditions, the formation of cyclopentenones was favoured. In 2019, aiming for 

the total synthesis of Curcusones A-D, the same group reported the divinylcyclopropane 

rearrangement of bicyclo[3.1.0]hexane 3.23 (Scheme 44, b).105 Rupture of the butyrolactone 

ring under reductive conditions triggered the rearrangement to form 3.25, whose yield could be 

increased from by-product 3.24 by heating the crude mixture in benzene.  

 
104 R. Sarpong, J. T. Su, B. M. Stoltz, J. Am. Chem. Soc. 2003, 125, 13624–13625. 
105 A. C. Wright, C. W. Lee, B. M. Stoltz, Org. Lett. 2019, 21, 9658–9662. 
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Scheme 44: Examples of rearrangement reactions in bicyclo[3.1.0]hexanes 

These types of bicyclic structures could also be engaged in intermolecular reactions such as 

annulations. A compelling example was reported by Pagenkopf and co-workers on the 

annulation of indoles under Lewis acid catalysis with various annelated-cyclopropanes 

(Equation 26).106 Amongst them several oxabicyclo[3.1.0]hexanes such as 3.26 could be 

successfully engaged in the transformation, leading to complex tetracyclic compounds. 

 

Equation 26: (3+2) annulation of oxabicyclo[3.1.0]hexanes with indoles 

3.1.1.3.3 Precedents for the Synthesis of Bicyclo[3.1.0]hexanes 

Due to their importance, different approaches were successfully implemented towards the 

synthesis of bicyclo[3.1.0]hexanes and their derivatives. In Scheme 45, an overview of the most 

efficient and recent strategies to access these structural motifs is depicted. Formation of the 

three-membered ring through an intermolecular (2+1) cycloaddition with diazo compounds or 

other carbenoids might appear as the most convergent way to access these bicyclic scaffolds 

 
106 B. Bajtos, M. Yu, H. Zhao, B. L. Pagenkopf, J. Am. Chem. Soc. 2007, 129, 9631–9634. 
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(Scheme 45, a). While some efficient methods were reported,107 issues of stereoselectivities 

might arise from this strategy as well as difficulties for the reaction to proceed to access 

sterically congested bicyclic substrates. Moreover, with diazo compounds, the alkene substrates 

used in these transformations are often limited to 1H-indene derivatives, as conjugation with 

the neighbouring aromatic group helps to ensure decent yields, hence limiting their scope. For 

these reasons, most (2+1) cycloaddition methods involving diazo-compounds or equivalents, 

were achieved in an intramolecular fashion, ensuring higher stereoselectivity and reactivity 

(Scheme 45, b).108 The main drawback of these transformations is the necessity to access highly 

functionalized starting materials for the cyclization step, which is often tedious. 

 

Scheme 45: Overview of the existing strategies to access bicyclo[3.1.0]hexanes 

A much less studied approach involves a transannular reaction in six-membered rings towards 

bicyclo[3.1.0]hexanes (Scheme 45, c). While the first example of such transformation involved 

a photochemical rearrangements of substituted cyclohexadienes such as 3.27 to give 3.28 

(Scheme 46, a),109 most reports have employed cyclohexanes bearing a carbonyl and a leaving 

group in a 1,3-relationship as substrates, that are able to undergo the transannular alkylation 

 
107 a) Virender, S. L. Jain, B. Sain, Tetrahedron Lett. 2005, 46, 37–38; b) Deng, L.-J. Wang, J. Zhu, Y. Tang, Angew. Chem. 

Int. Ed. 2012, 51, 11620–11623; c) A. A. S. W. Tchawou, M. Raducan, P. Chen, Organometallics 2017, 36, 180–19; d) I. D. 

Jurberg, H. M. L. Davies, Chem. Sci. 2018, 9, 5112–5118; d) J. Werth, C. Uyeda, Angew. Chem. Int. Ed. 2018, 57, 13902–

13906; e) Z. Yu, A. Mendoza, ACS Catal. 2019, 9, 7870–7875. 
108 a)  M. J. Comin, D. A. Parrish, J. R. Deschamps, V. E. Marquez, Org. Lett. 2006, 8, 705–708; b) A.-M. Abu-Elfotoh, D. P. 

T. Nguyen, S. Chanthamath, K. Phomkeona, K. Shibatomi, S. Iwasa, Adv. Synth. Catal. 2012, 354, 3435–3439; c) B. M. Trost, 

S. Malhotra, P. Ellerbrock, Org. Lett. 2013, 15, 440–443; d) T. Sawada, M. Nakada, Org. Lett. 2013, 15, 1004–1007; e) Y. 

Yang, J. Li, B. Du, C. Yuan, B. Liu, S. Qin, Chem. Commun. 2015, 51, 6179–6182; f) Ò.Torres, A. Roglans, A. Pla-Quintana, 

Adv. Synth. Catal. 2016, 358, 3512–3516; g) K. Nagatani, Y. Hoshino, H. Tezuka, M. Nakada, Tetrahedron Lett. 2017, 58, 

959–962; h) K. O. Marichev, J. T. Ramey, H. Arman, M. P. Doyle, Org. Lett. 2017, 19, 1306–1309. 
109 H. Prinzbach, H. Hagemann, J. H. Hartenstein, R. Kitzing, Chem. Ber. 1965, 98, 2201–2220. 
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through the formation of enolates (Scheme 46, b).110 For instance, bicyclo[3.1.0]hexane 3.30 

can be easily accessed from cyclohexane 3.29, in the presence of a strong base. More recent 

and notable approaches were reported using organocatalysis as illustrated in Scheme 46, c).111 

In this example the condensation of organocatalyst 3.33 with an α,β-unsaturated aldehyde such 

as 3.32 triggers a cascade reaction with 3.31 leading to bicyclic adduct 3.34. Radical chemistry 

combined with organocatalysis was also demonstrated to be an efficient approach (Scheme 46, 

d).112 For instance applying this strategy to functionalized substrate 3.35 led to enantioenriched 

bicyclic product 3.36. 

 

Scheme 46: Selected examples of transannular reactions for the synthesis of bicyclo[3.1.0]hexanes 

Another possibility to access bicyclo[3.1.0]hexanes is the formation of the cyclopropane 

through a ring-closing event, from a functionalized five-membered ring (Scheme 45, d). For 

example, after condensation of organocatalyst 3.39 with cyclopentenone (3.37), Michael 

 
110 a) R. N. McDonald, R. R. Reitz, R. N. McDonald, G. E. Davis, J. Org. Chem. 1965, 85, 2667-2669; b) P. Huang, K. Sabbe, 

M. Pottie, M. Vandewalle, Tetrahedron Lett. 1995, 36, 8299–8302; c) A. Krief, H. Y. Gondal, A. Kremer, Chem. Commun. 

2008, 39, 4753–4755; d) A. Krief, S. Jeanmart, H. Y. Gondal, A. Kremer, Helv. Chim. Acta 2012, 95, 2123–2167. 
111 I. Riano, U. Uria, E. Reyes, L. Carrillo, J. L. Vicario, J. Org. Chem. 2018, 83, 4180–4189. 
112 L. Ye, Q. S. Gu, Y. Tian, X. Meng, G. C. Chen, X. Y. Liu, Nat. Commun. 2018, 9, 227-240. 
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addition of deprotonated bromo(nitro)methane (3.38) followed by three-membered ring closure 

leads to product 3.40 in high yield and enantioselectivity (Scheme 47, a).113 Another possibility 

is the direct attack of a nucleophilic carbon of the five-membered ring onto a pre-installed 

external carbon bearing a leaving group as illustrated with substrate 3.41, leading to product 

3.42 in the presence of a mild base (Scheme 47, b).114 Organocatalysis was also successfully 

applied to this approach. For instance, substrate 3.43 incorporating an aldehyde and an alkene 

can be efficiently converted to cyclized product 3.45 using catalyst 3.44 (Scheme 47, c).115 In 

a recent report, Molander and co-workers demonstrated that a photoredox-mediated radical 

crossover annulation was also a valuable approach to access bicyclo[3.1.0]hexanes (Scheme 

47, d).116 Using C-centered radical precursor 3.47 and 4CzIPN as photocatalyst, substrate 3.46 

furnishes cyclized product 3.48 in 82% yield.  

 
113 a) J. Lv, J. Zhang, Z. Lin, Y. Wang, Chem. Eur. J. 2009, 15, 972–979; b) L. T. Dong, Q. S. Du, C. L. Lou, J. M. Zhang, R. 

J. Lu, M. Yan, Synlett 2010, 2, 266–270; c) J. Krysiak, W. H. Midura, W. Wieczorek, L. Sieroń, M. Mikołajczyk, Tetrahedron 

Asymmetry 2010, 21, 1486–1493. 
114 a) C. Chapuis, C. A. Richard, Helv. Chim. Acta 2018, 101, e1800063; b) Y. L. Sun, X. W. X. Ben, F. N. Sun, Q. Q. Chen, 

J. Cao, Z. Xu, L. W. Xu, Angew. Chem. Int. Ed. 2019, 58, 6747–6751. 
115 C. Luo, Z. Wang, Y. Huang, Nat. Commun. 2015, 6, 10041-10052. 
116 J. A. Milligan, K. L. Burns, A. V. Le, V. C. Polites, Z. J. Wang, G. A. Molander, C. B. Kelly, Adv. Synth. Catal. 2020, 362, 

242–247. 
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Scheme 47: Selected examples of ring closing reactions of cyclopentanes to access bicyclo[3.1.0]hexanes 

Cycloisomerization reactions of linear substrates bearing tethered alkenes and alkynes have 

been at the center of an intense field of research in the past 10 years (Scheme 45, e). These 

processes are usually catalyzed by ruthenium,117 rhodium118 or gold,119 and allow for the highly 

efficient formation of multiple C-C bonds in a single chemical step. An example of this type of 

processes is proposed in Scheme 48, where substrate 3.49 can be converted to 

bicyclo[3.1.0]hexane 3.50 in high yield and enantioselectivity under rhodium catalysis. 

However, here also the overall efficiency of these transformations is hampered by the difficulty 

to access the starting materials for the cycloisomerization. Eventually, several methods to 

 
117 B. M. Trost, M. C. Ryan, M. Rao, T. Z. Markovic, J. Am. Chem. Soc. 2014, 136, 17422–17425. 
118 a) J. J. Feng, J. Zhang, J. Am. Chem. Soc. 2011, 133, 7304–7307; b) K. Masutomi, K. Noguchi, K. Tanaka, J. Am. Chem. 

Soc. 2014, 136, 7627–7630. 
119 a) C. H. Oh, L. Piao, J. H. Kim, Synth. 2013, 45, 174–182; b) D. Qian, H. Hu, F. Liu, B Tang, W. Ye, Y. Wang, J. Zhang, 

Angew. Chem. Int. Ed. 2014, 53, 13751–13755; c) P. T. Bohan, F. Dean Toste, J. Am. Chem. Soc. 2017, 139, 11016–11019. 
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access bicyclo[3.1.0]hexanes from cyclopropenes have been developed (Scheme 45, f) that will 

be detailed in sub-chapter 3.1.2.3.  

 

Scheme 48: Selected example of Rh-catalyzed cycloisomerization of 1,6-enynes 

As highlighted in this chapter, substituted cyclopropanes and in particular, aminocyclopropanes 

and bicyclo[3.1.0]hexanes, are highly important chemical structures due to their high 

occurrence in bioactive compounds, as well as for their use as synthetic intermediates. Hence, 

it appears crucial for synthetic chemists to have efficient synthetic routes towards them. In this 

context, cyclopropenes have emerged in recent years as excellent platforms for the development 

of regio-, diastereo-, and enantioselective transformations leading to highly functionalized 

cyclopropanes by functionalization of their double bond. 
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3.1.2 Synthesis of Substituted Cyclopropanes from Cyclopropenes  

Cyclopropenes are the smallest unsaturated cyclic molecules (Figure 14), with a ring strain of 

ca. 54 kcal. mol-1.120 The first synthesis and isolation of a cyclopropene was made by Demjanov 

and co-workers in 1922,121 but it is only since the late 1950s that they have attracted the 

attention of synthetic chemists and were intensively studied because of their unique structure 

and reactivity.122 

 

Figure 14: General structure of cyclopropenes 

The ring strain in cyclopropene is particularly high when compared to other superior cyclic 

alkenes such as cyclobutene (117 kJ. mol-1), cyclopentene (17 kJ. mol-1) or cyclohexene (1.7 

kJ. mol-1), making initial attempts at their preparation difficult. Nevertheless, cyclopropenes 

gain stability with the nature and number of their substituents, becoming stable compounds that 

can be engaged in a wide variety of reactions where the driving force is the release of ring strain. 

With well-established and convenient methods for their synthesis since the early 2000s,122 the 

functionalization of cyclopropenes double bonds promptly appeared as a very straightforward 

strategy to access substituted cyclopropanes. 

3.1.2.1 Heterofunctionalizations of Cyclopropenes 

While the formation of C-C bonds by cyclopropene functionalization is well-established,122 the 

formation of carbon-heteroatom bonds remains an important challenge. Moreover, the 

concomitant introduction of one C-C and one C-X bond in a single chemical step is particularly 

attractive, as it allows for a rapid access to complex chemical structures. 

3.1.2.1.1 Carboetherification of Cyclopropenes 

The formation of at least one C-O bond by cyclopropene functionalization is a highly valuable 

strategy to access important derivatives of cyclopropanols and cyclopropylethers such as 

oxabicyclo[3.1.0]hexanes. The hydroetherification of cyclopropenes is well established and can 

 
120 a) P. v. R. Schleyer, J. E. Williams, K. R. Blanchard, J. Am.Chem. Soc. 1970, 92, 2377–2386; b) R. C. Bingham, M. J. S. 

Dewar, D. H. Lo, J. Am. Chem. Soc. 1975, 97, 1294–1301. 
121 N. Y. Demjanov, M. N. Doyarenko, Bull. Acad. Sci. Russ. 1922, 16, 297. 
122 a) P. Binger, H. M. Buch, Top. Curr. Chem. 1987, 135, 77; b) F. L. Carter, V. L. Frampton, Chem. Rev. 1964, 64, 497–525; 

c) M. Nakamura, H. Isobe, E. Nakamura, Chem. Rev. 2003, 103, 1295-1326; d) J. M. Fox, N. Yan, Curr. Org. Chem. 2005, 9, 

719-732; e) M. Rubin, M. Rubina, V. Gevorgyan, Synthesis 2006, 8, 1221-1245; f) I. Marek, S. Simaan, A. Masarwa, Angew. 

Chem. Int. Ed. 2007,46, 7364-7376; g) Z. Zhu, Y. Weib, M. Shi, Chem. Soc. Rev. 2011, 40, 5534-5563 ; h) R. Vincente, 

Synthesis 2016, 48, 2343-2360. 
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be achieved through the simple addition of O-centered nucleophiles onto the activated123 or 

unactivated double bond124 of an appropriate cyclopropene substrate. Another possibility to 

achieve C-O bond formation, is through the hydrosilylation of cyclopropenes, followed by 

Fleming-Tamao oxidation.125 Yet, the direct carboetherification of cyclopropenes, leading to 

densely substituted cyclopropylethers, remains underexplored. A first possibility to achieve this 

difunctionalization is through cycloaddition reactions, for which examples in the literature 

remain scarce. In 2000, Baird and co-workers have reported the (4+2) cycloaddition of enones 

with substituted cyclopropenes (Scheme 49, a).126 Proceeding at room temperature without any 

additional catalyst, the transformation delivered in 86-92% yield the corresponding 

cycloadducts when methyl vinyl ketone and acrolein were used as partners. In the presence of 

less reactive enones however, the reaction did not occur. Cyclopropenes were also shown to 

undergo a facile (3+2) cycloaddition with aromatic nitrile oxides in different reports by the 

same group (Scheme 49, b).127 While the transformation was applied to a limited number of 

cyclopropene substrates, interestingly the obtained products were shown to be easily reduced 

to the corresponding cyclopropanols. 

 

Scheme 49: First examples of alkene carboetherification by cycloadditions 

These first examples of carboetherification of cyclopropenes, that proved to be limited in scope 

and applications, were later made more efficient by using transition metals and organometallic 

 
123 a) H. M. Walborsky, J. Am. Chem. Soc. 1967, 89, 2242–2242; b) A. Martínez-Grau, J. M. Blasco, R. Ferritto,  J. F. Espinosa, 

S. Mantecón, J. J. Vaquero, Arkivoc 2005, 2005, 394–404; c) J. E. Banning, A. R. Prosser, M. Rubin, Org. Lett. 2010, 12, 

1488–1491; d) J. E. Banning, A. R. Prosser, B. K. Alnasleh, J. Smarker, M. Rubina, M. Rubin, J. Org. Chem. 2011, 76, 3968–

3986; e) P. Ryabchuk, A. Edwards, N. Gerasimchuk, M. Rubina, M. Rubin, Org. Lett. 2013, 15, 6010–6013. 
124 a) A. Edwards, T. Bennin, M. Rubina, M. Rubin, RSC Adv. 2015, 5, 71849–71853; b) P. Yamanushkin, M. Lu-Diaz, A. 

Edwards, N. A. Aksenov, M. Rubina, M. Rubin, Org. Biomol. Chem. 2017, 15, 8153–8165; c) V. A. Maslivetc, D. N. Turner, 

K. N. McNair, L. Frolova, S. Rogelj, A. A. Maslivetc, N. A. Aksenov, M. Rubina, M. Rubin, J. Org. Chem. 2018, 83, 5650–

5664. 
125 H. Wang, G. Zhang, Q. Zhang, Y. Wang, Y. Li, T. Xiong, Q. Zhang, Chem. Commun. 2020, 56, 1819–1822. 
126 J. R. Al Dulayymi, M. S. Baird, H. H. Hussain, B. J. Alhourani, A. M. Y. Alhabashna, S. J. Coles, M. B. Hursthouse, 

Tetrahedron Lett. 2000, 41, 4205–4208. 
127 a) M. S. Baird, F. A. M. Huber, W. Clegg, Tetrahedron 2001, 57, 9849–9858; b) A. E. Sheshenev, M. S. Baird, A. K. Croft, 

I. G. Bolesov, Mendeleev Commun. 2004, 14, 299–301. 
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reagents. Indeed, the group of Marek contributed significantly to the field of cyclopropene 

functionalization, developing various methodology based on carbometallations. 

Carbometallations are amongst the most studied transformation involving cyclopropenes,122 as 

they are powerful and versatile approaches to access functionalized cyclopropanes with control 

on the diastereo- and enantioselectivity of the reactions. As shown in Scheme 50, the 

cyclopropylmetal resulting from the carbometalation can be trapped with an electrophile or 

engaged in a C-C bond forming process, leading to the functionalization of both sp2 

cyclopropene carbons. 

 

Scheme 50: Carbometalation of cyclopropenes and further functionalizations 

Marek and co-workers could implement this approach to the formation of one C-C and one C-

O bond across the π-system of cyclopropene (Scheme 51). In their first report, they described 

the diastereoselective carbo-cupration of cyclopropenes bearing a methyl ether leading to I, 

followed by oxidation towards alkoxide II, that could deliver the corresponding cyclopropanols 

after hydrolysis (Scheme 51, a).128 The methyl ether substituent here ensured control of the 

facial selectivity, enabling to access the carbo-oxygenated products as a single diastereoisomer. 

Moreover, when enantioenriched cyclopropenes were engaged in the transformation, the 

reaction proceeded in comparable yields without erosion of the enantioselectivity. The scope 

could be later extended to cyclopropenes without the coordinating methyl ether substituent 

under the same conditions (Scheme 51, b),129 and the transformation was found to also deliver 

the substituted cyclopropane products in high diastereoselectivity, due to the syn-nature of the 

carbo-cupration and its selectivity to the less hindered face of the three-membered ring. 

 
128 M. Simaan, P. O. Delaye, M. Shi, I. Marek, Angew. Chem. Int. Ed. 2015, 54, 12345–12348. 
129 M. Simaan, I. Marek, Beilstein J. Org. Chem. 2019, 15, 752–760. 
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Scheme 51: Diastereoselective synthesis of substituted cyclopropanols by carbometallation 

Marek and co-workers further studied these processes and reported a copper-catalyzed 

diastereo- and enantioselective synthesis of cyclopropanols (Scheme 52).130 The transformation 

proceeds through the enantioselective carbomagnesiation of a cyclopropene, enabled by a 

combination of Cu(CH3CN)4PF6 as catalyst and (R,S)-Josiphos as chiral ligand. The formed 

enantioenriched cyclopropylmagnesium intermediate is then transmetallated to a copper specie 

that can then be oxidized and hydrolysed as described in Scheme 51. This transformation led to 

a variety of cyclopropanol derivatives in 63-90% yield, with high diastereo- and 

enantioselectivities. 

 

Scheme 52: Diastereo- and enantioselective synthesis of substituted cyclopropanols by carbooxygenation 

 
130 M. Simaan, I. Marek, Angew. Chem. Int. Ed. 2018, 57, 1543–1546. 
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3.1.2.1.2 Aminations and Carboaminations of Cyclopropenes 

The installation of one C-N bond by functionalization of a cyclopropene allows for a direct 

access to cyclopropylamines. Hence, efforts have been made to develop hydroaminations and 

carbo-aminations of cyclopropenes. Interestingly, to achieve such transformations, both 

nucleophilic and electrophilic sources of nitrogen were successfully used, under different 

activation modes. 

3.1.2.1.2.1 From Nucleophilic Sources of Nitrogen 

As for etherification reactions, the inherent strain of cyclopropenes facilitates addition reaction. 

Hence the use of nucleophilic nitrogen-containing reagents for direct addition reactions onto 

the double bond of cyclopropenes has been realized catalyst-free, however with limited 

applications so far. This is mainly due to the necessity of the process to be intramolecular131 or 

to have an activated double bond in the cyclopropene substrate, making its isolation difficult.132 

It is to note that the installation of a C-N bond by cyclopropene functionalization without 

catalyst could also be realized in the context of cycloaddition reactions with 

diphenyldiazomethane133 or nitrile imines.134 More efficient and broadly applicable processes 

however, involve transition metals combined with nucleophilic sources of nitrogen. In this 

regard, Rovis and co-workers reported the benzamidation of 3,3-disubstituted cyclopropenes 

under RhIII catalysis (Scheme 53).135 The transformation proceeds through a C-H activation of 

benzamides followed by coordination of the rhodium catalyst to the cyclopropene double bond 

(I). Then a migratory insertion (II) followed by C-N bond formation delivers the desired 

tricyclic products. The success of the transformation relies on the use of a heptamethylindenyl 

ligand on the transition metal, enabling a high facial selectivity during the coordination step of 

the catalyst to the cyclopropene. While limited to cyclopropene substrates 3,3-disubtituted by 

both alkyl and phenyl groups in order to prevent ring opening events,136 a wide range of both 

reaction partners could be engaged in the transformation, leading to the products in 52-92% 

yield with high diastereoselectivities.  

 
131 V. A. Maslivetc, L. V. Frolova, S. Rogelj, A. A. Maslivetc, M. Rubina, M. Rubin, J. Org. Chem. 2018, 83, 13743–13753. 
132 J. E. Banning, J. Gentillon, P. G. Ryabchuk, A. R. Prosser, A. Rogers, A. Edwards, A. Holtzen, I. A. Babkov, M. Rubina, 

M. Rubin, J. Org. Chem. 2013, 78, 7601–7616. 
133a) C. Guiborel, R. Danion-Bougot, D. Danion, R. Carrié, Tetrahedron Lett. 1981, 22, 441–444.; b) A. Padwa, T. Kumagai, 

M. Tohidi, J. Org. Chem. 1983, 48, 1834–1840. 
134 a) L. G. Zaitseva, L. A. Berkovich, I. G. J. Bolesov, Org. Chem. USSR (Engl. Transl.) 1974, 10, 1685-1688; b) D. N. 

Kamber, L. A. Nazarova, Y. Liang, S. A. Lopez, D. M. Patterson, H. W. Shih, K. N. Houk, J. A. Prescher, J. Am. Chem. Soc. 

2013, 135, 13680–13683. 
135 N. Semakul, K. E. Jackson, R. S. Paton, T. Rovis, Chem. Sci. 2017, 8, 1015–1020. 
136 a) T. K. Hyster, T. Rovis, Synlett 2013, 24, 1842–1844; b) H. Zhang, K. Wang, B. Wang, H. Yi, F. Hu, C. Li, Y. Zhang, J. 

Wang, Angew. Chem. Int. Ed. 2014, 53, 13234–13238. 
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Scheme 53: Diastereoselective benzamidation of cyclopropenes under rhodium(III)-catalysis 

The same year, a breakthrough was made by Hou and co-workers with their report of the first 

hydroamination of cyclopropenes, allowing a straightforward, atom-economical and selective 

route towards chiral aminocyclopropanes.137 Catalyzed by chiral half-sandwich complexes of 

lanthanides, this transformation could be achieved with a wide variety of secondary and primary 

amines, and the products were obtained high yields and enantioselectivities (Equation 27). 

 

Equation 27: Hydroamination of cyclopropenes mediated by chiral lanthanide complexes 

Further exploring the use of these chiral rare-earth complexes, the same group reported the 

diastereodivergent and enantioselective carboamination of cyclopropenes by an annulation 

reaction with allylic amines (Scheme 54).138 Two chiral complexes 3.51 and 3.52, bearing 

different ligands were found to efficiently promote the transformation, and allowed for a 

divergent access to two different enantioenriched diastereoisomers. The scope of the 

transformation was performed with each catalyst, highlighting the efficiency and applicability 

of this reaction, yielding important bicyclic scaffolds with an embedded aminocyclopropane. 

 
137 H.-L. Teng, Y. Luo, B. Wang, L. Zhang, M. Nishiura, Z. Hou, Angew.Chem. Int.Ed. 2016, 55,15406 –15410. 
138 H. L. Teng, Y. Luo, M. Nishiura, Z. Hou, J. Am. Chem. Soc. 2017, 139, 16506–16509. 
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Scheme 54: Diastereodivergent enantioselective carboamination of cyclopropenes with chiral lanthanides 

Zhang and co-workers reported the first enantioselective Cope-type hydroamination of 

cyclopropenes with oximes (Equation 28).139 This new process for the formation of 

enantioenriched nitrone-substituted cyclopropanes proceeded under mild conditions with cheap 

and commercially available CuCl as catalyst and (R)-DTBMSegPhos as chiral ligand to 

promote the C-N bond formation. The proposed mechanism involves the formation of a key 

metalla-retro-Cope intermediate I, that can regenerate the catalyst and deliver the product upon 

protonation. Furthermore, the authors reported an impressive scope with regard to both 

substrates, delivering a wide array of functionalized cyclopropanes in 5-99% yield with high 

diastereo- and enantioselectivities. While being an efficient formal hydroamination of 

cyclopropenes, the derivatization of the obtained products was not reported. 

 

Equation 28: Enantioselective Cope-type hydroamination of cyclopropenes with oximes 

 
139 Z. Li, J. Zhao, B. Sun, T. Zhou, M. Liu, S. Liu, M. Zhang, Q. Zhang, J. Am. Chem. Soc. 2017, 139, 11702−11705. 
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3.1.2.1.2.2 From Electrophilic Sources of Nitrogen 

Electrophilic sources of nitrogen have also found interesting applications in the context of 

amination reaction of cyclopropenes, despite the need for their synthesis compared to most 

nucleophilic ones that are commercially available. In particular, O-benzoyl hydroxylamines 

have been successfully combined with copper catalysis to achieve the electrophilic amination 

of cyclopropyl copper intermediates. In 2014, Tortosa and co-workers described the diastereo- 

and enantioselective hydroboration of cyclopropenes without the need of a directing group, 

using copper catalysis.140 After a thorough investigations of the hydroboration they could 

further elaborate on this transformation by trapping the cyclopropylcopper intermediate with 

O-benzoyl-N,N-dialkylhydroxylamines, affording therefore the aminoboration product one-pot 

(Equation 29). The highly functionalized cyclopropylamines were obtained in 46-77% yield 

and generally high diastereoselectivity. Interestingly, having the boron on the three-membered 

ring allows for diverse follow up chemistry, enabling a fast structural diversification of the 

obtained cyclopropylamines. 

 

Equation 29: Diastereo- and enantioselective aminoboration of cyclopropenes 

In the same report as the one described in Scheme 52, Marek and co-workers could also achieve 

the electrophilic amination of their in situ formed enantioenriched cyclopropylmagnesium 

intermediate (Scheme 55).130 The amination with cyclic and non-cyclic O-benzoyl 

hydroxylamines proceeded in 60-74% yield with high diastereo and enantioselectivities. Due 

to the possibility to access both carboetherification and carboamination products from the same 

reactive intermediate, this process constitutes a powerful method for the formation of highly 

functionalized stereodefined cyclopropane derivatives. 

 
140 A. Parra, L. Amenos, M. Guisan-Ceinos, A. López, J. L. GarcíaRuano, M. Tortosa, J. Am. Chem. Soc. 2014, 136, 15833-

15836. 
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Scheme 55: Diastereo- and enantioselective synthesis of substituted cyclopropylamines by carboamination 

Building upon these two works, the group of Zhang developed a three-component 

carboamination of cyclopropenes under copper catalysis (Equation 30).141 Here the reaction 

proceeded with a copper catalyst without the need of organometallic reagents, hence allowing 

for a broader functional group tolerance, atom economy and an overall operational simplicity. 

Using a boronic ester as external carbon source and O-benzoyl hydroxylamines, the reaction 

was demonstrated to proceed in 35-97% yield and high diastereoselectivities for a wide variety 

of the three reaction partners. Additionally, a catalytic enantioselective version of the 

transformation could be further achieved in the presence of chiral diphosphine ligands. 

 

Equation 30: Three-component carboamination of cyclopropenes under copper catalysis 

In 2020, Buchwald and co-workers reported a copper-catalyzed enantioselective 

hydroamination of cyclopropenes using here also O-benzoyl hydroxylamines (Equation 31).142 

The reaction proceeds by the formation of a copper-hydride specie, able to make an 

hydrocupration of the cyclopropene substrate. The formed cyclopropylcopper intermediate can 

then be directly trapped by an electrophilic source of nitrogen. The reaction employs a 

commercial catalyst and chiral ligand, which is an advantage compared to the work of Hou and 

co-workers described in Equation 27.137 Moreover it operates with cyclopropenes bearing 

substituents on their double bond, which was not the case for the lanthanide catalyzed process. 

However, this transformation is quite limited in terms of substrates, with only a few examples 

 
141 Z. Li, M. Zhang, Y. Zhang, S. Liu, J. Zhao, Q. Zhang, Org. Lett. 2019, 21, 5432–5437. 
142 S. Feng, H. Hao, P. Liu, S. L. Buchwald, ACS Catal. 2020, 10, 282–291. 
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of cyclopropenes disclosed. It was found that 1-silylcyclopropenes led to higher yields and 

stereoselectivities than 1-alkyl and 1-aryl substituted ones, and only 4 examples were reported. 

 

Equation 31: Copper-catalyzed hydroamination of 1-silylcyclopropenes 

The examples discussed in this sub-chapter highlight the ever-increasing need for efficient 

methods to achieve the formation of C-N and C-O bonds by cyclopropene functionalization. As 

presented, carboetherification and carboamination reactions stand as the most challenging yet 

desirable transformations, as they allow for a fast access to elaborated products. It was also 

shown with these few examples how transition metal chemistry has benefited the field of 

cyclopropene functionalization, by interacting with the strained double bond, hence facilitating 

its participation to numerous reactions. 

3.1.2.2 Radical Reactions with Cyclopropenes 

Besides transition metal catalysis, radical chemistry has proven to be a powerful way to rapidly 

reach synthetic diversity and complexity by the functionalization of C-C double bonds. In these 

processes, upon the addition of an appropriate radical to an olefin, the resulting C-centered 

radical (A) can have a variety of fate depending on the reaction conditions, leading to a wide 

array of possibilities for a second functionalization (Scheme 56). A first option is the direct 

trapping of the formed radical, leading to compound B. This process can occur via H-

abstraction, atom transfer radical addition (ATRA) or a recombination with a neighbouring 

radical. A second possibility for intermediate A is to undergo a single electron transfer (SET) 

towards the corresponding carbocation (C) or carbanion (D). These ionic intermediates can then 

react with a given nucleophile or electrophile. Eventually, a last possible scenario is the trapping 

of A by a metallic specie, enabling further functionalization such as a C-C bond formation by 

reductive elimination.  
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Scheme 56: Addition of a radical specie onto alkenes and further functionalization 

The functionalization of double bonds through radical-based strategies has known a renewed 

interest from the synthetic community with the advent of photoredox catalysis.143 Indeed a 

variety of carbon- and heteroatom-centered radicals can now easily be generated, in milder and 

more convenient ways. This can be exemplified with the generation of carbon-centered radicals 

in Scheme 57. Classical conditions usually involved hazardous radical initiators (AIBN or 

triethylborane for instance), or toxic reagents such as Bu3SnH, combined with high 

temperatures or UV-light. Under photoredox catalysis however, a radical intermediate can be 

generated under visible light at room temperature, with the sole addition of an appropriate 

photocatalyst. This modern approach to radicals is therefore more user friendly and 

environmentally benign, but also provides mild reaction conditions, allowing for the 

development of unprecedented transformations. 

 

Scheme 57: The generation of C-centered radical by classical and photoredox approaches 

Recent progresses in the field of radical-mediated olefin functionalization have led to the 

development of a plethora of new transformations allowing the introduction of one or two new 

functionalities across the C=C double bond.144 This strategy has grown to become a 

 
143 a) C. K. Prier, D. A. Rankic, D. W. C. MacMillan, Chem. Rev. 2013, 113, 5322-2363; b) N. A. Romero, D. A. Nicewicz, 

Chem. Rev. 2016, 116, 10075-10166; c) M. H. Shaw, J. Twilton, D. W. C. MacMillan, J. Org. Chem. 2016, 81, 6898–6926; d) 

R. C. McAtee, E. J. McClain, C. R. J. Stephenson, Trends Chem. 2019, 1, 111–125. 
144 a) B. Ovadia, F. Robert, Y. Landais, Chimia 2016, 70, 34–42; b) X.-W. Lan, N.-X. Wang, Y. Xing, Eur. J. Org. Chem. 

2017, 5821–5851; c) X. Wu, S. Wu, C. Zhu, Tetrahedron Letters. 2018, 59, 1328–1336; d) X. Bao, J. Li, W. Jiang, C. Huo, 

Synthesis 2019, 51, 4507–4530. 
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complementary approach to transition metal catalysis, as it is more functional group tolerant 

and often leads to step- and atom-economy. Notably, radical-based transformations have proven 

to be highly efficient for the formation of new C-C and C-N bonds.145 However, applications 

of these radical based strategies to cyclopropenes remain scarce, despite their high potential. 

The radical-accepting ability of cyclopropenes was first disclosed in 1994 by Nakamura and 

co-workers (Scheme 58).146 In their report, they achieved the radical-mediated hydrostannation 

of substituted cyclopropene acetals, that proceeded in high yields and regioselectivities. They 

could further highlight the high reactivity of cyclopropene acetals towards radicals through 

competitive intra- and intermolecular experiments with alkynes. These experiments led to the 

conclusion that cyclopropenes were much better radical acceptors than internal alkynes, which 

might be explained by the non-reversible nature of the initial radical addition due to the strain 

release. 

 

Scheme 58: First example of radical-mediated functionalization of cyclopropenes through hydrostannation 

In 2000, Saičić and co-workers further studied the radical functionalization of cyclopropenes 

by reporting the addition of xanthate across the double bond (Scheme 59, a).147 While 

cyclopropene substrate 3.53 did not tolerate peroxides or triethylborane as initiator, even at low 

temperatures, irradiation of the reaction mixture with UV light delivered the difunctionalized 

cyclopropanes in 37-46% yield. Interestingly, when more complex and bulkier xanthate 

precursors were used, the reaction did not proceed. The same year, Zard and co-workers 

reported a similar transformation with cyclopropene 3.54 (Scheme 59, b).148 The reaction here 

employed lauroyl peroxide and proceeded at room temperature, delivering the corresponding 

functionalized cyclopropanes in 30-35% yield. 

 
145 a) T. Xiong, Q. Zhang, Chem. Soc. Rev. 2016, 45, 3069-3087; b) H. Jiang, A. Studer, Chem. Soc. Rev. 2020, 49, 1790–1811. 
146 S. Yamago, S. Ejiri, E. Nakamura, Chem. Lett. 1994, 23, 1889-1892. 
147 Z. Ferjancic, Z. Cekovic, R. N. Saicic, Tetrahedron Lett. 2000, 41, 2979-2982. 
148 N. Legrand, B. Quiclet-Sire, S. Z. Zard, Tetrahedron Lett. 2000, 41, 9815-9818. 
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Scheme 59: Radical addition of xanthates to cyclopropenes 

In 2015 Miyata and co-workers reported the addition of trichloromethyl radicals to 

cyclopropenes (Scheme 60, a).149 The C-centered radical could be generated from chloroform 

by H-abstraction, under initiation using triethylborane and air. After addition of the 

trichloromethyl radical to a cyclopropene substrate, the resulting cyclopropyl radical can 

abstract a hydrogen most likely from another molecule of chloroform to sustain the radical 

chain. The reaction was showed to proceed with various cyclopropenes bearing alkyl 

substituents on the double bond in 24-77% yield with moderate diastereoselectivities. To 

explain the formation of the major isomer, the authors proposed a model where steric 

interactions were minimized for the intermediate cyclopropyl radical I compared to II, as 

described in Scheme 60. While the applicability of this methodology was better demonstrated 

than for the previous works dealing with radicals and cyclopropenes, a drawback of this process 

is the necessity to run the reaction in chloroform, which hints at the possible low efficiency of 

the transformation when the latter was used as a stoichiometric reactant. Nevertheless, the 

usefulness of this transformation was demonstrated a year later with the formal synthesis of 

permethrin (3.59) that could be achieved with only 3 steps to reach key intermediate 3.58 from 

cyclopropene 3.55 (Scheme 60 ,b).150 

 
149 M. Ueda, N. Doi, H. Miyagawa, S. Sugita, N. Takeda, T. Shinada, O. Miyata, Chem. Commun. 2015, 51, 4204–4207. 
150 N. Doi, N. Takeda, O. Miyata, M. Ueda, J. Org. Chem. 2016, 81, 7855–7861. 



93 

 

 

Scheme 60: Radical trichloromethylation of cyclopropenes 

Landais and co-workers reported in 2016 the first radical difunctionalization of cyclopropenes 

leading to the formation of two new C-C bonds through a carbocyanation (Scheme 61, a).151 

Using alkyl iodides and the commercial p-tosyl cyanide as carbon sources, the transformation 

proceeded under relatively harsh and non-environmentally friendly conditions, i.e., in the 

presence of di-tert-butoxyhyponitrite (DTBHN) and (Bu3Sn)2 at 65 °C in benzene. The scope 

of the reaction included diverse cyclopropenes bearing alkyl groups on their double bonds, as 

well as alkyl iodides bearing different electron-withdrawing groups, delivering difunctionalized 

cyclopropanes in 30-64% yield and up to 80:20 dr. The rational for the formation of the major 

diastereoisomers was similar to the one described in Scheme 60 by Miyata and co-workers. 

Interestingly, in the presence of a pentyl substituent on the double bond (3.60), the intermediate 

cyclopropyl radical I was found to favour a 1,5-H abstraction to give II over the cyanation as 

terminating event, leading to cyclopropane 3.63 as major product (Scheme 61, b). 

 
151 N. S. Dange, F. Robert, Y. Landais, Y. Org. Lett. 2016, 18, 6156–6159. 
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Scheme 61: Radical carbocyanation of cyclopropenes 

When α-iodoacetophenone 3.65 was used as the alkyliodide partner under the same conditions, 

the authors found that the carbocyanation product was not formed, but instead product 3.66 

coming from an atom-transfer process, and cyclized product 3.67 coming from the 

dicarbofunctionalization of cyclopropene 3.64 (Equation 32).152 Moreover, when p-tosyl 

cyanide was removed from the reaction conditions, naphthalenone 3.68 could also be formed, 

coming from 3.67 by deprotonation alpha to the carbonyl followed by ring opening of the 

cyclopropane. 

 

Equation 32: Discovery of the dicarbofunctionalization with iodoacetophenone reported by Landais and 

co-workers 

Having an interest to selectively access substituted 1(4H)-naphthalenones, Landais and co-

workers could optimize the transformation under photoredox conditions (Equation 33). 

Replacing iodoacetophenone with its bromo derivative enabled to limit the undesired ATRA 

 
152 N. S. Dange, A. Hussain Jatoi, F. Robert, Y. Landais, Org. Lett. 2017, 19, 3652–3655. 
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process and employing Ir(ppy)3 as photocatalyst under blue LED irradiation allowed for the 

best yields. In addition, after irradiation for 12 hours at room temperature, the reaction needed 

to be heated to 60 °C for 24 hours in the presence of a base to access the 1(4H)-naphthalenones. 

Under these conditions, a broad range of bicyclic products could be accessed in 16-51% yield. 

Interestingly, in the absence of base, 3.67 (Equation 32) was obtained as sole product under the 

optimized conditions, which constitutes the first example of dicarbofunctionalization of 

cyclopropenes under mild photoredox conditions to access highly functionalized 

cyclopropanes. 

 

Equation 33: Photoredox-mediated carboarylation of cyclopropenes 

Concerning the mechanism, the author proposed a catalytic cycle starting with the excitation 

under irradiation of the iridium photocatalyst I leading to its excited state II. The latter is then 

able to reduce 3.69 to form the primary radical IV, oxidized photocatalyst III and a bromide 

(Scheme 62). Compound IV could then attack the cyclopropene substrate A affording 

cyclopropyl radical V, that can cyclize onto the neighboring aromatic group to form VI. The 

latter can then be oxidized by SET from III to the corresponding carbocationic intermediate 

VII, with regeneration of the photocatalyst I. Upon deprotonation, VII would then deliver 

functionalized cyclopropane B, that could then undergo a ring-opening towards C in the 

presence of extra base and heat. 
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Scheme 62: Proposed mechanism for the carboarylation of cyclopropenes 

With these examples, radical chemistry appears as a highly promising but under-investigated 

approach to achieve cyclopropene functionalizations. As presented, so far only the addition of 

C-centered radicals to the alkene was shown to be feasible, with a final functionalization of the 

resulting cyclopropyl radical through C-S bond formation, H-abstraction, or a second C-C bond 

forming event. These achievements leave room for the development of new transformations, 

notably the formation of a new C-N bond using radical sources. Eventually further 

developments using mild photoredox conditions are highly desirable.  

3.1.2.3 Synthesis of Bicyclo[3.1.0]hexanes by Cyclopropene Functionalization 

As presented in section 3.1.1.3, bicyclo[3.1.0]hexanes and their derivatives are chemical 

structures of substantial interest. The synthesis of 3-azabicyclo[3.1.0]hexanes from 

cyclopropenes is already well established through cycloaddition reaction with azomethine 

ylides and derivatives.153 Moreover, 2-azabicyclo[3.1.0]hexanes could also be accessed from 

cyclopropenes through a highly efficient carboamination as presented in Scheme 54.138 Of 

 
153 a) K. Matsumoto, T. Uchida, Heterocycles 1979, 12, 661-664; b) X. Xu, P. Y. Zavalij, M. P. Doyle, J. Am. Chem. Soc. 2013, 

135, 12439–12447; c) A. S. Filatov, N. A. Knyazev, A. P. Molchanov, T. L. Panikorovsky, R. R. Kostikov, A. G. Larina, V. 

M. Boitsov, A. V. Stepakov, J. Org. Chem. 2017, 82, 959–975; d) A. S. Filatov, N. A. Knyazev, M. N. Ryazantsev, V. V. 

Suslonov, A. G. Larina, A. P. Molchanov, R. R. Kostikov, V. M. Boitsov, A. V. Stepakov, Org. Chem. Front. 2018, 5, 595–

605; e) H. Deng, W. L. Yang, F. Tian, W. Tang, W. P. Deng, Org. Lett. 2018, 20, 4121–4125; f) Y. Yuan, Z. J. Zheng, F. Ye, 

J. H. Ma, Z. Xu, X. F. Bai, L. Li, L. W. Xu, Org. Chem. Front. 2018, 5, 2759–2764; g) A. S. Filatov, N. A. Knyazev, S. V. 

Shmakov, A. A. Bogdanov, M. N. Ryazantsev, A. A. Shtyrov, G. L. Starova, A. P. Molchanov, A. G. Larina, V. M. Boitsov, 

A. V. Stepakov, Synth. 2019, 51, 713–729; h) A. S. Filatov, S. Wang, O. V. Khoroshilova, S. V. Lozovskiy, A. G. Larina, V. 

M. Boitsov, A. V.  Stepakov, J. Org. Chem. 2019, 84, 7017–7036. 



97 

 

particular interest in this thesis, the synthesis of bicyclo[3.1.0]hexanes and its oxygen-

containing derivatives however, have known limited developments through cyclopropene 

functionalization (Scheme 63). 

 

Scheme 63: Accessing bicyclo[3.1.0]hexanes by cyclopropene functionalization 

Indeed to the best of our knowledge, there are no reports for the synthesis of 2-

oxabicyclo[3.1.0]hexanes from cyclopropenes. Concerning 3-oxabicyclo[3.1.0]hexanes, a few 

reports have disclosed their synthesis as single isolated examples in different methodologies. 

Fox and co-workers reported the synthesis of 3-oxabicyclo[3.1.0]cyclohexanes 3.72 and 3.74 

from cyclopropenes 3.70 and 3.73, in the context of carbomagnesation reactions (Scheme 64, 

a).154 In these examples, the cyclopropylmetal intermediate (I or II) is trapped with DMF as 

electrophile, followed by cyclization of the tethered primary alcohols to access the bicyclic 

products. Employing a different approach, the same group reported the synthesis of 3-

oxabicyclo[3.1.0]cyclohexane 3.78 from cyclopropene 3.75 by a rhodium-catalyzed three-

component cycloaddition with diazo compound 3.76 and aldehyde 3.77 (Scheme 64, b).155 

Eventually, a last example was reported by Meng and co-workers, through a cobalt-catalyzed 

hydroalkenylation of cyclopropene 3.79 (Scheme 64, c).156 The product could be engaged in 

situ in a sequential conjugate addition onto the Michael acceptor upon deprotection of the 

primary alcohol with TBAF, to access 3-oxabicyclo[3.1.0]cyclohexane 3.82 in 57% yield as a 

60:40 mixture of diastereoisomers. It is to note that none of these methods result in the 

formation of a C-O bond by functionalization of the strained alkene. 

 
154 a) X. Liu, J. M. Fox, J. Am. Chem. Soc. 2006, 128, 5600–5601; b) N. Yan, X. Liu, J. M. Fox, J. Org. Chem. 2008, 73, 563–

568. 
155 A. Deangelis, M. T. Taylor, J. M. Fox, J. Am. Chem. Soc. 2009, 131, 1101–1105. 
156 H. Zhang, W. Huang, T. Wang, F. Meng, Angew. Chem. Int. Ed. 2019, 58, 11049–11053. 



98 

 

 

Scheme 64: Precedents for the synthesis of 3-oxabicyclo[3.1.0]hexanes from cyclopropenes 

Concerning bicyclo[3.1.0]hexanes with an all-carbon scaffold, the main existing strategy for 

their synthesis from cyclopropenes is through Pauson-Khand reactions. The first report of such 

transformation was in 2000 by Witulski and co-workers, who disclosed one example of (2+2+1) 

cycloaddition between 3,3-ethyl substituted cyclopropene 3.84 and ynamide 3.83 catalyzed by 

Co2(CO)8 (Scheme 65, a).157 One year later Riera and co-workers reported several examples of 

the similar transformation of unsubstituted cyclopropene 3.86 combined with various pre-

formed hexacarbonyl-dicobalt complexes derived from terminal alkynes (Scheme 65, b).158 The 

cycloadducts could be obtained in 26-93% yield under the optimized conditions. However, a 

by-product was formed in several cases coming from the unexpected insertion of two 

cyclopropene units. Interestingly, de Meijere and co-workers demonstrated the feasability of 

this transformation in an intramolecular fashion from cyclopropene 3.87, leading to tricyclic 

 
157 B. Witulski, M. Gössmann, Synth. 2000, 12, 1793-1797. 
158 I. Marchueta, X. Verdaguer, A. Moyano, M. A. Pericàs, A. Riera, Org. Lett. 2001, 3, 3193–3196. 
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adduct 3.88 in 20% yield (Scheme 65, c).159 In the first two intermolecular reports, a high excess 

of the cyclopropene was required to attain satisfying yields, and the transformation was limited 

to simple cyclopropene substrates. This issue could be overcome by Fox and co-workers in 

2005, by employing chiral trisubstituted cyclopropene substrates as limiting reagent in a 

diastereoselective Pauson-Khand reaction (Scheme 65, d).160 Using here also pre-formed 

hexacarbonyl-dicobalt complexes, the reaction delivered highly substituted 

bicyclo[3.1.0]hexanes in 22-82% yield and as single diastereoisomers. 

 

Scheme 65: Access to bicyclo[3.1.0]hexanes through Pauson-Khand reactions with cyclopropenes 

Besides Pauson-Khand reactions, a second approach was proposed by Nishimura and co-

workers to access bicyclo[3.1.0]hexanes through cyclopropene functionalization (Scheme 

66).161 In their report, they described a rhodium-catalyzed alkynylation of 3,3-diaryl substituted 

cyclopropenes towards intermediate I followed by a 1,4-Rh shift and formation of the 

cyclopentane ring in intermediate III. A final protodemetallation then delivers the 

 
159 H. Nüske, S. Bräse, A. de Meijere, Synlett. 2000, 10, 1467-1469. 
160 M. K. Pallerla, J. M. Fox, Org. Lett. 2005, 7, 3593–3595. 
161 T. Sawano, M. Hashizume, S. Nishimoto, K. Ou, T. Nishimura, Org. Lett. 2015, 17, 2630–2633. 
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functionalized bicyclo[3.1.0]hexane. Employing a combination of [Rh(OAc)(C2H4)2]2 and (±)-

BINAP in THF at 40 °C, diverse terminal alkynes as well as symmetrical cyclopropenes could 

be engaged in the transformation, providing the corresponding bicyclic adducts in 39-93% 

yield. 

 

Scheme 66: Synthesis of bicyclo[3.1.0]hexanes by Rh-catalyzed hydroalkynylation of aryl-cyclopropenes 

 

These examples demonstrated that the synthesis of bicyclo[3.1.0]hexane derivatives from a pre-

existing three-membered ring is a straightforward and efficient strategy. Still, the synthesis of 

2-oxabicyclo[3.1.0]hexanes from cyclopropenes, requiring the formation of a new C-O bond 

by functionalization of the strained alkene has never been reported. Moreover, reports for the 

synthesis of all-carbon bicyclo[3.1.0]hexanes from cyclopropenes have been so far limited to 

Pausan-Khand reactions and a rhodium-catalyzed annulation of diarylcyclopropenes with 

alkynes. While efficient, these methodologies have found limited applications due to their 

narrow scopes and lack of convergence. 
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3.2 Goals of the Project 

As presented, aminocyclopropanes and bicyclo[3.1.0]hexanes are highly valuable substituted 

cyclopropane derivatives. Hence the development of novel synthetic methods to access them is 

of crucial importance. Nevertheless, existing methods involving the functionalization of 

cyclopropenes double bond to access these structural motifs remain limited. In this context, 

based on our group expertise in Pd-catalyzed olefin difunctionalization reactions, the first goal 

of this project was to develop novel carboamination and carboetherification reactions of 

cyclopropenes to access highly substituted aminocyclopropanes and bicyclo[3.1.0]hexane 

derivatives (Scheme 67). For the latter, it is to note that their synthesis was never reported by 

cyclopropene functionalization. Moreover, to the best of our knowledge, palladium chemistry 

was never applied so far to the functionalization of cyclopropenes to achieve the formation of 

C-N or C-O bonds, and examples of difunctionalization remain scarce.162  

 

Scheme 67: Pd-catalysis to access aminocyclopropanes and 2-oxabicyclo[3.1.0]hexanes from cyclopropenes 

Ideally, we would be able to develop an intermolecular carboamination of cyclopropenes using 

commercial nucleophilic sources of nitrogen (Scheme 67, a) 1.). Nonetheless, this approach 

being highly challenging, we also envisioned to implement the tether chemistry developed in 

 
162 a) A. Trofimov, M. Rubina, M. Rubin, V. Gevorgyan, J. Org. Chem. 2007, 72, 8910–8920; b) K. Kramer, P. Leong, M 

Lautens, Org. Lett. 2011, 13, 819-821. 
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the group to achieve such transformations (Scheme 67, a) 2.). Eventually, our interest lied also 

in the development of an intramolecular difunctionalization of cyclopropenes bearing tethered 

nucleophiles to access bicyclo[3.1.0]hexane derivatives. We envisioned that these bicyclic 

motifs could be accessed through substrates bearing nucleophiles tethered in position 3 (Scheme 

67, b) 1.), or in position 1 of the cyclopropene (Scheme 67, b) 2.).  

Aiming for a new and highly convergent access to bicyclo[3.1.0]hexanes, the second goal of 

this project was to achieve their synthesis through (3+2) annulation reactions with 

aminocyclopropanes (Scheme 68). Interestingly, the successful development of such 

transformation would allow for the challenging installation of two new C-C bond by 

cyclopropene functionalization. Considering the expertise of our group in Lewis acid catalyzed 

(3+2) annulations of DA aminocyclopropanes with various dipolarophiles, it was the first 

approach we envisioned (Scheme 68, a). However, due to the possible sensitivity of 

cyclopropene substrates towards Lewis acids, we also envisioned to explore their annulation 

with cyclopropylanilines, that can be activated through SET (Scheme 68, b). This last approach 

was particularly interesting due to the very few reports employing radical chemistry to achieve 

cyclopropene functionalization. In addition, the use of photoredox catalysis to install new 

chemical functionalities on cyclopropenes was described in a single report,152 although 

photoredox catalysis is nowadays a highly intense field of research that has enabled countless 

efficient and atom-economical transformations under mild conditions.143  

 

Scheme 68: (3+2)-Annulations of aminocyclopropanes with cyclopropenes to access bicyclo[3.1.0]hexanes 

Eventually, having an increasing interest in radical-based strategies, we envisioned to develop 

the first radical azidation of cyclopropenes. Such a transformation would allow for an 



103 

 

unprecedented access to highly substituted aminocyclopropanes by using a radical source of 

nitrogen to achieve C-N bond formation. As an attractive new concept, and few literature 

precedents on the behaviour of cyclopropyl radicals, several scenarios could be envisioned after 

addition of the azide radical onto a cyclopropene double bond. Indeed, cycloropyl radical I 

could be directly trapped by radical acceptors/quenchers, that could lead to a variety of 

functionalized products. Another possibility would be the oxidation of I to the corresponding 

carbocation II enabling for a potential trapping with diverse nucleophiles. Nevertheless, we 

foresaw the possibility of rearrangement reaction coming from intermediates I or II, that could 

lead to decompositions or to the discovery of new reactivities.  

 

Scheme 69: Radical azidation of cyclopropenes for the synthesis of aminocyclopropanes 
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3.3 Investigations in the Palladium-Catalyzed Difunctionalization of 

Cyclopropenes for the Synthesis of Substituted Aminocyclopropanes 

and Oxabicyclo[3.1.0]hexanes 

In this sub-chapter, our studies of the reactivity of diverse cyclopropene substrates towards 

palladium catalysis will be presented, in the context of difunctionalization reactions. Both inter- 

and intramolecular transformations were investigated, with the aim to achieve carboamination 

and carboetherification reactions of the strained double bond. 

3.3.1 Intermolecular Attempts Towards Aminocyclopropanes 

As a first objective, we investigated the possibility to achieve a simultaneous C-N and C-C 

bond formation by an intermolecular palladium-catalyzed carboamination of cyclopropenes, to 

access highly functionalized aminocyclopropanes (Scheme 67, a) 1.). While this intermolecular 

approach was not successful with standard alkenes for Dr Ugo Orcel during his time in our 

group, we had hopes that the strained alkene of cyclopropenes would be more reactive to this 

type of palladium-catalyzed process. 

3.3.1.1 Aminoalkynylation under Pd0/II Catalysis 

3,3-Disubstituted cyclopropenes are privileged starting materials for the study of transition 

metal catalyzed functionalization.163 Hence to start this work we synthesized the unsymmetrical 

gem-disubstituted cyclopropene 3.92, that could be obtained in 3 steps from the commercial 

methyl 2-phenylacetate (3.89) with an overall yield of 48% (Scheme 70). 3.90 was first obtained 

by diazo transfer and could then be engaged in a rhodium-catalyzed cyclopropenation with 

terminal acetylene 2.50 to form in a good yield of 82% the TMS-substituted cyclopropene 3.91. 

Finaly, the silyl group could be removed under basic conditions to afford the desired 

cyclopropene 3.92. 

 

Scheme 70: Synthesis of cyclopropene 3.92 

With this substrate in hand we could begin our investigations towards its intermolecular 

carboamination (Table 11), using conditions previously developed in the group for 

aminoalkynylations under Pd0/II catalysis,31 and phthalimide as an external nitrogen-based 

 
163 M. Rubin, V. Gevorgyan, Synthesis 2004, 5, 796–800. 
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nucleophile. The latter was chosen because of its commercial availability, its previous use in 

Pd-catalyzed amination reactions of alkenes,164 and for the potential easy deprotection of the 

amine once the substituted cyclopropane would be formed. The two first attempts (Entries 1 

and 2) were made respectively with 4 mol% of Pd(dba)2 and 2 mol% of Pd2(dba)3 at 75 °C, but 

did not led to the formation of any product of interest. The crude 1H NMR of these reactions 

indicated full conversion of the starting material, but very complicated spectra were obtained 

and indicated polymerization of the cyclopropene. The loading of the two catalysts was then 

increased (Entries 3 and 4) and then the temperature increased (Entries 5 and 6) but neither of 

these attempts resulted in any change in the outcome of the transformation. 

Table 11: First attempts at the intermolecular aminoalkynylation 

 

Entry Catalysts Loading Temperature Yield of 3.94a 

1 Pd(dba)2 4 mol% 75 °C - 

2 Pd2(dba)3 2 mol% 75 °C - 

3 Pd(dba)2 10 mol% 75 °C - 

4 Pd2(dba)3 5 mol% 75 °C - 

5 Pd(dba)2 4 mol% 100 °C - 

6 Pd2(dba)3 2 mol% 100 °C - 

Reaction conditions: 0.1 mmol scale. (a) Outcome of the reaction analysed by 1H NMR of the crude reaction 

mixture. 

Purification were attempted over silica gel column chromatography, and allowed the isolation 

of several mixtures of compounds that could not be obtained pure, but it was observed that 

different products resulting from the di-, tri-, or oligomerization of the cyclopropene were 

formed (Figure 15). 

 
164 a) C. Martínez, Y. Wu, A. B. Weinstein, S. S. Stahl, G. Liu, K. Muñiz, J. Org. Chem. 2013, 78, 6309–6315; b) J. Cheng, X. 

Qi, M. Li, P. Chen, G. Liu, J. Am. Chem. Soc. 2015, 137, 2480–2483. 
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Figure 15: General structure of the observed products formed in the aminoalkynylation attempts 

We then decided to evaluate the effect of the ligand, as it has often proved to be key for the 

success of such transformations.30,31,35 As shown in Equation 34 below, a small set of mono- 

and bidentate phosphine ligands that proved efficient in previous projects conducted in the 

group were tested. Unfortunately, none of them allowed observing the formation of any product 

of interest. Each time the same type of spectrum was obtained for the crude product, indicating 

oligomerization of the starting material. 

 

Equation 34: Ligands screened in the aminoalkynylation attempts with 3.92 

We then decided to synthesize cyclopropenes bearing different substitution patterns and 

substituents (Scheme 71). The aim was to see if substitution on the double bond and other 

functional groups than the phenyl and methyl ester in 3 position could be more suitable for our 

investigations. The carboxylic acid derivative 3.97 could be obtained in almost quantitative 

yield by direct saponification of the TMS-substituted compound 3.91. Cyclopropene 3.70 

bearing a primary alcohol could be obtained in 74% yield from the reduction of compound 3.92. 
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The latter could be further methylated to access compound 3.98, in 66% yield. Then, a rhodium-

catalyzed (2+1) cycloaddition between diazo compound 3.90 and phenylacetylene (3.12) 

delivered the corresponding substituted cyclopropene 3.99 in 60% yield. Eventually, diester-

substituted cyclopropene 3.102 could be synthesized in two steps from the commercial dimethyl 

malonate 3.100, with an overall yield of 67%. 

 

Scheme 71: Synthesis of cyclopropenes 3.97, 3.70, 3.98, 3.99 and 3.102 

These substrates could then be engaged in the aminoalkynylation, under our standard conditions 

using TFP (2.21) as ligand (Equation 35). Despite full conversion of the starting material in all 

the cases, no product of interest could be observed with these substrates. 

 

Equation 35: Attempts at the aminoalkynylation with cyclopropenes 3.97, 3.70, 3.98, 3.99 and 3.102 

3.3.1.2 Aminoalkynylation under PdII/IV Catalysis 

We then turned our attention towards the use of PdII/IV catalytic systems for our envisioned 

transformation. Starting with conditions coming from previous intramolecular methodologies 

successfully developed in the group,27 TIPS-EBX (2.16) was selected as the electrophilic 
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partner and the first attempts were carried at room temperature using cyclopropene 3.92 (Table 

12). Different sources of palladium were tested (Entries 1 to 5) with DCM as solvent, that all 

resulted in polymerization of the starting material. With Pd(hfacac)2 two more attempts were 

made in DCM (Entry 6) and in DCE (Entry 7) that did not allow any formation of the desired 

product. Eventually, a new set of conditions was attempted (Entry 8), coming from the 

intramolecular aminoalkynylation of sulfonyl amides developed in our group.28 Unfortunately, 

changing the solvent to EtOH and adding lithium chloride as additive with PdCl2 as catalyst did 

not work either. 

Table 12: Attempts at the aminoalkynylation of 3.92 under PdII/IV catalysis 

 

Entry Catalysts Solvent Additive Yield of 3.94a 

1 Pd(hfacac)2 DCM (0.05 M) - - 

2 Pd(OAc)2 DCM (0.05 M) - - 

3 PdCl2 DCM (0.05 M) - - 

4 Pd(CH3CN)4(BF4)2 DCM (0.05 M) - - 

5 Pd(TFA)2(1,10-phenanthroline) DCM (0.05 M) - - 

6 Pd(hfacac)2 DCM (0.3 M) - - 

7 Pd(hfacac)2 DCE (0.3 M) - - 

8 PdCl2 EtOH (0.2M) LiCl - 

Reaction conditions: 0.1 mmol scale. (a) Outcome of the reaction analyzed by 1H NMR of the crude reaction 

mixture. 

To evaluate the influence of the amine, phthalimide 3.93 was replaced by saccharine 3.108 

which is also a broadly available and commercial starting material, already used in Pd-catalyzed 

amination reactions.165 Different PdII catalysts were then tested with this new nucleophilic 

partner, using DCE as solvent (Table 13, Entries 1 to 6). None of these catalysts gave positive 

results, again these attempts lead to polymerization of the starting material. 

 
165 Á. Iglesias, E. G. Pérez, K. Muñiz, Angew. Chem. Int. Ed. 2010, 49, 8109–8111. 
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Table 13: Attempt at the aminoalkynylation of 3.92 with saccharine (3.108) as external nucleophile 

 

Entry Catalysts Solvent Yield of 3.109a 

1 Pd(hfacac)2 DCE (0.3 M) - 

2 PdCl2(C6H5CN)2 DCE (0.3 M) - 

3 PdCl2(CH3CN)2 DCE (0.3 M) - 

4 Pd(CH3CN)4(BF4)2 DCE (0.3 M) - 

5 Pd(TFA)2(1,10-phenanthroline) DCE (0.3 M) - 

6 PdCl2 DCE (0.3 M) - 

Reaction conditions: 0.1 mmol scale. (a) Outcome of the reaction analyzed by 1H NMR of the crude 

reaction mixture. 

Other attempts were made with compounds 3.97, 3.70, 3.98, 3.99 and 3.102 under the 

conditions of Table 13, Entry 1 but these substrates also failed to deliver the aminoalkynylation 

product. 

3.3.1.3 Aminoacetoxylation under PdII/IV Catalysis 

With the difficulties encountered for the intermolecular aminoalkynylation we decided to 

investigate the intermolecular aminoacetoxylation of cyclopropenes as it would also lead to 

highly valuable substituted cyclopropanes. Moreover, there are already several existing reports 

of this methodologies applied to the intramolecular,166 but most importantly 

intermolecular164a,17 difunctionalization of unactivated olefins, from which we could draw 

inspiration. Based on these reports, different sets of conditions were attempted with phthalimide 

as external nucleophile (Table 14). The first attempt (Entry 1) attempted under the exact 

conditions developed by Stahl,17 failed to deliver the desired product, or any interesting one 

despite full conversion of the starting material. As it seemed that proper stirring of the reaction 

 
166 a) E. J. Alexanian, C. Lee, E. J. Sorensen, J. Am. Chem. Soc. 2005, 127, 7690-7691; b) W.-H. Rao, X.-S. Yin, B.-F. Shi, 

Org. Lett. 2015, 17, 3758–3761. 



110 

 

mixture was prevented by the high concentration, the reaction was repeated at 0.3 M (Entry 2), 

but no improvements could be observed. Then, conditions from the work of Muniz,164a using 

4-tert-butylcatechol as additive were attempted (Entry 3), but also led to a complex 1H NMR 

spectrum for the crude product with no sign of cyclopropane 3.110. Conditions initially 

developed for the intramolecular aminoacetoxylation reported by the groups of Shi and 

Sorensen,166 were then attempted (Entries 4 and 5). While conditions from the group of Shi did 

not lead to any improvements, the conditions of Sorensen and co-workers led to less 

polymerization and a conversion of only 44% of the cyclopropene. The reaction was therefore 

attempted again at higher temperature (Entry 6) and led to full conversion of the starting 

material but still no product of interest could be observed. 

Table 14: Attempts at the aminoacetoxylation of 3.92 with phthalimide (3.93) 

 

Entry Catalysts Solvent Additive Temperature Yielda 

1 PdCl2(CH3CN)2 DCE (0.8 M) - 70 °C - 

2 PdCl2(CH3CN)2 DCE (0.3 M) - 70 °C - 

3 PdCl2(C6H5CN)2 DCE (0.4 M) 4-tert-butylcatechol 70 °C - 

4 Pd(OAc)2 AcOH (0.3 M) - rt - 

5 Pd(OAc)2 CH3CN Bu4NOAc rt - 

6 Pd(OAc)2 CH3CN Bu4NOAc 70 °C - 

Reaction conditions: 0.1 mmol scale. (a) Outcome of the reaction analyzed by 1H NMR of the crude reaction 

mixture. 

Intrigued by this last result that gave a cleaner crude 1H NMR spectrum, the aminoacetoxylation 

with saccharin as nucleophile was attempted under the same conditions as Entry 6 in Table 15. 

Although no clear product formation could be observed, with these conditions for the first time 

the desired product 3.110 could be found by MS along with the diacetoxylation by-product 

3.111 (Figure 16). 
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Figure 16: Structure of the two functionalized cyclopropanes found by MS 

As no product of interest could be formed in decent yield with this last intermolecular approach, 

we considered a different type of cyclopropene substrate bearing a directing group that would 

hopefully promote the desired palladium-catalyzed process and limit undesired polymerization 

and degradation pathways. 

3.3.1.4 Attempts Using a Directing Group 

Engle and co-workers reported in several methodologies the use of a removable bidentate 8-

aminoquinoline auxiliary for the highly efficient palladium-catalyzed difunctionalization of 

unactivated alkenes.167 With no success in our intermolecular attempts so far, we then wondered 

if such a directing group on a cyclopropene substrate could promote these transformations 

despite the rigidity of the three-memebered ring that might prevent the formation of the desired 

palladacycle. Hence, starting from cyclopropene 3.97 the desired compound bearing the 

bidentate directing group 3.112 could be accessed in 62% yield through amidation using HATU 

(Equation 36).  

 

Equation 36: Synthesis of cyclopropene 3.112 

We decided first to make attempts at the hydroamination under the conditions reported by Engle 

and co-workers for alkenes.167a Successfully applied to this new cyclopropene substrate 3.112, 

it would also be an interesting transformation considering that the only report of 

hydroamination of cyclopropenes using commercial nucleophilic sources of nitrogen was 

employing lanthanides complexes.137 As shown in Table 15, the three first attempts were made 

at 120 °C, while changing the catalyst loading (Entry 1 to Entry 2) and the concentration (Entry 

 
167 a) J. A. Gurak, Jr., K. S. Yang, Z. Liu, K. M. Engle, J. Am. Chem. Soc. 2016, 138, 5805−5808; b) K. S. Yang, J. A. Gurak, 

Jr., Z. Liu, Keary M. Engle, J. Am. Chem. Soc. 2016, 138, 14705−14712; c) Z. Liu, T. Zeng, K. S. Yang, K. M. Engle, J. Am. 

Chem. Soc. 2016, 138, 15122–15125; d) J. A. Gurak, Jr., V. T. Tran, M. M. Sroda, K. M. Engle, Tetrahedron 2017, 73, 3636-

3642; e) J. Derosa, V. T. Tran, M. N. Boulous, J. S. Chen, K. M. Engle, J. Am. Chem. Soc. 2017, 139, 10657−10660; f) Z. Liu, 

Y. Wang, Z. Wang, T. Zeng, P. Liu, K. M. Engle, J. Am. Chem. Soc. 2017, 139, 11261–11270.  
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3). These attempts were unsuccessful as they led to what seemed to be degradation or 

polymerization of the starting material. Lowering the temperature (Entry 4 to 6) only resulted 

in a low conversion of the starting material and the desired hydroamination product 3.114 was 

not formed.  

Table 15: Attempt at the hydroamination of compound 3.112 

 

Entry Loading Concentration Temperature Yielda 

1 5 mol% 1 M 120 °C - 

2 10 mol% 1 M 120 °C - 

3 5 mol% 0.3 M 120 °C - 

4 5 mol% 0.3 M rt - 

5 5 mol% 0.3 M 45 °C - 

6 5 mol% 0.3 M 75 °C - 

Reaction conditions: 0.1 mmol scale. (a) Outcome of the reaction analyzed by 1H 

NMR of the crude reaction mixture. 

We then evaluated the influence of this directing group on the cyclopropene in the 

aminoalkynylation reaction. With our Pd0/II catalytic system (Scheme 72, A), less 

polymerization of the starting material could be observed. However, the substituted 

cyclopropane could not be obtained. PdII/IV catalysis (Scheme 72, B) also failed to deliver the 

aminoalkynylation product with all the external nitrogen-based nucleophiles engaged in the 

reaction conditions (3.113, 3.93 and 3.108). 
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Scheme 72: Attempts at the directed aminoalkynylation of 3.112 with Pd0/II and PdII/IV catalysts 

Eventually, we submitted compound 3.112 to the reaction conditions that previously enabled 

the formation of the aminoacetoxylation product 3.110 (Equation 37). Unfortunately, the 

directing group did not seem to make any difference in the outcome of the transformation as no 

signals of compound 3.116 could be observed in the crude 1H NMR. 

 

Equation 37: Attempt at the aminoacetoxylation of compound 3.112 

3.3.2 Intramolecular Attempts Towards Aminocyclopropanes 

As no exploitable result came from our efforts towards the intermolecular difunctionalization 

of cyclopropenes, we decided to turn our attention towards an intramolecular 

aminoalkynylation using our tethering strategy. We envisioned that this transformation might 

grant both stereo- and chemoselectivity due to the intramolecular nature of the cyclization, and 

hopefully prevent polymerization of the starting material. Moreover, cleavage of the tether 

would then deliver a highly functionalized aminocyclopropane (Scheme 73).  
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Scheme 73: Two strategies for the Pd-catalyzed intramolecular aminoalkynylation mediated by a tether 

The first challenge arising from this strategy was to find an efficient way to synthesize the 

necessary starting materials. Indeed two reasonable substrate can be envisioned, leading after 

the palladium-mediated cyclization to a 5-3 (Path A) or a 6-3 bicyclic system (Path B). Even 

though the formation of six-membered rings is expected to be more difficult compared to five-

membered ones, accessing N- or O-substituted cyclopropenes in the 3 position (Path A) 

appeared particularly challenging. Indeed, the synthesis of OH-substituted cyclopropenes was 

never reported to date, as existing methods for their synthesis are not compatible with this 

substitution pattern.121 Moreover, reported examples of nitrogen-substituted cyclopropenes in 

3 position required between 5 and 9 low-yielding steps to access the desired starting material.168 

Hence, we decided to start our investigations of the intramolecular aminoalkynylation with the 

strategy envisioned in Path B (Scheme 73) as the starting material for this transformation was 

more accessible. Compound 3.117 could be accessed in almost quantitative yield, in one step 

from the previously synthesized cyclopropene 3.70 (Equation 38), by hemiaminal formation 

under basic conditions with aldimine 2.26. 

 

Equation 38: Synthesis of compound 3.117 

 
168 a) T. N. Wheeler, J. J. Ray, J. Org. Chem. 1987, 52, 4875-4877; b) V. U. Schöllkopf, B. Hupfeld, S. Kuper, E. Egert, M. 

Dyrhusch, Angew. Chem. 1988, 3, 438-439; c) P. E. O’Bannon, W. P. Dailey, J. Org. Chem. 1991, 56, 2258-2260. V. U. 

Schöllkopf, B. Hupfeld, S. Kuper, E. Egert, M. Dyrhusch, Angew. Chem. 1988, 3, 438-439; d) F. Zhang, J. M. Fox, Org. 

Lett. 2006, 8, 2965–2968. 
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With this substrate in hand, we started to examine the intramolecular aminoalkynylation with 

our catalytic system developed for the aminoalcohol project (Chapter 2).37 Different ligands 

that proved efficient for the transformation were tested (Table 16). Gratifyingly, with TFP 

(2.21) as ligand (Entry 1) the desired product could be observed and was formed in less than 

2% by NMR yield, with full conversion of the starting material. While XPhos (2.54), 

PhDavePhos (2.23), dppf (2.67) and N-XantPhos (Entries 2 to 5) failed to deliver the desired 

aminoalkynylation product 3.118, DPEPhos (2.20) (Entry 6) allowed its formation in around 

2% yield by NMR. In addition, the starting material could be recovered, and its conversion was 

of only 35%. Intrigued by this result we screened different higher temperatures (Entries 7 to 

10) and at 95 °C the substituted cyclopropane 3.118 was obtained in 7% by 1H NMR yield 

(Entry 8).  

Table 16: Initial screening for the intramolecular aminoalkynylation of 3.117 

 

Entry Ligand (mol%) Temperature Yield of 3.118a 

1 TFP (2.21, 12) 75 °C < 2% 

2 XPhos (2.54, 12) 75 °C - 

3 PhDavePhos (2.23, 12) 75 °C - 

4 Dppf (2.67, 6) 75 °C - 

5 N-XantPhos (6) 75 °C - 

6 DPEPhos (2.20, 6) 75 °C 2% 

7 DPEPhos (2.20, 6) 85 °C 4% 

8 DPEPhos (2.20, 6) 95 °C 7% 

9 DPEPhos (2.20, 6) 105 °C 4% 

10 DPEPhos (2.20, 6) 115 °C 3% 

Reaction conditions: 0.1 mmol scale. (a) Yields determined by 1H NMR 

analysis of the crude reaction mixture using 3,4,5-trichloropyridine as internal 

standard. 
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The reaction was repeated on 0.4 mmol scale in the conditions of Table 17, entry 8, allowing 

the isolation of compound 3.118 in 5% yield, and confirmation of the obtained structure. 

Interestingly, during purification another product (3.119) formed in around 3% could be 

isolated and identified (Figure 17).  

 

Figure 17: Structure of by-product 3.119 

Product 3.119 incorporating an enyne motif in its structure might be formed through the 

putative catalytic cycle presented in Scheme 74. After oxidative addition of bromoalkyne 2.17 

on I, the resulting PdII complex II would coordinate to the cyclopropene double bond to form 

III. Then, instead of undergoing the expected amino-palladation that would lead to the desired 

complex IV, a possible concerted attack of the nitrogen and substitution on palladium would 

lead to V. The latter could then deliver enyne 3.119 upon reductive elimination.  
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Scheme 74: Hypothetic catalytic cycle for the formation of enyne product 3.119 

A base screening was then performed with our best set of conditions so far (Table 17). KOtBu 

(Entry 1) and NaOtBu (Entry 2) gave lower yields of the desired compounds 3.118 compared 

to the milder base Cs2CO3. However, K3PO4, K2CO3 and Na2CO3 (Entries 3 to 5) failed to 

deliver the aminoalkynylation product. 
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Table 17: Base screening for the aminoalkynylation of compound 3.117 

 

Entry Base Yield of 3.118 

1 KOtBu 2% 

2 NaOtBu 4% 

3 K3PO4 - 

4 K2CO3 - 

5 Na2CO3 - 

Reaction conditions: 0.1 mmol scale. (a) Yields determined by 1H NMR analysis of 

the crude reaction mixture using 3,4,5-trichloropyridine as internal standard. 

3.3.3 Intramolecular Carboetherifications for the Synthesis of 2-

oxabicyclo[3.1.0]hexanes 

Facing the difficulties to attain satisfying yields in the palladium-catalyzed aminoalkynylation 

of compound 3.117 we decided to turn our attention towards different substrates that could lead 

to an intramolecular five-membered ring closure, that shall be more favoured than the systems 

studied so far, as illustrated by the previous work of Dr. Nicolai in our group.28,169 With a high 

interest to achieve the unprecedented synthesis of 2-oxabicyclo[3.1.0]hexanes from 

cyclopropenes, two types of substrates were envisioned, bearing tethered alcohols in position 3 

or 1 of the three-membered ring (Scheme 75).  

 

Scheme 75: Envisioned strategies to access oxabicyclo[3.1.0]hexanes from cyclopropenes bearing tethered 

nucleophiles 

 
169 S. Nicolai, P. Swallow, J. Waser, Tetrahedron 2015, 71, 5959–5964. 
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Compound 3.126 bearing a tethered oxygen in 3-position was chosen as substrate to begin our 

investigations (Scheme 76). It could be synthesized through a five-step sequence, described in 

the literature.170 First, the primary alcohol of 3-methylbut-3-en-1-ol (3.120) was protected with 

an acid labile acetal group to give compound 3.122. Then a cyclopropanation could be 

performed with bromoform to access 3.123 in 65% yield. Reduction with Ti(OiPr)4 and 

ethylmagnesium bromide, followed by a base-mediated elimination furnished the 

corresponding cyclopropene 3.125 in 80% over two steps. The latter could be deprotected under 

acidic conditions, that were observed to also lead to some decomposition of the desired product 

3.126, leading to its isolation in a low yield of 15%.  

 

 

Scheme 76: Synthesis of cyclopropene 3.126 

We could then test cyclopropene 3.126 under different palladium-catalyzed oxyalkynylation 

conditions as shown in Table 18. We started with conditions reported by our group on the 

oxyalkynylation of olefins (Entry 1).29 Employing Pd2(dba)3 as catalyst, DPE-Phos (2.20) as 

ligand and sodium tert-butoxide as base at 70 °C, we could observe the formation of the desired 

bicyclic product in 17% yield. Changing then the catalyst to Pd(dba)2 led to a slight increase to 

20% yield. (Entry 2). Using potassium tert-butoxide as base or increasing the temperature to 90 

°C also led to the formation of 3.127 but did not allow for any improvement (Entries 3 and 4). 

In all these attempts, complete conversion of 3.126 was observed, but no other product could 

be identified or isolated.  

 

 

 
170 Z. Yu, Q. Lin, J. Am. Chem. Soc. 2014, 136, 4153–4156. 
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Table 18: Screening of conditions for the intramolecular oxyalkynylation of 3.126 

 

Entry Pd cat. (X mol%) Base Temperature Yield of 3.127a 

1 Pd2(dba)3 (2) NaOtBu 70 °C 17% 

2 Pd(dba)2 (4) NaOtBu 70 °C 20% 

3 Pd(dba)2 (4) KOtBu 70 °C 12% 

4 Pd(dba)2 (4) NaOtBu 90 °C 18% 

Reaction conditions: 0.1 mmol scale. (a) Yields determined by 1H NMR analysis of the crude 

reaction mixture using 3,4,5-trichloropyridine as internal standard. 

In order to see if the oxyarylation could be more favoured than the oxyalkynylation, we engaged 

cyclopropene 3.126 in the conditions of Table 18, entry 2 in the presence of bromobenzene 

(2.84) and 4-bromobenzonitrile (Equation 39). When bromobenzene (2.84) was used as 

electrophile, the corresponding cycloadduct 3.128 could be observed by 1H NMR in a low yield 

of 4%. However, the transformation in the presence of the electron deficient 4-

bromobenzonitrile delivered the desired product 3.129 in 16% yield, which was comparable to 

the best result obtained so far for the oxyalkynylation. 

 

Equation 39: Attempts at the oxyarylation of cyclopropene 3.126 

While the achievement of both oxyalkynylation and oxyarylation on such challenging 

substrates were encouraging, we suspected the volatility of cyclopropene 3.126 and of potential 

side-product, to prevent a better understanding of the outcome of this transformation. We 

therefore decided to perform the synthesis of cyclopropene 3.136 (Scheme 77), having a higher 

molecular weight than 3.126 but keeping similar electronic properties. Starting also from 3-

methylbut-3-en-1-ol (3.130), compound 3.131 could be synthesized using the alkylative dianion 
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chemistry described by Chong and co-workers,171 delivering 3.131 in 44% yield on 25 mmol 

scale. Protection of the primary alcohol followed by dibromocyclopropanation delivered 3.133 

in 79% yield over two steps. Then, titanium mediated reduction furnished bromocyclopropane 

3.134 in 84% yield as a mixture of diastereoisomers that could be then engaged in the base-

mediated elimination to access cyclopropene 3.135 in 91% yield. The latter was eventually 

deprotected to deliver the desired cyclopropene 3.136 bearing an alcohol tethered in 3-position, 

in a low 17% yield. The low yields obtained for this deprotection step to access compounds 

3.126 (Scheme 76) and 3.136 was attributed to the potential acid sensitivity of the alkyl-

substituted cyclopropene products, leading to decomposition.  

 
 

Scheme 77: Synthesis of cyclopropene 3.136 

With this substrate in hand we could investigate its palladium-catalyzed oxyalkynylation 

towards functionalized oxabicyclo[3.1.0]hexanes (Table 19). Gratifyingly, when we submitted 

cyclopropene 3.136 to the best conditions found so far in Table 18, entry 2, we could observe 

the formation of the desired oxy-alkynylation product 3.137 in 24% yield. However, another 

product was formed in the reaction, that could be identified as compound 3.138, likely to be 

coming from an undesired protodemetallation. Increasing the temperature to 90 °C (entry 2) did 

not significantly change the outcome of the transformation, while concentrating to 0.4 M (entry 

 
171 a) K. H. Yong, J. A. Lotoski, J. M. Chong,  J. Org. Chem. 2001, 66, 8248–8251; b) H. Miyauchi, S. Chiba, K. Fukamizu, 

K. Ando, K. Narasaka, Tetrahedron 2007, 63, 5940–5953. 
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3) led to a slightly better selectivity for the desired product of oxyalkynylation. Screening of 

different phosphine-based ligand turned out to be unfruitful (entries 4, 5 and 6) as it led to more 

selectivity for the formation of compound 3.138, without any increase in the yield. In all these 

attempts full conversion of the starting material was observed, indicating its decomposition 

under the attempted reaction conditions. 

Table 19: Screening of conditions for the intramolecular oxyalkynylation of 3.136 

 

Entry Ligand (X mol%) Dilution Temperature Yield of 3.137a Yield of 3.138a 

1 DPEPhos (2.20, 4) 0.2 M 70 °C 24% 23% 

2 DPEPhos (2.20, 4) 0.2 M 90 °C 17% 14% 

3 DPEPhos (2.20, 4) 0.4 M 70 °C 25% 19% 

4 TFP (2.21, 12) 0.4 M 70 °C < 5% 15% 

5 XPhos (2.54, 12) 0.4 M 70 °C < 5% 11% 

6 (±)-BINAP (4) 0.4 M 70 °C < 5% 19% 

Reaction conditions: 0.1 mmol scale. (a) Yields determined by 1H NMR analysis of the crude reaction mixture 

using 3,4,5-trichloropyridine as internal standard. 

These results led us to consider different substrates to study this ring closing oxyalkynylation, 

as our attempts so far led to low yields for the formation of the desired product, formation of a 

protodemetallation side-product and decomposition of the starting material. We therefore 

decided to investigate phenol-substituted substrates, whose more rigid structure would 

hopefully favor the intramolecular cyclization onto the cyclopropene double bond. 

Cyclopropene substituted by ortho-phenols in 3-position being not reported, we started our 

investigations with the reported synthesis of compound 3.143 bearing an ortho-methoxy group 

(Scheme 78).172 The latter could be obtained starting from 2’-methoxyacetophenone (3.139), 

that was first subjected to a Wittig olefination to access alkene 3.140 in 45% yield. Then 

cyclopropanation with bromoform, followed by reduction and elimination afforded 

 
172 W. M. Sherrill, R. Kim, M. Rubin, Tetrahedron 2008, 64, 8610–8617. 
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cyclopropene 3.143 in 43% yield over three steps. Different classical sets of conditions were 

then attempted to access phenol 3.144 (conditions A to D, Scheme 78), unfortunately all leading 

to decomposition of cyclopropene 3.143. 

 

Scheme 78: Attempts to synthesize 3.144 

We then looked into a different protecting group on the phenol that would be removed in a 

milder way, while still being compatible with the cyclopropene synthesis. As we envisioned 

that the synthesis of such cyclopropene substrates might also be hampered by sterically 

demanding ortho-substituents on the phenyl ring, we decided to attempt the synthesis of a 

triflate protected phenol (Scheme 79). Starting from 2-(2-hydroxyphenyl)acetic acid (3.145), 

we could access ester 3.146 in 99% yield. The corresponding triflate 3.147 could then be 

synthesized under standard conditions in 98% yield. A diazo transfer was then performed in the 

presence of pABSA and DBU, delivering 3.148 in a moderate yield of 39%. Diazo compound 

3.148 underwent smoothly the rhodium-catalyzed cyclopropanation to deliver cyclopropene 

3.149 in 63% yield. 
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Scheme 79: Synthesis of cyclopropene 3.149 

With cyclopropene 3.149 in hands, inspired by a report on the TBAF-mediated deprotection of 

triflate esters of phenol derivatives,173 we planned to do the concomitant deprotection of the 

phenol along with the removal of the TMS group on the cyclopropene double bond. However, 

as shown in Table 20, the major product obtained upon treatment of 3.149 with TBAF was the 

cyclized product 3.151 (Entry 1), most likely coming from the desired double deprotection 

followed by nucleophilic cyclization. We could also isolate compound 3.150 in 12%, coming 

from the removal of the TMS group only. We then attempted to remove the triflate group on 

the oxygen in the presence of Et4NOH that led to the formation of 3.151 in 55% yield along 

with decomposition of the starting material (Entry 2). Further attempts using Cs2CO3,
174 or CsF 

did not allow to observe any conversion of cyclopropene 3.149 (Entries 3 and 4).  

 

 

 

 

 

 
173 T. Ohgiya, S. Nishiyama, Tetrahedron Lett. 2004, 45, 6317–6320. 
174 A. E. Green, V. Agouridas, E. Deniau, Tetrahedron Lett. 2013, 54, 7078–7079. 
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Table 20: Screening of conditions for the phenol deprotection 

 

Entry Reagent Solvent Temperature Yield of 3.150a Yield of 3.151a 

1 TBAF THF rt 12% 60% 

2 Et4NOH Dioxane rt - 55% 

3 Cs2CO3 Toluene 80 °C - - 

4 CsF THF 50 °C - - 

Reaction conditions: 0.1 mmol scale. (a) Yields determined by 1H NMR analysis of the crude 

reaction mixture using 3,4,5-trichloropyridine as internal standard. 

We eventually aimed for a model substrate that could be more easily synthesized, which turned 

our attention to cyclopropenes bearing a tethered nucleophile in position 1. We could access 

cyclopropene 3.156 in only three chemical steps from 3-butyn-1-ol (3.152) (Scheme 80). First, 

an acetylation was carried to protect the primary alcohol, leading to 3.153 in 96% yield. Then 

a rhodium-catalyzed cyclopropenation with ethyl diazoacetate (3.154) furnished the 

corresponding cyclopropene 3.155 in a moderate yield of 35%. The latter could be then 

deprotected under basic conditions, delivering the alcohol-tethered cyclopropene 3.156 in 24% 

yield. This low yield was attributed to the low selectivity between the two esters that led to side-

products and degradation. 

 

Scheme 80: Synthesis of cyclopropene 3.156 

We could then investigate the oxyalkynylation of substrate 3.156 (Table 21). Unfortunately, the 

formation of the desired cycloadduct could not be observed under the conditions that allowed 

the oxyalkynylation of cyclopropenes 3.126 and 3.136 (Entry 1). Changing the concentration 

(Entries 2 and 3), the temperature (Entry 4 and 5) or the ligand (Entries 6 to 8) did not allow to 

observe any product of interest either. In all these attempts the starting material was recovered 
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or decomposition was observed. The failure of this transformation might be due to the presence 

of the ester, that might undergo an attack of the alcohol leading to decomposition. Reductive 

elimination was likely to be quite challenging on this substrate, as it would have led to the 

formation of an all-carbon quaternary center. Moreover, the syn oxy-palladation that is normally 

preferred might not be possible with this substrate. 

Table 21: Attempts at the oxyalkynylation of cyclopropene 3.156 

 

Entry Ligand (X mol%) Dilution Temperature Yield of 3.157 

1 DPEPhos (2.20, 4) 0.1 M 70 °C - 

2 DPEPhos (2.20, 4) 0.2 M 70 °C - 

3 DPEPhos (2.20, 4) 0.4 M 70 °C - 

4 DPEPhos (2.20, 4) 0.4 M 90 °C - 

5 DPEPhos (2.20, 4) 0.4 M 110 °C - 

6 XantPhos (2.22, 4) 0.4 M 70 °C - 

7 DTBPF (3.96, 4) 0.4 M 70 °C - 

8 TFP (2.21, 8) 0.4 M 70 °C - 

Reaction conditions: 0.1 mmol scale. (a) Yields determined by 1H NMR analysis of the crude 

reaction mixture using 3,4,5-trichloropyridine as internal standard. 
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3.3.4 Conclusions 

In this part was presented our efforts towards the palladium-catalyzed amino- and 

oxyalkynylation of substituted cyclopropenes to access aminocyclopropanes and 

oxabicyclo[3.1.0]hexanes. As our attempts at the intermolecular difunctionalization of 

cyclopropenes under palladium catalysis proved to be unfruitful, we decided to go for an 

intramolecular strategy using the tether chemistry developed in our group. The starting material 

for this transformation could be easily synthesized, and we were able to find conditions to form 

the desired aminoalkynylation product 3.118. Even though the formation of this product already 

constitutes a proof of concept, our attempts to optimize the transformation turned out to be 

difficult with cyclopropene 3.117 as substrate, as the desired product could only be obtained in 

a very low yield. We then decided to investigate the formation of 2-oxabicyclo[3.1.0]hexanes 

from cyclopropene bearing tethered oxygen nucleophiles. The synthesis of the required 

substrates proved to be tedious, with only three substrates that could be successfully accessed. 

Cyclopropene 3.126 and 3.136 underwent the desired palladium-catalyzed carboetherifications 

to deliver the corresponding functionalized bicycles, however in low yields and with the 

formation of a protodemetalation side-product. While the synthesis of cyclopropene 3.156 

bearing a tethered primary alcohol on the double bond of the cyclopropene was more 

straightforward, the cyclized product of oxyalkynylation could not be observed under the 

conditions we tested. Facing these difficulties and having a raising interest in developing new 

and efficient methods to access bicyclo[3.1.0]hexane derivatives from cyclopropenes, we 

decided to investigate a more convergent annulation strategy without palladium catalysis that 

often led to polymerizations and degradations of the small ring substrates. 
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3.4 (3+2) Annulation of Cyclopropenes with Aminocyclopropanes for the 

Synthesis of Bicyclo[3.1.0]hexanes 

In the previous sub-chapter, our investigations to access bicyclo[3.1.0]hexanes derivatives from 

cyclopropenes proved to be limited by the laborious synthesis of the starting materials, along 

with the difficulty to achieve a difunctionalization of the strained olefins under palladium 

catalysis. Here our efforts towards the development of a unprecedented and convergent 

synthesis of bicyclo[3.1.0]hexanes by a (3+2) annulation between cyclopropenes and 

aminocyclopropanes will be presented. 

3.4.1 Reaction Discovery 

Based on the expertise of our group in the Lewis acid catalyzed (3+2) annulation of DA-

aminocyclopropanes with various dipolarophiles, we wondered if these types of transformation 

could be applied to cyclopropenes. To start our investigations, we performed the synthesis of 

DA aminocyclopropane 3.7, that has been the most successful DA-cyclopropane for our group 

(see section 3.1.1.2.2.1). The latter could be obtained in 78% yield through a reported rhodium-

catalyzed cyclopropanation between diazo compound 3.101 and the commercial N-vinyl-

phthalimide 3.158 (Equation 40).60 

 

Equation 40: Synthesis of DA aminocyclopropane 3.7 

We chose cyclopropene 3.98 as partner for our first attempts at the (3+2) annulation, as it did 

not bore any coordinating groups that could interfere with the Lewis acid activation of 3.7. In 

addition, having no substituents on the double bond, we aimed to minimize steric hindrance 

around the reactive centers. Employing a classical set of conditions to promote this type of 

transformation with Sc(OTf)3 as catalyst and a slight excess of 3.7 in DCM at 0.2 M, we started 

by screening different temperatures (Equation 41). At 0 °C and -40 °C no conversion of the 

cyclopropene could be observed. At room temperature full conversion of both starting materials 

was reached, but the desired bicyclic product was not formed. 
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Equation 41: Initial attempts at the Lewis-acid catalyzed (3+2) annulation with cyclopropene 3.98 

After extensive purification and characterization studies, we found that the main product 

formed in this transformation at room temperature was the tricyclic product 3.160 in 48% yield, 

coming from a dimerization of cyclopropene 3.98 (Figure 18). The structure of 3.160 could be 

further confirmed by single crystal X-ray diffraction.  

 

Figure 18: Structure of dimeric product 3.160 formed in the Lewis acid catalyzed (3+2) annulation 

attempt 

This type of dimerization of cyclopropenes was already reported to occur in the presence of 

different transition metals or Lewis acid catalysts.140,175 However, they were mainly observed 

for cyclopropene substrates bearing no substituents on the double bond. Hence, we turned our 

attention towards trisubstituted cyclopropenes 3.102 and 3.162, hoping to facilitate the addition 

due to their different electronic nature, and to limit the potential formation of diastereoisomers. 

Difluorocyclopropene 3.162 was believed to be particularly interesting due to its less 

coordinating nature with the absence of ester groups. Moreover, the products obtained with this 

type of substrates would incorporate fluorine, which is of particular interest for medicinal 

chemistry. Difluorocyclopropene 3.162 could be then conveniently synthesized by a reported 

(2+1) cycloaddition in one step from the commercial terminal acetylene 3.161 (Equation 42).176 

 
175 a) T. A. Peganova, P. V. Petrovskii, L. S. Isaeva, D. N. Kravtsov, D. B. Furman, A. V. Kudryashev, A. O. Ivanov, O. V. 

Bragin, J. Organomet. Chem. 1985, 282, 283–289; b) D. L. Boger, C. E. Brotherton, J. Am. Chem. Soc. 1986, 108, 6695–6713; 

c) V. R. Kartashov, E. V. Skorobogatova, N. S. Zefirov, Russ. Chem. Rev. 1993, 62, 935–950; d) M. A. Smith, H. G. Richey,  

Organometallics 2007, 26, 609–616; e) W. M. Sherrill, M. Rubin, J. Am. Chem. Soc. 2008, 130, 13804–13809. 
176 F. Wang, W. Zhang, J. Zhu, H. Li, K.-W. Huang, J. Hu, Chem. Commun. 2011, 47, 2411–2413. 
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Equation 42: Synthesis of difluorocyclopropene 3.162 

We could then engage cyclopropenes 3.102 and 3.162 in different sets of conditions with DA 

aminocyclopropane 3.7 (Table 22). Unfortunately, varying the Lewis acid catalyst, temperature 

and dilution only led to complex mixtures in which no products of interest could be identified. 

Table 22: Screening of conditions for the Lewis acid catalyzed (3+2) annulation of 3.102 and 3.162 with 3.7 

 

Entry Lewis acid Dilution Temperature Outcome 

1 Yb(OTf)3 1 M rt Complex mixture 

2 Hf(OTf)4 0.1 M rt Complex mixture 

3 SnCl4 0.1 M -78 °C Complex mixture 

Reaction conditions: 0.1 mmol scale. (a) Outcome of the reaction analyzed by 1H NMR of the 

crude reaction mixture. 

With these preliminary results, we realized the difficulty to achieve such a transformation under 

Lewis acid catalysis due to the sensitivity of cyclopropenes. Inspired by reports from the groups 

of Zheng84 and Wang89 we considered a different approach involving radicals to achieve this 

(3+2) annulation, using cyclopropylanilines as three carbon partners. We therefore performed 

the synthesis of cyclopropylaniline 3.164 (Equation 43), that could be easily prepared in one 

step by a reported Buchwald-Hartwig coupling between bromobenzene (2.84) and 

cyclopropylamine 3.163, in 85% yield. 

 

Equation 43: Synthesis of cyclopropylaniline 3.164 
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We then attempted the radical mediated (3+2) annulations under conditions inspired by these 

two reports,84,89 with cyclopropene 3.102 as model substrate. Gratifyingly, under the conditions 

of Wang and co-workers using rhodium-catalysis, engaging a large excess of the cyclopropene 

in hexane at room temperature, the desired bicyclo[3.1.0]hexane 3.165 product could be 

obtained in 24% yield as a 56:44 mixture of diastereoisomers, with 32% conversion of 3.164 

(Scheme 81, a). In addition, the photoredox conditions from Zheng and co-workers, employing 

Ru(bpz)3(PF6)2 as photocatalyst in nitromethane under visible light irradiation, also delivered 

the desired cycloadduct in 37% yield with the same dr and 50% conversion of 3.164 (Scheme 

81, b).  

 

Scheme 81: First attempts at the radical mediated (3+2) annulation of cyclopropylaniline 3.164 with 3.102 

The Rh-mediated process being less investigated, and as cyclopropylaniline 3.164 seemed to 

undergo slightly less degradation, we first aimed to optimize this transformation starting from 

conditions in Scheme 81, a).  
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3.4.2 Attempts to Optimize the Transition Metal Promoted (3+2) 

Annulation 

Considering the observed low solubility of cyclopropene 3.102 in hexane we started our 

optimization investigations by switching to DCM as solvent (Table 23, Entry 1). Under these 

conditions, compound 3.165 was formed in a higher yield of 37%. We then decreased the excess 

of cyclopropene 3.102 from 5.0 to 2.5 equivalents (Entry 2) and found no impact on the yield 

of 3.165. We could further decrease the excess of cyclopropene to 2.0 and 1.5 equivalents, 

leading to increased yields of the cycloadduct 3.165 of 47% and 60%, respectively (Entries 3 

and 4). In these types of annulation reactions, the unsaturated partner is very often used in 

excess. Nevertheless, in our system the cyclopropene substrate 3.102 is more synthetically 

valuable than cyclopropylaniline 3.164, that can be synthesized in only one step. Moreover, 

having not been able to identify or isolate any side-products so far, the conversion of the 

cyclopropylaniline observed in entries 1 to 4 seemed to indicate that it underwent some 

unproductive degradation. We therefore attempted to use the cyclopropene as limiting reagent 

(Entry 5) with a slight excess of 3.164 and found that it led to an increased yield to 65%. While 

a larger excess of 3.164 did not improve the reaction outcome (Entry 6), we started to vary the 

solvent keeping 1.2 equivalent of the cyclopropylaniline. The reaction proceeded smoothly in 

DCE and toluene, albeit with no increase in the yield (Entries 7 and 8). In acetonitrile, 1H NMR 

analysis of the crude mixture indicated that the desired cycloadduct 3.165 was formed in a good 

75% yield (Entry 9). However when we repeated the reaction on 0.3 mmol scale, we could only 

isolate 42% of bicyclo[3.1.0]hexane 3.165, despite a similar 1H NMR spectrum of the crude 

mixture. 
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Table 23: Solvent and stoichiometry screening in the Rh-catalyzed (3+2) annulation 

 

Entry X Y Solvent Yield of 3.165a Conversiona 

1 5.0 1.0 DCM 37% 52% 

2 2.5 1.0 DCM 36% 44% 

3 2.0 1.0 DCM 47% 66% 

4 1.5 1.0 DCM 60% 74% 

5 1.0 1.2 DCM 65% 75% 

6 1.0 1.5 DCM 58% 65% 

7 1.0 1.2 DCE 56% 61% 

8 1.0 1.2 Toluene 55% 62% 

9 1.0 1.2 CH3CN 75% (42%b) 88% 

Reaction conditions: 0.10 mmol scale. (a) yields and conversions estimated by 1H 

NMR of the crude reaction mixture using CH2Br2 as internal standard. (b) Isolated 

yield after column chromatography on 0.30 mmol scale. 

This strange result was believed to come from the use of dibromomethane as internal standard, 

that might have overestimated the yields and conversions measured in Table 23 by NMR. To 

circumvent this lack of precision we went for 3,4,5-trichloropyridine as internal standard and 

repeated the reaction under our best conditions so far (Table 24, Entry 1), leading to a more 

accurate result for the NMR yield. In our continuing effort to optimize this transformation we 

then evaluated the impact of the catalyst loading on the outcome of the transformation. While 

reducing the catalyst loading to 0.5 mol% led to a decrease in yield to 29% (Entry 2), increasing 

it to 2 mol% did not led to a significant difference (Entry 3). Carrying so far our reactions under 

nitrogen and working with dry and degassed solvents, we then tried to set up the reaction under 

an argon atmosphere. As shown with Entry 4, these conditions allowed for an increase in yield 

to 55% by NMR and 51% when 3.165 was isolated on 0.3 mmol scale. Intriguingly, setting the 

reaction under air led to a similar result than under nitrogen (Entry 5). 
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Table 24: Screening of catalyst loading and atmosphere in the Rh-catalyzed (3+2) annulation 

 

Entry Catalyst loading Atmosphere Yield of 3.165a Conversiona 

1 1 mol% N2 40% 42% 

2 0.5 mol% N2 29% 32% 

3 2.0 mol% N2 44% 49% 

4 1 mol% Ar 55% (51%b) 62% 

5 1 mol% Air 39% 45% 

Reaction conditions: 0.10 mmol scale. (a) yields and conversions estimated by 1H 

NMR of the crude reaction mixture using 3,4,5-trichloropyridine as internal standard. 

(b) Isolated yield after column chromatography on 0.30 mmol scale. 

Keeping the conditions of Table 24, entry 4, we then carried a catalyst screening based on the 

most successful ones found by Hu and co-workers in the course of their optimization.89 Using 

Rh2(OAc)4 instead of Rh2(esp)2 led to a decreased yield to 30% (Table 25, Entry 1). Having 

observed an almost equimolar ratio of diastereoisomers in all the conditions attempted so far, 

we wondered if a chiral rhodium-based catalyst could impact the diastereochemical outcome of 

the transformation. Unfortunately, employing Rh2(R-TBSP)4 as catalyst did not lead to any 

improvement of the dr, and led to a decrease in yield compared to our so far optimized 

conditions (Entry 2). The transformation was found not to be compatible with copper-based 

catalyst as shown with entries 3 and 4, where only traces of the desired cycloadducts were 

formed. We then attempted the reaction in the presence of Fe(OAc)3 and Co(acac)2 that both 

delivered the desired product 3.165, however with no improvement in the yield or the dr. 
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Table 25: Catalyst screening in the transition metal catalyzed (3+2) annulation 

 

Entry Catalyst (X mol%) Yield of 3.165a Conversiona dr 

1 Rh2(OAc)4 (1) 30% 32% 55:45 

2 Rh2(R-TBSP)4 (1) 22% 28% 54:46 

3 CuCl2 (2) < 5% 12% - 

4 Cu(tfacac)2 (2) < 5% 5% - 

5 Fe(OAc)2 (2) 25% 34% 52:48 

6 Co(acac)2 (2) 28% 32% 55:45 

Reaction conditions: 0.10 mmol scale. (a) yields and conversions estimated by 1H 

NMR of the crude reaction mixture using 3,4,5-trichloropyridine as internal standard.  

Aiming to further increase the yield for the formation of the desired bicyclo[3.1.0]hexane 3.165 

we varied the concentration of the reaction (Table 26). Concentrating to 0.3 M or diluting to 

0.1 M did not make any change in the outcome of the transformation (Entries 1 and 2). Then, 

we heated the reaction mixture up to 40 °C, resulting in a similar yield as the one obtained at 

room temperature, with what seemed to be more degradation of the cyclopropene (Entry 3). 

Eventually, longer reaction times did not allow for notable change in the yield of 3.165 (Entries 

4 and 5), neither did increasing the equivalents of 3.164 from 1.2 to 1.5 (Entry 6). 
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Table 26: Screening of stoichiometry, concentration, reaction time and temperature in the (3+2) annulation 

 

Entry X Y Concentration 
Reaction 

Time 
Temperature 

Yield of 

3.165a 
Conversiona 

1 1.0 1.2 0.1 M 16 h rt 48% 55% 

2 1.0 1.2 0.3 M 16 h rt 52% 58% 

3 1.0 1.2 0.2 M 16 h 40 °C 46% 65% 

4 1.0 1.2 0.2 M 24 h rt 54% 66% 

5 1.0 1.2 0.2 M 48 h rt 58% 65% 

6 1.0 1.5 0.2 M 16 h rt 52% 58% 

Reaction conditions: 0.10 mmol scale. (a) yields and conversions estimated by 1H NMR of the crude reaction 

mixture using 3,4,5-trichloropyridine as internal standard.  

With the difficulties encountered to further optimize this transition metal promoted (3+2) 

annulation, we then turned our attention towards a photoredox catalytic system (Scheme 81, b), 

hoping to find conditions to attain more satisfying yields. 

3.4.3 Optimization Under Photoredox Catalysis 

Encouraged by the preliminary result obtained in Scheme 81, b) we started by changing the 

light source in our system from simple white lamps to blue LEDs (Table 27, Entry 2) aiming to 

maximise the absorbance and therefore the activity of the ruthenium catalyst, by using a more 

narrow wavelength of irradiation.177 This change in light source led to an increased yield to 

48% by 1H NMR, in 2h30 of reaction. Aiming to attain full conversion of cyclopropylaniline 

3.164, we then increased the reaction time to 18 hours, which resulted in a good yield of 76% 

by 1H NMR, and almost complete conversion of 3.102. We then attempted under the same 

conditions a scale-up to 0.3 mmol, that led to the isolation of the bicyclo[3.1.0]hexane 3.165 in 

52% yield. Here also, NMR yields seemed inaccurate and hard to be trusted. Therefore, from 

this point each optimization entry was isolated on a 0.1 mmol scale. As previously discussed in 

 
177 J. G. A. Velasco, New J. Chem. 2017, 41, 802–807. 
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chapter 3.3.2, the cyclopropene substrate being more synthetically valuable, ideally it could be 

used as limiting reagent in this transformation. As shown in Entry 3, this reverse in 

stoichiometry with only 1.2 equivalents of cyclopropylaniline 3.164 led to a similar yield to the 

one obtained in Entry 2. We then investigated the effect of different solvents on the outcome of 

the transformation. It turned out that nitromethane was superior to acetonitrile, methanol, DMF 

and THF (Entries 4 to 8), even if the product was formed in all cases. These results are 

consistent with the result obtained by Zheng and co-workers in their report for the photoredox-

mediated (3+2) annulation with alkenes.84 Eventually, we engaged 1.5 equivalents of 3.165 

under our best conditions, and found that it led to a slightly increased yield of 53% (Entry 9). 

Table 27: Initial screening in the photoredox-catalyzed (3+2) annulation 

 

Entry X Y Solvent Reaction Time Yield of 3.165 Conversiona 

1 2.5 1.0 CH3NO2 2h30 48%a 62% 

2 2.5 1.0 CH3NO2 18 h 76%a (52%b) 98% 

3 1.0 1.2 CH3NO2 18 h 49%c - 

4 1.0 1.2 CH3CN 18 h 38%c - 

5 1.0 1.2 MeOH 18 h 28%c - 

6 1.0 1.2 DMF 18 h 11%c - 

7 1.0 1.2 THF 18 h 24%c - 

8 1.0 1.2 DCE 18 h 32%c - 

9 1.0 1.5 CH3NO2 18 h 53%c - 

Reaction conditions: 0.10 mmol scale. (a) Yields and conversions estimated by 1H NMR of the 

crude reaction mixture using 3,4,5-trichloropyridine as internal standard. (b) Isolated yield after 

column chromatography on 0.30 mmol scale. (c) Isolated yield after preparative TLC on 0.10 

mmol scale. 
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Having an interest in our group in the use of organic dyes as photoredox catalyst,178 and aiming 

to develop a metal-free transformation, we synthesized different photocatalysts to be evaluated 

in our model reaction (Equation 44). These catalysts could be synthesized in only one step by 

nucleophilic aromatic substitutions of 2,4,5,6-tetrafluoroisophthalonitrile (3.166) with the 

appropriate carbazole or diphenylamine, in the presence of sodium hydride as base.179 Under 

these conditions, 4CzIPN (3.167), 4ClCzIPN (3.168) and 4tBuCzIPN (3.169) could be isolated 

in high yields. The synthesis of 4BrCzIPN (3.170) and the unsubstituted diphenyl derivative 

4DPAIPN (3.171) were slightly less efficient, even though they could still be isolated in 

moderate yields of 64% and 55%, respectively, on gram-scale. All these dyes were purified by 

recrystallization, ensuring a purity superior to 95%. 

 
178 a) F. Le Vaillant, M. Garreau, S. Nicolai, G. Gryn’Ova, C. Corminboeuf, J. Waser, Chem. Sci. 2018, 9, 5883–5889; b) M. 

Garreau, F. Le Vaillant, J. Waser, Angew. Chem. Int. Ed. 2019, 58, 8182–8186. 
179 Photocatalysts 3.169 and 3.170 were synthesized by Marion Garreau in our group. 
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Equation 44: Synthesis of organic photoredox catalysts 

We could then test these organic dyes, with an increased catalyst loading of 5 mol% while 

keeping otherwise the conditions found in Table 27, entry 9. Compared to Ru(bpz)3(PF6)2 (E1/2 

(P*/P-) = +1.45 and E1/2 (P/P-) = -0.80),143a we found that the slightly less oxidizing but more 

reducing 4CzIPN (3.167) (E1/2 (P*/P-) = +1.35 and E1/2 (P/P-) = -1.21)178a allowed for an 

increase in yield up to 60% (Table 28, Entry 1). When we switched to the more oxidizing 

4ClCzIPN (3.168) (E1/2 (P*/P-) = +1.58 and E1/2 (P/P-) = -1.10)178a and the strongly reducing 

4tBuCzIPN (3.169) (E1/2 (P*/P-) = +1.21 and E1/2 (P/P-) = -1.32)178b issues of solubility were 

encountered in nitromethane, leading to poor yields (Entries 2 and 3). These attempts were then 

repeated in DCE (Entries 4 and 5), where a better solubility was observed with these 

photocatalysts, leading to lower yields than the one obtained with 4CzIPN (3.167). Using 
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4BrCzIPN (3.170), that displays the highest oxidation potential amongst these organic 

photocatalysts (E1/2 (P*/P-) = +1.82 and E1/2 (P/P-) = -0.83)178a in DCE, did mot led to any 

improvement either (Entry 6). Keeping 4CzIPN (3.167) as optimal, we wondered if adding a 

Lewis acid additive could lead to an improvement in the yield by lowering the oxidation 

potential of the cyclopropylaniline substrate 3.164, as suggested by Stephenson and co-

workers.91 Unfortunately, adding 20 mol% of ZnCl2 did not allow to observe the formation of 

product 3.165, and led to the degradation of both starting materials (Entry 7). Concentrating the 

reaction to 0.2 M and 0.4 M, resulted in an impressive increase in the yield, allowing to isolate 

on 0.1 mmol the desired product in 70 and 80% yield, respectively (Entries 8 and 9). 

Interestingly, in these two last entries full conversion of the cyclopropylaniline 3.164 was 

observed. We then further increased the equivalents of 3.164 to 1.8, that allowed for a higher 

yield of 86% (Entry 10). Eventually, we tested the organic photocatalyst 4DPAIPN (3.171), 

that proved to be as efficient as 4CzIPN (3.167), allowing to isolate bicyclo[3.1.0]hexane 3.165 

in 87% on 0.3 mmol scale (Entry 11).  
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Table 28: Final optimization with organic dyes for the photoredox-mediated (3+2) annulation 

 

Entry X Y Photocat. Solvent (M) Additive Isolated yielda 

1 1.0 1.5 4CzIPn (3.167) CH3NO2 (0.1 M) - 60% 

2 1.0 1.5 4ClCzIPn (3.168) CH3NO2 (0.1 M) - < 5% 

3 1.0 1.5 4tBuCzIPn (3.169) CH3NO2 (0.1 M) - 16% 

4 1.0 1.5 4ClCzIPn (3.168) DCE (0.1 M) - 41% 

5 1.0 1.5 4tBuCzIPn (3.169) DCE (0.1 M) - 38% 

6 1.0 1.5 4BrCzIPn (3.170) DCE (0.1 M) - 44% 

7 1.0 1.5 4CzIPn (3.167) CH3NO2 (0.1 M) ZnCl2 - 

8 1.0 1.5 4CzIPn (3.167) CH3NO2 (0.2 M) - 70% 

9 1.0 1.5 4CzIPn (3.167) CH3NO2 (0.4 M) - 82% 

10 1.0 1.8 4CzIPn (3.167) CH3NO2 (0.4 M) - 86% 

11 1.0 1.8 4DPAIPN (3.171) CH3NO2 (0.4 M) - 87% (87%b) 

Reaction conditions: 0.10 mmol scale. (a) Isolated yield after purification by preparative TLC.  

This last result obtained in Table 28, entry 11 was somewhat surprising due to the rather 

different redox properties of 3.167 compared to 3.171, the latter being less oxidizing and a lot 

more reducing (E1/2 (P*/P-) = +0.9 and E1/2 (P/P-) = -1.65).178b 4DPAIPN (3.171) “was first 

reported by Zhang and Luo,180 but Zeitler and co-workers later showed that the dye used in their 

work had another structure.181 Our group was the first to access the originally proposed 

structure.178a”182 To date 4DPAIPN (3.171) was never reported as optimal photoredox catalyst 

in methodology development. Moreover, we foresaw that its milder oxidation potential would 

 
180 J. Luo, J. Zhang, ACS Catal. 2016, 6, 873–877. 
181 E. Speckmeier, T. G. Fischer, K. A. Zeitler, J. Am. Chem. Soc. 2018, 140, 15353–15365. 
182 “” The text in between is a direct quotation of our publication: B. Muriel, A. Gagnebin, J. Waser, Chem. Sci. 2019, 10, 

10716–10722. 
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make it a more general catalyst than 4CzIPN (3.167) for our scope explorations. Hence, the 

conditions described in Table 28, entry 11 were slected as optimal for this (3+2) annulation. 

3.4.4 Proposed Mechanism 

Having found optimal conditions for this transformation with model substrates 3.102 and 3.164, 

we can propose a mechanism inspired by the work of Zheng and co-workers,84 as presented in 

sub-chapter 3.1.1.2.2.2. This transformation would then start by irradiation of the photocatalyst 

I leading to its excited state II (Scheme 82). The latter can oxidize cyclopropylaniline A leading 

to radical cation IV, that undergoes a fast radical-mediated ring opening to form distonic radical 

cation V. Attack of the primary radical of V onto the cyclopropene double bond would then 

deliver cyclopropyl radical VI, that could cyclize onto the iminium to close the five-membered 

ring, hence generating radical cation VII. SET from III to VII would eventually deliver the 

desired bicyclo[3.1.0]hexane C and regenerate photocatalyst I. In addition, based on the work 

of Zheng and co-workers,85 a chain process is likely to be involved in the transformation, where 

intermediate VII would directly oxidize A to form radical cation IV and deliver the desired 

product C. 

 

Scheme 82: Putative mechanism for the photoredox-mediated (3+2) annulation of cyclopropenes 
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Cyclopropyl radicals such as VI were discussed in several reports to be highly reactive 

intermediates, likely to undergo ATRA processes or H-abstractions,183 rendering difficult the 

development of a difunctionalization reaction.  When compared to the only two previous reports 

on the radical dicarbofunctionalization of cyclopropenes,151,152 the higher yield we could obtain 

with our model reaction might be partly due to the extra stabilization of cyclopropyl radical VI 

brought by the aryl substituent of cyclopropene 3.102. Indeed, in these previous reports only 

alkyl-substituted cyclopropenes were used. In addition, we believed that the intramolecular 

nature of the second bond forming event (VI to VII) is a rather rapid process, hence limiting 

undesired reaction pathways that could have been triggered by the highly reactive cyclopropyl 

radical.  

3.4.5 Scope and Limitations 

3.4.5.1 Cyclopropenes 

With optimized conditions in hand, we started to investigate the applicability of this photoredox 

catalyzed (3+2) annulation to various types of cyclopropene substrates. We first carried the 

synthesis of 1,1-dicarbonyl substituted cyclopropenes, chosen for their straightforward 

synthesis combined with a good stability under photoredox conditions. They could be accessed 

in two to three steps, depending on the commercial availability of the corresponding α,γ-

dicarbonyl starting material (Scheme 83). Dibenzylester-substituted cyclopropene 3.174 could 

be synthesized in 64% yield over two reported steps from the corresponding malonate 3.172 by 

diazo transfer using pABSA followed by a rhodium catalyzed (2+1) cyclopropenation with 

phenylacetylene (3.12). After esterification of 3.175 with trifluoroethanol (3.176) in 33% yield, 

the same two-step protocol could be applied to malonate 3.177. Diazo compound 3.178 could 

be accessed in almost quantitative yield and was then subjected to the cyclopropenation under 

the standard conditions with acetylene 3.12, to deliver the ditrifluoroethylester-substituted 

cyclopropene 3.179 in a moderate yield of 46%. Indane-1,3-dione 3.180 could also be 

efficiently converted to the corresponding diazo derivative 3.181 in 96% yield. However, the 

cyclopropenation step turned out to be low yielding, with substrate 3.182 isolated in only 15%. 

The poor solubility of 3.181 in DCM might explain the low efficiency of this last step. 

 
183 a) H. M. Walborsky, Tetrahedron 1981, 37, 1625–1651; b) L. J. Johnston, J. C. Scaiano, K. U. Ingold, J. Am. Chem. Soc. 

1984, 106, 4877–4881. 
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Scheme 83: Synthesis of cyclopropenes 3.174, 3.179 and 3.182 

We then synthesized other types of gem-disubstituted cyclopropenes. Having already 

difluorocyclopropene 3.162 in hand (Equation 42), we synthesized dicyano-substituted 

cyclopropene 3.184 following a reported one-pot procedure involving a (2+1) cycloaddition 

between malononitrile (3.183) and phenylacetylene (3.12) mediated by PIDA (Scheme 84).184 

Despite several attempts to optimize this transformation following the reported conditions 

(different concentrations, stoichiometries and temperatures were screened) and recrystallization 

of the starting malononitrile (3.183), we could not access substrate 3.184 in a higher yield than 

25%, while the reported one was of 94% yield. We subsequently went for the synthesis of 

cyclopropenes that we believed to be more challenging partners in the photoredox-mediated 

(3+2) annulation, due to their different electronic properties compared to our model substrate 

3.102. Cyclopropenone 3.185 could be accessed through a simple procedure that we developed. 

Indeed, previous methods involved the synthesis of a cyclopropone acetal such as 3.187 in four 

steps,185 followed by removal of the acetal with amberlyst-15 to get the corresponding 

 
184 S. Lin, M. Li, Z. Dong, F. Liang, J. Zhang, Org. Biomol. Chem. 2014, 12, 1341–1350. 
185 R. Ando, T. Sakaki, T. Jikihara, J. Org. Chem. 2001, 66, 3617–3618. 
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cyclopropenone.186 Instead of these five steps, we could perform a difluoro-cyclopropenation 

of phenylacetylene 3.161 as described in Equation 42, followed after workup and removal of 

the volatiles under reduced pressure by a mild hydrolysis with dry silica in DCM under air. This 

procedure led after purification to cyclopropenone 3.185 in 91% yield. From 3.185 we could 

access cyclopropene 3.187 in 71% by an acetalization with diol 3.186. 

 

Scheme 84: Synthesis of cyclopropenes 3.184, 3.187 and cyclopropenone 3.185 

In order to evaluate the influence of different substituents on the double bond of the 

cyclopropene partner, we synthesized diester-substituted substrates from diazo malonate 3.101, 

by a Rh-catalyzed cyclopropenation of different acetylenes (Equation 45). Two aryl-substituted 

cyclopropenes could be successfully synthesized this way. Substrate 3.188 bearing a tert-butyl 

group in para position could be accessed in 72% yield, and compound 3.189 having a fluorine 

substituent in meta of the aryl group could be isolated in 56% yield. Wondering if alkyl-

substituted cyclopropenes would undergo the (3+2) annulation, we synthesized compound 

3.190 in a moderate yield of 45%. This strategy could also be applied to the synthesis of 3.191 

bearing a TMS group on its olefinic bond in 72% yield, that might allow us to access uncommon 

silylated bicyclo[3.1.0]hexanes.  

 
186 K. Hemming, M. N. Khan, V. V. R. Kondakal, A. Pitard, M. I. Qamar, C. R. Rice, Org. Lett. 2012, 14, 126–129. 
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Equation 45: Synthesis of cyclopropenes 3.188, 3.189, 3.190 and 3.191 

To further explore the influence of various substituents on the aryl moiety of different 

cyclopropenes, we prepared difluorocyclopropenes 3.192, 3.193 and 3.194 (Equation 46). 

Employing reported conditions from Hu and co-workers,176 these substrates could be 

conveniently accessed in one step from the corresponding commercial substituted 

arylacetylenes. A para-methoxy substituent led to the isolation of 3.192 in a very high yield of 

95%, cyclopropenes 3.193 and 3.194 bearing a chlorine in meta and a bromide in para positions 

could be accessed in good yields of 71% and 78%, respectively. 

 

Equation 46: Synthesis of difluorocyclopropenes 3.192, 3.193 and 3.194 

We then carried the synthesis of substrates expected to be more challenging in the radical 

mediated (3+2) annulation (Scheme 85). Cyclopropene 3.54 bearing no substituent on the 

double bond to stabilize the putative cyclopropyl radical (VI in Scheme 82), could be 

synthesized from 3.191 in one step by removal of the TMS group under basic conditions in 62% 

yield. Following a reported procedure from Gevorgyan and co-workers,187 we could also 

prepare disubstituted cyclopropene 3.196 in 37% yield by a palladium-catalyzed arylation of 

substrate 3.102, that will allow us to evaluate the effect of steric hindrance around the alkene. 

To further increase the complexity of the substitution on the double bond, we synthesized 

 
187 S. Chuprakov, M. Rubin, V. Gevorgyan, J. Am. Chem. Soc. 2005, 127, 3714–3715. 



147 

 

dicyanocyclopropene 3.198 bearing both an aromatic and an alkyl group, that could be obtained 

in a low yield of 34%. 

 

Scheme 85: Synthesis of cyclopropenes 3.54, 3.196 and 3.198 

We then engaged these substrates under our optimized conditions in the photoredox-mediated 

(3+2) annulation with cyclopropylaniline 3.164 (Equation 47). We found that cyclopropenes 

gem-disubstituted by different esters could be successfully engaged in the transformation, 

delivering the corresponding cycloadducts 3.199 and 3.200 in high yields but with no 

significant improvement in the diastereoselectivity (Equation 47, a). “Both dicyano- and 

difluoro-cyclopropenes furnished the corresponding cycloadducts 3.201 and 3.202 in high 

yields and improved diastereoselectivity. An acetal protected cyclopropenone could also be 

used as partner in the (3 + 2) cycloaddition, leading to compound 3.203 in 45% yield as a single 

diastereoisomer. Different substituents on the olefin were then investigated (Equation 47, b). 

With aryl groups, both electron-withdrawing and -donating groups were well tolerated in meta 

and para positions (products 3.204–3.208). A notable decrease in yield was only observed with 

the strongly donating para-methoxy group (3.204). Interestingly, the TMS- and un-substituted 

cyclopropenes afforded the corresponding bicyclo[3.1.0]hexanes 3.209 and 3.210 in moderate 

yields. This decrease in yield is most likely due to the lower stability of the cyclopropyl radical.” 

Unfortunately, the reaction did not proceed with indane-1,3-dione derived cyclopropene 3.182 

and cyclopropenone 3.185 (Equation 47, c). In addition, we found that having an alkyl-

substituent on the cyclopropene double bond (substrate 3.190) was not tolerated for this (3+2) 

annulation. Eventually, tetrasubstituted cyclopropenes 3.196 and 3.198 did not undergo the 

desired transformation either. It is important to note that for all the successful examples 
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presented in Equation 47, both diastereoisomers could be isolated separately after column 

chromatography. 

 

Equation 47: Scope and limitations with various cyclopropene partners. Reaction conditions: cyclopropene 

(0.30 mmol, 1.0 equiv.), 3.164 (72 mg, 0.54 mmol, 1.8 equiv.), 4DPAIPN (3.171) (12 mg, 0.015 mmol, 0.05 

equiv.) in CH3NO2 (0.75 mL) for 18 hours under blue LEDs irradiation. 

The stereochemistry of the major diastereoisomer for the obtained cycloadducts as drawn in 

Equation 47, was attributed a posteriori following the results we obtained in our product 

modification attempts (see sub-chapter 3.3.7). For the minor diastereoisomer, a X-ray crystal 

structure could be obtained for compound 3.205 as shown in Figure 19. With this result along 
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with analogies drawn from NMR analysis, we could attribute the stereochemistry of the minor 

diastereomer for all the bicyclo[3.1.0]hexanes obtained in this project. 

 

Figure 19: X-ray structure of the minor diastereoisomer of 3.205 

3.4.5.2 Cyclopropylanilines 

We performed the synthesis of diverse cyclopropylaniline partners to be engaged in the radical-

mediated (3+2) annulation (Equation 48). These substrates could be conveniently accessed in 

one step through a Buchwald-Hartwig coupling between cyclopropylamine 3.163 and the 

corresponding aryl bromide. Cyclopropylanilines bearing electron-withdrawing and -donating 

groups in para position (3.211-3.213) could be obtained in 55-76% yield. A meta-methoxy 

group was well tolerated as shown with substrate 3.214 obtained in 89% yield. However, ortho-

bromo substituted cyclopropylaniline 3.215 was obtained in a lower yield of 27%, due to the 

more challenging nature of the transformation starting from 1,3-dibromobenzene, that led to 

undesired side reactions. These conditions also delivered in a satisfying yield of 61% substrate 

3.216 bearing a 3-pyridyl group. Finally, we could also synthesize in 58% yield 

cyclopropylaniline 3.217 bearing two CF3 substituents in meta positions, as well as substrate 

3.218 bearing a 2-naphthyl group on the nitrogen in a good yield of 89%. 
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Equation 48: Synthesis of diverse aryl-substituted cyclopropylaniline substrates 

We then turned our attention to the synthesis of cyclopropylamines bearing diverse substituents 

(Scheme 86). These substrates were chosen to access more complex bicyclo[3.1.0]hexanes 

through the (3+2) annulation without adding extra diastereoisomers. Cyclopropylaniline 3.220 

bearing a methyl substituent in alpha of the nitrogen, could be accessed in one step from 3.219 

through the previously applied palladium-catalyzed C-N bond formation with bromobenzene 

(2.84), in a moderate yield of 44%. Employing classical conditions for the Kulinkovich-de 

Meijere reaction, we could access three different N-substituted cyclopropylamines from the 

corresponding formamides. Even if this substrate was unsuccessful in the methodology reported 

by Zheng and co-workers,87 we synthesized 3.222 bearing an N-methyl substituent in 56% 

yield. In case this substrate would not work in our methodology either, we also prepared 3.224 

bearing a second phenyl in 49% yield, that shall be an easier substrate to oxidize. Eventually, 

we carried out the synthesis of 4-cyclopropylmorpholine 3.226 aiming to evaluate the 

compatibility of di-alkyl N-substituted substrates in our methodology. 
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Scheme 86: Synthesis of substituted cyclopropylamines 3.220, 3.222, 3.224, 3.226. 

We then tested these substrates under our optimized conditions with cyclopropene 3.102 

(Equation 49). We found that para- and meta-substituted cyclopropylanilines were well 

tolerated in our transformation, delivering products 3.227-3.231 in 76-89% yield (Equation 49, 

a). Nevertheless, slightly lower yields were obtained for bicyclo[3.1.0]hexanes bearing 

electron-withdrawing groups (3.227 and 3.231), probably due to the higher oxidation potential 

of the starting cyclopropylanilines. Cycloadduct 3.232 bearing an heteroaromatic group on the 

nitrogen as well as 3.233 substituted by two CF3 groups in meta positions of the aniline moiety 

could be obtained in good yields of 82% and 71%, respectively. Finally, a 2-naphthyl 

substituent on the cyclopropylaniline partner was also well tolerated, with 3.234 isolated in 76% 

yield with an improved diastereoselectivity of 61:39, that might be attributed to its bulkiness. 

Regrettably, none of the substituted cyclopropylanilines (3.220, 3.222, 3.224 and 3.226) that 

we engaged in our optimized conditions delivered the corresponding substituted 

bicyclo[3.1.0]hexanes (Equation 49, b). Substrate 3.220 might have led to a detrimental 

increase of steric hindrance around the reactive centers, that may have prevented the five-

membered ring closure to happen. While substrate 3.222 was expected to be challenging as 

previously discussed, for 3.224 a lot of degradation was observed without any productive 

product formation. Eventually, the higher oxidation potential of substrate 3.226 (for instance, 

N-methylmorpholine as an oxidation potential of 1.28 V vs. SCE)91 might have prevented the 

reaction to occur, as it could be fully recovered at the end of the reaction. 
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Equation 49: Scope and limitations with various cyclopropylamine partners. Reaction conditions: 3.102 (70 

mg, 0.30 mmol, 1.0 equiv.), cyclopropylamine (0.54 mmol, 1.8 equiv.), 4DPAIPN (3.171) (12 mg, 0.015 mmol, 

0.05 equiv.) in CH3NO2 (0.75 mL) for 18 hours under blue LEDs irradiation. 

With these scope investigations, it appeared that the shortcoming of our transformation was the 

lack of diastereoselectivity for the obtained bicyclo[3.1.0]hexanes, that appeared to be substrate 

dependant. We therefore aimed to find a way to improve this diastereoselectivity of this 

photoredox-mediated (3+2) annulation. 

3.4.6 Optimization Towards a Diastereoselective Transformation 

By analysing the results of our scope explorations along with the X-Ray structure we obtained 

(Figure 19), we could propose in Scheme 87 a speculative rationalization for the 

diastereomerical outcome of the (3+2) annulation. In this proposal, two transition states (A and 

C) formed after the addition of the primary radical of the distonic radical cation onto the 

cyclopropene double bond (VI, Scheme 82), would lead to one or the other of the two observed 

diastereoisomers (B and D), depending on the sterical hindrance of the substituents on both 
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reaction partners. Indeed when we engaged cyclopropenes gem-disubstituted by substituents 

smaller than ester groups (products 3.201 and 3.202 for instance, Equation 47), we observed a 

higher selectivity for the major diastereoisomer B in which the C-N bond points upwards. In 

addition, when a cyclopropylaniline bearing a bulky aromatic group was engaged in the 

transformation, we also observed a higher dr in favor of the major diastereoisomer B (product 

3.234, Equation 47). These results would indicate a preference for a putative transition state 

such as A, where before the cyclization the iminium points upwards to limit steric interactions 

with the bulky aromatic group on the cyclopropene olefinic bond. On the other hand, when we 

engaged an unsubstituted cyclopropene in the annulation reaction, we observed a notable 

preference for the formation of the minor diastereoisomer D (product 3.210, Equation 47). We 

speculated that this would come from a preferred transition state C, where the iminium points 

downwards where in this case the environment is less sterically crowded. 

 

Scheme 87: Speculative rationalization for the diastereomerical outcome of the (3+2) annulation 

Hence, aiming to improve the diastereoselectivity of our transformation we investigated the 

possibility to use a bulky group on the nitrogen of the cyclopropylamine, that would also be 

removable from the product, for a broader synthetic utility. As a starting point we considered 

product 3.229 (Equation 49) that could be obtained in high yield with its para-methoxyphenyl 

(PMP) group attached to the nitrogen, that can potentially be removed under oxidative 

conditions. As we already observed that meta substitutions did not impact the dr significantly 

(product 3.231 for instance, Equation 49), we performed the synthesis of two 

cyclopropylanilines bearing a PMP group with additional substituents in ortho position 

(Equation 50). Using our classical set of conditions for the Buchwald-Hartwig couplings we 

could access in good yields products 3.235 and 3.236 from arylbromides chosen for their 

commercial availability. 
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Equation 50: Synthesis of cyclopropylaniline 3.235 and 3.236 

We could engage these substrates under our optimized conditions with cyclopropene 3.102 

(Equation 51). As illustrated with cycloadduct 3.237 isolated in 71% yield with a 57:43 dr, we 

observed that having one methyl substituent in ortho position did not significantly impact the 

yield or the diastereoselectivity. With two methyl substituents in ortho of the cyclopropylaniline 

partner, the yield was drastically reduced as 3.238 could only be obtained in 26% yield. 

However, the diastereoselectivity was also considerably impacted with a ratio of 84:16 in favor 

of the usual major diastereoisomer. Based on our speculative rational for the diastereochemical 

outcome of the transformation presented in Scheme 87, we decided to engage 

difluorocyclopropene 3.162 with cyclopropylaniline 3.236 in the (3+2) annulation, aiming to 

favor the formation of the major diastereoisomer by minimizing the sterical environment in the 

direction where its C-N bond is pointing. Gratifyingly, we could isolate bicyclo[3.1.0]hexane 

3.239  in a high dr of 93:7 and a moderate yield of 57%. 

 

Equation 51: Attempts towards a diastereoselective (3+2) annulation 
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Considering the importance of fluorinated analogues in medicinal chemistry,98 and the 

expedient access that our methodology provides to complex structures from starting materials 

accessed in only one step from commercial sources, we decided to optimize further the reaction 

between difluorocyclopropene 3.162 and cyclopropylaniline 3.236. This optimization consisted 

mainly in a screening of commercial photocatalysts of varying redox properties, presented in 

Figure 20 below. 

 

Figure 20: Structure and redox properties of commercial photocatalysts screened in our attempts to 

optimize the diastereoselective (3+2) annulation 

Starting with our result obtained in Equation 51 as presented in Table 29, entry 1, we then 

attempted the reaction with 4CzIPn (3.167), that also allowed for high yields in the optimization 

presented in section 3.3.3. This photocatalyst delivered the desired product in a slightly lower 

yield of 54%, isolated on 0.1 mmol (Entry 2). We then attempted to reverse the stoichiometry 

and use an excess of 2.5 equivalents of cyclopropene 3.162 with the same catalyst, which did 

not improve the outcome of the transformation (Entry 3). With our optimal stoichiometry for 

the two reaction partners, we screened the different photocatalysts presented in Figure 20. The 

highly oxidizing DCA (3.240) turned out not to be suitable for this transformation as a 

significant degradation of 3.236 could be observed and cycloadduct 3.239 could only be 
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isolated in 9% yield (Entry 4). While [Ru(bpz)3](PF6)2 (3.241) delivered the desired product in 

only 32% yield (Entry 5), the less oxidizing and more reducing [Ir(dF-CF3-ppy)2(dtbpy)]PF6 

(3.242) led to a better yield of 57% (Entry 6), comparable to our best result so far obtained with 

4DPAIPN (3.171) in entry 1. Rose Bengal (3.243) and [Ru(bpy)3](PF6)2 (3.244) did not led to 

any improvements, with bicyclo[3.1.0]hexane 3.239 isolated in 39% and 52%, respectively 

(Entries 7 and 8). [Ir(dtbbpy)(ppy)2][PF6] (3.245) however, led to a slight increase to 64% yield 

(Entry 9). Eventually, the poorly oxidizing but highly reducing fac-Ir(ppy)3 (3.246) led to a low 

yield of 26% for our desired product (Entry 10). With these results, it was gratifying that the 

product was formed and could be isolated with all the attempted catalysts, highlighting the 

robustness of the transformation and its high tolerance towards various reaction conditions. 

However, it was surprising that the redox properties of the photoredox catalysts we screened 

did not had much more influence on the outcome of the transformation, indicating the 

possibility of a chain mechanism. We then increased the equivalents of cyclopropylaniline 

3.236 to 2.5 with our three best catalyst 3.167, 3.171 and 3.245 (Entries 11 to 13). Gratifyingly, 

we could isolate 3.239 in higher yields under these three conditions, with the best results 

obtained when [Ir(dtbbpy)(ppy)2][PF6] (3.245) was used (Entry 13). It is interesting to note that 

in all the entries presented in Table 29, bicyclo[3.1.0]hexane 3.239 was obtained as a 93:7 

mixture of diastereoisomers, as estimated by 19F NMR analysis of the crude reaction mixture.  
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Table 29: Optimization of the diastereoselective (3+2) cycloaddition 

 

Entry X Y Photocat. (mol%) Isolated Yielda 

1 1.0 1.8 4DPAIPN (3.171, 5) 60% (57%b) 

2 1.0 1.8 4CzIPn (3.167, 5) 54% 

3 2.5 1.0 4CzIPn (3.167, 5) 47% 

4 1.0 1.8 DCA (3.240, 5) 9% 

5 1.0 1.8 [Ru(bpz)3](PF6)2 (3.241, 2) 32% 

6 1.0 1.8 [Ir(dF-CF3-ppy)2(dtbpy)]PF6 (3.242, 2) 57% 

7 1.0 1.8 Rose Bengal (3.243, 5) 39% 

8 1.0 1.8 [Ru(bpy)3](PF6)2 (3.244, 2) 52% 

9 1.0 1.8 [Ir(dtbbpy)(ppy)2][PF6] (3.245, 2) 64% 

10 1.0 1.8 fac-Ir(ppy)3 (3.246, 2) 26% 

11 1.0 2.5 4CzIPn (3.167, 5) 56% 

12 1.0 2.5 4DPAIPN (3.171, 5) 67% 

13 1.0 2.5 [Ir(dtbbpy)(ppy)2][PF6] (3.245, 2) 72% (73%b) 

Reaction conditions: 0.10 mmol scale. (a) Isolated yield after purification by preparative TLC. 

(b) Isolated yield on 0.3 mmol scale.  
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3.4.7 Diastereoselective Annulation with Difluorocyclopropenes 

Having found re-optimized conditions for a diastereoselective (3+2) annulation with 

cyclopropylaniline 3.236, we synthesized different difluorocyclopropenes (Equation 52). 

Employing again the reported and expedient (2+1) cycloaddition between various 

arylacetylenes and TMSCF3 as difluorocarbene precursor, we could access 3.247 in a moderate 

yield of 37%. 3.248 bearing a meta-methyl substiuent on its aryl moiety could be obtained in a 

good 78% yield. The meta-nitro substituted substrate 3.249 could be obtained in 43% yield. 

The yields obtained for 3.247 and 3.249 indicated that electron-deficient arylacetylenes are less 

reactive under these reaction conditions, with most of the starting material that could be 

recovered at the end of the reaction. 3.250 substituted by an ortho-methoxy group on its 

aromatic substituent could be obtained in a high yield of 87%. Under these conditions we could 

also access thienyl-substituted substrate 3.251 in 71% yield, as well as 3.252 bearing a bulky 

2-naphthyl group in 94% yield. 

 

Equation 52: Synthesis of difluorocyclopropene partners for the diastereoselective (3+2) annulation 

With cyclopropylaniline 3.236 as three-carbon partner, we could engage various 

difluorocyclopropenes in the diastereoselective (3+2) annulation mediated by 

[Ir(dtbbpy)(ppy)2][PF6] (3.245) as photocatalyst (Equation 53). “Difluorocyclopropenes 

bearing electron-withdrawing, as well as electron-donating groups in meta and para positions 

delivered the corresponding products 3.239–3.258 in good yields and diastereoselectivities. A 

slight decrease in yield was only observed when a strongly donating para-methoxy substituent 

was introduced (product 3.254). Ortho substitution was also tolerated as illustrated with 

cyclopropane 3.259. A thienyl-substituted difluorocyclopropene was compatible with our 
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conditions, affording the corresponding bicyclic product 3.260 in moderate yield. A bulky 2-

naphthyl substituent was also tolerated in the annulation, delivering 3.261 in a 69% yield.” 

 

Equation 53: Scope of the diastereoselective photoredox-mediated (3+2) annulation. Reaction conditions: 

difluorocyclopropene (0.30 mmol, 1.0 equiv.), 3.236 (0.14 g, 0.75 mmol, 2.5 equiv.), [Ir(dtbbpy)(ppy)2][PF6] 

(3.245) (5.5 mg, 6.0 μmol, 0.02 equiv.) in CH3NO2 (0.75 mL) for 18 hours under blue LEDs irradiation. 

3.4.8 Product Modifications 

Having explored the scope and limitations of our newly developed transformation, we looked 

into different modifications and further valorisations of our obtained bicyclo[3.1.0]hexanes. 

First, “in order to assess the preparative value of the transformation, we performed a gram scale 

experiment with compounds 3.102 and 3.164 (Equation 54). We found that at this scale a lower 

catalyst loading (2 instead of 5 mol%) along with higher concentration (0.6 instead of 0.4 M) 

allowed to get the desired product in a very good yield of 91%, with the same diastereomeric 
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ratio of 55 : 45. The two diastereoisomers of this transformation could be separated by column 

chromatography.” 

 

Equation 54: Gram-scale reaction with model substrates 3.102 and 3.164 

Starting our investigations with diastereomer 3.165a, we envisioned that these substrates could 

be engaged in classical reactions of DA cyclopropanes due to the presence of the phenyl 

substituent and the di-ester on the three-membered ring, upon activation with an appropriate 

acidic catalyst (Table 30). Penta-substituted DA cyclopropanes are highly challenging 

substrates to be engaged in intermolecular processes due to their inherent hindrance. 

Nonetheless we started our investigations by looking into a well-studied (3+2) annulation with 

benzaldehyde (3.262) under Lewis acid catalysis, that would lead to bicyclic product 3.263. 

Despite its well-established ability to activate DA cyclopropanes, the use of Sn(OTf)2 did not 

led to the formation of any new product with or without benzaldehyde (3.262) (Entries 1 and 

2), even at a higher temperature (Entry 3). However, when Sc(OTf)3 was used in DCM at 50 

°C we observed the formation of a single product that was isolated in 18% yield and 

characterized as 3.264 (Entry 4). This unexpected tricyclic compound is likely to have been 

formed upon activation of the diester that promoted an intralolecular attack of the nitrogen to 

form the corresponding amide bond. We then carried the same reaction without the annulation 

partner 3.262, and we obtained a similar yield of 22% for 3.264 (Entry 5). This encouraging 

result led us to screen different acidic sources to further activate the diester and promote the 

formation of tricyclic compound 3.264. Moreover, with this result we could confirm the relative 

stereochemistry of 3.165a and by NMR analysis analogies, of all the major diastereoisomers 

obtained in this project. 3.264 could unfortunately not be formed in the presence of triflic acid 

(Entry 6), FeCl3 in different solvent and temperatures (Entries 7 and 8) or TMSOTf (Entry 9). 
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Table 30: Attempts towards further transformations with diastereomer 3.165a 

 

Entry 3.262 Solvent T °C Acid (equiv.) Outcomea Yieldb 

1 None DCM (0.05 M) rt Sn(OTf)2 (0.1) NR - 

2 3 equiv. DCM (0.05 M) rt Sn(OTf)2 (0.1) NR - 

3 3 equiv. DCM (0.05 M) 50 °C Sn(OTf)2 (0.1) NR - 

4 3 equiv. DCM (0.05 M) 50 °C Sc(OTf)3 (0.1) 3.264 formed 18%c 

5 None DCM (0.05 M) 50 °C Sc(OTf)3 (0.1) 3.264 formed 22%c 

6 None DCM (0.1 M) rt TfOH (1.0) NR - 

7 None DCM (0.07) rt FeCl3 (1.2) NR - 

8 None CH3CN (0.1 M) 50 °C FeCl3 (1.2) NR - 

9 None DCM (0.1 M) rt TMSOTf NR - 

Reaction conditions: 0.10 mmol scale. (a) NR = No Reaction. (b) Isolated yield on 0.1 mmol after 

purification by preparative TLC. 

Hoping that the different orientation of the C-N bond in 3.165b might lead to a different 

reactivity, we screened different sets of conditions for the intermolecular (3+2) annulation with 

3.262 or 3.265 as well as for the potential formation of aziridine 3.266, coming from a possible 

intramolecular attack of the nitrogen on the neighboring quaternary all-carbon center (Table 

31). Here also, Sn(OTf)2 failed to deliver any of the expected products, with no conversion of 

3.262 observed (Entries 1 to 3). With Sc(OTf)3 we observed full conversion of 3.262, however 

no product of interest could be identified with or without the annulation partner (Entries 4 and 

5). Inspired by the report of Studer and co-workers,71 we engaged 3.165b with 20 mol% of 

MgBr2 in DCE with and without nitrosobenzene 3.265 as annulation partner (Entries 6 and 7). 

Under these conditions the starting materials were recovered, with no product of interest 

formed. We then further screened several other acids without success, as shown in entries 8 to 

11. 
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Table 31: Attempts towards further transformations with diastereomer 3.165b 

 

Entrya 3.262 or 3.265 Solvent T °C Acid (equiv.) Outcomea 

1 None DCM (0.05 M) rt Sn(OTf)2 (0.1) NR 

2 3.262 (3 equiv.) DCM (0.05 M) rt Sn(OTf)2 (0.1) NR 

3 3.262 (3 equiv.) DCM (0.05 M) 50 °C Sn(OTf)2 (0.1) NR 

4 3.262 (3 equiv.) DCM (0.05 M) 50 °C Sc(OTf)3 (0.1) Complex mixture 

5 None DCM (0.05 M) 50 °C Sc(OTf)3 (0.1) Complex mixture 

6 3.265 (1.5 equiv.) DCE (0.05 M) rt MgBr2 (0.2) NR 

7 None DCE (0.05 M) rt MgBr2 (0.2) NR 

8 None DCM (0.1 M) rt TfOH (1.0) NR 

9 None DCM (0.07) rt FeCl3 (1.2) NR 

10 None CH3CN (0.1 M) 50 °C FeCl3 (1.2) NR 

11 None DCM (0.1 M) rt TMSOTf NR 

Reaction conditions: 0.10 mmol scale; (a) NR = No Reaction.  

With limited success in the productive activation of the three membered ring of 3.165 with 

Lewis and Brønsted acids, we then turned our attention to the use of a base to favor the 

intramolecular formation of products 3.264 and 3.266 (Scheme 88). Pleasingly, in the presence 

of a slight excess of LHMDS in THF at room temperature in 20 min, full conversion of both 

3.165a and 3.165b could be reached. After purification, product 3.264 could be isolated in a 

very good yield of 87%. In addition, product 3.266 could be obtained pure after a simple 

filtration on silica gel in 95% yield. 
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Scheme 88: Base-mediated formation of products 3.264 and 3.266 

We then attempted to remove the PMP-derivative substituent on the nitrogen that allowed for 

the development of the diastereoselective version of the transformation due to its steric 

influence. Indeed, the successful removal of this aromatic group would lead to a highly valuable 

primary amine, making our methodology more synthetically useful and broadly applicable. We 

engaged bicyclo[3.1.0hexane 3.257 in a classical set of conditions for PMP-groups removal as 

shown in Equation 55. Employing an excess of ceric ammonium nitrate (CAN) in a 1:1 mixture 

of water and acetonitrile, full conversion was observed after 30 minutes at room temperature 

and product 3.267 could be isolated in 68% yield. 

 

Equation 55: Removal of the PMP-derivative under oxidative conditions 

Aiming to evaluate the ability of products such as 3.267 to undergo consecutive transformations 

without altering their core bicyclic structure, we engaged this product in two different 

transformations to further functionalize the primary amine (Scheme 89). First, we could achieve 

a Boc-protection under standard conditions using di-tert-butyl dicarbonate (Boc2O) with an 

excess of triethylamine in DCM overnight, to obtain product 3.268 in 74% yield. Then we 

attempted a reductive amination with pivaldehyde and sodium cyanoborohydride, that delivered 

the desired secondary amine 3.269 in a moderate yield of 48%.  
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Scheme 89: Further functionalizations of 3.267 

Eventually, we wanted to remove the acetal of bicyclo[3.1.0]hexane 3.203 under acidic 

conditions to access the corresponding bicyclic cyclopropanone (Scheme 90). Surprisingly, 

under mild conditions using Amberlyst in acetone, we obtained cyclopentene 3.270 in 73% 

yield. As proposed in Scheme 90, the latter might be formed through a partial acetal 

deprotection to give intermediate I. After addition of water and deprotonation, intermediate II 

would undergo a Favorskii-like rearrangement and a retro-Michael addition of the aniline group 

to give cyclopentene 3.270. 

 

Scheme 90: Unexpected acetal deprotection / Favorskii rearrangement / elimination leading to 3.270 
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3.4.9 Conclusions 

In this sub-chapter of the thesis was presented the successful development of a photoredox-

mediated (3+2) annulation of cyclopropenes with aminocyclopropanes (Equation 56). 

Throughout our efforts to optimize this transformation, we observed that the desired product 

was formed in various solvents, stoichiometries, concentrations and in the presence of most of 

the available photocatalysts. These results underline the robustness of our developed process. 

Key to attain high yields and a broad substrate scope for this transformation was the use of 

4DPAIPN as photocatalyst. To the best of our knowledge, our work was the first report to use 

4DPAIPN as optimal photocatalyst in a photoredox-mediated methodology. Under the 

optimized conditions, a broad range of cyclopropenes and cyclopropylanilines underwent the 

(3+2) annulation to give the corresponding cycloadducts in high yields. We found however that 

substituted cyclopropylanilines, alkyl- and tetra-substituted cyclopropenes were not suitable for 

the transformation. Another limitation of the transformation was its diastereoselectivity, that 

turned out to be substrate dependent. Yet, we found that combining difluorocyclopropenes with 

a cyclopropylamine N-substituted by a bulky removable aromatic group, allowed to develop a 

diastereoselective version of the transformation. 

 

Equation 56: Photoredox-mediated (3+2) annulation of cyclopropenes with aminocyclopropanes 

Additionally, this new transformation is one of the few reports for the dicarbofunctionalization 

of cyclopropenes using radical chemistry,151,152 and is also one of the first examples to 

successfully apply photoredox catalysis to cyclopropenes.152,188 Eventually, this work provides 

a new and convergent synthesis of substituted bicyclo[3.1.0]hexanes from readily available 

starting materials.189  

 

 

 

 
188 Q. Ye, H. Ye, D. Cheng, X. Li, X. Xu, Tetrahedron Lett. 2018, 59, 2546–2549. 
189 B. Muriel, A. Gagnebin, J. Waser, Chem. Sci. 2019, 10, 10716–10722. 
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3.5 Radical Amination of Cyclopropenes for the Synthesis of Quinolines, 

Tetrasubstituted Alkenyl Nitriles and Polycyclic Aromatic 

Compounds 

With the success of the radical-mediated (3+2) annulation of cyclopropenes with 

cyclopropylanilines, we believed that radical chemistry had the potential to unlock new ways 

to achieve cyclopropene functionalizations. Having as one of the main objective in this chapter 

the synthesis of substituted aminocyclopropanes from cyclopropenes, and having encountered 

limited success with palladium chemistry, we wondered if nitrogen-centered radicals could add 

onto the double bond of cyclopropenes and allow for a second functionalization to access highly 

functionalized aminocyclopropanes. To this end, we investigated the possibility to use azidyl 

radicals, known to efficiently react with alkenes due to their electrophilic nature.190 In addition, 

azides can be easily converted to the corresponding amines.191 

3.5.1 Amination Reactions by the Addition of Azidyl Radicals to Alkenes 

The use of azidation reagents has long been recognised as an efficient way to achieve amination 

reactions under radical conditions.192 A particularly efficient and well-investigated approach 

for the generation of azidyl radicals uses hypervalent iodine reagents (HIR) combined with 

commercial sources of azides such as TMSN3 or NaN3 (Scheme 91).193 Classically, it was 

proposed that in the presence of PIDA or PhIO, azide containing HIR such as I, II or V would 

be generated in situ. These highly reactive intermediates would then dissociate into iodanyl 

radical III and the desired azidyl radical IV. 

 
190 M. S. Workentin, B. D. Wagner, J. Lusztyk, D. D. M. Wayner, J. Am. Chem. Soc. 1995, 117, 119–126. 
191 E. F. V. Scriven, K. Turnbull, Chem. Rev. 1988, 88, 297–368. 
192 a) S. Bräse, C. Gil, K. Knepper, V. Zimmermann, Angew. Chem. Int. Ed. 2005, 44, 5188–5240; b) P. Panchaud, L. Chabaud, 

Y. Landais, C. Ollivier, P. Renaud, S. Zigmantas, Chem. Eur. J. 2004, 10, 3606–3614; c) S. Bräse, K. Banert, Organic Azides, 

Wiley-VCH, Weinheim, 2010; d) C. Jimeno, P. Renaud, Organic Azides: Synthesis and Applications, S. Bräse, K. Banert Eds., 

Wiley-VCH, Weinheim, 2010, 239–267; e) G. Lapointe, A. Kapat, K. Weidner, P. Renaud, Pure Appl. Chem. 2012, 84, 1633–

1641. 
193 a) M. Arimoto, H. Yamaguchi, E. Fujita, M. Ochiai, Y. Nagao, Tetrahedron Lett. 1987, 28, 6289–6292; b) R. M. Moriarty, 

R. K. Vaid, V. T. Ravikumar, B. K. Vaid, T. E. Hopkins, Tetrahedron 1988, 44, 1603–1607; c) P. Magnus, J. Lacour, J. Am. 

Chem. Soc. 1992, 114, 767–769; d) Y. Kita, H. Tohma, T. Takada, S. Mitoh, S. Fujita, M. Gyoten, Synlett 1994, 1994, 427–

428; e) D. J. Chen, Z. C. Chen, Tetrahedron Lett. 2000, 41, 7361–7363; f) C. M. Pedersen, L. G. Marinescu, M. Bols, Org. 

Biomol. Chem. 2005, 3, 816–822. 
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Scheme 91: Classsical approaches towards the formation of azidyl radical with HIR 

The addition of azidyl radicals to alkenes was discovered in the 1970s.194 However, this 

approach was not much investigated until 2013,195 when Studer and co-workers highlighted the 

usefulness of such transformations by reporting an azidooxygenation of alkenes employing 

ABX (3.271) (Equation 57).196 The ABX (3.271) reagent was discovered by Zhdankin and co-

workers,197 and first applied to C-H azidation reactions.198 Combined with TEMPONa (3.272) 

as reducing and trapping agent, Studer and co-workers could efficiently use ABX (3.271) for 

the generation of azidyl radicals, and access difunctionalized alkenes. 

 

Equation 57: Radical azidooxygenation of alkenes reported by Studer and co-workers 

This report by Studer and co-workers paved the way to an intense field of research where 

various reaction conditions could be developed for the addition of azidyl radicals to alkenes 

starting from NaN3, ABX (3.271) or TMSN3 as azide source (Scheme 92). This strategy could 

 
194 a) E. Zbiral, G. Nestler, Tetrahedron 1970, 26, 2945-2951; b) W. S. Trahanovsky, M. D. Robbins, J. Am. Chem. Soc. 1971, 

93, 5256–5258; c) J. Ehrenfreund, E. Zbiral, Tetrahedron 1972, 28, 1697-1704; d) J. Ehrenfreund, E. Zbiral, Liebigs Ann. 

Chem. 1973, 2, 290–300; e) R. U. Lemieux, R. M. Ratcliffe, Can. J. Chem. 1979, 57, 1244–1251. 
195 a) a) M. Tingoli, M. Tiecco, D. Chianelli, R. Balducci, A. Temperini, J. Org. Chem. 1991, 56, 6809–6813; b) P. Magnus, 

M. B. Roe, C. Hulme, J. Chem. Soc. Chem. Commun. 1995, 263; c) P. V. Chouthaiwale, P. U. Karabal, G. Suryavanshi, A. 

Sudalai, Synthesis, 2010, 22, 3879–3882. 
196 B. Zhang, A. Studer, Org. Lett. 2013, 15, 4548–4551. 
197 V. V. Zhdankin, C. J. Kuehl, A. P. Krasutsky, M. S. Formaneck, J. T. Bolz, Tetrahedron Lett. 1994, 35, 9677–9680. 
198 V. V. Zhdankin, A. P. Krasutsky, C. J. Kuehl, A. J. Simonsen, J. K. Woodward, B. Mismash, J. T. Bolz, J. Am. Chem. Soc. 

1996, 118, 5192–5197. 
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be exploited for the development of a wide array of difunctionalization reactions of alkenes 

such as carboazidations,199 hydroazidations,200 haloazidations,201 oxyazidations202 and amino- 

or diazidations.203 

 

Scheme 92: Azidyl radicals for the difunctionalization of alkenes 

Of particular interest for this project, Greaney and co-workers reported in 2015 the first 

photoredox catalyzed generation of an azidyl radical using Cu(dap)2Cl as catalyst and ABX 

(3.271) as azide source, under visible light irradiation (Equation 58).204 In this work diverse 

 
199 a) K. Matcha, R. Narayan, A. P. Antonchick, Angew. Chem. Int. Ed. 2013, 52, 7985–7989; b) Z. M. Chen, Z. Zhang, Y. Q. 

Tu, M. H. Xu, F. M. Zhang, C. C. Li, S. H. Wang, Chem. Commun. 2014, 50, 10805–10808; c) L. Xu, X. Q. Mou, Z. M. Chen, 

S. H. Wang, Chem. Commun. 2014, 50, 10676–10679 ; d) W. Kong, E. Merino, C. Nevado, Angew. Chem. Int. Ed. 2014, 53, 

5078–5082; e) N. Fuentes, W. Kong, L. Fernández-Sánchez, E. Merino, C. Nevado, J. Am. Chem. Soc. 2015, 137, 964–973; f) 

W. Kong, N. Fuentes, A. García-Domínguez, E. Merino, C. Nevado, Angew. Chem. Int. Ed. 2015, 54, 2487–2491; g) A. F. 

Wang, Y. L. Zhu, S. L. Wang, W. J. Hao, G. Li, S. J. Tu, B. Jiang, J. Org. Chem. 2016, 81, 1099–1105; h) N. Wang, L. Li, Z. 

L. Li, N. Y. Yang, Z. Guo, H. X. Zhang, X. Y. Liu, Org. Lett. 2016, 18, 6026–6029; i) Z. Wu, R. Ren, C. Zhu, Angew. Chem. 

2016, 128, 10979–10982; j) L. Li, Q. S. Gu, N. Wang, P. Song, Z. L. Li, X. H. Li, F. L. Wang, X. Y. Liu, Chem. Commun. 

2017, 53, 4038–4041; k) Z. Liu, Z. Q. Liu, Org. Lett. 2017, 19, 5649–5652; l)  D. Wang, F. Wang, P. Chen, Z. Lin, G. Liu, 

Angew. Chem. Int. Ed. 2017, 56, 2054–2058; m) B. Yang, X. Ren, X. Shen, T. Li, Z. Lu, Chinese J. Chem. 2018, 36, 1017–

1023; n) J. Chen, S. Zhu, J. Qin, L. Chu, Chem. Commun. 2019, 55, 2336–2339; o) Y. Du, Y. Chen, Y. L. Liu, W. Qin, Z. Li, 

Synth. 2020, 52, 2395–2409 ; p) Y. Yang, C. H. Xu, Z. Q. Xiong, J. H. Li, Chem. Commun. 2020, 56, 9549–9552. 
200 a) G. H. Lonca, D. Y. Ong, T. M. H. Tran, C. Tejo, S. Chiba, F. Gagosz, Angew. Chem. Int. Ed. 2017, 56, 11440–11444; b) 

H. Li, S. J. Shen, C. L. Zhu, H. Xu, J. Am. Chem. Soc. 2019, 141, 9415–9421. 
201 a) Z. Li, C. Zhang, L. Zhu, C. Liu, C. Li, Org. Chem. Front. 2014, 1, 100–104; b) T. Hiraoka, S. Yano, S. Hara, Synth. 2016, 

48, 1353–1358; c) L. Chen, H. Xing, H. Zhang, Z. X. Jiang, Z. Yang, Org. Biomol. Chem. 2016, 14, 7463–7467. 
202 a) L. Zhu, H. Yu, Z. Xu, X. Jiang, L. Lin, R. Wang, Org. Lett. 2014, 16, 1562–1565; b) H. Yin, T. Wang, N. Jiao, Org. Lett. 

2014, 16, 2302–2305; c) R. Zhu, S. L. Buchwald, J. Am. Chem. Soc. 2015, 137, 8069–8077; d) X. Sun, X. Li, S. Song, Y. Zhu, 
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styrene derivatives underwent the desired oxyazidation in 34-96% yield, employing for the 

most part methanol as both solvent and nucleophile for the reaction. The main drawback of the 

transformation was the need for an excess of the olefinic partner (5 equivalents) and of the 

nucleophile (10 equivalents) when the solvent was not used as such. 

 

Equation 58: First report of photoredox-mediated generation of azidyl radicals for alkene 

functionalization reported by Greaney and co-workers 

Besides our growing expertise in the field of photoredox catalysis,178,205 the radical azidation of 

alkenes is a recent line of research in our group.206 In 2017, we reported the divergent synthesis 

of (1,1) and (1,2)-azidolactones from alkenes bearing tethered carboxylic acids using azide-

containing hypervalent iodine reagents (Equation 59).206a Under photoredox conditions, 

employing Cu(dap)2Cl as photocatalyst and ABX (3.271) as the azide source, (1,2)-

azidolactones were selectively obtained in 35-94% yield.  

 

Equation 59: Synthesis of (1,2)-azidolactones by radical azidation of alkenes under photoredox conditions 

Inspired by different reports, 199d-f,201c,203d,207 a possible mechanism for the transformation would 

start by the photo-excitation of the copper catalyst I upon irradiation leading to complex II 

(Scheme 93). The latter can reduce ABX by SET leading to carboxylate A, the free azide radical 

and oxidized complex III. Upon addition of the azide radical to the double bond of IV, 

intermediate V is formed containing a C-centered radical that can then be oxidized to the 

 
205 a) F. Le Vaillant, T. Courant, J. Waser, Angew. Chem. Int. Ed. 2015, 54, 11200–11204; b) F. Le Vaillant, M. D. Wodrich, 

J. Waser, Chem. Sci. 2017, 8, 1790–1800; c) F. Le Vaillant, J. Waser, Chimia. 2017, 71, 226–230; d) M. M. Wang, J. Waser, 

Angew. Chem. Int. Ed. 2020, 59, 16420–16424; f) S. G. E. Amos, S. Nicolai, J. Waser, Chem. Sci. 2020, DOI 

10.1039/d0sc03655b. 
206 a) S. Alazet, F. Le Vaillant, S. Nicolai, T. Courant, J. Waser, Chem. Eur. J. 2017, 23, 9501–9504; b) S. Alazet, J. Preindl, 

R. Simonet-Davin, S. Nicolai, A. Nanchen, T. Meyer, J. Waser, J. Org. Chem. 2018, 83, 12334–12356. 
207 P. T. G. Rabet, G. Fumagalli, S. Boyd, M. F. Greaney, Org. Lett. 2016, 18, 1646–1649. 



170 

 

corresponding carbocation by complex III, regenerating the photocatalyst. Intermediate VI 

would then undergo a cyclization leading to the desired difunctionalized product B. 

 

Scheme 93: Speculative mechanism for the photoredox-mediated oxy-azidation 

One year later, our group reported an azidation / ring-expansion of alkene-substituted silylated 

cyclobutanols (Scheme 94).206b This transformation follows a similar mechanism that the one 

described in Scheme 93, except that after radical azidation of the alkene to form I and further 

oxidation of the obtained C-centered radical to II, a 1,2-shift occurs to deliver the ring-expanded 

product. In this work, new azido-containing HIR ABZ (3.273) and tBuABX (3.274) were 

introduced for their improved safety profile compared to the usual classical ABX (3.271). 

Amongst these new reagents, ABZ (3.273) was found optimal for the azidation-ring expansion, 

exhibiting a similar reactivity to ABX (3.271) while being safer to handle. The transformation 

proceeded smoothly with only 1.2 equivalent of ABZ (3.273) in the presence of Cu(dap)2Cl as 

photocatalyst under green LED irradiation in acetonitrile. The scope was quite broad, with a 

variety of aryl groups that were compatible in the transformation, and one example of oxetane 

and azetidine derivatives. 



171 

 

 

Scheme 94: Tandem radical azidation-ring expansion of silylated cyclobutanols 

With these examples the straightforward addition of an azidyl radical onto a C-C double bond 

appears as an efficient way to achieve C-N bond formation and has allowed for the development 

of a plethora of difunctionalization reactions. Moreover, the use of photoredox catalysis was 

shown to enable a mild generation of azidyl radicals. Hence, we were willing to apply these 

types of processes to cyclopropenes, hoping to achieve the unprecedented addition of N-

centered radical to their double bond. 

3.5.2 Reaction Discovery  

Building upon the previous developments in our group on the radical azidation of olefins,206 as 

presented in section 3.5.1, we began our investigations by the synthesis of the hypervalent-

iodine based azidation reagent ABX (3.271) as shown in Scheme 95.208 The latter could be 

obtained through a reported and well-established procedure in three steps from 2-iodo benzoic 

acid (3.275). After an oxidation step to access benziodoxolone 3.276, an acylation with acetic 

anhydride was performed to give BI-OAc (3.277) in high yield. Compound 3.277 is then reacted 

with trimethylsilyl azide in presence of catalytic amounts of trimethylsilyl triflate in 

dichloromethane to deliver the desired reagent 3.271 in a good yield of 75%. It is to note that 

the synthesis of ABX (3.271) could only be carried out on small scale due to safety concerns.206b 

 

Scheme 95: Synthesis of the hypervalent-iodine based azidation reagent ABX (3.271) 

 
208 M. V. Vita, J. Waser, Org. Lett. 2013, 15, 3246-3249. 
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With no precedents on the radical azidation of cyclopropenes, we started from the conditions 

described by Greaney and co-workers,204 hoping to achieve an oxy-azidation of cyclopropene 

3.99 by trapping of a putative cyclopropyl carbocation with methanol (Equation 60). Employing 

Cu(dap)2Cl as photoredox catalyst under blue LED irradiation, full conversion of 3.99 was 

observed, however the expected product 3.278 was not formed. Instead, two new products were 

isolated, that were identified as alkenyl nitrile 3.279 and quinoline 3.280. 

 

Equation 60: First attempt at the radical azidation of cyclopropene 3.99 

This surprising result, arising from an unexpected ring opening of the strained carbocycle 

encouraged us to investigate further this new transformation, hoping to favour the selective 

formation of one or the other of the two products. Due to the explosion potential of the ABX 

reagent (3.271),206b we performed the synthesis of azide containing HIR that were developed in 

our group for their safer profile (Scheme 96). tBuABX (3.274) could be accessed in five steps 

from 1-(tert-butyl)-4-methylbenzene (3.281). After a reported iodination and benzylic 

oxidation, 3.283 was engaged in an oxidative cyclization delivering benziodoxolone 3.284 in 

88% yield. Eventually, the previously optimized conditions for acetylation and azidation could 

be successfully applied to 3.284, leading in high yields to tBuABX (3.274). ABZ (3.273), the 

nitrogen-containing derivative of ABX 3.273 was also synthesized according to an efficient 

three-steps procedure optimized in our group. Starting from 2-iodo benzoic acid (3.275), a 

sequential chlorination of the carboxylic acid moiety followed by amide bond formation 

delivered 3.286 in almost quantitative yield. Then, hypervalent iodine intermediate 3.287 could 

be accessed by a one-pot oxidative cyclization and acetylation in a moderate yield of 39%. 

Finally, the typical procedure for azidation could then deliver the desired ABZ (3.273) reagent 

in 78% yield. 
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Scheme 96: Synthesis of tBuABX (3.274) and ABZ (3.273) 

These two safer azidation reagents were then tested in our transformation with cyclopropene 

3.99 (Table 32). With both, full conversion was reached under our initial conditions (Entries 1 

and 2), and products 3.279 and 3.280 were also formed as observed with ABX (3.271). With 

ABZ (3.273), the reaction profile was cleaner, and a slightly higher yield for the two products 

could be observed. In addition, the synthesis of ABZ (3.273) is more straightforward than the 

one of tBuABX (3.274), and it was shown to be a safer reagent.206b ABZ (3.273) was therefore 

chosen as azidation reagent to continue our investigations. Due to the success of organic dyes 

as photocatalyst in our group,189,205d,e,g we changed the copper-based photocatalyst for 4CzIPN 

(3.167) (Entry 3), and we were pleased to find that only the quinoline derivative 3.280 was 

formed in 31% yield. We then reduced the equivalents of the azidation reagent from 2.0 to 1.4 

(Entry 4), and we could obtain a similar result, with 3.280 isolated in 23% yield, and no sign of 

the tetrasubstituted stilbene 3.279. 
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Table 32: Initial screening of azide source, catalyst and stoichiometry in the amination of cyclopropene 3.99 

 

Entry IIII-N3 X Photocat. (X mol%) Yield of 3.279a Yield of 3.280a 

1 tBuABX (3.274) 2.0 Cu(dap)2Cl (1) 62% 8% 

2 ABZ (3.273) 2.0 Cu(dap)2Cl (1) 68% 12% 

3 ABZ (3.273) 2.0 4CzIPN (3.167, 5) - 31% 

4 ABZ (3.273) 1.4 4CzIPN (3.167, 5) - 26% (23%b) 

Reaction conditions: 0.10 mmol scale. (a) Yields estimated by 1H NMR of the crude reaction mixture using 

dibromomethane as internal standard, 1:1.18 Z:E mixture. (b) Isolated yield on 0.1 mmol scale after purification 

by preparative TLC. 

While the two products formed in this new transformation can potentially be interesting, the 

latest result we obtained encouraged us to optimize the selective formation of the quinoline 

derivative 3.280. 

3.5.3 Attempts to Optimize the Synthesis of Substituted Quinolines 

Starting from the conditions depicted in Table 32, entry 4, we screened several solvents aiming 

to improve the yield of quinoline 3.280 (Table 33). In acetonitrile (Entry 1), the reaction profile 

was cleaner than in methanol, and the yield of 3.280 was increased up to 37%. While DCM also 

led to an increase in yield to 40% (Entry 2), THF turned out to not be suitable for the 

transformation, with 3.280 formed in only 8% (Entry 3). As shown with entries 4 and 5, DCE 

and toluene also delivered the desired quinoline derivative in higher yields than methanol, with 

in these cases as well, less side reactivity observed. DCE allowing so far for the highest yield it 

was chosen to continue our investigations. We could then test several of our organic dyes as 

photocatalysts in the transformation (Entries 6 to 9). Surprisingly, the yields obtained for 3.280 

were all in the same range (38-41%) despite the varying redox potentials of these different 

catalysts. This observation led us to question the role of the photocatalyst in this transformation. 

Indeed, it might only play the role of initiator in this radical process, we therefore lowered the 

catalyst loading of 4CzIPn (3.167) from 5 to 2 mol% (Entry 10) and found that it did not impact 

the yield. We then attempted the reaction in absence of photocatalyst (Entry 11), and we could 

still observe the formation of 3.280 in 45 %. This result seemed to indicate at this point that the 
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ABZ (3.273) reagent would be able to initiate this radical process only by photoactivation, 

leading to an homolysis of the iodine-azide bond.209 We then varied the equivalents of ABZ 

(3.273) to see its impact on the transformation. Lowering the equivalents to 1.1 led to a small 

decrease in yield to 38% (Entry 12). However, increasing the equivalents to 2.0 (Entry 13) led 

to a similar result than the one obtained in entry 11.  

Table 33: Screening of solvents, photocatalysts and stoichiometry with cyclopropene 3.99 

 

Entry X Photocat. (X mol%) Solvent Yield of 3.280a 

1 1.4 4CzIPN (3.167, 5) CH3CN 37% 

2 1.4 4CzIPN (3.167, 5) DCM 40% 

3 1.4 4CzIPN (3.167, 5) THF 8% 

4 1.4 4CzIPN (3.167, 5) DCE 42% 

5 1.4 4CzIPN (3.167, 5) Toluene 35% 

6 1.4 4ClCzIPN (3.168, 5) DCE 38% 

7 1.4 4BrCzIPN (3.170, 5) DCE 36% 

8 1.4 4tBuCzIPn (3.169, 5) DCE 36% 

9 1.4 4DPAIPN (3.171, 5) DCE 41% 

10 1.4 4CzIPN (3.167, 2) DCE 41% 

11 1.4 - DCE 45% 

12 1.1 - DCE 38% 

13 2.0 - DCE 44% 

Reaction conditions: 0.10 mmol scale. (a) Yields estimated by 1H NMR of 

the crude reaction mixture using dibromomethane as internal standard. 

 
209 M. Nakajima, S. Nagasawa, K. Matsumoto, T. Kuribara, A. Muranaka, M. Uchiyama, T. Nemoto, Angew. Chem. Int. Ed. 

2020, 59, 6847–6852. 
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Several control experiments were then performed, aiming to better understand this new 

transformation (Table 34). As full conversion of the starting cyclopropene 3.99 was observed 

in all the conditions attempted so far, we first wanted to make sure that this substrate did not 

decompose under blue LED irradiation (Entry 1). Gratifyingly, after overnight irradiation in 

DCE, 3.99 could be fully recovered without any sign of decomposition. Then, we carried the 

reaction under air (Entry 2), as oxygen was often reported to be a good enough oxidant in 

different methodologies for the synthesis of quinoline derivatives.210 In our case however, 

carrying the transformation under air led to a complex mixture of products, with no formation 

of 3.280. To be then sure that the reaction needed light to proceed, and hence that the 

transformation was a radical process, we carried the reaction in the dark (Entry 3), and we could 

fully recover the starting cyclopropene. When a new batch of ABZ (3.273) reagent was engaged 

in our so far best conditions, the reaction did not proceed and cyclopropene 3.99 was recovered 

(Entry 4). When comparing the two NMR data for the new and old batch of ABZ (3.273), we 

realized that the new one was of higher purity. Hence this observed loss of reactivity was likely 

to be due to the need of traces of radical initiator such as 3.287 for the reaction to proceed, as 

previously observed in several reports.205g, 211 We therefore performed again the reaction in the 

conditions of Table 33, entry 11, with the new ABZ (3.273) batch and with the addition of 20 

mol% of BI-OAc (3.277). Gratifyingly, these conditions delivered the desired quinoline 

derivative 3.280, in 42% yield (Entry 5). 

 

 

 

 

 

 

 

 
210 J. Cen, J. Li, Y. Zhang, Z. Zhu, S. Yang, H. Jiang, Org. Lett. 2018, 20, 4434–4438. 
211 H. Huang, G. Zhang, L. Gong, S. Zhang, Y. Chen, J. Am. Chem. Soc. 2014, 136, 2280–2283. 
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Table 34: Control experiments in the radical amination of 3.99 to give quinoline 3.280 

 

Entry Comment Outcomea 

1 No ABZ SM recovered 

2 Under air Complex mixture 

3 In the dark SM recovered 

4 New ABZ batch SM recovered 

5 New ABZ batch + 20 mol% BI-OAc 42% yield of 3.280 

Reaction conditions: 0.10 mmol scale. (a) Yields estimated by 1H NMR of the crude 

reaction mixture using dibromomethane as internal standard. 

At this point, we evaluated the influence of different bases on the reaction outcome (Table 35). 

While K2CO3 and K2HPO4 did not change the yield for the formation of 3.280 (Entries 1 and 

2), Cs2CO3 led to a decrease in yield to 14% (Entry 3). Weaker organic bases were then tested 

as shown in entries 4 and 5. With 2,6-lutidine the yield of the transformation remained 

unchanged, however a slight increase in yield was observed when pyridine was used, up to 

47%. KOAc and KOBz were then attempted as weaker inorganic bases (Entries 6 and 7), but 

with no positive impact on the yield. 
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Table 35: Oxidant and base screening in the radical amination of 3.99 towards quinoline 3.280 

 

Entry Base Yield of 3.280a 

1 K2CO3 34% 

2 K2HPO4 35% 

3 Cs2CO3 14% 

4 2,6-Lutidine 42% 

5 Pyridine 47% 

6 KOAc 39% 

7 KOBz 42% 

Reaction conditions: 0.10 mmol scale. (a) Yields estimated by 1H NMR of the 

crude reaction mixture using dibromomethane as internal standard. 

As the use of an additional base did not impact significantly the outcome of the transformation, 

we investigated the effect of concentration and light source on the transformation (Table 36). 

We observed that diluting the reaction mixture to 0.05 M (Entry 1) or concentrating to 0.2 M 

(Entry 2) did not change the yield of 3.280. While so far full conversion of cyclopropene 3.99 

was observed in all our attempts, switching to green LEDs irradiation (Entry 3) led to a low 

yield of 6% for the desired product but also to a low conversion of the starting material of 23%. 

Under UV irradiation in a Rayonet reactor (Entry 4), the product could be formed in 29% yield, 

with 80% conversion of 3.99. Eventually, we tested the reaction under irradiation with CFL 

light bulbs as a broad emission light source (Entry 5), which resulted in a comparable result 

than the one obtained with the blue LEDs strips. 
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Table 36: Dilution and light source screening in the radical amination of 3.99 to give quinoline 3.280 

 

Entry Dilution Light Source Yield of 3.280a Conversion of 3.99b 

1 0.05 M Blue LEDs 465 nm 42% Full 

2 0.2 M Blue LEDs 465 nm 39% Full 

3 0.1 M Green LEDs 525 nm 6% 23% 

4 0.1 M UVc 365 nm 29% 80% 

5 0.1 M 13 W CFL 32% Full 

Reaction conditions: 0.10 mmol scale. (a) Yields estimated by 1H NMR of the crude reaction 

mixture using dibromomethane as internal standard. (b) Conversion estimated by analysis of 

the crude 1H NMR spectrum. (c) Reaction performed in a Rayonet reactor. 

With these last results, having BI-OAc (3.277) as initiator for the reaction was believed to be 

limiting for our optimization. Using a clean batch of ABZ (3.273) in the absence of BI-OAc 

(3.277), we explored the possibility to use a photocatalyst to promote the reaction under green 

LED irradiation (Table 37). This wavelength was chosen considering the result obtained in 

Table 36, Entry 3 hoping that trace amounts of impurities in the HIR reagent would not initiate 

the transformation. Starting with 1 mol% of Cu(dap)2Cl (Entry 1), the tetrasubstituted alkenyl 

nitrile product 3.279 was formed preferentially. This result is like the one obtained in Table 32, 

entry 2 where blue LEDs were used. With the organic dyes 4DPAIPN (3.171) and 4CzIPN 

(3.167) (Entries 2 and 3), only moderate conversions of the starting cyclopropene were 

observed, and both products were formed in low yields. We then switched to ruthenium-based 

photocatalysts, known to have an absorption wavelength still compatible with green LEDs 

irradiation, even though not optimal.143a [Ru(bpy)3][Cl]2(H2O)6 allowed for a good overall 

reactivity and a clean reaction profile (Entry 4), with 3.279 and 3.280 formed in 31% and 68%, 

respectively. [Ru(bpz)3][PF6]2 (3.241) turned out to be the first catalyst to allow for the 

preferential formation of the quinoline product in 35% yield (Entry 5), however alkenyl nitrile 

3.279 was also formed in 21% and full conversion was reached. While a good reactivity could 

also be observed with [Ru(bpm)3][Cl]2 (Entry 6), this photocatalyst also failed to favour the 

formation of quinoline 3.280 in good yield. Common organic dyes were then tested for their 
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ability to efficiently absorb light in the 500 nm range (Entries 7 to 9).143b With Rose Bengal 

(3.243) (Entry 7), full conversion was reached, but no improvement in the selectivity towards 

the quinoline product 3.280 could be observed. Eosin Y and fluorescein (Entries 8 and 9) did 

not allow to achieve full conversion, and the two products 3.279 and 3.280 were formed in low 

yields.  

Table 37: Photocatalyst screening under green LEDs irradiation for the synthesis of quinoline 3.280 

 

Entry Photocat. (X mol%) 
Yield of 

3.280a 

Yield of 

3.279a 

Conversion of 

3.99b 

1 Cu(dap)2Cl (1) 14% 71% Full 

2 4DPAIPN (3.171, 5) 9% 10% 36% 

3 4CzIPN (3.167, 5) 13% 7% 42% 

4 [Ru(bpy)3][Cl]2(H2O)6 (2) 31% 68% Full 

5 [Ru(bpz)3][PF6]2 (3.241, 2) 35% 21% Full 

6 [Ru(bpm)3][Cl]2 (2) 36% 43% Full 

7 Rose Bengal (3.243, 5) 26% 51% Full 

8 Eosin Y (5) 15% 8% 53% 

9 Fluorescein (5) 6% 7% 15% 

Reaction conditions: 0.10 mmol scale. (a) Yields estimated by 1H NMR of the crude reaction mixture using 

dibromomethane as internal standard. (b) Conversion estimated by analysis of the crude 1H NMR spectrum. 

As this strategy to optimize the formation of quinoline 3.280 under green LED irradiation 

proved to be unfruitful, we investigated a new photocatalytic system using TMSN3 as 

convenient and commercial source of azide radical in presence of air as oxidant (Table 38).212 

This strategy proved at first to be efficient, as shown with entry 1. Employing 

[Ir(dtbbpy)(ppy)2](PF6)2 (3.245) as photocatalyst under air and blue LEDs irradiation, the 

 
212 a) J. J. Wang, W. Yu, Chem. Eur. J. 2019, 25, 3510–3514; b)  P. Wang, Y. Luo, S. Zhu, D. Lu, Y. Gong, Adv. Synth. Catal. 

2019, 361, 5565–5575. 
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desired quinoline was formed as the only product with full conversion of cyclopropene 3.99. 

However, other iridium-based photocatalysts that we tested (Entries 2 to 6) were less efficient 

with 3.280 formed in lower yields. We then tried two ruthenium-based photocatalysts (Entries 

7 and 8) as well as Cu(dap)2Cl (Entry 9), that did not allow for any conversion of the starting 

material 3.99. Different organic dyes developed and studied in our group were then tested 

(Entries 10 to 14), with no improvement in the yield of 3.280, that remained lower than the one 

obtained with [Ir(dtbbpy)(ppy)2](PF6)2 (3.245). With the later, we attempted to add a diluted 

solution of cyclopropene 3.99 dropwise over 10 hours to the reaction mixture, aiming to prevent 

its degradation. As shown with entry 15, this allowed for only a slight improvement in yield for 

the desired product. Finally, we tried to add a diluted solution of TMSN3 dropwise over 10 

hours to the reaction mixture (Entry 16). Unfortunately, this last attempt did not lead to any 

notable improvement. 
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Table 38: Photocatalyst screening with TMSN3 for the synthesis of quinoline 3.280 

 

Entry Photocat. (X mol%) Yield of 3.280a Conversion of 3.99b 

1 [Ir(dtbbpy)(ppy)2](PF6)2 (3.245, 2) 26% 82% 

2 [Ir(dF-CF3-ppy)2(dtbpy)]PF6 (3.242, 2) 9% Full 

3 [Ir(dF(Me)ppy)2(dtbbpy)]PF6 (2) 12% 85% 

4 Ir(ppy)3 (3.246, 2) 5% 25% 

5 fac-[Ir(dFppy)3] (2) - - 

6 Ir(p-CF3-ppy)3 (2) 7% 53% 

7 [Ru(bpy)3][Cl]2(H2O)6 (2) - - 

8 [Ru(bpm)3][Cl]2 (2) - - 

9 Cu(dap)2Cl (1) - - 

10 4DPAIPN (3.171, 5) 6% 15% 

11 4CzIPN (3.167, 5) 19% 65% 

12 4ClCzIPN (3.168, 5) 4% 16% 

13 4BrCzIPN (3.170, 5) 20% 64% 

14 4tBuCzIPN (3.169, 5) 20% 65% 

15c [Ir(dtbbpy)(ppy)2](PF6)2 (3.245, 2) 31% 91% 

16d [Ir(dtbbpy)(ppy)2](PF6)2 (3.245, 2) 33% 94% 

Reaction conditions: 0.10 mmol scale. (a) Yields estimated by 1H NMR of the crude reaction 

mixture using dibromomethane as internal standard. (b) Conversion estimated by analysis of the 

crude 1H NMR spectrum. (c) A 0.1 M solution of cyclopropene 3.99 was added over 10 hours. 

(d) A 0.1 M solution of TMSN3 in CH3CN was added over 10 hours. 

With these difficulties encountered in the optimization of the quinoline synthesis under various 

conditions involving photoredox catalysis or direct excitation of HIR, we decided to investigate 

more simple systems for the generation of azide radicals (Table 39). Starting with classical 
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conditions involving 2 equivalents of the commercial TMSN3 and PIDA (Entry 1), we could 

observe the formation of quinoline 3.280 and alkenyl nitrile 3.279 in 34% and 30%, 

respectively. Carrying the reaction at 0 °C (Entry 2) or 40 °C (Entry 3) did not allow to favour 

the formation of one or the other of the two products. We then attempted to make a dropwise 

addition of the TMSN3 over 2 hours (Entry 4) that also led to a similar result. Decreasing the 

equivalents of PIDA from 2.0 to 1.2 (Entry 5), did not impact either the outcome of the 

transformation. Moreover, the more oxidizing PIFA led to a lot of decomposition, and the sole 

formation of product 3.279 in 15% yield (Entry 6). Inspired by several reports in which the 

addition of copper catalysts could improve the yield of transformations involving a combination 

of PIDA and TMSN3,
213 we added 10 mol% of CuCl2 to our system (Entry 7). These reaction 

conditions led to the formation of tetrasubstituted alkenyl nitrile 3.279 as the only product in a 

remarkably high yield of 94%. Under the same conditions it was found that 30 minutes only 

were required to reach full conversion, with 3.279 formed in a similar yield of 92% (Entry 8). 

We could fine-tune these conditions by lowering the catalyst loading from 10 to 5 mol%, and 

the equivalents of both PIDA and TMSN3 from 2.0 to 1.8. Under these conditions, stilbene 3.279 

was formed in 90% yield, and could be isolated in 88% yield on 1.6 mmol scale. Eventually, 

we engaged the hypervalent iodine reagent ABZ (3.273) with 10 mol% of CuCl2 and found that 

the alkenyl nitrile product 3.279 was here also the only product formed in 74% yield. 

 

 

 

 

 

 

 

 
213 a) X. F. Xia, Z. Gu, W. Liu, H. Wang, Y. Xia, H. Gao, X. Liu, Y. M. Liang, J. Org. Chem. 2015, 80, 290–295; b) Z. Wu, P. 

Xu, N. Zhou, Y. Duan, M. Zhang, C. Zhu, Chem. Commun. 2017, 53, 1045–1047; c) H. Ma, X. Zhang, L. Chen, W. Yu, J. 

Org. Chem. 2017, 82, 11841–11847. 
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Table 39: Final investigations towards the radical amination of cyclopropene 3.99 

 

Entry 
Azide  

Source (X) 
T (° C) Time 

Oxidant 

(equiv.) 
Z 

Yield of 

3.280a 

Yield of 

3.279a 

1 TMSN3 (2) rt O/N PIDA (2) - 34% 30% 

2 TMSN3 (2) 0 O/N PIDA (2) - 37% 17% 

3 TMSN3 (2) 40 O/N PIDA (2) - 36% 27% 

4b TMSN3 (2) rt O/N PIDA (2) - 37% 12% 

5 TMSN3 (2) rt O/N PIDA (1.2) - 38% 19% 

6 TMSN3 (2) rt O/N PIFA (2) - - 15% 

7 TMSN3 (2) rt O/N PIDA (2) 10 - 94% 

8 TMSN3 (2) rt 30’ PIDA (2) 10 - 92% 

9 TMSN3 (1.8) rt 30’ PIDA (1.8) 5 - 
90%  

(88%c) 

10 ABZ (3.273, 1.2) rt O/N - 10 - 74% 

Reaction conditions: 0.10 mmol scale. O/N: overnight, 30’: 30 minutes (a) Yields estimated by 1H NMR of the 

crude reaction mixture using dibromomethane as internal standard. (b) A 0.1 M solution of TMSN3 in CH3CN 

was added over 2 hours. (c) Isolated yield after column chromatography on 1.6 mmol scale. 

Our attempts to optimize the synthesis of quinoline 3.280 from cyclopropene 3.99 by radical 

amination proved to be unsuccessful. Nevertheless, we could optimize with simple reagents and 

short reaction time the synthesis of the tetrasubstituted alkenyl nitrile 3.279 (Table 39, entry 9). 

The latter seemed at first less interesting than the quinoline derivatives, that are ubiquitous 

motifs in medicinal chemistry. However, we anticipated that this type of stilbene derivative 

could become more interesting if they could be engaged in an oxidative photocyclization 

reaction. Under irradiation, E to Z isomerization would occur, allowing converting both isomers 

to the product. Such a transformation would give rise to valuable multi-substituted polycyclic 

aromatic compounds (PACs).  
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3.5.4 Optimization Towards the One-pot Synthesis of Polycyclic 

Aromatic Compounds 

With optimized conditions in hand for the synthesis of stilbene derivative 3.279, we wondered 

if it would be able to undergo a photocyclization under UV irradiation.214 Gratifyingly, when 

an unassigned mixture of 1:1.18 Z:E isomers of 3.279 in CH3CN was submitted to irradiation 

under UV (365 nm) in a Rayonet reactor overnight, we could observe the formation of two 

products 3.288 and 3.289 (Equation 61). By 1H NMR analysis, dihydrophenanthrene 3.288 

coming from the expected photocyclization was formed in 90% yield as a 4.5:1 cis/trans 

mixture of diastereoisomers. In addition, we could also observe the formation of phenanthrene 

product 3.289 in 6% yield, coming from the oxidation of 3.288. 

 

Equation 61: First attempt at the photocyclization of 3.279 

This encouraging preliminary result prompted us to attempt to optimize the formation of 

phenanthrene 3.289, as this type of polycyclic aromatic compounds (PACs) are important 

chemical motifs in medicinal chemistry215 and material sciences.216 We then repeated the 

reaction depicted in Equation 61 with the addition of different oxidants, usually employed in 

this type of Mallory reaction.217 As shown in Table 40, entry 1, adding 1.1 equivalents of 

molecular iodine led to a low 21% yield for the desired product 3.289, with only 51% 

conversion. Under these oxidative conditions, dihydrophenanthrene 3.288 was not observed. 

Replacing I2 by DDQ allowed to reach 68% NMR yield for the formation of 3.289 (Entry 2). 

This result could be further improved by diluting the reaction mixture from 0.1 M to 0.05 M in 

acetonitrile, allowing to form 3.289 in 77% yield (Entry 4). This reaction was then repeated on 

0.3 mmol scale allowing to isolate phenanthrene derivative 3.289 in 74% yield. We then 

performed this transformation in the dark. As shown with entry 4, UV light was indeed required 

 
214 a) F. B. Mallory, C. S. Wood, J. T. Gordon, J. Am. Chem. Soc. 1964, 86, 3094–3102; b) A. Del Tito, H. O. Abdulla, D. 

Ravelli, S. Protti, M. Fagnoni, Beilstein J. Org. Chem. 2020, 16, 1476–1488. 
215 Y. Xu, Y. X. Zhang, H. Sugiyama, T. Umano, H. Osuga, K. Tanaka, J. Am. Chem. Soc. 2004, 126, 6566–6567. 
216 L. Zöphel, V. Enkelmann, K. Müllen, Org. Lett. 2013, 15, 804–807. 
217 a) F. B. Mallory, C. W. Mallory, Photocyclization of Stilbenes and Related Molecules, John Wiley & Sons: Hoboken, NJ, 

1984, pp 1–456; b) K. B. Jørgensen, Molecules 2010, 15, 4334–4358. 
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to promote the photocyclization, as the starting material 3.279 was recovered under these 

conditions.  

Table 40: Optimization of the oxidative photocyclization of stilbene 3.279 

 

Entry Oxidant Dilution UV irradiation Yield of 3.289a Conversion of 3.279b 

1 I2 0.1 M Yes 22% 51% 

2 DDQ 0.1 M Yes 68%  70% 

3 DDQ 0.05 M Yes 77% (74%c) 81% 

4 DDQ 0.1 M No - - 

Reaction conditions: 0.10 mmol scale. (a) Yields estimated by 1H NMR of the crude reaction mixture 

using dibromomethane as internal standard. (b) Determined by 1H NMR of the crude product. (c) Isolated 

yield after column chromatography on 0.30 mmol scale. 

The result obtained in Table 40, Entry 3 was considered good enough to continue our 

investigations towards a one-pot process from 3.99 to 3.289 (Table 41). Due to the highly 

oxidizing nature of the reaction conditions that could hopefully transform 3.288 into 3.289, we 

attempted to directly place the reaction vessel under UV irradiation for 20 hours after the first 

step performed under our optimized conditions (Entry 1). We observed that without adding the 

diluted DDQ solution, we could already form phenanthrene derivative 3.289 in 42% yield, 

along with dihydrophenanthrene 3.288 in 39% yield. With this result, we attempted to carry out 

the same reaction with an excess of PIDA (Entry 2, 3.0 equivalents instead of 1.8) from the 

start. This allowed to increase the yield of 3.289 to 61%, but it was still found unsatisfactory. 

Based on the conditions found in Table 40, we therefore tried to add a diluted DDQ solution to 

the reaction mixture after completion of the first step, and to then place the reaction vessel under 

UV irradiation for 20 hours (Entry 3). This led to a better yield of 69% for the formation of the 

desired phenanthrene 3.289. However, while no traces of 3.288 could be observed in the crude 

1H NMR, 22% of 3.279 remained uncyclized. We then tried to increase the equivalents of DDQ 

to 1.5, which led to a similar result (Entry 4). At this point we wondered if lowering the 

equivalent of DDQ would positively impact the transformation considering the result obtained 

in entry 1. With 0.5 equiv. of DDQ (Entry 5), we found that the yield for 3.289 did not increase, 
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and a mixture of 3.288 and 3.279 could still be observed. Building upon the result obtained in 

entry 1, we decided to carry the reaction the exact same way, except that after the 20 hours of 

UV irradiation the diluted DDQ solution was added (Entry 6), hoping to convert the remaining 

dihydrophenanthrene 3.288 to 3.289. Surprisingly, 6 hours after the addition of the DDQ 

solution, a similar result was obtained with still a considerable amount of 3.288 not converted 

to 3.289. While this approach could have been further investigated, we believed that the total 

reaction time would have started to be excessive. We therefore came back to the results obtained 

in entry 3, that we repeated with a recrystallized batch of DDQ (Entry 7), that did not lead to 

any improvement. Eventually, we used a more diluted solution of DDQ to be added after the 

first amination step (Entry 8), which led to a satisfying 82% yield. While 10% of 3.279 could 

still be observed in the crude mixture, the desired phenanthrene derivative 3.289 could be 

conveniently purified on 0.3 mmol scale and isolated in 80% yield. 

Table 41: Optimization of the one pot PAC synthesis from cyclopropene 3.99 

 

Entry X equiv. Y mL Yield of 3.289a Yield of 3.288a Yield of 3.279a 

1 - - 42% 39% - 

2b - - 61% 15% - 

3 1.1 equiv. 1 mL 69% - 22% 

4 1.5 equiv. 1 mL 67% - 20% 

5 0.5 equiv. 1 mL 60% 15% 7% 

6c 1.1 equiv. 1 mL 37% 32% - 

7d 1.1 equiv. 1 mL 72% - 16% 

8d 1.1 equiv. 2 mL 82% (80%e) - 10% 

Reaction conditions: 0.10 mmol scale. (a) Yields estimated by 1H NMR of the crude reaction 

mixture using dibromomethane as internal standard; the diluted DDQ solution was added after the 

first step, and then the reaction vessel was directly placed under UV irradiation for 20 h. (b) 3.0 

equivalents of PIDA were used. (c) After the first step, the reaction vessel was placed for 20 h 

under UV irradiation, then the diluted DDQ solution was added and the reaction was stopped after 

6 h (d) Recrystallized DDQ was used. (e) Isolated yield after column chromatography on 0.30 

mmol scale. 
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3.5.5 Scope and Limitations 

3.5.5.1 Cyclopropenes for the Synthesis of PACs 

Having found optimized conditions for the one-pot radical amination / oxidative cyclization of 

1,2-diaryl substituted cyclopropenes, we carried out the synthesis of a library of these 

substrates. First, we synthesized diverse diazo precursors to be engaged in the cyclopropenation 

reactions (Scheme 97). Starting from commercial reagents a broad range of aryl-substituted 

diazo compounds could be accessed under classical conditions using pABSA as diazo transfer 

reagent and DBU as organic base in acetonitrile at room temperature (Scheme 97, a). Under 

these conditions aryldiazo compounds 3.290 and 3.291 substituted by a lactone and a ketone 

could be obtained in 49% and 54% yield, respectively. We could also synthesize aryldiazo 

esters with diverse substitutions on the aryl moiety in 61-93% yield as shown with products 

3.292-3.297. 1-naphthyl- and 2-naphthyl-substituted diazoesters could also be accessed under 

these conditions in high yields (3.289 and 3.299). We then prepared diazoesters bearing 

heteroaromatic groups (3.300-3.302). Eventually, aryldiazo compounds 3.305 and 3.308 

substituted by a tert-butyl ester and a trifluoromethyl group could be accessed in two steps from 

commercial reagents, following reported procedures (Scheme 97, b).218,219 

 
218 M. Gao, Y. Zhao, C. Zhong, S. Liu, P. Liu, Q. Yin, L. Hu, Org. Lett. 2019, 21, 5679–5684. 
219 E. Emer, J.  Twilton, M. Tredwell, S. Calderwood, T. L. Collier, B. Liégault, M. Taillefer, V. Gouverneur, Org. Lett. 2014, 

16, 6004–6007. 
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Scheme 97: Synthesis of aryl-substituted diazo compounds 

With these aryldiazo compounds in hand, we could perform the synthesis of a variety of 1,2-

diaryl substituted cyclopropene substrates through a rhodium-catalyzed cyclopropenation using 

commercial acetylenes as reaction partners (Equation 62). Cyclopropenes with varied 

substitution in position 1 could be accessed in 41-56% yield as shown with substrates 3.309-

3.312. Varying the substitution in para position of both the aryldiazo substrate and the acetylene 

was also tolerated, delivering the corresponding products (3.313-3.316) in 44-52% yield. 

Cyclopropenes bearing aryl groups substituted in ortho and meta position (3.317-3.321) could 

also be synthesized in 34-59% yield. Gratifyingly, diazo compound 3.300 furnished the 

corresponding thienyl-substituted cyclopropene 3.322 in 46% yield. Cyclopropenes bearing 2-

naphtyl groups in position 1 or 2 could also be synthesized (3.323-3.325). In addition, substrates 

substituted by 1-naphtyl groups could be isolated in 16-51% yields as shown with products 

3.326-3.328. Eventually, we were pleased to be able to synthesize cyclopropenes 3.329 and 

3.330, substituted by a phenanthrene and a pyrene on the double bond in 49% and 29% yield, 
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respectively. Unfortunately, several substrates could not be accessed. Cyclopropene 3.331 

substituted by both para-cyano and -methoxy groups was formed in a very low yield and could 

not be isolated. Heteroaryldiazo compounds 3.301 and 3.302 also failed to deliver the 

corresponding cyclopropenes 3.332 and 3.333. Indeed, for these two attempts the starting 

material were recovered. Cyclopropene 3.334 bearing two 2-naphthyl groups was formed in a 

low yield and observed to be highly unstable. Eventually, cyclopropene 3.335 bearing a 2-

naphtyl in position 1 and a 4-phenyl substituted aryl group on its double bond was formed in a 

low yield and could not be isolated.  
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Equation 62: Synthesis of 1,2-diaryl substituted cyclopropenes 

We could then engage these 1,2-diaryl substituted cyclopropenes under our optimized 

conditions in the one-pot radical amination / oxidative photocyclization (Equation 63). “On a 

0.3 mmol scale, 3.289 could be isolated in 80% yield (Equation 63, a). A tert-butyl ester, a 

ketone and a trifluoromethyl group in position 1 of the cyclopropene led to phenanthrenes 

3.336, 3.337 and 3.338 in 51-75% yields. Both electron-donating and -withdrawing substituents 

in para position of both aromatic groups were well tolerated in the transformation, delivering 
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products 3.339-3.342 in good yields. Substitutions in ortho and meta positions were also 

tolerated (3.343-3.346). A 1-thienyl substituted cyclopropene gave heteroaromatic product 

3.347 in 61% yield. We then investigated the possibility to use our method for the synthesis of 

extended PACs. Cyclopropenes substituted with 2-naphthyl groups gave functionalized 

[4]helicenes 3.348-3.350 in good yields. Chrysene and benzo[g]chrysene derivatives could also 

be accessed as illustrated with products 3.351 and 3.352. Substituted picene 3.353 could also 

be accessed in a slightly lower yield of 56%, from cyclopropene 3.238 disubstituted with 1-

naphthyl groups. For all the substrates, full conversion of the starting material towards the 

corresponding alkenyl nitriles was observed. Hence when lower yields were obtained, the 

oxidative photocyclization was the limiting step.”220 Unfortunately, 3-isochromanone derived 

cyclopropene 3.310 as well as di-methoxy substituted substrate 3.320 failed to deliver the 

corresponding products, leading to complex mixtures under our optimized conditions (Equation 

63, b). For polyaromatic cyclopropenes 3.317 and 3.330 full conversion to the corresponding 

alkenyl nitriles was observed in the crude 1H NMR, however the oxidative photocyclization did 

not proceed with these substrates. 

 
220 “” The text in between is a direct quotation of our publication: B. Muriel, J. Waser, Angew. Chem. Int. Ed. 2020, DOI: 

10.1002/anie.202013516. 
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Equation 63: Scope and limitations for the one-pot synthesis of PACs from 1,2-diaryl substituted 

cyclopropenes.  Reaction conditions: cyclopropene (0.30 mmol, 1.0 equiv.), CuCl2 (2 mg, 0.05 mmol, 0.05 

equiv.), PIDA (174 mg, 0.540 mmol, 1.8 equiv.) and TMSN3 in CH3CN (3 mL) for 30 minutes at room 

temperature. Then a solution of recrystallized DDQ (75 mg, 0.33 mmol, 1.1 equiv.) in CH3CN (3 mL) was added 

and the reaction mixture was placed under UV irradiation (365 nm) for 20 h. 



194 

 

3.5.5.2 Cyclopropenes for the Synthesis of Tetrasubstituted Alkenyl Nitriles 

With the successful implementation of this novel radical amination of 1,2-diaryl-substituted 

cyclopropenes towards the one-pot synthesis of PACs, we wondered if other types of 

cyclopropene substrates would also deliver the corresponding substituted alkenyl nitriles. To 

start our investigations, we engaged cyclopropene 3.102 under our optimized conditions (Table 

42, entry 1) and found that the desired product could be formed in 90% yield by 1H NMR on 

0.1 mmol scale and could be isolated in 88% yield. While CuCl2 was found key to form 

selectively alkenyl nitrile 3.279 over quinoline 3.280 with cyclopropene 3.99 (Table 39), we 

wondered if the presence of this copper catalyst was necessary with cyclopropene 3.102. As 

shown with entry 2, in the absence of CuCl2, 3.354 was formed in a lower yield of 53%. We 

were then intrigued to see if the photoredox conditions presented in Table 32, entry 2 under 

green LED irradiation would also allow for the formation of the desired product. Gratifyingly, 

under these conditions alkenyl nitrile 3.354 was formed in 82% yield (Entry 3). Nevertheless, 

to explore the scope of this transformation with diverse cyclopropene substrates we chose the 

conditions described in entry 1, as they allow for a shorter reaction time and the use of 

commercial reagents. 

Table 42: Screening of radical azidation conditions for the synthesis of alkenyl nitrile 3.354 

 

Entry Azide Source (equiv.) Cat. (mol%) Oxidant (equiv.) Time 
Yield 

of 3.354a 

1 TMSN3 (1.8) CuCl2 (5) PIDA (1.8) 30’ 90% (88%b) 

2 TMSN3 (1.8) - PIDA (1.8) 30’ 53% 

3c ABZ (3.273) (2.0) Cu(dap)2Cl (1) - O/N 82% 

Reaction conditions: 0.10 mmol scale. (a) Yields estimated by 1H NMR of the crude reaction mixture using 

dibromomethane as internal standard. (b) Isolated yield on 0.1 mmol. (c) Reaction performed under green LED 

irradiation. 

In addition to the substrates that we already synthesize for the (3+2) annulation project 

presented in section 3.4, we performed the synthesis of several other cyclopropenes to be 

engaged in this new radical amination (Equation 64). Starting from dimethyl 2-diazomalonate 
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(3.101) a rhodium-catalyzed (2+1) cycloaddition with different aryl-substituted acetylenes 

furnished the corresponding cyclopropenes 3.355-3.358 in 30-71% yields. 

 

Equation 64: Synthesis of new diester-substituted cyclopropene substrates 

With a library of diester-substituted cyclopropene substrates in hand we could test our novel 

radical amination methodology as shown in Equation 65. We were pleased to see that 

dimethylester-substituted cyclopropene 3.102 underwent the desired radical amination / 

rearrangement in remarkably high yield, delivering tetrasubstituted alkenyl nitrile 3.354 in 91% 

(Equation 65, a). Both dibenzyl- and ditrifluoroethyl-ester substituted cyclopropenes were 

compatible under our optimized conditions, as shown with products 3.359 and 3.360, isolated 

in 74% and 72%, respectively. We then varied the substitution on the aromatic moiety of the 

cyclopropene. Both electron-donating and -withdrawing groups in para-position were 

compatible with the reaction as illustrated with products 3.361 and 3.362, that were obtained in 

high yields. An ortho-CF3 substituted cyclopropene could also be successfully engaged in the 

reaction, with 3.363 isolated in 77% yield. In addition, meta-substitution could also be tolerated 

in the transformation as shown with alkenyl nitrile 3.364 isolated in 85% yield. The reaction 

proceeded as well with a 2-naphthyl substituent on the starting cyclopropene, delivering 3.365 

in a particularly good yield of 94%. For the latter, an X-Ray structure could be obtained. Having 

a para-methoxy substituent on the aryl ring of the starting cyclopropene (3.355) led to a 

complex mixture under our optimized conditions (Equation 65, b). A possible explanation 

might be the oxidation of its electron-rich aryl ring, leading to undesired side-reactivity. 

Dicyano-substituted cyclopropene 3.184 was not a suitable substrate for the transformation, 

leading here also to a complex mixture of unidentified products. With difluoro-cyclopropene 

3.162 and the unsubstituted substrate 3.54 the reaction did not proceed, and the starting 

materials were recovered at the end of the reaction. For alkyl- and TMS-substituted substrates 

3.190 and 3.191, the products could be observed in the crude 1H NMR spectra, and 
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approximately formed in 21% and 18%, respectively. Nevertheless, the desired products of 

these two reactions could not be purified and isolated.  

 

Equation 65: Scope and limitations for the radical amination with symmetric cyclopropene substrates. (a) 

Reaction conditions: cyclopropene (0.30 mmol, 1.0 equiv.), CuCl2 (2.0 mg, 0.015 mmol, 0.05 equiv.), PIDA (174 

mg, 0.540 mmol, 1.8 equiv.), TMSN3 (72 μL, 0.54 mmol, 1.8 equiv.) in CH3CN (3 mL) for 30 min at room 

temperature. (b) Estimated yield of the alkenyl nitrile product by 1H NMR using dibromomethane as internal 

standard. 
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3.5.6 Proposed Mechanisms 

“Based on experimental observations and literature precedence in the use of azides to generate 

nitrile-containing compounds,221 a speculative mechanism can be proposed (Scheme 98). The 

reaction of PIDA with TMSN3 would lead to the formation of unstable hypervalent iodine 

compounds I and II, which will dissociate into a iodanyl and an azide radical III and 

IV.193c,d,f,194a,213,222 IV would most likely add onto the C-C double bond of the cyclopropene to 

generate azido-cyclopropyl radical V. Two different paths can then be proposed from this 

putative intermediate. In path A, cyclopropyl radical V would be oxidized to cyclopropyl cation 

VI. From the latter a ring-opening rearrangement initiated by the azide group would occur, 

leading to the formation of VII. From VII, a base-mediated (azide or acetate) fragmentation 

would then lead to the alkenyl nitrile upon loss of nitrogen.223 Another possibility from 

intermediate V would be a direct rearrangement triggered by the azide group with loss of 

nitrogen to give iminyl radical VIII (path b).224 The rearrangement of cyclopropyl to allyl 

radicals is usually not easy, but in this case coupling it with nitrogen release may lower the 

activation energy. From this intermediate, oxidation, most probably by an hypervalent iodine 

reagent intermediate followed by elimination would give the nitrile product.225” 

 
221 T. Wang, N. Jiao, Acc. Chem. Res. 2014, 47, 1137-1145. 
222a) F. Fontana, F. Minisci, M. Y. Yong, Z. Lihua, Tetrahedron Lett. 1993, 34, 2517-2520; b) X. F. Xia, Z. Gu, W. Liu, H. 
Wang, Y. Xia, H. Gao, X. Liu, Y. M. Liang, J. Org. Chem. 2015, 80, 290-295; c) Z. Wu, R. Ren, C. Zhu, Angew. Chem. Int. 
Ed.  2016, 55, 10821-10824. 
223 W. Zhou, L. Zhang, N. Jiao, Angew. Chem. Int. Ed. 2009, 48, 7094-7097. 
224 a) P. C. Montevecchi, M. L. Navacchia, P. Spagnolo, J. Org. Chem. 1997, 62, 5846-5848; b) X. Sun, X. Li, S. Song, Y. 

Zhu, Y. F. Liang, N. Jiao, J. Am. Chem. Soc. 2015, 137, 6059-6066. 
225 G. Bencivenni, T. Lanza, R. Leardini, M. Minozzi, D. Nanni, P. Spagnolo, G. Zanardi, J. Org. Chem. 2008, 73, 4721-4724. 
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Scheme 98: Speculative reaction mechanism for the radical amination / rearrangement of cyclopropenes 

towards alkenyl nitriles 

On the basis of this speculative proposal, the formation of quinoline 3.280 that we attempted to 

optimize in section 3.5.3 may be explained by the formation of an iminyl radical intermediate 

such as VIII as proposed in path B of Scheme 98. Indeed starting with a 1,2-diaryl substituted 

cyclopropene substrate, iminyl radical in intermediate III (Scheme 99) could cyclize onto the 

neighbouring aryl group to form intermediate IV.226 Then after oxidation of IV to V, the desired 

product 3.280 would be obtained upon deprotonation.  

 
226 a) Q. Wang, J. Huang, L. Zhou, Adv. Synth. Catal. 2015, 357, 2479–2484; b) X. Sun, S. Yu, Chem. Commun. 2016, 52, 

10898–10901. 
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Scheme 99: Speculative mechanism for the formation of Quinoline 3.280 

The role of CuCl2 in our optimized conditions remains highly speculative. Its presence led to 

higher yields for the formation of the alkenyl nitriles and prevented completely the formation 

of the quinoline product from 1,2-diaryl substituted cyclopropene 3.99. From these 

experimental observations and based on our mechanistic proposals, one possibility would be 

that the copper might drive the reaction away from path B by participating in a SET to afford 

cation VI from V (Scheme 98). This proposal is supported by different reports for the synthesis 

of nitriles with azides as nitrogen source, that also observed that the addition of copper salts 

facilitated their transformations.223,227 A second possibility might be that the copper facilitates 

the formation of the nitrile from VIII, conceivably via the formation of an iminyl copper 

intermediate.228 

 

 

 

 

 

 
227 a) S. Chen, D. Y. Li, L. L. Jiang, K. Liu, P. N. Liu, Org. Lett. 2017, 19, 2014–2017; b) B. Zhou, L. Zheng, Z. Xu, H. Jin, Q. 

Wu, T. Li, Y. Liu, ChemistrySelect 2018, 3, 7354–7357. 
228 Chiba, L. Zhang, G. Y. Ang, B. W. Q. Hui, Org. Lett. 2010, 12, 2052–2055. 
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3.5.7 Products Modifications 

In order to assess the synthetic value of the tetrasubstituted alkenyl nitriles obtained in this 

work, we first performed a gram-scale reaction with cyclopropene 3.102 (Equation 66). 

Pleasantly, under our optimized conditions the desired product 3.354 could be isolated in 92% 

yield. 

 

Equation 66: Gram-scale synthesis of tetrasubstituted alkenyl nitrile 3.354 

We could thereafter engage 3.354 in various transformations aiming to take advantage of its 

behaviour as an activated Michael acceptor. First, employing classical conditions for the Corey-

Chaykovsky cyclopropanation with trimethylsulfoxonium iodide and sodium hydride,229 we 

could access cyclopropane 3.366 in 54% yield (Scheme 100). The latter displays an original 

and interesting substitution pattern, with a cyano- and a phenyl group on the same carbon of the 

three-membered ring.  

 

Scheme 100: Corey-Chaykoysky cyclopropanation of 3.354 

With the success of this simple cyclopropanation we were willing to explore other 

cycloadditions. Using ethyl buta-2,3-dienoate (3.367) as reaction partner,230 we screened 

various nucleophilic catalysts aiming to favour the formation of the (3+2) product 3.368 or the 

(4+2) product 3.369 (Table 43). Aiming first for the (4+2) annulation,230b we started with 20 

mol% of DABCO in THF (0.2 M), and we could observe by 1H NMR the formation of the six-

membered ring adduct 3.369 in 15% (Entry 1). Changing the nucleophilic catalyst to other 

tertiary amines such as DMAP (Entry 2) or DBU (Entry 3) did not allow to observe the 

formation of any product of interest. With DABCO, we then changed the solvent to DCM 

 
229 C. A. Carson, M. A. Kerr, Org. Lett. 2009, 11, 777-779. 
230 a) Z. Lu, S. Zheng, X. Zhang, X. Lu, Org. Lett. 2008, 10, 3267–3270; b) T. T. D. Ngo, K. Kishi, M. Sako, M. Shigenobu, 

C. Bournaud, M. Toffano, R. Guillot, J. P. Baltaze, S. Takizawa, H. Sasai, ChemistrySelect 2016, 1, 5414–5420; c) R. Liu, Z. 

Qin, B. Fan, R. Li, R. Zhou, Z. He, J. Org. Chem. 2019, 84, 12490–12498. 
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(Entry 4), in which no reaction occurred. In toluene however (Entry 5), the desired product 

could be observed in an increased yield of 20%. We attempted next to concentrate the reaction 

mixture up to 0.4 M, that led to a slight increase in yield to 24% (Entry 6). Eventually, 

increasing the catalyst loading to 50 mol% (Entry 7) or 100 mol% (Entry 8) did not impact the 

yield of 3.369. We then tried PPh3 as catalyst in this transformation hoping to favour the 

formation of cyclopentene 3.368.230a,c We found that in DCM (0.1 M) at room temperature 

overnight, the (3+2) product 3.368 was formed in a very good yield of 94%. This reaction could 

be repeated on 0.2 mmol scale, leading to the isolation of cyclopentene 3.368 in 89% yield. 

Table 43: Attempts at the (3+2) and (4+2) annulations between ethyl buta-2,3-dienoate (3.367) and 

cyclopropene 3.354 

 

Entry Cat. (X mol%) Solvent (M) Yield of 3.368a Yield of 3.369a 

1 DABCO (20) THF (0.2 M) - 15% 

2 DMAP (20) THF (0.2 M) - - 

3 DBU (20) THF (0.2 M) - - 

4 DABCO (20) DCM (0.2 M) - - 

5 DABCO (20) Toluene (0.2 M) - 20% 

6 DABCO (20) Toluene (0.4 M) - 24% 

7 DABCO (50) Toluene (0.4 M) - 25% 

8 DABCO (100) Toluene (0.4 M) - 20% 

9 PPh3 (20) DCM (0.1 M) 94% (89%b) - 

Reaction conditions: 0.10 mmol scale. (a) Yields estimated by 1H NMR of the crude 

reaction mixture using dibromomethane as internal standard. (b) Isolated yield after column 

chromatography on 0.20 mmol scale. 

We then attempted a Diels-Alder cycloaddition with Danishefsky’s diene 3.370, that would 

lead to substituted cyclohexenone 3.371 upon in situ deprotection under acidic conditions 

(Table 44). Our first attempts in DCM or toluene at room temperature or 80 °C (Entries 1 and 

2) did not lead to the formation of the expected product with alkenyl nitrile 3.354 that could be 
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recovered. Aiming to activate our electrophilic dipolarophile 3.354 towards the desired 

cycloadditions we then added Yb(OTf)3 as Lewis acid catalyst.231 Performing the reaction in 

toluene at a higher temperature of 120 °C for 2 h we could see the formation of 3.371 in 10% 

yield along with some degradation of both starting materials (Entry 3). Encouraged by this 

result we increased the reaction time under the same conditions (Entry 4), but after 24 h we 

found that 3.371 was formed in a comparable yield of 12%. Inspired by conditions reported by 

Snyder and co-workers,232 we then attempted this transformation in toluene at 120 °C for 36 

hours, followed by an acidic hydrolysis using TFA in DCM (Entry 5). Gratifyingly, under these 

conditions the desired product could be isolated on 0.2 mmol scale as a 4.2:1 regioisomeric 

mixture in 64% yield. 

Table 44: Attempts at the Diels Alder cycloaddition with alkenyl nitrile 3.354 and Danishevsky’s diene 

3.370 

 

Entry Solvent Catalyst Temperature Time Acid 
Yield of  

3.371a 

1 DCM (0.4 M) - rt O/N HCl, THF - 

2 Toluene (0.1 M) - 80 °C O/N HCl, THF - 

3 Toluene (0.1 M) Yb(OTf)3 120 °C 2 h - 10% 

4 Toluene (0.1 M) Yb(OTf)3 120 °C 24 h - 12% 

5 Toluene (0.1 M) - 120 °C 36 h TFA, DCM 74% (64%b) 

Reaction conditions: 0.10 mmol scale. (a) Yields estimated by 1H NMR of the crude reaction mixture using 

dibromomethane as internal standard. (b) Isolated yield after column chromatography on 0.20 mmol scale as a 

4.2:1 mixture of regioisomers, major regioisomer drawn. 

 

 

 

 

 
231 T. Inokuchi, M. Okano, T. Miyamoto, J. Org. Chem. 2001, 66, 8059–8063. 
232 J. M. Eagan, M. Hori, J. Wu, K. S. Kanyiva, S. A. Snyder, Angew. Chem. Int. Ed.  2015, 54, 7842-7846. 
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3.5.8 Conclusions 

With this project, we discovered that the addition of N-centered radical to the double bond of 

cyclopropenes was feasible using azidyl radicals (Scheme 101). However, instead of delivering 

the expected functionalized aminocyclopropanes, this new transformation proceeded with a 

cleavage of the three-membered ring towards the formation of alkenyl nitriles upon loss of 

nitrogen. With 1,2-diaryl substituted cyclopropenes we observed that under certain reaction 

conditions a quinoline product could also be obtained (3.280). While interesting, the formation 

of this product could not be optimized above 47% yield despite our efforts. However, we could 

optimize the formation of alkenyl nitriles, using cheap and commercially available reagents. In 

addition, when cyclopropenes bearing diester groups in position 1 were used, the reaction also 

proceeded in high yields under photoredox conditions using the ABZ (3.273) reagent. This 

methodology was found to be limited to cyclopropenes bearing aryl groups on their double 

bond, but otherwise showed a broad functional group tolerance. The alkenyl nitriles obtained 

in this work could be engaged in several transformations taking advantage of the electrophilic 

nature of these small building blocks. Importantly, with 1,2-diaryl substituted cyclopropenes a 

one-pot radical amination / oxidative photocyclization could be developed to give diversely 

substituted PACs, that would be difficult to access through alternative synthetic strategies. This 

new transformation hence provides a new way to use cyclopropenes as easily accessible starting 

materials for the synthesis of valuable nitrile-containing scaffolds. 

 

Scheme 101: Azidyl radical initiated ring cleavage of cyclopropenes for the formation of alkenyl nitriles 

and PACs 
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4 General Conclusion – Outlook 

The research work presented in this thesis aimed for the development of new transformations 

to access valuable chemical motifs through the functionalization of alkenes using palladium- 

and radical-based chemistries. In the first chapter of this thesis the development of a novel 

palladium-catalyzed alkene carboamination to give amino alcohols was presented, building 

upon previous developments in our group (Scheme 102). This transformation uses a CF3-based 

removable tether, that could be installed in high yields on different allylic alcohol substrates. 

From these hemiaminals, under conditions easily optimized from Dr. Ugo Orcel’s work,32 we 

could perform aminoalkynylation reactions in high yields and diastereoselectivities with 

various bromoalkynes in the presence of commercial phosphine-based ligand: TFP (2.21) and 

XPhos (2.54). For aminoarylation, we had to develop a new ligand: FuXPhos (2.81) to attain 

high yields and suppress a competitive Heck reaction. This ligand combined with CsOTf as 

additive allowed to use a wide range of electron-poor arylbromides as reaction partners. 

Unfortunately, electron-rich arylbromides could not be used in this methodology, despite our 

efforts to optimize this transformation. Eventually, the oxazolidines obtained in this work could 

be deprotected under acidic conditions to deliver the corresponding functionalized amino 

alcohols. 

 

Scheme 102: Palladium catalyzed carboamination of allylic alcohols to give amino alcohols 

After this project, efforts in the field of palladium-catalyzed difunctionalization of unsaturated 

bonds were made by Dr. Philip Greenwood in our group. He could first successfully develop a 

carbo-oxygenation of propargylic amines with an in situ formation of the tether (Scheme 103, 
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a).233 In this methodology as well, fine-tuning of the phosphine-based ligand was required for 

the different parts of the scope that were explored. Under optimized conditions, oxyarylations 

could be here performed with electron-poor and electron-rich arylbromides. Interestingly, the 

products of oxyarylation could be hydrogenated with perfect control of the diastereoselectivity. 

This led to the idea that if the palladium-catalyzed oxyarylation could be performed in an 

enantioselective fashion, chiral amino alcohols would be obtained after the diastereoselective 

hydrogenation of the products followed by removal of the tether. With the help of Dr. Luca 

Buzzetti and Mikus Purins, such a transformation could be successfully developed using a 

truncated Trost ligand 3.373, that allowed to reach high yields and enantioselectivities for the 

products of carboetherification (Scheme 103, b).234 While working on his first project, Dr. 

Philip Greenwood discovered that a by-product was formed coming from the insertion of CO2 

followed by carboetherification. Intrigued by this result, he found that cesium hydrogen 

carbonate could be used as a surrogate for carbon dioxide. The reaction could be eventually 

optimized and further applied to a carboxy-alkynylation of diverse propargylic amines (Scheme 

103, c).235 

 
233 P. D. G. Greenwood, E. Grenet, J. Waser, Chem. Eur. J. 2019, 25, 3010–3013. 
234 L. Buzzetti, M. Puriņš, P. D. G. Greenwood, J. Waser, J. Am. Chem. Soc. 2020, 142, 17334-17339. 
235 P. D. G. Greenwood, J. Waser, Eur. J. Org. Chem. 2019, 2019, 5183–5186. 
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Scheme 103: Developments in the Pd-catalyzed difunctionalization of unsaturated bonds in our group 

Current investigations in palladium chemistry are undertaken by Ashis Das and Mikus Purins 

in our group. In the future, our conveniently installed and removed tether could be applied to 

radical transformations to functionalize remotely alkenes and develop new processes that are 

so far not accessible with the palladium chemistry developed in our group, such as the formation 

of Csp3-Csp3 bonds. The latter could for instance be achieved by a radical-metal crossover 

reaction (Scheme 103, a).236 In such a process, after tether installation and nucleometallation of 

the double bond, the metallic species could recombine with a given radical before undergoing 

a reductive elimination to give the difunctionalized product. Another possibility would be to 

 
236 a) J. Twilton, C. C. Le, P. Zhang, M. H. Shaw, R. W. Evans, D. W. C. MacMillan, Nat. Rev. Chem. 2017, 1, 1–19; b) C. 

Lichtenberg, Chem. Eur. J. 2020, 26, 9674–9687; c) D. Leifert, A. Studer, Angew. Chem. Int. Ed. 2020, 59, 74–108. 
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perform a Giese-type reaction as second bond forming event. To this end, two strategies can be 

envisioned. First an oxidation of the double bond to its radical cation could lead to 

difunctionalization reactions upon nucleophilic cyclization onto the carbocation and trapping 

of the C-centered radical (Scheme 104, b).237 A second strategy would be to design a tether with 

a pendant functional group from which a radical could be generated. Its direct addition onto the 

alkene would lead to a C-centered radical that could also be trapped to forge the second bond 

(Scheme 104, c). 238 

 

Scheme 104: Proposed future developments in the use of tethering chemistry and radicals for the 

functionalization of alkenes 

 
237 a) N. A. Romero, D. A. Nicewicz, J. Am. Chem. Soc. 2014, 136, 17024–17035; b) K. A. Margrey, D. A. Nicewicz, Acc. 

Chem. Res. 2016, 49, 1997–2006; c) T. M. Monos, R. C. McAtee, C. R. J. Stephenson, Science 2018, 361, 1369–1373; d) H. 

Jiang, A. Studer, Chem. Soc. Rev. 2020, 49, 1790–1811. 
238 a) T. Xiong, Q. Zhang, Chem. Soc. Rev. 2016, 45, 3069–3087; b) J. J. Guo, A. Hu, Z. Zuo, Tetrahedron Lett. 2018, 59, 

2103–2111. 
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In chapter 3 of this thesis, we presented our efforts towards the development of new 

transformations for the functionalization of the strained alkene of cyclopropenes. Our 

investigations started by implementing the palladium chemistry developed in our group to 

intermolecular carboamination reactions. Unfortunately, these attempts proved to be unfruitful. 

We then looked into intramolecular difunctionalization reactions using palladium catalysis 

(Scheme 105). This strategy was more successful as we could form diverse products of 

difunctionalization. Indeed, after installation of tether 2.26, we could form cyclized product 

3.118, albeit in a low yield of 7%. In addition, we could prepare cyclopropene substrates 3.126 

and 3.136, that successfully underwent the desired carbo-etherification reactions to give 

difunctionalized products 3.127, 3.129 and 3.137. Nevertheless, this approach was hampered 

by the tediousness of the synthesis of the starting materials, the formation of side products such 

as 3.138, and the difficulties we encountered to optimize the desired transformations. With these 

results we could however prove that the concomitant introduction of a C-N or C-O bond and a 

C-C bond could be feasible under palladium catalysis by functionalization of the double bond 

of cyclopropenes. 

 

Scheme 105: Pd-catalyzed carboamination and carbooxygenation of cyclopropene substrates 

These difficulties encountered with palladium-catalysis led us to consider a different approach 

to achieve the functionalization of the alkene of cyclopropenes. Fortunately, investigating 

radical-based chemistries allowed us to discover new transformations. First, we could develop 

a convergent approach towards bicyclo[3.1.0]hexanes by a photoredox-mediated (3+2) 

annulation of cyclopropenes with aminocyclopropanes (Scheme 106). Both reaction partners 
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could be accessed in one or two steps, and the transformation proceeded in high yield with a 

broad range of substrates. When difluorocyclopropenes were combined with a 

cyclopropylamine bearing a removable bulky aromatic substituent, the transformation was 

found to be highly diastereoselective. We then investigated the possibility to achieve a C-N 

bond formation using N-centered radicals. We found that azidyl radicals reacted efficiently with 

cyclopropenes bearing aryl groups on their double bond and led to a cleavage of the three-

membered ring. This new reactivity could be exploited to access three types of valuable 

chemical motifs: quinolines, alkenyl nitriles and polycyclic aromatic compounds. For the first, 

our efforts did not allow to optimize the transformation above 47% yield. However, we could 

optimize the synthesis of alkenyl nitriles and develop a one pot radical amination / oxidative 

photocyclization for the synthesis of PACs from 1,2-diaryl substituted cyclopropenes, using 

cheap and commercially available reagents. 

 

Scheme 106: Radical chemistry for the functionalization of cyclopropenes 

This chemistry will be further investigated by Vladyslav Smyrnov, a new PhD student in our 

group. First the synthesis of quinoline derivatives from cyclopropenes will be further 

investigated, hoping that conditions will be found for their efficient synthesis. Radical 

chemistry being underexplored in the context of cyclopropene functionalization, we believe 

that this approach has a high potential in the future, for the development of novel methodologies 

(Scheme 107). Future work could then focus on the addition of other type of N-centered radical 

to the double bond of cyclopropenes that would not trigger any ring opening events, in order to 

access functionalized aminocyclopropanes (Scheme 107, a). Radical-medicated annulations, 

initiated by the addition of N- or O-centered radicals could also be investigated to access 
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heteroatom containing bicyclo[3.1.0]hexanes (Scheme 107, b). In addition, these types of 

scaffolds could be synthesized through intramolecular difunctionalization reactions, providing 

that a convenient access to the required substrates can be developed (Scheme 107, c). 

Eventually, further investigations in the radical functionalization of strained alkenes could be 

directed towards cyclobutenes, that were not much investigated as substrates for these types of 

transformations.147,148,239 

 

 

Scheme 107: Future work in the radical-mediated functionalization of cyclopropenes 

 

 

 

 

 

 

 

 

 
239 a) H. Kimoto, H. Muramatsu, K. Inukai, Bull. Chem. Soc. Jpn. 1977, 50, 2815-2816; b) W. J. Leigh, K. Zheng, N. Nguyen, 

N. H. Werstiuk, J. Ma, J. Am. Chem. Soc. 1991, 113, 4993-4999; c) W. A. Kinney, Tetrahedron Lett. 1993, 34, 2715-2718; c) 

V. Barone, N. Rega, T. Bally, G. N. Sastry, J. Phys. Chem. A 1999, 103, 217–219; d) A. Rivkin, T. Nagashima, D. P. Curran, 

Org. Lett. 2003, 5, 419–422; e) A. Rivkin, F. Gonzalez-Lopez De Turiso, T. Nagashima, D. P. Curran, J. Org. Chem. 2004, 69, 

3719–3725; e) V. Pirenne, I. Traboulsi, L. Rouvière, J. Lusseau, S. Massip, D. M. Bassani, F. Robert, Y. Landais, Org. Lett. 

2020, 22, 575–579. 
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5 Experimental Part 

5.1. General Methods 
 

All reactions were carried out in oven dried glassware under an atmosphere of nitrogen, 

unless stated otherwise. For quantitative flash chromatography technical grade solvents were 

used. For flash chromatography for analysis, HPLC grade solvents from Sigma-Aldrich were 

used. THF, Et2O, CH3CN, toluene, hexane and CH2Cl2 were dried by passage over activated 

alumina under nitrogen atmosphere (H2O content < 10 ppm, Karl-Fischer titration). NEt3 and 

pyridine were distilled under nitrogen from KOH. All chemicals were purchased from Acros, 

Aldrich, Fluka, VWR, Fluorochem, Aplichem or Merck and used as such unless stated 

otherwise. Chromatographic purification was performed as flash chromatography using 

Macherey-Nagel silica 40-63, 60 Å. TLC was performed on Merck silica gel 60 F254 TLC 

glass plates and visualized with UV light, permanganate stain, CAN stain or Anisaldehyde stain. 

Melting points were measured on a calibrated Büchi B-540 melting point apparatus using open 

glass capillaries. 1H-NMR spectra were recorded on a Brucker DPX-400 400 MHz spectrometer 

in chloroform-d, CD2Cl2, C6D6, DMSO-d6, CD3OD; all signals are reported in ppm with the 

internal chloroform signal at 7.26 ppm, the internal CD2Cl2
 signal at 5.32 ppm, the internal 

C6D6-signal at 7.16 ppm, the internal DMSO signal at 2.50 ppm or the internal methanol signal 

at 3.30 ppm as standard. The data is being reported as (s = singlet, d = doublet, t = triplet, q = 

quadruplet, quint = quintet, m = multiplet or unresolved, bs = broad signal, coupling constant(s) 

in Hz, integration; interpretation). 13C-NMR spectra were recorded with 1H-decoupling on a 

Brucker DPX-400 100 MHz spectrometer in chloroform-d, CD2Cl2, C6D6, DMSO-d6, CD3OD; 

all signals are reported in ppm with the internal chloroform signal at 77.0 ppm, the internal 

CD2Cl2 signal at 54.0 ppm, the internal C6D6-signal at 128.4 ppm, the internal DMSO signal at 

39.5 ppm or the internal methanol signal at 49.0 ppm as standard.. Infrared spectra were 

recorded on a JASCO FT-IR B4100 spectrophotometer with an ATR PRO410-S and a ZnSe 

prisma and are reported as cm-1 (w = weak, m = medium, s = strong, sh = shoulder, br = broad). 

Gas chromatographic and low resolution mass spectrometric measurements were performed on 

a Perkin-Elmer Clarus 600 gas chromatographer and mass spectrometer using a Perkin-Elmer 

Elite fused silica column (length: 30 m, diameter: 0.32 mm) and Helium as carrier gas. High 

resolution mass spectrometric measurements were performed by the mass spectrometry service 

of ISIC at the EPFL on a MICROMASS (ESI) Q-TOF Ultima API.  

Photoredox catalyzed reactions were performed in test tubes (2, 5 and 10 mL), which were hold 

using a rack for test tubes placed at the center of a crystallization flask or regular clamps. On 

this flask were attached the blue LEDs (RUBAN LED 5MÈTRES - 60LED/M - 3528 BLEU - 

IP65 with Transformateur pour Ruban LED 24W/2A/12V, bought directly on RubanLED.com). 

The distance between the LEDs and the test tubes was approximatively 3 to 5 cm. Long 

irradiation resulted in temperature increasing up to 32 °C during overnight reactions. 

For reactions under the irradiation of UV light (365 nm), reactions were performed in 

borosilicate glass tubes which were placed around 7 cm far away from lamps (CAMAG UV 

Lamp 4, long-wave UV light 365 nm) in a Rayonet RPR-100 photochemical reactor. For 

reactions under the irradiation of green light, reactions were performed in 12*75 mm 

borosilicate glass tubes which were hold using a rack for test tubes placed at the center of a 

crystallization flask. On this flask were attached the green LEDs (LED ribbon cable with open 

ends, Barthelme Y51515213 182007 12 V 502 cm green 1 pc(s), purchased directly on 

www.conrad.ch/fr). The distance between the LEDs and the test tubes was approximately 3−4 

cm. Long irradiation for more than 2 h resulted in the temperature increasing up to 34 °C. 
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5.2 A Tethering Strategy for the Synthesis of Vicinal Aminoalcohols 

5.2.1 Synthesis of Hemiaminals 
 

1-((Tert-butoxycarbonyl)amino)-2,2,2-trifluoroethyl acetate (2.26) 

 

1) Following a slightly modified procedure,32 a 100 mL pressure tube was charged with 

tert-butyl carbamate (7.03 g, 60.0 mmol), 2,2,2-trifluoro-1-methoxyethanol (2.25) (7.69 

mL, 66.0 mmol, 1.1 equiv), 4Å MS (10 g) and dioxane (80 mL). The tube was sealed 

under nitrogen atmosphere. The resulting mixture was heated at 100 °C for 5 d and then 

cooled down to rt. The mixture was filtered over Celite and the cake was washed with 

ether (3x20 mL). The volatiles were removed under reduced pressure and the resulting 

solid was recrystallized in chloroform to afford white crystals (8.20 g, 38.1 mmol, 64% 

for 2 crops).  
2) To a solution of pyridine (1.84 mL, 22.8 mmol, 1.4 equiv) and DMAP (50 mg, 0.41 

mmol, 2.5 mol%) in dichloromethane (80 mL) at 0 °C was slowly added acetyl chloride 

(1.39 mL, 19.5 mmol, 1.2 equiv). To the resulting mixture was added tert-butyl (2,2,2-

trifluoro-1- hydroxyethyl)carbamate (3.50 g, 16.3 mmol) portion-wise. Then the 

mixture was stirred at 0 °C for 20 min and quenched with water (10 mL). The pH was 

adjusted to 2 by addition of 0.1 N HCl and the layers were separated. The organic layer 

was washed with 0.1 N HCl (3x20 mL) and brine (30 mL), dried over MgSO4, filtered 

and concentrated under reduced pressure. The crude residue was purified by column 

chromatography (Pentane:EtOAc 10:1) affording the title compound 2.26 (4.05 g, 15.8 

mmol, 97 % yield) as a white solid.1H NMR (400 MHz, Chloroform-d) δ 6.66 (bs, 1H, 

CHCF3), 5.25 (bs, 1H, NH), 2.08 (s, 3H, COCH3), 1.41 (s, 9H, C(CH3)3); 13C NMR 

(101 MHz, Chloroform-d) δ 168.0, 152.9, 123.1 (q, J = 281.3), 82.2, 72.0 (q, J = 39.1 

Hz), 28.1, 20.5. The characterization data correspond to the reported values.32 

 

Tert-butyl (1-(allyloxy)-2,2,2-trifluoroethyl)carbamate (2.27) 
 

 

To a stirred solution of prop-2-en-1-ol (2.24) (240 µL, 3.54 mmol, 1.3 equiv.) in toluene (5.4 

mL) at room temperature was added Cs2CO3 (1.33 g, 4.08 mmol, 1.5 equiv.). Then 1-((tert-

butoxycarbonyl)amino)-2,2,2-trifluoroethyl acetate (2.26) (0.70 g, 2.7 mmol, 1 equiv.) was 

added and the resulting mixture was stirred for 3h. After completion of the reaction according 

to TLC (Pentane:DCM 2:3), the reaction mixture was filtered through a plug of silica and eluted 

with ethyl acetate. The filtrate was then evaporated under reduced pressure to give the title 

compound 2.27 (1.26 g, 4.95 mmol, 91% yield) as a yellow oil. Rf = 0.4 (Pentane:DCM 40:60); 
1H NMR (400 MHz, Chloroform-d) δ 5.90 (dddd, J = 16.9, 10.4, 6.3, 5.3 Hz, 1H, CH=CH2), 

5.35 (m, CHCF3 and CH=CH2), 5.27 (d, J = 10.3 Hz, 1H, CH=CH2), 5.14 (d, J = 10.7 Hz, 1H, 

NH), 4.22 (dd, J = 12.6, 5.0 Hz, 1H, OCH2), 4.10 (dd, J = 12.7, 6.2 Hz, 1H, OCH2), 1.47 (s, 

9H, Boc); 13C NMR (101 MHz, Chloroform-d) δ 154.7, 132.8, 122.7 (q, J = 281.6 Hz), 119.0, 
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81.5, 78.5 – 77.4 (m), 69.9, 28.6; IR �̃�max 3449 (w), 3448 (w), 3327 (w), 3326 (w), 3325 (w), 

2983 (w), 2934 (w), 2890 (w), 2886 (w), 2885 (w), 2362 (w), 2361 (w), 2336 (w), 1711 (m), 

1514 (m), 1465 (w), 1398 (w), 1368 (w), 1348 (w), 1276 (w), 1250 (m), 1184 (s), 1153 (s), 

1087 (m), 1086 (m), 1054 (m), 1022 (w), 933 (w), 887 (w), 850 (w); HRMS (ESI) calcd for 

C10H16F3NNaO3
+ [M+Na]+ 278.0974; found 278.0970.  

2,2,2-Trifluoro-1-((methoxycarbonyl)amino)ethyl acetate (2.28) 

 

1) Following a slightly modified procedure,32 a 20 mL microwave vial was charged with 

methyl carbamate (2.25 g, 30.0 mmol), 2,2,2-trifluoro-1-methoxyethanol (2.25) (3.84 

mL, 33.0 mmol, 1.1 equiv), 4Å MS (4 g) and was filled with dioxane (ca 16 mL). The 

tube was sealed under nitrogen atmosphere. The resulting mixture was heated at 100 °C 

for 5 d and then cooled down to rt. The mixture was filtered over Celite and the cake 

was washed with ethyl acetate (3x20 mL). The volatiles were removed under reduced 

pressure and the residue was purified by column chromatography (SiO2, Pentane:EtOAc 

4:1) to afford the intermediate compound (3.93 g, 22.7 mmol, 75 % yield) as a white 

solid.  
2) To a solution of pyridine (1.96 mL, 24.3 mmol, 1.4 equiv) and DMAP (53 mg, 0.43 

mmol, 2.5 mol%) in dichloromethane (87 mL) at 0 °C was slowly added acetyl chloride 

(1.48 mL, 20.8 mmol, 1.2 equiv). To the resulting mixture was added methyl (2,2,2-

trifluoro-1- hydroxyethyl)carbamate (3.00 g, 17.3 mmol) portionwise. Then the mixture 

was stirred at 0 °C for 20 min and quenched with water (10 mL). The pH was adjusted 

to 2 by addition of 0.1 N HCl and the layers were separated. The organic layer was 

washed with 0.1 N HCl (3x20 mL) and brine (30 mL), dried over MgSO4, filtered and 

concentrated under reduced pressure. The crude residue was purified by column 

chromatography (Pentane:EtOAc 5:1) affording the title compound 2.28 (3.55 g, 16.5 

mmol, 95 % yield) as a white solid.1H NMR (400 MHz, Chloroform-d) δ 6.90 – 6.66 

(m, 1H, CHCF3), 5.77 – 5.40 (m, 1H, NH), 3.76 (s, 3H, OMe), 2.14 (s, 3H, Ac); 13C 

NMR (101 MHz, CDCl3) δ 168.1, 154.9, 121.7 (q, J = 281.0 Hz), 72.3 (q, J = 36.9 Hz), 

53.4, 20.6; The characterization data correspond to the reported values. 32 

 

Methyl (1-(allyloxy)-2,2,2-trifluoroethyl)carbamate (2.29) 

 

To a stirred solution of prop-2-en-1-ol (2.24) (190 µL, 2.79 mmol, 2.0 equiv.) in toluene (7 mL) 

at room temperature was added Cs2CO3 (682 mg, 2.09 mmol, 1.5 equiv.). Then 2,2,2-trifluoro-

1-((methoxycarbonyl)amino)ethyl acetate (2.28) (200 mg, 1.39 mmol, 1.0 equiv.) was added 

and the resulting mixture was stirred overnight. The reaction mixture was filtered through a 

plug of silica and eluted with ethyl acetate and the filtrate was then evaporated under reduced 

pressure. The crude residue was then purified by column chromatography (SiO2, DCM) to give 

the title compound 2.29 (148 mg,  0.690 mmol, 50% yield) as a colorless oil. Rf  0.45 (DCM); 
1H NMR (400 MHz, Chloroform-d) δ 5.88 (dddd, J = 16.9, 10.3, 6.3, 5.3 Hz, 1H, CH=CH2), 

5.46 – 5.30 (m, 3H, CH=CH2 and CHCF3 and NH), 5.27 (dq, J = 10.4, 1.3 Hz, 1H, CH=CH2), 
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4.23 (ddt, J = 12.7, 5.3, 1.4 Hz, 1H, OCH2), 4.11 (ddt, J = 12.9, 6.5, 1.4 Hz, 1H, OCH2), 3.75 

(s, 3H, Me); 13C NMR (101 MHz, Chloroform-d) δ 156.2, 132.6, 122.2 (q, J = 281.5 Hz), 

119.2, 78.4 (q, J = 35.1 Hz), 70.1, 53.1; IR �̃�max 3451 (w), 3308 (w), 2959 (w), 2880 (w), 2361 

(w), 2338 (w), 1717 (s), 1534 (m), 1402 (w), 1339 (w), 1278 (m), 1249 (m), 1190 (s), 1091 (m), 

1051 (s), 1013 (w), 993 (w), 931 (w), 869 (w); HRMS (ESI) calcd for C7H10F3NNaO3
+ 

[M+Na]+ 236.0505; found 236.0506. 

1-(((Benzyloxy)carbonyl)amino)-2,2,2-trifluoroethyl acetate (2.30) 

 

1) Following a slightly modified procedure,240 a 100 mL pressure tube under nitrogen 

atmosphere was charged with benzyl carbamate (6.07 g, 40.1 mmol, 1 equiv.), 2,2,2-

trifluoro-1-methoxyethanol (2.25) (6.96 g, 48.2 mmol, 1.2 equiv.) and Dioxane (40 mL) 

on 9 g of 3Å MS. The resulting mixture was heated to 100 °C and stirred at the same 

temperature for three days and then cooled down to rt. The mixture was filtered over 

Celite and the cake was washed with ether (3x20 mL). The volatiles were removed 

under reduced pressure and the resulting solid was recrystallized in DCM to afford white 

crystals (3.36 g, 13.5 mmol, 34% yield). 

2) To a solution of pyridine (1.20 mL, 15.1 mmol, 2.5 equiv.)  and DMAP (0.05 g, 0.4 

mmol, 0.07 equiv.) in dichloromethane (70 mL) at 0 °C was slowly added acetyl 

chloride (0.86 mL, 12 mmol, 2 equiv.). To the resulting mixture was added benzyl 

(2,2,2-trifluoro-1-hydroxyethyl)carbamate (1.50 g, 6.02 mmol, 1 equiv.) portionwise. 

Then the mixture was stirred at 0 °C for 1h and quenched with water (10 mL). The pH 

was adjusted to 2 by addition of 0.1 N HCl and the layers were separated. The organic 

layer was washed with 0.1 N HCl (3x20 mL) and brine (30 mL), dried over MgSO4, 

filtered and concentrated under reduced pressure. The crude residue was purified by 

column chromatography (SiO2, Pentane:EtOAc 7:3) affording the title compound 2.30 

(1.66 g, 5.69 mmol, 94% yield) as a white solid.Rf  0.75 (Pentane:EtOAc 70:30); m.p 

= 102-103 °C; 1H NMR (400 MHz, Chloroform-d) δ 7.37 (m, 5H, ArH), 6.80 (dd, J = 

12.0, 6.5 Hz, 1H, CHCF3), 5.55 (bs, 1H, NH), 5.18 (d, J = 3.2 Hz, 2H, ArCH2), 2.14 (s, 

3H, COCH3); 13C NMR (101 MHz, Chloroform-d) δ 167.9, 154.0, 135.1, 128.7, 128.6, 

128.4, 121.6 (q, J = 281.2 Hz), 72.1 (q, J = 37.3 Hz), 68.2, 20.5; IR �̃�max 3899 (w), 3885 

(w), 3867 (w), 3855 (w), 3837 (w), 3819 (w), 3801 (w), 3800 (w), 3745 (w), 3731 (w), 

3706 (w), 3690 (w), 3673 (w), 3649 (w), 3624 (w), 3613 (w), 3591 (w), 3565 (w), 2988 

(w), 2905 (w), 2361 (s), 2339 (s), 1766 (w), 1737 (w), 1700 (w), 1686 (w), 1651 (w), 

1540 (w), 1521 (w), 1513 (w), 1434 (w), 1413 (w), 1236 (w), 1196 (w), 1054 (w), 963 

(w), 960 (w), 902 (w), 867 (w), 822 (w), 821 (w); HRMS (ESI) calcd for 

C12H12F3NNaO4
+ [M+Na]+ 314.0611; found 314.0611. 

 

 

 

 

 

 
240 L. Ingrassia, M. Mulliez, Synthesis 1999, 10, 1731-1738. 
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Benzyl (1-(allyloxy)-2,2,2-trifluoroethyl)carbamate (2.31) 

 

To a stirred solution of prop-2-en-1-ol (2.24) (327 µL, 4.81 mmol, 2 equiv.) in 4.8 mL of toluene 

was added K2CO3 (664 mg, 4.81 mmol, 1.8 equiv.). Then 1-(((benzyloxy)carbonyl)amino)-

2,2,2-trifluoroethyl acetate (2.30) (700 mg, 2.40 mmol, 1 equiv.) was added and the resulting 

mixture was stirred overnight. After completion of the reaction according to TLC 

(EtOAc:Pentane: 3/7), the reaction mixture was filtered through a plug of silica and eluted with 

ethyl acetate. The filtrate was then evaporated under reduced pressure to give the crude product 

as a pale yellow solid. The crude product obtained was then purified by column chromatography 

(SiO2, Pentane:EtOAc 7:3) to give the pure product 2.31 as a white solid (0.490 g, 1.69 mmol, 

71% yield). Rf 0.8 (EtOAc:Pentane: 30/70); m.p = 70-71 °C ; 1H NMR (400 MHz, 

Chloroform-d) δ 7.43 – 7.31 (m, 5H, ArH), 5.88 (ddt, J = 16.5, 11.5, 5.8 Hz, 1H, CH=CH2), 

5.47 – 5.23 (m, 4H, NH and CHCF3 and CH=CH2), 5.17 (s, 2H, ArCH2), 4.23 (dd, J = 12.8, 5.3 

Hz, 1H, OCH2), 4.12 (dd, J = 12.8, 6.3 Hz, 1H, OCH2); 13C NMR (101 MHz, Chloroform-d) 

δ 155.5, 135.6, 132.6, 128.8, 128.7, 128.4, 122.2 (q, J = 281.4 Hz), 119.3, 78.4 (q, J = 35.0 Hz), 

70.2, 68.0; IR �̃�max 3315 (w), 2982 (w), 1716 (s), 1533 (m), 1459 (w), 1400 (w), 1367 (w), 

1337 (w), 1283 (m), 1240 (m), 1193 (m), 1162 (s), 1051 (s), 1010 (w), 939 (w), 873 (w), 846 

(w), 811 (w); HRMS (ESI) calcd for C13H14F3NNaO3
+ [M+Na]+ 312.0818; found 312.0810.  

Tert-butyl ((allyloxy)methyl)carbamate (2.34) 

 

Compound 2.34 was prepared as previously described,241 to a 100 mL round-bottom flask, tert-

butyl carbamate (2.32) (2.34 g, 20.0 mmol, 1 equiv.) and formaldehyde (0.84 g, 28 mmol, 1.4 

equiv.) were added to a solution of sodium carbonate (1.06 g, 10.0 mmol, 0.5 equiv.), in Water 

(30 mL). The mixture was heated until complete dissolution was reached (around 65 °C) and 

was then cooled to room temperature and stirred overnight. The mixture was then extracted 

with ethyl acetate. The organic extracts were rinsed with brine, dried over anhydrous Na2SO4 

and concentrated under vacuum to dryness. Considering its potential instability the crude 

product obtained (1.780 g, 12.07 mmol) was directly engaged in the next step. Acetic anhydride 

(1.71 mL, 18.1 mmol, 1.5 equiv.) was added dropwise to a solution of tert-butyl 

(hydroxymethyl)carbamate (1.78 g, 12.07 mmol, 1 equiv.) in dry pyridine (23 mL) at 0 °C. The 

solution was allowed to reach room temperature and then stirred for 18 hours. The mixture was 

then diluted with ethyl acetate and washed with 1N HCl. The organic layer was rinse with brine, 

dried over anhydrous Na2SO4, concentrated to dryness under vacuum to give the crude product 

as a colorless oil. The crude residue was purified by column chromatography (Pentane:EtOAc 

9:1) affording the acylated compound 2.33 (600 mg, 3.17 mmol, 32 % yield over two steps) 

that was also directly engaged in the next step. Under nitrogen atmosphere, in a 25 mL round-

bottom flask was added K2CO3 (877 mg, 6.34 mmol, 2 equiv.) to a stirred solution of allyl 

alcohol (2.24) (431 µL, 6.34 mmol, 2 equiv.) in Toluene (6.3 mL). Then ((tert-

butoxycarbonyl)amino)methyl acetate (600 mg, 3.17 mmol, 1 equiv.) was added and the 

 
241 S. Fustero, D. Jiménez, J. Moscardó, S. Catalán, C. Del Pozo, Org. Lett. 2007, 9, 5283-5286. 
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resulting suspension was stirred for 20h. The reaction mixture was then filtered through a plug 

of silica and eluted with ethyl acetate. The filtrate was then evaporated under reduced pressure 

to give the crude product as a colorless oil. The crude residue was purified by column 

chromatography (SiO2, Pentane:EtOAc 4:1) affording the title compound 2.34 (217 mg, 1.16 

mmol, 37 % yield) as a colorless oil. 1H NMR (400 MHz, Chloroform-d) δ 5.98 – 5.84 (m, 

1H, CH=CH2), 5.29 (dq, J = 17.3, 1.7 Hz, 1H, CH=CH2), 5.26 (s, 1H, NH), 5.18 (dt, J = 10.4, 

1.5 Hz, 1H, CH=CH2), 4.65 (d, J = 7.0 Hz, 2H, OCH2N), 4.03 (d, J = 5.3 Hz, 2H, OCH2CH), 

1.46 (s, 9H, Boc); 13C NMR (101 MHz, Chloroform-d) δ 155.7, 134.6, 117.2, 80.2, 71.6, 69.1, 

28.4. The characterization data correspond to the reported values.26 

Tert-butyl (1-(but-3-en-2-yloxy)-2,2,2-trifluoroethyl)carbamate (2.97) 

 

To a stirred solution of but-3-en-2-ol (2.96) (153 µL, 1.76 mmol, 1.0 equiv.) in toluene (4.4 

mL) at room temperature was added Cs2CO3 (691 mg, 2.12 mmol, 1.2 equiv.). Then 1-((tert-

butoxycarbonyl)amino)-2,2,2-trifluoroethyl acetate (2.26) (500 mg, 1.94 mmol, 1.1 equiv.) was 

added and the resulting mixture was stirred overnight. The reaction mixture was then filtered 

through a plug of silica eluted with ethyl acetate, the volatiles were then removed under reduced 

pressure and the residue was purified by column chromatography (SiO2, Pentane:DCM 2:3) to 

afford the title compound 2.97 (195 mg, 0.720 mmol, 41 % yield) as a colorless oil. Rf 0.45 

(Pentane:DCM 40:60); 1H NMR (400 MHz, Acetonitrile-d3), 1:1 mixture of diastereoisomers 

A and B : δ 6.20 (bs, 2H, CHCF3 A and B), 5.82 (ddd, J = 17.2, 10.5, 6.5 Hz, 1H, CHCH2 A), 

5.72 (ddd, J = 17.0, 10.4, 7.7 Hz, 1H, CHCH2 B), 5.41 (dq, J = 10.7, 5.4 Hz, 1H, CHCH2 A), 

5.36 – 5.30 (m, 1H, CHCH2 B), 5.30 – 5.17 (m, 3H, CHCH2 A, NH A and B), 5.09 (d, J = 10.5 

Hz, 1H, CHCH2 B), 4.21 (p, J = 6.5 Hz, 1H, CH3CHO A), 4.12 (p, J = 6.8 Hz, 1H, CH3CHO 

B), 1.44 (s, 9H, Boc A), 1.42 (s, 9H, Boc B), 1.25 (d, J = 3.2 Hz, 3H, Me A), 1.23 (d, J = 3.2 

Hz, 3H, Me B); 13C NMR (101 MHz, Acetonitrile-d3) δ 155.9, 155.6, 140.3, 138.7, 123.8 (q, 

J = 281.9, 281.5 Hz), 123.7 (q, J = 280.5 Hz), 118.9, 115.9, 81.2, 81.1, 78.5 (q, J = 35.1 Hz), 

77.5, 77.4 – 76.4 (m), 75.6, 28.3, 28.3, 21.5, 20.7; IR �̃�max 3452 (w), 3334 (w), 3085 (w), 2983 

(w), 2937 (w), 1714 (s), 1504 (m), 1458 (w), 1397 (w), 1370 (m), 1346 (m), 1280 (m), 1249 

(m), 1184 (s), 1152 (s), 1084 (m), 1051 (s), 1025 (m), 993 (w), 923 (m), 889 (m), 853 (w); 

HRMS (ESI) calcd for C11H18F3NNaO3
+ [M+Na]+ 292.1131; found 292.1133. 

Tert-butyl (2,2,2-trifluoro-1-(penta-1,4-dien-3-yloxy)ethyl)carbamate  (2.100) 

 

To a stirred solution of penta-1,4-dien-3-ol (2.99) (0.23 mL, 2.4 mmol, 1 equiv.) in toluene (6 

mL) at rt was added Cs2CO3 (930 mg, 2.85 mmol, 1.2 equiv.). Then 1-((tert-

butoxycarbonyl)amino)-2,2,2-trifluoroethyl acetate (2.26) (673 mg, 2.62 mmol, 1.1 equiv.) was 

added and the resulting mixture was stirred overnight. The reaction mixture was then filtered 
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through a plug of silica eluted with ethyl acetate, the volatiles were then removed under reduced 

pressure and the residue was purified by column chromatography (SiO2, Pentane:DCM 1:1) to 

afford the title compound 2.100 (340 mg, 1.21 mmol, 51 % yield) as a colorless oil. Rf 0.45 

(Pentane:DCM 50:50); 1H NMR (400 MHz, Chloroform-d) δ 5.84 (ddd, J = 17.3, 10.5, 5.9 

Hz, 1H, CH=CH2), 5.73 (ddd, J = 17.5, 10.2, 7.4 Hz, 1H, CH=CH2), 5.47 – 5.32 (m, 3H, CHCF3 

and CH=CH2), 5.28 (dt, J = 17.3, 1.4 Hz, 1H, CH=CH2), 5.20 (dt, J = 10.5, 1.3 Hz, 1H, 

CH=CH2), 5.14 (d, J = 10.7 Hz, 1H, NH), 4.50 (dd, J = 7.6, 5.8 Hz, 1H, OCHCsp2), 1.47 (s, 9H, 

Boc); 13C NMR (101 MHz, Chloroform-d) δ 154.5, 136.5, 135.2, 122.5 (q, J = 281.4 Hz), 

119.9, 117.0, 81.4, 80.4, 76.4 (q, J = 34.5 Hz), 28.3; IR �̃�max 3747 (w), 3733 (w), 3689 (w), 

3673 (w), 3648 (w), 3628 (w), 3448 (w), 3419 (w), 3329 (w), 3088 (w), 2984 (w), 2933 (w), 

2885 (w), 2884 (w), 2855 (w), 2361 (s), 2340 (m), 1771 (w), 1731 (m), 1717 (m), 1650 (w), 

1555 (w), 1506 (m), 1460 (w), 1416 (w), 1396 (w), 1370 (m), 1351 (w), 1281 (m), 1250 (m), 

1187 (s), 1152 (s), 1086 (m), 1051 (s), 1026 (m), 988 (w), 933 (m), 908 (w), 876 (w), 850 (w); 

HRMS (ESI) calcd for C12H18F3NNaO3
+ [M+Na]+ 304.1131; found 304.1133.  

Tert-butyl (2,2,2-trifluoro-1-((2-methylallyl)oxy)ethyl)carbamate (2.107) 

 

To a stirred solution of 2-methylprop-2-en-1-ol (2.106) (127 µL, 1.50 mmol, 1 equiv.) in 

toluene (3 mL) at rt was added Cs2CO3 (586 mg, 1.80 mmol, 1.2 equiv.). Then 1-((tert-

butoxycarbonyl)amino)-2,2,2-trifluoroethyl acetate (2.26) (424 mg, 1.65 mmol, 1.1 equiv.) was 

added and the resulting mixture was stirred at the same temperature overnight. The reaction 

mixture was then filtered through a plug of silica eluted with ethyl acetate, the volatiles were 

then removed under reduced pressure and the residue was purified by column chromatography 

(SiO2, Pentane:DCM 2:3) to afford the title compound 2.107 (339 mg, 1.26 mmol, 84 % yield) 

as a colorless oil. Rf 0.6 (Pentane:DCM 40:60); 1H NMR (400 MHz, Chloroform-d) δ 5.33 

(dq, J = 9.6, 4.8 Hz, 1H, CHCF3), 5.12 (d, J = 10.6 Hz, 1H, NH), 5.02 (s, 1H, C=CH2), 4.98 (s, 

1H, C=CH2), 4.10 (d, J = 12.4 Hz, 1H, OCH2), 4.01 (d, J = 12.4 Hz, 1H, OCH2), 1.75 (s, 3H, 

Me), 1.47 (s, 9H, Boc); 13C NMR (101 MHz, Chloroform-d) δ 154.7, 140.4, 122.4 (q, J = 

281.6 Hz), 114.4, 81.5, 78.6 – 77.3 (m), 72.9, 28.3, 19.4; IR �̃�max 3453 (w), 3326 (w), 3217 

(w), 2982 (w), 2939 (w), 2870 (w), 1712 (m), 1508 (m), 1458 (w), 1395 (w), 1370 (m), 1342 

(w), 1282 (m), 1248 (m), 1186 (s), 1152 (s), 1093 (m), 1051 (m), 1025 (w), 993 (w), 895 (m), 

852 (w); HRMS (ESI) calcd for C11H18F3NNaO3
+ [M+Na]+ 292.1131; found 292.1143. 

Tert-butyl(1-((2-(((tert-butyldimethylsilyl)oxy)methyl)allyl)oxy)-2,2,2-trifluoroethyl) 

carbamate (2.111) 
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1) Following a reported procedure,242 to a flame-dried two-neck 50 mL round-bottom flask 

was added NaH (0.230 g, 5.68 mmol, 1 equiv.) in dry THF (18 mL). To the resulting 

mixture was added at 0 °C 2-methylenepropane-1,3-diol (2.109) (0.460 mL, 5.68 mmol, 

1 equiv.) dropwise. The mixture was then brought to room temperature and stirred for 

45 min. Tert-butylchlorodimethylsilane (0.860 g, 5.68 mmol, 1 equiv.) was then added 

in one batch and stirring was continued for an additional 1h. The reaction was quenched 

with H2O, and extracted 3 times with ethyl acetate, washed with brine, dried with 

anhydrous MgSO4, and concentrated in vacuo. the residue was purified by column 

chromatography (SiO2, Pentane:EtOAc 9:1to 4:1) to afford compound 2.110 (932 mg, 

4.61 mmol, 81 % yield) as a colorless oil. 1H NMR (400 MHz, Chloroform-d) δ 5.10 

(q, J = 1.4 Hz, 1H, C=CH2), 5.08 (q, J = 1.3 Hz, 1H, C=CH2), 4.25 (s, 2H, CH2OTBS), 

4.17 (s, 2H, CH2OH), 1.83 (d, J = 5.2 Hz, 1H, OH), 0.91 (s, 9H, TBS), 0.09 (s, 6H, 

TBS); 13C NMR (101 MHz, Chloroform-d) δ 147.6, 111.3, 65.3, 64.9, 26.0, 18.4, -5.3. 

The characterization data correspond to the reported values.242 

2) Under nitrogen atmosphere, to a stirred solution of 2-(((tert-butyldimethylsilyl) 

oxy)methyl)prop-2-en-1-ol (2.110) (400 mg, 1.98 mmol, 1 equiv.) in Toluene (5mL) at 

rt was added Cs2CO3 (773 mg, 2.37 mmol, 1.2 equiv.). Then 1-((tert-

butoxycarbonyl)amino)-2,2,2-trifluoroethyl acetate (2.26) (559 mg, 2.17 mmol, 1.1 

equiv.) was added and the resulting mixture was stirred at the same temperature 

overnight. The reaction mixture was then filtered through a plug of silica eluted with 

ethyl acetate, the volatiles were then removed under reduced pressure and the residue 

was purified by column chromatography (SiO2, Pentane:DCM 2:3) to afford the title 

compound 2.111 (508 mg, 1.27 mmol, 64 % yield) as a colorless oil.Rf 0.4 

(Pentane:DCM 40:60); 1H NMR (400 MHz, Chloroform-d) δ 5.33 (dq, J = 10.2, 5.0 

Hz, 1H, CHCF3), 5.27 (s, 1H, CCH2), 5.16 (s, 1H, CCH2), 5.13 (d, J = 10.5 Hz, 1H, 

NH), 4.22 (d, J = 12.3 Hz, 1H, CHOCH2), 4.16 (s, 2H, SiOCH2), 4.08 (d, J = 12.3 Hz, 

1H, CHOCH2), 1.47 (s, 9H, Boc), 0.91 (s, 9H, TBS), 0.07 (s, 6H, TBS); 13C NMR (101 

MHz, Chloroform-d) δ 154.7, 143.5, 122.4 (q, J = 281.5 Hz), 114.1, 81.5, 78.6 – 77.2 

(m), 69.4, 63.7, 28.3, 26.0, 18.5, -5.3; IR �̃�max 3449 (w), 3335 (w), 2957 (m), 2934 (m), 

2890 (w), 2857 (w), 1730 (s), 1507 (m), 1466 (w), 1395 (w), 1367 (m), 1343 (w), 1284 

(w), 1256 (m), 1190 (s), 1160 (s), 1087 (m), 1055 (m), 1027 (w), 1008 (w), 922 (w), 

896 (w), 844 (s); HRMS (ESI) calcd for C17H32F3NNaO4Si+ [M+Na]+ 422.1945; found 

422.1952. 
 

5.2.2 Synthesis of Bromoalkynes 
 

General procedure for the bromination of terminal alkynes243  

The terminal or silyl-protected alkyne (1.0 equiv) is dissolved in acetone (ca. 6.8 mL per mmol 

of alkyne). N-bromosuccinimide (1.2 equiv) and AgNO3 (0.1 equiv) are added to the resulting 

solution in this order and the mixture is stirred at rt for 3-6 hours, until complete consumption 

of the starting material according to TLC. It was then poured onto iced water. The aqueous 

layer was extracted with pentane (3 times) and the combined organic extracts were dried over 

MgSO4, filtered and the solvent removed by evaporation under reduced pressure. The bromo 

alkyne was isolated by column chromatography in 95-99% purity as judged by 1H NMR. 

 
242 T. J. Senter, O. O. Fadeyi, C. W. Lindsley, Org. Lett. 2012, 14, 1869-1871. 
243 M. X. Jiang, M. Rawat, W. D. J. Wulff, J. Am. Chem. Soc. 2004, 126, 5970-5971. 
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((4-Bromo-2-methylbut-3-yn-2-yl)oxy)triisopropylsilane (2.38) 

 

Following a reported procedure,30 2-methylbut-3-yn-2-ol (2.36) (0.34 mL, 3.5 mmol, 1.0 equiv) 

and 2,6-lutidine (freshly distilled on CaH2, 0.41 mL, 3.5 mmol, 1.0 equiv) were dissolved in 

CH2Cl2 (12 mL). TIPSOTf (0.94 mL, 3.5 mmol, 1.0 equiv) was added dropwise to the solution 

at 0 °C. The solution was allowed to warm to rt overnight and then quenched with a saturated 

aqueous NaHCO3 solution, and the aqueous layer was extracted with CH2Cl2 (3 × 10 mL). The 

combined organic layers were washed with H2O, dried over MgSO4, filtered, and the solvent 

was removed in vacuo. Purification by column chromatography (SiO2, Pentane) afforded TIPS-

protected propargyl alcohol 2.37 as a colorless oil (622 mg, 2.59 mmol, 74% yield), which was 

used directly for the next step. Propargyl alcohol 2.37 (603 mg, 2.51 mmol, 1.0 equiv) was 

brominated according to the general procedure. After purification by column chromatography 

(SiO2, Pentane), bromoalkyne 2.38 was obtained as a colorless oil (733 mg, 2.30 mmol, 91% 

yield). 1H NMR (400 MHz, Chloroform-d) δ 1.51 (s, 6H, Me), 1.18−1.03 (m, 21H, TIPS); 
13C NMR (101 MHz, Chloroform-d) δ 85.4, 67.2, 42.7, 32.9, 18.3, 13.0. The characterization 

data correspond to the reported values. 30 

((4-Bromo-1,1,1-trifluoro-2-phenylbut-3-yn-2-yl)oxy)(tert-butyl)dimethylsilane (2.41) 

 

1) Following a reported procedure,32 to a 0.5 M solution of ethynylmagnesium bromide 

(7.0 mL, 3.5 mmol) in THF was slowly added 2,2,2-trifluoro-1-phenylethanone (2.39) 

(300 mg, 1.72 mmol) in THF (1 mL). After 3 h at rt the reaction mixture was quenched 

with water (1 mL) and then NH4Cl sat solution was added (5 mL) and the mixture was 

diluted with DCM (10 mL). The layers were separated and the aqueous layer was 

extracted once with DCM (10 mL). The combined organic layers were dried over 

MgSO4, filtered and concentrated under reduced pressure to afford a yellow oil that was 

engaged in the next step without further purification. TBS-Cl (0.422 g, 2.80 mmol, 1.4 

equiv) was slowly added to a solution of the alcohol (0.400 g, 2.00 mmol), DBU (0.452 

mL, 3.00 mmol, 1.5 equiv), DMAP (12 mg, 0.10 mmol, 0.05 equiv) in acetonitrile (6 

mL) at 0 °C. The reaction mixture was stirred for 12 h at rt. The reaction mixture was 

quenched with water (5 mL) and extracted with DCM (3x5 mL). The combined organic 

layers were dried over MgSO4, filtered and concentrated under reduced pressure. The 

crude residue was purified by column chromatography (SiO2, Pentane) to afford 

compound 2.40 (0.460 g, 1.46 mmol, 73 % yield) as a clear oil that was directly engaged 

in the next step.  

2) O-Silylated propargyl alcohol 2.40 (450 mg, 1.43 mmol, 1.0 equiv.) was brominated 

according to the general procedure. After purification by column chromatography 

(SiO2, Pentane), bromo alkyne 2.41 was obtained as a colorless oil (531 mg, 1.35 mmol, 

94% yield). 1H NMR (400 MHz, Chloroform-d) δ 7.76 – 7.64 (m, 2H, ArH), 7.46 – 

7.34 (m, 3H, ArH), 0.98 (s, 9H, t-Bu), 0.25 (s, 3H, Me), 0.03 (s, 3H, Me); 13C NMR 
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(101 MHz, Chloroform-d) δ 136.9, 129.5, 128.1, 127.5, 123.1 (q, J = 286.3 Hz), 76.7, 

75.4 (q, J = 32.5 Hz), 51.2, 25.9, 18.5, -3.4, -3.4. The characterization data correspond 

to the reported values.32 

 

((1-Bromonon-1-yn-3-yl)oxy)triisopropylsilane (2.44) 

 

Following a slightly modified reported procedure,244 heptaldehyde (2.42) (1.22 mL, 8.76 mmol, 

1.0 equiv.) was added dropwise to a solution of ethynyl magnesium bromide (0.5 M in THF, 

22.8 mL, 11.4 mmol, 1.3 equiv.) at 0 °C. After 30 min, the cooling bath was removed to reach 

rt and the solution was stirred for further 2 h. The reaction was then quenched by addition of 

aqueous HCl (1.0 M, 15 mL) and the mixture was extracted with Et2O (3 x 20 mL). The 

combined organic layers were washed with brine, dried over MgSO4, filtered and the solvent 

was removed under reduced pressure. Purification by column chromatography (SiO2, 

Pentane/EtOAc 20/1) afforded the corresponding propargyl alcohol as a yellow oil (943 mg, 

6.73 mmol, 77% yield). TIPSCl (1.36 mL, 6.36 mmol, 1.1 equiv.) and DMAP (777 mg, 6.36 

mmol, 1.1 equiv.) were dissolved in CH2Cl2 (10 mL) at rt and a solution of propargyl alcohol 

(810 mg, 5.78 mmol, 1.0 equiv.) in CH2Cl2 (30 mL) was slowly added to the reaction mixture. 

The reaction was stirred overnight and then quenched by sequential addition of H2O (36 mL) 

and aqueous HCl (2.0 M, 36 mL). The mixture was extracted with CH2Cl2 (3 x 20 mL) and the 

combined organic layers were washed with brine, dried over MgSO4, filtered and the solvent 

was removed in vacuo. Purification by column chromatography (SiO2, Pentane) afforded the 

O-silylated propargyl alcohol 2.43 as a colorless oil (1.04 g, 3.51 mmol, 61% yield). O-Silylated 

propargyl alcohol 2.43 (890 mg, 3.00 mmol, 1.0 equiv.) was brominated according to the 

general procedure. After purification by column chromatography (SiO2, Pentane), bromo 

alkyne 2.44 was obtained as a colorless oil (1.04 g, 2.77 mmol, 92% yield). 1H NMR (400 

MHz, Chloroform-d) δ 4.48 (t, 1 H, J = 6.3 Hz, CHOTIPS), 1.69 (m, 2 H, OCHCH2), 1.44 (m, 

2 H, OCHCH2CH2), 1.36-1.26 (m, 6 H, (CH2)3), 1.17-1.04 (m, 21 H, TIPS), 0.89 (t, J = 6.7 Hz, 

3H, Me); 13C NMR (101 MHz, Chloroform-d) δ 82.1, 64.0, 43.6, 38.7, 31.8, 29.0, 24.9, 22.6, 

18.0, 18.0, 14.1, 12.3. The characterization data correspond to the reported values.244 

(Bromoethynyl)cyclohexane (2.46) 

 

Alkyne 2.45 (400 mg, 3.69 mmol, 1.0 equiv) was brominated according to the general 

procedure. After purification by column chromatography (SiO2, Pentane), bromo alkyne 2.46 

was obtained as a yellow oil (636 mg, 3.40 mmol, 92% yield). 1H NMR (400 MHz, 

Chloroform-d) δ 2.43–2.36 (m, 1 H, CHCC), 1.82–1.75 (m, 2 H, CH2), 1.64–1.74 (m, 2 H, 

CH2), 1.54– 1.40 (m, 3 H, CH2), 1.35–1.24 (m, 3 H, CH2); 13C NMR (101 MHz, Chloroform-

 
244 A. Buzas, F. Gagosz, J. Am. Chem. Soc. 2006, 128, 12614-12615. 
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d) δ 84.3, 39.5, 32.2, 30.1, 25.6, 24.6. The characterization data correspond to the reported 

values.245 

1-(bromoethynyl)-4-(trifluoromethyl)benzene (2.48)  

 

Alkyne 2.47 (500 mg, 2.94 mmol, 1.0 equiv) was brominated according to the general 

procedure. After purification by column chromatography (SiO2, Pentane), bromo alkyne 2.48 

was obtained as a white solid oil (615 mg, 2.47 mmol, 84% yield). 1H NMR (400 MHz, 

Chloroform-d) δ 7.72 – 7.37 (m, 4H, ArH); 13C NMR (101 MHz, Chloroform-d) δ 132.5, 

130.7(q, J = 32.7 Hz), 126.1, 125.3 (q, J = 3.9 Hz), 123.8 (q, J = 268 Hz), 82.2, 79.6. The 

characterization data correspond to the reported values.246  

((1-(benzyloxy)-4-bromobut-3-yn-2-yl)oxy)(tert-butyl)dimethylsilane (2.52) 

 

1) Following a reported procedure,247 ethynyltrimethylsilane (2.50) (0.460 mL, 3.33 mmol, 

1 equiv.) was added to THF (3 mL) and stirred at -78 °C. To this solution was added n-

butyllithium (2.5 M solution in hexanes, 1.99 mL, 4.99 mmol, 1.5 equiv.) slowly, and 

the resulting mixture was stirred at -78 °C for 30 min. To this solution was added 2-

(benzyloxy)acetaldehyde (2.49) (0.470 mL, 3.33 mmol, 1 equiv.) in THF (1.8 mL) 

dropwise, and the resulting mixture was further stirred for 5 min at -78 °C and then at 0 

°C for 1h30. Sat. NH4Cl (5 mL) was added to the mixture at 0 °C, followed by extraction 

with EtOAc (3 × 10 mL). The combined organic layers were dried over MgSO4, filtered 

and concentrated under reduced pressure to afford a yellow oil that was engaged in the 

next step without further purification. To a solution of 1-(benzyloxy)-4-

(trimethylsilyl)but-3-yn-2-ol (567 mg, 2.28 mmol, 1.0 equiv.) in DCM (46 mL) at 0 °C 

were added imidazole (435 mg, 6.39 mmol, 2.8 equiv.) and after 10 min TBS-Cl (688 

mg, 4.57 mmol, 2.0 equiv.). The reaction mixture was slowly allowed to warm up to rt 

and was left stirring overnight. The reaction mixture was quenched with water (15 mL) 

and the aqueous layer was extracted with DCM (3 × 20 mL). The combined organic 

layers were washed with brine, dried over MgSO4, filtered and concentrated under 

reduced pressure. The crude residue was purified by column chromatography (SiO2, 

Pentane:EtOAc 94:4) to afford compound 2.51 (0.724 g, 1.99 mmol, 62 % yield over 

two steps) as a clear oil that was directly engaged in the next step.  

2) O-Silylated propargyl alcohol 2.51 (724 mg, 1.99 mmol, 1.0 equiv.) was brominated 

according to the general procedure. After purification by column chromatography 

 
245 S. Raghavan, J. S. Patel, Eur. J. Org. Chem. 2017, 2981–2997.  
246 E.-I. Negishi, M. Hata, C. Xu, Org. Lett. 2000, 2, 3687-3689. 
247 S. Singh, V. Gajulapati, M. Kim, J. Goo, J. Lee, K. Lee, C. Lee, L. Jeong, Y. Choi, Synthesis 2016, 48, 3050-3056. 
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(SiO2, Pentane:EtOAc 96:4), bromo alkyne 2.52 was obtained as a pale yellow oil (580 

mg, 1.57 mmol, 79% yield). Rf 0.38 (Pentane:EtOAc 96:4); 1H NMR (400 MHz, 

Chloroform-d) δ 7.28 – 7.16 (m, 5H, ArH), 4.53 (d, J = 2.2 Hz, 2H, OCH2CAr), 4.49 

(dd, J = 6.7, 5.2 Hz, 1H, CHO), 3.53 – 3.44 (m, 2H, OCH2CH), 0.83 (s, 9H, TBS), 0.06 

(s, 3H, TBS), 0.04 (s, 3H, TBS); 13C NMR (101 MHz, Chloroform-d) δ 138.2, 128.5, 

127.8, 127.8, 79.6, 74.4, 73.6, 64.0, 45.3, 25.9, 18.4, -4.6, -4.8; IR �̃�max 2980 (w), 2936 

(w), 2910 (w), 1717 (s), 1643 (w), 1618 (w), 1585 (w), 1493 (m), 1458 (w), 1369 (s), 

1329 (m), 1291 (w), 1234 (w), 1158 (s), 1134 (m), 1109 (m), 1072 (w), 1024 (w), 978 

(w), 962 (w), 881 (w), 850 (m); HRMS (ESI) calcd for C17H25BrNaO2Si [M+] 

391.0699; found 391.0701. 

5.2.3 Synthesis of the New Phosphine-based Ligands: 2.77 and 

FuXPhos (2.81) 
 

2'-Bromo-N,N-dimethyl-[1,1'-biphenyl]-2-amine (2.75) 

 

2-bromo-N,N-dimethylaniline (2.74) (0.95 mL 6.6 mmol, 1.1 equiv.) was dissolved in dry 

hexane (13 mL) and n-BuLi (2.5 M solution in hexanes, 2,80 mL, 7.20 mmol, 1.2 equiv.) was 

added dropwise at -78 °C under nitrogen. The reaction was stirred 1 hour at - 78 °C and allowed 

to warm up to rt. Then 1,2-dibromobenzene (2.62) (0.72 mL, 6.0 mmol) was added dropwise. 

The resulting solution was then stirred for 2 h at reflux. The reaction was quenched by adding 

15 mL of H2O and the aqueous layer was extracted twice with Et2O (2x15 mL), dried over 

MgSO4, filtered and concentrated. The crude residue was purified by column chromatography 

(SiO2, Pentane:DCM 98:2 to 82:18) affording the title compound 2.75 (0.573 g, 2.08 mmol, 35 

% yield) as a white solid. 1H NMR (400 MHz, Chloroform-d) δ 7.68 (dd, J = 8.0, 1.1 Hz, 1H, 

ArH), 7.41 – 7.31 (m, 3H, ArH), 7.21 – 7.17 (m, 1H, ArH), 7.15 (dd, J = 7.5, 1.8 Hz, 1H, ArH), 

7.08 (d, J = 7.6 Hz, 1H, ArH), 7.02 (td, J = 7.5, 1.2 Hz, 1H, ArH), 2.56 (s, 6H, Me);  13C NMR 

(101 MHz, Chloroform-d) 151.2, 142.1, 133.5, 132.9, 131.6, 131.9, 128.3, 128.4, 127.2, 123.8, 

121.0, 117.5, 43.1. The characterization data correspond to the reported values.248 
 

2'-(Di(furan-2-yl)phosphanyl)-N,N-dimethyl-[1,1'-biphenyl]-2-amine (2.77) 

 

To a -78 °C solution of 2'-bromo-N,N-dimethyl-[1,1'-biphenyl]-2-amine (2.75) (200 mg, 0.724 

mmol, 1.0 equiv.) in THF (2.5 mL) was added n-BuLi (2.5 M solution in hexanes, 0.319 ml, 

 
248 I. Bonnaventure, A. B. Charrette J. Org. Chem. 2008, 73, 6330–6340. 
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0.797 mmol, 1.1 equiv.) dropwise. The reaction mixture was stirred at -78 °C for 40 min and 

chlorodi(furan-2-yl)phosphine (2.76) (153 mg, 0.760 mmol, 1.05 equiv.) diluted to reach 1 mL 

solution in Toluene was added dropwise over 3 min. The reaction mixture was allowed to warm 

up to rt slowly (with the acetone-dry ice bath) and was stirred at rt overnight. The reaction 

mixture was then quenched with 1 mL of H2O, diluted with 10 mL of DCM and then washed 

with 5 mL of a saturated solution of NaHCO3. The organic layer was dried over MgSO4, filtered 

and concentrated under reduced pressure. The crude residue was purified by column 

chromatography (SiO2, Pentane:DCM 95:5 to 50:50) affording the title compound 2.77 (254 

mg, 0.703 mmol, 97 % yield) as an orange solid. Rf 0.55 (Pentane:Et2O 95:5); m.p = 101-102 

°C ; 1H NMR (400 MHz, Chloroform-d) δ 7.8 (ddd, J = 7.8, 4.1, 1.4 Hz, 1H, ArH), 7.6 (d, J 

= 1.7 Hz, 1H, HetArH), 7.5 (d, J = 1.7 Hz, 1H, HetArH), 7.4 (td, J = 7.4, 1.4 Hz, 1H, ArH), 7.4 

– 7.3 (m, 3H, ArH), 7.1 (dd, J = 7.5, 1.8 Hz, 1H, ArH), 7.0 (q, J = 8.2, 7.4 Hz, 2H, ArH), 6.5 

(d, J = 3.2 Hz, 1H, HetArH), 6.4 (dt, J = 3.2, 1.5 Hz, 1H, HetArH), 6.4 (dq, J = 1.9, 1.0 Hz, 1H, 

HetArH), 6.3 (dt, J = 3.3, 1.7 Hz, 1H, HetArH), 2.3 (s, 6H, Me); 13C NMR (101 MHz, 

Chloroform-d) δ 153.0, 151.5, 146.8, 146.6, 135.2 (d, J = 2.0 Hz), 135.2, 134.5 (d, J = 5.2 Hz), 

133.2, 131.9, 130.4 (d, J = 7.0 Hz), 129.9, 128.7, 126.9, 121.6, 120.0 (d, J = 23.3 Hz), 119.0 

(d, J = 17.7 Hz), 117.7, 110.6, 110.6 (d, J = 10.9 Hz), 42.9;  31P NMR (162 MHz, Chloroform-

d) δ -56.6; IR �̃�max 3144 (w), 3116 (w), 3054 (w), 2982 (w), 2944 (w), 2862 (w), 2828 (m), 

2781 (w), 1785 (w), 1681 (w), 1596 (w), 1551 (w), 1496 (m), 1455 (m), 1431 (w), 1367 (w), 

1322 (w), 1286 (w), 1246 (w), 1211 (m), 1155 (m), 1113 (w), 1054 (w), 1008 (s), 948 (m), 906 

(m), 883 (w), 820 (w); HRMS (ESI) calcd for C22H21NO2P
+ [M+H]+ 362.1304; found 

362.1306. 

2'-Iodo-2,4,6-triisopropyl-1,1'-biphenyl (2.80) 

 

Following a slightly modified procedure,249 a 25 mL two neck round bottom flask was charged 

with magnesium (0.583 g, 24.0 mmol, 2.4 equiv.), THF (5 mL) was then added followed by 2-

bromo-1,3,5-triisopropylbenzene (2.78) (0.142 g, 0.500 mmol, 0.05 equiv.) and DIBAL-H (1 

M solution in hexanes, 0.240 mL, 0.240 mmol). The reaction mixture was stirred at rt for 20 

min and then 2-bromo-1,3,5-triisopropylbenzene (2.78) (2.46 mL, 9.70 mmol, 0.97 equiv.) was 

then added in THF (9 mL) and the reaction mixture was heated to reflux for 1h. Then 1-bromo-

2-chlorobenzene (2.79) (1.28 mL, 11.0 mmol, 1.1 equiv.) was added over 30 min and the 

reaction mixture was further stirred 1h at reflux, then cooled to rt and a solution of iodine (2.79 

g, 11.0 mmol, 1.1 equiv.) in THF (5 mL) was added until a deep purple color persisted. The 

reaction mixture was then quenched with MeOH and filtered. The filtrate was then washed with 

Na2S2O3 and brine, then dried over Na2SO4, filtered and concentrated. The resulting solid 

(4.02 g) was crystallized from acetone (ca 15 mL) and further washed with pentane (3x5 mL) 

to yield the title compound 2.80 (1.95 g, 4.81 mmol, 48 % yield) as an off white crystalline 

solid. 1H NMR (400 MHz, Chloroform-d) δ 7.95 (dd, J = 7.9, 1.2 Hz, 1H), 7.38 (td, J = 7.5, 

1.3 Hz, 1H), 7.19 (dd, J = 7.6, 1.7 Hz, 1H), 7.08 – 6.99 (m, 3H), 2.95 (p, J = 6.9 Hz, 1H), 2.39 

(p, J = 6.8 Hz, 2H), 1.31 (d, J = 6.9 Hz, 6H), 1.22 (d, J = 6.9 Hz, 6H), 1.01 (d, J = 6.9 Hz, 6H); 

 
249 J. D. Hicks, A. M. Hyde, A. M. Cuezva, S. L. Buchwald, J. Am. Chem. Soc. 2009, 131, 16720-16734. 
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13C NMR (101 MHz, Chloroform-d) δ 148.7, 146.0, 145.9, 139.3, 138.9, 130.7, 128.4, 127.9, 

120.9, 102.6, 34.3, 30.8, 25.0, 24.2, 23.6. The characterization data correspond to the reported 

values.249 

Di(furan-2-yl)(2',4',6'-triisopropyl-[1,1'-biphenyl]-2-yl)phosphane (FuXPhos, 2.81) 

 

To a -78 °C solution of 2'-iodo-2,4,6-triisopropyl-1,1'-biphenyl (2.80) (0.252 g, 0.700 mmol, 1 

equiv.) in THF (2.41 mL) was added tert-butyllithium (2M (18%) solution in heptane, 0.81 mL, 

1.4 mmol, 2 equiv.) dropwise. The reaction mixture was stirred at -78 °C for 70 min. Then 

chlorodi(furan-2-yl)phosphine (2.76) (0.136 g, 0.679 mmol, 0.97 equiv.) diluted to reach 1 mL 

solution in Toluene was added dropwise over 3 min. The reaction mixture was allowed to warm 

up to rt slowly (with the acetone-dry ice bath) and was stirred at rt overnight. The reaction 

mixture was then quenched with water (1 mL), diluted with DCM (10 mL) and then washed 

with a saturated solution of NaHCO3 (5 mL). The organic layer was dried over MgSO4, filtered 

and concentrated under reduced pressure. The crude residue was purified by column 

chromatography (SiO2, Pentane:DCM 15:1) affording FuXPhos (2.81) (0.150 g, 0.337 mmol, 

48 % yield) as a white solid. Rf  0.65 (Pentane:Et2O 20:1) ; m.p = 138-139 °C;  1H NMR (400 

MHz, Chloroform-d) δ 7.84 – 7.79 (m, 1H, ArH), 7.60 (dd, J = 1.8, 0.7 Hz, 2H, HetArH), 7.40 

– 7.35 (m, 2H, ArH), 7.19 – 7.14 (m, 1H), 7.01 (d, J = 0.5 Hz, 2H, ArH), 6.46 (dt, J = 3.3, 0.9 

Hz, 2H, HetArH), 6.35 (dt, J = 3.2, 1.6 Hz, 2H, HetArH), 2.95 (p, J = 6.9 Hz, 1H, CH(CH3)2), 

2.34 (p, J = 6.8 Hz, 2H, CH(CH3)2), 1.31 (d, J = 6.9 Hz, 6H, CH(CH3)2), 0.97 (dd, J = 9.1, 6.8 

Hz, 12H, CH(CH3)2); 13C NMR (101 MHz, Chloroform-d) δ 151.5 (d, J = 11.4 Hz), 148.3, 

147.2 (d, J = 2.8 Hz), 146.8, 146.6, 146.4, 135.9 (d, J = 7.9 Hz), 135.1 (d, J = 3.1 Hz), 133.7, 

130.9 (d, J = 7.1 Hz), 129.3, 127.1, 120.6 (d, J = 4.0 Hz), 120.4, 110.8 (d, J = 5.0 Hz), 34.3, 

30.8, 25.5, 24.2, 22.9;  31P NMR (162 MHz, Chloroform-d) δ -61.30; IR �̃�max 2959 (s), 2927 

(s), 2864 (m), 1723 (w), 1646 (w), 1607 (w), 1554 (w), 1500 (w), 1463 (m), 1380 (w), 1366 

(w), 1319 (w), 1259 (w), 1217 (w), 1159 (w), 1135 (w), 1073 (w), 1009 (m), 965 (w), 907 (w), 

880 (w), 845 (w); HRMS (ESI) calcd for C29H34O2P
+ [M+H]+ 445.2291; found 445.2294. 

5.2.4 Characterization of the Heck Side Product 2.64 
 

Tert-butyl (E)-(2,2,2-trifluoro-1-((3-(2-fluorophenyl)allyl)oxy)ethyl)carbamate (2.64) 
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To an oven-dried 5 mL microwave tube under nitrogen atmosphere were added tert-butyl(1-

(allyloxy)-2,2,2-trifluoroethyl)carbamate (2.27) (77 mg, 0.30 mmol, 1 equiv.), Pd(dba)2 (6.9 

mg, 0.012 mmol, 0.04 equiv.), PhDavePhos (2.32) (9.2 mg, 0.024 mmol, 0.08 equiv.), and 

cesium carbonate (147 mg, 0.450 mmol, 1.5 equiv.). The tube was sealed, evacuated and 

backfilled with nitrogen (this process was repeated for a total of 3 times). Then 1 mL of 

degassed toluene (degassed using freeze-thaw cycles) and 1-bromo-2-fluorobenzene (2.61) 

(0.049 mL, 0.450 mmol, 1.5 equiv.) were added via syringe to the tube and the resulting mixture 

was heated to 75 °C. After 15 h stirring at 75 °C, the mixture was filtered over silica eluting 

with Et2O and concentrated under reduced pressure. The crude oil was purified by column 

chromatography (SiO2, Pentane:EtOAc 99:1 to 95:5) affording the title compound 2.64 (0.070 

g, 0.20 mmol, 67% yield) as a yellow oil. Rf 0.35 (Pentane:DCM 50:50); 1H NMR (400 MHz, 

Chloroform-d) δ 7.46 (td, J = 7.7, 1.7 Hz, 1H, ArH), 7.22 (ddt, J = 7.3, 5.2, 2.1 Hz, 1H, ArH), 

7.12 – 7.01 (m, 2H, ArH), 6.80 (dt, J = 15.9, 1.4 Hz, 1H, CArCHCH), 6.35 (dt, J = 16.1, 6.2 Hz, 

1H, CArCHCH), 5.41 (dq, J = 10.0, 4.9 Hz, 1H, CHCF3), 5.22 (d, J = 10.5 Hz, 1H, NH), 4.40 

(dd, J = 12.2, 5.9 Hz, 1H, OCH2), 4.31 (dd, J = 12.7, 6.8 Hz, 1H, OCH2), 1.47 (s, 9H, Boc); 13C 

NMR (101 MHz, Chloroform-d) δ 160.5 (d, J = 249.8 Hz), 154.6, 129.4 (d, J = 8.7 Hz), 128.7, 

127.9 (d, J = 3.8 Hz), 126.8, 126.6 (d, J = 6.2 Hz), 124.2 (d, J = 3.7 Hz), 122.8 (q, J = 284.1 

Hz), 115.9 (d, J = 22.1 Hz), 81.6, 78.3 (q, J = 34.8 Hz), 70.0, 28.3; IR �̃�max 3668 (w), 3326 (w), 

2984 (s), 2904 (m), 1758 (w), 1722 (w), 1697 (w), 1519 (w), 1494 (w), 1457 (w), 1398 (m), 

1377 (m), 1255 (m), 1191 (m), 1157 (m), 1053 (s), 968 (w), 894 (m); HRMS (ESI) calcd for 

C16H19F4NNaO3
+ [M+Na]+ 372.1193; found 372.1190. 

5.2.5 Pd-catalyzed Carbo-amination of Allylalcohols 
 

General procedure A 

To an oven-dried 5 mL microwave tube under nitrogen atmosphere were added the hemiaminal 

(0.30 mmol, 1.0 equiv.), Pd(dba)2 (6.9 mg, 0.012 mmol), Tri(2- furyl)phosphine (8.4 mg, 0.036 

mmol),  and cesium carbonate (127 mg, 0.390 mmol). The tube was sealed, evacuated and 

backfilled with nitrogen (this process was repeated for a total of 3 times). Then 1 mL of 

degassed toluene (degassed using freeze-thaw cycles) and (bromoethynyl) triisopropylsilane 

(2.17) (93 µL, 0.39 mmol) were added via syringe to the tube and the resulting mixture was 

heated to 75 °C. After 15 h stirring at 75 °C, the mixture was filtered over silica eluting with 

Et2O and concentrated under reduced pressure. The crude residue was then purified by column 

chromatography using the indicated solvents. 

General procedure B for alkynylbromides and 1,1-disubstituted olefins 

To an oven-dried 5 mL microwave tube under nitrogen atmosphere were added the hemiaminal 

(0.3 mmol, 1.0 equiv.), Pd(dba)2 (6.9 mg, 0.012 mmol), XPhos (2.54) (17.2 mg, 0.0360 mmol), 

and cesium carbonate (127 mg, 0.390 mmol). The tube was sealed, evacuated and backfilled 

with nitrogen (this process was repeated for a total of 3 times). Then 1 mL of degassed toluene 

(degassed using freeze-thaw cycles) and the alkynylbromide (0.39 mmol, 1.1 equiv.) were 

added via syringe to the tube and the resulting mixture was heated to 75 °C. After 15h stirring 

at 75 °C, the mixture was filtered over silica eluting with Et2O and concentrated under reduced 

pressure. The crude residue was then purified by column chromatography using the indicated 

solvents. 

General procedure C for arylbromides 

To an oven-dried 5 mL microwave tube under nitrogen atmosphere were added the hemiaminal 

(0.30 mmol, 1.0 equiv.), Pd(dba)2 (6.9 mg, 0.012 mmol), FuXPhos (2.81) (16 mg, 0.036 mmol), 

cesium trifluoromethanesulfonate (102 mg, 0.360 mmol) and cesium carbonate (147 mg, 0.450 
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mmol). The tube was sealed, evacuated and backfilled with nitrogen (this process was repeated 

for a total of 3 times). Then 1 mL of degassed toluene (degassed using freeze-thaw cycles) and 

the arylbromide (0.45 mmol, 1.5 equiv.) were added via syringe to the tube and the resulting 

mixture was heated to 75 °C. After 15h stirring at 75 °C, the mixture was filtered over silica 

eluting with Et2O and concentrated under reduced pressure. The crude residue was then purified 

by column chromatography using the indicated solvents. 

The stereochemistry of the oxazolidines was assigned by analogy with compounds 90, 95 and 

100 for which 2D ROESY experiments were performed. 

Tert-butyl-2-(trifluoromethyl)-4-(3-(triisopropylsilyl)prop-2-yn-1-yl)oxazolidine-3-

carboxylate (2.35) 

 

Following General Procedure A, the title compound was prepared from tert-butyl(1-(allyloxy)-

2,2,2-trifluoroethyl)carbamate (2.27) (77 mg, 0.30 mmol, 1 equiv.), and 

(bromoethynyl)triisopropylsilane (2.17) (93 µL, 0.39 mmol, 1.3 equiv.). The crude oil was 

purified by column chromatography (SiO2, Pentane:AcOEt 19:1) affording the title compound 

2.35 (0.118 g, 0.270 mmol, 90 % yield, dr > 20:1 in the crude 1H NMR) as a yellow oil. Rf  

0.65 (Pentane:EtOAc 90:10). 1H NMR (400 MHz, Chloroform-d) δ 5.47 (bs, 1H, CHCF3), 

4.41 (t, J = 7.2 Hz, 1H, OCH2), 4.28 – 4.06 (m, 2H, OCH2 and NCHCH2), 2.99 (d, J = 15.6 Hz, 

1H, CH2CC), 2.37 (dd, J = 16.4, 10.3 Hz, 1H, CH2CC), 1.49 (s, 9H, Boc), 1.08-1.00 (m, 21H, 

TIPS); 13C NMR (101 MHz, Chloroform-d) δ 153.4, 123.1 (q, J = 286.2 Hz), 103.4, 85.7 (q, 

J = 35.4 Hz), 83.4, 82.5, 73.3, 56.5, 28.3, 24.6, 18.7, 11.3; IR �̃�max 2944 (m), 2943 (m), 2868 

(w), 2362 (w), 2337 (w), 2336 (w), 2176 (w), 1723 (s), 1722 (s), 1465 (w), 1367 (s), 1323 (w), 

1288 (w), 1162 (s), 1135 (m), 1072 (w), 963 (m), 962 (m), 880 (w), 850 (w); HRMS (ESI) 

calcd for C21H36F3NNaO3Si+ [M+Na]+ 458.2309; found 458.2309. 

Tert-butyl-4-(4-methyl-4-((triisopropylsilyl)oxy)pent-2-yn-1-yl)-2-(trifluoromethyl) 

oxazolidine-3-carboxylate (2.53) 

 

Following General Procedure B, the title compound was prepared from tert-butyl(1-(allyloxy)-

2,2,2-trifluoroethyl)carbamate (2.27)  (77 mg, 0.30 mmol, 1 equiv.), and ((4-bromo-2-

methylbut-3-yn-2-yl)oxy)triisopropylsilane (2.38) (125 mg, 0.390 mmol, 1.3 equiv.). The crude 

oil was purified by column chromatography (SiO2, Pentane:Et2O 99:1 to 95:5) affording the 

title compound 2.53 (0.098 g, 0.19 mmol, 66 % yield, dr > 20:1 in the crude 1H NMR) as a 

yellow oil. Rf  0.3 (Pentane:DCM 70:30); 1H NMR (400 MHz, Acetonitrile-d3) δ 5.53 (q, J = 

5.3 Hz, 1H, CHCF3), 4.35 (ddd, J = 8.6, 7.2, 1.4 Hz, 1H, OCH2), 4.11 (ddt, J = 9.8, 6.9, 3.5 Hz, 

1H, NCHCH2), 4.01 (ddd, J = 8.2, 6.8, 1.2 Hz, 1H, OCH2), 2.76 (dd, J = 16.6, 4.2 Hz, 1H, CH2-

CC), 2.35 (dd, J = 16.6, 9.7 Hz, 1H, CH2-CC), 1.46 (s, 6H, Me), 1.46 (s, 9H, Boc), 1.14 – 1.04 

(m, 21H, TIPS); 13C NMR (101 MHz, Acetonitrile-d3) δ 154.1, 123.8 (q, J = 285.4 Hz), 88.3, 

86.0 (q, J = 34.9 Hz), 82.4, 78.4, 73.2, 66.7 , 56.6, 33.3 (d, J = 2.8 Hz), 27.8, 23.3, 18.3, 13.4; 
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IR �̃�max 2941 (w), 2868 (w), 1723 (m), 1464 (w), 1366 (m), 1326 (w), 1287 (w), 1247 (w), 

1160 (s), 1134 (m), 1054 (w), 961 (w), 909 (w), 882 (w), 849 (w); HRMS (ESI) calcd for 

C24H42F3NNaO4Si+ [M+Na]+ 516.2727; found 516.2729. 

Tert-butyl-4-(4-((tert-butyldimethylsilyl)oxy)-5,5,5-trifluoro-4-phenylpent-2-yn-1-yl)-2-

(trifluoromethyl)oxazolidine-3-carboxylate (2.56) 

 

Following General Procedure B, the title compound was prepared from tert-butyl(1-(allyloxy)-

2,2,2-trifluoroethyl)carbamate (2.27)  (77 mg, 0.30 mmol, 1 equiv.), and ((4-bromo-1,1,1-

trifluoro-2-phenylbut-3-yn-2-yl)oxy)(tert-butyl)dimethylsilane (2.41) (153 mg, 0.390 mmol, 

1.3 equiv.). The crude oil was purified by column chromatography (SiO2, Pentane:Et2O 99:1 to 

95:5) affording the title compound 2.56 (0.141 g, 0.248 mmol, 83 % yield, mixture of 

unresolved diastereoisomers at the propargylic center) as a yellow oil. Rf  0.2 (Pentane:DCM 

80:20). 1H NMR (400 MHz, Acetonitrile-d3) δ 7.80 – 7.68 (m, 2H, ArH), 7.47 – 7.36 (m, 3H, 

ArH), 5.56 (q, J = 5.2 Hz, 1H, CHCF3), 4.41 – 4.32 (m, 1H, OCH2), 4.31 – 4.24 (m, 1H, 

NCHCH2), 4.06 (td, J = 8.8, 6.2 Hz, 1H, OCH2), 2.97 (dt, J = 16.9, 4.1 Hz, 1H, CH2CC), 2.60 

(ddd, J = 16.8, 9.2, 4.1 Hz, 1H, CH2CC), 1.45 (s, 9H, Boc), 0.95 (s, 9H, TBS), 0.23 (app d, J = 

1.2 Hz, 3H, TBS), 0.00 (app d, J = 3.8 Hz, 3H, TBS); 13C NMR (101 MHz, Acetonitrile-d3) δ 

154.4, 138.1, 130.4, 129.1 (d, J = 2.9 Hz), 128.4, 129.0 – 119.6 (m), 128.9 – 119.4 (m), 87.8, 

86.4 (q, J = 35.0 Hz), 82.9, 78.9, 78.9 (diastereosiomer), 75.3 (q, J = 32.2 Hz), 73.5, 56.7, 28.2, 

26.1, 23.8, 23.8 (diastereoisomer), 18.9, -3.0, -3.1 (diastereoisomer); IR �̃�max 3067 (w), 3037 

(w), 3010 (w), 2958 (w), 2934 (w), 2902 (w), 2859 (w), 1722 (m), 1468 (w), 1453 (w), 1367 

(m), 1328 (w), 1287 (w), 1262 (w), 1175 (s), 1159 (s), 1135 (m), 1100 (m), 1077 (w), 1032 (w), 

1007 (w), 961 (w), 914 (w), 865 (m), 842 (s); HRMS (ESI) calcd for C26H35F6NNaO4Si+ 

[M+Na]+ 590.2132; found 590.2137. 

Tert-butyl-2-(trifluoromethyl)-4-(4-((triisopropylsilyl)oxy)dec-2-yn-1-yl)oxazolidine-3-

carboxylate (2.57) 

 

Following General Procedure B, the title compound was prepared from tert-butyl(1-(allyloxy)-

2,2,2-trifluoroethyl)carbamate (2.27)  (77 mg, 0.30 mmol, 1 equiv.), and ((1-bromonon-1-yn-

3-yl)oxy)triisopropylsilane (2.44) (146 mg, 0.390 mmol, 1.3 equiv.). The crude oil was purified 

by column chromatography (SiO2, Pentane:DCM 4:1) affording the title compound 2.57 (0.118 

g, 0.215 mmol, 72% yield, mixture of unresolved diastereoisomers at the propargylic center) as 

a yellow oil. Rf  0.35 (Pentane:DCM 70:30); 1H NMR (400 MHz, Acetonitrile-d3) δ 5.54 (q, 

J = 5.3 Hz, 1H, CHCF3), 4.48 (tt, J = 6.2, 1.9 Hz, 1H, NCHCH2), 4.34 (dddd, J = 8.5, 7.1, 3.3, 

1.7 Hz, 1H, CHOTIPS), 4.13 (ddtd, J = 9.4, 7.3, 4.4, 1.9 Hz, 1H, OCH2CH), 4.01 (ddd, J = 8.3, 

7.0, 1.2 Hz, 1H, OCH2CH), 2.78 (ddd, J = 16.7, 4.2, 1.9 Hz, 1H, CH2CC), 2.38 (dddd, J = 16.6, 

9.6, 3.0, 1.8 Hz, 1H, CH2CC), 1.67 – 1.59 (m, 2H, TIPSOCHCH2), 1.46 (s, 9H, Boc), 1.44 – 
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1.39 (m, 2H, CHCH2CH2), 1.34 – 1.27 (m, 6H, CH2CH2CH2), 1.12 – 1.03 (m, 21H, TIPS), 0.91 

– 0.86 (m, 3H, CH2CH3); 13C NMR (101 MHz, Acetonitrile-d3) δ 154.4, 124.2 (q, J = 285.7 

Hz), 86.4 (q, J = 35.0 Hz), 85.2, 82.7, 80.3, 80.3 (diastereoisomer), 73.6, 63.9, 57.2, 39.4, 32.1, 

29.7, 28.2, 25.7, 23.6, 23.3, 18.4, 14.3, 13.0; IR �̃�max 2938 (m), 2866 (m), 1723 (s), 1463 (w), 

1367 (s), 1326 (m), 1288 (w), 1256 (w), 1180 (s), 1160 (s), 1133 (m), 1103 (m), 1065 (m), 960 

(w), 917 (w), 883 (m), 849 (w), 808 (w); HRMS (ESI) calcd for C28H50F3NNaO4Si+ [M+Na]+ 

572.3353; found 572.3354. 

Tert-butyl-4-(5-(benzyloxy)-4-((tert-butyldimethylsilyl)oxy)pent-2-yn-1-yl)-2-

(trifluoromethyl)oxazolidine-3-carboxylate (2.60) 

 

Following General Procedure B, the title compound was prepared from tert-butyl(1-(allyloxy)-

2,2,2-trifluoroethyl)carbamate (2.27) (77 mg, 0.30 mmol, 1 equiv.), and ((1-(benzyloxy)-4-

bromobut-3-yn-2-yl)oxy)(tert-butyl)dimethylsilane (2.52) (144 mg, 0.390 mmol, 1.3 equiv.). 

The crude oil was purified by column chromatography (SiO2, Pentane:Et2O 99:1 to 95:5) 

affording the title compound 2.60 (0.104 g, 0.191 mmol, 64 % yield, mixture of unresolved 

diastereoisomers at the propargylic center) as a yellow oil. Rf  0.43 (Pentane:Et2O 90:10). 1H 

NMR (400 MHz, Acetonitrile-d3) δ 7.39 – 7.24 (m, 5H, ArH), 5.54 (q, J = 5.3 Hz, 1H, CHCF3), 

4.60 – 4.50 (m, 3H, CH2CAr and CHOTBS), 4.33 (ddt, J = 8.5, 7.0, 1.5 Hz, 1H, OCH2), 4.10 

(ddt, J = 10.4, 6.6, 3.3 Hz, 1H, NCHCH2), 4.00 (ddt, J = 8.3, 7.0, 1.3 Hz, 1H, OCH2), 3.54 – 

3.44 (m, 2H, CH2OBn), 2.77 (ddt, J = 16.9, 3.6, 1.6 Hz, 1H, CH2CC), 2.40 (dddd, J = 16.2, 9.4, 

4.3, 1.9 Hz, 1H, CH2CC), 1.45 (s, 9H, Boc), 0.90 (s, 9H, TBS), 0.11 (s, 3H, TBS), 0.10 (s, 3H, 

TBS); 13C NMR (101 MHz, Acetonitrile-d3) δ 154.4, 139.6, 129.2, 128.5, 128.4, 129.1 – 119.6 

(m), 86.4 (q, J = 34.9 Hz), 82.8, 82.6, 82.6 (diastereoisomer), 81.3, 81.3 (diastereoisomer), 75.5, 

73.7, 73.5, 63.7, 57.0, 28.2, 26.1, 23.6, 23,5 (diastereoisomer), 18.8, -4.5, -4.7 

(diastereoisomer); IR �̃�max 2956 (w), 2932 (m), 2858 (w), 1720 (s), 1470 (w), 1460 (w), 1366 

(s), 1326 (w), 1288 (w), 1255 (w), 1178 (s), 1159 (s), 1131 (s), 1101 (s), 1028 (w), 1008 (w), 

961 (m), 908 (w), 839 (s); HRMS (ESI) calcd for C27H40F3NNaO5Si+ [M+Na]+ 566.2520; 

found 566.2526. 

Tert-butyl-4-(2-fluorobenzyl)-2-(trifluoromethyl)oxazolidine-3-carboxylate (2.63) 

 

Following General Procedure C, the title compound was prepared from tert-butyl(1-(allyloxy)-

2,2,2-trifluoroethyl)carbamate (2.27) (77 mg, 0.30 mmol, 1 equiv.) and 1-bromo-2-

fluorobenzene (2.61) (49 µL, 0.45 mmol, 1.5 equiv.). The crude oil was purified by column 

chromatography (SiO2, Pentane:EtOAc 99:1 to 95:5) affording the title compound 2.63 (0.092 

g, 0.26 mmol, 88% yield, dr > 20:1 in the crude 1H NMR) as a yellow oil. Rf  0.35 

(Pentane:DCM 50:50); 1H NMR (400 MHz, Acetonitrile-d3) δ 7.30 – 7.20 (m, 2H, ArH), 7.13 

– 7.03 (m, 2H, ArH), 5.54 (q, J = 5.3 Hz, 1HCHCF3), 4.35 (p, J = 6.8 Hz, 1H, NCHCH2), 4.12 

(ddq, J = 8.4, 7.2, 1.2 Hz, 1H, OCH2), 3.96 (dd, J = 8.7, 5.8 Hz, 1H, OCH2), 3.14 (dd, J = 13.5, 
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6.3 Hz, 1H, CH2CAr), 2.84 (dd, J = 13.5, 8.0 Hz, 1H, CH2CAr), 1.37 (s, 9H, Boc); 13C NMR 

(101 MHz, Acetonitrile-d3) δ 162.3 (d, J = 243.7 Hz), 154.7, 132.8 (d, J = 5.0 Hz), 129.7 (d, J 

= 8.1 Hz), 125.6 (d, J = 11.4 Hz), 128. – 119.6 (m), 125.3 (d, J = 3.6 Hz), 116.1 (d, J = 22.2 

Hz), 86.4 (q, J = 35.0 Hz), 82.4, 73.3, 58.2, 33.7, 28.1; IR �̃�max 2981 (w), 2937 (w), 2910 (w), 

1717 (s), 1585 (w), 1491 (m), 1458 (w), 1369 (s), 1329 (w), 1289 (w), 1234 (w), 1158 (s), 1134 

(m), 1109 (m), 1073 (w), 1053 (w), 1029 (w), 979 (w), 962 (w), 910 (w), 881 (w), 850 (m); 

HRMS (ESI) calcd for C16H18F4NO3 [M+] 348.1223; found 348.1209. 

Tert-butyl-4-(2-bromobenzyl)-2-(trifluoromethyl)oxazolidine-3-carboxylate (2.87) 

 

Following General Procedure C, the title compound was prepared from tert-butyl(1-(allyloxy)-

2,2,2-trifluoroethyl)carbamate (2.27) (77 mg, 0.30 mmol, 1 equiv.) and 1,2-dibromobenzene 

(54 µL, 0.45 mmol, 1.5 equiv.). The crude oil was purified by column chromatography (SiO2, 

Pentane:EtOAc 98:2 to 95:5) affording the title compound 2.87 (0.069 g, 0.17 mmol, 56% yield, 

dr > 20:1 in the crude 1H NMR) as a yellow oil. Rf  0.3 (Pentane:EtOAc 95:5); 1H NMR (400 

MHz, Acetonitrile-d3) δ 7.56 (dd, J = 8.1, 1.3 Hz, 1H, ArH), 7.30 – 7.20 (m, 2H, ArH), 7.18 – 

7.11 (m, 1H, ArH), 5.55 (q, J = 5.2 Hz, 1H, CHCF3), 4.48 (p, J = 7.1, 7.0, 6.5 Hz, 1H, NCHCH2), 

4.10 (ddd, J = 8.4, 7.2, 1.2 Hz, 1H, OCH2), 3.99 (dd, J = 8.6, 5.1 Hz, 1H, OCH2), 3.14 (dd, J = 

13.7, 7.7 Hz, 1H, CH2CAr), 2.98 (dd, J = 13.5, 7.0 Hz, 1H, CH2CAr), 1.30 (s, 9H, Boc); 13C 

NMR (101 MHz, Acetonitrile-d3) δ 154.7, 138.2, 133.7, 132.8, 129.6, 128.6, 125.5, 124.3 (q, 

J = 284.9 Hz), 86.5 (q, J = 35.0 Hz), 82.4, 73.0, 57.6, 40.2, 28.1; IR �̃�max 2979 (w), 2934 (w), 

2878 (w), 2362 (w), 2337 (w), 1715 (s), 1476 (w), 1441 (w), 1367 (s), 1329 (m), 1287 (m), 

1258 (w), 1157 (s), 1135 (m), 1106 (w), 1071 (w), 1049 (w), 1023 (w), 978 (w), 962 (w), 878 

(w), 849 (w); HRMS (ESI) calcd for C16H19
79BrF3NNaO3

+ [M+Na]+ 432.0393; found 

432.0390. 

Tert-butyl-4-(4-cyanobenzyl)-2-(trifluoromethyl)oxazolidine-3-carboxylate (2.88) 

 

Following General Procedure C, the title compound was prepared from tert-butyl(1-(allyloxy)-

2,2,2-trifluoroethyl)carbamate (2.27) (77 mg, 0.30 mmol, 1 equiv.) and 4-bromobenzonitrile 

(82 mg, 0.45 mmol, 1.5 equiv.). The crude oil was purified by column chromatography (SiO2, 

Pentane:EtOAc 9:1 to 4:1) affording the title compound 2.88 (0.095 g, 0.27 mmol, 89% yield, 

dr > 20:1 in the crude 1H NMR) as a yellow oil. Rf 0.25 (Pentane:EtOAc 90:10); 1H NMR (400 

MHz, Acetonitrile-d3) δ 7.70 – 7.58 (m, 2H, ArH), 7.40 – 7.30 (m, 2H, ArH), 5.54 (q, J = 5.2 

Hz, 1H, CHCF3), 4.30 (p, J = 6.8 Hz, 1H, NCHCH2), 4.11 (ddd, J = 8.4, 7.2, 1.2 Hz, 1H, OCH2), 

3.94 (dd, J = 8.8, 5.5 Hz, 1H, OCH2), 3.14 (dd, J = 13.4, 6.6 Hz, 1H, CH2CAr), 2.85 (dd, J = 

13.3, 7.6 Hz, 1H, CH2CAr), 1.34 (s, 9H, Boc); 13C NMR (101 MHz, Acetonitrile-d3) δ 154.6, 

144.6, 133.2, 131.3, 124.1 (q, J = 284.9 Hz), 119.7, 110.9, 86.3 (q, J = 35.0 Hz), 82.5, 73.2, 

59.1, 40.1, 28.0; IR �̃�max 2980 (w), 2935 (w), 2908 (w), 2229 (w), 1713 (s), 1609 (w), 1507 

(w), 1481 (w), 1457 (w), 1366 (s), 1329 (m), 1288 (m), 1259 (w), 1155 (s), 1132 (s), 1109 (m), 
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1071 (w), 1022 (w), 981 (w), 960 (w), 912 (w), 879 (w), 847 (m), 820 (w); HRMS (ESI) calcd 

for C17H20F3N2O3
+ [M+H]+ 357.1421; found 357.1428. 

Tert-butyl-4-(3-nitrobenzyl)-2-(trifluoromethyl)oxazolidine-3-carboxylate (2.89) 

 

Following General Procedure C, the title compound was prepared from tert-butyl(1-(allyloxy)-

2,2,2-trifluoroethyl)carbamate (2.27) (77 mg, 0.30 mmol, 1 equiv.) and 1-bromo-3-

nitrobenzene (91 mg, 0.45 mmol, 1.5 equiv.). The crude oil was purified by column 

chromatography (SiO2, Pentane:EtOAc 98:2 to 95:5) affording the title compound 2.89 (0.104 

g, 0.276 mmol, 92% yield, dr > 20:1 in the crude 1H NMR) as a yellow oil. Rf 0.48 

(Pentane:EtOAc 80:20); 1H NMR (400 MHz, Acetonitrile-d3) δ 8.12 – 7.97 (m, 2H. ArH), 

7.58 (dt, J = 7.8, 1.4 Hz, 1H, ArH), 7.51 (t, J = 7.8 Hz, 1H, ArH), 5.53 (q, J = 5.2 Hz, 1H, 

CHCF3), 4.32 (p, J = 6.7 Hz, 1H, NCHCH2), 4.13 (ddd, J = 8.3, 7.1, 1.3 Hz, 1H, OCH2), 3.95 

(dd, J = 8.6, 5.6 Hz, 1H, OCH2), 3.13 (dd, J = 13.5, 6.8 Hz, 1H, CH2CAr), 2.94 (dd, J = 13.5, 

7.1 Hz, 1H, CH2CAr), 1.31 (s, 9H, Boc); 13C NMR (101 MHz, Acetonitrile-d3) δ 154.6, 149.3, 

140.9, 136.9, 130.6, 125.1, 124.2 (q, J = 284.9 Hz), 122.5, 86.4 (q, J = 35.0 Hz), 82.5, 73.2, 

59.2, 39.4, 28.1; IR �̃�max 2981 (w), 2936 (w), 2904 (w), 2369 (w), 2338 (w), 1713 (s), 1531 (s), 

1354 (s), 1344 (m), 1289 (m), 1155 (s), 1132 (s), 1105 (m), 984 (w), 960 (w), 911 (w), 872 (w), 

849 (w), 843 (w); HRMS (ESI) calcd for C16H19F3N2NaO5
+ [M+Na]+ 399.1138; found 

399.1142. 

Tert-butyl-4-(3,5-bis(trifluoromethyl)benzyl)-2-(trifluoromethyl)oxazolidine-3-

carboxylate (2.90) 

 

Following General Procedure C, the title compound was prepared from tert-butyl(1-(allyloxy)-

2,2,2-trifluoroethyl)carbamate (2.27) (77 mg, 0.30 mmol, 1 equiv.) and 1-bromo-3,5-

bis(trifluoromethyl)benzene (133 mg, 0.450 mmol, 1.5 equiv.). The crude oil was purified by 

column chromatography (SiO2, Pentane:EtOAc 98:2 to 95:5) affording the title compound 2.90 

(0.128 g, 0.274 mmol, 91% yield, dr > 20:1 in the crude 1H NMR) as a yellow oil. Rf 0.55 

(Pentane:EtOAc 80:20); 1H NMR (400 MHz, Acetonitrile-d3) δ 7.87 (s, 1H, ArH), 7.76 (s, 

2H, ArH), 5.54 (q, J = 5.2 Hz, 1H, CHCF3), 4.35 (p, J = 6.6 Hz, 1H, NCHCH2), 4.18 (t, J = 7.8 

Hz, 1H, OCH2), 3.97 (dd, J = 8.6, 5.3 Hz, 1H, OCH2), 3.08 (app dd, J = 7.0, 2.4 Hz, 2H, 

CH2CAr), 1.29 (s, 9H, Boc); 13C NMR (101 MHz, Acetonitrile-d3) δ 154.6, 141.9, 132.5 – 

131.3 (m), 131.1 (d, J = 3.7 Hz), 124.6 (q, J = 271.8 Hz), 124.1 (q, J = 284.7 Hz), 121.4 (hept, 

J = 4.0 Hz), 86.5 (q, J = 35.1 Hz), 82.6, 72.9, 59.0, 39.0, 27.9; IR �̃�max 2984 (w), 2937 (w), 

2910 (w), 2362 (w), 2333 (w), 1717 (m), 1480 (w), 1464 (w), 1367 (m), 1330 (w), 1276 (s), 

1160 (s), 1131 (s), 985 (w), 963 (w), 903 (w), 848 (w); HRMS (ESI) calcd for C18H18F9NNaO3
+ 

[M+Na]+ 490.1035; found 490.1040. 



235 

 

Tert-butyl-4-(2-bromo-4-formylbenzyl)-2-(trifluoromethyl)oxazolidine-3-carboxylate 

(2.91) 

 

Following General Procedure C, the title compound was prepared from tert-butyl(1-(allyloxy)-

2,2,2-trifluoroethyl)carbamate (2.27) (77 mg, 0.30 mmol, 1 equiv.) and 3,4-

dibromobenzaldehyde (119 mg, 0.450 mmol, 1.5 equiv.). The crude oil was purified by column 

chromatography (SiO2, Pentane:EtOAc 98:2 to 95:5) affording the title compound 2.91 (0.109 

g, 0.249 mmol, 83% yield > 20:1 in the crude 1H NMR) as a yellow oil. Rf 0.45 (Pentane:EtOAc 

80:20); 1H NMR (400 MHz, Acetonitrile-d3) δ 9.9 (s, 1H,  CHO), 8.1 (d, J = 1.7 Hz, 1H, ArH), 

7.8 (dd, J = 7.8, 1.7 Hz, 1H, ArH), 7.4 (d, J = 7.8 Hz, 1H, ArH), 5.6 (q, J = 5.1 Hz, 1H, CHCF3), 

4.5 (p, J = 6.9 Hz, 1H, NCHCH2), 4.2 (ddt, J = 8.1, 7.1, 1.0 Hz, 1H, OCH2), 4.0 (dd, J = 8.6, 

4.7 Hz, 1H, OCH2), 3.2 – 3.1 (m, 2H, CH2CAr), 1.3 (s, 9H, Boc); 13C NMR (101 MHz, 

Acetonitrile-d3) δ 192.0, 154.6, 145.1, 137.8, 134.3, 133.4, 129.3, 126.3, 124.2 (q, J = 284.6 

Hz), 86.6 (q, J = 35.1 Hz), 82.5, 73.1, 57.3, 40.6, 28.0; IR �̃�max 3060 (w), 2983 (w), 2936 (w), 

2838 (w), 2723 (w), 1706 (s), 1598 (w), 1557 (w), 1524 (w), 1481 (w), 1457 (w), 1366 (s), 1328 

(m), 1287 (m), 1259 (w), 1157 (s), 1105 (w), 1072 (w), 1038 (w), 982 (w), 961 (w), 880 (w), 

847 (w); HRMS (ESI) calcd for C17H19
79BrF3NNaO4

+ [M+Na]+ 460.0342; found 460.0343. 

Tert-butyl-4-(2-methyl-4-nitrobenzyl)-2-(trifluoromethyl)oxazolidine-3-carboxylate 

(2.92) 

 

Following General Procedure C, the title compound was prepared from tert-butyl(1-(allyloxy)-

2,2,2-trifluoroethyl)carbamate (2.27) (77 mg, 0.30 mmol, 1 equiv.) and 1-bromo-2-methyl-4-

nitrobenzene (97 mg, 0.45 mmol, 1.5 equiv.). The crude oil was purified by column 

chromatography (SiO2, Pentane:EtOAc 95:5 to 90:10) affording the title compound 2.92 (0.091 

g, 0.23 mmol, 78% yield, dr > 20:1 in the crude 1H NMR) as a yellow oil. Rf 0.6 

(Pentane:EtOAc 80:20); 1H NMR (400 MHz, Acetonitrile-d3) δ 8.02 (d, J = 2.5 Hz, 1H, ArH), 

7.93 (dd, J = 8.4, 2.5 Hz, 1H, ArH), 7.31 (d, J = 8.4 Hz, 1H, ArH), 5.57 (q, J = 5.2 Hz, 1H, 

CHCF3), 4.37 (p, J = 7.1, 7.0, 6.3 Hz, 1H, NCHCH2), 4.12 (ddd, J = 8.4, 7.2, 1.3 Hz, 1H, 

OCH2), 3.97 (dd, J = 8.7, 5.3 Hz, 1H, OCH2), 3.18 (dd, J = 13.6, 7.2 Hz, 1H, CH2CAr), 2.89 

(dd, J = 13.6, 7.5 Hz, 1H, CH2CAr), 2.46 (s, 3H, Me), 1.31 (s, 9H, Boc); 13C NMR (101 MHz, 

Acetonitrile-d3) δ 154.6, 147.8, 145.2, 140.1, 132.0, 125.6, 124.2 (q, J = 285.1 Hz), 121.7, 86.5 

(q, J = 35.0 Hz), 82.6, 73.3, 57.4, 37.9, 28.1, 19.8; IR �̃�max 3071 (w), 2981 (w), 2935 (w), 2910 

(w), 1712 (s), 1613 (w), 1590 (w), 1522 (m), 1484 (w), 1459 (w), 1365 (s), 1350 (s), 1327 (m), 

1288 (m), 1259 (w), 1156 (s), 1132 (m), 1101 (m), 1067 (w), 980 (w), 961 (w), 930 (w), 902 

(w), 875 (w), 849 (m), 814 (w); HRMS (ESI) calcd for C17H21F3N2O5 [M+] 390.1403; found 

390.1390. 
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Tert-butyl-4-((5-nitrothiophen-2-yl)methyl)-2-(trifluoromethyl)oxazolidine-3-

carboxylate (2.93) 

 

Following General Procedure C, the title compound was prepared from tert-butyl(1-(allyloxy)-

2,2,2-trifluoroethyl)carbamate (2.27) (77 mg, 0.30 mmol, 1 equiv.) and 2-bromo-5-

nitrothiophene (94 mg, 0.45 mmol, 1.5 equiv.). The crude oil was purified by column 

chromatography (SiO2, Pentane:EtOAc 98:2 to 95:5) affording the title compound 2.93 (0.092 

g, 0.24 mmol, 80% yield, dr > 20:1 in the crude 1H NMR) as a yellow oil. Rf 0.35 

(Pentane:EtOAc 80:20); 1H NMR (400 MHz, Acetonitrile-d3) δ 7.81 (d, J = 4.2 Hz, 1H, 

HetArH), 6.89 (dt, J = 4.2, 0.8 Hz, 1H, HetArH), 5.54 (q, J = 5.1 Hz, 1H, CHCF3), 4.30 (dt, J 

= 12.5, 6.6 Hz, 1H, NCHCH2), 4.18 (ddt, J = 8.8, 6.9, 1.0 Hz, 1H, OCH2), 3.96 (ddd, J = 8.6, 

5.0, 1.0 Hz, 1H, OCH2), 3.18 (dd, J = 14.6, 7.0 Hz, 1H, CH2HetAr), 3.09 (dd, J = 14.7, 6.8 Hz, 

1H), 1.35 (s, 9H, Boc); 13C NMR (101 MHz, Acetonitrile-d3) δ 154.5, 151.3, 150.2, 130.2, 

127.9, 124.0 (q, J = 284.6 Hz), 86.4 (q, J = 35.0 Hz), 82.9, 73.0, 59.0, 34.8, 28.1; IR �̃�max 3353 

(w), 3111 (w), 2980 (w), 2897 (w), 2773 (w), 1715 (s), 1629 (w), 1542 (w), 1499 (m), 1437 

(w), 1372 (m), 1338 (s), 1287 (m), 1253 (w), 1155 (s), 1070 (w), 1031 (w), 978 (w), 909 (w), 

852 (w), 816 (m); HRMS (ESI) calcd for C14H17F3N2NaO5S
+ [M+Na]+ 405.0702; found 

405.0703. 

Tert-butyl-4-((5-(methoxycarbonyl)furan-2-yl)methyl)-2-(trifluoromethyl)oxazolidine-3-

carboxylate (2.94) 

 

Following General Procedure C, the title compound was prepared from tert-butyl(1-(allyloxy)-

2,2,2-trifluoroethyl)carbamate (2.27) (77 mg, 0.30 mmol, 1 equiv.) and methyl 5-bromofuran-

2-carboxylate (92 mg, 0.45 mmol, 1.5 equiv.). The crude oil was purified by column 

chromatography (SiO2, Pentane:EtOAc 98:2 to 95:5) affording the title compound 2.94 (0.093 

g, 0.25 mmol, 82% yield > 20:1 in the crude 1H NMR) as a yellow oil. Rf 0.4 (Pentane:EtOAc 

80:20); 1H NMR (400 MHz, Acetonitrile-d3) δ 7.07 (d, J = 3.4 Hz, 1H, HetArH), 6.25 (d, J = 

3.4 Hz, 1H, HetArH), 5.51 (q, J = 5.2 Hz, 1H, CHCF3), 4.31 (p, J = 6.5 Hz, 1H, NCHCH2), 

4.21 (tq, J = 7.2, 1.2 Hz, 1H, OCH2), 3.95 (ddd, J = 8.6, 5.8, 1.1 Hz, 1H, OCH2), 3.76 (s, 3H, 

Me), 3.12 (dd, J = 14.9, 5.9 Hz, 1H, CH2HetAr), 2.88 (dd, J = 14.9, 7.8 Hz, 1H, CH2HetAr), 

1.37 (s, 9H, Boc); 13C NMR (101 MHz, Acetonitrile-d3) δ 159.7, 157.5, 154.4, 144.7, 124.5 

(q, J = 283.8 Hz), 119.9, 110.8, 86.2 (q, J = 35.1 Hz), 82.6, 73.2, 57.0, 52.2, 32.7, 28.1; IR �̃�max 

2981 (w), 2936 (w), 2907 (w), 1716 (s), 1598 (w), 1526 (w), 1481 (w), 1459 (w), 1439 (w), 

1366 (s), 1307 (m), 1256 (w), 1156 (s), 1136 (s), 1075 (w), 1021 (w), 962 (m), 929 (w), 907 

(w), 872 (w), 850 (w); HRMS (ESI) calcd for C16H20F3NNaO6
+ [M+Na]+ 402.1135; found 

402.1132. 
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Tert-butyl-5-methyl-2-(trifluoromethyl)-4-(3-(triisopropylsilyl)prop-2-yn-1-

yl)oxazolidine-3-carboxylate (2.98) 

 

Following General Procedure A, the title compound was prepared from tert-butyl (1-(but-3-en-

2-yloxy)-2,2,2-trifluoroethyl)carbamate (2.97) (81 mg, 0.30 mmol, 1 equiv.) and 

(bromoethynyl)triisopropylsilane (2.17) (93 µL, 0.39 mmol, 1.3 equiv.). The crude oil was 

purified by column chromatography (SiO2, Pentane:DCM 4:1 to 3:2) affording the two 

diastereoisomers of the title compound 2.98 in a 67/33 ratio (major diastereoisomer A : 0.067 

g, 0.15 mmol; minor diastereoisomer B : 0.032 g, 0.071 mmol; 73% yield combined) as yellow 

oils. 

Diastereoisomer A (Major): 

 

Rf  0.33 (Pentane:DCM 80:20); 1H NMR (400 MHz, Acetonitrile-d3) δ 5.51 (q, J = 5.6 Hz, 

1H, CHCF3), 4.31 – 4.39 (m, 1H, NCHCH2), 3.56 (ddd, J = 10.3, 7.2, 3.7 Hz, 1H, OCHMe), 

2.89 (dd, J = 16.9, 3.7 Hz, 1H, CH2CC), 2.44 (dd, J = 16.9, 9.6 Hz, 1H, CH2CC), 1.43 (s, 9H, 

Boc), 1.40 (d, J = 6.1 Hz, 3H, Me), 1.01 – 1.05 (m, 21H, TIPS); 13C NMR (101 MHz, 

Acetonitrile-d3) δ 154.4, 124.2 (q, J = 286.5 Hz), 104.7, 85.3 (q, J = 34.8 Hz), 84.0, 82.7, 82.4, 

63.0, 28.2, 24.3, 20.3, 18.9, 11.9; IR �̃�max 2941 (w), 2868 (w), 2175 (w), 1719 (s), 1464 (w), 

1365 (s), 1316 (w), 1291 (w), 1167 (s), 1066 (w), 1022 (w), 945 (w), 878 (w), 854 (w); HRMS 

(ESI) calcd for C22H38AgF3NO3Si+ [M+Ag]+ 556.1618; found 556.1625. 

Stereochemistry assigned by ROESY. 

 

Diastereoisomer B (Minor): 

 

Rf  0.23 (Pentane:DCM 80:20); 1H NMR (400 MHz, Acetonitrile-d3) δ 5.40 (q, J = 4.2 Hz, 

1H, CHCF3), 4.33 – 4.18 (m, 2H, NCHCH2 and OCHMe), 2.54 – 2.38 (m, 2H, CH2CC), 1.44 
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(s, 9H, Boc), 1.32 (d, J = 6.2 Hz, 3H, Me), 1.07 – 1.01 (m, 21H, TIPS); 13C NMR (101 MHz, 

Acetonitrile-d3) δ 154.0, 123.5 (q, J = 282.7 Hz), 106.2, 84.9 (q, J = 35.3 Hz), 82.9, 82.4, 77.9, 

59.6, 28.3, 21.2, 18.9, 14.7, 12.0; IR �̃�max 2944 (m), 2893 (w), 2867 (m), 2177 (w), 1721 (s), 

1464 (w), 1372 (s), 1318 (m), 1284 (w), 1180 (s), 1160 (s), 1133 (w), 1085 (w), 988 (w), 941 

(w), 886 (m), 848 (w); HRMS (ESI) calcd for C22H38AgF3NO3Si+ [M+Ag]+ 556.1618; found 

556.1626. 

Stereochemistry assigned by ROESY. 

 

Tert-butyl-2-(trifluoromethyl)-4-(3-(triisopropylsilyl)prop-2-yn-1-yl)-5-vinyloxazolidine-

3-carboxylate (2.103) 

 

Following General Procedure A, the title compound was prepared from tert-butyl(2,2,2-

trifluoro-1-(penta-1,4-dien-3-yloxy)ethyl)carbamate (2.100) (84 mg, 0.30 mmol, 1 equiv.) and 

(bromoethynyl)triisopropylsilane (2.17) (93 µL, 0.39 mmol, 1.3 equiv.). The crude oil was 

purified by column chromatography (SiO2, Pentane:DCM 9:1 to 4:1) ) affording the title 

compound 2.103 (0.090 g, 0.20 mmol, 65% yield, dr > 20:1 in the crude 1H NMR) as a yellow 

oil. Rf  0.4 (Pentane:DCM 80:20); 1H NMR (400 MHz, Acetonitrile-d3) δ 5.93 (ddd, J = 16.9, 

10.4, 6.3 Hz, 1H, CH=C), 5.61 (q, J = 5.3 Hz, 1H, CHCF3), 5.44 (dt, J = 17.1, 1.3 Hz, 1H, 

CH=CH2), 5.29 (dt, J = 10.4, 1.2 Hz, 1H, CH=CH2), 4.73 (tt, J = 5.6, 1.2 Hz, 1H, OCHCH), 

3.82 (ddd, J = 8.8, 6.5, 4.0 Hz, 1H, NCHCH2), 2.80 (dd, J = 17.1, 4.0 Hz, 1H, CH2CC), 2.64 

(dd, J = 17.1, 8.8 Hz, 1H, CH2CC), 1.46 (s, 9H, Boc), 1.09 – 1.03 (m, 21H, TIPS); 13C NMR 

(101 MHz, Acetonitrile-d3) δ 154.5, 135.6, 124.0 (q, J = 285.5 Hz), 119.6, 104.5, 85.9 (q, J = 

35.2 Hz), 85.8, 84.3, 82.9, 61.8, 28.2, 24.1, 18.9, 11.9; IR �̃�max 2944 (m), 2867 (m), 2176 (w), 

1721 (s), 1464 (w), 1432 (w), 1370 (m), 1347 (m), 1318 (w), 1290 (m), 1257 (w), 1180 (s), 

1161 (s), 1079 (w), 1018 (w), 991 (w), 937 (m), 884 (m), 848 (m); HRMS (ESI) calcd for 

C23H38F3NNaO3Si+ [M+Na]+ 484.2465; found 484.2469. 

Stereochemistry assigned by ROESY. 
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Tert-butyl 4-(2-fluorobenzyl)-5-methyl-2-(trifluoromethyl)oxazolidine-3-carbo 

xylate (2.105) 

 

Following General Procedure C, the title compound was prepared from tert-butyl (1-(but-3-en-

2-yloxy)-2,2,2-trifluoroethyl)carbamate (2.97) (81 mg, 0.30 mmol, 1 equiv.) and 1-bromo-2-

fluorobenzene (2.61) (49 µL, 0.45 mmol, 1.5 equiv.). The crude oil was purified by column 

chromatography (SiO2, Pentane:Et2O 99:1 to 95:5) affording the two diastereoisomers of the 

title compound 2.105 in a 60/40 ratio (major diastereoisomer A : 0.051 g, 0.140 mmol; minor 

diastereoisomer B : 0.033 g, 0.091 mmol; 77% yield combined) as yellow oils. 

Diastereoisomer A (Major): 

 

Rf  0.65 (Pentane:DCM 70:30); 1H NMR (400 MHz, Acetonitrile-d3) δ 7.29 – 7.18 (m, 2H, 

ArH), 7.13 – 7.00 (m, 2H, ArH), 5.53 (q, J = 5.7 Hz, 1H, CHCF3), 4.27 (p, J = 6.2 Hz, 1H, 

NCHCH2), 3.77 (q, J = 6.9 Hz, 1H, OCHMe), 3.23 (dd, J = 13.4, 5.1 Hz, 1H, CH2CAr), 2.82 

(dd, J = 13.4, 8.4 Hz, 1H, CH2CAr), 1.40 (s, 9H, Boc), 0.94 (d, J = 6.1 Hz, 3H, Me); 13C NMR 

(101 MHz, Acetonitrile-d3) δ 162.2 (d, J = 243.5 Hz), 154.8, 132.9 (d, J = 5.1 Hz), 129.8 (d, J 

= 8.2 Hz), 125.2 (d, J = 3.6 Hz), 124.9 (d, J = 16.2 Hz), 128.9 – 119.9 (m), 116.0 (d, J = 22.2 

Hz), 85.5 (q, J = 34.8 Hz), 82.4, 81.7, 64.3, 32.9, 28.1, 19.5; IR �̃�max 2984 (w), 2936 (w), 1719 

(s), 1588 (w), 1522 (w), 1495 (w), 1458 (w), 1366 (s), 1327 (w), 1291 (w), 1257 (w), 1235 (w), 

1181 (s), 1162 (s), 1137 (m), 1110 (w), 1072 (w), 1055 (w), 1025 (w), 954 (w), 876 (w), 852 

(w); HRMS (ESI) calcd for C17H21F4NNaO3
+ [M+Na]+ 386.1350; found 386.1348. 

Diastereoisomer B (Minor): 

 

Rf  0.55 (Pentane:DCM 70:30); 1H NMR (400 MHz, Acetonitrile-d3) δ 7.27 – 7.19 (m, 1H, 

ArH), 7.15 (td, J = 7.8, 2.0 Hz, 1H, ArH), 7.08 – 6.99 (m, 2H, ArH), 5.42 (q, J = 4.4 Hz, 1H, 

CHCF3), 4.41 – 4.22 (m, 2H, NCHCH2 and OCHMe), 2.93 (ddd, J = 13.6, 3.8, 1.2 Hz, 1H, 

CH2CAr), 2.52 (ddd, J = 13.2, 11.6, 1.3 Hz, 1H, CH2CAr), 1.32 (d, J = 6.1 Hz, 3H, Me), 1.10 (s, 

9H, Boc); 13C NMR (101 MHz, Acetonitrile-d3) δ 162.6 (d, J = 243.3 Hz), 154.5, 132.9 (d, J 

= 5.2 Hz), 129.1 (d, J = 8.3 Hz), 126.3 (d, J = 15.8 Hz), 124.8 (d, J = 3.6 Hz), 123.8 (q, J = 

283.1 Hz), 115.8 (d, J = 22.1 Hz), 85.4 (q, J = 35.3 Hz), 81.8, 78.3, 60.4, 28.9, 27.8, 14.6; IR 
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�̃�max 2984 (w), 2936 (w), 1714 (s), 1591 (w), 1495 (w), 1458 (w), 1368 (m), 1327 (w), 1302 

(w), 1282 (w), 1258 (w), 1233 (w), 1176 (s), 1153 (s), 1129 (m), 1080 (m), 1059 (w), 1035 (w), 

980 (w), 899 (m), 848 (w); HRMS (ESI) calcd for C17H21F4NNaO3
+ [M+Na]+ 386.1350; found 

386.1346. 

Tert-butyl-4-methyl-2-(trifluoromethyl)-4-(3-(triisopropylsilyl)prop-2-yn-1-

yl)oxazolidine-3-carboxylate (2.108) 

 

Following General Procedure B, the title compound was prepared from tert-butyl (2,2,2-

trifluoro-1-((2-methylallyl)oxy)ethyl)carbamate (2.107) (81 mg, 0.30 mmol, 1 equiv.), and 

(bromoethynyl)triisopropylsilane (2.17) (93 µL, 0.39 mmol, 1.3 equiv.). The crude oil was 

purified by column chromatography (SiO2, Pentane:DCM 4:1) affording the title compound 

2.108 (0.081 g, 0.18 mmol, 60 % yield, dr of 80:20 in the crude and the pure 1H NMR) as a 

yellow oil. Rf 0.35 (Pentane:DCM 80:20); 1H NMR (400 MHz, Acetonitrile-d3) major 

diastereoisomer δ 5.59 (q, J = 5.4 Hz, 1H, CHCF3), 4.25 (d, J = 8.6 Hz, 1H, OCH2), 4.04 (d, J 

= 8.8 Hz, 1H, OCH2), 3.01 (bs, 1H, CH2CC), 2.72 (d, J = 17.0 Hz, 1H, CH2CC), 1.53 (s, 3H, 

Me), 1.46 (s, 9H, Boc), 1.07 (m, 21H, TIPS), minor diastereoisomer δ 5.59 (q, J = 5.4 Hz, 1H, 

CHCF3), 4.34 (d, J = 8.4 Hz, 1H, OCH2), 4.04 (d, J = 8.8 Hz, 1H, OCH2), 3.01 (bs, 1H, CH2CC), 

2.65 (d, J = 17.0 Hz, 1H, CH2CC), 1.53 (s, 3H, Me), 1.46 (s, 9H, Boc), 1.07 (m, 21H, TIPS); 
13C NMR (101 MHz, Acetonitrile-d3) major diastereoisomer δ 154.1, 124.5 (q, J = 288.0 Hz), 

104.9, 86.8 (q, J = 34.6 Hz), 83.8, 82.6, 79.9, 63.2, 29.6, 28.3, 18.9, 12.1, 12.0; IR �̃�max 2947 

(m), 2868 (m), 2176 (w), 1718 (s), 1464 (w), 1361 (s), 1314 (w), 1285 (w), 1169 (s), 1156 (s), 

1068 (m), 1031 (w), 964 (w), 915 (w), 877 (w), 851 (w); HRMS (ESI) calcd for 

C22H38AgF3NO3Si+ [M+Ag]+ 556.1618; found 556.1625. 

Stereochemistry assigned by ROESY. 

 

Tert-butyl(2S,4S)-4-(((tert-butyldimethylsilyl)oxy)methyl)-2-(trifluoromethyl)-4-(3-

(triisopropylsilyl)prop-2-yn-1-yl)oxazolidine-3-carboxylate (2.112) 

 

Following General Procedure B, the title compound was prepared from tert-butyl (1-((2-(((tert-

butyldimethylsilyl)oxy)methyl)allyl)oxy)-2,2,2-trifluoroethyl)carbamate (2.111) (120 mg, 

0.300 mmol, 1 equiv.), and (bromoethynyl)triisopropylsilane (2.17) (93 µL, 0.39 mmol, 1.3 

equiv.). The crude oil was purified by column chromatography (SiO2, Pentane:DCM 4:1) 

affording the title compound 2.112 (0.099 g, 0.17 mmol, 57 % yield, dr of 73:27 in the crude 
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and the pure 1H NMR) as a yellow oil. Rf 0.38 (Pentane:DCM 80:20); 1H NMR (400 MHz, 

Acetonitrile-d3) major diastereoisomer δ 5.52 (s, 1H, CHCF3), 4.36 – 4.21 (m, 2H, TBSOCH2), 

3.86 (d, J = 10.1 Hz, 2H, OCH2Cq), 2.68 (d, J = 17.2 Hz, 2H, CH2CC), 1.44 (s, 9H, Boc), 1.05 

(m, J = 3.6 Hz, 21H, TIPS), 0.88 (s, 9H, TBS), 0.05 (s, 6H, TBS);  minor diastereoisomer  δ 

5.52 (s, 1H, CHCF3), 4.37 – 4.17 (m, 3H, OCH2Cq and TBSOCH2), 4.02 (s, 1H, OCH2Cq), 2.98 

(d, J = 17.3 Hz, 1H, CH2CC), 2.86 (d, J = 17.8 Hz, 1H, CH2CC), 1.44 (s, 9H, Boc), 1.12 – 0.93 

(m, 21H, TIPS), 0.88 (s, 9H, TBS), 0.05 (s, 6H, TBS); 13C NMR (101 MHz, Acetonitrile-d3) 

major diastereoisomer  δ 152.5, 124.6 (q, J = 287.8 Hz), 104.3, 87.7 (t, J = 32.9 Hz), 84.2, 82.5, 

77.3, 65.8, 63.7, 28.4, 26.1, 18.9, 18.7, 12.0, -5.3, -5.4; minor diastereoisomer  13C NMR (101 

MHz, Acetonitrile-d3) δ 153.8 , 130.0 – 119.7 (m), 104.3, 87.7 (t, J = 33.0 Hz), 84.2, 82.5, 78.3, 

66.8, 63.7, 28.4, 26.1, 18.9, 18.7, 12.0, -5.3, -5.4; IR �̃�max 2942 (m), 2894 (w), 2865 (m), 2718 

(w), 2175 (w), 1718 (s), 1468 (w), 1367 (m), 1326 (w), 1281 (w), 1257 (w), 1170 (s), 1115 (m), 

1060 (w), 1020 (m), 975 (w), 936 (w), 885 (w), 838 (s); HRMS (ESI) calcd for 

C28H52F3NNaO4Si2
+ [M+Na]+ 602.3279; found 602.3285. 

Tert-butyl-4-(2-fluorobenzyl)-4-methyl-2-(trifluoromethyl)oxazolidine-3-carboxylate 

(2.113) 

 

Following General Procedure C, the title compound was prepared from tert-butyl (2,2,2-

trifluoro-1-((2-methylallyl)oxy)ethyl)carbamate (2.107) (81 mg, 0.30 mmol, 1 equiv.), and 1-

bromo-2-fluorobenzene (2.61) (49 µL, 0.45 mmol, 1.5 equiv.). The crude oil was purified by 

column chromatography (SiO2, Pentane:DCM 7:3) affording the title compound 2.113 (0.066 

g, 0.18 mmol, 61 % yield, dr > 20:1 in the crude 1H NMR) as a yellow oil. Rf 0.34 

(Pentane:DCM 70:30); 1H NMR (400 MHz, Acetonitrile-d3) δ 7.30 – 7.23 (m, 2H, ArH), 7.11 

– 7.02 (m, 2H, ArH), 5.51 (bs, 1H, CHCF3), 4.05 (s, 1H, OCH2Cq), 3.85 (d, J = 8.8 Hz, 1H, 

OCH2Cq), 3.24 (bs, 2H, CH2CAr), 1.49 (s, 9H, Boc), 1.47 (s, 3H, Me); 13C NMR (101 MHz, 

Acetonitrile-d3) δ 162.3 (d, J = 242.7 Hz), 152.8 , 133.4 (d, J = 4.4 Hz), 129.4 (d, J = 8.3 Hz), 

124.7 (d, J = 3.5 Hz), 124.2 (d, J = 15.7 Hz), 123.8 (q, J = 287.9 Hz), 115.6 (d, J = 23.1 Hz), 

85.9 (q, J = 28.6 Hz), 82.2, 77.5, 64.5, 34.5, 27.9, 23.6; IR �̃�max 2980 (w), 2938 (w), 1713 (s), 

1620 (w), 1587 (w), 1492 (m), 1458 (w), 1359 (s), 1326 (w), 1286 (m), 1232 (w), 1163 (s), 

1146 (s), 1114 (w), 1036 (w), 956 (m), 871 (w), 846 (m), 812 (w); HRMS (ESI) calcd for 

C17H21F4NNaO3
+ [M+Na]+ 386.1350; found 386.1355.  
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5.2.6 Pd-catalyzed Tandem Hemiaminal Formation and Carbo-

amination of Allylalcohols 
 

Tert-butyl-2-(trifluoromethyl)-4-(3-(triisopropylsilyl)prop-2-yn-1-yl)oxazolidine-3-

carboxylate (2.35) 

 

To an oven-dried 5 mL microwave tube under nitrogen atmosphere were added 1-((tert-

butoxycarbonyl)amino)-2,2,2-trifluoroethyl acetate (2.25) (0.085 g, 0.33 mmol, 1.1 equiv.) and 

cesium carbonate (225 mg, 0.690 mmol, 2.3 equiv). The tube was sealed, evacuated and 

backfilled with nitrogen (this was repeated for a total of 3 times). Then dry degassed toluene 

was added (0.69 mL) followed by prop-2-en-1-ol (2.24) (0.020 mL, 0.3 mmol, 1 equiv.). The 

resulting mixture was stirred for 3h at 35 °C. Then (bromoethynyl)triisopropylsilane (2.17) (102 

mg, 0.390 mmol, 1.3 equiv.) and a 0.3 mL stock solution containing Pd(dba)2 (6.90 mg, 12.0 

µmol, 0.04 equiv.) and Tri(2- furyl)phosphine (2.21) (8.36 mg, 0.036 mmol, 0.12 equiv.) in 

toluene were added via syringe. The resulting mixture was stirred for 15 h at 75 °C, then cooled 

down, filtered over silica eluting with Et2O and concentrated under reduced pressure. The crude 

residue was then purified by column chromatography (SiO2, Pentane:DCM 7:3 to 3:2) affording 

the title compound 2.35 (0.083 g, 0.19 mmol, 64% yield, dr > 20:1 in the crude 1H NMR) as a 

yellow oil. Characterisation as described in section 5.2.5. 

Tert-butyl-4-(3,5-bis(trifluoromethyl)benzyl)-2-(trifluoromethyl)oxazolidine-3-

carboxylate (2.90) 

 

To an oven-dried microwave vial under nitrogen atmosphere were added 1-((tert-

butoxycarbonyl)amino)-2,2,2-trifluoroethyl acetate (2.26)  (0.089 g, 0.35 mmol, 1.15 equiv.), 

cesium trifluoromethanesulfonate (0.102 g, 0.360 mmol, 1.2 equiv.) and cesium carbonate 

(0.244 g, 0.750 mmol, 2.5 equiv.).  The tube was fitted with a rubber septum, sealed with 

electrical tape and evacuated and back-filled with nitrogen (this process was repeated a total of 

three times). Then prop-2-en-1-ol (2.24) (20 µL, 0.3 mmol, 1 equiv.), 1-bromo-3,5-

bis(trifluoromethyl)benzene (2.95) (78 µL, 0.45 mmol, 1.5 equiv.) and Toluene (0.69 mL) were 

added. The resulting mixture was stirred for 3h at 35 °C. Then a 0.3 mL stock solution 
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containing Pd(dba)2 (6.90 mg, 12.0 µmol, 0.04 equiv.) and FuXPhos (2.81) (0.016 g, 0.036 

mmol, 0.12 equiv.)  in toluene were added via syringe. The resulting mixture was stirred for 15 

h at 75 °C, then cooled down, filtered over silica eluting with Et2O and concentrated under 

reduced pressure. The crude residue was then purified by column chromatography (SiO2, 

Pentane:EtOAc 98:2 to 95:5) affording the title compound 2.90 (0.087 g, 0.19 mmol, 62% yield, 

dr > 20:1 in the crude 1H NMR) as a yellow oil. Characterisation as described in section 5.2.5. 

5.2.7 Tether Removal   

1-Hydroxy-5-(triisopropylsilyl)pent-4-yn-2-aminium 2,2,2-trifluoroacetate (2.114) 

 

A solution of (2R,4R)-tert-butyl 2-(trifluoromethyl)-4-(3-(triisopropylsilyl)prop-2-yn-1-

yl)oxazolidine-3-carboxylate (2.35) (0.13 g, 0.30 mmol, 1 equiv.) in DCM (1.88 mL) was 

treated with TFA (0.69 mL) at 0 °C and then stirred at rt for 3h30. Then dry methanol (1 mL) 

was added to the reaction mixture and it was left stirring overnight. The volatiles were removed 

under reduced pressure. The residue was further dried by co-evaporation with toluene to afford 

the pure title compound 2.114 (111 mg, 0.300 mmol, quantitative yield) as a brown solid. m.p 

= 107-108 °C; 1H NMR (400 MHz, Acetonitrile-d3) δ 7.53 (bs, 3H, NH3
+), 4.04 (dd, J = 12.2, 

3.5 Hz, 1H, HOCH2), 3.91 (dd, J = 12.2, 6.3 Hz, 1H, HOCH2), 3.60 (dtd, J = 7.7, 6.2, 3.5 Hz, 

1H, NH3CH), 2.83 (m, 2H, CH2CC), 1.24 (m, 21H, TIPS); 13C NMR (101 MHz, Acetonitrile-

d3) δ 162.4 (q, J = 35.4 Hz), 117.5 (q, J = 291.5 Hz), 102.8, 85.4, 60.9, 53.4, 21.1, 18.9, 11.9; 

IR �̃�max 3237 (w), 3189 (w), 2956 (w), 2941 (w), 2865 (w), 2183 (w), 1677 (s), 1528 (w), 1462 (w), 

1374 (w), 1183 (s), 1142 (s), 1030 (w), 995 (w), 884 (w), 844 (w); HRMS (ESI) calcd for 

C14H30NOSi [M+] 256.2091; found 256.2092. 
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5.3 Pd-Catalyzed Difunctionalization of Cyclopropenes for the Synthesis 

of Substituted Cyclopropanes 

5.3.1 Synthesis of Cyclopropenes 
 

Methyl 2-diazo-2-phenylacetate (3.90) 

 

To a mixture of methyl 2-phenylacetate (3.89) (7.6 mL, 54 mmol, 1 equiv) and 4-

methylbenzenesulfonyl azide (15.5 g, 64.5 mmol, 1.2 equiv) in anhydrous acetonitrile (45 mL), 

DBU (11.4 mL, 21.0 mmol, 1.4 equiv) was added. The reaction mixture was stirred at room 

temperature overnight and was then diluted with water (70 mL), followed by extraction with 

ethyl acetate (3 × 50 mL). After washing with 10% NH4Cl solution and brine, the combined 

organic extracts were dried over MgSO4, filtered, and concentrated by rotary evaporation. The 

crude residue was purified by column chromatography (SiO2, Pentane:AcOEt 60:1 to 30:1) 

affording the title compound 3.90 (7.65 g, 36.2 mmol, 67 % yield) as a reddish oil. 1H NMR 

(400 MHz, Chloroform-d) δ 7.52–7.45 (m, 2H, ArH), 7.42–7.34 (m, 2H, ArH), 7.19 (td, J = 

7.3, 1.2 Hz, 1H, ArH), 3.87 (s, 3H, OCH3); 13C NMR (101 MHz, Chloroform-d) δ 165.6, 

128.9, 125.8, 125.4, 124.0, 52.0; The characterization data correspond to the reported values.250 

Methyl 1-phenyl-2-(trimethylsilyl)cycloprop-2-ene-1-carboxylate (3.91) 

 

Following a slightly modified procedure,163 methyl 2-diazo-2-phenylacetate (3.90) (7.65 g, 36.2 

mmol, 1 equiv) was dissolved in Trimethylsilylacetylene (2.50) (8.6 mL), and the resulting 

solution was added via syringe pump to a suspension of Rh2(OAc)4 (0.095 g, 0.216 mmol, 0.005 

equiv) in Trimethylsilylacetylene (2.50) (17 mL) at rt over 7h30. After the addition was 

complete, the reaction mixture was allowed to stir for another 10 hours. The mixture was then 

filtered through a plug of silica eluting with a 20:1 mixture of Pentane:AcOEt in order to remove 

the rhodium catalyst. The filtrate was then concentrated under reduced pressure to give the title 

compound 3.91 (8.25 g, 27.1 mmol, 82 % yield) as a slightly brown oil without further 

purification. 1H NMR (400 MHz, Chloroform-d) δ 7.24 (m, 4 H, ArH), 7.12 (m, 1 H, ArH), 

6.88 (s, 1 H, C=CH), 3.69 (s, 3 H, Me), 0.21 (s, 9 H, TMS); 13C NMR (101 MHz, Chloroform-

d) δ 176.2, 142.6, 128.4, 128.0, 126.1, 120.0, 116.0, 52.1, 31.5, -1.3. The characterization data 

correspond to the reported values. 163 

 

 

 

 
250 S. Muthusamy, M. Sivaguru, Org. Lett. 2014, 16, 4248-4251. 
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Methyl 1-phenylcycloprop-2-ene-1-carboxylate (3.92) 

 

Following a slightly modified procedure,163 methyl 1-phenyl-2-(trimethylsilyl)cycloprop-2-

enecarboxylate (3.91) (8.25 g, 27.1 mmol, 1 equiv) was dissolved in THF (55 mL) at 0 °C. 

Then, 10% aqueous K2CO3 (82 mL) was added dropwise, and the mixture was stirred at rt for 

3 h until complete conversion of the starting material could be witnessed by TLC 

(Pentane/AcOEt : 90:10 Rf = 0.38). Then Et2O (100 mL) and brine (100 mL) were added to the 

mixture, the aqueous layer was separated and the organic layer was washed with brine, dried 

over MgSO4, filtered, and concentrated under reduced pressure. The crude residue was purified 

by column chromatography (SiO2, Pentane:Et2O 9:1) affording the title compound 3.92 (4.74 

g, 27.2 mmol, 81 % yield) as a yellow oil. 1H NMR (400 MHz, Chloroform-d) δ 7.36–7.25 

(m, 5 H, ArH), 7.23 (s, 2 H, HC=CH), 3.72 (m, 3 H, Me); 13C NMR (101 MHz, Chloroform-

d) δ 175.7, 141.5, 128.3, 128.2, 126.7, 107.8, 52.4, 30.7. The characterization data correspond 

to the reported values.163 

1-Phenylcycloprop-2-ene-1-carboxylic acid (3.97) 

 

Following a reported procedure,251 to a 250 mL round bottomed flask was added methyl 1-

phenyl-2-(trimethylsilyl)cycloprop-2-enecarboxylate (3.91) (3.00 g, 12.2 mmol, 1 equiv) and 

Methanol (70 mL). The mixture was cooled in an ice bath and allowed to stir. Then, a solution 

of 1.5 M aq. KOH (105 mL) was added. The ice bath was removed and the mixture left stirring 

overnight at rt. The methanol was removed under reduced pressure. HCl (conc. aq) was added 

to render the solution acidic (pH ~ 1-2), and the mixture was extracted three times with DCM. 

The combined organics were dried over MgSO4, filtered, and concentrated under reduced 

pressure to give the title compound 3.97 (1.904 g, 11.89 mmol, 98 % yield) without further 

purification as a white solid. 1H NMR (400 MHz, Chloroform-d) δ 7.75 (d, J = 0.5Hz, 2H, 

ArH), 7.20-7.27 (m, 4H, ArH and HC=CH), 7.14-7.16 (m, 1H, ArH); 13C NMR (101 MHz, 

Chloroform-d) δ 181.1, 140.7, 128.4, 128.3, 126.9, 107.3, 30.3. The characterization data 

correspond to the reported values.251 

(1-phenylcycloprop-2-en-1-yl)methanol (3.70) 

 

 

 
251 L.-A. Liao, N. Yan, J. M. Fox, Org. Lett. 2004, 6, 4937–4939.  
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To a stirred -78°C solution of methyl 1-phenylcycloprop-2-enecarboxylate (3.92) (2.00 g, 22.9 

mmol, 1 equiv) in Et2O (4.43 mL), DIBAL-H (1.2 M (20 wt%) solution in toluene, 38.3 mL, 45.9 

mmol, 2.0 equiv) was added dropwise. The mixture was stirred for 1 h at -78 °C, then 

additionally for 4 h at rt. Then, the mixture was quenched with saturated NH4Cl, acidified with 

1N HCl, and extracted with Et2O (3 × 50 mL). Combined organic layers were washed with 

NaHCO3 and brine, dried over MgSO4, filtered, and concentrated under reduced pressure. The 

crude residue was purified by column chromatography (SiO2, Pentane:AcOEt 80:20) affording 

the title compound 3.70 (2.50 g, 17.1 mmol, 74 % yield) as a yellow oil. 1H NMR (400 MHz, 

Chloroform-d) δ 7.29-7.35 (m, 4H, ArH), 7.18-7.26 (m, 3H, ArH and HC=CH), 4.10 (s, 2H, 

CH2), 1.31 (s, 1H, OH); 13C NMR (101 MHz, Chloroform-d) δ 145.8, 128.4, 126.4 , 126.0, 

113.3, 68.0, 29.3. The characterization data correspond to the reported values.162b 

(1-(methoxymethyl)cycloprop-2-en-1-yl)benzene (3.98) 

 

A solution of (1-phenylcycloprop-2-en-1-yl)methanol (3.70) (559 mg, 3.82 mmol, 1 equiv.) in 

THF (5 mL) was added too as stirred suspension of NaH (199 mg, 4.97 mmol, 1.3 equiv.) in 

THF (10 mL). The reaction mixture was stirred for 10 minutes and then MeI (0.48 mL, 7.7 

mmol, 2.0 equiv.) was added dropwise. After stirring overnight at room temperature, the 

reaction was quenched with water (20 mL) and extracted with Et2O (3 × 30 mL). The combined 

organic layers were washed with water (20 mL) and brine (20 mL), dried over MgSO4, filtered, 

and concentrated under reduced pressure. The crude residue was purified by column 

chromatography (SiO2, Pentane:AcOEt 80:20) affording compound 3.98 (406 mg, 2.53 mmol, 

66% yield) as a colorless oil. 1H NMR (400 MHz, Chloroform-d) δ 7.28-7.21 (m, 4H, ArH), 

7.22 (s, 2H, HC=CH), 7.15-711 (m, 1H, ArH), 3.80 (s, 2H, CH2), 3.34 (s, 3H, CH3); 13C NMR 

(101 MHz, Chloroform-d) δ 146.8, 128.2, 126.4, 125.9, 112.6, 80.1, 58.4, 26.5. The 

characterization data correspond to the reported values.252 

Methyl 1,2-diphenylcycloprop-2-enecarboxylate (3.99) 

 

Following a slightly modified procedure, methyl 2-diazo-2-phenylacetate (3.90) (2.10 g, 11.9 

mmol, 1 equiv.) was dissolved in DCM (7 mL), and the resulting solution was added via syringe 

pump to a suspension of Rh2(OAc)4 (53 mg, 0.12 mmol, 0.01 equiv.) and phenylacetylene 

(3.12) (5.24 ml, 47.7 mmol, 4.0 equiv.) in DCM (36 mL) at room temperature over 10 hours. 

After the addition was complete, the reaction mixture was allowed to stir for another 10 hours. 

The reaction mixture was then filtered through small pad of silica gel eluting with DCM, the 

filtrate was evaporated under reduced pressure. The crude residue was purified by column 

chromatography (SiO2, Pentane:Et2O 95:5) affording compound 3.99 (1.79 g, 7.16 mmol, 60% 

yield) as a yellowish oil. 1H NMR (400 MHz, Chloroform-d) δ = 7.67 – 7.60 (m, 2H, ArH), 

7.47 – 7.38 (m, 5H, ArH), 7.34 – 7.27 (m, 2H, ArH), 7.25 – 7.18 (m, 2H, ArH & C=CH), 3.73 

(s, 3H, CH3); 13C NMR (101 MHz, Chloroform-d) δ = 175.2, 141.0, 130.1, 130.0, 129.0, 

 
252 D. H. T. Phan, K. G. M. Kou, V. M. Dong, J. Am. Chem. Soc. 2010, 132, 16354–16355. 
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128.3, 128.2, 126.6, 125.5, 117.4, 100.5, 52.3, 33.7. The characterization data correspond to the 

reported values.253 

Dimethyl 2-diazomalonate (3.101) 

 

Following a modified procedure,254 triethylamine (13.4 mL, 96.0 mmol, 2.4 equiv.) and 

dimethyl malonate (3.100) (4.60 mL, 40.0 mmol, 1.0 equiv.) were added to a solution of 

pABSA (14.4 g, 60.0 mmol, 1.5 equiv.) in CH3CN (160 mL) at room temperature and the 

resulting mixture was stirred for 18 hours at room temperature. Thereafter the mixture was 

filtered, and the solvent was evaporated. The residue was triturated with CH2Cl2 (100 mL), the 

remaining solids were filtered off and the solvent was evaporated. The crude residue was 

purified by column chromatography (SiO2, pentane:EtOAc 95:5 to 90:10) to afford compound 

3.101 (6.26 g, 39.6 mmol, 99 % yield) as a  yellow oil. 1H NMR (400 MHz, Chloroform-d) δ 

3.84 (s, 6H, CH3); 13C NMR (101 MHz, Chloroform-d) δ 161.2, 52.4. One carbon was not 

resolved. The characterization data is corresponding to the reported values.1 

Dimethyl 2-phenylcycloprop-2-ene-1,1-dicarboxylate (3.102) 

 

Following a modified procedure,187 dimethyl 2-diazomalonate (3.101) (5.10 g, 32.0 mmol, 1.0 

equiv.) was dissolved in DCM (12 mL) and the resulting solution was added via syringe pump 

to a suspension of Rh2(OAc)4 (0.01 equiv.) in phenylacetylene (3.12) (10.54 mL, 96.00 mmol, 

3.0 equiv.) at room temperature over 10 hours. After the addition was complete, the reaction 

mixture was allowed to stir for another 10 hours. The reaction mixture was then filtered through 

a small pad of silica eluting with CH2Cl2 and the filtrate was concentrated under reduced 

pressure. The crude residue was purified by column chromatography (SiO2, pentane:Et2O 

80:20) to afford compound 3.102 (5.08 g, 21.9 mmol, 68 % yield) as a pale yellow solid. 1H 

NMR (400 MHz, Chloroform-d) δ 7.67 – 7.60 (m, 2H, ArH), 7.48 – 7.41 (m, 3H, ArH), 6.89 

(s, 1H, C=CH), 3.74 (s, 6H, CH3); 13C NMR (101 MHz, Chloroform-d) 171.3, 130.8, 130.4, 

128.8, 123.5, 112.2, 95.1, 52.3, 32.8. The characterization data correspond to the reported 

values.253 

1-Phenyl-N-(quinolin-8-yl)cycloprop-2-ene-1-carboxamide (3.112) 

 

1-phenylcycloprop-2-enecarboxylic acid (3.97) (481 mg, 3.00 mmol, 1 equiv), quinolin-8-

amine (433 mg, 3.00 mmol, 1 equiv) and HATU (1.25 g, 3.30 mmol, 1.1 equiv) were charged 

 
253 L. A. Liao, F. Zhang, N. Yan, J. A. Golen, J. M. Fox, Tetrahedron 2004, 60, 1803–1816. 
254 F. de Nanteuil, J. Waser, Angew. Chem. Int. Ed. 2011, 50, 12075–12079. 
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into a 50 mL two-necked round bottom flask. Then DCM (10 mL) and pyridine (0.49 ml, 6.0 

mmol, 2.0 equiv) were added and the resulting mixture was left stirring at rt for 11 h. The deep 

brown solution was diluted with 100 mL EtOAc, washed with sat. NaHCO3 and brine, dried 

over MgSO4, filtered and concentrated under reduced pressure. The crude residue was purified 

by column chromatography (SiO2, Pentane:AcOEt 70:30) affording the title compound 3.112 

(534 mg, 1.87 mmol, 62 % yield) as an orange solid. Rf 0.45 (Pentane:EtOAc 70:30); m.p = 

137-138 °C; 1H NMR (400 MHz, Chloroform-d) δ 10.11 (s, 1H, NH), 8.79 (dd, J = 7.6, 1.5 

Hz, 1H, ArH), 8.63 (dd, J = 4.2, 1.7 Hz, 1H, ArH), 8.12 (dd, J = 8.3, 1.7 Hz, 1H, ArH), 7.53 (t, 

J = 7.9 Hz, 1H, ArH), 7.48 (s, 2H, HC=CH), 7.48 – 7.36 (m, 6H, ArH), 7.36 – 7.30 (m, 1H, 

ArH); 13C NMR (101 MHz, Chloroform-d) δ 173.9, 148.1, 141.5, 138.5, 136.6, 134.7, 128.9, 

128.9, 128.1, 127.7, 127.3, 121.5, 116.6, 109.4, 77.4, 33.8; IR �̃�max 3340 (w), 3103 (w), 2967 

(w), 2865 (w), 1677 (w), 1649 (w), 1530 (s), 1486 (m), 1426 (w), 1386 (w), 1329 (w), 1241 

(w), 1172 (w), 1086 (w), 989 (w), 859 (w), 829 (w); HRMS (ESI) calcd for 

C19H14N2NaO+ [M+Na]+ 309.0998; found 309.0996. 

Tert-butyl(2,2,2-trifluoro-1-((1-phenylcycloprop-2-en-1-yl)methoxy)ethyl)carbamate 

(3.117). 

 

 

To a stirred solution of Cs2CO3 (630 mg, 1.93 mmol, 1.8 equiv) and (1-phenylcycloprop-2-en-

1-yl)methanol (3.70) (157 mg, 1.07 mmol, 1.0 equiv) in Toluene (10.7 mL), 1-((tert-

butoxycarbonyl)amino)-2,2,2-trifluoroethyl acetate (2.26) (290 mg, 1.13 mmol, 1.05 equiv) 

was added. The mixture was stirred at rt overnight and then filtered through a plug of silica, 

and concentrated under reduced pressure. The crude residue obtained was purified by column 

chromatography (SiO2, Pentane:AcOEt 95:5) affording the title compound 3.117 (351 mg, 1.02 

mmol, 95 % yield) as a white solid. Rf 0.6 (Pentane:EtOAc 95:5); m.p = 101-102 °C; 1H NMR 

(400 MHz, Chloroform-d) δ 7.33 – 7.26 (m, 3H, ArH), 7.26 (s, 2H, CH=CH), 7.23 – 7.15 (m, 

2H, ArH), 5.37 (dq, J = 9.9, 4.9 Hz, 1H, CHCF3), 5.11 (d, J = 10.5 Hz, 1H, NH), 4.20 (d, J = 

10.5 Hz, 1H, CH2), 4.01 (d, J = 10.5 Hz, 1H, CH2), 1.47 (s, 9H, Boc); 13C NMR (101 MHz, 

Chloroform-d) δ 154.7, 145.7, 128.2, 126.4, 125.8, 127.1 – 118.0 (m), 112.6, 112.4, 81.4, 78.7 

(q, J = 34.7 Hz), 28.3, 26.3; 19F NMR (376 MHz, Chloroform-d) δ -80.7 (d, J = 5.0 Hz); IR 

�̃�max 3331 (w), 2982 (w), 2934 (w), 2876 (w), 1724 (m), 1502 (m), 1372 (m), 1283 (m), 1250 

(w), 1189 (s), 1159 (s), 1101 (m), 1054 (m), 1013 (w), 890 (w); HRMS (ESI) calcd for 

C17H20F3NNaO3
+ [M+Na]+ 366.1287; found 366.1288. 

1,1-Dibromo-2-(2-(1-ethoxyethoxy)ethyl)-2-methylcyclopropane (3.123) 
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Following a reported procedure,255 to a stirred solution of ethoxyethene (3.121) (30.0 mL, 313 

mmol, 3.1 equiv.) containing p-TsOH (60 mg, 0.32 mmol, 0.0032 equiv.) was added 3-

methylbut-3-en-1-ol (3.120) (10.1 mL, 100 mmol, 1.0 equiv.) dropwise at 0 °C. After stirring 

for 1 h, the reaction was warmed up to room temperature and diluted with hexane (120 mL). 

Filtration through a short pad of neutral alumina and evaporation of the filtrate under reduced 

pressure delivered 4-(1-ethoxyethoxy)-2-methylbut-1-ene (3.122) (11.8 g, 74.6 mmol, 75% 

yield) as a colorless oil. 1H NMR (400 MHz, Chloroform-d) δ 4.78 (d, J = 3.1 Hz, 2H, 

C=CH2), 4.70 (q, J = 6.5 Hz, 1H, CH2OCHOCH2), 3.3–3.65 (m, 4H, CH2OCHOCH2), 2.29 (t, 

J = 6.5 Hz, 2H, CH2C=CH2), 1.75 (s, 3H, CH3C=CH2), 1.30 (d, J = 6.5 Hz, 3H, OCHCH3), 

1.19 (t, J = 7 Hz, 3H, OCH2CH3); 13C NMR (101 MHz, Chloroform-d) δ 142.4, 111.1, 99.2, 

63.2, 60.2, 37.6, 22.3, 19.3, 14.8. The characterization data correspond to the reported values.255 

Following a slightly modified procedure,256 a mixture of 4-(1-ethoxyethoxy)-2-methylbut-1-

ene (3.122) ( 6.00 g, 37.9 mmol, 1 equiv.), CTAB (28 mg, 0.083 mmol, 0.0022 equiv.) and 

CHBr3 (6.63 mL, 76.0 mmol, 2 equiv.) in DCM (8 mL) was stirred vigorously at room 

temperature. A solution of NaOH (14.3 g in 11 mL of water) was then added dropwise to the 

reaction mixture. The solution turned into a dark-brown emulsion while stirring was continued 

at room temperature for 24 hours. The reaction was then quenched by pouring the emulsion 

into 50 mL of water and extracted with DCM (3 × 25 mL). The combined organic layers were 

washed with water and brine, dried over MgSO4, filtered and concentrated under reduced 

pressure. The crude residue was purified by column chromatography (SiO2, Pentane:DCM 

80:20) affording the title compound 3.123 (8.09 g, 24.5 mmol, 65% yield) as a light yellow oil. 
1H NMR (400 MHz, Chloroform-d) δ 4.73 (q, J = 5.2 Hz, 1H, CH2OCHOCH2), 3.85-3.42 (m, 

4H, CH2OCHOCH2), 2.05-1.98 (m, 1H, CH3CqCH2), 1.92-1.87 (m, 1H, CH3CqCH2), 1.52 (d, J 

= 7.5 Hz, 1H, CBr2CH2), 1.42 (d, J = 7.5 Hz, 1H, CBr2CH2), 1.39 (s, 3H, CH3CqCH2), 1.34 (d, 

J = 5.9 Hz, 3H, OCHCH3), 1.22 (t, J = 7.0 Hz, 3H, OCH2CH3); 13C NMR (101 MHz, 

Chloroform-d) δ (mixture of not fully resolved diastereoisomers) 99.7, 99.6, 62.4, 62.2, 60.9, 

60.6, 38.9, 38.2, 34.7, 27.8, 27.7, 22.9, 22.5, 19.5, 19.6, 15.3. The characterization data 

correspond to the reported values.256 

3-(2-(1-Ethoxyethoxy)ethyl)-3-Methylcycloprop-1-ene (3.126) 

 

1) Following a slightly modified procedure,256 a solution of 1,1-dibromo-2-(2-(1-

ethoxyethoxy)ethyl)-2-methylcyclopropane (3.123) (2.6 g, 7.9 mmol, 1 equiv.) in Et2O 

(28 mL) containing freshly distilled Ti(OiPr)4 (0.23 mL, 0.79 mmol, 0.1 equiv.) was 

treated with EtMgBr (3M solution in Et2O, 0.53 mL, 1.6 mmol, 0.2 equiv.), added 

dropwise at 0 °C. Then a second batch of EtMgBr (3M solution in Et2O, 2.63 mL, 7.88 

mmol, 1 equiv.) was added dropwise at 0 °C. The resulting reaction mixture was allowed 

to slowly warm up to room temperature and left stirring overnight. The reaction was 

then carefully quenched with water (10 mL), followed by a 1:1 mixture of sat. aqueous 

NH4Cl and water (10 mL). The resulting suspension was filtered through cotton, and 

the filtrate was extracted with Et2O. The combined organic layers were dried over 

 
255 R. A. Fernandes, P. Kumar, Tetrahedron Asymmetry 1999, 10, 4349–4356. 
256 Z. Yu, Q. Lin, J. Am. Chem. Soc. 2014, 136, 4153–4156. 
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MgSO4, filtered and concentrated under reduced pressure to give the crude product as a 

yellow oil in 1.586 g, that was directly engaged in the next step without further 

purification. 

2) To a stirred suspension of tBuOK (0.92 g, 8.2 mmol, 1.3 equiv.) in DMSO (10 mL) was 

added dropwise over 30 min at room temperature a solution of crude 3.124 (1.59 g, 6.31 

mmol, 1 equiv.) in DMSO (5 mL). The resulting suspension was left stirring for 24 

hours at room temperature. The reaction was then quenched with water (25 mL) and 

extracted with Et2O (3 × 25 mL). The combined organic layers were washed with water 

and brine, dried over MgSO4, filtered and concentrated under reduced pressure. The 

crude residue was purified by column chromatography (SiO2, Pentane:Et2O 98:2) 

affording compound 3.125 (1.09 g, 6.37 mmol, 80% over two steps) as a yellowish oil. 
1H NMR (400 MHz, Chloroform-d) δ 7.35 (s, 2H, HC=CH), 4.66 (q, J = 5.0 Hz, 1H, 

CH2OCHOCH2), 3.68-3.21 (m, 4H, CH2OCHOCH2), 1.76 (t, J = 7.0 Hz, 2H, 

CH3CqCH2), 1.28 (d, J = 5.5 Hz, 3H, OCHCH3), 1.20 (t, J = 7.5 Hz, 3H, OCH2CH3), 

1.17 (s, 3H, CH3CqCH2); 13C NMR (101 MHz, Chloroform-d) δ 121.3, 120.8, 99.7, 

63.4, 60.7, 39.3, 27.4, 19.9, 17.7, 15.3. The characterization data correspond to the 

reported values.256  
 

Following a reported procedure,256 to a solution of 3-(2-(1-ethoxyethoxy)ethyl)-3-

methylcycloprop-1-ene (3.125) (1.09 g, 6.37 mmol, 1 equiv.) in CH3CN (7 mL), was added 3 

M HCl (7 mL) at 0 °C. The resulting mixture was stirred at room temperature for 20 minutes 

until complete conversion of the starting material could be observed by TLC (Pentane:Et2O 

60:40, Rf = 0.2). The reaction was then quenched with a saturated solution of NaHCO3 (10 mL), 

followed by extraction with Et2O (5 × 20 mL). The combined organic layers were washed with 

water and brine, dried over MgSO4, filtered and concentrated under reduced pressure. The crude 

residue was purified by column chromatography (SiO2, Pentane:Et2O 60:40) affording the title 

compound 3.126 (94 mg, 0.96 mmol, 15% yield) as a yellow oil. 1H NMR (400 MHz, 

Chloroform-d) δ 7.42 (s, 2H, HC=CH), 3.57 (q, J = 6.0 Hz, 2H, CH2CH2OH), 1.74 (t, J = 6.5 

Hz, 2H, CH2CH2OH), 1.18 (s, 3H, CH3), 1.08 (brs, 1H, OH); 13C NMR (101 MHz, 

Chloroform-d) δ 121.6, 61.2, 42.3, 27.1, 17.4. The characterization data correspond to the 

reported values.256  

3-Methylene-5-phenylpentan-1-ol (3.131) 

 

Following a slightly modified procedure,257 to a freshly distilled solution of TMEDA (8.22 mL, 

54.5 mmol, 2.2 equiv.) in Et2O (15 mL) was added dropwise over 10 min n-BuLi (2.5 M 

solution in hexanes, 19.8 mL, 49.5 mmol, 2.0 equiv.) at 0 °C. After 20 min stirring, a solution 

of 3-methylbut-3-en-1-ol (3.130) (2.50 mL, 24.8 mmol, 1 equiv.) in Et2O (9 mL) was added 

dropwise over 15 min at 0 °C. The resulting reaction mixture was allowed to slowly reach room 

temperature and was then left stirring overnight. A pale yellow suspension was formed, that 

was diluted with THF (13 mL) and cooled to -78 °C, before adding freshly distilled BnBr (3.24 

mL, 27.2 mmol, 1.1 equiv.) dropwise. The resulting reaction mixture was stirred at -78 °C for 

15 min and allowed to reach room temperature. After stirring overnight, the reaction was 

quenched with a saturated aq. NH4Cl solution (25 mL) and diluted with water. The organic 

 
257 H. Miyauchi, S. Chiba, K. Fukamizu, K. Ando, K. Narasaka, Tetrahedron 2007, 63, 5940–5953. 
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layer was separated and the aqueous one was washed with Et2O (3 × 20 mL). The combined 

organic layers were washed with 1 M HCl and brine, dried over MgSO4, filtered and 

concentrated under reduced pressure. The crude residue was purified by column 

chromatography (SiO2, Pentane:EtOAc 85:15) affording the title compound 3.131 (1.91 g, 10.8 

mmol, 44% yield) as a yellow oil. 1H NMR (400 MHz, Chloroform-d) δ 7.35–7.27 (m, 2H, 

ArH), 7.20–7.18 (m, 3H, ArH), 4.94 (s, 1H, C=CH2), 4.88 (s, 1H, C=CH2), 3.74 (t, 2H, J = 

6.3 Hz, CH2CH2OH), 2.77 (t, 2H, J = 8.3 Hz, PhCH2CH2), 2.36–2.32 (m, 4H, CH2CH2OH and 

PhCH2CH2), 1.45 (brs, 1H, OH); 13C NMR (101 MHz, Chloroform-d) δ 145.5, 141.8, 128.6, 

128.2, 126.1, 112.2, 60.2, 39.4, 37.2, 34.2. The characterization data correspond to the reported 

values.257  

2-(1-phenethylcycloprop-2-en-1-yl)ethan-1-ol (3.136) 

 

1) To a solution of 3-methylene-5-phenylpentan-1-ol (3.131) (1.91 g, 10.8 mmol, 1 equiv.) 

in DCM (50 mL), was added p-TsOH (21 mg, 0.11 mmol, 0.01 equiv.). The resulting 

reaction mixture was cooled to 0 °C, then ethoxyethene (3.121) (3.63 mL, 37.9 mmol, 

3.5 equiv.) was added dropwise. The reaction was allowed to slowly reach room 

temperature and stirred for 2 hours. It was then diluted with hexane (35 mL) and filtrated 

through a short plug of neutral alumina. The filtrate was evaporated under reduced 

pressure to give crude 3.132 in 2.69 g, that was directly engaged in the next without 

further purification. 

2) To a vigorously stirred solution of 3.132 (2.69 g, 10.8 mmol, 1 equiv.), CTAB (9.1 mg, 

0.027 mmol, 0.003 equiv.) and CHBr3 (1.89 mL, 21.7 mmol, 2.0 equiv.) in DCM (2.7 

mL), was added dropwise a solution of NaOH (4.1 g in 3.2 mL of water) at room 

temperature. The solution turned into a dark-brown emulsion while stirring was 

continued for 24 hours. The reaction was quenched by pouring the emulsion into 50 mL 

of water and extracted with DCM (3 × 20 mL). The organic layer was separated, washed 

with water and brine, dried over MgSO4, filtered and concentrated under reduced 

pressure to give crude 3.133 as a an orange oil in 4.24 g. 

3) A solution of crude 3.133 (2.7 g, 6.4 mmol, 1 equiv.) in Et2O (23 mL), containing freshly 

distilled Ti(OiPr)4 (0.19 mL, 0.64 mmol, 0.1 equiv.) was treated with EtMgBr (3 M 

solution in Et2O, 0.43 mL, 1.3 mmol, 0.2 equiv.) dropwise at 0 °C. Then a second batch 

of EtMgBr (3 M solution in Et2O, 2.14 mL, 6.43 mmol, 1 equiv.) was added dropwise 

at 0 °C. The resulting reaction mixture was allowed to slowly warm up to room 

temperature and left stirring overnight. The reaction was then carefully quenched with 

water (10 mL), followed by a 1:1 mixture of sat. aqueous NH4Cl and water (10 mL). 

The resulting suspension was filtered through cotton, and the filtrate was extracted with 

Et2O. The combined organic layers were dried over MgSO4, filtered and concentrated 
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under reduced pressure to give the crude product as a yellow oil in 1.849 g, that was 

directly engaged in the next step without further purification. 

4) To a stirred suspension of tBuOK (0.79 g, 7.0 mmol, 1.3 equiv.) in DMSO (10 mL) was 

added dropwise over 30 min at room temperature a solution of crude 3.134 (1.85 g, 5.42 

mmol, 1 equiv.) in DMSO (5 mL). The resulting suspension was left stirring for 24 

hours at room temperature. The reaction was then quenched with water (25 mL) and 

extracted with Et2O (3 × 25 mL). The combined organic layers were washed with water 

and brine, dried over MgSO4, filtered and concentrated under reduced pressure to give 

crude 3.135 in 1.236 g. 

5) To a solution of crude 3.135 (1.24 g, 4.75 mmol, 1 equiv.) in CH3CN (5 mL), was added 

3 M HCl (5 mL) at 0 °C. The resulting mixture was stirred at room temperature for 20 

minutes until complete conversion of the starting material could be observed by TLC 

(Pentane:Et2O 80:20, Rf = 0.2). The reaction was then quenched with a saturated 

solution of NaHCO3 (10 mL), followed by extraction with Et2O (5 × 20 mL). The 

combined organic layers were washed with water and brine, dried over MgSO4, filtered 

and concentrated under reduced pressure. The crude residue was purified by column 

chromatography (SiO2, Pentane:EtOAc 80:20) affording the title compound 3.136 (126 

mg, 0.810 mmol, 10% yield over 5 steps) as an orange oil. Rf 0.2 (Pentane:EtOAc 

80:20); 1H NMR (400 MHz, Chloroform-d) δ 7.23 (s, 2H, HC=CH), 7.20 – 7.16 (m, 

2H, ArH), 7.12 – 7.05 (m, 3H, ArH), 3.45 (t, J = 6.6, 2H, CH2CH2OH), 2.38 – 2.28 (m, 

2H, PhCH2CH2), 1.81 – 1.66 (m, 4H, CH2CH2OH & PhCH2CH2); 13C NMR (101 MHz, 

Chloroform-d) δ 142.8, 128.5, 128.4, 125.7, 119.2, 60.9, 40.8, 40.6, 33.4, 22.2; IR �̃�max 

3301 (w), 3185 (w), 2955 (m), 2905 (m), 2202 (m), 1645 (m), 1420 (w), 1405 (w), 1328 

(m), 1125 (w), 1097 (m), 1059 (s), 999 (w), 934 (w), 928 (w), 895 (s), 834 (w); HRMS 

(ESI) calcd for C13H16O [M+] 188.1196; found 188.1196. 
 

1-(2,2-dibromo-1-methylcyclopropyl)-2-Methoxybenzene (3.141) 

 

To a stirred suspension of Ph3MePBr (19.03 g, 53.30 mmol, 1.6 equiv.) in THF (80 mL) at 0 

°C was added tBuOK (3.57 g, 31.8 mmol, 0.96 equiv.) portionwise. The resulting yellow 

suspension was stirred at 0 °C for 1 h, then 1-(2-methoxyphenyl)ethenone (3.139) (5.0 g, 33 

mmol, 1 equiv.) was added dropwise. The resulting reaction mixture was stirred at room 

temperature overnight and then quenched with a saturated aq. NH4Cl solution (100 mL) and 

partitioned between Et2O and water. After extraction with Et2O (3 × 40 mL), the combined 

organic layers were washed with water and brine, dried over MgSO4, filtered and concentrated 

under reduced pressure. The crude residue was purified by column chromatography (SiO2, 

Pentane) affording compound 3.140 (2.20 g, 14.9 mmol, 45%) as a colourless oil. 1H NMR 

(400 MHz, Chloroform-d) δ 7.27 – 7.15 (m, 2H, ArH), 6.98 – 6.81 (m, 2H, ArH), 5.19 – 5.14 

(m, 1H, C=CH2), 5.09 – 5.02 (m, 1H, C=CH2), 3.83 (s, 3H, OCH3), 2.12 (s, 3H, CH3); 13C 

NMR (101 MHz, Chloroform-d) δ 156.7, 144.5, 132.9, 129.5, 128.4, 120.6, 115.2, 110.9, 

55.6, 23.3. The characterization data correspond to the reported values.258 
 

 
258 A. Fryszkowska, K. Fisher, J. M. Gardiner, G. M. Stephens, J. Org. Chem. 2008, 73, 4295–4298. 
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Following a slightly modified procedure,172 to a vigorously stirred solution of 3.140 (1.0 g, 6.8 

mmol, 1 equiv.), CTAB (19 mg, 0.057 mmol, 0.009 equiv.) and CHBr3 (1.00 mL, 11.5 mmol, 

1.7 equiv.) in DCM (2.5 mL), was added dropwise a solution of NaOH (1 g in 2 mL of water) 

and the resulting reaction mixture was heated to 35 °C overnight. The reaction was quenched 

by pouring the emulsion into 50 mL of water and extracted with DCM (3 × 20 mL). The organic 

layer was separated, washed with water and brine, dried over MgSO4, filtered and concentrated 

under reduced pressure. The crude residue was purified by column chromatography (SiO2, 

Pentane) affording the title compound 3.141 (1.59 g, 4.95 mmol, 73%) as a colourless oil. 1H 

NMR (400 MHz, Chloroform-d) 7.31 – 7.26 (m, 1H, ArH), 7.05 (dd, J=7.5, 1.8, 1H, ArH), 

6.94 – 6.88 (m, 2H, ArH), 3.95 (s, 3H, OCH3), 2.01 (d, J = 7.4, 1H, CH2), 1.73 (d, J = 7.4, 1H, 

CH2), 1.65 (s, 3H, CH3); 13C NMR (101 MHz, Chloroform-d) δ 158.4, 131.4, 129.1, 128.8, 

120.5, 111.0, 55.8, 37.6, 34.3, 34.2, 24.8. The characterization data correspond to the reported 

values.172  

 

1-methoxy-2-(1-methylcycloprop-2-en-1-yl)benzene (3.143) 

 

 

1) Following a slightly modified procedure,172 a solution of 1-(2,2-dibromo-1-

methylcyclopropyl)-2-methoxybenzene (3.141) (1.59 g, 4.95 mmol, 1 equiv.) in Et2O 

(15 mL) containing freshly distilled Ti(OiPr)4 (0.15 mL, 0.49 mmol, 0.1 equiv.) was 

treated with EtMgBr (3 M solution in Et2O, 0.33 mL, 0.99 mmol, 0.2 equiv.), added 

dropwise at 0 °C. Then a second batch of EtMgBr (3 M solution in Et2O, 1.65 mL, 4.95 

mmol, 1 equiv.) was added dropwise at 0 °C. The resulting reaction mixture was allowed 

to slowly warm up to room temperature and left stirring overnight. The reaction was 

then carefully quenched with water (10 mL), followed by a 1:1 mixture of sat. aqueous 

NH4Cl and water (10 mL). The resulting suspension was filtered through cotton, and 

the filtrate was extracted with Et2O. The combined organic layers were dried over 

MgSO4, filtered and concentrated under reduced pressure to give crude 3.142 in 789 mg 

that was directly engaged in the next step without further purification. 

2) To a stirred suspension of tBuOK (0.44 g, 3.9 mmol, 1.3 equiv.) in DMSO (7 mL) was 

added dropwise over 30 mins at room temperature a solution of crude 3.142 (789 g, 3.27 

mmol, 1 equiv.) in DMSO (4 mL). The resulting suspension was left stirring for 24 

hours at room temperature. The reaction was then quenched with water (25 mL) and 

extracted with Et2O (3 × 25 mL). The combined organic layers were washed with water 

and brine, dried over MgSO4, filtered and concentrated under reduced pressure. The 

crude residue was purified by column chromatography (SiO2, Pentane:Et2O 98:2) 

affording the title compound 3.143 (455 mg, 2.84 mmol, 59% over two steps) as a 

yellowish oil. 1H NMR (400 MHz, Chloroform-d) δ 7.72 (s, 2H, HC=CH), 7.23 (m, 

1H, ArH), 7.19 (m, 1H, ArH), 6.96 (m, 1H, ArH), 6.91 (m, 1H, ArH), 3.93 (s, 3H, 

OCH3), 1.56 (s, 3H, CH3); 13C NMR (101 MHz, Chloroform-d) δ 157.9, 137.4, 128.1, 

126.9, 121.1, 120.8, 110.8, 55.4, 27.8, 21.2. The characterization data correspond to the 

reported values. 172 

 

  
 



254 

 

Methyl 2-(2-(((trifluoromethyl)sulfonyl)oxy)phenyl)acetate (3.147) 

 

Following a slightly modified procedure,259 H2SO4 (20 drops) was added to a stirred solution 

of 2-(2-hydroxyphenyl)acetic acid (3.145) (4.00 g, 26.3 mmol, 1 equiv.) in MeOH (80 mL). 

The resulting reaction mixture was stirred under reflux for 3 hours. It was then cooled to room 

temperature, and evaporated under reduced pressure. The obtained white solid was dissolved in 

DCM (30 mL) and filtered through a short pad of silica gel. The filtrate was evaporated under 

reduced pressure to provide 3.146 (4.28 g, 25.8 mmol, 98% yield) as a white solid. 1H NMR 

(400 MHz, Chloroform-d) δ 7.37 (bs, 1H, OH), 7.20 (td, J = 7.7, 1.7, 1H, ArH), 7.10 (dd, J = 

7.5, 1.7, 1H, ArH), 6.95 (dd, J=8.1, 1.2, 1H, ArH), 6.89 (td, J = 7.4, 1.2, 1H, ArH), 3.75 (s, 3H, 

COOCH3), 3.69 (s, 2H, CH2); 13C NMR (101 MHz, Chloroform-d) 174.5, 155.2, 131.3, 129.5, 

121.1, 120.9, 117.5, 52.6, 37.7. The characterization data correspond to the reported values.259 

 

Following a reported procedure,260 to a stirred solution of methyl 2-hydroxyphenylacetate 

(3.146) (2.00 g, 12.0 mmol, 1 equiv.) and triethylamine (2.5 mL, 18 mmol, 1.5 equiv.) in DCM 

(10 mL) at 0 °C, Tf2O (2.24 mL, 13.2 mmol, 1.1 equiv.) was added dropwise and the mixture 

was stirred at room temperature overnight. The reaction mixture was then poured into a 

saturated aq. NaHCO3 solution (20 mL). The aqueous layer was extracted with Et2O (3 × 20 

mL) and the combined organic layers were dried over MgSO4, filtered and evaporated under 

reduced pressure. The crude residue was purified by column chromatography (SiO2, 

Pentane:Et2O 50:50) affording the title compound 3.147 (3.53 g, 11.9 mmol, 98% yield) as a 

colourless liquid. 1H NMR (400 MHz, Chloroform-d) δ 7.43 – 7.30 (m, 4H, ArH), 3.76 (s, 

2H, CH2), 3.73 (s, 3H, OCH3); 13C NMR (101 MHz, Chloroform-d) 170.2, 148.1, 132.5, 

130.1, 128.4, 127.2, 121.2, 118.6 (q, J = 319 Hz), 52.3, 35.4. The characterization data 

correspond to the reported values.260 

 

Methyl 1-(2-(((trifluoromethyl)sulfonyl)oxy)phenyl)-2-(trimethylsilyl)cycloprop-2-ene-1-

carboxylate (3.149) 

 

Following a reported procedure,260 to a stirred solution of methyl 2-(2-

(((trifluoromethyl)sulfonyl)oxy)phenyl)acetate (3.147) (3.53 g, 11.9 mmol, 1 equiv.) and 

pABSA (3.42 g, 14.2 mmol, 1.2 equiv.) in CH3CN (24 mL) at 0 °C, was added DBU (2.30 mL, 

15.4 mmol, 1.3 equiv.). The reaction mixture was stirred overnight at room temperature, and 

then quenched with a sat. aq. NH4Cl solution (20 mL). The aqueous layer was extracted with 

 
259 M. Von Wantoch Rekowski, V. Kumar, Z. Zhou, J. Moschner, A. Marazioti, M. Bantzi, G. A. Spyroulias, F. Van Den 

Akker, A. Giannis, J. Med. Chem. 2013, 56, 8948–8952. 
260 A. Ni, J. E. France, H. M. L. Davies, J. Org. Chem. 2006, 71, 5594–5598. 
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Et2O (3 × 20 mL) and the combined organic layers were dried over MgSO4, filtered and 

evaporated under reduced pressure. The residue was diluted with pentane and Et2O (1:1 

mixture, 50 mL), filtered through a pad of silica and the filtrate was evaporated under reduced 

pressure. The crude residue was purified by column chromatography (SiO2, Pentane:Et2O 

80:20) affording the title compound 3.148 (1.49 g, 4.62 mmol, 39% yield) as a yellowish liquid. 
1H NMR (400 MHz, Chloroform-d) δ = 7.71 – 7.64 (m, 1H, ArH), 7.48 – 7.34 (m, 3H, ArH), 

3.86 (s, 3H, OCH3); 13C NMR (101 MHz, Chloroform-d) 165.1, 146.8, 131.5, 129.5, 128.7, 

121.7 119.9, 118.6 (q, J = 319 Hz), 52.2. One carbon was not resolved. The characterization 

data correspond to the reported values.260 

 

Methyl 2-diazo-2-(2-(((trifluoromethyl)sulfonyl)oxy)phenyl)acetate (3.148) (1.19 g, 3.69 

mmol, 1 equiv.) was dissolved in trimethylsilylacetylene (2.50) (3 mL) and DCM (3 mL), and 

the resulting solution was added via syringe pump to a suspension of Rh2(OAc)4 (16 mg, 0.037 

mmol, 0.01 equiv.) in trimethylsilylacetylene (2.50) (3 mL) at room temperature over 10 hours. 

After the addition was complete, the reaction mixture was allowed to stir for another 7 hours. 

The mixture was then filtered through a plug of silica gel eluting with DCM, and the filtrate 

was evaporated under reduced pressure. The crude residue was purified by column 

chromatography (SiO2, Pentane:Et2O 90:10) affording the title compound 3.149 (910 mg, 2.31 

mmol, 63% yield) as a yellow oil. Rf 0.25 (Pentane:Et2O 90:10); 1H NMR (400 MHz, 

Chloroform-d) δ 7.60 (s, 1H, C=CH), 7.33 – 7.28 (m, 2H, ArH), 7.24 (m, 2H, ArH), 3.66 (s, 

3H, OCH3), 0.25 (s, 9H, TMS); 13C NMR (101 MHz, Chloroform-d) δ 175.1, 149.3, 135.9, 

131.6, 128.8, 128.2, 121.0, 120.1, 118.6 (q, J = 319 Hz), 118.0, 52.5, 28.6, -1.5; 19F NMR (376 

MHz, Chloroform-d) δ = -74.6; IR �̃�max 3288 (w), 2967 (w), 2945 (m), 2927 (w), 2865 (m), 

2170 (m), 1691 (w), 1498 (w), 1387 (w), 1288 (w), 1218 (w), 1198 (w), 1112 (w), 1062 (s), 

1035 (m), 964 (w), 922 (w), 886 (s), 840 (w), 789 (w); HRMS (ESI) calcd for 

C15H18F3O5SSi+ [M+H]+ 395.0518; found 395.0519. 

 

Ethyl 2-(2-hydroxyethyl)cycloprop-2-enecarboxylate (3.156) 

 
Following a reported procedure,261 to a stirring solution of DMAP (64 mg, 0.53 mmol, 0.04 

equiv.) and pyridine (2.65 mL, 32.8 mmol, 2.5 equiv.) in DCM (130 mL) at 0 °C were added 

AcCl (1.87 mL, 26.3 mmol, 2.0 equiv.) and but-3-yn-1-ol (3.152) (1.00 mL, 13.1 mmol, 1 

equiv.). The reaction mixture was then allowed to slowly reach room temperature and was left 

stirring overnight. The reaction was then quenched by adding a solution of saturated aq. NH4Cl 

(50 mL) and was then extracted with DCM (3 × 30 mL). The combined organic layers were 

washed with water and brine, then dried over MgSO4, filtered and evaporated under reduced 

pressure. The crude product was further purified via filtration over neutral alumina eluting with 

DCM leading after removal of the volatiles under reduced pressure to compound 3.153 (1.33 g, 

11.9 mmol, 91% yield) as a colorless oil. 1H NMR (400 MHz, Chloroform-d) δ 4.18 (t, J = 

6.8, 2H, CH2CH2OH), 2.53 (td, J = 6.8, 2.7, 2H, CH2CH2OH), 2.08 (s, 3H, CH3), 2.01 (t, J = 

2.7, 1H, CH); 13C NMR (101 MHz, Chloroform-d) δ 170.8, 80.3, 70.2, 62.3, 21.1, 19.1. The 

characterization data correspond to the reported values.261 

 

 
261 X. Cao, Y. Shi, X. Wang, R. W. Graff, H. Gao, Macromolecules 2016, 49, 760–766. 
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Following a slightly modified procedure,262 a solution of ethyldiazoacetate (3.154) (13%wt in 

DCM, 2.73 mL, 22.6 mmol, 1.9 equiv.) was added via syringe pump over 10 hours to a 

suspension of Rh2(OAc)4 (26 mg, 0.059 mmol, 0.005 equiv.) and but-3-yn-1-yl acetate (3.153) 

(1.33 g, 11.9 mmol, 1 equiv.) in DCM (5.5 mL). After 5 additional hours stirring, the reaction 

mixture was filtered through a plug of silica gel eluting with DCM, and the filtrate was 

evaporated under reduced pressure. The crude residue was purified by column chromatography 

(SiO2, Pentane:EtOAc 98:2 to 95:5) affording compound 3.155 (812 mg, 4.10 mmol, 35% 

yield) as a yellow oil. 1H NMR (400 MHz, Chloroform-d) δ 6.52 (d, J = 1.5 Hz, 1H, C=CH), 

4.35 - 4.04 (m, 4H, CH2CH2O & COCH2CH3), 2.85 (t, J = 6.5 Hz, 2 H, CH2CH2O), 2.20 (d, J 

= 1.5 Hz, 1 H, CHCOEt), 2.07 (s, 3 H, COCH3), 1.25 (t, J = 7.1 Hz, 3H, COCH2CH3). The 

characterization data correspond to the reported values.262 

 

Following a reported procedure,262 K2CO3 (651 mg, 4.71 mmol, 1.15 equiv.) was added 

portionwise to a stirred solution of ethyl 2-(2-acetoxyethyl)cycloprop-2-enecarboxylate (3.155) 

(812 mg, 4.10 mmol, 1 equiv) in ethanol (3.0 mL) at 0 °C. The mixture was allowed to reach 

room temperature and further stirred for 12 hours. The volatiles were then removed under 

reduced pressure, then water (15 mL) was added to the residue and t was extracted with Et2O 

(3 × 20 mL). The combined organic layers were dried over MgSO4, filtered and evaporated 

under reduced pressure. The crude residue was purified by column chromatography (SiO2, 

Pentane:EtOAc 50:50) affording the title compound 3.156 (154 mg, 0.983 mmol, 24% yield) 

as a yellowish oil. 1H NMR (400 MHz, Chloroform-d) δ 6.54 (d, J = 1.4 Hz, 1H, C=CH), 4.18 

(q, J = 7.2 Hz, 2 H, COCH2CH3), 3.84 - 3.75 (m, 2 H, CH2CH2O), 2.85 (t, J = 6.5 Hz, 2 H, 

CH2CH2O), 2.21 (d, J = 1.4 Hz, 1H, CHCOEt), 1.29 (t, J = 7.2 Hz, 3H, COCH2CH3); 13C NMR 

(101 MHz, Chloroform-d) δ 178.3, 112.5, 98.0, 61.1, 59.5, 29.5, 19.5, 14.4. The 

characterization data correspond to the reported values.262 

5.3.2 Characterization of of the products of carbo-amination and 

carbo-etherification  
 

Tert-butyl 6-phenyl-3-(trifluoromethyl)-7-((triisopropylsilyl)ethynyl)-4-oxa-2-azabicyclo 

[4.1.0]heptane-2-carboxylate (3.118) 

 

To an oven-dried 5mL microwave vial were added Pd(dba)2 (9.2 mg, 0.016 mmol, 0.04 equiv.), 

(oxybis(2,1-phenylene))bis(diphenylphosphine) (2.20) (13 mg, 0.024 mmol, 0.06 equiv.), tert-

butyl (2,2,2-trifluoro-1-((1-phenylcycloprop-2-en-1-yl)methoxy)ethyl)carbamate (3.117) (0.14 

g, 0.40 mmol, 1 equiv.) and Cs2CO3 (169 mg, 0.520 mmol, 1.3 equiv.). The vial was sealed and 

then evacuated and back-filled with nitrogen (this process was repeated 3 times). Then 

(bromoethynyl)triisopropylsilane (2.17) (124 µL, 0.520 mmol, 1.3 equiv.) and Toluene (1.333 

mL) were added via serynge to the tube. The resulting mixture was left stirring overnight at 95 

°C. The reaction mixture was then filtered through a plug of silica eluting with Et2O and 

concentrated under reduced pressure. The crude residue obtained was purified by column 

 
262 S. Araki, F. Shiraki, T. Tanaka, Y. Nakano, K. Subburaj, T. Hirashita, H. Yamamura, M. Kawai, Chem. Eur. J. 2001, 7, 

2784–2790. 
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chromatography (SiO2, Pentane:AcOEt 95:5) affording the title compound 3.118 (0.011 g, 

0.020 mmol, 5 % yield) as a yellow oil. Rf 0.65 (Pentane:EtOAc 95:5); 1H NMR (400 MHz, 

Acetonitrile-d3) δ 7.39 – 7.29 (m, 5H, ArH), 5.41 (q, J = 5.9 Hz, 1H, CHCF3), 4.33 (d, J = 12.7 

Hz, 1H, CH2), 4.12 (d, J = 12.8 Hz, 1H, CH2), 3.32 (d, J = 6.4 Hz, 1H, NCHCH), 2.20 (d, J = 

6.4 Hz, 1H, CHCC), 1.48 (s, 9H, Boc), 1.08 (m, 21H, TIPS); 13C NMR (101 MHz, 

Acetonitrile-d3) δ 155.1, 142.7, 129.8, 128.7, 128.5, 127.8 – 122.1 (m), 102.8, 85.7, 82.5, 81.2 

(q, J = 34.3 Hz), 68.0, 39.4, 31.1, 28.3, 20.4, 19.0, 12.1; IR �̃�max 3325 (w), 2982 (w), 2934 (w), 

2876 (w), 1724 (m), 1502 (m), 1372 (m), 1283 (m), 1250 (w), 1189 (s), 1159 (s), 1101 (m), 

1054 (m), 1013 (w), 890 (w), 849 (w); HRMS (ESI) calcd for 

C28H40F3NNaO3Si+ [M+Na]+ 546.2622; found 546.2624.  

Triisopropyl((5-methyl-2-oxabicyclo[3.1.0]hexan-6-yl)ethynyl)silane (3.127) 

 

To an oven-dried 5mL microwave vial were added Pd(dba)2 (2.3 mg, 4.0 μmol, 0.04 equiv), 

(oxybis(2,1-phenylene))bis(diphenylphosphine) (2.20) (2.1 mg, 0.024 mmol, 0.04 equiv), 2-(1-

methylcycloprop-2-en-1-yl)ethanol (3.126) (9.8 mg, 0.10 mmol, 1 equiv) and NaOtBu (12 mg, 

0.13 mmol, 1.3 equiv). The vial was sealed and then evacuated and back-filled with nitrogen 

(this process was repeated 3 times). Then (bromoethynyl)triisopropylsilane (2.17) (31 µL, 0.13 

mmol, 1.3 equiv.) and toluene (0.5 mL) were added via syringe to the tube. The resulting 

mixture was left stirring overnight at 70 °C. The reaction mixture was then filtered through a 

plug of silica eluting with Et2O and concentrated under reduced pressure. The crude residue 

obtained was purified by preparative TLC (SiO2, Pentane:Et2O 90:10) affording the title 

compound 3.127 (5.6 mg, 0.020 mmol, 20 % yield) as a yellow oil. Rf 0.6 (Pentane:Et2O 95:5); 
1H NMR (400 MHz, Chloroform-d) δ = 4.17 – 4.04 (m, 2H, CH2CH2O), 3.72 (d, J = 5.1, 1H, 

OCH), 2.25 (ddd, J = 12.2, 8.8, 5.1, 1H, CH2CH2O), 2.05 (dddd, J = 12.3, 10.0, 7.6, 1.3, 1H, 

CH2CH2O), 1.35 – 1.33 (m, 1H, OCHCH), 1.30 (s, 3H, CH3), 1.12 – 1.01 (m, 21H, TIPS); 13C 

NMR (101 MHz, Chloroform-d) δ = 103.3, 82.2, 71.1, 67.6, 31.5, 28.7, 22.1, 18.9, 17.6, 10.3; 

IR �̃�max 3288 (w), 2967 (w), 2945 (m), 2927 (w), 2865 (m), 2170 (m), 1691 (w), 1498 (w), 

1387 (w), 1288 (w), 1218 (w), 1198 (w), 1112 (w), 1062 (s), 1035 (m), 964 (w), 922 (w), 886 

(s), 840 (w), 789 (w); HRMS (ESI) calcd for C17H31OSi+ [M+H]+ 279.2139; found 279.2135. 

 

4-(5-methyl-2-oxabicyclo[3.1.0]hexan-6-yl)benzonitrile (3.129) 

 

To an oven-dried 5mL microwave vial were added Pd(dba)2 (2.3 mg, 4.0 μmol, 0.04 equiv), 

(oxybis(2,1-phenylene))bis(diphenylphosphine) (2.20) (2.1 mg, 0.024 mmol, 0.04 equiv), 2-(1-

methylcycloprop-2-en-1-yl)ethanol (3.126) (9.8 mg, 0.10 mmol, 1 equiv), 4-bromobenzonitrile 

(24 mg, 0.13 mmol, 1.3 equiv.) and NaOtBu (12 mg, 0.13 mmol, 1.3 equiv). The vial was sealed 

and then evacuated and back-filled with nitrogen (this process was repeated 3 times). Then 
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toluene (0.5 mL) was added via syringe to the tube. The resulting mixture was left stirring 

overnight at 70 °C. The reaction mixture was then filtered through a plug of silica eluting with 

Et2O and concentrated under reduced pressure. The crude residue obtained was purified by 

preparative TLC (SiO2, Pentane:Et2O 90:10) affording the title compound 3.129 (3.2 mg, 0.016 

mmol, 16 % yield) as a yellow oil. Rf 0.5 (Pentane:Et2O  92:8); 1H NMR (400 MHz, 

Chloroform-d) δ = 7.59 (d, J = 8.2, 2H, ArH), 7.43 (d, J = 7.9, 2H, ArH), 3.95 (d, J = 5.4, 1H, 

OCHCH), 3.84 (ddd, J = 10.1, 9.0, 3.7, 1H, CH2CH2O), 2.55 (q, J = 8.7, 1H, CH2CH2O), 2.07 

– 1.96 (m, 1H, CH2CH2O), 1.89 (d, J = 5.4, 1H, OCHCH), 1.80 (ddd, J = 12.4, 8.4, 3.7, 1H, 

CH2CH2O), 1.46 (s, 3H, CH3); 13C NMR (101 MHz, Chloroform-d) δ = 142.3, 132.2, 131.2, 

119.3, 110.3, 70.4, 67.7, 33.9, 32.4, 30.2, 21.4; IR �̃�max 3310 (w), 2968 (m), 2910 (m), 2245 

(m), 1698 (w), 1398 (w), 1310 (w), 1247 (w), 1175 (w), 1042 (s), 1005 (m), 998 (w), 945 (w), 

880 (s), 823 (w), 778 (w); HRMS (ESI) calcd for C13H13NO [M+] 199.0992; found 199.0994. 

 

Triisopropyl((5-phenethyl-2-oxabicyclo[3.1.0]hexan-6-yl)ethynyl)silane (3.137) and 5-

phenethyl-2-oxabicyclo[3.1.0]hexane (3.138) 

 

 

To an oven-dried 5mL microwave vial were added Pd(dba)2 (2.3 mg, 4.0 μmol, 0.04 equiv), 

(oxybis(2,1-phenylene))bis(diphenylphosphine) (2.20) (2.1 mg, 0.024 mmol, 0.04 equiv), 2-(1-

phenethylcycloprop-2-en-1-yl)ethanol (3.136) (19 mg, 0.10 mmol, 1 equiv) and NaOtBu (12 

mg, 0.13 mmol, 1.3 equiv). The vial was sealed and then evacuated and back-filled with 

nitrogen (this process was repeated 3 times). Then (bromoethynyl)triisopropylsilane (2.17) (31 

µL, 0.13 mmol, 1.3 equiv.) and toluene (0.25 mL) were added via syringe to the tube. The 

resulting mixture was left stirring overnight at 70 °C. The reaction mixture was then filtered 

through a plug of silica eluting with Et2O and concentrated under reduced pressure. The crude 

residue obtained was purified by preparative TLC (SiO2, Pentane:Et2O 90:10) affording product 

3.137 (9.2 mg, 0.025 mmol, 25 % yield) and product 3.138 (3.6 mg, 0.0019 mmol, 19%) as 

yellow oils. 

 

Triisopropyl((5-phenethyl-2-oxabicyclo[3.1.0]hexan-6-yl)ethynyl)silane (3.137) 

 

 

Rf 0.65 (Pentane:Et2O  90:10); 1H NMR (400 MHz, Chloroform-d) δ 7.32 – 7.26 (m, 2H, 

ArH), 7.19 (m, 3H, ArH), 4.16 – 4.03 (m, 2H, CH2CH2O), 3.73 (d, J = 5.2, 1H, OCHCH), 2.79 

– 2.65 (m, 2H, PhCH2CH2), 2.19 (ddd, J = 12.3, 8.8, 5.3, 1H, CH2CH2O), 2.04 (dddd, J = 15.9, 

14.2, 8.0, 4.2, 2H, PhCH2CH2), 1.67 (ddd, J = 14.0, 8.8, 6.5, 1H, CH2CH2O), 1.36 (dd, J = 5.3, 

1.2, 1H, OCHCH), 1.15 – 1.04 (m, 21H, TIPS); 13C NMR (101 MHz, Chloroform-d) δ 141.7, 

128.6, 128.6, 126.1, 104.3, 83.4, 72.5, 68.1, 36.5, 35.5, 33.7, 31.0, 22.7, 18.8, 11.5;  IR �̃�max 

3295 (w), 3128 (w), 2945 (w), 2888 (w), 2822 (m), 2240 (m), 1655 (w), 1623 (w), 1472 (w), 
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1328 (m), 1227 (w), 1145 (m), 1057 (s), 1025 (m), 995 (w), 925 (w), 894 (s), 840 (m), 778 (w), 

765 (w); HRMS (ESI) calcd for C24H37OSi+ [M+H]+ 369.2608; found 369.2617. 

 

5-Phenethyl-2-oxabicyclo[3.1.0]hexane (3.138) 

 
Rf 0.3 (Pentane:Et2O  90:10); 1H NMR (400 MHz, Chloroform-d) δ 7.31 – 7.26 (m, 2H, ArH), 

7.22 – 7.15 (m, 3H, ArH), 4.00 (dtd, J = 8.4, 6.5, 3.7, 1H, CH2CH2O), 3.61 (dd, J = 5.6, 1.9, 

1H, OCHCH2), 3.49 – 3.45 (m, 1H, CH2CH2O), 2.70 (ddd, J = 8.8, 6.7, 1.4, 2H, PhCH2CH2), 

2.05 – 1.88 (m, 3H, PhCH2CH2 & CH2CH2O), 1.67 – 1.60 (m, 1H, CH2CH2O), 0.97 – 0.90 (m, 

1H, OCHCH2), 0.42 – 0.33 (m, 1H, OCHCH2); 13C NMR (101 MHz, Chloroform-d) δ 142.2, 

128.4, 128.2, 125.8, 66.6, 63.2, 36.1, 34.0, 32.7, 27.0, 14.6; IR �̃�max 3290 (w), 3134 (w), 2954 

(w), 2874 (w), 2815 (m), 2237 (m), 1645 (w), 1623 (w), 1547 (m), 1497 (w), 1441 (w), 1319 

(m), 1257 (w), 1182 (m), 1049 (s), 1010 (m), 935 (w), 901 (s), 855 (m), 798 (w); HRMS (ESI) 

calcd for C13H16O [M+] 188.1196; found 188.1196. 

 

Methyl 1-(2-(((trifluoromethyl)sulfonyl)oxy)phenyl)cycloprop-2-enecarboxylate (3.150) 

and methyl 1a,6b-dihydro-1H-cyclopropa[b]benzofuran-6b-carboxylate (3.151) 

 

To a stirred solution of methyl 1-(2-(((trifluoromethyl)sulfonyl)oxy)phenyl)-2-

(trimethylsilyl)cycloprop-2-enecarboxylate (3.149) (455 mg, 1.15 mmol, 1 equiv.) in THF (2.5 

mL) at 0 °C was added TBAF (1 M solution in THF, 2.7 mL, 2.7 mmol, 2.3 equiv.). The 

resulting reaction mixture was allowed to warm up to room temperature and was stirred for 3 

hours. The mixture was then directly evaporated under reduced pressure and the obtained crude 

residue was purified by column chromatography (SiO2, Pentane:Et2O 90:10) affording product 

3.150 (45 mg, 0.14 mmol, 12 % yield) and product 3.151 (132 mg, 0.694 mmol, 60%) as yellow 

oils. 

 

Methyl 1-(2-(((trifluoromethyl)sulfonyl)oxy)phenyl)cycloprop-2-enecarboxylate (3.150) 

 

Rf 0.7 (Pentane:Et2O  90:10); 1H NMR (400 MHz, Chloroform-d) δ 7.65 – 7.60 (m, 2H, ArH), 

7.59 (s, 2H, HC=CH), 7.54 (m, 2H, ArH), 3.96 (s, 3H, OCH3); 13C NMR (101 MHz, 

Chloroform-d) δ 174.4, 148.7, 135.1, 131.1, 129.2, 128.6, 121.3, 118.6 (q, J = 319.6), 107.9, 

52.7, 27.6;  19F NMR (376 MHz, Chloroform-d) δ -74.3; IR �̃�max 3668 (w), 3326 (w), 2984 

(s), 2904 (m), 1758 (w), 1722 (w), 1697 (w), 1519 (w), 1494 (w), 1457 (w), 1398 (m), 1377 

(m), 1255 (m), 1191 (m), 1157 (m), 1053 (s), 968 (w), 894 (m); HRMS (ESI) calcd for 

C12H9F3O5S [M+] 322.0123; found 322.0125. 
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Methyl 1a,6b-dihydro-1H-cyclopropa[b]benzofuran-6b-carboxylate (3.151) 

 
Rf 0.35 (Pentane:Et2O  90:10); 1H NMR (400 MHz, Chloroform-d) δ 7.67 (dd, J = 7.6, 1.4, 

1H, ArH), 7.16 (td, J = 7.9, 1.4, 1H, ArH), 6.97 (td, J = 7.5, 1.0, 1H, ArH), 6.85 (dt, J = 8.1, 

0.7, 1H, ArH), 5.05 (dd, J = 5.8, 3.0, 1H, OCH), 3.80 (s, 3H, OCH3), 1.96 (t, J = 6.0, 1H, 

OCHCH2), 0.87 (dd, J = 6.1, 3.1, 1H, OCHCH2); 13C NMR (101 MHz, Chloroform-d) δ 170.6, 

159.4, 128.0, 127.0, 125.8, 121.1, 110.8, 68.1, 52.5, 32.9, 19.2. IR �̃�max 2980 (w), 2938 (w), 

1713 (s), 1620 (w), 1587 (w), 1492 (m), 1458 (w), 1359 (s), 1326 (w), 1286 (m), 1232 (w), 

1163 (s), 1146 (s), 1114 (w), 1036 (w), 956 (m), 871 (w), 846 (m), 812 (w); HRMS (ESI) calcd 

for C11H10O3 [M+] 190.0630; found 190.0635. 
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5.4 (3+2) Annulation of Cyclopropenes with Aminocyclopropanes for the 

Syntheis of Bicyclo[3.1.0]hexanes 

5.4.1 Preparation of Starting Materials 

5.4.1.1 Synthesis of Diazo Compounds 
 

Dibenzyl 2-diazomalonate (3.173) 

 

 

Following a modified procedure,263 triethylamine (1.0 mL, 7.2 mmol, 2.4 equiv.) and dibenzyl 

malonate (3.172) (0.75 mL, 4.0 mmol, 1.0 equiv.) were added to a solution of pABSA (1.08 g, 

4.50 mmol, 1.5 equiv.) in CH3CN (16.0 mL) at room temperature and the resulting mixture was 

stirred for 18 hours at room temperature. Thereafter the mixture was filtered and the solvent 

was evaporated. The residue was triturated with CH2Cl2 (15 mL), the remaining solids were 

filtered off and the solvent was evaporated. The crude residue was purified by column 

chromatography (SiO2, Pentane:EtOAc 95:5) to afford compound 3.173 (889 mg, 2.86 mmol, 

95% yield) as a  yellow oil. 1H NMR (400 MHz, Chloroform-d) δ 7.39- 7.34 (m, 10H, ArH), 

5.28 (s, 4H, CH2); 13C NMR (101 MHz, Chloroform-d) δ 160.9, 135.3, 128.8, 128.6, 128.5, 

67.3. One carbon was not resolved. The characterization data correspond to the reported 

values.263 

Bis(2,2,2-trifluoroethyl) malonate (3.177) 

 

Following a reported procedure,263 H2SO4 (1.00 mL, 18.8 mmol, 0.25 equiv.) was added to a 

solution of trifluoroethanol (3.176) (29.9 mL, 415 mmol, 5.4 equiv.) and malonic acid (3.175) 

(8.00 g, 77.0 mmol, 1.0 equiv.) in toluene (40.0 mL) and the resulting mixture was heated to 

reflux for 8 hours. After cooling to room temperature, toluene (80.0 mL) was added and the 

mixture was washed with aq. NaOH (200 mL, 1 M), water (200 mL) and brine (200 mL). The 

organic layer was dried over MgSO4 and the solvent was evaporated under reduced pressure to 

afford the title compound 3.177 (6.80 g, 25.4 mmol, 33 % yield) as a colorless oil. 1H NMR 

(400 MHz, Chloroform-d) δ 4.55 (q, J = 8.2 Hz, 4H, OCH2), 3.61 (s, 2H, CH2); 13C NMR 

(101 MHz, Chloroform-d) δ 164.4, 122.8 (q, J = 277.3 Hz), 61.4 (q, J = 37.0 Hz), 40.3. The 

characterization data correspond to the reported values.263 

 

 

 

 
263 F. de Nanteuil, J. Loup, J. Waser, Org. Lett. 2013, 15, 3738-3741. 



262 

 

Bis(2,2,2-trifluoroethyl) 2-diazomalonate (3.178) 

 

 

Following a modified procedure,263 triethylamine (6.00 mL, 43.3 mmol, 2.4 equiv.) and 

bis(trifluorethyl)malonate (3.177) (4.84 g, 18.0 mmol, 1.0 equiv.) were added to a solution of 

pABSA (6.50 g, 27.1 mmol, 1.5 equiv.) in CH3CN (72.0 mL) at room temperature and the 

resulting mixture was stirred for 18 hours. Thereafter the mixture was filtered and the solvent 

was evaporated. The residue was triturated with CH2Cl2 (50 mL), the solids were filtered off 

and the solvent was evaporated. The crude residue was purified by column chromatography 

(SiO2, Pentane:EtOAc 95:5 to 90:10) to afford compound 3.178 (5.26 g, 17.9 mmol, 99 % yield) 

as a  yellow oil. 1H NMR (400 MHz, Chloroform-d) δ 4.62 (q, 4 H, J = 8.2 Hz, CH2); 13C 

NMR (101 MHz, Chloroform-d) δ 158.7, 122.6 (q, J = 277.3 Hz), 60.9 (q, J = 37.0 Hz). One 

carbon was not resolved. The characterization data correspond to the reported values.263 

2-Diazo-1H-indene-1,3(2H)-dione (3.181) 

 

Triethylamine (1.60 mL, 11.5 mmol, 2.4 equiv.) and 1H-indene-1,3(2H)-dione (3.180) (700 

mg, 4.79 mmol, 1.0 equiv.) were added to a solution of pABSA (1.73 g, 7.18 mmol, 1.5 equiv.) 

in CH3CN (19.0 mL) at room temperature and the resulting mixture was stirred for 18 hours. 

Thereafter the mixture was filtered and the solvent was evaporated. The residue was triturated 

with CH2Cl2 (50 mL), the solids were filtered off and the solvent was evaporated. The crude 

residue was purified by column chromatography (SiO2, Pentane:EtOAc 95:5 to 90:10) to afford 

compound 3.181 (791 mg, 4.60 mmol, 96 % yield) as a  yellow solid. 1H NMR (400 MHz, 

Chloroform-d) δ 7.88−7.81 (m, 2H, ArH), 7.79−7.76 (m, 2H, ArH); 13C NMR (101 MHz, 

Chloroform-d) δ 182.2, 137.3, 135.1, 122.7. One carbon was not resolved. The characterization 

data correspond to the reported values.264 

5.4.1.2 Synthesis of Cyclopropenes 

General procedure D: Synthesis of cyclopropenes from diazo compounds. 

 

 

 
264 M. K. Muthyala, S. Choudhary, A. Kumar, J. Org. Chem. 2012, 77, 8787–8791. 
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Following a modified procedure,187 the diazo compound was dissolved in DCM (0.5 M) and 

the resulting solution was added via syringe pump to a suspension of Rh2(OAc)4 (0.01 equiv.) 

in the indicated acetylene (3.0 equiv.) at room temperature over 10 hours. After the addition 

was complete, the reaction mixture was allowed to stir for another 10 hours. The reaction 

mixture was then filtered through a small pad of silica eluting with CH2Cl2 and the filtrate was 

concentrated under reduced pressure. The crude residue was purified by column 

chromatography with the indicated solvents. 

General procedure E: Synthesis of difluorocyclopropenes.  

 

Following a modified procedure,265 a 20 mL microwave vial was charged with NaI (2.2 equiv.). 

The vial was sealed, evacuated and back-filled with nitrogen (3 times). Then THF (0.33 M), 

TMSCF3 (2 equiv.) and the alkyne (1 equiv.), were added via syringe. The resulting reaction 

mixture was then stirred at 110 °C for 4 hours. The reaction was quenched by adding a saturated 

Na2CO3 solution, followed by extraction with Et2O. The combined organic layers were dried 

over anhydrous K2CO3, filtered, and evaporated under reduced pressure. The crude residue was 

purified by column chromatography with the indicated solvents (the column should be 

previously deactivated with a 97:3 mixture of Pentane:Et3N). 

1-(3,3-Difluorocycloprop-1-en-1-yl)-4-methylbenzene (3.162) 

 

Following the general procedure E, starting from 1-ethynyl-4-methylbenzene (3.161) (0.51 mL, 

4.0 mmol, 1.0 equiv.), the title compound 3.162 was obtained after purification by column 

chromatography (SiO2, Pentane:Et3N 95:5) as a brown solid (584 mg, 3.51 mmol, 88 % yield). 
1H NMR (400 MHz, Chloroform-d) δ 7.55 (d, J = 8.0 Hz, 2H, ArH), 7.38 (t, J = 1.8 Hz, 1H, 

C=CH), 7.29 (d, J = 7.8 Hz, 2H, ArH), 2.42 (s, 3H, CH3); 13C NMR (101 MHz, Chloroform-

d) δ 142.4, 133.7 (t, J = 10.2 Hz ), 130.2, 129.6, 120.4, 112.2 (t, J = 12.5 Hz ), 101.7 (t, J = 

268.1 Hz ), 21.8. The characterization data correspond to the reported values.266 

Dibenzyl 2-phenylcycloprop-2-ene-1,1-dicarboxylate (3.174) 

 

Following the general procedure D, starting from dibenzyl 2-diazomalonate (3.173) (889 mg, 

2.86 mmol, 1.0 equiv.) and phenylacetylene (3.12) (0.95 mL, 8.5 mmol, 3.0 equiv.), the title 

compound 3.174 was obtained after purification by column chromatography (SiO2, 

 
265 F. Wang, T. Luo, J. Hu, Y. Wang, H. S. Krishnan, P. V. Jog, S. K. Ganesh, G. K. Suryah Prakash, G. A. Olah, Angew. 

Chem. Int. Ed. 2011, 50, 7153 –7157. 
266 F. Wang, W. Zhang, J. Zhu, H. Li, K.-W. Huang, J. Hu, Chem. Commun. 2011, 47, 2411–2413. 
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Pentane:Et2O 80:20 to 70:30) as a pale yellow solid (738 mg, 1.92 mmol, 67 % yield). 1H NMR 

(400 MHz, Chloroform-d) δ 7.64 – 7.58 (m, 2H, ArH), 7.44 – 7.40 (m, 3H, ArH), 7.31 – 7.26 

(m, 10H, ArH), 6.91 (s, 1H, C=CH), 5.18 (s, 4H, CH2); 13C NMR (101 MHz, Chloroform-d) 

δ 170.7, 135.9, 130.7, 130.5, 129.0, 128.6, 128.2, 128.0, 124.1, 112.5, 95.3, 67.0, 33.5. The 

characterization data correspond to the reported values.267 

Bis(2,2,2-trifluoroethyl) 2-phenylcycloprop-2-ene-1,1-dicarboxylate (3.179) 

 

Following the general procedure D, starting from bis(2,2,2-trifluoroethyl) 2-diazomalonate 

(3.178) (935 mg, 3.18 mmol, 1.0 equiv.) and phenylacetylene (3.12) (1.05 mL, 9.54 mmol, 3.0 

equiv), the title compound 3.179 was obtained after purification by column chromatography 

(SiO2, Pentane:Et2O 90:10 to 80:20) as a pale yellow oil (542 mg, 1.47 mmol, 46 % yield). Rf  

0.55 (Pentane:Et2O 80:20). 1H NMR (400 MHz, Chloroform-d) δ 7.66 – 7.57 (m, 2H, ArH), 

7.51 – 7.44 (m, 3H, ArH), 6.92 (s, 1H, C=CH), 4.53 (qd, J = 8.3, 6.3 Hz, 4H, CH2); 13C NMR 

(101 MHz, Chloroform-d) δ 168.6, 131.4, 130.5, 129.2, 123.0, 122.8 (q, J = 277.3 Hz), 111.7, 

93.9, 61.1 (q, J = 37.0 Hz), 32.5; 19F NMR (376 MHz, Chloroform-d) δ -73.9 (t, J = 8.3 Hz); 

IR �̃�max 3663 (w), 2983 (m), 2899 (m), 1758 (m), 1452 (w), 1409 (m), 1288 (s), 1253 (s), 1228 

(m), 1171 (s), 1084 (s), 976 (w), 882 (w), 847 (w); HRMS (ESI) calcd for C15H10F6NaO4
+ 

[M+Na]+ 391.0375; found 391.0370. 

 

2-Phenylspiro[cyclopropane-1,2'-inden]-2-ene-1',3'-dione (3.182) 

 

Following the general procedure D, starting from 2-diazo-1H-indene-1,3(2H)-dione (3.181) 

(344 mg, 2.00 mmol, 1.0 equiv.) and phenylacetylene (3.12) (0.66 mL, 8.5 mmol, 3.0 equiv.), 

the title compound 3.182 was obtained after purification by column chromatography (SiO2, 

Pentane:EtOAc 95:5 to 85:15) as a red solid (75 mg, 0.31 mmol, 15 % yield). Rf  0.28 

(Pentane:EtOAc 90:10); m.p = 150-151 °C; 1H NMR (400 MHz, Chloroform-d) δ 7.65 – 7.59 

(m, 2H, ArH), 7.40 – 7.33 (m, 3H, ArH), 7.29 – 7.22 (m, 2H, ArH), 7.15 – 7.07 (m, 2H, ArH), 

6.65 (s, 1H, C=CH); 13C NMR (101 MHz, Chloroform-d) δ 185.3, 174.5, 160.4, 138.4, 134.2, 

133.1, 129.9, 129.1, 128.9, 128.4, 125.3, 123.9, 123.8, 117.1, 101.2; IR �̃�max 3408 (w), 3113 

(m), 3055 (m), 2925 (m), 2857 (w), 1955 (w), 1714 (s), 1673 (m), 1606 (m), 1472 (m), 1459 

(m), 1415 (m), 1313 (m), 1275 (m), 1184 (m), 1148 (m), 1069 (m), 1003 (m), 906 (m), 870 (s), 

839 (m), 756 (s), 714 (s), 683 (s) ; HRMS (ESI) calcd for C17H11O2
+ [M+H]+ 247.0754; found 

247.0754. 

 

 
267 Y. Wang, E. A. F. Fordyce, F. Y. Chen, H. W. Lam, Angew. Chem. Int. Ed. 2008, 47, 7350 –7353. 
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2-Phenylcycloprop-2-ene-1,1-dicarbonitrile (3.184) 

 

Following a reported procedure,184 PhI(OAc)2 (773 mg, 2.40 mmol, 1.2 equiv.) and malonitrile 

(3.183) (159 mg, 2.40 mmol, 1.2 equiv.) were charged in a 25 mL microwave vial. Then 

Phenylacetylene (3.12) (0.22 mL, 2.0 mmol, 1.0 equiv.) and DCE (8.0 mL) were added, and 

the resulting solution was stirred at 50 °C. After 3 hours, the reaction mixture was cooled to 

room temperature, quenched with water (25 mL), and extracted with DCM (3 x 20 mL). The 

combined organic layers were evaporated under reduced pressure. The crude residue was 

purified by column chromatography (SiO2, Pentane:EtOAc 90:10) affording the title compound 

3.184 (82 mg, 0.49 mmol, 25 % yield) as an orange oil.1H NMR (400 MHz, Chloroform-d) δ 

7.76 – 7.70 (m, 2H, ArH), 7.66 – 7.56 (m, 3H, ArH), 7.08 (s, 1H, C=CH); 13C NMR (101 MHz, 

Chloroform-d) δ 133.1, 130.7, 129.8, 120.5, 116.3, 112.2, 92.7, 3.9. The characterization data 

correspond to the reported values.184 

6,6-Dimethyl-1-(p-tolyl)-4,8-dioxaspiro[2.5]oct-1-ene (3.187) 

 

A 20 mL microwave vial was charged with NaI (0.66 g, 4.4 mmol, 2.2 equiv.). The vial was 

sealed, evacuated and back-filled with nitrogen (3 times). Then THF (6 mL), TMSCF3 (0.64 

mL, 4.0 mmol, 2 equiv.) and 1-ethynyl-4-methylbenzene (3.161) (0.25 mL, 2.0 mmol, 1 equiv.), 

were added via syringe. The resulting reaction mixture was then stirred at 110 °C for 4 hours. 

The reaction was quenched by adding a saturated Na2CO3 solution, followed by extraction with 

Et2O. The combined organic layers were dried over anhydrous K2CO3, filtered, and evaporated 

under reduced pressure.  3.50 g of SiO2 and 10 mL of DCM were added to the previously 

obtained crude product, and the resulting mixture was left stirring overnight. The suspension 

was then filtered through a small pad of silica gel eluting with EtOAc, and the filtrate was 

concentrated under reduced pressure. The crude residue was purified by column 

chromatography (SiO2, 100 % Et2O) affording compound 3.185 (262 mg, 1.82 mmol, 91 % 

yield) as a brown oil. Rf  0.25 (100% Et2O) ; 1H NMR (400 MHz, Chloroform-d) δ 8.41 (s, 

1H, C=CH), 7.75 (d, J = 8.1 Hz, 2H, ArH), 7.35 (d, J = 7.8 Hz, 2H, ArH), 2.45 (s, 3H, CH3); 
13C NMR (101 MHz, Chloroform-d) δ 161.8, 155.5, 144.8, 139.2, 131.4, 130.2, 120.7, 22.1; 

IR �̃�max 3052 (w), 1826 (s), 1609 (s), 1587 (s), 1567 (m), 1497 (m), 1451 (w), 1416 (w), 1214 

(w), 1183 (w), 1114 (w), 812 (m); HRMS (ESI) calcd for C10H9O
+ [M+H]+ 145.0648; found 

145.0647. 

Et3OBF4 (0.285 g, 1.50 mmol, 1.5 equiv.) was added to a solution of 2-(p-tolyl)cycloprop-2-

enone (3.185) (144 mg, 1.00 mmol, 1 equiv.) in DCM (1.6 mL) under vigorous stirring at room 

temperature. After 30 min, a solution of 2,2-dimethylpropane-1,3-diol (3.186) (0.208 g, 2.00 

mmol, 2 equiv.) and Et3N (0.278 mL, 2.00 mmol) in DCM (0.55 mL) was added dropwise. 

After 2 h, the reaction was treated with NaHCO3 (10 mL), followed by extraction with DCM 
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(2 x 10 mL). Combined organic layers were further washed with NaHCO3 (20 mL), dried over 

Na2SO4, filtered, and concentrated under reduced pressure. The crude residue was purified by 

column chromatography (SiO2, Pentane:Et3N 98:2, the column should be previously eluted with 

Pentane:Et3N 95:5) affording compound 3.187 (164 mg, 0.711 mmol, 71 % yield) as an orange 

solid. Rf  0.32 (Pentane:Et2O 90:10); m.p = 63-64 °C; 1H NMR (400 MHz, Chloroform-d) δ 

7.60 (s, 1H, C=CH), 7.53 (d, J = 8.1 Hz, 2H, ArH), 7.24 (d, J = 7.8 Hz, 2H, ArH), 3.82 – 3.68 

(m, 4H, OCH2), 2.39 (s, 3H, CAr-CH3), 1.14 (s, 3H, CH3), 1.08 (s, 3H, CH3); 13C NMR (101 

MHz, Chloroform-d) δ 140.4, 135.6, 129.8, 129.6, 123.2, 113.3, 83.3, 78.0, 30.6, 22.6, 22.4, 

21.7; IR �̃�max 3106 (w), 3031 (w), 2952 (m), 2851 (m), 1721 (w), 1610 (w), 1508 (w), 1465 

(w), 1269 (s), 1206 (m), 1173 (w), 1077 (s), 1023 (s), 995 (m), 925 (w), 823 (m), 750 (m), 650 

(w), 618 (w); HRMS (APPI) calcd for C15H18O2
+ [M]+ 230.1301; found 230.1303. 

 

Dimethyl 2-(4-(tert-butyl)phenyl)cycloprop-2-ene-1,1-dicarboxylate (3.188) 

 
Following the general procedure D, starting from dimethyl 2-diazomalonate (3.101) (395 mg, 

2.50 mmol, 1.0 equiv.) and 1-(tert-butyl)-4-ethynylbenzene (1.35 mL, 7.50 mmol, 3.0 equiv.), 

the title compound  3.188 was obtained after purification by column chromatography (SiO2, 

Pentane:EtOAc 95:5 to 90:10) as an orange solid (517 mg, 1.79 mmol, 72 % yield). 1H NMR 

(400 MHz, Chloroform-d) δ 7.58 – 7.54 (m, 2H, ArH), 7.49 – 7.44 (m, 2H, ArH), 6.82 (s, 1H, 

C=CH), 3.73 (s, 6H, OCH3), 1.33 (s, 9H, tBu); 13C NMR (101 MHz, Chloroform-d) δ 171.4, 

154.3, 130.3, 126.1, 121.2, 112.1, 94.3, 52.5, 35.2, 32.8, 31.3. The characterization data 

correspond to the reported values.268 

Dimethyl 2-(3-fluorophenyl)cycloprop-2-ene-1,1-dicarboxylate (3.189) 

 

Following the general procedure D, starting from dimethyl 2-diazomalonate (3.101) (316 mg, 

2.0 mmol, 1.0 equiv.) and 1-ethynyl-3-fluorobenzene (0.69 mL, 6.0 mmol, 3.0 equiv.), the title 

compound 3.189 was obtained after purification by column chromatography (SiO2, 

Pentane:EtOAc 90:10) as a pale yellow oil (282 mg, 1.13 mmol, 56 % yield). Rf  0.37 

(Pentane:EtOAc 90:10); 1H NMR (400 MHz, Chloroform-d) δ 7.44 – 7.40 (m, 2H, ArH), 7.33 

(dd, J = 9.0, 2.5 Hz, 1H, ArH), 7.18 – 7.11 (m, 1H, ArH), 6.96 (s, 1H, C=CH), 3.75 (s, 6H, 

OCH3); 13C NMR (101 MHz, Chloroform-d) δ 171.0, 162.9 (d, J = 248.0 Hz), 130.7 (d, J = 

8.4 Hz), 126.3 (d, J = 3.1 Hz), 126.1 (d, J = 8.3 Hz), 117.9 (d, J = 21.2 Hz), 117.1 (d, J = 22.7 

Hz), 111.7 (d, J = 3.4 Hz), 97.0, 52.7, 33.2; 19F NMR (376 MHz, Chloroform-d) δ -111.9; IR 

�̃�max 3149 (w), 2955 (w), 2924 (w), 2851 (w), 1736 (s), 1609 (w), 1586 (m), 1484 (w), 1436 

(m), 1288 (s), 1244 (s), 1067 (s), 870 (m); HRMS (ESI) calcd for 

C13H11FNaO4
+ [M+Na]+ 273.0534; found 273.0534. 

 
268 Y. Liu, Q. Yu, S. Ma, Eur. J. Org. Chem. 2013, 3033–3040. 
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Dimethyl 2-butylcycloprop-2-ene-1,1-dicarboxylate (3.190) 

 

A solution of dimethyl 2-diazomalonate (3.101) (395 mg, 2.50 mmol, 1.0 equiv.) in DCM (1.75 

mL) was added using a syringe pump over 15 hours to a stirred mixture of hex-1-yne (5.1) (1.15 

mL, 10.0 mmol, 4.0 equiv.) and Rh2(OAc)4 (11.1 mg, 0.025 mmol, 0.01 equiv.) in DCM (2.0 

mL). After the addition was complete, the mixture was stirred for additional 3 hours. The 

suspension was then filtered through a small pad of silica gel eluting with DCM, and the filtrate 

was evaporated under reduced pressure. The crude residue was purified by column 

chromatography (SiO2, Pentane:EtOAc 90:10) affording the title compound 3.190 (240 mg, 

1.13 mmol, 45 % yield) as a pale yellow oil. 1H NMR (400 MHz, Chloroform-d) δ 6.35 (t, J 

= 1.4 Hz, 1H, C=CH), 3.71 (s, 6H, OCH3), 2.55 (td, J = 7.4, 1.4 Hz, 2H, CH2CH2CH2CH3), 

1.60 – 1.53 (m, 2H, CH2CH2CH2CH3), 1.44 – 1.32 (m, 2H, CH2CH2CH2CH3), 0.91 (t, J = 7.3 

Hz, 3H, CH2CH2CH2CH3); 13C NMR (101 MHz, Chloroform-d) 172.5, 114.8, 93.8, 52.8, 

32.4, 29.1, 24.5, 22.5, 14.2. The characterization data correspond to the reported values.253 

Dimethyl 2-(trimethylsilyl)cycloprop-2-ene-1,1-dicarboxylate (3.191) 

 

Following a modified procedure,269 a solution of dimethyl 2-diazomalonate (3.101) (0.79 g, 5.0 

mmol, 1.0 equiv.) in ethynyltrimethylsilane (2.50) (2 mL) was added using a syringe pump over 

18 hours to a refluxing stirred suspension of Rh2(OAc)4 (22 mg, 0.050 mmol, 0.01 equiv.) in 

ethynyltrimethylsilane (2.50) (10 mL). After the addition was complete, the reaction mixture 

was stirred at reflux for an additional 4 hours. The suspension was then filtered through a small 

pad of silica gel eluting with DCM, and the filtrate was evaporated under reduced pressure. The 

crude residue was purified by column chromatography (SiO2, Pentane:EtOAc 90:10) affording 

the title compound 3.191 (824 mg, 3.61 mmol, 72 % yield) as a colorless oil. 1H NMR (400 

MHz, Chloroform-d) δ 7.05 (s, 1H, C=CH), 3.70 (s, 6H, OCH3), 0.25 (s, 9H, TMS); 13C NMR 

(101 MHz, Chloroform-d) δ 172.4, 113.5, 110.8, 52.8, 30.8, -1.7. The characterization data 

correspond to the reported values.269 

1-(3,3-Difluorocycloprop-1-en-1-yl)-4-methoxybenzene (3.192) 

 

Following the general procedure E, starting from 1-ethynyl-4-methoxybenzene (0.39 mL, 3.0 

mmol, 1.0 equiv.), the title compound 3.192 was obtained after purification by column 

chromatography (SiO2, Pentane:Et3N 95:5) as a brown oil (519 mg, 2.85 mmol, 95 % yield). 
1H NMR (400 MHz, Chloroform-d) δ 7.63 – 7.58 (m, 2H, ArH), 7.28 (t, J = 1.9 Hz, 1H, 

 
269 S. Chuprakov, D. A. Malyshev, A. Trofimov, V. Gevorgyan, J. Am. Chem. Soc. 2007, 129, 14868-14869. 



268 

 

C=CH), 7.02 – 6.96 (m, 2H, ArH), 3.87 (s, 3H, OMe); 13C NMR (101 MHz, Chloroform-d) δ 

162.3, 133.3 (t, J = 10.3 Hz), 132.1, 116.1, 114.7, 110.5 (t, J = 12.5 Hz), 102.1 (t, J = 269.4 

Hz), 55.6. The characterization data correspond to the reported values.270 

1-Chloro-3-(3,3-difluorocycloprop-1-en-1-yl)benzene (3.193) 

 

Following the general procedure E, starting from 1-chloro-3-ethynylbenzene (0.25 mL, 2.0 

mmol, 1.0 equiv.), the title compound 3.193 was obtained after purification by column 

chromatography (SiO2, Pentane:Et3N 95:5) as a brown oil (263 mg, 1.41 mmol, 71 % yield).Rf  

0.32 (Pentane:Et3N 96:4); 1H NMR (400 MHz, Chloroform-d) δ 7.65 (t, J = 1.7 Hz, 1H, 

C=CH), 7.57 – 7.52 (m, 2H, ArH), 7.50 – 7.41 (m, 2H, ArH); 13C NMR (101 MHz, 

Chloroform-d) δ 135.3, 133.2 (t, J = 10.9 Hz), 131.8, 130.5, 130.1, 128.3, 125.1, 115.3 (t, J = 

12.3 Hz), 101.3 (t, J = 270.7 Hz); 19F NMR (376 MHz, Chloroform-d) δ -106.4; IR �̃�max 3137 

(w), 1723 (w), 1569 (w), 1471 (w), 1421 (w), 1303 (s), 1236 (w), 1026 (s), 976 (w), 890 (w), 

828 (m); HRMS (APPI) calcd for C9H5ClF+ [M+] 167.0058; found 167.0057. 

1-Bromo-4-(3,3-difluorocycloprop-1-en-1-yl)benzene (3.194) 

 

Following the general procedure E, starting from 1-bromo-4-ethynylbenzene (0.36 g, 2.0 mmol, 

1.0 equiv.), the title compound 3.194 was obtained after purification by column 

chromatography (SiO2, Pentane:Et3N 95:5) as a light brown oil (360 mg, 1.56 mmol, 78 % 

yield). Rf  0.35 (Pentane:Et3N 96:4) ; 1H NMR (400 MHz, Chloroform-d) δ 7.67 – 7.60 (m, 

2H, ArH), 7.56 – 7.49 (m, 3H, ArH & C=CH); 13C NMR (101 MHz, Chloroform-d) δ 133.2 

(t, J = 10.7 Hz), 132.6, 131.6, 126.5, 122.4, 114.4 (t, J = 12.4 Hz), 101.4 (t, J = 270.3 Hz); 19F 

NMR (376 MHz, Chloroform-d) δ -106.6; IR �̃�max 3134 (w), 1717 (w), 1586 (m), 1482 (m), 

1402 (w), 1313 (s), 1286 (s), 1230 (w), 1180 (w), 1105 (w), 1071 (m), 1017 (s), 972 (w), 838 

(m), 818 (s); HRMS (APPI) calcd for C9H5
79BrF2 [M

+] 229.9537; found 229.9540. 

 

Dimethyl cycloprop-2-ene-1,1-dicarboxylate (3.54) 

 

Following a reported procedure,162b to a stirred solution of dimethyl 2-

(trimethylsilyl)cycloprop-2-ene-1,1-dicarboxylate (3.191) (355 mg, 1.55 mmol, 1 equiv.) in 

THF (3 mL) was added dropwise a 10% aq. K2CO3 solution (2 mL). The reaction mixture was 

stirred for 30 min at 0 °C and 30 min at room temperature. Then brine (5 mL) was added and 

the phases were separated. The organic phase was further washed with brine (2 x 5 mL), dried 

 
270 X.-Y. Deng, J.-H. Lin, J. Zheng, J.-C. Xiao, Chem. Commun. 2015, 51, 8805-8808. 
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over Na2SO4, filtered and concentrated under reduced pressure. The crude residue was purified 

by column chromatography (SiO2, Pentane:EtOAc 85:15) affording compound 3.54 (150 mg, 

0.961 mmol, 62 % yield) as a colorless oil. 1H NMR (400 MHz, Chloroform-d) δ 6.90 (s, 2H, 

HC=CH ), 3.73 (s, 6H, OCH3); 13C NMR (101 MHz, Chloroform-d) δ 171.9, 102.5, 52.7, 

30.3. The characterization data correspond to the reported values.162b 

Dimethyl 2,3-diphenylcycloprop-2-ene-1,1-dicarboxylate (3.196) 

 

Following a reported procedure,187 a 5 mL microwave vial was loaded with Pd(OAc)2 (45 mg, 

0.20 mmol, 0.1 equiv.), iodobenzene (3.195) (0.25 mL, 2.2 mmol, 1.1 equiv.), dimethyl 2-

phenylcycloprop-2-ene-1,1-dicarboxylate (3.102) (0.464 g, 2.00 mmol, 1.0 equiv.) and K2CO3 

(0.691 g, 5.00 mmol, 2.5 equiv.) under nitrogen atmosphere. DMF (2.0 mL) was added, and the 

reaction mixture was stirred at 30 °C for 18 hours. The reaction mixture was filtered through a 

short column of silica gel eluting with Et2O, and the obtained ethereal solution was washed 

subsequently with a sat. NH4Cl solution (15 mL), water (15 mL), and brine (15 mL). Combined 

organic layers were then dried over Na2SO4, filtered and concentrated under reduced pressure. 

The crude residue was purified by column chromatography (SiO2, Pentane:EtOAc 97:3 to 

90:10) affording the title compound 3.196 (228 mg, 0.738 mmol, 37 % yield) as a pale yellow 

solid. 1H NMR (400 MHz, Chloroform-d) δ 7.78 – 7.71 (m, 4H, ArH), 7.52 – 7.46 (m, 4H, 

ArH), 7.46 – 7.42 (m, 2H, ArH), 3.73 (s, 6H, OCH3); 13C NMR (101 MHz, Chloroform-d) δ 

170.9, 130.3, 130.1, 129.2, 125.4, 106.6, 52.5, 35.1. The characterization data correspond to the 

reported values.271 

2-phenyl-3-propylcycloprop-2-ene-1,1-dicarbonitrile (3.198) 

 

Following a reported procedure,184 PhI(OAc)2 (1.16 g, 3.60 mmol, 1.2 equiv.) and malonitrile 

(3.183) (238 mg, 3.60 mmol, 1.2 equiv.) were charged in a 25 mL microwave vial. Then pent-

1-yn-1-ylbenzene (3.197) (0.22 mL, 2.0 mmol, 1.0 equiv.) and DCE (12.0 mL) were added, and 

the resulting solution was stirred at 50 °C. After 3 hours, the reaction mixture was cooled to 

room temperature, quenched with water (25 mL), and extracted with DCM (3 x 20 mL). The 

combined organic layers were evaporated under reduced pressure. The crude residue was 

purified by column chromatography (SiO2, Pentane:EtOAc 95:5) affording the title compound 

3.198 (212 mg, 1.02 mmol, 34 % yield) as an orange oil. 1H NMR (400 MHz, Chloroform-d) 

δ = 7.61 (m, 2H, ArH), 7.55 (m, 3H, ArH), 2.82 (t, J = 7.28, 2H, CH2CH2CH3), 1.90 (h, J = 

7.35, 2H, CH2CH2CH3), 1.13 (t, J = 7.40, 3H, CH2CH2CH3); 13C NMR (101 MHz, 

Chloroform-d) δ 131.8, 129.5, 129.3, 121.7, 116.5, 106.1, 104.1, 26.1, 20.2, 13.8, 5.2. The 

characterization data correspond to the reported values.184 

 
271 D. C. Horwell, V. Sabin, 2000, US Patent: US6020519. 
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1-(3,3-Difluorocycloprop-1-en-1-yl)-4-(trifluoromethyl)benzene (3.247) 

 

Following the general procedure E, starting from 1-ethynyl-4-(trifluoromethyl)benzene (0.41 

mL, 2.5 mmol, 1.0 equiv.), the title compound 3.247 was obtained after purification by column 

chromatography (SiO2, Pentane:Et3N 96:4) as a brown oil (201 mg, 0.913 mmol, 37 % yield). 

Rf  0.38 (Pentane:Et3N 96:4) ; 1H NMR (400 MHz, Chloroform-d) δ 7.81 – 7.73 (m, 4H, 

ArH), 7.65 (t, J = 1.6 Hz, 1H, C=CH) ; 13C NMR (101 MHz, Chloroform-d) δ 133.4 (q, J = 

32.7 Hz), 133.2 (t, J = 10.8 Hz), 130.5, 126.8, 126.3 (q, J = 3.8 Hz), 123.7 (q, J = 272.5 Hz), 

116.6 (t, J = 12.2 Hz), 101.1 (t, J = 271.0 Hz) ; 19F NMR (376 MHz, Chloroform-d) δ -63.1, 

-106.6; IR �̃�max 1721 (w), 1410 (m), 1325 (s), 1305 (s), 1292 (s), 1175 (s), 1129 (s), 1064 (s), 

1030 (s), 1020 (s), 972 (w), 851 (m), 823 (s), 789 (m), 780 (m), 735 (m); HRMS (APPI) calcd 

for C10H5F4
+ [M+] 201.0322; found 201.0321. 

1-(3,3-Difluorocycloprop-1-en-1-yl)-3-methylbenzene (3.248) 

 

Following the general procedure E, starting from 1-ethynyl-3-methylbenzene (0.26 mL, 2.0 

mmol, 1.0 equiv.), the title compound 3.248 was obtained after purification by column 

chromatography (SiO2, Pentane:Et3N 95:5) as a brown oil (260 mg, 1.57 mmol, 78 % yield). Rf  

0.43 (Pentane:Et3N 96:4); 1H NMR (400 MHz, Chloroform-d) δ 7.47 (d, J = 7.6 Hz, 2H, 

ArH), 7.43 (t, J = 1.7 Hz, 1H, C=CH), 7.37 (td, J = 7.3, 1.2 Hz, 1H, ArH), 7.31 (d, J = 7.6 Hz, 

1H, ArH), 2.41 (s, 3H, CH3); 13C NMR (101 MHz, Chloroform-d) δ 139.1, 134.2 (t, J = 10.4 

Hz), 132.6, 130.9, 129.1, 127.4, 123.4, 113.3 (t, J = 12.3 Hz), 102.0 (t, J = 269.9 Hz), 21.3; 19F 

NMR (376 MHz, Chloroform-d) δ -106.4; IR �̃�max 3134 (w), 2928 (w), 2862 (w), 1717 (w), 

1604 (w), 1584 (w), 1484 (w), 1463 (w), 1305 (s), 1188 (w), 1021 (s), 890 (w), 811 (m); HRMS 

(ESI) calcd for C10H8F2 [M
+] 166.0589; found 166.0593. 

1-(3,3-Difluorocycloprop-1-en-1-yl)-3-nitrobenzene (3.249) 

 
 

Following the general procedure E, starting from 1-ethynyl-3-nitrobenzene (0.29 g, 2.0 mmol, 

1.0 equiv.), the title compound 3.249 was obtained after purification by column 

chromatography (SiO2, Pentane:Et3N 96:4 to Pentane:Et3N:EtOAc 90:5:5) as a brown solid 

(171 mg, 0.866 mmol, 43 % yield). Rf  0.32 (Pentane:Et3N:EtOAc 90:5:5) ; m.p = 41-44 °C; 
1H NMR (400 MHz, Chloroform-d) δ 8.51 (t, J = 1.9 Hz, 1H, C=CH), 8.37 (ddd, J = 8.4, 2.3, 

1.1 Hz, 1H, ArH), 7.98 (dt, J = 7.7, 1.3 Hz, 1H, ArH), 7.76 – 7.67 (m, 2H, ArH); 13C NMR 

(101 MHz, Chloroform-d) δ 148.8, 135.7, 132.5 (t, J = 11.2 Hz), 130.5, 126.2, 125.1, 124.9, 

117.3 (t, J = 12.2 Hz), 100.7 (t, J = 271.6 Hz); 19F NMR (376 MHz, Chloroform-d) δ -106.4; 

IR �̃�max 3133 (w), 3092 (w), 1723 (w), 1613 (w), 1530 (s), 1474 (w), 1434 (w), 1356 (s), 1305 

(s), 1283 (s), 1031 (s), 892 (w), 818 (m), 790 (m), 747 (s), 735 (s), 675 (m); HRMS (APPI) 

calcd for C9H5F2NO2
+ [M+] 197.0288; found 197.0231. 
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1-(3,3-difluorocycloprop-1-en-1-yl)-2-methoxybenzene (3.250) 

 

Following the general procedure E, starting from 1-ethynyl-2-methoxybenzene (0.26 mL, 2.0 

mmol, 1.0 equiv.), the title compound 3.250 was obtained after purification by column 

chromatography (SiO2, Pentane:Et3N 90:10) as a brown oil (317 mg, 1.74 mmol, 87 % yield). 

Rf  0.35 (Pentane:Et3N 96:4); 1H NMR (400 MHz, Chloroform-d) δ 7.58 (dd, J = 7.6, 1.7 Hz, 

1H, ArH), 7.48 (ddd, J = 8.3, 7.5, 1.8 Hz, 1H, ArH), 7.41 (t, J = 2.0 Hz, 1H, C=CH), 7.04 (td, 

J = 7.5, 1.0 Hz, 1H, ArH), 6.98 (d, J = 8.4 Hz, 1H, ArH), 3.94 (s, 3H, OCH3); 13C NMR (101 

MHz, Chloroform-d) δ 159.5, 133.5, 132.1, 130.2 (t, J = 10.5 Hz), 120.8, 113.9 (t, J = 12.2 

Hz), 112.7, 111.2, 101.4 (t, J = 269.9 Hz), 55.9; 19F NMR (376 MHz, Chloroform-d) δ -105.3; 

IR �̃�max 1722 (w), 1599 (m), 1490 (m), 1469 (w), 1305 (s), 1273 (s), 1173 (w), 1018 (s), 826 

(m), 785 (m), 755 (s), 728 (w); HRMS (APPI) calcd for C10H8F2O
+ [M+] 182.0538; found 

182.0540. 

3-(3,3-Difluorocycloprop-1-en-1-yl)thiophene (3.251) 

 

Following the general procedure E, starting from 3-ethynylthiophene (0.20 mL, 2.0 mmol, 1.0 

equiv.), the title compound 3.251 was obtained after purification by column chromatography 

(SiO2, Pentane:Et3N 96:4) as a brown oil (225 mg, 1.42 mmol, 71 % yield). 1H NMR (400 

MHz, Chloroform-d) δ 7.81 (d, J = 1.7 Hz, 1H, HetArH), 7.43 (dd, J = 5.0, 2.9 Hz, 1H, 

HetArH), 7.35 (dd, J = 5.1, 1.2 Hz, 1H, HetArH), 7.28 (t, J = 1.8 Hz, 1H, C=CH); 13C NMR 

(101 MHz, Chloroform-d) δ 130.9 (t, J = 1.4 Hz), 128.3 (t, J = 10.5 Hz), 127.8, 127.2, 124.4, 

110.8 (t, J = 12.4 Hz), 100.9 (t, J = 269.8 Hz). The characterization data correspond to the 

reported values.270 

2-(3,3-Difluorocycloprop-1-en-1-yl)naphthalene (3.252) 

 

Following the general procedure E, starting from 2-ethynylnaphthalene (0.30 g, 2.0 mmol, 1.0 

equiv.), the title compound 3.252 was obtained after purification by column chromatography 

(SiO2, Pentane:Et3N 95:5) as a light brown solid (379 mg, 1.87 mmol, 94 % yield). Rf  0.28 

(Pentane:Et3N 96:4); m.p = 46-48 °C ; 1H NMR (400 MHz, Chloroform-d) δ 8.19 (s, 1H, 

C=CH), 7.96 – 7.91 (m, 2H, ArH), 7.91 – 7.86 (m, 1H, ArH), 7.69 (dd, J = 8.5, 1.7 Hz, 1H, 

ArH), 7.63 – 7.53 (m, 3H, ArH); 13C NMR (101 MHz, Chloroform-d) δ 134.7, 134.2 (t, J = 

10.6 Hz), 133.1, 131.4, 129.2, 128.9, 128.3, 128.1, 127.2, 126.0, 120.7, 113.8 (t, J = 12.3 Hz), 

102.0 (t, J = 270.2 Hz); 19F NMR (376 MHz, Chloroform-d) δ -106.4; IR �̃�max 3130 (w), 3060 

(w), 1716 (w), 1631 (w), 1462 (w), 1289 (s), 1196 (w), 1139 (w), 1014 (s), 893 (w), 862 (w), 

809 (m), 787 (m), 766 (m), 675 (w); HRMS (APPI) calcd for C13H8F2
+ [M+] 202.0589; found 

202.0592. 
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5.4.1.3 Synthesis of Aminocyclopropanes 
 

General procedure F: Synthesis of cyclopropylanilines. 

 

Following a modified procedure,84 an oven-dried microwave vial was charged with Pd2(dba)3 

(1 mol%) and BrettPhos (3 mol%). The vial was sealed, evacuated and back-filled with nitrogen 

(3 times). Then toluene (0.5 M), cyclopropylamine (3.163) (1.6 equiv.), the aromatic bromide 

(1 equiv.) and NaOtPent (45% solution in toluene, 1.5 equiv.) were added via syringe to the vial 

and it was heated at 80 °C for 18 h. The reaction mixture was then cooled to room temperature, 

diluted with Et2O, and filtered through a small pad of silica gel. The filtrate was evaporated 

under reduced pressure, and the obtained crude residue was subjected to column 

chromatography with the indicated solvents. 

Dimethyl 2-(1,3-dioxoisoindolin-2-yl)cyclopropane-1,1-dicarboxylate (3.7)  

 

Following a modified procedure,272 bis[rhodium(α,α,α′,α′-tetramethyl-1,3-benzenedipropionic 

acid)] (11 mg, 0.014 mmol, 0.1 mol%) was weighted in the glovebox. The flask was closed 

with a septum and put under N2 atmosphere. A solution of N-vinyl-phthalimide (3.158) (2.5 g, 

14 mmol, 1 equiv) in 30 mL of dry dichloromethane was added and the resulting green 

suspension was cooled down to 0 °C with an ice/water bath. A solution of dimethyl-2-

diazomalonate (3.101) (2.5 g, 15 mmol, 1.1 equiv) in dichloromethane (20 mL) was then added 

over five minutes. When the addition was complete, the reaction wass allowed to warm to room 

temperature. After 5 hours at room temperature, the solvent wass removed under reduced 

pressure and the obtained crude residue was purified by column chromatography (SiO2, 

Hexane:EtOAc 90:10 to 70:30) to afford compound 3.7 (3.4 g, 11 mmol, 78% yield) as a 

colorless solid. 1H NMR (400 MHz, Chloroform-d) δ 7.86 (m, 2H, Phth), 7.75 (m, 2H, Phth), 

3.85 (s, 3H, OCH3), 3.72 (dd, 1H, J = 8.5, 6.6 Hz, NCH), 3.64 (s, 3H, OCH3), 2.73 (dd, 1H, J 

= 6.5, 6.5 Hz, CH2), 2.06 (dd, 1 H, J = 8.5, 6.4 Hz, CH2); 13C NMR (101 MHz, Chloroform-

d) δ 168.5, 167.8, 166.9, 134.3, 131.4, 123.5, 53.1, 53.0, 34.9, 33.1, 19.6. The characterization 

data is corresponding to the reported values.272 

 

 

 

 
272 F. Gonzalez-Bobes, M. D. B. Fenster, S. Kiau, L. Kolla, S. Kolotuchin, M. Soumeillant, Adv. Synth. Catal. 2008, 350, 813-

816. 
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N-Cyclopropylaniline (3.164) 

 
Following the general procedure F, starting from bromobenzene (2.84) (3.16 mL, 30.0 mmol, 

1.0 equiv.), the title compound 3.164 was obtained after purification by column 

chromatography (SiO2, Pentane:EtOAc 97:3) as a pale yellow oil (3.40 g, 25.5 mmol, 85 % 

yield). 1H NMR (400 MHz, Chloroform-d) δ 7.24 – 7.15 (m, 2H, ArH), 6.84 – 6.77 (m, 2H, 

ArH), 6.77 – 6.70 (m, 1H, ArH), 4.21 (bs, 1H, NH), 2.43 (tt, J = 6.7, 3.6 Hz, 1H, NHCH), 0.77 

– 0.70 (m, 2H, CH2), 0.56 – 0.49 (m, 2H, CH2); 13C NMR (101 MHz, Chloroform-d) δ 148.8, 

129.2, 117.9, 113.3, 25.4, 7.5. The characterization data correspond to the reported values.273  

 

4-Chloro-N-cyclopropylaniline (3.211) 

 
 

Following the general procedure F, starting from 1-bromo-4-chlorobenzene (383 mg, 2.00 

mmol, 1.0 equiv.), the title compound 3.211 was obtained after purification by column 

chromatography (SiO2, Pentane:EtOAc 97:3) as a yellow oil (221 mg, 1.32 mmol, 66 % yield). 
1H NMR (400 MHz, Chloroform-d) δ 7.17 – 7.09 (m, 2H, ArH), 6.75 – 6.66 (m, 2H, ArH), 

2.40 (tt, J = 6.7, 3.5 Hz, 1H, NHCH), 0.77 – 0.70 (td, J = 6.7, 4.7 Hz, 2H, CH2), 0.53 – 0.46 

(td, J = 6.7, 4.7 Hz, 2H, CH2); 13C NMR (101 MHz, Chloroform-d) δ 147.3, 129.1, 122.5, 

114.4, 25.5, 7.6. The characterization data correspond to the reported values.274 

 

N-Cyclopropyl-4-methylaniline (3.212) 

 

Following the general procedure F, starting from 1-bromo-4-methylbenzene (0.37 mL, 3.0 

mmol, 1.0 equiv.), the title compound 3.212 was obtained after purification by column 

chromatography (SiO2, Pentane:EtOAc 97:3) as a yellow oil (242 mg, 1.64 mmol, 55 % yield). 
1H NMR (400 MHz, Chloroform-d) δ 7.04 – 6.98 (d, J = 8.2 Hz, 2H, ArH), 6.76 – 6.69 (d, J 

= 8.2 Hz, 2H, ArH), 4.14 (brs, 1H, NH), 2.41 (tt, J = 6.7, 3.6 Hz, 1H, NHCH), 2.26 (s, 3H, 

CH3), 0.75 – 0.67 (m, 2H, CH2), 0.55 – 0.46 (m, 2H, CH2); 13C NMR (101 MHz, Chloroform-

d) δ 146.4, 129.7, 127.1, 113.4, 25.7, 20.6, 7.5. The characterization data correspond to the 

reported values.89 

 

 

 

 

 
273 T. V. Nykaza, J. Yang, A. T. Radosevich, Tetrahedron 2019, 75, 3248–3252. 
274 R. N. Loeppky, S. Elomari,  J. Org. Chem. 2000, 65, 96-103. 
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N-Cyclopropyl-4-methoxyaniline (3.213) 

 

Following the general procedure F, starting from 1-bromo-4-methoxybenzene (0.25 mL, 2.0 

mmol, 1.0 equiv.), the title compound 3.213 was obtained after purification by column 

chromatography (SiO2, Pentane:EtOAc 97:3) as a yellow oil (248 mg, 1.52 mmol, 76 % yield). 
1H NMR (400 MHz, Chloroform-d) δ 6.84 – 6.72 (m, 4H, ArH), 4.22 (bs, 1H, NH), 3.76 (s, 

3H, OCH3), 2.40 (tt, J = 6.7, 3.6 Hz, 1H, NHCH), 0.70 (m, 2H, CH2), 0.54 – 0.48 (m, 2H, CH2); 
13C NMR (101 MHz, Chloroform-d) δ 152.6, 142.8, 114.9, 114.5, 56.0, 26.2, 7.4. The 

characterization data correspond to the reported values.86  

 

N-cyclopropyl-3-methoxyaniline (3.214) 

 

Following the general procedure F, starting from 1-bromo-3-methoxybenzene (0.38 mL, 3.0 

mmol, 1.0 equiv.), the title compound 3.214 was obtained after purification by column 

chromatography (SiO2, Pentane:EtOAc 97:3) as a white solid (434 mg, 2.66 mmol, 89 % 

yield).1H NMR (400 MHz, Chloroform-d) δ 7.13 – 7.05 (m, 1H, ArH), 6.42 – 6.35 (m, 2H, 

ArH), 6.34 – 6.28 (m, 1H, ArH), 3.79 (s, 3H, OCH3), 2.42 (tt, J = 6.7, 3.6 Hz, 1H, NHCH), 0.76 

– 0.69 (m, 2H, CH2), 0.59 – 0.51 (m, 2H, CH2); 13C NMR (101 MHz, Chloroform-d) δ 160.7, 

150.2, 129.8, 106.3, 102.6, 99.0, 54.8, 25.1, 7.3. The characterization data correspond to the 

reported values.89  

 

3-Bromo-N-cyclopropylaniline (3.215) 

 

Following the general procedure F, starting from 1,3-dibromobenzene (0.30 mL, 2.5 mmol, 1.0 

equiv.), the title compound 3.215 was obtained after purification by column chromatography 

(SiO2, Pentane:EtOAc 50:50) as a yellow oil (142 mg, 0.670 mmol, 27 % yield). 1H NMR (400 

MHz, Chloroform-d) δ 7.02 (t, J = 8.0 Hz, 1H, ArH), 6.95 (t, J = 2.1 Hz, 1H, ArH), 6.85 (ddd, 

J = 7.8, 1.9, 1.0 Hz, 1H, ArH), 6.66 (ddd, J = 8.2, 2.3, 1.0 Hz, 1H, ArH), 4.32 (bs, 1H, NH), 

2.41 (tt, J = 6.7, 3.5 Hz, 1H, NHCH), 0.79 – 0.71 (m, 2H, CH2), 0.55 – 0.48 (m, 2H, CH2); 13C 

NMR (101 MHz, Chloroform-d) δ 150.0, 130.5, 123.3, 120.7, 115.8, 112.2, 25.2, 7.6. The 

characterization data correspond to the reported values.89  
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N-Cyclopropylpyridin-3-amine (3.216) 

 

Following the general procedure F, starting from 3-bromopyridine (0.24 mL, 2.5 mmol, 1.0 

equiv.), the title compound 3.216 was obtained after purification by column chromatography 

(SiO2, Pentane:EtOAc 50:50) as a yellow oil (206 mg, 1.54 mmol, 61 % yield). 1H NMR (400 

MHz, Chloroform-d) δ 8.18 – 8.10 (m, 1H, ArH), 7.99 (dd, J = 3.7, 2.4 Hz, 1H, ArH), 7.13 – 

7.04 (m, 2H, ArH), 4.23 (bs, 1H, NH), 2.43 (tt, J = 6.7, 3.5 Hz, 1H, NHCH), 0.82 – 0.72 (m, 

2H, CH2), 0.55 – 0.48 (m, 2H, CH2); 13C NMR (101 MHz, Chloroform-d) δ 144.8, 139.2, 

136.2, 123.8, 119.4, 25.0, 7.6. The characterization data correspond to the reported values.275  

 

N-Cyclopropyl-3,5-bis(trifluoromethyl)aniline (3.217) 

 

Following the general procedure F, starting from 1-bromo-3,5-bis(trifluoromethyl)benzene 

(0.35 mL, 2.0 mmol, 1.0 equiv.), the title compound 3.217 was obtained after purification by 

column chromatography (SiO2, Pentane:EtOAc 97:3) as a white solid (310 mg, 1.15 mmol, 58 

% yield). 1H NMR (400 MHz, Chloroform-d) δ 7.18 (m, 1H, ArH), 7.11 (m, 2H, ArH), 2.48 

(tt, J = 6.7, 3.6 Hz, 1H, NHCH), 0.88 – 0.80 (m, 2H, CH2), 0.59 – 0.52 (m, 2H, CH2); 13C NMR 

(101 MHz, Chloroform-d) δ 149.4, 132.4 (q, J = 32.7 Hz), 123.7 (q, J = 272.4 Hz), 112.6 – 

112.1 (m), 110.8 (dt, J = 8.0, 4.2 Hz), 25.0, 7.8. The characterization data correspond to the 

reported values.89  

 

N-cyclopropylnaphthalen-1-amine (3.218) 

 

Following the general procedure F, starting from 1-bromonaphthalene (0.28 mL, 2.0 mmol, 1.0 

equiv.), the title compound 3.218 was obtained after purification by column chromatography 

(SiO2, Pentane:EtOAc 98:2) as a white solid (328 mg, 1.79 mmol, 89 % yield). 1H NMR (400 

MHz, Chloroform-d) δ 7.83 – 7.77 (m, 1H, ArH), 7.76 – 7.70 (m, 1H, ArH), 7.49 – 7.37 (m, 

3H, ArH), 7.29 (d, J = 8.2 Hz, 1H, ArH), 7.08 (dd, J = 7.6, 1.1 Hz, 1H, ArH), 4.89 (bs, 1H, 

NH), 2.59 (tt, J = 6.8, 3.6 Hz, 1H, NHCH), 0.90 – 0.81 (m, 2H, CH2), 0.69 – 0.62 (m, 2H, CH2); 
13C NMR (101 MHz, Chloroform-d) δ 144.0, 134.3, 128.8, 126.7, 125.8, 124.8, 123.3, 119.8, 

117.9, 106.0, 25.6, 7.7. The characterization data correspond to the reported values.276 

 
275 W. Cui, R. N. Loeppky, Tetrahedron 2001, 57, 2953-2956. 
276 Our obtained signals were slightly shifted from the reported ones. 
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N-(1-Methylcyclopropyl)aniline (3.220) 

 

Following the general procedure F, starting from bromobenzene (2.84) (0.16 mL, 1.5 mmol, 

1.0 equiv.), 1-methylcyclopropanamine hydrochloride (3.219) (258 mg, 2.40 mmol, 1.6 equiv.) 

and NaOtPent (1.00 mL, 3.75 mmol, 2.5 equiv.), the title compound 3.220 was obtained after 

purification by column chromatography (SiO2, Pentane:DCM 80:20) as a yellow oil (98 mg, 

0.66 mmol, 44 % yield).  1H NMR (400 MHz, Chloroform-d) δ 7.25 – 7.12 (m, 2H, ArH), 

6.92 – 6.81 (m, 2H, ArH), 6.75 – 6.68 (m, 1H, ArH), 4.15 (bs, 1H, NH), 1.35 (s, CH3) 0.85 – 

0.77 (m, 2H, CH2), 0.67 – 0.59 (m, 2H, CH2); 13C NMR (101 MHz, Chloroform-d) δ 147.2, 

129.3, 117.1, 113.6, 30.3, 21.7, 15.2. The characterization data correspond to the reported 

values.277 

N-Cyclopropyl-N-methylaniline (3.222) 

 

Following a slightly modified procedure,278 ethylmagnesium bromide (3.2 M in Et2O, 4.7 mL, 

15 mmol, 3.0 equiv.) was added dropwise to a vigorously stirred solution of N-

methylformanilide (3.221) (620 µL, 5.00 mmol, 1.0 equiv.) and Ti(OiPr4) (2.1 mL, 7.0 mmol, 

1.4 equiv.) in THF (25 mL). The solution was heated at 65 °C for 30 min and then stirred at 

room temperature for 24 h. After quenching the reaction with a saturated aqueous solution of 

NH4Cl (20 mL) and water (10 mL), the resulting suspension was left stirring until the color 

turned from black to white. The white suspension was then filtered through celite, and the filter 

cake was washed with Et2O. The organic layer was separated from the filtrate, and the aqueous 

layer was extracted with Et2O (3 x 20 mL). The combined organic layers were dried over 

MgSO4, filtered, and concentrated under reduced pressure. The crude residue was purified by 

column chromatography (SiO2, Pentane:DCM 90:10) to afford compound 3.222 (413 mg, 2.81 

mmol, 56% yield) as a colorless oil. 1H NMR (400 MHz, Chloroform-d) δ 7.19 – 7.34 (m, 

2H, ArH), 6.92 – 7.02 (m, 2H, ArH), 6.72-6.81 (m, 1H, ArH), 2.97 (s, 3H, CHNCH3), 2.34 – 

2.41 (m, 1H, CHNCH3), 0.76 – 0.89 (m, 2H, CH2), 0.58 – 0.65 (m, 2H, CH2); 13C NMR (101 

MHz, Chloroform-d)  δ 151.2, 129.2, 117.7, 113.9, 39.3, 33.5, 9.3. The characterization data 

correspond to the reported values.278 

 

 

 

 
277 K. Wimalasena, H. B. Wickman, M. P. D. Mahindaratne, European J. Org. Chem. 2001, 3811–3817. 
278 C. L. Shaffer, M. D. Morton, R. P. Hanzlik, J. Am. Chem. Soc. 2001, 123, 8502–8508. 
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N-Cyclopropyl-N-phenylaniline (3.224) 

 

Following a slightly modified procedure,277 ethylmagnesium bromide (3.2 M in Et2O, 4.7 mL, 

15 mmol, 3.0 equiv.) was added dropwise to a vigorously stirred solution of N,N-

diphenylformamide (3.223) (986 mg, 5.00 mmol, 1.0 equiv.) and Ti(OiPr4) (2.1 mL, 7.0 mmol, 

1.4 equiv.) in THF (25 mL). The solution was heated at 65 °C for 30 min and then stirred at 

room temperature for 24 h. After quenching the reaction with a saturated aqueous solution of 

NH4Cl (20 mL) and water (10 mL), the resulting suspension was left stirring until the color 

turned from black to white. The white suspension was then filtered through celite, and the filter 

cake was washed with Et2O. The organic layer was separated from the filtrate, and the aqueous 

layer was extracted with Et2O (3 x 20 mL). The combined organic layers were dried over 

MgSO4, filtered, and concentrated under reduced pressure. The crude residue was purified by 

column chromatography (SiO2, Pentane:DCM 95:5) to afford compound 3.224 (509 mg, 2.43 

mmol, 49% yield) as a colorless oil. 1H NMR (400 MHz, Chloroform-d) δ 7.45 – 7.29 (m, 

4H, ArH), 7.21 – 7.09 (m, 4H, ArH), 7.05 – 6.99 (m, 2H, ArH), 2.85 – 2.71 (m, 1H, CHN), 094 

– 0.86 (m, 2H, CH2), 0.72 – 0.61 (m, 2H, CH2); 13C NMR (101 MHz, Chloroform-d) δ 148.5, 

129.0, 121.8, 121.3, 32.5, 9.5. The characterization data correspond to the reported values. 279 

4-Cyclopropylmorpholine (3.226) 

 

Following a reported procedure,280 ethylmagnesium bromide (3.2 M in Et2O, 4.1 mL, 13 mmol, 

2.6 equiv.) was added dropwise to a vigorously stirred solution of morpholine-4-carbaldehyde 

(3.225) (0.5 mL, 5 mmol, 1.0 equiv.) and Ti(OiPr4) (1.6 mL, 7.0 mmol, 1.1 equiv.) in THF (40 

mL). The solution was stirred at room temperature for 24 h. After quenching the reaction was 

quenched with a saturated aqueous solution of NH4Cl (38 mL) and water (13 mL) and stirred 

for 4 h until the color turned from black to white. The white suspension was then filtered 

through celite, and the filter cake was washed with Et2O. The filtrate was basified (pH > 11) by 

addition of 15% aq. NaOH solution and was then extracted with Et2O (3 x 20 mL). The 

combined organic layers were dried over MgSO4, filtered, and concentrated under reduced 

pressure. The crude residue was purified by column chromatography (SiO2, Pentane:Et2O 

80:20) to afford compound 3.226 (200 mg, 1.57 mmol, 32% yield) as a colorless oil. 1H NMR 

(400 MHz, Chloroform-d) 3.56 (t, J = 4.2 Hz, 4H, NCH2CH2), 2.49 (t, J = 4.2 Hz, 4H, 

NCH2CH2), 1.61−1.45 (m, 1 H, NCH), 0.45−0.28 (m, 4 H, CH2); 13C NMR (101 MHz, 

Chloroform-d) δ 66.9, 53.5, 38.5, 5.3. The characterization data correspond to the reported 

values.280 

 
279 M. R. Anstey, C. M. Yung, J. Du, R. G. Bergman, J. Am. Chem. Soc. 2007, 129, 776–777. 
280 A. de Meijere, V. Chaplinski, H. Winsel, M. Kordes, B. Stecker, V. Gazizova, A. I. Savchenko, R. Boese, F. Schill née 

Brackmann, Chem. Eur. J. 2010, 16, 13862–13875. 
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N-Cyclopropyl-4-methoxy-2-methylaniline (3.235) 

 

 

Following the general procedure F, starting from 1-bromo-4-methoxy-2-methylbenzene (0.28 

mL, 2.0 mmol, 1.0 equiv.), the title compound 3.235 was obtained after purification by column 

chromatography (SiO2, Pentane:EtOAc 97:3) as a yellow oil (250 mg, 1.41 mmol, 71 % yield). 

Rf 0.25 (Pentane:EtOAc 95:5); 1H NMR (400 MHz, Chloroform-d) δ 6.99 (d, J = 8.6, 1H, 

ArH), 6.74 (dd, J = 8.6, 3.0, 1H, ArH), 6.69 (d, J = 2.9, 1H, ArH), 3.76 (s, 3H, OCH3), 2.41 (tt, 

J = 6.7, 3.6, 1H, NHCH), 2.10 (s, 3H, CH3), 0.77 – 0.70 (m, 2H, CH2), 0.56 – 0.49 (m, 2H, 

CH2); 13C NMR (101 MHz, Chloroform-d) δ 152.1, 141.0, 123.5, 116.9, 112.1, 111.7, 56.0, 

26.0, 17.7, 7.5; IR �̃�max 3398 (w), 2996 (w), 2951 (w), 2830 (w), 1667 (w), 1612 (w), 1509 (s), 

1455 (m), 1365 (m), 1284 (m), 1233 (s), 1208 (m), 1161 (m), 1050 (m), 852 (w), 805 (w); 

HRMS (ESI) calcd for C11H16NO+ [M+H]+ 178.1226; found 178.1227. 

 

 

N-Cyclopropyl-4-methoxy-2,6-dimethylaniline (3.236) 

 

Following the general procedure F, starting from 2-bromo-5-methoxy-1,3-dimethylbenzene 

(1.8 g, 8.5 mmol, 1.0 equiv.), the title compound 3.236 was obtained after purification by 

column chromatography (SiO2, Pentane:EtOAc 97:3) as a yellow oil (1.38 g, 7.19 mmol, 85 % 

yield). Rf 0.3 (Pentane:EtOAc 95:5); 1H NMR (400 MHz, Chloroform-d) δ 6.57 (s, 2H, ArH), 

3.75 (s, 3H, OCH3), 2.49 (tt, J = 6.8, 3.8 Hz, 1H, NHCH), 2.29 (s, 6H, CH3), 0.62 – 0.53 (td, J 

= 6.8, 4.7 Hz, 2H, CH2), 0.53 – 0.45 (td, J = 6.8, 4.7 Hz, 2H, CH2); 13C NMR (101 MHz, 

Chloroform-d) δ 154.5, 139.1, 131.1, 114.0, 55.5, 30.7, 19.6, 8.4; IR �̃�max 3365 (w), 2995 (w), 

2947 (m), 2833 (w), 1609 (m), 1489 (s), 1358 (w), 1316 (m), 1256 (m), 1203 (m), 1149 (s), 

1065 (s), 1019 (w), 999 (w), 855 (m), 836 (m); HRMS (ESI) calcd for C12H17NO [M]+ 

191.1305; found 191.1308. 
 

5.4.2 Characterization of the 2+2 Adduct 3.160 
 

3,6-Bis(methoxymethyl)-3,6-diphenyltricyclo[3.1.0.02,4]hexane (3.160) 
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A 5 mL microwave vial was charged with Sc(OTf)3 (4.9 mg, 10 μmol, 0.1 equiv.), (1-

(methoxymethyl)cycloprop-2-en-1-yl)benzene (3.98) (16 mg, 0.10 mmol, 1.0 equiv.) and 

dimethyl 2-(1,3-dioxoisoindolin-2-yl)cyclopropane-1,1-dicarboxylate (3.7) (33 mg, 0.11 

mmol, 1.1 equiv.). The vial was sealed, evacuated and back-filled with nitrogen (3 times). Then 

DCM (0.5 mL) was added via syringe and the resulting reaction mixture was left stirring 

overnight at room temperature. The reaction mixture was filtered through a small plug of basic 

alumina eluting with EtOAc, and the filtrate was evaporated under reduced pressure. The 

obtained crude residue was purified by preparative TLC (SiO2, Pentane:EtOAc 90:10) to afford 

compound 3.160 (15 mg, 0.048 mmol, 48% yield) as a white solid. Rf 0.52 (Pentane:EtOAc 

90:10); m.p = 127-128 °C; 1H NMR (400 MHz, Chloroform-d) δ 7.38 – 7.28 (m, 8H, ArH), 

7.26 – 7.19 (m, 2H, ArH), 3.95 (s, 4H, CH2), 3.33 (s, 6H, OCH3), 2.08 (s, 4H, CH); 13C NMR 

(101 MHz, Chloroform-d) δ 142.3, 129.4, 128.4, 127.0, 73.1, 58.9, 49.7, 27.8. IR �̃�max 2975 

(w), 2930 (w), 2910 (w), 1715 (s), 1652 (w), 1625 (w), 1580 (w), 1483 (m) 1369 (s), 1325 (m), 

1288 (w), 1231 (w), 1158 (s), 1134 (m), 1114 (m), 1079 (w), 976 (w), 961 (w), 888 (w), 855 

(m); HRMS (ESI) calcd for C22H24NaO2
+ [M+Na]+ 343.1669; found 343.1668. 

5.4.3 Synthesis of Organic Dyes 
 

2,4,5,6-Tetra(9H-carbazol-9-yl)isophthalonitrile (4CzIPN, 3.167) 

 

Following a reported procedure,178b sodium hydride (60% suspension in mineral oil, 0.60 g, 15 

mmol, 7.5 equiv), was added slowly to a stirred solution of 9H-carbazole (5.2) (1.67 g, 10.0 

mmol, 5.00 equiv) in dry THF (40 mL) under a nitrogen atmosphere at room temperature. After 

45 min, 2,4,5,6-tetrafluoroisophthalo-nitrile (3.166) (0.40 g, 2.0 mmol, 1.0 equiv.) was added 

portionwise. After stirring at room temperature for 15 hours, 2 mL of water were added to the 

reaction mixture to quench the excess of NaH. The resulting mixture was then concentrated 

under reduced pressure. The obtained residue was purified by recrystallization from 

hexane/CH2Cl2 (1:1, 90 mL) affording the crude product as a yellow powder. Further 

purification by column chromatography (SiO2, Pentane:DCM 50:50 to 40:60) afforded the title 

compound 3.167 as a bright yellow crystalline solid (1.14 g, 1.45 mmol, 73 % yield). 1H NMR 

(400 MHz, Chloroform-d) δ 8.2 (d, J = 7.7 Hz, 2H, ArH), 7.8 – 7.6 (m, 8H, ArH), 7.5 (ddd, J 

= 8.0, 6.6, 1.6 Hz, 2H, ArH), 7.3 (d, J = 7.5 Hz, 2H, ArH), 7.2 (dd, J = 8.4, 1.5 Hz, 4H, ArH), 

7.2 – 7.0 (m, 8H, ArH), 6.8 (t, J = 7.8 Hz, 4H, ArH), 6.6 (td, J = 7.6, 1.2 Hz, 2H, ArH).13C 

NMR (101 MHz, Chloroform-d) δ 145.2, 144.6, 140.0, 138.2, 136.9, 134.7, 127.0, 125.8, 

124.9, 124.7, 124.5, 123.8, 122.4, 121.9, 121.4, 121.0, 120.4, 119.6, 116.3, 111.6, 109.9, 109.5, 

109.4. The characterization data correspond to the reported values.178b  
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2,4,5,6-Tetrakis(3,6-dichloro-9H-carbazol-9-yl)isophthalonitrile (4ClCzIPN, 3.168) 

 

Following a reported procedure,178b sodium hydride (60% suspension in mineral oil, 320 g, 8.00 

mmol, 8.0 equiv), was added slowly to a stirred solution of 3,6-dichloro-9H-carbazole (5.3) 

(1.96 g, 6.00 mmol, 5.00 equiv) in dry THF (20 mL) under a nitrogen atmosphere at room 

temperature. After 45 min, 2,4,5,6-tetrafluoroisophthalo-nitrile (3.166) (200 mg, 1.0 mmol, 1.0 

equiv.) was added portionwise. After stirring at room temperature for 15 hours, 2 mL of water 

were added to the reaction mixture to quench the excess of NaH. The resulting mixture was 

then concentrated under reduced pressure. The obtained residue was purified by 

recrystallization from hexane/CH2Cl2 (1:1, 80 mL) affording the crude product as a yellow 

powder. Further purification by column chromatography (SiO2, Pentane:DCM 50:50 to 40:60) 

afforded the title compound 3.168 as a bright yellow crystalline solid (830 mg, 0.780 mmol, 87 

% yield). 1H NMR (400 MHz, DMSO-d6) δ 8.60 (d, J = 2.1 Hz, 2H, ArH), 8.15 (d, J = 2.1 Hz, 

4H, ArH), 8.08 (d, J = 8.8 Hz, 2H, ArH), 7.87 (dd, J = 8.8, 2.1 Hz, 2H, ArH), 7.80 (d, J = 2.2 

Hz, 2H, ArH), 7.69 (d, J = 8.8 Hz, 4H, ArH), 7.46 (d, J = 8.8 Hz, 2H, ArH), 7.32 (dd, J = 8.8, 

2.2 Hz, 4H, ArH), 6.93 (dd, J = 8.8, 2.2 Hz, 2H, ArH); 13C NMR (101 MHz, DMSO-d6) δ 

145.0, 144.5, 138.5, 137.4, 136.5, 135.8, 134.5, 127.8, 127.0, 126.4, 125.7, 125.3, 124.2, 123.8, 

123.3, 121.6, 120.9, 120.3, 116.8, 112.6, 112.5, 112.3, 111.7. The characterization data 

correspond to the reported values.178b  

2,4,5,6-Tetrakis(diphenylamino)isophthalonitrile (4DPAIPN, 3.171) 

 

Following a slightly modified procedure,178b sodium hydride (60% suspension in mineral oil, 

0.65 g, 16 mmol, 8.0 equiv), was added slowly to a stirred solution diphenylamine (5.4) (2.03 

g, 12.0 mmol, 6 equiv.) in dry DMF (20 mL). The resulting suspension was heated to 50 °C for 

1 h. Then 2,4,5,6-tetrafluoroisophthalonitrile (3.166) (0.40 g, 2.0 mmol, 1.0 equiv.) was added 

portionwise, and the resulting reaction mixture was stirred at 50 °C for 4 h, and then at room 

temperature for 15 h. Water (5 mL) was added to quench the excess NaH, and the precipitate 

was filtered and purified by recrystallization from hexane/CH2Cl2 (1:2, 100 mL) to afford the 

title compound 3.171 as an orange crystalline solid (877 mg, 1.10 mmol, 55 % yield). 1H NMR 

(400 MHz, Chloroform-d) δ 7.32 – 7.22 (m, 4H, ArH), 7.12 – 7.05 (m, 12H, ArH), 7.07 – 6.98 

(m, 2H, ArH), 6.96 – 6.84 (m, 8H, ArH), 6.73 – 6.63 (m, 10H, ArH), 6.56 (d, J = 7.4 Hz, 4H, 

ArH). 13C NMR (101 MHz, Chloroform-d) δ 154.2, 151.7, 145.5, 144.6, 143.1, 140.3, 129.4, 
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128.6, 127.5, 124.2, 123.9, 122.9, 122.6, 122.6, 121.1, 113.1, 113.0. The characterization data 

correspond to the reported values.178b  

5.4.4 Photoredox Mediated [3+2] Cycloaddition  
 

General procedure G 

 

A 5 mL test tube was charged with 2,4,5,6-tetrakis(diphenylamino)isophthalonitrile (4-

DPAIPN, 3.271) (12 mg, 0.015 mmol, 0.05 equiv.), the cyclopropene (0.30 mmol, 1.0 equiv.) 

and the cyclopropylaniline (0.54 mmol, 1.8 equiv.). The tube was sealed, evacuated and back-

filled with nitrogen (3 times). Then 0.75 mL of degassed nitromethane (3 freeze pump thaw 

cycles) was added via syringe and the resulting mixture was irradiated at room temperature for 

18 hours with Blue LEDs, positioned at 4 to 5 cm of the reaction vessel. The reaction mixture 

was then filtered through a small pad of silica gel eluting with Et2O, and the filtrate was 

concentrated under reduced pressure. The obtained crude residue was then subjected to column 

chromatography using the indicated solvents. 

General procedure H 

 

A 5 mL test tube was charged with [Ir(dtbbpy)(ppy)2]PF6 (3.245) (5.5 mg, 6.0 µmol, 0.02 

equiv.), the difluorocyclopropene (0.30 mmol, 1.0 equiv.) and N-cyclopropyl-4-methoxy-2,6-

dimethylaniline (3.236) (0.14 g, 0.75 mmol, 2.5 equiv.). The tube was sealed, evacuated and 

back-filled with nitrogen (3 times). Then 0.75 mL of degassed nitromethane (3 freeze pump 

thaw cycles) was added via syringe and the resulting mixture was irradiated at room temperature 

for 18 hours with Blue LEDs, positioned at 4 to 5 cm of the reaction vessel. The reaction mixture 

was then filtered through a small pad of silica gel eluting with Et2O, and the filtrate was 

concentrated under reduced pressure. The obtained crude residue was then subjected to column 

chromatography using the indicated solvents. 

The stereochemistry of the major diastereoisomer for the cycloadducts was assigned by analogy 

with compound 3.165a, for which product modification led to 3.264, confirming its proposed 

relative configuration. The stereochemistry of the minor diastereoisomer was assigned by 

analogy with compound 3.205b, for which a crystal structure could be obtained by X-Ray 

diffraction. 
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Dimethyl 1-phenyl-2-(phenylamino)bicyclo[3.1.0]hexane-6,6-dicarboxylate (3.165) 

Following the general procedure G, starting from dimethyl 2-phenylcycloprop-2-ene-1,1-

dicarboxylate (7) (70 mg, 0.30 mmol, 1.0 equiv.) and N-cyclopropylaniline (3.164) (72 mg, 

0.54 mmol, 1.8 equiv.), the title compound 3.165 (55:45 dr in the crude 1H NMR) was obtained 

as a separable mixture of two diastereoisomers after purification by column chromatography 

on Biotage (SNAP cartridge KP-SIL 25 g, Pentane:Et2O 95:5 to 90:10). 

 
3.165a, major diastereoisomer, colorless oil (52 mg, 0.14 mmol, 47 % yield). Rf 0.35 

(Pentane:Et2O 80:20); 1H NMR (400 MHz, Chloroform-d) δ 7.33 - 7.27 (m, 2H, ArH), 7.24 - 

7.14 (m, 3H, ArH), 7.05 - 6.99 (m, 2H, ArH), 6.55 (t, J = 7.3 Hz, 1H, ArH), 6.45 (d, J = 7.4 Hz, 

2H, ArH), 5.23 (d, J = 10.4 Hz, 1H, NH), 4.42 (td, J = 10.3, 9.7, 7.0 Hz, 1H, CHNH), 3.86 (s, 

3H, OCH3), 3.41 (s, 3H, OCH3), 2.65 (d, J = 4.6 Hz, 1H, CHCH2), 2.35 - 2.12 (m, 3H, 

NHCHCH2 and NHCHCH2CH2), 0.96 - 0.84 (m, 1H, NHCHCH2); 13C NMR (101 MHz, 

Chloroform-d) δ 170.1, 167.8, 148.2, 137.8, 129.1, 129.0, 128.3, 127.4, 116.9, 113.2, 63.5, 

53.4, 52.8, 50.5, 42.0, 34.8, 28.1, 24.5; IR �̃�max 3383 (w), 3055 (w), 3028 (w), 2955 (w), 1731 

(s), 1602 (s), 1511 (s), 1436 (m), 1313 (s), 1236 (s), 1196 (m), 1124 (m), 1076 (m), 1011 (w), 

934 (w); HRMS (ESI) calcd for C22H24NO4
+ [M+H]+ 366.1700; found 366.1700. 

 
3.165b, minor diastereoisomer, colorless oil (44 mg, 0.12 mmol, 40 % yield). Rf 0.25 

(Pentane:Et2O 80:20); 1H NMR (400 MHz, Chloroform-d) δ 7.41 - 7.35 (m, 1H, ArH), 7.36 - 

7.28 (m, 2H, ArH), 7.26 - 7.21 (m, 2H, ArH), 7.11 - 7.02 (m, 2H, ArH), 6.63 (t, J = 7.4 Hz, 1H, 

ArH), 6.37 (d, J = 7.3 Hz, 2H, ArH), 4.35 (d, J = 5.7 Hz, 1H, CHNH), 3.88 (s, 3H, OCH3), 3.52 

(bs, 1H, NH), 3.36 (s, 3H, OCH3), 2.92 (d, J = 4.3 Hz, 1H, CHCH2), 2.41 - 2.28 (m, 1H, 

NHCHCH2CH2), 2.14 (dd, J = 13.5, 8.3 Hz, 1H, NHCHCH2CH2), 1.92 (dd, J = 14.9, 9.4 Hz, 

1H, NHCHCH2), 1.46 - 1.33 (m, 1H, NHCHCH2); 13C NMR (101 MHz, Chloroform-d) δ 

168.1, 167.4, 146.9, 134.8, 129.8, 129.1, 128.9, 128.0, 117.6, 113.5, 58.8, 53.1, 52.7, 51.0, 42.5, 

36.5, 30.1, 24.8; IR �̃�max 3407 (w), 3055 (w), 3028 (w), 2953 (w), 1735 (s), 1602 (s), 1504 (m), 

1434 (m), 1315 (m), 1259 (s), 1211 (m), 1178 (m), 1121 (m), 1073 (w), 1013 (w); HRMS (ESI) 

calcd for C22H24NO4
+ [M+H]+ 366.1700; found 366.1698. 

 

Dibenzyl 1-phenyl-2-(phenylamino)bicyclo[3.1.0]hexane-6,6-dicarboxylate (3.199) 

Following the general procedure G, starting from dibenzyl 2-phenylcycloprop-2-ene-1,1-

dicarboxylate (3.174) (0.12 g, 0.30 mmol, 1.0 equiv.) and N-cyclopropylaniline (3.164) (72 mg, 

0.54 mmol, 1.8 equiv.), the title compound 3.199 (58:42 dr in the crude 1H NMR) was obtained 

as a separable mixture of two diastereoisomers after purification by column chromatography 

on Biotage (SNAP cartridge KP-SIL 25 g, Pentane:Et2O 90:10 to 85:15). 
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3.199a, major diastereoisomer, pale yellow oil (65 mg, 0.13 mmol, 42 % yield). Rf 0.40 

(Pentane:Et2O 80:20); 1H NMR (400 MHz, Chloroform-d) δ 7.39 – 7.33 (m, 5H, ArH), 7.29 

– 7.24 (m, 5H, ArH), 7.16 (dp, J = 3.6, 2.0 Hz, 3H, ArH), 7.06 – 7.01 (m, 2H, ArH), 7.02 – 6.95 

(m, 2H, ArH), 6.54 (t, J = 7.3 Hz, 1H, ArH), 6.32 (d, J = 7.3 Hz, 2H, ArH), 5.25 (app. d, J = 

2.5 Hz, 2H, CH2Ph), 5.14 (d, J = 10.6 Hz, 1H, NH), 4.89 (d, J = 12.3 Hz, 1H, CH2Ph), 4.71 (d, 

J = 12.2 Hz, 1H, CH2Ph), 4.40 (td, J = 10.3, 7.4 Hz, 1H, CHNH), 2.65 (d, J = 4.2 Hz, 1H, 

CHCH2), 2.30 – 2.10 (m, 3H, NHCHCH2 and NHCHCH2CH2), 0.89 (td, J = 7.5, 6.6, 3.7 Hz, 

1H, NHCHCH2); 13C NMR (101 MHz, Chloroform-d) δ 169.3, 167.3, 148.1, 137.7, 135.2, 

134.9, 129.1, 129.0, 128.9, 128.5, 128.3, 128.3, 127.3, 116.8, 113.2, 68.4, 67.5, 63.7, 50.7, 42.2, 

35.0, 28.0, 24.5; 3 aromatic carbons were not resolved. IR �̃�max 3385 (w), 3064 (w), 3031 (w), 

2960 (w), 1729 (s), 1602 (m), 1513 (m), 1453 (w), 1401 (w), 1378 (w), 1312 (m), 1277 (m), 

1254 (m), 1221 (s), 1187 (m), 1119 (m), 1075 (m), 911 (m); HRMS (ESI) calcd for 

C34H32NO4
+ [M+H]+ 518.2326; found 518.2332. 

 

3.199b, minor diastereoisomer, pale yellow oil (62 mg, 0.12 mmol, 40 % yield). Rf 0.35 

(Pentane:Et2O 80:20);  1H NMR (400 MHz, Chloroform-d) δ 7.46 – 7.40 (m, 2H, ArH), 7.41 

– 7.35 (m, 3H, ArH), 7.34 – 7.30 (m, 1H, ArH), 7.28 – 7.24 (m, 5H, ArH), 7.19 (tt, J = 7.1, 1.7, 

1H, ArH), 7.13 (t, J = 7.5, 1H, ArH), 7.08 – 6.95 (m, 4H, ArH), 6.61 (t, J = 7.3, 1H, ArH), 6.24 

(d, J = 7.5, 2H, ArH), 5.37 (d, J = 12.0, 1H, CH2Ph), 5.20 (d, J = 12.0, 1H, CH2Ph), 4.85 (d,  J 

= 12.3, 1H, CH2Ph), 4.67 (d, J = 12.4, 1H, CH2Ph), 4.26 (d, J = 5.8, 1H, CHNH), 3.51 (bs, 1H, 

NH), 2.91 (d, J = 4.3, 1H, CHCH2), 2.34 – 2.21 (m, 1H, NHCHCH2CH2), 2.10 (dd, J = 13.5, 

8.3, 1H, NHCHCH2CH2), 1.75 (dd, J = 14.9, 9.4, 1H, NHCHCH2), 1.31 – 1.26 (m, 1H, 

NHCHCH2); 13C NMR (101 MHz, Chloroform-d) δ 167.2, 166.9, 146.9, 135.4, 135.2, 134.6, 

130.0, 129.7, 129.1, 129.0, 128.8, 128.7, 128.5, 128.2, 128.1, 128.0, 127.9, 117.5, 113.4, 67.8, 

67.3, 58.8, 51.1, 42.6, 36.6, 29.9, 24.7. IR �̃�max 3409 (w), 3057 (m), 3033 (m), 2960 (m), 2928 

(m), 1731 (s), 1604 (s), 1500 (s), 1455 (m), 1430 (w), 1375 (w), 1309 (m), 1286 (s), 1257 (s), 

1203 (s), 1180 (s), 1117 (s), 1071 (m), 1026 (w), 1003 (w), 982 (w), 907 (s); HRMS (ESI) 

calcd for C34H32NO4
+ [M+H]+ 518.2326; found 518.2327. 

Bis(2,2,2-trifluoroethyl) 1-phenyl-2-(phenylamino)bicyclo[3.1.0]hexane- 

6,6-dicarboxylate (3.200) 

 

Following the general procedure G, starting from bis(2,2,2-trifluoroethyl) 2-phenylcycloprop-

2-ene-1,1-dicarboxylate (3.179) (0.11 g, 0.30 mmol, 1.0 equiv.) and N-cyclopropylaniline 

(3.164) (72 mg, 0.54 mmol, 1.8 equiv.), the title compound 3.200 (66:34 dr in the crude 1H 

NMR) was obtained as a separable mixture of two diastereoisomers after purification by column 

chromatography on Biotage (SNAP cartridge KP-SIL 25 g, Pentane:Et2O 90:10 to 85:15). 
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3.200a, major diastereoisomer, colorless oil (81 mg, 0.16 mmol, 54 % yield). Rf 0.42 

(Pentane:Et2O 80:20); 1H NMR (400 MHz, Chloroform-d) δ 7.31 – 7.27 (m, 2H, ArH), 7.25 

– 7.19 (m, 3H, ArH), 7.07 – 6.99 (m, 2H, ArH), 6.59 (t, J = 7.3 Hz, 1H, ArH), 6.44 (d, J = 7.4 

Hz, 2H, ArH), 5.07 (bs, 1H, NH) 4.77 (dq, J = 12.6, 8.3 Hz, 1H, CH2CF3), 4.59 – 4.45 (m, 2H, 

CH2CF3 and CHNH), 4.24 (dq, J = 12.7, 8.3 Hz, 1H, CH2CF3), 4.12 (dq, J = 12.6, 8.3 Hz, 1H, 

CH2CF3), 2.77 (d, J = 4.3 Hz, 1H, CHCH2), 2.40 – 2.28 (m, 2H, NHCHCH2CH2 and 

NHCHCH2), 2.24 (dd, J = 12.6, 8.7 Hz, 1H, NHCHCH2CH2), 1.03 – 0.90 (m, 1H, NHCHCH2); 
13C NMR (101 MHz, Chloroform-d) δ 167.7, 165.4, 147.8, 136.6, 129.2, 128.9, 128.6, 127.8, 

122.8 (q, J = 277.1 Hz), 122.5 (q, J = 276.9 Hz), 117.2, 113.2, 63.7, 61.9 (q, J = 37.0 Hz), 61.3 

(q, J = 37.2 Hz), 52.1, 41.4, 36.2, 28.0, 24.3; 19F NMR (376 MHz, Chloroform-d) δ -73.4 (t, 

J = 8.3 Hz), -74.0 (t, J = 8.2 Hz); IR �̃�max 3414 (w), 3064 (w), 3028 (w), 2972 (w), 1752 (m), 

1602 (m), 1513 (m), 1442 (w), 1413 (m), 1286 (s), 1250 (m), 1219 (m), 1171 (s), 1119 (m), 

1084 (w), 971 (m), 911 (m); HRMS (ESI) calcd for C24H22F6NO4
+ [M+H]+ 502.1448; found 

502.1466. 

 

3.200b, minor diastereoisomer, colorless oil (36 mg, 0.072 mmol, 24 % yield). Rf 0.36 

(Pentane:Et2O 80:20); 1H NMR (400 MHz, Chloroform-d)281 δ 7.38 – 7.30 (m, 3H, ArH), 

7.26 – 7.23 (m, 2H, ArH), 7.13 – 7.03 (m, 2H, ArH), 6.67 (t, J = 7.4 Hz, 1H, ArH), 6.38 (d, J 

= 7.2 Hz, 2H, ArH), 4.65 (qd, J = 8.4, 1.2 Hz, 2H, CH2CF3), 4.41 (d, J = 5.9 Hz, 1H, CHNH), 

4.20 (dq, J = 12.6, 8.3 Hz, 1H, CH2CF3), 4.05 (dq, J = 12.6, 8.3 Hz, 1H, CH2CF3), 3.03 (d, J = 

4.4 Hz, 1H, CHCH2), 2.50 – 2.37 (m, 1H, NHCHCH2CH2), 2.18 (dd, J = 13.8, 8.4 Hz, 1H, 

NHCHCH2CH2), 1.99 (dd, J = 15.2, 9.6 Hz, 1H, NHCHCH2), 1.46 (dddd, J = 14.8, 10.8, 8.5, 

5.9 Hz, 1H, NHCHCH2); 13C NMR (101 MHz, Chloroform-d) δ 165.4, 165.0, 146.4, 133.6, 

129.7, 129.2, 128.4, 128.3, 122.9 (q, J = 277.3), 122.4 (q, J = 277.3), 118.2, 113.7, 61.4 (q, J = 

37.0 Hz), 61.3 (q, J = 37.1 Hz)  59.0, 52.4, 41.9, 37.8, 29.9, 24.8; 19F NMR (376 MHz, 

Chloroform-d) δ -73.35 (t, J = 8.2 Hz), -74.03 (t, J = 8.2 Hz); IR �̃�max 3407 (w), 3058 (w), 

3030 (w), 2974 (w), 1754 (m), 1602 (m), 1502 (m), 1411 (w), 1288 (s), 1250 (m), 1167 (s), 

1117 (m), 1080 (w), 1026 (w), 982 (m), 909 (w); HRMS (ESI) calcd for 

C24H22F6NO4
+ [M+H]+ 502.1448; found 502.1454. 

 

1-Phenyl-2-(phenylamino)bicyclo[3.1.0]hexane-6,6-dicarbonitrile (3.201) 

 

Following the general procedure G, starting from 2-phenylcycloprop-2-ene-1,1-dicarbonitrile 

(3.184) (50 mg, 0.30 mmol, 1.0 equiv.) and N-cyclopropylaniline (3.164) (72 mg, 0.54 mmol, 

1.8 equiv.), the title compound 3.201 (70:30 dr in the crude 1H NMR) was obtained as a 

separable mixture of two diastereoisomers after purification by column chromatography on 

Biotage (SNAP cartridge KP-SIL 25 g, Pentane:Et2O 90:10 to 70:30). 

 
281 NH was not resolved. 
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3.201a, major diastereoisomer, brown oil (46 mg, 0.15 mmol, 51 % yield). Rf 0.44 

(Pentane:Et2O 65:35); 1H NMR (400 MHz, Chloroform-d) δ 7.44 – 7.39 (m, 2H, ArH), 7.38 

– 7.33 (m, 3H, ArH), 7.07 – 6.99 (m, 2H, ArH), 6.67 (t, J = 7.4 Hz, 1H, ArH), 6.34 (d, J = 7.6 

Hz, 2H, ArH), 4.65 (q, J = 9.3 Hz, 1H, CHNH), 4.09 (d, J = 9.1 Hz, 1H, NH), 2.79 (d, J = 3.5 

Hz, 1H, CHCH2), 2.56 – 2.41 (m, 3H, NHCHCH2 and NHCHCH2CH2), 1.90 – 1.79 (m, 1H, 

NHCHCH2); 13C NMR (101 MHz, Chloroform-d) δ 146.8, 133.9, 129.5, 129.3, 128.9, 118.6, 

114.7, 113.6, 113.6, 63.6, 55.9, 42.0, 30.1, 24.9, 12.9; IR �̃�max 3405 (m), 2970 (s), 2900 (s), 

2245 (m), 1638 (s), 1603 (s), 1498 (s), 1441 (m), 1400 (s), 1315 (m), 1262 (s), 1175 (m), 1071 

(s), 914 (s), 739 (s), 698 (s); HRMS (ESI) calcd for C20H18N3
+ [M+H]+ 300.1495; found 

300.1503. 

 

3.201b, minor diastereoisomer, brown oil (22 mg, 0.073 mmol, 25 % yield). Rf 0.32 

(Pentane:Et2O 65:35); 1H NMR (400 MHz, Chloroform-d)281 δ 7.43 (dd, J = 4.3, 1.8 Hz, 5H, 

ArH), 7.18 – 7.11 (m, 2H, ArH), 6.76 (t, J = 7.4 Hz, 1H, ArH), 6.45 (d, J = 7.4 Hz, 2H, ArH), 

4.46 (dd, J = 6.7, 2.0 Hz, 1H, CHNH), 3.06 (d, J = 4.7 Hz, 1H, CHCH2), 2.68 – 2.55 (m, 1H, 

NHCHCH2CH2), 2.45 (dtd, J = 15.1, 8.7, 6.6 Hz, 1H, NHCHCH2CH2), 2.31 (ddd, J = 14.3, 8.9, 

2.4 Hz, 1H, NHCHCH2), 2.11 (ddt, J = 15.1, 10.8, 2.4 Hz, 1H, NHCHCH2); 13C NMR (101 

MHz, Chloroform-d) δ 145.7, 130.9, 130.1, 129.5, 129.4, 119.0, 114.0, 113.3, 113.1, 58.6, 

55.3, 42.1, 31.8, 25.2, 15.9; IR �̃�max 3395 (w), 3058 (w), 2932 (w), 2249 (m), 1603 (s), 1498 

(s), 1439 (w), 1313 (m), 1258 (w), 1178 (w), 1031 (w), 912 (m), 737 (s), 694 (s); HRMS (ESI) 

calcd for C20H18N3
+ [M+H]+ 300.1495; found 300.1499. 

 

6,6-Difluoro-N-phenyl-1-(p-tolyl)bicyclo[3.1.0]hexan-2-amine (3.202) 

 

Following the general procedure G, starting from 1-(3,3-difluorocycloprop-1-en-1-yl)-4-

methylbenzene (3.162) (50 mg, 0.30 mmol, 1.0 equiv.) and N-cyclopropylaniline (3.164) (72 

mg, 0.54 mmol, 1.8 equiv.), the title compound 3.202 (68:32 dr in the crude 1H NMR) was 

obtained as a separable mixture of two diastereoisomers after purification by column 

chromatography on Biotage (SNAP cartridge KP-SIL 25 g, Pentane:Et2O 98:2 to 95:5). 

 

3.202a, major diastereoisomer, pale brown oil (56 mg, 0.19 mmol, 62 % yield). Rf 0.40 

(Pentane:Et2O 95:5); 1H NMR (400 MHz, Chloroform-d)281 δ 7.16 (d, J = 8.1 Hz, 2H, ArH), 

7.04 – 6.96 (m, 4H, ArH), 6.57 (t, J = 7.4 Hz, 1H, ArH), 6.42 (d, J = 7.7 Hz, 2H, ArH), 4.44 

(td, J = 8.9, 6.2 Hz, 1H, CHNH), 2.44 – 2.32 (m, 1H, CF2CHCH2), 2.29 – 2.18 (m, 5H, 

CF2CHCH2, NHCHCH2 and CH3), 2.09 (dd, J = 14.4, 5.0 Hz, 1H, CHCF2), 1.54 – 1.43 (m, 1H, 
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NHCHCH2); 13C NMR (101 MHz, Chloroform-d)282 δ 147.5, 137.3, 132.1, 129.3, 128.7, 

117.8, 116.8 (dd, J = 303.4, 281.6 Hz), 113.7, 63.9, 44.5 (dd, J = 11.7, 8.5 Hz), 33.6 (dd, J = 

12.3, 9.0 Hz), 31.3 (d, J = 7.4 Hz), 24.5, 21.3; 19F NMR (376 MHz, Chloroform-d) δ -124.7 

(dd, J = 161.0, 14.8 Hz), -138.5 (d, J = 160.4 Hz); IR �̃�max 3418 (w), 3025 (w), 2953 (m), 1733 

(w), 1603 (s), 1511 (s), 1447 (s), 1315 (m), 1280 (m), 1245 (m), 1196 (s), 1155 (m), 1060 (m), 

984 (s), 918 (m), 813 (m), 748 (s), 694 (m); HRMS (ESI) calcd for 

C19H20F2N
+ [M+H]+ 300.1558; found 300.1559. 

 

3.202b, minor diastereoisomer, pale brown oil (23 mg, 0.077 mmol, 26 % yield). Rf 0.35 

(Pentane:Et2O 95:5); 1H NMR (400 MHz, Chloroform-d)281 δ 7.16 (d, J = 1.3 Hz, 4H, ArH), 

7.14 – 7.09 (m, 2H, ArH), 6.69 (t, J = 7.3 Hz, 1H, ArH), 6.46 (d, J = 7.8 Hz, 2H, ArH), 4.22 (d, 

J = 4.4 Hz, 1H, CHNH), 2.42 (dd, J = 14.2, 5.3 Hz, 1H, CHCF2), 2.37 – 2.29 (m, 4H, CH3 and 

CF2CHCH2), 2.15 – 1.99 (m, 3H, CF2CHCH2 and NHCHCH2); 13C NMR (101 MHz, 

Chloroform-d) δ 146.6, 138.0, 129.6, 129.5, 129.3, 128.9, 118.0, 115.5 (dd, J = 305.0, 276.3 

Hz), 113.7, 57.6, 46.2 – 45.7 (m), 32.5 (dd, J = 11.4, 9.4 Hz), 31.8 (d, J = 9.7 Hz), 24.0, 21.3; 
19F NMR (376 MHz, Chloroform-d) δ -125.5 (ddd, J = 158.3, 14.4, 4.9 Hz), -141.3 (d, J = 

158.3 Hz); IR �̃�max 3405 (w), 3031 (w), 2932 (w), 2878 (w), 1602 (s), 1503 (s), 1431 (s), 1321 

(m), 1251 (m), 1208 (m), 1082 (w), 993 (m), 923 (m), 820 (w), 752 (s), 690 (m); HRMS (ESI) 

calcd for C19H20F2N
+ [M+H]+ 300.1558; found 300.1561. 

 

5',5'-Dimethyl-N-phenyl-1-(p-tolyl)spiro[bicyclo[3.1.0]hexane-6,2'-[1,3]dioxan]-2-amine 

(3.203) 

 

Following the general procedure G, starting from 6,6-dimethyl-1-(p-tolyl)-4,8-

dioxaspiro[2.5]oct-1-ene (3.187) (69 mg, 0.30 mmol, 1.0 equiv.) and N-cyclopropylaniline 

(3.164) (72 mg, 0.54 mmol, 1.8 equiv.), the title compound 3.203 (> 95:5 dr in the crude 1H 

NMR, putative minor diastereoisomer could not be detected) was obtained as a single 

diastereoisomer after purification by column chromatography on Biotage (SNAP cartridge KP-

SIL 25 g, Pentane:Et2O 98:2 to 95:5), and as a pale yellow oil (49 mg, 0.14 mmol, 45 % yield). 

 

Rf 0.55 (Pentane:Et2O 90:10); 1H NMR (400 MHz, Chloroform-d) δ 7.31 (d, J = 8.1 Hz, 2H, 

ArH), 7.14 – 7.05 (m, 4H, ArH), 6.64 (t, J = 7.3 Hz, 1H, ArH), 6.57 (d, J = 7.3 Hz, 2H, ArH), 

4.53 – 4.35 (m, 2H, CHNH & NH), 3.73 (d, J = 10.6 Hz, 1H, OCH2), 3.61 (d, J = 10.6 Hz, 1H, 

OCH2), 3.57 – 3.46 (m, 2H, OCH2), 2.45 – 2.35 (m, 1H, CH), 2.31 (s, 3H, CAr-CH3), 2.28 – 

2.19 (m, 1H, NHCHCH2CH2), 2.13 (dd, J = 13.5, 9.0 Hz, 1H, NHCHCH2CH2), 1.89 (d, J = 5.3 

Hz, 1H, NHCHCH2), 1.69 – 1.56 (m, 1H, NHCHCH2), 1.29 (s, 3H, CH3), 0.82 (s, 3H, CH3); 

 
282 One carbon was not resolved. 
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13C NMR (101 MHz, Chloroform-d) δ 148.5, 136.1, 135.5, 129.1, 128.8, 128.7, 116.8, 113.5, 

94.1, 76.9, 76.3, 63.4, 46.0, 34.5, 32.5, 31.0, 25.4, 23.0, 22.1, 21.3; IR �̃�max 3399 (w), 3050 

(w), 3026 (w), 2952 (m), 2863 (m), 1906 (w), 1601 (m), 1504 (m), 1464 (w), 1392 (w), 1308 

(w), 1278 (w), 1241 (w), 1143 (m), 1115 (m), 1062 (m), 1012 (m), 969 (w), 908 (s), 811 (m), 

728 (s), 691 (m), 646 (w); HRMS (ESI) calcd for C24H29NNaO2
+ [M + Na]+ 386.2090; found 

386.2094. 

 

6,6-Difluoro-1-(4-methoxyphenyl)-N-phenylbicyclo[3.1.0]hexan-2-amine (3.204) 

 

Following the general procedure G, starting from 1-(3,3-difluorocycloprop-1-en-1-yl)-4-

methoxybenzene (3.192) (55 mg, 0.30 mmol, 1.0 equiv.) and N-cyclopropylaniline (3.164) (72 

mg, 0.54 mmol, 1.8 equiv.), the title compound 3.204 (68:32 dr in the crude 1H NMR) was 

obtained as a separable mixture of two diastereoisomers after purification by column 

chromatography on Biotage (SNAP cartridge KP-SIL 25 g, Pentane:Et2O 98:2 to 95:5). 

 

3.204a, major diastereoisomer, yellow oil (45 mg, 0.14 mmol, 48 % yield). Rf 0.40 

(Pentane:Et2O 90:10); 1H NMR (400 MHz, Chloroform-d) δ 7.32 – 7.27 (m, 2H, ArH), 7.12 

– 7.06 (m, 2H, ArH), 6.87 – 6.81 (m, 2H, ArH), 6.66 (t, J = 7.3 Hz, 1H, ArH), 6.49 (d, J = 7.7 

Hz, 2H, ArH), 4.52 (td, J = 8.8, 6.1 Hz, 1H, CHNH), 3.97 (bs, 1H, NH), 3.78 (s, 3H, CH3), 2.53 

– 2.40 (m, 1H, NHCHCH2), 2.39 – 2.23 (m, 2H, CF2CHCH2), 2.16 (dd, J = 14.3, 5.0 Hz, 1H, 

CHCF2), 1.64 – 1.50 (m, 1H, NHCHCH2); 13C NMR (101 MHz, Chloroform-d) δ 159.1, 

147.7, 129.9, 129.3, 127.2, 117.6, 116.9 (hidden dd, one peak was not found due to 

overlapping), 114.0, 113.5, 63.9, 55.4, 44.3 (dd, J = 11.7, 8.3 Hz), 33.6 (dd, J = 12.4, 9.0 Hz), 

31.3 (d, J = 7.5 Hz), 24.4; 19F NMR (376 MHz, Chloroform-d) δ -124.7 (dd, J = 160.2, 14.3 

Hz), -138.7 (d, J = 159.6 Hz); IR �̃�max 3405 (w), 3041 (w), 2945 (m), 2836 (w), 1604 (s), 1515 

(s), 1444 (m), 1291 (m), 1246 (s), 1188 (m), 1180 (m), 1151 (m), 1066 (m), 1038 (m), 1021 

(m), 984 (s), 943 (w), 912 (s), 828 (s), 807 (m), 752 (s), 731 (s), 694 (s); HRMS (ESI) calcd 

for C19H20F2NO+ [M+H]+ 316.1507; found 316.1511. 

 

3.204b, minor diastereoisomer, yellow oil (19 mg, 0.060 mmol, 20 % yield). Rf 0.34 

(Pentane:Et2O 90:10); 1H NMR (400 MHz, Chloroform-d) δ 7.23 – 7.17 (m, 2H, ArH), 7.16 

– 7.08 (m, 2H, ArH), 6.91 – 6.85 (m, 2H, ArH), 6.69 (t, J = 7.3 Hz, 1H, ArH), 6.46 (d, J = 7.6 

Hz, 2H, ArH), 4.20 (d, J = 4.6 Hz, 1H, CHNH), 3.80 (s, 3H, CH3), 3.62 (bs, 1H, NH), 2.39 (dd, 

J = 14.1, 5.3 Hz, 1H, CHCF2), 2.36 – 2.25 (m, 1H, CF2CHCH2), 2.17 – 1.98 (m, 3H, CF2CHCH2 

and NHCHCH2); 13C NMR (101 MHz, Chloroform-d) δ 159.4, 146.7, 130.8, 129.3, 123.9, 

117.8, 115.5 (dd, J = 304.6, 276.1 Hz), 114.3, 113.5, 57.4, 55.4, 45.7 (dd, J = 12.2, 9.5 Hz), 

32.7 (dd, J = 11.8, 8.9 Hz), 32.0 (d, J = 9.5 Hz), 24.0; 19F NMR (376 MHz, Chloroform-d) δ 

-125.6 (ddd, J = 158.1, 14.2, 4.9 Hz), -141.5 (d, J = 156.7 Hz); IR �̃�max 3053 (w), 2951 (m), 

3398 (w), 2849 (w), 1732 (w), 1601 (s), 1515 (s), 1505 (s), 1426 (s), 1299 (m), 1252 (s), 1206 
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(m), 1180 (s), 1108 (m), 1075 (m), 1036 (m), 992 (s), 922 (m), 908 (m), 832 (m), 746 (s), 692 

(s); HRMS (ESI) calcd for C19H20F2NO+ [M+H]+ 316.1507; found 316.1514. 

 

Dimethyl 1-(4-(tert-butyl)phenyl)-2-(phenylamino)bicyclo[3.1.0]hexane-6,6-dicarboxylate 

(3.205) 

 

Following the general procedure G, starting from dimethyl 2-(4-(tert-butyl)phenyl)cycloprop-

2-ene-1,1-dicarboxylate (3.188) (78 mg, 0.30 mmol, 1.0 equiv.) and N-cyclopropylaniline 

(3.164) (72 mg, 0.54 mmol, 1.8 equiv.), the title compound 3.205 (54:46 dr in the crude 1H 

NMR) was obtained as a separable mixture of two diastereoisomers after purification by column 

chromatography on Biotage (SNAP cartridge KP-SIL 25 g, Pentane:Et2O 95:5 to 90:10). 

 

3.205a, major diastereoisomer, pale yellow oil (61 mg, 0.15 mmol, 48 % yield). Rf 0.38 

(Pentane:Et2O 80:20); 1H NMR (400 MHz, Chloroform-d)281 δ 7.20 – 7.14 (m, 4H, ArH), 

7.06 – 7.00 (m, 2H, ArH), 6.59 (t, J = 7.3 Hz, 1H, ArH), 6.50 (d, J = 7.9 Hz, 2H, ArH), 4.42 

(dd, J = 10.1, 8.0 Hz, 1H, CHNH), 3.87 (s, 3H, OCH3), 3.41 (s, 3H, OCH3), 2.63 (d, J = 4.5 Hz, 

1H, CHCH2), 2.36 – 2.16 (m, 3H, NHCHCH2 and NHCHCH2CH2), 1.24 (s, 9H, tBu), 0.95 – 

0.87 (m, 1H, NHCHCH2); 13C NMR (101 MHz, Chloroform-d) δ 170.3, 167.7, 150.0, 147.5, 

134.5, 129.1, 128.5, 125.1, 117.5, 113.9, 64.0, 53.4, 52.8, 49.9, 42.2, 34.9, 34.6, 31.4, 28.0, 

24.5; IR �̃�max 3386 (w), 3028 (w), 2964 (m), 2875 (w), 1732 (s), 1604 (s), 1521 (s), 1438 (m), 

1310 (s), 1246 (s), 1144 (m), 1010 (w), 908 (s), 735 (s); HRMS (ESI) calcd for 

C26H32NO4
+ [M+H]+ 422.2326; found 422.2332. 

 

 
 

3.205b, minor diastereoisomer, pale yellow solid (55 mg, 0.13 mmol, 44 % yield). Rf 0.32 

(Pentane:Et2O 80:20); m.p = 59-62 °C; 1H NMR (400 MHz, Chloroform-d)281 δ 7.34 – 7.26 

(m, 2H, ArH), 7.24 – 7.19 (m, 2H, ArH), 7.10 – 7.03 (m, 2H, ArH), 6.65 (t, J = 7.3 Hz, 1H, 

ArH), 6.41 (d, J = 7.9 Hz, 2H, ArH), 4.33 (d, J = 5.8 Hz, 1H, CHNH), 3.87 (s, 3H, OCH3), 3.33 

(s, 3H, OCH3), 2.91 (d, J = 4.4 Hz, 1H, CHCH2), 2.44 – 2.29 (m, 1H, NHCHCH2CH2), 2.12 

(dd, J = 13.4, 8.3 Hz, 1H, NHCHCH2CH2), 1.94 (dd, J = 14.9, 9.4 Hz, 1H, NHCHCH2), 1.44 – 

1.35 (m, 1H, NHCHCH2), 1.27 (s, 9H, tBu); 13C NMR (101 MHz, Chloroform-d) δ 168.1, 

167.4, 150.8, 146.5, 131.3, 129.6, 129.3, 129.1, 126.0, 124.7, 118.0, 114.0, 59.2, 53.1, 52.6, 

50.5, 42.6, 36.3, 34.7, 31.4, 29.9, 24.8; IR �̃�max 3398 (w), 2964 (m), 2875 (w), 1732 (s), 1604 

(m), 1502 (m), 1438 (m), 1259 (s), 1208 (m), 1125 (m), 914 (s), 735 (s), 697 (m); HRMS (ESI) 

calcd for C26H32NO4
+ [M+H]+ 422.2326; found 422.2321. 
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1-(4-Bromophenyl)-6,6-difluoro-N-phenylbicyclo[3.1.0]hexan-2-amine (3.206) 

 

Following the general procedure G, starting from 1-bromo-4-(3,3-difluorocycloprop-1-en-1-

yl)benzene (3.194) (69 mg, 0.30 mmol, 1.0 equiv.) and N-cyclopropylaniline (3.164) (72 mg, 

0.54 mmol, 1.8 equiv.), the title compound 3.206 (67:33 dr in the crude 1H NMR) was obtained 

as a separable mixture of two diastereoisomers after purification by column chromatography 

on Biotage (SNAP cartridge KP-SIL 25 g, Pentane:Et2O 98:2 to 95:5). 

 

3.206a, major diastereoisomer, pale orange oil (65 mg, 0.18 mmol, 60 % yield). Rf 0.40 

(Pentane:Et2O 90:10); 1H NMR (400 MHz, Chloroform-d) δ 7.41 (d, J = 8.4 Hz, 2H, ArH), 

7.23 (d, J = 8.4 Hz, 2H, ArH), 7.13 – 7.05 (m, 2H, ArH), 6.68 (t, J = 7.4 Hz, 1H, ArH), 6.49 (d, 

J = 7.2 Hz, 2H, ArH), 4.53 (td, J = 8.8, 6.0 Hz, 1H, CHNH), 4.04 (bs, 1H, NH), 2.52 – 2.40 (m, 

1H, NHCHCH2), 2.38 – 2.22 (m, 2H, CF2CHCH2), 2.18 (dd, J = 14.3, 4.9 Hz, 1H, CHCF2), 

1.64 – 1.50 (m, 1H, NHCHCH2); 13C NMR (101 MHz, Chloroform-d) δ 147.2, 134.3, 131.7, 

130.6, 129.4, 121.7, 118.1, 116.4 (dd, J = 303.5, 281.3 Hz), 113.7, 63.7, 44.3 (dd, J = 11.9, 8.2 

Hz), 33.7 (dd, J = 12.6, 9.1 Hz), 31.3 (d, J = 7.4 Hz), 24.4; 19F NMR (376 MHz, Chloroform-

d) δ -124.7 (dd, J = 161.6, 13.8 Hz), -138.6 (d, J = 161.5 Hz); IR �̃�max 3405 (w), 3053 (w), 

2951 (m), 2875 (w), 1603 (s), 1509 (s), 1496 (s), 1443 (m), 1396 (w), 1309 (m), 1284 (m), 1243 

(m), 1206 (s), 1194 (s), 1151 (m), 1060 (m), 1013 (m), 986 (s), 910 (s), 820 (m), 729 (s), 692 

(s), 653 (m); HRMS (ESI) calcd for C18H17BrF2N
+ [M+H]+ 364.0507; found 364.0502. 

 

3.206b, minor diastereoisomer, pale orange oil (32 mg, 0.088 mmol, 29 % yield). Rf 0.34 

(Pentane:Et2O 90:10); 1H NMR (400 MHz, Chloroform-d) δ 7.49 – 7.43 (m, 2H, ArH), 7.17 

– 7.08 (m, 4H, ArH), 6.70 (t, J = 7.4 Hz, 1H, ArH), 6.46 (d, J = 7.7 Hz, 2H, ArH), 4.28 (d, J = 

5.0 Hz, 1H, CHNH), 3.53 (bs, 1H, NH) 2.44 (dd, J = 14.3, 5.3 Hz, 1H, CHCF2), 2.38 – 2.25 

(m, 1H, CF2CHCH2), 2.16 – 1.99 (m, 3H, CF2CHCH2 and NHCHCH2); 13C NMR (101 MHz, 

Chloroform-d)282 δ 146.2, 131.8, 131.2, 129.2, 122.0, 118.1, 114.9 (dd, J = 305.0, 276.6 Hz), 

113.5, 57.3, 45.7 (dd, J = 12.4, 9.3 Hz), 32.6 (dd, J = 11.7, 9.1 Hz), 31.9 (d, J = 9.4 Hz), 23.7; 
19F NMR (376 MHz, Chloroform-d) δ -125.4 (ddd, J = 159.2, 14.3, 4.6 Hz), -141.3 (d, J = 

159.3 Hz); IR �̃�max 3417 (w), 3053 (w), 2945 (m), 2862 (w), 1725 (w), 1604 (s), 1502 (s), 1425 

(s), 1310 (m), 1247 (m), 1208 (m), 1075 (m), 994 (s), 906 (s), 822 (s), 727 (s), 694 (s), 649 (m); 

HRMS (ESI) calcd for C18H17BrF2N
+ [M+H]+ 364.0507; found 364.0502. 

 

Dimethyl 1-(3-fluorophenyl)-2-(phenylamino)bicyclo[3.1.0]hexane-6,6-dicarboxylate 

(3.207) 

 

Following the general procedure G, starting from dimethyl 2-(3-fluorophenyl)cycloprop-2-ene-

1,1-dicarboxylate (3.189) (75 mg, 0.30 mmol, 1.0 equiv.) and N-cyclopropylaniline (3.164) (72 

mg, 0.54 mmol, 1.8 equiv.), the title compound 3.207 (56:44 dr in the crude 1H NMR) was 
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obtained as a separable mixture of two diastereoisomers after purification by column 

chromatography on Biotage (SNAP cartridge KP-SIL 25 g, Pentane:Et2O 95:5 to 85:15). 

 

3.207a, major diastereoisomer, pale yellow oil (57 mg, 0.15 mmol, 50 % yield). Rf 0.45 

(Pentane:Et2O 70:30); 1H NMR (400 MHz, Chloroform-d) δ 7.17 (td, J = 7.9, 5.9 Hz, 1H, 

ArH), 7.13 – 6.98 (m, 4H, ArH), 6.88 (tdd, J = 8.4, 2.7, 1.1 Hz, 1H, ArH), 6.60 (t, J = 7.3 Hz, 

1H, ArH), 6.49 (d, J = 7.6 Hz, 2H, ArH), 5.35 (bs, 1H, NH), 4.44 (dd, J = 10.1, 7.6 Hz, 1H, 

CHNH), 3.88 (s, 3H, OCH3), 3.47 (s, 3H, OCH3), 2.65 (d, J = 4.1 Hz, 1H, CHCH2), 2.38 – 2.15 

(m, 3H, NHCHCH2 and NHCHCH2CH2), 0.96 – 0.86 (m, 1H, NHCHCH2); 13C NMR (101 

MHz, Chloroform-d) δ 169.9, 167.6, 162.6 (d, J = 246.0 Hz), 147.7, 140.3 (d, J = 7.7 Hz), 

129.7 (d, J = 8.4 Hz), 129.2, 124.8 (d, J = 2.9 Hz), 117.4, 116.0 (d, J = 21.6 Hz), 114.4 (d, J = 

21.0 Hz), 113.5, 63.5, 53.5, 52.9, 49.9, 42.1, 35.1, 28.0, 24.4; 19F NMR (376 MHz, 

Chloroform-d) δ -113.4 (td, J = 8.8, 6.0 Hz); IR �̃�max 3373 (m), 3028 (w), 2958 (m), 1725 (s), 

1604 (s), 1508 (m), 1432 (s), 1309 (s), 1235 (s), 1190 (s), 1149 (s), 1075 (m), 992 (w), 912 (s), 

867 (m), 789 (m), 733 (s), 692 (s), 651 (w); HRMS (ESI) calcd for 

C22H23FNO4
+ [M+H]+ 384.1606; found 384.1606. 

 

 
3.207b, minor diastereoisomer, pale yellow oil (47 mg, 0.12 mmol, 41 % yield). Rf 0.40 

(Pentane:Et2O 70:30); 1H NMR (400 MHz, Chloroform-d, 1:1 mixture of rotamers (A/B)) 

δ 7.25 – 7.19 (m, 0.5H, ArH (A)), 7.13 – 7.07 (m, 1H, ArH (A+B)), 7.04 – 6.96 (m, 3H, ArH 

(A+B)), 6.96 – 6.91 (m, 0.5H, ArH (B)), 6.88 – 6.78 (m, 1H, ArH (A+B)), 6.57 (t, J = 7.2 Hz, 

1H, ArH (A+B)), 6.32 (dd, J = 8.2, 3.4 Hz, 2H, ArH (A+B)), 4.30 (dd, J = 12.8, 5.9 Hz, 1H, 

CHNH (A+B)), 3.80 (s, 3H, OCH3 (A+B)), 3.47 (s, 1H, NH (A+B)), 3.36 (s, 1.5H, OCH3 (A)), 

3.32 (s, 1.5H, OCH3 (B)), 2.82 (dd, J = 7.8, 4.4 Hz, 1H, CHCH2 (A+B)), 2.26 (dddd, J = 14.0, 

10.9, 9.4, 4.5 Hz, 1H, NHCHCH2CH2 (A+B)), 2.06 (dd, J = 13.6, 8.3 Hz, 1H, NHCHCH2CH2 

(A+B)), 1.83 (dd, J = 15.0, 9.4 Hz, 1H, NHCHCH2 (A+B)), 1.34 (ddq, J = 14.6, 9.3, 5.4 Hz, 

1H, NHCHCH2 (A+B)); 13C NMR (101 MHz, Chloroform-d, 1:1 mixture of rotamers) δ 

167.2, 162.9 (d, J = 247.4 Hz), 162.3 (d, J = 246.7 Hz), 146.6, 146.5, 137.6 (t, J = 7.5 Hz), 

130.3 (d, J = 8.3 Hz), 129.6 (d, J = 8.5 Hz), 129.2, 125.6 (d, J = 3.1 Hz), 117.8, 117.8, 117.1 

(d, J = 21.5 Hz), 116.6 (d, J = 21.2 Hz), 115.2 (d, J = 21.2 Hz), 114.8 (d, J = 20.8 Hz), 113.5, 

113.5, 59.0, 58.9, 53.2, 52.9, 52.8, 50.4, 50.4, 42.7, 42.5, 36.8, 36.6, 30.2, 30.0, 24.6; Not all 

carbon were resolved. 19F NMR (376 MHz, Chloroform-d, 1:1 mixture of rotamers (A/B)) 

δ -112.7 (q, J = 8.4 Hz (A)), -113.2 (q, J = 7.2 Hz (B)); IR �̃�max 3411 (m), 3060 (m), 2964 (m), 

1735 (s), 1601 (m), 1498 (m), 1433 (m), 1243 (s), 1212 (s), 1180 (s), 1120 (m), 1073 (w), 1017 

(w), 959 (m), 908 (s), 731 (s), 694 (s), 651 (m);  HRMS (ESI) calcd for 

C22H23FNO4
+ [M+H]+ 384.1606; found 384.1603. 
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1-(3-Chlorophenyl)-6,6-difluoro-N-phenylbicyclo[3.1.0]hexan-2-amine (3.208) 

 

Following the general procedure G, starting from 1-chloro-3-(3,3-difluorocycloprop-1-en-1-

yl)benzene (3.193) (56 mg, 0.30 mmol, 1.0 equiv.) and N-cyclopropylaniline (3.164) (72 mg, 

0.54 mmol, 1.8 equiv.), the title compound 3.208 (67:33 dr in the crude 1H NMR) was obtained 

as a separable mixture of two diastereoisomers after purification by column chromatography 

on Biotage (SNAP cartridge KP-SIL 25 g, Pentane:Et2O 98:2 to 95:5). 

 

3.208a, major diastereoisomer, pale yellow oil (52 mg, 0.16 mmol, 54 % yield). Rf 0.46 

(Pentane:Et2O 90:10); 1H NMR (400 MHz, Chloroform-d) δ 7.35 – 7.31 (m, 1H, ArH), 7.29 

– 7.26 (m, 1H, ArH), 7.25 – 7.18 (m, 2H, ArH), 7.12 – 7.06 (m, 2H, ArH), 6.67 (t, J = 7.3 Hz, 

1H, ArH), 6.49 (d, J = 7.4 Hz, 2H, ArH), 4.54 (td, J = 8.9, 6.1 Hz, 1H, CHNH), 3.92 (bs, 1H, 

NH), 2.46 (m, 1H, NHCHCH2), 2.39 – 2.26 (m, 2H, CF2CHCH2), 2.20 (dd, J = 14.4, 5.0 Hz, 

1H, CHCF2), 1.63 – 1.49 (m, 1H, NHCHCH2); 13C NMR (101 MHz, Chloroform-d) δ 147.4, 

137.3, 134.3, 129.8, 129.3, 128.9 (d, J = 2.7 Hz), 127.9, 127.4, 118.0, 116.3 (dd, J = 303.4, 

281.5 Hz), 113.7, 63.7, 44.5 (dd, J = 12.0, 8.3 Hz), 33.8 (dd, J = 12.5, 9.1 Hz), 31.3 (d, J = 7.4 

Hz), 24.4; 19F NMR (376 MHz, Chloroform-d) δ -124.4 (dd, J = 161.4, 14.1 Hz), -138.4 (d, J 

= 161.6 Hz); IR �̃�max 3411 (m), 3060 (m), 2951 (m), 2875 (w), 1604 (s), 1502 (s), 1444 (m), 

1311 (m), 1284 (m), 1243 (s), 1208 (s), 1198 (s), 1153 (s), 1064 (m), 988 (s), 949 (w), 912 (m), 

879 (w), 785 (m), 750 (s), 694 (s); HRMS (ESI) calcd for C18H17ClF2N
+ [M+H]+ 320.1012; 

found 320.0998. 

 

3.208b, minor diastereoisomer, pale yellow oil (29 mg, 0.091 mmol, 30 % yield). Rf 0.40 

(Pentane:Et2O 90:10); 1H NMR (400 MHz, Chloroform-d) δ 7.27 – 7.24 (m, 3H, ArH), 7.19 

– 7.15 (m, 1H, ArH), 7.14 – 7.08 (m, 2H, ArH), 6.69 (t, J = 7.4 Hz, 1H, ArH), 6.46 (d, J = 7.6 

Hz, 2H, ArH), 4.30 (d, J = 4.6 Hz, 1H, CHNH), 3.54 (bs, 1H, NH), 2.45 (dd, J = 14.4, 5.3 Hz, 

1H, CHCF2), 2.38 – 2.25 (m, 1H, CF2CHCH2), 2.16 – 1.98 (m, 3H, CF2CHCH2 and 

NHCHCH2); 13C NMR (101 MHz, Chloroform-d) δ 146.3, 134.6, 134.4 (d, J = 3.7 Hz), 130.0, 

129.7 (d, J = 2.7 Hz), 129.3, 128.4, 128.0, 118.1, 115.0 (dd, J = 304.9, 276.8 Hz), 113.6, 57.4, 

46.0 (dd, J = 12.5, 9.2 Hz), 32.7 (dd, J = 11.8, 9.0 Hz), 32.0 (d, J = 9.5 Hz), 23.8; 19F NMR 

(376 MHz, Chloroform-d) δ -125.2 (ddd, J = 159.4, 14.5, 5.0 Hz), -141.2 (d, J = 158.3 Hz); 

IR �̃�max 3405 (m), 3047 (m), 2958 (m), 2881 (m), 1601 (s), 1568 (m), 1505 (s), 1426 (s), 1315 

(m), 1247 (s), 1208 (s), 1169 (m), 1089 (m), 1001 (s), 931 (s), 879 (m), 791 (s), 748 (s), 690 

(s); HRMS (ESI) calcd for C18H17ClF2N
+ [M+H]+ 320.1012; found 320.1007. 
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Dimethyl 2-(phenylamino)-1-(trimethylsilyl)bicyclo[3.1.0]hexane-6,6-dicarboxylate 

(3.209) 

 

Following the general procedure G, starting from dimethyl 2-(trimethylsilyl)cycloprop-2-ene-

1,1-dicarboxylate (3.191) (69 mg, 0.30 mmol, 1.0 equiv.) and N-cyclopropylaniline (3.164) (72 

mg, 0.54 mmol, 1.8 equiv.), the title compound 3.209 (59:41 dr in the crude 1H NMR) was 

obtained as a separable mixture of two diastereoisomers after purification by column 

chromatography on Biotage (SNAP cartridge KP-SIL 25 g, Pentane:Et2O 95:5 to 90:10). 

 

3.209a, major diastereoisomer, colorless oil (28 mg, 0.077 mmol, 26 % yield). Rf 0.35 

(Pentane:Et2O 90:10); 1H NMR (400 MHz, Chloroform-d) δ 7.19 – 7.10 (m, 2H, ArH), 6.65 

(t, J = 7.3 Hz, 1H, ArH), 6.58 (d, J = 7.9 Hz, 2H, ArH), 5.24 (bs, 1H, NH), 4.34 (t, J = 8.8 Hz, 

1H, CHNH), 3.78 (s, 3H, OCH3), 3.73 (s, 3H, OCH3), 2.27 – 2.09 (m, 3H, CHCH2, NHCHCH2 

and NHCHCH2CH2), 2.08 – 1.96 (m, 1H, NHCHCH2CH2), 0.56 (dtd, J = 13.7, 10.2, 8.4 Hz, 

1H, NHCHCH2), 0.11 (s, 9H, TMS); 13C NMR (101 MHz, Chloroform-d)282 δ 171.0, 170.6, 

147.8, 129.3, 117.0, 113.3, 60.4, 53.3, 53.0, 39.8, 36.8, 35.9, 26.1, -0.5; IR �̃�max 3028 (w), 2958 

(m), 2894 (w), 3373 (w), 1729 (s), 1603 (m), 1513 (m), 1435 (m), 1309 (m), 1182 (m), 1130 

(m), 1075 (w), 978 (w), 908 (m), 844 (s), 754 (m), 692 (m); HRMS (ESI) calcd for 

C19H28NO4Si+ [M+H]+ 362.1782; found 362.1773. 

 

3.209b, minor diastereoisomer, colorless oil (25 mg, 0.069 mmol, 23 % yield). Rf 0.25 

(Pentane:Et2O 90:10); 1H NMR (400 MHz, Chloroform-d)281 δ 7.23 – 7.12 (m, 2H, ArH), 

6.72 (t, J = 7.3 Hz, 1H, ArH), 6.58 (d, J = 7.6 Hz, 2H, ArH), 4.22 (d, J = 5.4 Hz, 1H, CHNH), 

3.76 (s, 3H, OCH3), 3.70 (s, 3H, OCH3), 2.61 (d, J = 4.0 Hz, 1H, CHCH2), 2.20 – 1.96 (m, 2H, 

NHCHCH2CH2), 1.55 – 1.51 (m, 1H, NHCHCH2), 1.14 – 1.03 (m, 1H, NHCHCH2), 0.10 (s, 

9H, TMS); 13C NMR (101 MHz, Chloroform-d)282 δ 169.4, 169.0, 146.1, 129.5, 118.1, 114.1, 

60.1, 53.0, 53.0, 41.2, 36.7, 29.3, 24.7, 0.9; IR �̃�max 3383 (w), 2924 (m), 2853 (s), 1734 (s), 

1604 (m), 1551 (w), 1503 (m), 1441 (m), 1307 (m), 1247 (s), 1208 (m), 1169 (m), 1123 (m), 

1072 (w), 1010 (w), 915 (m), 849 (m), 745 (m), 696 (s); HRMS (ESI) calcd for 

C19H28NO4Si+ [M+H]+ 362.1782; found 362.1777. 

Dimethyl 2-(phenylamino)bicyclo[3.1.0]hexane-6,6-dicarboxylate (3.210) 

 

Following the general procedure G, starting from dimethyl cycloprop-2-ene-1,1-dicarboxylate 

(3.54) (47 mg, 0.30 mmol, 1.0 equiv.) and N-cyclopropylaniline (3.164) (72 mg, 0.54 mmol, 

1.8 equiv.), the title compound 3.210 (69:31 dr in the crude 1H NMR) was obtained as a 

separable mixture of two diastereoisomers after purification by column chromatography on 

Biotage (SNAP cartridge KP-SIL 25 g, Pentane:Et2O 90:10 to 80:20). 
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3.210a, major diastereoisomer,283 colorless oil (22 mg, 0.076 mmol, 25 % yield). Rf 0.42 

(Pentane:Et2O 70:30); 1H NMR (400 MHz, Chloroform-d)281 δ 7.24 – 7.16 (m, 2H, ArH), 

6.76 (t, J = 7.4 Hz, 1H, ArH), 6.69 (d, J = 7.9 Hz, 2H, ArH), 4.12 (d, J = 6.6 Hz, 1H, CHNH), 

3.80 (s, 3H, OCH3), 3.71 (s, 3H, OCH3), 2.31 – 2.24 (m, 2H, NHCHCH & CquatCH), 2.22 – 

2.11 (m, 1H, NHCHCH2CH2), 2.07 (dd, J = 13.8, 8.7 Hz, 1H, NHCHCH2CH2), 1.74 (dd, J = 

15.3, 9.3 Hz, 1H, NHCHCH2), 1.34 – 1.26 (m, 1H, NHCHCH2); 13C NMR (101 MHz, 

Chloroform-d) δ 170.2, 167.8, 146.1, 129.5, 118.5, 114.1, 55.0, 53.1, 53.0, 38.2, 36.3, 34.1, 

29.7, 24.6; IR �̃�max 3398 (w), 2951 (m), 1725 (s), 1605 (s), 1507 (m), 1435 (s), 1326 (s), 1252 

(s), 1196 (m), 1161 (s), 1114 (m), 1064 (w), 994 (w), 908 (m), 731 (s), 694 (m); HRMS (ESI) 

calcd for C16H19NNaO4
+ [M+Na]+ 312.1206; found 312.1212. 

 

3.210b, minor diastereoisomer,284 pale yellow oil (8 mg, 0.03 mmol, 9 % yield). Rf 0.30 

(Pentane:Et2O 70:30); 1H NMR (400 MHz, Chloroform-d) δ 7.20 – 7.15 (m, 2H, ArH), 6.72 

– 6.65 (m, 3H, ArH), 4.70 (bs, 1H, NH), 4.47 (ddd, J = 10.3, 8.3, 4.4 Hz, 1H, CHNH), 3.84 (s, 

3H, OCH3), 3.70 (s, 3H, OCH3), 2.43 (dd, J = 6.7, 4.3 Hz, 1H, NHCHCH), 2.21 – 2.01 (m, 4H, 

CquatCH, NHCHCH2CH2 and NHCHCH2), 0.78 – 0.63 (m, 1H, NHCHCH2); 13C NMR (101 

MHz, Chloroform-d) δ 170.3, 169.7, 147.9, 129.5, 117.7, 113.8, 55.9, 53.2, 53.1, 37.1, 36.1, 

32.1, 27.4, 25.0; IR �̃�max 3379 (w), 3034 (w), 2951 (m), 2856 (w), 1732 (s), 1603 (s), 1515 (s), 

1435 (m), 1313 (s), 1247 (s), 1202 (m), 1163 (m), 1114 (w), 916 (w), 752 (s), 696 (m); HRMS 

(ESI) calcd for C16H20NO4
+ [M+H]+ 290.1387; found 290.1388. 

 

Dimethyl 2-((4-chlorophenyl)amino)-1-phenylbicyclo[3.1.0]hexane-6,6-dicarboxylate 

(3.227) 

 

Following the general procedure G, starting from dimethyl dimethyl 2-phenylcycloprop-2-ene-

1,1-dicarboxylate (3.102) (70 mg, 0.30 mmol, 1.0 equiv.) and 4-chloro-N-cyclopropylaniline 

(3.221) (91 mg, 0.54 mmol, 1.8 equiv.), the title compound 3.227 (56:44 dr in the crude 1H 

NMR) was obtained as a separable mixture of two diastereoisomers after purification by column 

chromatography on Biotage (SNAP cartridge KP-SIL 25 g, Pentane:Et2O 95:5 to 90:10). 

 

 
283 Relative stereochemistry attributed by analogy with compounds 16b, based on 1H NMR chemical shifts and couplings. 
284 Relative stereochemistry attributed by analogy with compounds 9a, based on 1H NMR chemical shifts and couplings. 
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3.227a, major diastereoisomer, pale yellow oil (48 mg, 0.12 mmol, 40 % yield). Rf 0.38 

(Pentane:Et2O 80:20); 1H NMR (400 MHz, Chloroform-d) δ 7.32 – 7.28 (m, 2H, ArH), 7.26 

– 7.20 (m, 3H, ArH), 6.97 (d, J = 8.8, 2H, ArH), 6.38 (d, J = 8.9, 2H, ArH), 5.38 (s, 1H, NH), 

4.40 (dd, J = 10.3, 7.6, 1H, CHNH), 3.90 (s, 3H, OCH3), 3.44 (s, 3H, OCH3), 2.68 (d, J = 4.3, 

1H, CHCH2), 2.34 – 2.18 (m, 3H, NHCHCH2 and NHCHCH2CH2), 0.93 (dtd, J = 16.9, 8.3, 7.9, 

3.4, 1H, NHCHCH2); 13C NMR (101 MHz, Chloroform-d) δ 170.3, 167.7, 146.6, 137.6, 

128.9, 128.9, 128.3, 127.5, 121.4, 114.4, 63.8, 53.5, 52.8, 50.3, 42.1, 34.9, 28.1, 24.5; IR �̃�max 

3384 (w), 3030 (w), 2953 (m), 1727 (s), 1600 (m), 1504 (s), 1434 (m), 1402 (w), 1296 (s), 1236 

(s), 1196 (m), 1176 (m), 1121 (m), 1090 (m), 1007 (w), 911 (s), 817 (m); HRMS (ESI) calcd 

for C22H23ClNO4
+ [M+H]+ 400.1310; found 400.1308. 

 

3.227b, minor diastereoisomer, pale yellow oil (41 mg, 0.10 mmol, 34 % yield). Rf 0.30 

(Pentane:Et2O 80:20); 1H NMR (400 MHz, Chloroform-d)281 δ 7.40 – 7.26 (m, 3H, ArH), 

7.23 (m, 2H, ArH), 6.99 (d, J = 8.9, 2H, ArH), 6.30 (d, J = 8.7, 2H, ArH), 4.31 (d, J = 5.9, 1H, 

CHNH), 3.87 (s, 3H, OCH3), 3.36 (s, 3H, OCH3), 2.92 (d, J = 4.4, 1H, CHCH2), 2.35 (dddd, J 

= 13.9, 10.8, 9.5, 4.5, 1H, NHCHCH2CH2), 2.13 (dd, J = 13.6, 8.2, 1H, NHCHCH2CH2), 1.88 

(dd, J = 14.9, 9.5, 1H, NHCHCH2), 1.44 – 1.36 (m, 1H, NHCHCH2); 13C NMR (101 MHz, 

Chloroform-d) δ 168.0, 167.3, 145.1, 134.5, 129.8, 129.7, 128.9, 128.1, 128.1, 114.8, 59.3, 

53.2, 52.8, 50.8, 42.6, 36.4, 30.0, 24.7; IR �̃�max 3409 (w), 2956 (m), 2905 (m), 1735 (s), 1602 

(m), 1500 (s), 1436 (m), 1398 (w), 1317 (m), 1259 (s), 1209 (m), 1178 (m), 1124 (m), 1071 

(m), 913 (m), 818 (m); HRMS (ESI) calcd for C22H22ClNNaO4
+ [M+Na]+ 422.1130; found 

422.1141. 

 

Dimethyl 1-phenyl-2-(p-tolylamino)bicyclo[3.1.0]hexane-6,6-dicarboxylate (3.228) 

 

Following the general procedure G, starting from dimethyl dimethyl 2-phenylcycloprop-2-ene-

1,1-dicarboxylate (3.102) (70 mg, 0.30 mmol, 1.0 equiv.) and N-cyclopropyl-4-methylaniline 

(3.212) (79 mg, 0.54 mmol, 1.8 equiv.), the title compound 3.228 (55:45 dr in the crude 1H 

NMR) was obtained as a separable mixture of two diastereoisomers after purification by column 

chromatography on Biotage (SNAP cartridge KP-SIL 25 g, Pentane:Et2O 95:5 to 90:10). 

 

3.228a, major diastereoisomer, pale yellow oil (55 mg, 0.15 mmol, 48 % yield). Rf 0.40 

(Pentane:Et2O 80:20); 1H NMR (400 MHz, Chloroform-d) δ 7.34 – 7.28 (m, 2H, ArH), 7.25 

– 7.14 (m, 3H, ArH), 6.85 (d, J = 7.9, 2H, ArH), 6.40 (d, J = 8.3, 2H, ArH), 5.15 (bs, 1H, NH), 
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4.40 (dd, J = 10.1, 7.4, 1H, CHNH), 3.87 (s, 3H, OCH3), 3.42 (s, 3H, OCH3), 2.65 (d, J = 4.1, 

1H, CHCH2), 2.35 – 2.18 (m, 3H, NHCHCH2 and NHCHCH2CH2), 2.17 (s, 3H, CH3), 0.88 

(ddt, J = 13.7, 8.2, 4.0, 1H, NHCHCH2); 13C NMR (101 MHz, Chloroform-d) δ 170.1, 167.8, 

145.7, 137.8, 129.6, 129.0, 128.2, 127.3, 126.2, 113.5, 64.0, 53.4, 52.8, 50.5, 42.0, 34.8, 28.0, 

24.5, 20.4; IR �̃�max 3375 (w), 3027 (w), 2956 (w), 1730 (m), 1619 (m), 1518 (m), 1434 (m), 

1305 (m), 1238 (m), 1189 (m), 1126 (m), 1078 (w), 920 (w), 806 (m), 735 (m), 701 (m); HRMS 

(ESI) calcd for C23H26NO4
+ [M+H]+ 380.1856; found 380.1868. 

 

 
3.228b, minor diastereoisomer, pale yellow oil (45 mg, 0.12 mmol, 40 % yield). Rf 0.34 

(Pentane:Et2O 80:20); 1H NMR (400 MHz, Chloroform-d)281 δ 7.42 – 7.29 (m, 3H, ArH), 

7.25 – 7.17 (m, 2H, ArH), 6.89 (d, J = 8.0, 2H, ArH), 6.34 (d, J = 8.5, 2H, ArH), 4.32 (d, J = 

5.8, 1H, CHNH), 3.87 (s, 3H, OCH3), 3.36 (s, 3H, OCH3), 2.92 (d, J = 4.4, 1H, CHCH2), 2.44 

– 2.30 (m, 1H, NHCHCH2CH2), 2.18 (s, 3H, CH3), 2.13 (dd, J = 13.6, 8.4, 1H, NHCHCH2CH2), 

1.94 (dd, J = 14.8, 9.3, 1H, NHCHCH2), 1.43 – 1.32 (m, 1H, NHCHCH2); 13C NMR (101 

MHz, Chloroform-d) δ 168.1, 167.4, 144.2, 134.6, 129.8, 129.7, 128.9, 128.0, 128.0, 114.1, 

59.6, 53.1, 52.7, 50.9, 42.5, 36.5, 29.8, 24.8, 20.5; IR �̃�max 3401 (w), 3025 (w), 2949 (m), 2872 

(w), 1737 (s), 1731 (s), 1620 (m), 1518 (s), 1436 (m), 1254 (s), 1212 (s), 1126 (s), 1072 (w), 

1013 (w), 913 (m), 808 (m), 737 (m), 703 (s); HRMS (ESI) calcd for 

C23H26NO4
+ [M+H]+ 380.1856; found 380.1849. 

 

Dimethyl 2-((4-methoxyphenyl)amino)-1-phenylbicyclo[3.1.0]hexane-6,6-dicarboxylate 

(3.229) 

 

Following the general procedure G, starting from dimethyl dimethyl 2-phenylcycloprop-2-ene-

1,1-dicarboxylate (3.102) (70 mg, 0.30 mmol, 1.0 equiv.) and N-cyclopropyl-4-methoxyaniline 

(3.213) (88 mg, 0.54 mmol, 1.8 equiv.), the title compound 3.229 (52:48 dr in the crude 1H 

NMR) was obtained as a separable mixture of two diastereoisomers after purification by column 

chromatography on Biotage (SNAP cartridge KP-SIL 25 g, Pentane:Et2O 90:10 to 80:20). 

 

3.229a, major diastereoisomer, yellow oil (53 mg, 0.13 mmol, 45 % yield). Rf 0.35 

(Pentane:Et2O 75:25); 1H NMR (400 MHz, Chloroform-d) δ 7.32 – 7.26 (m, 2H, ArH), 7.24 

– 7.13 (m, 3H, ArH), 6.63 (d, J = 8.9 Hz, 2H, ArH), 6.43 (d, J = 8.8 Hz, 2H, ArH), 5.01 (bs, 

1H, NH), 4.41 – 4.30 (m, 1H, CHNH), 3.87 (s, 3H, COOCH3), 3.68 (s, 3H, OCH3), 3.42 (s, 3H, 

COOCH3), 2.64 (d, J = 4.8 Hz, 1H, CHCH2), 2.34 – 2.13 (m, 3H, NHCHCH2 and 
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NHCHCH2CH2), 0.96 – 0.83 (m, 1H, NHCHCH2); 13C NMR (101 MHz, Chloroform-d)282 δ 

170.2, 167.8, 151.9, 142.2, 137.9, 129.0, 128.2, 127.3, 114.9, 64.8, 56.0, 53.4, 52.8, 50.5, 42.1, 

34.9, 28.1, 24.5; IR �̃�max 3366 (w), 3028 (w), 2958 (m), 1732 (s), 1515 (s), 1444 (m), 1310 (m), 

1234 (s), 1182 (m), 1131 (m), 1074 (w), 1036 (m), 908 (m), 822 (m), 733 (s), 702 (m); HRMS 

(ESI) calcd for C23H26NO5
+ [M+H]+ 396.1805; found 396.1802. 

 

 

3.229b, minor diastereoisomer, pale yellow oil (47 mg, 0.12 mmol, 40 % yield). Rf 0.30 

(Pentane:Et2O 75:25); 1H NMR (400 MHz, Chloroform-d)281 δ 1H NMR (400 MHz, 

Chloroform-d) δ 7.41 – 7.28 (m, 3H, ArH), 7.25 – 7.19 (m, 2H, ArH), 6.67 (d, J = 8.5 Hz, 2H, 

ArH), 6.36 (d, J = 8.4 Hz, 2H, ArH), 4.27 (d, J = 5.7 Hz, 1H, CHNH), 3.87 (s, 3H, COOCH3), 

3.69 (s, 3H, OCH3), 3.36 (s, 3H, COOCH3), 2.91 (d, J = 4.3 Hz, 1H, CHCH2), 2.43 – 2.30 (m, 

1H, NHCHCH2CH2), 2.13 (dd, J = 13.5, 8.3 Hz, 1H, NHCHCH2CH2), 1.90 (dd, J = 14.9, 9.4 

Hz, 1H, NHCHCH2), 1.42 – 1.33 (m, 1H, NHCHCH2); 13C NMR (101 MHz, Chloroform-d) 

δ 168.1, 167.4, 152.5, 141.1, 134.8, 129.8 (d, J = 3.5 Hz), 128.9, 128.0 (d, J = 9.7 Hz), 115.1, 

114.8, 59.9, 55.9, 53.1, 52.7, 51.1, 42.5, 36.4, 30.0, 24.8; IR �̃�max 3398 (w), 3028 (w), 2951 

(m), 2843 (w), 1732 (s), 1511 (s), 1435 (m), 1243 (s), 1186 (m), 1124 (m), 1071 (w), 1036 (m), 

912 (s), 826 (m), 731 (s), 700 (m); HRMS (ESI) calcd for C23H26NO5
+ [M+H]+ 396.1805; 

found 396.1807. 

 

Dimethyl 2-((3-methoxyphenyl)amino)-1-phenylbicyclo[3.1.0]hexane-6,6-dicarboxylate 

(3.230) 

 

Following the general procedure G, starting from dimethyl 2-phenylcycloprop-2-ene-1,1-

dicarboxylate (3.102) (70 mg, 0.30 mmol, 1.0 equiv.) and N-cyclopropyl-3-methoxyaniline 

(3.214) (88 mg, 0.54 mmol, 1.8 equiv.), the title compound 3.230 (56:44 dr in the crude 1H 

NMR) was obtained as a separable mixture of two diastereoisomers after purification by column 

chromatography on Biotage (SNAP cartridge KP-SIL 25 g, Pentane:Et2O 90:10 to 80:20). 

 

3.230a, major diastereoisomer, pale yellow oil (57 mg, 0.14 mmol, 48 % yield). Rf 0.35 

(Pentane:Et2O 75:25); 1H NMR (400 MHz, Chloroform-d) δ 7.32 – 7.28 (m, 2H, ArH), 7.23 

– 7.17 (m, 3H, ArH), 6.94 (t, J = 8.1 Hz, 1H, ArH), 6.14 (dd, J = 8.1, 1.9 Hz, 1H, ArH), 6.10 

(dd, J = 8.0, 1.7 Hz, 1H, ArH), 5.99 (t, J = 2.3 Hz, 1H, ArH), 5.36 (bs, 1H, NH), 4.41 (dd, J = 

10.1, 7.6 Hz, 1H, CHNH), 3.87 (s, 3H, COOCH3), 3.67 (s, 3H, OCH3), 3.42 (s, 3H, COOCH3), 

2.65 (d, J = 4.1 Hz, 1H, CHCH2), 2.34 – 2.18 (m, 3H, NHCHCH2 and NHCHCH2CH2), 0.95 – 

0.86 (m, 1H, NHCHCH2); 13C NMR (101 MHz, Chloroform-d) δ 170.2, 167.7, 160.8, 149.3, 
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137.7, 129.9, 129.0, 128.3, 127.4, 106.5, 102.5, 99.1, 63.6, 55.1, 53.4, 52.8, 50.4, 42.1, 34.9, 

28.1, 24.5; IR �̃�max 3366 (w), 3015 (w), 2951 (m), 1725 (s), 1604 (s), 1508 (m), 1432 (m), 1297 

(s), 1227 (s), 1163 (s), 1119 (m), 1074 (w), 1042 (w), 908 (m), 838 (w), 731 (s), 702 (m); 

HRMS (ESI) calcd for C23H26NO5
+ [M+H]+ 396.1805; found 396.1806. 

 

 

3.230b, minor diastereoisomer, colorless oil (48 mg, 0.12 mmol, 41 % yield). Rf 0.30 

(Pentane:Et2O 75:25); 1H NMR (400 MHz, Chloroform-d)281 δ 7.33 – 7.23 (m, 3H, ArH), 

7.18 – 7.13 (m, 2H, ArH), 6.90 (t, J = 8.1 Hz, 1H, ArH), 6.15 (dd, J = 8.0, 2.0 Hz, 1H, ArH), 

5.94 (dd, J = 8.2, 1.8 Hz, 1H, ArH), 5.89 (t, J = 2.1 Hz, 1H, ArH), 4.26 (d, J = 5.8 Hz, 1H, 

CHNH), 3.80 (s, 3H, COOCH3), 3.64 (s, 3H, OCH3), 3.29 (s, 3H, COOCH3), 2.85 (d, J = 4.4 

Hz, 1H, CHCH2), 2.36 – 2.20 (m, 1H, NHCHCH2CH2), 2.06 (dd, J = 13.7, 8.1 Hz, 1H, 

NHCHCH2CH2), 1.87 (dd, J = 15.0, 9.4 Hz, 1H, NHCHCH2), 1.33 – 1.27 (m, 1H, NHCHCH2); 
13C NMR (101 MHz, Chloroform-d) δ 168.0, 167.3, 160.7, 147.7, 134.6, 129.9, 129.0, 128.1, 

128.0, 107.1, 103.0, 100.1, 59.3, 55.3, 53.2, 52.7, 50.8, 42.6, 36.4, 30.0, 24.8; IR �̃�max 3405 

(w), 2955 (m), 2850 (w), 1737 (s), 1607 (s), 1500 (m), 1443 (m), 1258 (s), 1212 (s), 1169 (m), 

1118 (m), 1050 (w), 912 (m), 834 (w), 729 (s), 696 (m); HRMS (ESI) calcd for 

C23H25NNaO5
+ [M+Na]+ 418.1625; found 418.1632. 

 

Dimethyl 2-((3-bromophenyl)amino)-1-phenylbicyclo[3.1.0]hexane-6,6-dicarboxylate 

(3.231) 
 

Following the general procedure G, starting from dimethyl dimethyl 2-phenylcycloprop-2-ene-

1,1-dicarboxylate (3.102) (70 mg, 0.30 mmol, 1.0 equiv.) and 3-bromo-N-cyclopropylaniline 

(3.215) (115 mg, 0.54 mmol, 1.8 equiv.), the title compound 3.231 (56:44 dr in the crude 1H 

NMR) was obtained as a separable mixture of two diastereoisomers after purification by column 

chromatography on Biotage (SNAP cartridge KP-SIL 25 g, Pentane:Et2O 90:10 to 85:15). 

 

3.231a, major diastereoisomer, yellow oil (62 mg, 0.14 mmol, 47 % yield). Rf 0.40 

(Pentane:Et2O 70:30); 1H NMR (400 MHz, Chloroform-d) δ 7.30 – 7.26 (m, 2H, ArH), 7.25 

– 7.16 (m, 3H, ArH), 6.85 (t, J = 8.0 Hz, 1H, ArH), 6.66 (ddd, J = 7.8, 1.8, 0.9 Hz, 1H, ArH), 

6.55 (t, J = 2.1 Hz, 1H, ArH), 6.36 (ddd, J = 8.2, 2.3, 0.9 Hz, 1H, ArH), 5.37 (bs, 1H, NH), 4.38 

(dd, J = 10.1, 7.4 Hz, 1H, CHNH), 3.87 (s, 3H, COOCH3), 3.42 (s, 3H, COOCH3), 2.70 – 2.64 

(d, J = 5.1 Hz, 1H, CHCH2), 2.36 – 2.14 (m, 3H, NHCHCH2 and NHCHCH2CH2), 0.99 – 0.83 

(m, 1H, NHCHCH2); 13C NMR (101 MHz, Chloroform-d) δ 170.2, 167.6, 149.4, 137.5, 130.3, 

128.9, 128.4, 127.5, 123.2, 119.6, 115.7, 112.0, 63.4, 53.5, 52.8, 50.3, 42.1, 34.9, 28.0, 24.5; 

IR �̃�max 3668 (w), 3379 (m), 2959 (m), 2898 (m), 1723 (s), 1595 (s), 1510 (s), 1480 (m), 1434 
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(m), 1288 (s), 1231 (s), 1197 (m), 1120 (m), 1079 (s), 985 (m), 908 (s), 760 (s), 731 (s), 700 

(s), 681 (m); HRMS (ESI) calcd for C22H23
79BrNO4

+ [M + H]+ 444.0805; found 444.0812. 

 

 

3.231b, minor diastereoisomer, yellow oil (39 mg, 0.088 mmol, 29 % yield). Rf 0.35 

(Pentane:Et2O 70:30); 1H NMR (400 MHz, Chloroform-d) δ 7.41 – 7.29 (m, 2H, ArH), 7.27 

– 7.22 (m, 3H, ArH), 6.89 (t, J = 8.0 Hz, 1H, ArH), 6.73 (ddd, J = 7.9, 1.8, 0.9 Hz, 1H, ArH), 

6.50 (t, J = 2.1 Hz, 1H, ArH), 6.27 (ddd, J = 8.3, 2.3, 1.0 Hz, 1H, ArH), 4.33 (d, J = 5.8 Hz, 

1H, CHNH), 3.89 (s, 3H, COOCH3), 3.62 (bs, 1H, NH), 3.37 (s, 3H, COOCH3), 2.92 (d, J = 

4.4 Hz, 1H, CHCH2), 2.40 – 2.26 (m, 1H, NHCHCH2CH2), 2.15 (dd, J = 13.5, 8.3 Hz, 1H, 

NHCHCH2CH2), 1.88 (dd, J = 14.9, 9.4 Hz, 1H, NHCHCH2), 1.46 – 1.37 (m, 1H, NHCHCH2);  
13C NMR (101 MHz, Chloroform-d) δ 168.0, 167.3, 148.0, 134.5, 130.4, 129.8, 129.6, 129.0, 

128.1, 128.1, 123.1, 120.3, 115.9, 112.1, 58.7, 53.2, 52.8, 50.7, 42.6, 36.3, 30.0, 24.7; IR �̃�max 

3405 (w), 3031 (w), 2952 (m), 2858 (w), 1733 (s), 1595 (s), 1489 (m), 1434 (m), 1317 (m), 

1255 (s), 1211 (s), 1122 (m), 1074 (w), 987 (m), 914 (m), 839 (w), 732 (s), 702 (s); HRMS 

(ESI) calcd for C22H22BrNNaO4
+ [M + Na]+ 466.0624; found 466.0624. 

 

Dimethyl 1-phenyl-2-(pyridin-3-ylamino)bicyclo[3.1.0]hexane-6,6-dicarboxylate (3.232) 
 

Following the general procedure G, starting from dimethyl dimethyl 2-phenylcycloprop-2-ene-

1,1-dicarboxylate (3.102) (70 mg, 0.30 mmol, 1.0 equiv.) and N-cyclopropylpyridin-3-amine 

(3.216) (73 mg, 0.54 mmol, 1.8 equiv.), the title compound 3.232 (56:44 dr in the crude 1H 

NMR) was obtained as a separable mixture of two diastereoisomers after purification by column 

chromatography on Biotage (SNAP cartridge KP-SIL 25 g, Pentane:EtOAc 85:15 to 80:20). 

 

3.232a, major diastereoisomer, yellow oil (54 mg, 0.15 mmol, 49 % yield). Rf 0.25 

(Pentane:EtOAc 30:70); 1H NMR (400 MHz, Chloroform-d) δ 7.90 (d, J = 2.9 Hz, 1H, 

HetArH), 7.80 (d, J = 4.7 Hz, 1H, HetArH), 7.31 – 7.27 (m, 2H, ArH), 7.25 – 7.14 (m, 3H, 

ArH), 6.89 (dd, J = 8.4, 4.6 Hz, 1H, HetArH), 6.62 (d, J = 8.1 Hz, 1H, HetArH), 5.34 (d, J = 

10.7 Hz, 1H, NH), 4.43 (td, J = 10.1, 7.4 Hz, 1H, CHNH), 3.89 (s, 3H, COOCH3), 3.43 (s, 3H, 

COOCH3), 2.68 (d, J = 4.2 Hz, 1H, CHCH2), 2.37 – 2.15 (m, 3H, NHCHCH2 and 

NHCHCH2CH2), 1.03 – 0.91 (m, 1H, NHCHCH2); 13C NMR (101 MHz, Chloroform-d) δ 

170.3, 167.6, 144.1, 138.2, 137.5, 136.4, 128.9, 128.4, 127.6, 123.6, 119.0, 63.3, 53.5, 52.8, 

50.3, 42.1, 35.0, 28.1, 24.5; IR �̃�max 3369 (w), 3032 (w), 2954 (w), 1730 (s), 1587 (s), 1515 

(m), 1438 (m), 1306 (s), 1237 (s), 1189 (m), 1129 (m), 1121 (m), 1077 (w), 1009 (w), 916 (m), 

791 (m), 730 (s), 702 (s), 645 (w); HRMS (ESI) calcd for C21H23N2O4
+ [M+H]+ 367.1652; 

found 367.1649. 
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3.232b, minor diastereoisomer, yellow oil (36 mg, 0.098 mmol, 33 % yield). Rf 0.20 

(Pentane:EtOAc 30:70); 1H NMR (400 MHz, Chloroform-d) δ 7.86 (dd, J = 4.7, 1.3 Hz, 1H, 

HetArH), 7.75 (d, J = 2.9 Hz, 1H, HetArH), 7.39 – 7.26 (m, 3H, ArH), 7.24 – 7.18 (m, 2H, 

ArH), 6.95 (dd, J = 8.3, 4.7 Hz, 1H, HetArH), 6.66 (ddd, J = 8.7, 2.9, 1.4 Hz, 1H, HetArH), 

4.36 (t, J = 6.0 Hz, 1H, CHNH), 3.88 (s, 3H, COOCH3), 3.62 (d, J = 5.4 Hz, 1H, NH), 3.37 (s, 

3H, COOCH3), 2.92 (d, J = 4.4 Hz, 1H, CHCH2), 2.41 – 2.29 (m, 1H, NHCHCH2CH2), 2.16 

(dd, J = 13.6, 8.4 Hz, 1H, NHCHCH2CH2), 1.86 (dd, J = 15.0, 9.4 Hz, 1H, NHCHCH2), 1.52 – 

1.39 (m, 1H, NHCHCH2); 13C NMR (101 MHz, Chloroform-d) δ 167.9, 167.2, 142.9, 138.7, 

136.4, 134.5, 129.8, 128.9, 128.1, 123.6, 119.3, 58.7, 53.2, 52.8, 50.9, 42.6, 36.4, 30.2, 24.8; 

IR �̃�max 3396 (w), 3262 (w), 3036 (w), 2954 (w), 1736 (s), 1583 (s), 1480 (m), 1434 (m), 1306 

(s), 1253 (s), 1203 (s), 1117 (s), 1070 (w), 1014 (w), 910 (m), 794 (m), 735 (s), 702 (s), 644 

(w); HRMS (ESI) calcd for C21H23N2O4
+ [M+H]+ 367.1652; found 367.1647. 

 

Dimethyl 2-((3,5-bis(trifluoromethyl)phenyl)amino)-1-phenylbicyclo[3.1.0]hexane-6,6-

dicarboxylate (3.233) 

 

Following the general procedure G, starting from dimethyl dimethyl 2-phenylcycloprop-2-ene-

1,1-dicarboxylate (3.102) (70 mg, 0.30 mmol, 1.0 equiv.) and N-cyclopropyl-3,5-

bis(trifluoromethyl)aniline (3.217) (0.15 g, 0.54 mmol, 1.8 equiv.), the title compound 3.233 

(58:42 dr in the crude 1H NMR) was obtained as a separable mixture of two diastereoisomers 

after purification by column chromatography on Biotage (SNAP cartridge KP-SIL 25 g, 

Pentane:Et2O 90:10 to 85:15). 

 

3.233a, major diastereoisomer, colorless oil (69 mg, 0.14 mmol, 46 % yield). Rf 0.42 

(Pentane:Et2O 75:25); 1H NMR (400 MHz, Chloroform-d) δ 7.29 – 7.25 (m, 2H, ArH), 7.24 

– 7.18 (m, 3H, ArH), 6.97 (s, 1H, ArH), 6.70 (s, 2H, ArH), 5.78 (d, J = 10.5 Hz, 1H, NH), 4.49 

(q, J = 9.5 Hz, 1H, CHNH), 3.90 (s, 3H, OCH3), 3.44 (s, 3H, OCH3), 2.70 (d, J = 4.5 Hz, 1H, 

CHCH2), 2.39 – 2.19 (m, 3H, NHCHCH2 and NHCHCH2CH2), 1.08 – 0.94 (m, 1H, 

NHCHCH2); 13C NMR (101 MHz, Chloroform-d) δ 170.6, 167.5, 148.8, 137.2, 132.2 (q, J = 

32.6 Hz), 128.8, 128.6, 127.8, 123.6 (q, J = 272.5 Hz), 112.6 – 112.1 (m), 109.7 (p, J = 4.1 Hz), 

63.4, 53.6, 52.9, 50.2, 42.2, 35.3, 28.1, 24.5; 19F NMR (376 MHz, Chloroform-d) δ -63.3; IR 

�̃�max 3377 (w), 3031 (w), 2957 (w), 1725 (m), 1622 (m), 1529 (w), 1478 (w), 1439 (m), 1394 

(m), 1276 (s), 1178 (s), 1122 (s), 994 (w), 912 (m), 861 (m), 733 (s), 700 (s), 682 (m), 639 (w); 

HRMS (ESI) calcd for C24H22F6NO4
+ [M+H]+ 502.1448; found 502.1451. 



300 

 

 

3.233b, minor diastereoisomer, yellow oil (38 mg, 0.076 mmol, 25 % yield). Rf 0.28 

(Pentane:Et2O 75:25); 1H NMR (400 MHz, Chloroform-d) δ 7.40 – 7.34 (m, 1H, ArH), 7.33 

– 7.27 (m, 1H, ArH), 7.26 – 7.19 (m, 3H, ArH), 7.03 (s, 1H, ArH), 6.66 (s, 2H, ArH), 4.44 (d, 

J = 6.1 Hz, 1H, CHNH), 3.95 (bs, 1H, NH), 3.90 (s, 3H, OCH3), 3.39 (s, 3H, OCH3), 2.93 (d, J 

= 4.4 Hz, 1H, CHCH2), 2.34 (dddd, J = 14.0, 10.9, 9.4, 4.6 Hz, 1H, NHCHCH2CH2), 2.19 (dd, 

J = 13.7, 8.4 Hz, 1H, NHCHCH2CH2), 1.85 (dd, J = 15.1, 9.4 Hz, 1H, NHCHCH2), 1.56 – 1.49 

(m, 1H, NHCHCH2); 13C NMR (101 MHz, Chloroform-d) δ 167.9, 167.1, 147.3, 134.3, 132.2 

(q, J = 32.6 Hz), 129.9, 129.7, 129.0, 128.3, 128.2, 123.6 (q, J = 272.6 Hz), 112.9 – 112.3 (m), 

110.4 (p, J = 3.9 Hz), 58.8, 53.3, 52.9, 50.7, 42.7, 36.3, 30.1, 24.8; 19F NMR (376 MHz, 

Chloroform-d) δ -63.2; IR �̃�max 3393 (w), 3033 (w), 2955 (w), 1731 (m), 1622 (w), 1521 (w), 

1478 (w), 1439 (w), 1396 (m), 1276 (s), 1171 (s), 1124 (s), 1005 (w), 912 (w), 861 (w), 729 

(w), 700 (m), 682 (w); HRMS (ESI) calcd for C24H21F6NNaO4
+ [M+Na]+ 524.1267; found 

524.1277. 

 

Dimethyl 2-(naphthalen-1-ylamino)-1-phenylbicyclo[3.1.0]hexane-6,6-dicarboxylate 

(3.234) 

 

Following the general procedure G, starting from dimethyl dimethyl 2-phenylcycloprop-2-ene-

1,1-dicarboxylate (3.102) (70 mg, 0.30 mmol, 1.0 equiv.) and N-cyclopropylnaphthalen-1-

amine (3.218) (99 mg, 0.54 mmol, 1.8 equiv.), the title compound 3.234 (61:39 dr in the crude 
1H NMR) was obtained as a separable mixture of two diastereoisomers after purification by 

column chromatography on Biotage (SNAP cartridge KP-SIL 25 g, Pentane:Et2O 95:5 to 

90:10). 

 

3.234a, major diastereoisomer, colorless oil (59 mg, 0.14 mmol, 47 % yield). Rf 0.44 

(Pentane:Et2O 80:20); 1H NMR (400 MHz, Chloroform-d)281 δ 8.11 (d, J = 8.4 Hz, 1H, ArH), 

7.74 (d, J = 7.5 Hz, 1H, ArH), 7.51 (ddd, J = 8.4, 6.8, 1.5 Hz, 1H, ArH), 7.44 (ddd, J = 8.0, 6.8, 

1.2 Hz, 1H, ArH), 7.37 (dt, J = 6.0, 1.6 Hz, 2H, ArH), 7.23 – 7.07 (m, 5H, ArH), 6.31 (d, J = 

7.5 Hz, 1H, ArH), 4.63 (dd, J = 10.2, 8.2 Hz, 1H, CHNH), 3.89 (s, 3H, OCH3), 3.46 (s, 3H, 

OCH3), 2.73 (d, J = 4.5 Hz, 1H, CHCH2), 2.51 (dt, J = 14.4, 8.5 Hz, 1H, NHCHCH2CH2), 2.42 

– 2.24 (m, 2H, NHCHCH2 and NHCHCH2CH2), 1.04 – 0.91 (m, 1H, NHCHCH2); 13C NMR 

(101 MHz, Chloroform-d) δ 170.5, 167.8, 143.3, 137.7, 134.5, 129.0, 128.6, 128.3, 127.4, 

126.5, 125.8, 124.9, 123.9, 120.8, 116.8, 104.3, 63.5, 53.6, 52.9, 50.6, 42.3, 34.9, 27.9, 24.8; 

IR �̃�max 3391 (s), 3052 (s), 2955 (s), 1731 (s), 1580 (s), 1534 (s), 1490 (s), 1440 (s), 1407 (s), 

1306 (s), 1233 (s), 1128 (s), 1080 (s), 1015 (s), 911 (s), 772 (s), 730 (s), 699 (s); HRMS (ESI) 

calcd for C26H26NO4
+ [M+H]+ 416.1856; found 416.1858. 
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3.234b, minor diastereoisomer, colorless oil (36 mg, 0.087 mmol, 29 % yield). Rf 0.40 

(Pentane:Et2O 80:20); 1H NMR (400 MHz, Chloroform-d)281 δ 7.71 (d, J = 8.0 Hz, 1H, ArH), 

7.53 (d, J = 7.8 Hz, 1H, ArH), 7.49 – 7.42 (m, 2H, ArH), 7.36 (ddd, J = 8.0, 6.7, 1.2 Hz, 1H, 

ArH), 7.31 – 7.27 (m, 2H, ArH), 7.24 (d, J = 1.7 Hz, 2H, ArH), 7.21 – 7.17 (m, 2H, ArH), 6.52 

(d, J = 7.5 Hz, 1H, ArH), 4.48 (d, J = 5.7 Hz, 1H, CHNH), 3.92 (s, 3H, OCH3), 3.41 (s, 3H, 

OCH3), 3.01 (d, J = 4.4 Hz, 1H, CHCH2), 2.51 – 2.36 (m, 1H, NHCHCH2CH2), 2.20 (dd, J = 

13.5, 8.3 Hz, 1H, NHCHCH2CH2), 2.08 (dd, J = 14.9, 9.5 Hz, 1H, NHCHCH2), 1.51 – 1.41 (m, 

1H, NHCHCH2); 13C NMR (101 MHz, Chloroform-d) δ 168.1, 167.5, 141.8, 134.8, 134.3, 

129.9, 129.7, 129.3, 128.7, 128.3, 128.3, 126.4, 125.8, 124.9, 124.0, 119.7, 117.9, 105.6, 59.1, 

53.2, 52.8, 51.1, 42.4, 36.8, 29.5, 25.1; IR �̃�max 3420 (w), 3060 (w), 2953 (m), 1733 (s), 1580 

(m), 1526 (m), 1476 (m), 1440 (m), 1407 (m), 1254 (s), 1210 (m), 1126 (m), 1019 (w), 908 

(m), 770 (m), 735 (s), 703 (m); HRMS (ESI) calcd for C26H25NNaO4
+ [M+Na]+ 438.1676; 

found 438.1680. 

 

Dimethyl 2-((4-methoxyphenyl)amino)-1-phenylbicyclo[3.1.0]hexane-6,6-dicarboxylate 

(3.237) 

 

Following the general procedure G, starting from dimethyl dimethyl 2-phenylcycloprop-2-ene-

1,1-dicarboxylate (3.102) (70 mg, 0.30 mmol, 1.0 equiv.) and N-cyclopropyl-4-methoxy-2-

methylaniline (3.235) (96 mg, 0.54 mmol, 1.8 equiv.), the title compound 3.237 (57:43 dr in 

the crude 1H NMR) was obtained as an inseparable mixture of two diastereoisomers after 

purification by column chromatography on Biotage (SNAP cartridge KP-SIL 25 g, 

Pentane:Et2O:DCM 85:10:5) and as a yellow oil (87 mg, 0.21 mmol, 71% yield). Rf  0.40 

(Pentane:Et2O:DCM 70:20:10); 1H NMR (400 MHz, Chloroform-d)281 major diastereoisomer 

δ 7.33 – 7.27 (m, 2H, ArH), 7.23 – 7.13 (m, 3H, ArH), 6.66 – 6.63 (m, 1H, ArH), 6.48 (d, J = 

3.0 Hz, 1H, ArH), 6.25 (d, J = 8.8 Hz, 1H, ArH), 4.37 (t, J = 9.1 Hz, 1H, CHNH), 3.86 (s, 3H, 

COOCH3), 3.68 (s, 3H, OCH3), 3.42 (s, 3H, COOCH3), 2.65 (d, J = 4.4 Hz, 1H, CHCH2), 2.46 

– 2.35 (m, 1H, NHCHCH2CH2), 2.27 (s, 3H, CH3), 2.23 (dd, J = 9.3, 1.7 Hz, 1H, NHCHCH2), 

2.20 – 2.11 (m, 1H, NHCHCH2CH2), 0.97 – 0.80 (m, 1H, NHCHCH2); minor diastereoisomer  

δ 7.43 – 7.35 (m, 3H, ArH), 7.32 – 7.30 (m, 2H, ArH), 6.64 – 6.62 (m, 1H, ArH), 6.57 (d, J = 

2.8 Hz, 1H, ArH), 6.50 (d, J = 3.0 Hz, 1H, ArH), 4.22 (d, J = 5.7 Hz, 1H, CHNH), 3.88 (s, 3H, 

COOCH3), 3.70 (s, 3H, OCH3), 3.39 (s, 3H, COOCH3), 2.94 (d, J = 4.3 Hz, 1H, CHCH2), 2.39 

– 2.34 (m, 1H, NHCHCH2CH2), 2.24 – 2.21 (m, 1H, NHCHCH2CH2), 2.01 – 1.90 (m, 1H, 

NHCHCH2), 1.63 (s, 3H, CH3), 1.43 – 1.31 (m, 1H, NHCHCH2); 13C NMR (101 MHz, 

Chloroform-d) major diastereoisomer δ 170.3, 167.8, 137.8, 130.0, 129.8, 129.4, 128.9, 128.3, 

128.2, 127.3, 117.0, 111.6, 64.5, 55.9, 53.5, 52.8, 51.0, 42.4, 36.9, 28.2, 24.6, 18.2; minor 
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diastereoisomer δ 168.0, 167.4, 137.8, 130.0, 129.3, 129.1, 128.9, 128.3, 128.2, 127.3, 117.2, 

111.4, 64.5, 55.9, 53.1, 52.7, 50.5, 42.1, 34.9, 29.8, 25.0, 17.3; IR �̃�max 3391 (w), 2953 (m), 

2844 (w), 1727 (s), 1511 (s), 1435 (m), 1225 (s), 1120 (s), 1054 (w), 910 (m), 733 (s), 700 (m); 

HRMS (ESI) calcd for C24H28NO5
+ [M+H]+ 410.1962; found 410.1957. 

 

Dimethyl 2-((4-methoxy-2,6-dimethylphenyl)amino)-1-phenylbicyclo[3.1.0]hexane-6,6-

dicarboxylate (3.238) 
 

Following the general procedure G, starting from dimethyl dimethyl 2-phenylcycloprop-2-ene-

1,1-dicarboxylate (3.102) (70 mg, 0.30 mmol, 1.0 equiv.) and N-cyclopropyl-4-methoxy-2,6-

dimethylaniline (3.236) (0.10 g, 0.54 mmol, 1.8 equiv.), the title compound 3.238 (84:16 dr in 

the crude 1H NMR) was obtained as a separable mixture of two diastereoisomers after 

purification by column chromatography on Biotage (SNAP cartridge KP-SIL 25 g, 

Pentane:Et2O 95:5 to 85:15). 

 

3.238a, major diastereoisomer, pale yellow oil (29 mg, 0.068 mmol, 23 % yield). Rf 0.42 

(Pentane:Et2O 70:30); 1H NMR (400 MHz, Chloroform-d) δ 7.35 – 7.26 (m, 2H, ArH), 7.23 

– 7.18 (m, 2H, ArH), 7.17 – 7.12 (m, 1H, ArH), 6.35 (s, 2H, ArH), 4.15 (bs, 1H, NH), 3.84 (s, 

4H, COOCH3 & CHNH), 3.60 (s, 3H, OCH3), 3.37 (s, 3H, COOCH3), 2.55 – 2.50 (m, 1H, 

CHCH2), 2.11 – 2.02 (m, 2H, NHCHCH2CH2), 1.81 (m, 7H, NHCHCH2 & CH3), 1.07 – 0.87 

(m, 1H, NHCHCH2); 13C NMR (101 MHz, Chloroform-d) δ 170.5, 168.1, 154.2, 138.9, 138.3, 

131.4, 129.5, 128.0, 127.2, 114.1, 68.5, 55.4, 53.4, 52.8, 50.7, 41.8, 34.5, 28.5, 24.2, 18.8; IR 

�̃�max 3376 (w), 2952 (m), 2842 (w), 1727 (s), 1602 (w), 1485 (s), 1434 (s), 1306 (s), 1219 (s), 

1194 (m), 1150 (m), 1123 (s), 1064 (s), 1003 (w), 910 (m), 850 (w), 762 (m), 731 (s), 700 (s), 

649 (w); HRMS (ESI) calcd for C25H30NO5
+ [M + H]+ 424.2118; Found 424.2114. 

 

3.238b, minor diastereoisomer, pale yellow oil (4 mg, 0.009 mmol, 3 % yield). Rf 0.37 

(Pentane:Et2O 70:30); 1H NMR (400 MHz, Chloroform-d)281 δ 7.57 – 7.51 (m, 1H, ArH), 

7.33 – 7.29 (m, 2H, ArH), 7.26 – 7.22 (m, 2H, ArH), 6.49 (s, 2H, ArH), 4.18 (d, J = 5.9 Hz, 

1H, CHNH), 3.78 (s, 3H, COOCH3), 3.70 (s, 3H, OCH3), 3.35 (s, 3H, COOCH3), 2.95 (d, J = 

4.2 Hz, 1H, CHCH2), 2.52 – 2.38 (m, 1H, NHCHCH2CH2), 2.12 (m, 7H, NHCHCH2CH2 & 

CH3), 1.65 – 1.57 (m, 1H, NHCHCH2), 1.05 – 0.91 (m, 1H, NHCHCH2); 13C NMR (101 MHz, 

Chloroform-d) δ 168.2, 167.5, 133.3, 130.3, 129.7, 128.8, 128.4, 127.9, 127.7, 114.1, 62.5, 

55.4, 53.0, 52.7, 51.6, 42.6, 36.1, 27.6, 24.9, 19.3; IR �̃�max 3362 (w), 2951 (m), 2871 (w), 1739 
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(s), 1602 (w), 1481 (m), 1442 (m), 1314 (m), 1248 (s), 1212 (s), 1150 (m), 1124 (m), 1065 (m), 

1011 (w), 914 (m), 854 (w), 731 (m), 702 (m), 611 (w); HRMS (ESI) calcd for C25H30NO5
+ [M 

+ H]+ 424.2118; Found 424.2120. 

 

6,6-Difluoro-N-(4-methoxy-2,6-dimethylphenyl)-1-(p-tolyl)bicyclo[3.1.0]hexan-2-amine 

(3.239) 

 
 

Following the general procedure G, starting from 1-(3,3-difluorocycloprop-1-en-1-yl)-4-

methylbenzene (3.162) (50 mg, 0.30 mmol, 1.0 equiv.) and N-cyclopropyl-4-methoxy-2,6-

dimethylaniline (3.236) (0.10 g, 0.54 mmol, 1.8 equiv.), the title compound 3.239 (93:7 dr in 

the crude 19F NMR) was obtained after purification by column chromatography on Biotage 

(SNAP cartridge KP-SIL 25 g, Pentane:Et2O 95:5 to 90:10) as a yellow oil and as a mixture of 

diastereoisomers (61 mg, 0.14 mmol, 57% yield). Rf  0.45 (Pentane:Et2O 90:10); 1H NMR (400 

MHz, Chloroform-d) δ 7.22 (d, J = 8.0 Hz, 2H, ArH), 7.07 (d, J = 7.7 Hz, 2H, ArH), 6.44 (s, 

2H, ArH), 4.20 (dd, J = 16.4, 8.0 Hz, 1H, CHNH), 3.70 (s, 3H, OMe), 3.23 (bs, 1H, NH), 2.32 

(s, 3H, CH3), 2.24 – 2.18 (m, 2H, CF2CHCH2), 2.09 – 2.07 (m, 1H, CF2CH), 2.06 (s, 6H, CH3), 

2.06 – 2.02 (m, 1H, NHCHCH2), 1.70 – 1.59 (m, 1H, NHCHCH2); 13C NMR (101 MHz, 

Chloroform-d) δ 154.4, 138.1, 137.0, 132.5, 130.6, 129.1, 128.9, 115.7 (Hidden dd, one 

measurable constant: J = 281.8 Hz), 114.1, 67.8, 55.5, 44.8 (dd, J = 11.9, 8.1 Hz), 34.4 (dd, J 

= 12.6, 9.0 Hz), 31.4 (d, J = 7.5 Hz), 24.2, 21.3, 19.0; 19F NMR (376 MHz, Chloroform-d) δ 

-123.3 (dd, J = 160.8, 14.1 Hz, Major diastereoisomer), -124.8 (dd, J = 157.3, 18.5 Hz, Minor 

diasteroisomer), -137.6 (d, J = 160.0 Hz, Major diastereoisomer), -141.3 (d, J = 157.6 Hz, 

Minor diasteroisomer); IR �̃�max 3382 (w), 2946 (m), 2251 (w), 1902 (w), 1728 (w), 1607 (m), 

1517 (m), 1484 (s), 1440 (s), 1378 (w), 1317 (m), 1223 (s), 1194 (s), 1149 (s), 1106 (m), 1065 

(s), 1029 (m), 984 (s), 984 (s), 939 (m), 912 (s), 855 (m), 812 (s), 734 (s), 693 (m), 669 (w), 

650 (m); HRMS (ESI) calcd for C22H26F2NO+ [M+H]+ 358.1977; found 358.1984. 

 

Following the general procedure H, starting from 1-(3,3-difluorocycloprop-1-en-1-yl)-4-

methylbenzene (3.162) (50 mg, 0.30 mmol, 1.0 equiv), the title compound 3.239 (93:7 dr in the 

crude 19F NMR) was obtained after purification by column chromatography on Biotage (SNAP 

cartridge KP-SIL 25 g, Pentane:Et2O 95:5 to 90:10) as a yellow oil and as a mixture of 

diastereoisomers (78 mg, 0.22 mmol, 73% yield). With this procedure the characterization was 

the same as described above. 
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1-(4-Bromophenyl)-6,6-difluoro-N-(4-methoxy-2,6-dimethylphenyl)bicyclo[3.1.0]hexan-

2-amine (3.253) 

 

Following the general procedure H, starting from 1-bromo-4-(3,3-difluorocycloprop-1-en-1-

yl)benzene (3.194) (69 mg, 0.30 mmol, 1.0 equiv.), the title compound 3.253 (93:7 dr in the 

crude 19F NMR) was obtained after purification by column chromatography on Biotage (SNAP 

cartridge KP-SIL 25 g, Pentane:Et2O 95:5 to 90:10) as a colorless oil and as a single 

diastereoisomer (100 mg, 0.24 mmol, 79 % yield). Rf  0.37 (Pentane:Et2O 90:10); 1H NMR 

(400 MHz, Chloroform-d) δ 7.36 (d, J = 8.4 Hz, 2H, ArH), 7.16 (d, J = 8.4 Hz, 2H, ArH), 6.43 

(s, 2H, ArH), 4.20 (dt, J = 9.5, 7.2 Hz, 1H, CHNH), 3.70 (s, 3H, OMe), 3.28 (bs, 1H, NH), 2.27 

– 2.10 (m, 3H, CF2CHCH2 & NHCHCH2), 2.06 (m, 7H, CF2CH & CH3), 1.70 – 1.58 (m, 1H, 

NHCHCH2); 13C NMR (101 MHz, Chloroform-d) δ 154.6, 137.8, 134.7, 131.3, 130.9, 130.5, 

121.3, 116.7 (dd, J = 302.8, 281.9 Hz), 114.2, 67.6, 55.5, 44.6 (dd, J = 12.1, 7.8 Hz), 34.6 (dd, 

J = 12.6, 9.0 Hz), 31.4 (d, J = 7.7 Hz), 24.2, 19.0; 19F NMR (376 MHz, Chloroform-d) δ -

123.1 (dd, J = 161.7, 13.9 Hz), -137.7 (d, J = 161.3 Hz); IR �̃�max 3373 (w), 2951 (m), 2830 (w), 

1604 (w), 1489 (s), 1313 (m), 1287 (m), 1227 (s), 1196 (s), 1153 (s), 1106 (m), 1062 (s), 1013 

(m), 986 (s), 945 (w), 912 (w), 822 (s), 741 (m); HRMS (ESI) calcd for 

C21H23
79BrF2NO+ [M+H]+ 422.0926; found 422.0928. 

 

6,6-Difluoro-N-(4-methoxy-2,6-dimethylphenyl)-1-(4-methoxyphenyl)bicyclo[3.1.0]hexan 

-2-amine (3.254) 

 

Following the general procedure H, starting from 1-(3,3-difluorocycloprop-1-en-1-yl)-4-

methoxybenzene (3.192) (55 mg, 0.30 mmol, 1.0 equiv.), the title compound 3.254 (93:7 dr in 

the crude 19F NMR) was obtained after purification by column chromatography on Biotage 

(SNAP cartridge KP-SIL 25 g, Pentane:Et2O 95:5 to 90:10) as a yellow oil  and as a single 

diastereoisomer (68 mg, 0.18 mmol, 61 % yield). Rf  0.28 (Pentane:Et2O 90:10); 1H NMR (400 

MHz, Chloroform-d) δ 7.24 (d, J = 8.6 Hz, 2H, ArH), 6.80 (d, J = 8.7 Hz, 2H, ArH), 6.44 (s, 

2H, ArH), 4.18 (dt, J = 9.3, 7.3 Hz, 1H, CHNH), 3.78 (s, 3H, OMe), 3.70 (s, 3H, OMe), 3.25 

(bs, 1H, NH), 2.25 – 2.17 (m, 2H, CF2CHCH2 & NHCHCH2), 2.15 – 2.09 (m, 1H, CF2CHCH2), 

2.08 – 2.00 (m, 7H, CF2CH & CH3), 1.67 – 1.56 (m, 1H, NHCHCH2); 13C NMR (101 MHz, 

Chloroform-d) δ 158.9, 154.4, 138.2, 130.6, 130.4, 127.6, 117.3 (dd, J = 302.4, 281.9 Hz), 

114.1, 113.7, 67.9 (d, J = 2.1 Hz), 55.5, 55.4, 44.6 (dd, J = 11.9, 8.5 Hz), 34.4 (dd, J = 12.5, 8.9 

Hz), 31.4 (d, J = 7.6 Hz), 24.2, 19.0; 19F NMR (376 MHz, Chloroform-d) δ -123.3 (dd, J = 
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159.6, 13.6 Hz), -137.8 (d, J = 159.8 Hz); IR �̃�max 3379 (w), 2958 (m), 2913 (w), 2836 (w), 

1727 (w), 1614 (m), 1517 (s), 1484 (s), 1301 (m), 1247 (s), 1194 (s), 1151 (s), 1110 (w), 1066 

(s), 1029 (m), 986 (m), 910 (m), 830 (m), 737 (m), 587 (w); HRMS (ESI) calcd for 

C22H26F2NO2
+ [M+H]+ 374.1926; found 374.1929. 

 

6,6-Difluoro-N-(4-methoxy-2,6-dimethylphenyl)-1-(4-(trifluoromethyl)phenyl)bicyclo 

[3.1.0]hexan-2-amine (3.255) 

 

Following the general procedure H, starting from 1-(3,3-difluorocycloprop-1-en-1-yl)-4-

(trifluoromethyl)benzene (3.247) (66 mg, 0.30 mmol, 1.0 equiv.), the title compound 3.255 

(93:7 dr in the crude 19F NMR) was obtained after purification by column chromatography on 

Biotage (SNAP cartridge KP-SIL 25 g, Pentane:Et2O 95:5 to 90:10) as a pale yellow oil and as 

a single diastereoisomer (95 mg, 0.23 mmol, 77 % yield). Rf  0.20 (Pentane:Et2O 90:10); 1H 

NMR (400 MHz, Chloroform-d) δ 7.49 (d, J = 8.1 Hz, 2H, ArH), 7.39 (d, J = 8.1 Hz, 2H, 

ArH), 6.41 (s, 2H, ArH), 4.26 (dt, J = 9.6, 6.9 Hz, 1H, CHNH), 3.68 (s, 3H, OCH3), 3.28 (bs, 

1H, NH), 2.30 – 2.15 (m, 3H, NHCHCH2 & CF2CHCH2), 2.10 (dd, J = 14.5, 3.9 Hz, 1H, 

CF2CH), 2.07 (s, 6H, CH3), 1.73 – 1.59 (m, 1H, NHCHCH2); 13C NMR (101 MHz, 

Chloroform-d) δ 154.7, 139.8, 137.8, 130.4, 129.6, 129.3 (q, J = 32.8 Hz), 125.0 (q, J = 3.8 

Hz), 124.3 (q, J = 272.1 Hz), 116.5 (dd, J = 303.0, 282.2 Hz), 114.1, 67.6, 55.4, 44.9 (dd, J = 

12.3, 7.7 Hz), 34.9 (dd, J = 12.8, 9.2 Hz), 31.4 (d, J = 7.7 Hz), 24.2, 18.9; 19F NMR (376 MHz, 

Chloroform-d) δ -62.6, -122.9 (dd, J = 162.6, 14.4 Hz), -137.6 (d, J = 162.0 Hz); IR �̃�max 3384 

(w), 2950 (m), 2844 (w), 1611 (m), 1486 (s), 1448 (m), 1325 (s), 1201 (m), 1158 (s), 1126 (s), 

1059 (s), 1017 (m), 985 (m), 949 (w), 913 (m), 837 (m), 734 (m), 702 (m); HRMS (ESI) calcd 

for C22H23F5NO+ [M+H]+ 412.1694; found 412.1705. 
 

6,6-Difluoro-N-(4-methoxy-2,6-dimethylphenyl)-1-(m-tolyl)bicyclo[3.1.0]hexan-2-amine 

(3.256) 

 

Following the general procedure H, starting from 1-(3,3-difluorocycloprop-1-en-1-yl)-3-

methylbenzene (3.248) (50 mg, 0.30 mmol, 1.0 equiv.), the title compound 3.256 (94:6 dr in 

the crude 19F NMR) was obtained after purification by column chromatography on Biotage 

(SNAP cartridge KP-SIL 25 g, Pentane:Et2O 95:5 to 90:10) as a pale yellow oil and as a mixture 

of diastereoisomers (80 mg, 0.22 mmol, 75 % yield). Rf  0.38 (Pentane:Et2O 90:10); 1H NMR 

(400 MHz, Chloroform-d) δ 7.17 – 7.01 (m, 4H, ArH), 6.43 (s, 2H, ArH), 4.24 (dt, J = 9.8, 
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6.9 Hz, 1H, CHNH), 3.70 (s, 3H, OMe), 3.26 (bs, 1H, NH), 2.27 (s, 3H, CH3), 2.24 – 2.11 (m, 

3H, CF2CHCH2 & NHCHCH2), 2.09 – 2.03 (m, 7H, CF2CH & CH3), 1.70 – 1.60 (m, 1H, 

NHCHCH2); 13C NMR (101 MHz, Chloroform-d) δ 154.4, 138.1, 137.7, 135.5, 133.0, 130.5, 

130.1, 128.1, 126.1 (d, J = 2.5 Hz), 117.2 (dd, J = 302.6, 282.2 Hz), 114.1, 67.8, 55.4, 45.2 (dd, 

J = 11.8, 8.1 Hz), 34.6 (dd, J = 12.6, 9.1 Hz), 31.6 (d, J = 7.7 Hz), 24.2, 21.4, 19.0; 19F NMR 

(376 MHz, Chloroform-d) δ -123.1 (dd, J = 160.6, 15.3 Hz, Major diastereoisomer), -124.7 

(d, J = 158.0 Hz, Minor diasteroisomer), -137.5 (d, J = 160.9 Hz, Major diastereoisomer), -

141.2 (d, J = 157.6 Hz, Minor diasteroisomer); IR �̃�max 3379 (w), 3041 (w), 2945 (m), 1610 

(m), 1486 (s), 1449 (s), 1319 (m), 1194 (s), 1157 (m), 1103 (w), 1068 (s), 1031 (m), 986 (m), 

914 (m), 852 (m), 787 (m), 739 (m), 704 (s), 643 (w). HRMS (ESI) calcd for 

C22H26F2NO+ [M+H]+ 358.1977; found 358.1983. 

 

1-(3-Chlorophenyl)-6,6-difluoro-N-(4-methoxy-2,6-dimethylphenyl)bicyclo[3.1.0]hexan-

2-amine (3.257) 

 

Following the general procedure H, starting from 1-chloro-3-(3,3-difluorocycloprop-1-en-1-

yl)benzene (3.193) (56 mg, 0.30 mmol, 1.0 equiv.), the title compound 3.257 (92:8 dr in the 

crude 19F NMR) was obtained after purification by column chromatography on Biotage (SNAP 

cartridge KP-SIL 25 g, Pentane:Et2O 95:5 to 90:10) as a yellow oil and as a mixture of 

diastereoisomers (94 mg, 0.25 mmol, 83 % yield). Rf  0.35 (Pentane:Et2O 90:10); 1H NMR 

(400 MHz, Chloroform-d) δ 7.26 – 7.24 (m, 1H, ArH), 7.22 – 7.14 (m, 3H, ArH), 6.43 (s, 2H, 

ArH), 4.22 (q, J = 8.1 Hz, 1H, CHNH), 3.70 (s, 3H, OMe), 3.23 (bs, 1H, NH), 2.29 – 2.15 (m, 

3H, CF2CHCH2 & NHCHCH2), 2.09 – 2.03 (m, 7H, CF2CH & CH3), 1.70 – 1.60 (m, 1H, 

NHCHCH2); 13C NMR (101 MHz, Chloroform-d) δ 154.6, 137.8, 137.7, 133.9, 130.5, 129.4 

(d, J = 2.3 Hz), 129.4, 127.5, 127.5 (d, J = 2.3 Hz), 116.6 (dd, J = 302.8, 283.1 Hz), 114.2, 67.6 

(d, J = 2.0 Hz), 55.4, 44.8 (dd, J = 12.1, 7.8 Hz), 34.8 (dd, J = 12.7, 9.2 Hz), 31.5 (d, J = 7.6 

Hz), 24.1, 19.0; 19F NMR (376 MHz, Chloroform-d) δ -123.1 (dd, J = 161.8, 14.6 Hz, Major 

diastereoisomer), -124.6 (ddd, J = 158.7, 14.2, 5.0 Hz, Minor diasteroisomer), -137.6 (d, J = 

161.4 Hz, Major diastereoisomer), -141.1 (d, J = 158.0 Hz, Minor diasteroisomer); IR �̃�max 

3386 (w), 3047 (w), 2945 (m), 2843 (w), 1731 (w), 1599 (m), 1486 (s), 1322 (m), 1196 (s), 

1153 (s), 1101 (m), 1071 (s), 1027 (w), 988 (m), 912 (m), 848 (m), 785 (m), 733 (s), 694 (m); 

HRMS (ESI) calcd for C21H23ClF2NO+ [M+H]+ 378.1431; found 378.1430. 
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6,6-Difluoro-N-(4-methoxy-2,6-dimethylphenyl)-1-(3-nitrophenyl)bicyclo[3.1.0]hexan-2-

amine (3.258) 

 

Following the general procedure H, starting from 1-(3,3-difluorocycloprop-1-en-1-yl)-3-

nitrobenzene (3.249) (59 mg, 0.30 mmol, 1.0 equiv.), the title compound 3.258 (91:9 dr in the 

crude 19F NMR) was obtained after purification by column chromatography on Biotage (SNAP 

cartridge KP-SIL 25 g, Pentane:Et2O 90:10 to 80:20) as a yellow oil and as a mixture of 

diastereoisomers (87 mg, 0.22 mmol, 75 % yield). Rf  0.25 (Pentane:Et2O 70:30); 1H NMR 

(400 MHz, Chloroform-d) δ 8.09 – 8.00 (m, 2H, ArH), 7.58 (dt, J = 7.8, 1.3 Hz, 1H, ArH), 

7.37 (t, J = 7.9 Hz, 1H, ArH), 6.37 (s, 2H, ArH), 4.28 (dt, J = 9.7, 7.4 Hz, 1H, CHNH), 3.66 (s, 

3H, OCH3), 3.26 (bs, 1H, NH), 2.33 – 2.20 (m, 3H, NHCHCH2 & CF2CHCH2), 2.16 – 2.12 (m, 

1H, CF2CH), 2.07 (s, 6H, CH3), 1.74 – 1.64 (m, 1H, NHCHCH2); 13C NMR (101 MHz, 

Chloroform-d) δ 154.6, 148.0, 137.9, 137.5, 135.5, 130.3, 129.0, 124.1 (d, J = 2.6 Hz), 122.3, 

116.2 (dd, J = 302.8, 281.9 Hz), 114.1, 67.5, 55.4, 44.7 (dd, J = 12.5, 7.6 Hz), 35.2 (dd, J = 

12.7, 9.1 Hz), 31.3 (d, J = 7.7 Hz), 24.1, 18.9; 19F NMR (376 MHz, Chloroform-d) δ -122.8 

(dd, J = 162.8, 14.6 Hz, Major diastereoisomer), -124.4 (ddd, J = 159.2, 14.5, 4.6 Hz, Minor 

diasteroisomer), -137.9 (d, J = 162.8 Hz, Major diastereoisomer), -141.0 (d, J = 158.7 Hz, 

Minor diasteroisomer); IR �̃�max 3377 (w), 3081 (w), 2951 (m), 1720 (w), 1603 (w), 1529 (s), 

1486 (s), 1447 (m), 1349 (s), 1314 (m), 1197 (m), 1151 (s), 1102 (m), 1065 (s), 1032 (w), 989 

(m), 915 (w), 857 (w), 809 (w), 737 (m), 687 (m); HRMS (ESI) calcd for 

C21H23F2N2O3
+ [M+H]+ 389.1671; found 389.1677. 

 

6,6-Difluoro-N-(4-methoxy-2,6-dimethylphenyl)-1-(2-methoxyphenyl)bicyclo[3.1.0]hexan 

-2-amine (3.259) 

 

Following the general procedure H, starting from 1-(3,3-difluorocycloprop-1-en-1-yl)-2-

methoxybenzene (3.250) (55 mg, 0.30 mmol, 1.0 equiv.), the title compound 3.259 (94:6 dr in 

the crude 19F NMR) was obtained after purification by column chromatography on Biotage 

(SNAP cartridge KP-SIL 25 g, Pentane:Et2O 95:5 to 90:10) as a pale yellow oil and as a mixture 

of diastereoisomers (83 mg, 0.22 mmol, 74 % yield). Rf  0.28 (Pentane:Et2O 90:10); 1H NMR 

(400 MHz, Chloroform-d) δ 7.25 – 7.16 (m, 2H, ArH), 6.87 – 6.80 (m, 2H, ArH), 6.41 (s, 2H, 

ArH), 4.33 (dd, J = 16.5, 7.9 Hz, 1H, CHNH), 3.84 (s, 3H, OCH3), 3.69 (s, 3H, OCH3), 3.25 

(bs, 1H, NH), 2.30 – 2.15 (m, 2H, CF2CHCH2), 2.12 – 2.06 (m, 1H, NHCHCH2), 2.03 (s, 6H, 

CH3), 1.96 (dd, J = 14.9, 5.2 Hz, 1H, CF2CH), 1.64 – 1.54 (m, 1H, NHCHCH2); 13C NMR (101 
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MHz, Chloroform-d) δ 158.5, 154.2, 138.6, 131.9, 130.5, 128.7, 123.5, 120.3, 117.8 (dd, J = 

302.7, 282.8 Hz), 114.0, 110.4, 65.7, 55.5, 55.4, 41.6 (dd, J = 12.6, 7.3 Hz), 35.1 (dd, J = 12.5, 

8.8 Hz), 31.4 (d, J = 7.9 Hz), 24.2, 18.7; 19F NMR (376 MHz, Chloroform-d) δ -122.7 (dd, J 

= 160.7, 17.3 Hz, Major diastereoisomer), -127.3 (ddd, J = 158.9, 14.0, 3.5 Hz, Minor 

diasteroisomer), -137.9 (d, J = 159.5 Hz, Major diastereoisomer), -141.8 (dd, J = 336.1, 156.5 

Hz, Minor diasteroisomer); IR �̃�max 3386 (w), 2947 (m), 2840 (m), 1606 (m), 1485 (s), 1435 

(s), 1317 (m), 1241 (s), 1194 (s), 1148 (s), 1119 (m), 1065 (s), 1029 (s), 981 (s), 910 (s), 850 

(m), 795 (w), 754 (s); HRMS (ESI) calcd for C22H26F2NO2
+ [M+H]+ 374.1926; Found 

374.1930. 

 

6,6-Difluoro-N-(4-methoxy-2,6-dimethylphenyl)-1-(thiophen-3-yl)bicyclo[3.1.0]hexan-2-

amine (3.260) 

 

 

Following the general procedure H, starting from 3-(3,3-difluorocycloprop-1-en-1-

yl)thiophene (3.251) (47 mg, 0.30 mmol, 1.0 equiv.), the title compound 3.260 (95:5 dr in the 

crude 19F NMR) was obtained after purification by column chromatography on Biotage (SNAP 

cartridge KP-SIL 25 g, Pentane:Et2O 98:2 to 95:5) as a pale yellow oil and as a mixture of 

diastereoisomers (43 mg, 0.12 mmol, 41 % yield). Rf  0.52 (Pentane:Et2O 90:10); 1H NMR 

(400 MHz, Chloroform-d) δ 7.18 (dd, J = 5.0, 3.0 Hz, 1H, HetArH), 7.10 (dd, J = 3.1, 1.3 Hz, 

1H, HetArH), 6.96 (dt, J = 5.2, 1.2 Hz, 1H, HetArH), 6.48 (s, 2H, ArH), 4.33 (dt, J = 9.6, 6.7 

Hz, 1H, CHNH), 3.72 (s, 3H, OCH3), 3.27 (bs, 1H, NH), 2.22 – 2.04 (m, 10H, NHCHCH2, 

CF2CHCH2 & CF2CH), 1.69 – 1.59 (m, 1H, NHCHCH2); 13C NMR (101 MHz, Chloroform-

d) δ 154.5, 138.2, 135.9, 130.6, 127.8, 125.1, 123.1, 117.2 (hidden dd, one peak was not found 

due to overlapping), 114.2, 66.4, 55.5, 41.5 (dd, J = 12.3, 8.0 Hz), 35.5 (dd, J = 12.2, 9.0 Hz), 

31.4 (d, J = 8.0 Hz), 23.9, 19.0; 19F NMR (376 MHz, Chloroform-d) δ -124.4 (dd, J = 160.6, 

15.5 Hz, Major diastereoisomer), -125.6 (ddd, J = 157.4, 13.5, 5.0 Hz, Minor diasteroisomer), 

-138.1 (d, J = 161.4 Hz, Major diastereoisomer), -141.8 (d, J = 157.0 Hz, Minor 

diasteroisomer); IR �̃�max 3385 (w), 3105 (w), 2947 (m), 2842 (w), 1603 (m), 1486 (s), 1376 

(w), 1319 (m), 1225 (s), 1191 (m), 1151 (s), 1101 (m), 1065 (s), 1031 (w), 987 (m), 911 (m), 

853 (m), 781 (m), 733 (m), 687 (w), 646 (w); HRMS (ESI) calcd for 

C19H22F2NOS+ [M+H]+ 350.1385; found 350.1388. 
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6,6-Difluoro-N-(4-methoxy-2,6-dimethylphenyl)-1-(naphthalen-2-yl)bicyclo[3.1.0]hexan-

2-amine (3.261) 

 

Following the general procedure H, starting from 2-(3,3-difluorocycloprop-1-en-1-

yl)naphthalene (3.252) (61 mg, 0.30 mmol, 1.0 equiv.), the title compound 3.261 (93:7 dr in 

the crude 19F NMR) was obtained after purification by column chromatography on Biotage 

(SNAP cartridge KP-SIL 25 g, Pentane:Et2O 95:5 to 90:10) as a pale yellow oil and as a single 

diastereoisomer (81 mg, 0.21 mmol, 69 % yield). Rf  0.32 (Pentane:Et2O 90:10); 1H NMR (400 

MHz, Chloroform-d) δ 7.82 – 7.76 (m, 1H, ArH), 7.76 – 7.71 (m, 3H, ArH), 7.49 – 7.40 (m, 

3H, ArH), 6.37 (s, 2H, ArH), 4.35 (dd, J = 16.5, 7.9 Hz, 1H, CHNH), 3.60 (s, 3H, OMe), 3.35 

(bs, 1H, NH), 2.34 – 2.25 (m, 2H, CF2CHCH2), 2.18 (m, 2H, CF2CH & NHCHCH2), 2.05 (s, 

6H, CH3), 1.76 – 1.64 (m, 1H, NHCHCH2); 13C NMR (101 MHz, Chloroform-d)282 δ 154.4, 

138.1, 133.2, 133.0, 132.6, 130.5, 128.4, 128.0, 127.8, 127.7, 126.0, 125.9, 117.2 (dd, J = 302.7, 

282.4 Hz), 114.1, 67.6, 55.4, 45.4 (dd, J = 11.9, 8.0 Hz), 34.7 (dd, J = 12.6, 9.0 Hz), 31.7 (d, J 

= 7.6 Hz), 24.3, 19.0; 19F NMR (376 MHz, Chloroform-d) δ -123.0 (dd, J = 161.3, 15.8 Hz), 

-137.3 (d, J = 160.5 Hz); IR �̃�max 3373 (w), 3053 (w), 1610 (m), 1486 (s), 1443 (m), 1317 (m), 

1231 (m), 1194 (m), 1151 (m), 1066 (s), 1025 (w), 988 (m), 908 (s), 861 (m), 820 (m), 731 (s), 

649 (w); HRMS (ESI) calcd for C25H26F2NO+ [M+H]+ 394.1977; found 394.1969. 

 

5.4.5 Gram-scale Synthesis of 3.165 and Product Modifications 
 

Procedure for the gram scale 3+2 cycloaddition 

 

A 10 mL test tube was charged with 2,4,5,6-tetrakis(diphenylamino)isophthalonitrile (4-

DPAIPN, 3.171) (69 mg, 0.086 mmol, 0.02 equiv.), dimethyl 2-phenylcycloprop-2-ene-1,1-

dicarboxylate (3.102) (1.00 g, 4.31 mmol, 1 equiv.) and N-cyclopropylaniline (3.164) (1.03 g, 

7.75 mmol, 1.8 equiv.). The tube was sealed, evacuated and back-filled with nitrogen (3 times). 

Then 7.2 mL of degassed nitromethane (3 freeze pump thaw cycles) was added via syringe and 

the resulting mixture was irradiated at room temperature for 18 hours with Blue LEDs, 

positioned at 4 to 5 cm of the reaction vessel. The reaction mixture was then filtered through a 

small pad of silica gel eluting with Et2O, and the filtrate was concentrated under reduced 

pressure. The desired product (55:45 dr in the crude 1H NMR) was obtained as a separable 

mixture of two diastereoisomers after purification by column chromatography (SiO2, 
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Pentane:Et2O 95:5 to 90:10) affording 3.165a (755 mg, 2.07 mmol, 48 % yield) and 3.165b 

(677 mg, 1.85 mmol, 43 % yield). 

Methyl 3-oxo-2a1,4-diphenylhexahydro-4-azacyclopropa[cd]pentalene-2b(1H)-carboxyl 

ate (3.264) 

 

 

To a stirred solution of compound 3.165a (73 mg, 0.20 mmol, 1 equiv.) in THF (3.0 mL) was 

added dropwise LHMDS (1.0 M solution in THF, 0.22 mL, 0.22 mmol, 1.1 equiv.). After 20 

min stirring at room temperature, TLC monitoring indicated full conversion of the starting 

material. The reaction mixture was therefore quenched by filtration over a small pad of silica 

gel eluting with EtOAc, and the filtrate was evaporated under reduced pressure. The crude 

residue was purified by column chromatography (SiO2 previously deactivated with Et3N, 

Pentane:Et2O 60:40) affording the title compound 3.264 (0.058 g, 0.17 mmol, 87 % yield) as a 

pale yellow oil. Rf 0.25 (Pentane:Et2O 50:50); 1H NMR (400 MHz, Chloroform-d) δ 7.66 – 

7.59 (m, 2H, ArH), 7.41 – 7.29 (m, 7H, ArH), 7.18 (t, J = 7.4 Hz, 1H, ArH), 4.74 (d, J = 3.1 

Hz, 1H, CHN), 3.56 (s, 3H, OCH3), 3.30 (dd, J = 6.7, 1.5 Hz, 1H, CHCH2), 2.47 – 2.34 (m, 1H, 

NCHCH2), 2.14 – 1.99 (m, 2H, NCHCH2CH2), 1.97 – 1.86 (m, 1H, NCHCH2); 13C NMR (101 

MHz, Chloroform-d) δ 167.0, 165.9, 138.0, 134.2, 129.3, 128.8, 128.7, 128.5, 125.4, 121.8, 

69.3, 55.7, 52.6, 49.4, 38.0, 37.1, 23.9; IR �̃�max 3057 (w), 2956 (w), 2871 (w), 1734 (s), 1694 

(s), 1597 (w), 1496 (s), 1254 (s), 1219 (w), 1175 (w), 1138 (w), 1086 (m), 973 (w), 913 (m), 

828 (w), 730 (s), 696 (m), 645 (w); HRMS (ESI) calcd for C21H20NO3
+ [M+H]+ 334.1438; 

found 334.1442. 

Dimethyl 2-(1,6-diphenyl-6-azabicyclo[3.1.0]hexan-2-yl)malonate (3.266) 

 

To a stirred solution of compound 3.165b (73 mg, 0.20 mmol, 1 equiv.) in THF (3.0 mL) was 

added dropwise LHMDS (1.0 M solution in THF, 0.22 mL, 0.22 mmol, 1.1 equiv.). After 20 

min stirring at room temperature, TLC monitoring indicated full conversion of the starting 

material. The reaction mixture was therefore quenched by filtration over a small pad of silica 

gel eluting with EtOAc, and the filtrate was evaporated under reduced pressure to afford the 

pure title compound 51 without further purification (0.069 g, 0.19 mmol, 95 % yield) as a pale 

yellow oil. NMR experiments were performed in CDCl3 that was previously eluted through 

basic alumina, due to the observed acid sensitivity of 3.266. Rf  0.45 (Pentane:Et2O 70:30); 1H 

NMR (400 MHz, Chloroform-d) δ 7.31 – 7.24 (m, 4H, ArH), 7.22 – 7.17 (m, 1H, ArH), 7.12 

(t, J = 7.7 Hz, 2H, ArH), 6.87 – 6.81 (m, 3H, ArH), 3.61 (s, 3H, OCH3), 3.53 (s, 3H, OCH3), 

3.51 (d, J = 5.9 Hz, 1H, CHCHCOOCH3), 3.49 (d, J = 2.4 Hz, 1H, CHCOOCH3), 3.38 (ddd, J 
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= 8.9, 5.6, 1.4 Hz, 1H, NCH), 2.18 – 2.06 (m, 2H, NCHCH2CH2), 1.74 (ddt, J = 14.4, 8.4, 1.7 

Hz, 1H, NCHCH2CH2), 1.50 – 1.39 (m, 1H, NCHCH2CH2); 13C NMR (101 MHz, 

Chloroform-d) δ 169.3, 168.9, 148.1, 134.9, 130.1, 128.8, 128.3, 127.9, 121.5, 119.9, 59.9, 

53.6, 52.5, 52.2, 48.5, 41.6, 26.3, 25.6; IR �̃�max 3026 (w), 2950 (m), 2858 (w), 1739 (s), 1597 

(m), 1491 (m), 1442 (m), 1388 (w), 1367 (w), 1254 (s), 1199 (m), 1161 (m), 1029 (w), 930 (w), 

766 (m), 698 (m); HRMS (ESI) calcd for C22H24NO4
+ [M+H]+ 366.1700; found 366.1694. 

1-(3-Chlorophenyl)-6,6-Difluorobicyclo[3.1.0]hexan-2-amine (3.267) 

 
To a solution of 3.257 (92:8 dr, 94 mg, 0.25 mmol, 1.0 equiv.) in CH3CN (5 mL) was added 

dropwise at room temperature, a solution of CAN (546 mg, 0.995 mmol, 4.0 equiv.) in H2O (5 

mL). After 30 mins, TLC monitoring (pentane:Et2O 9:1) indicated full conversion of the 

starting material. The reaction mixture was quenched with 1 M aq. NaOH until pH = 11 was 

reached, followed by extraction with EtOAc (3 x 15 mL). The combined organic layers were 

dried over MgSO4, filtered, and concentrated under reduced pressure. The crude residue was 

purified by column chromatography (SiO2, DCM:MeOH 98:2 to 95:5) affording the title 

compound 3.267 (0.041 g, 0.168 mmol, 68 % yield) as a colorless oil and as a 93:7 mixture of 

diastereoisomers (based on 19F NMR integrations). Rf  0.55 (DCM:MeOH 95:5); 1H NMR (400 

MHz, Chloroform-d) δ 7.35 – 7.32 (m, 1H, ArH), 7.32 – 7.27 (m, 2H, ArH), 7.25 – 7.22 (m, 

1H, ArH), 3.77 (dt, J = 9.8, 7.3 Hz, 1H, CHNH2), 2.31 – 2.17 (m, 3H, CF2CHCH2 & 

NH2CHCH2), 2.09 (dd, J = 14.6, 4.8 Hz, 1H, CF2CH), 1.67 (bs, 2H, NH2), 1.63 – 1.52 (m, 1H, 

NH2CHCH2); 13C NMR (101 MHz, Chloroform-d) δ 137.7, 134.6, 130.1, 129.2 (d, J = 2.6 

Hz), 128.0, 127.4, 116.4 (dd, J = 303.4, 280.1 Hz), 63.3, 46.2 (dd, J = 11.8, 7.4 Hz), 34.9 (dd, 

J = 12.6, 9.2 Hz), 32.8 (d, J = 8.2 Hz), 24.4; 19F NMR (376 MHz, Chloroform-d) δ -122.9 

(dd, J = 161.9, 14.8, Major diastereoisomer), -125.1 (d, J = 162.0, Minor diastereoisomer), -

140.4 (d, J = 161.9, Major diastereoisomer), -141.4 (d, J = 159.3, Minor diastereoisomer); IR 

�̃�max 3381 (w), 3060 (w), 3033 (w), 2956 (m), 2882 (w), 1717 (w), 1598 (m), 1572 (m), 1477 

(m), 1446 (m), 1303 (w), 1255 (m), 1203 (s), 1072 (m), 1023 (w), 987 (s), 946 (w), 915 (w), 

874 (w), 783 (s), 733 (m), 697 (s), 603 (w); HRMS (ESI) calcd for 

C12H13ClF2N
+ [M+H]+ 244.0699; found 244.0699.  

 

Tert-butyl (-1-(3-chlorophenyl)-6,6-difluorobicyclo[3.1.0]hexan-2-yl)carbamate (3.268) 

 
To a solution of 3.267 (93:7 dr, 21 mg, 0.086 mmol, 1.0 equiv.) in DCM (0.4 mL) was added 

Boc2O (26 mg, 0.12 mmol, 1.4 equiv.) and trimethylamine (32 µL, 0.23 mmol, 2.7 equiv.), and 

the resulting mixture was left stirring overnight at room temperature. The solution was then 
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washed with aqueous citric acid (0.1 M, 1.5 mL). The aqueous layer was extracted with DCM 

(3 x 5 mL), and the combined organic layers were washed with aqueous NaHCO3 (saturated 

solution, 5 mL) and brine, dried over MgSO4, filtered and concentrated under reduced pressure. 

The crude residue was purified by preparative TLC (Pentane:EtOAc 85:15) affording 

compound 3.268 (22 mg, 0.064 mmol, 74 % yield) as a colorless oil and as a 95:5 mixture of 

diastereoisomers (based on 19F NMR integrations). Rf 0.45 (Pentane:EtOAc 80:20); 1H NMR 

(400 MHz, Acetonitrile-d3) δ 7.40 – 7.27 (m, 4H, ArH), 5.44 (d, J = 9.0, 1H, NH), 4.61 (qd, J 

= 9.6, 6.6, 1H, NHCH), 2.39 – 2.24 (m, 2H, NHCHCH2), 2.19 – 2.14 (m, 2H, NHCHCH2CH2 

& CF2CH), 1.56 – 1.46 (m, 1H, NHCHCH2CH2), 1.35 (s, 9H, Boc); 13C NMR (101 MHz, 

Acetonitrile-d3) δ 156.3, 138.3, 134.6, 131.0, 130.0, 128.6, 128.5, 117.3 (dd, J = 303.6, 277.9 

Hz), 79.6, 60.6, 45.2 – 44.7 (m), 34.3 (t, J = 10.8 Hz), 30.6 (d, J = 8.5 Hz), 28.5, 24.4; 19F NMR 

(376 MHz, Acetonitrile-d3) δ -124.4 (d, J = 161.2, Minor diastereoisomer), -125.3 (dd, J = 

160.8, 15.5, Major diastereoisomer), -139.9 (d, J = 163.0, Major diastereoisomer), -142.6 (d, 

J = 159.0, Minor diastereoisomer); IR �̃�max 3443 (m), 3339 (m), 2976 (m), 1704 (s), 1567 (w), 

1496 (s), 1448 (m), 1369 (m), 1286 (m), 1241 (m), 1167 (s), 1052 (m), 986 (m), 948 (w), 871 

(w), 781 (m), 693 (m); HRMS (ESI) calcd for C17H20ClF2NNaO2
+ [M+Na]+ 366.1043; found 

366.1048. 

 

1-(3-Chlorophenyl)-6,6-difluoro-N-neopentylbicyclo[3.1.0]hexan-2-amine (3.269) 

 
To a solution of 3.267 (93:7 dr, 21 mg, 0.086 mmol, 1.0 equiv.) in MeOH (0.8 mL) was added 

NaBH3CN (8.1 mg, 0.13 mmol, 1.5 equiv.) and pivaldehyde (19 µL, 0.17 mmol, 2.0 equiv.) 

and the resulting mixture was left stirring overnight at room temperature. The solution was then 

acidified using aqueous hydrochloric acid (0.1 M, 2.0 mL), followed by extracting with Et2O 

(2 x 5 mL). The aqueous layer was then basified with aqueous sodium hydroxide (0.1 M, 4.5 

mL), and extracted with DCM (3 x 5 mL). The DCM fractions were dried over MgSO4, filtered 

and concentrated under reduced pressure. The crude residue was purified by preparative TLC 

(Pentane:EtOAc 98:2) affording compound 3.269 (13 mg, 0.041 mmol, 48 % yield) as a pale 

yellow oil and as a 92:8 mixture of diastereoisomers (based on 19F NMR integrations). Rf 0.58 

(Pentane:EtOAc 98:2); 1H NMR (400 MHz, Chloroform-d) δ 7.47 (m, 1H, ArH), 7.27 – 7.21 

(m, 1H, ArH), 7.19 – 7.16 (m, 2H, ArH), 3.52 (dt, J = 10.3, 7.0 Hz, 1H, NHCH), 2.36 (dd, J = 

11.4, 0.7 Hz, 1H, NHCH2), 2.19 – 1.99 (m, 5H, NHCH2 & NHCHCH2 & NHCHCH2CH2 & 

CF2CH), 1.41 – 1.36 (m, 1H, NHCHCH2CH2), 0.79 (s, 9H, (CH3)3); 13C NMR (101 MHz, 

Chloroform-d) δ 138.4, 134.1, 129.4, 129.3 (d, J = 2.3 Hz), 127.4, 127.1, 116.6 (dd, J = 305.4, 

279.8 Hz), 69.3, 60.9, 44.6 (dd, J = 12.4, 8.1 Hz), 33.2 (dd, J = 12.5, 9.1 Hz), 31.8, 31.1 (d, J = 

7.1 Hz), 27.7, 24.2. 19F NMR (376 MHz, Chloroform-d) δ -124.6 (dd, J = 159.2, 14.9 Hz, 

Major diastereoisomer), -125.1 (dd, J = 157.6, 16.8 Hz, Minor diastereoisomer), -137.2 (d, J = 

159.8 Hz, Major diastereoisomer), -141.3 (d, J = 158.3 Hz, Minor diastereoisomer); IR �̃�max 

2953 (s), 2874 (m), 1736 (w), 1598 (m), 1572 (m), 1473 (s), 1364 (m), 1296 (m), 1251 (m), 

1201 (s), 1144 (s), 1091 (m), 1067 (m), 988 (m), 912 (m), 830 (w), 786 (m), 735 (s), 694 (s); 

HRMS (ESI) calcd for C17H23ClF2N
+ [M+H]+ 314.1482; found 314.1488. 
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3-Hydroxy-2,2-dimethylpropyl 2-(p-tolyl)cyclopent-2-ene-1-carboxylate (3.270) 

 

To a stirred solution of 3.203 (49.0 mg, 0.135 mmol, 1 equiv.) in acetone (4 mL) was added 

Amberlyst 15 (100 mg). The resulting suspension was stirred at room temperature for 24 h, and 

then filtered through celite. The filtrate was evaporated under reduced pressure. The crude 

residue was purified by preparative TLC (Pentane:EtOAc 80:20) affording the title compound 

3.270 (29 mg, 0.099 mmol, 73 % yield) as a white solid. Rf  0.35 (Pentane:EtOAc 80:20); m.p 

= 49-50 °C; 1H NMR (400 MHz, Chloroform-d) δ 7.32 (d, J = 8.1 Hz, 2H, ArH), 7.11 (d, J = 

7.9 Hz, 2H, ArH), 6.28 (td, J = 2.7, 1.6 Hz, 1H, C=CH), 4.00 (dddt, J = 9.4, 4.2, 2.8, 1.4 Hz, 

1H, CHCO), 3.85 (q, J = 11.0 Hz, 2H, COOCH2), 3.06 (s, 2H, CH2OH), 2.77 – 2.64 (m, 1H, 

C=CHCH2CH2), 2.62 – 2.50 (m, 1H, C=CHCH2CH2), 2.41 – 2.33 (m, 1H, C=CHCH2CH2), 

2.32 (s, 3H, CArCH3), 2.30 – 2.21 (m, 1H, C=CHCH2CH2), 0.78 (s, 6H, (CH3)2); 13C NMR (101 

MHz, Chloroform-d) δ 176.1, 141.0, 137.4, 132.7, 129.3, 129.3, 125.9, 69.8, 68.2, 51.5, 36.5, 

32.7, 29.5, 21.5, 21.3; IR �̃�max 3485 (m), 2958 (s), 1725 (s), 1617 (w), 1513 (w), 1468 (m), 

1375 (m), 1331 (m), 1268 (m), 1170 (s), 1044 (s), 962 (w), 810 (m), 740 (w); HRMS (ESI) 

calcd for C18H24NaO3+ [M+Na]+ 311.1618; found 311.1621. 
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5.4.6 Crystal Structure of 3.205b 

 

A single crystal was obtained by recrystallisation of 3.205b from a 1:1 DCM/Pentane mixture 

at room temperature. Supplementary crystallographic data for this compound have been 

deposited at Cambridge Crystallographic Data Centre (1938577) and can be obtained free of 

charge via www.ccdc.cam.ac.uk/data_request/cif. 
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5.5 Radical Amination of Cyclopropenes 

5.5.1 Synthesis of ABX (3.271), tBuABX (3.274) and ABZ (3.273) 

Reagents 

1-Hydroxy-1,2-benziodoxol-3-(1H)-one (3.276) 

 

Caution: For safety reasons, the reaction was carried out behind an antiblast shield. Following 

a reported procedure,208 2-iodobenzoic acid (3.275) (13.6 g, 54.8 mmol, 1.0 equiv) and NaIO4 

(17 g, 81 mmol, 1.0 equiv) were suspended in aq. AcOH (30% v/v, 83 mL). The mixture was 

stirred at reflux (120 °C) for 4 h. Past this time, ice-cold water (80 mL) was added under stirring, 

and the mixture was allowed to cool down to room temperature, while being protected from 

light with aluminum foil. It was then filtered, and the solid was washed with ice-cold water (3 

× 70 mL) and cold acetone (3 × 70 mL). The resulting colorless solid (3.276, 13.4 g, 50.6 mmol, 

92% yield) was allowed to dry in the air overnight and then directly used in the next step. 1H 

NMR (400 MHz, DMSO-d6) δ 8.02 (dd, J = 7.7, 1.4 Hz, 1H, ArH), 7.97 (m, 1H, ArH), 7.85 

(dd, J = 8.2, 0.7 Hz, 1H, ArH), 7.71 (td, J = 7.6, 1.2 Hz, 1H, ArH); 13C NMR (101 MHz, 

DMSO-d6) δ 167.7, 134.5, 131.5, 131.1, 130.4, 126.3, 120.4 ppm. The characterization data is 

corresponding to the reported values.208 

1-Acetoxy-1,2-benziodoxol-3-(1H)-one (3.277) 

 

Following a reported procedure,208 3.276 (5.70 g, 21.6 mmol, 1.0 equiv.) was suspended in 

acetic anhydride (20 mL). The suspension was stirred to reflux (140 °C), until it was converted 

to a clear solution. Heating was then stopped, and the solution was allowed to cool down to 

room temperature over a period of 1.5 h, resulting in the precipitation of a crystalline, colorless 

solid. Crystallization was continued at −18 °C overnight. The solid was collected by filtration 

and washed with several portions of pentane. Pure 3.277 (5.50 g, 18.0 mmol, 83% yield) was 

dried under air overnight and directly used as such. 1H NMR (400 MHz, Chloroform-d) δ 8.25 

(dd, J = 7.6, 1.4 Hz, 1H, ArH), 8.00 (dd, J = 8.3, 0.5 Hz, 1H, ArH), 7.92 (dt, J = 7.0, 1.7 Hz, 

1H, ArH), 7.71 (td, J = 7.6, 0.9 Hz, 1H, ArH), 2.25 (s, 3H, COCH3); The characterization data 

is corresponding to the reported values.208  

1-Azido-1,2-benziodoxole-3-(1H)-one (ABX, 3.271) 

 

 

Caution: For safety reasons, the reaction was carried out behind an antiblast shield. Following 

a reported procedure,208 3.277 (306 mg, 1.00 mmol, 1.0 equiv) was dissolved in dry DCM (2 



316 

 

mL). TMS-azide (0.21 mL, 1.5 mmol, 1.5 equiv) was cautiously added by syringe dropwise at 

0 °C, leading to the conversion of the initial colorless mixture to a yellowish suspension. One 

drop of TMS-triflate (ca. 0.90 μL, 5.0 mmol, 5 mol%) was finally added, and the mixture was 

stirred at 0 °C for 30 min. The solids were then filtered under low pressure suction in two 

portions (for safety reasons), washed with pentane, and dried in the air for 15 min. ABX (3.271) 

(0.246 g, 0.853 mmol, 85% yield) was obtained as a pale yellow solid. 1H NMR (400 MHz, 

CDCl3;CD3CN; 10:1) δ 8.19 (dd, J = 7.5, 1.4 Hz, 1H, ArH), 7.95 (dd, J = 8.4, 1.3 Hz, 1H, 

ArH), 7.91 (ddd, J = 8.4, 7.0, 1.4 Hz, 1H, ArH), 7.70 (ddd, J = 7.8, 6.8, 1.2 Hz, 1H, ArH); 13C 

NMR (101 MHz, CDCl3;CD3CN; 10:1) δ 166.2, 134.8, 131.8, 130.4, 125.4, 116.6, 115.4 ppm. 

The characterization data is corresponding to the reported values.208 

4-(Tert-butyl)-2-iodo-1-methylbenzene (3.282) 

 

Following a reported procedure,206b iodine (11.42 g, 45.00 mmol, 0.50 equiv) was dissolved in 

TFA (90 mL; some iodine remained undissolved) to give a violet solution. Under stirring, this 

mixture was treated with aq. HCl (37% w/w; 1.1 mL, 13 mmol, 0.15 equiv) and aq. NaNO2 

(40% w/w; 0.776 g, 4.50 mmol, 0.05 equiv), which resulted in the rapid darkening of the 

solution to red-brown-black. (1.0 mmol). 4-tert-butyltoluene (3.281) (15.5 mL, 90.0 mmol, 1.0 

equiv) was finally added. Using a balloon, oxygen was bubbled through the mixture. Stirring 

was then continued under oxygen for 4 h, after which the reaction was quenched by the addition 

of saturated sodium thiosulfate (200 mL) and sat. aq. NaHCO3 (200 mL). The mixture was 

partitioned between dichloromethane (400 mL) and deionized water (400 mL). The organic 

layer was collected, dried over MgSO4, filtered, and concentrated under vacuum to provide a 

red-brown crude oil. The latter was purified by flash chromatography (SiO2, pentane) to give 

3.282 (24.6 g, 90.0 mmol, quantitative yield) as a bright yellow oil. 1H NMR (400 MHz, 

Chloroform-d) δ 7.80 (d, J = 2.0 Hz, 1H, ArH), 7.27 (q, J = 2.4, 1.9 Hz, 1H, ArH), 7.16 (d, J 

= 7.7 Hz, 1H, ArH), 2.39 (s, 3H, CH3), 1.29 (s, 9H, tBu). The characterization data is 

corresponding to the reported values.206b  

4-(Tert-butyl)-2-iodobenzoic acid (3.283) 

 

Following a reported procedure,206b 3.282 (15.0 g, 54.7 mmol, 1.0 equiv) was dissolved in a 

mixture of water (175 mL) and pyridine (220 mL). Potassium permanganate (34.6 g, 219 mmol, 

4.0 equiv) was added to the mixture, followed by tetrabutylammonium iodide (0.303 g, 0.821 

mmol, 15 mol%). The violet suspension was refluxed under vigorous stirring for 3 days. It was 

then allowed to cool down to room temperature, and the solids were filtered off through a plug 

of Celite, which was then washed with aq. NaOH (2.0 M; 300 mL). Most of the pyridine was 

removed from the filtrate by evaporation under reduced pressure. The aqueous residue was 

washed with diethyl ether (3 × 200 mL), and it was then acidified until pH < 2 by careful 

addition of aq. HCl (37% v/v). The aqueous layer was extracted with DCM (3 × 200 mL), and 

the combined organic extracts were dried over MgSO4, filtered, and concentrated under vacuum 

to furnish the desired product as a pale yellow solid. The latter was recrystallized from hexane 

and chloroform (30 mL + 8 mL) to furnish highly the pure titled compound 3.283 (8.10 g, 26.6 
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mmol, 48%) as a sticky, pale yellow crystalline solid. 1H NMR (400 MHz, Chloroform-d) δ 

11.81 (br s, 1H, COOH), 8.05 (d, J = 1.9 Hz, 1H, ArH), 7.99 (d, J = 8.3 Hz, 1H, ArH), 7.46 

(dd, J = 8.3, 2.0 Hz, 1H, ArH), 1.33 (s, 9H, tBu); 13C NMR (101 MHz, Chloroform-d) δ 171.4, 

157.6, 139.3, 132.0, 130.0, 125.2, 95.2, 34.8, 30.9. The characterization data is corresponding 

to the reported values.206b  

6-(Tert-butyl)-3-oxo-1l3-benzo[d][1,2]iodaoxol-1(3H)-yl acetate (3.285) 

 

1) Caution: For safety reasons, the reaction was carried out behind an antiblast shield. 

Following a reported procedure,206b 3.283 (7.70 g, 25.3 mmol, 1.0 equiv) and NaIO4 

(5.42 g, 25.3 mmol, 1.0 equiv) were suspended in a 7:3 mixture of water (34.4 mL) and 

AcOH (14.7 mL). The mixture was stirred at 110 °C for 4 h (behind a safety shield). 

Full dissolution of the solids was observed a few minutes after reaching the reflux 

temperature, to give a clear, pale yellow solution. Stirring was continued while 

protecting the mixture from light with aluminum foil. Ice-cold water (35 mL) was added 

under stirring, which resulted in the immediate precipitation of a colorless solid. The 

mixture was allowed to cool down to room temperature, while being protected from 

light with aluminum foil. It was then filtered, and the solid was washed with ice-cold 

water (3 × 30 mL) and cold acetone (3 × 30 mL). The resulting colorless solid (7.15 g, 

22.3 mmol, 88%) was dried in the air overnight and then directly used in the next step. 

2) Caution: For safety reasons, the reaction was carried out behind an antiblast shield. 

Following a reported procedure,206b  the solid obtained from the previous step (7.07 g, 

22.1 mmol) was suspended in acetic anhydride (20 mL). The suspension was heated to 

reflux (140 °C) while being stirred. The complete dissolution of the solid was observed 

when the temperature was ca. 125 °C: at this point, the suspension converted into an 

offwhite, clear solution. After the temperature reached 140 °C, stirring was continued 

for 2 h. During this time, the solution became yellow. Heating was then stopped, and 

the solution was allowed to cool down to room temperature, with incipient precipitation 

of a colorless crystalline solid. The flask was then cooled to −18 °C for 3 h. 3.285 (6.80 

g, 18.8 mmol, 85% yield; 75% over 2 steps, starting 3.283) was then collected by 

filtration and washed with several portions of pentane. 1H NMR (400 MHz, 

Chloroform-d) δ 8.15 (d, J = 8.0 Hz, 1H, ArH), 7.95 (d, J = 1.5 Hz, 1H, ArH), 7.71 

(dd, J = 8.0, 1.6 Hz, 1H, ArH), 2.27 (s, 3H, COCH3), 1.41 (s, 9H, tBu); 13C NMR (101 

MHz, Chloroform-d) δ 176.2, 168.3, 161.0, 132.8, 128.9, 126.2, 125.6, 119.0, 36.2, 

31.1, 20.3. The characterization data is corresponding to the reported values.206b  

1-Azido-6-(Tert-butyl)-1l3-benzo[d][1,2]iodaoxol-3(1H)-one (tBuABX, 3.274) 

 

Caution: For safety reasons, the reaction was carried out behind an antiblast shield. Following 

a reported procedure,206b  3.285 (4.09 g, 11.3 mmol, 1.0 equiv) was dissolved in DCM (11.3 

mL) to provide a clear, pale yellow solution. The latter was cooled to 0 °C and TMS-azide (2.3 

mL, 16 mmol, 1.4 equiv) was added via syringe. Finally, TMS-triflate (0.10 mL, 0.56 mmol, 5 



318 

 

mol%) was added at 0 °C. Immediately, the reaction mixture turned bright yellow. After 2−3 

min, a pale yellow solid precipitated. Stirring was continued at 0 °C for 45 min. The cooling 

bath was removed, and hexane (50 mL) was added under stirring. The mixture was cooled to 

−20 °C for 30 min. Finally, the supernatant liquid was removed by suction filtration to provide 
tBuABX (3.274) (3.41 g, 9.88 mmol, 87%) as a pale yellow solid, which was washed with 

several portions of pentane and allowed to dry under air. 1H NMR (400 MHz, Chloroform-d) 

δ 8.20 (d, J = 8.0 Hz, 1H, ArH), 7.93 (d, J = 1.5 Hz, 1H, ArH), 7.77 (dd, J = 8.0, 1.5 Hz, 1H, 

ArH), 1.44 (s, 9H, tBu); 13C NMR (101 MHz, Chloroform-d) δ 167.3, 161.4, 133.1, 129.3, 

126.7, 122.9, 118.3, 36.3, 31.1. The characterization data is corresponding to the reported 

values.206b  

2-Iodo-N-tosylbenzamide (3.286) 

 

Following a reported procedure,206b SOCl2 (3.53 mL, 48.4 mmol, 1.2 equiv) followed by DMF 

(0.20 mL, 2.6 mmol, 0.06 equiv) were added dropwise to a solution of 2-iodobenzoic acid 

(3.275) (10.0 g, 40.3 mmol, 1.0 equiv.) in DCM (200 mL, 0.2 M), and the resulting mixture 

was stirred for 3 h at room temperature. Thereafter, the solvent was evaporated, the residue was 

dissolved in toluene (32 mL), and then the mixture was added to a solution of 4-

toluenesulfoneamide (6.90 g, 40.3 mmol, 1.0 equiv.), triethylamine (14.0 mL, 101 mmol, 2.5 

equiv), and DMAP (250 mg, 2.02 mmol, 0.05 equiv.) in EtOAc (80 mL). The mixture was 

heated for 1 h to 60 °C, then cooled to room temperature, and quenched with 1 M HCl (50 mL). 

The mixture was extracted with EtOAc (3 × 50 mL), and the combined organic extracts were 

washed with brine, dried over MgSO4, filtered, and concentrated under reduced pressure. The 

crude residue was purified by column chromatography (SiO2, DCM) affording 3.286 (15.8 g, 

39.5 mmol, 98 % yield) as a colorless oil. 1H NMR (400 MHz, Chloroform-d) δ 8.78 (s, 1H, 

NH), 8.01 (d, J = 8.4 Hz, 2H, ArH), 7.80 (dd, J = 8.0, 1.0 Hz, 1H, ArH), 7.43 − 7.31 (m, 4H, 

ArH), 7.10 (ddd, J = 8.0, 7.2, 2.0 Hz, 1H, ArH), 2.44 (s, 3H, CH3); 13C NMR (101 MHz, 

Chloroform-d) δ 165.6, 145.3, 140.2, 138.4, 134.9, 132.4, 129.5, 128.8, 128.7, 128.3, 91.6, 

21.7. The characterization data is corresponding to the reported values.206b  

3-Oxo-2-tosyl-2,3-dihydro-1H-1λ3-benzo[d][1,2]iodazol-1-yl acetate (3.287) 

 

Caution: For safety reasons, the reaction was carried out behind an antiblast shield. Following 

a reported procedure,206b mCPBA (77% pure; 8.85 g, 39.6 mmol, 1.0 equiv.) was added to a 

solution of 3.286 (15.8 g, 39.5 mmol, 1.0 equiv.) and Ac2O (160 mL, 1.68 mol, 42.4 equiv.) in 

AcOH (158 mL, 0.10 M), and the resulting mixture was heated for 48 h to 80 °C. Thereafter, 

the mixture was cooled to room temperature, and diethyl ether (150 mL) was added. Compound 

3.287 (7.13 g, 15.5 mmol, 39% yield) crystallized at 0 °C from the solution and was collected 

by filtration. 1H NMR (400 MHz, Chloroform-d) δ 8.02 − 7.95 (m, 2H, ArH), 7.95 − 7.89 (m, 

2H, ArH), 7.86 (dd, J = 8.8, 0.9 Hz, 1H, ArH), 7.80 − 7.71 (m, 1H, ArH), 7.44 (d, J = 8.1 Hz, 

2H, ArH), 2.38 (s, 3H, CH3), 2.26 (s, 3H, OCOCH3); 13C NMR (101 MHz, Chloroform-d) δ 

174.1, 162.4, 144.5, 136.8, 136.0, 132.3, 131.4, 131.2, 129.7, 128.8, 127.9, 118.0, 21.1, 20.2. 

The characterization data is corresponding to the reported values.206b  



319 

 

1-azido-2-tosyl-1,2-dihydro-3H-1λ3-benzo[d][1,2]iodazol-3-one (ABZ, 3.273) 

 

Caution: For safety reasons, the reaction was carried out behind an antiblast shield. Following 

a reported procedure,206b TMSOTf (14 μL, 0.080 mmol, 0.005 equiv) was added dropwise to a 

suspension of 3.287 (7.13 g, 15.5 mmol, 1.0 equiv.) and TMSN3 (3.0 mL, 23 mmol, 1.5 equiv.) 

in DCM (31 mL) at 0 °C. The resulting mixture was stirred for 30 min at 0 °C, and thereafter, 

the formed solid was filtered, washed with DCM and then pentane, and dried in vacuo to afford 

ABZ (3.273) (5.38 g, 12.2 mmol, 78%) as a pale yellow solid. 1H NMR (400 MHz, DMSO-

d6) δ 8.17 (dd, J = 8.3, 0.9 Hz, 1H, ArH), 8.03−7.93 (m, 2H, ArH), 7.93−7.87 (m, 2H, ArH), 

7.75 (td, J = 7.4, 0.9 Hz, 1H, ArH), 7.46 − 7.37 (m, 2H, ArH), 2.38 (s, 3H, CH3); 13C NMR 

(101 MHz, DMSO-d6) δ 162.6, 144.0, 136.7, 136.3, 132.5, 131.2, 131.2, 129.5, 128.5, 127.8, 

118.2, 21.1. The characterization data is corresponding to the reported values.206b  

5.5.2 Characterization of Quinoline 3.280 
 

Methyl 3-phenylquinoline-4-carboxylate (3.280) 

 

A 5 mL test tube was charged with 2,4,5,6-tetra(9H-carbazol-9-yl)isophthalonitrile (4CzIPN, 

3.167) (3.9 mg, 5.0 μmol, 0.05 equiv.), methyl 1,2-diphenylcycloprop-2-enecarboxylate (3.99) 

(25 mg, 0.10 mmol, 1.0 equiv.) and ABZ (3.273) (62 mg, 0.14 mmol, 1.4 equiv.). The vial was 

sealed, evacuated and back-filled with nitrogen (3 times). Then MeOH (1.0 mL) was added via 

syringe and the resulting reaction mixture was left stirring overnight under blue LED 

irradiation. The reaction mixture was filtered through a small plug of celite eluting with EtOAc, 

and the filtrate was evaporated under reduced pressure. The obtained crude residue was purified 

by preparative TLC (SiO2, Pentane:EtOAc 85:15) to afford compound 3.280 (6 mg, 0.02 mmol, 

23% yield) as a yellow oil. Rf 0.42 (Pentane:EtOAc 90:10); 1H NMR (400 MHz, Chloroform-

d) δ 9.02 (s, 1H, HetArH), 8.19 (d, J = 8.3 Hz, 1H, HetArH), 7.92 (d, J = 8.5 Hz, 1H, HetArH), 

7.78 (ddd, J = 8.4, 6.9, 1.4 Hz, 1H, HetArH), 7.65 (ddd, J = 8.2, 6.8, 1.3 Hz, 1H, HetArH), 7.53 

– 7.45 (m, 5H, ArH), 3.78 (s, 3H, CO2CH3); 13C NMR (101 MHz, Chloroform-d) δ 168.1, 

151.5, 147.3, 137.2, 137.1, 131.8, 130.0, 129.9, 129.0, 128.8, 128.5, 128.2, 125.1, 123.9, 52.7; 

IR �̃�max 3060 (m), 2924 (m), 2855 (m), 1731 (s), 1611 (m), 1575 (m), 1500 (m), 1442 (m), 1375 

(m), 1321 (m), 1255 (s), 1223 (s), 1133 (m), 1096 (m), 1029 (m), 951 (m), 765 (s), 705 (s) ; 

HRMS (ESI) calcd for C17H14NO2
+ [M+H]+ 264.1019; found 264.1020. 
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5.5.3 Preparation of Starting Materials 

5.5.3.1 Synthesis of Diazo Compounds 

General procedure I: Synthesis of α-aryldiazo compounds. 

 

Following a slightly modified procedure,285 DBU (1.6 equiv.) and the indicated α-aryl-acetate 

or -ketone (1.0 equiv.) were added to a solution of pABSA (1.5 equiv.) in CH3CN (0.5 M) at 

room temperature and the resulting mixture was stirred for 18 hours. The reaction mixture was 

then diluted with distilled water and extracted with diethyl ether. The combined organic layers 

were washed with a 10% NaHCO3 solution and brine, then dried over MgSO4, filtered, and 

concentrated under reduced pressure. The crude residue was purified by column 

chromatography with the indicated solvents. 

4-Diazoisochroman-3-one (3.290) 

 

Following the general procedure I, starting from isochroman-3-one (741 mg, 5.00 mmol, 1.0 

equiv.), the title compound 3.290 was obtained after purification by column chromatography 

on Biotage (Büchi flashpure cartridge 40 g, Pentane:EtOAc 90:10) as an orange solid (426 mg, 

2.45 mmol, 49% yield). 1H NMR (400 MHz, Chloroform-d) δ 7.42–7.34 (m, 1H, ArH), 7.23–

7.15 (m, 2H, ArH), 6.96 (d, J = 7.8 Hz, 1H, ArH), 5.33 (s, 2H, CH2); 13C NMR (101 MHz, 

Chloroform-d) δ 165.1, 129.1, 125.4, 125.3, 124.7, 122.3, 118.9, 69.8. One carbon was not 

resolved. The characterization data correspond to the reported values.286 

1-Diazo-1-phenylbutan-2-one (3.291) 

 

Following the general procedure I, starting from 1-phenylbutan-2-one (0.75 mL, 5.0 mmol, 1.0 

equiv.), the title compound 3.291 was obtained after purification by column chromatography 

on Biotage (Büchi flashpure cartridge 40 g, Pentane:EtOAc 90:10) as a yellow solid (468 mg, 

2.69 mmol, 54 % yield). 1H NMR (400 MHz, Chloroform-d) 7.52 (d, J = 7.6 Hz, 2H, ArH), 

7.41 (t, J = 7.6 Hz, 2H, ArH), 7.28 (t, J = 7.6 Hz, 1H, ArH), 2.63 (q, J = 7.6 Hz, 2H, CH2CH3), 

1.21 (t, J = 7.6 Hz, 3H, CH2CH3); 13C NMR (101 MHz, Chloroform-d) δ 193.7, 129.1, 127.0, 

126.0, 124.1, 32.6, 8.7. One carbon was not resolved. The characterization data correspond to 

the reported values.287 

 
285 W.-Y. Yu, Y.-T. Tsoi, Z. Zhou, A. S. C. Chan, Org. Lett. 2009, 11, 469–472. 
286 S. F. Zhu, X. G. Song, Y. Li, Y. Cai, Q. L. Zhou, J. Am. Chem. Soc. 2010, 132, 16374–16376. 
287 H. Tomioka, H. Okuno, S. Hondo, Y. Izawa, J. Am. Chem. Soc. 1980, 102, 7123–7125. 
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Ethyl 2-(4-bromophenyl)-2-diazoacetate (3.292) 

 

Following the general procedure I, starting from ethyl 2-(4-bromophenyl)acetate (1.30 g, 5.35 

mmol, 1.0 equiv.), the title compound 3.292 was obtained after purification by column 

chromatography on Biotage (Büchi flashpure cartridge 40 g, Pentane:EtOAc 90:10) as an 

orange solid (1.33 g, 4.94 mmol, 92 % yield). 1H NMR (400 MHz, Chloroform-d) δ 7.55 – 

7.45 (m, 2H, ArH), 7.40 – 7.32 (m, 2H, ArH), 4.33 (q, J = 7.1 Hz, 2H, CO2CH2CH3), 1.34 (t, J 

= 7.1 Hz, 3H, CO2CH2CH3); 13C NMR (101 MHz, Chloroform-d) δ 165.3, 132.1, 125.4, 

125.2, 119.5, 61.3, 14.7. One carbon was not resolved. The characterization data correspond to 

the reported values.288  

Methyl 2-diazo-2-(4-methoxyphenyl)acetate (3.293) 

 

Following the general procedure I, starting from methyl 2-(4-methoxyphenyl)acetate (1.20 g, 

6.66 mmol, 1.0 equiv.), the title compound 3.293 was obtained after purification by column 

chromatography on Biotage (Büchi flashpure cartridge 40 g, Pentane:EtOAc 95:5) as an orange 

solid (838 mg, 4.06 mmol, 61 % yield). 1H NMR (400 MHz, Chloroform-d) δ 7.42 – 7.34 (m, 

2H, ArH), 6.99 – 6.87 (m, 2H, ArH), 3.85 (s, 3H, CO2CH3), 3.81 (s, 3H, OCH3); 13C NMR 

(101 MHz, Chloroform-d) δ 166.2, 158.2, 126.1, 116.7, 114.5, 55.5, 51.7. One carbon was not 

resolved. The characterization data correspond to the reported values.289  

Methyl 2-diazo-2-(p-tolyl)acetate (3.294) 

 

Following the general procedure I, starting from methyl 2-(p-tolyl)acetate (800 mg, 4.87 mmol, 

1.0 equiv.), the title compound 3.294 was obtained after purification by column 

chromatography on Biotage (Büchi flashpure cartridge 40 g, Pentane:EtOAc 95:5) as a red 

liquid (840 mg, 4.42 mmol, 91 % yield). 1H NMR (400 MHz, Chloroform-d) δ 7.42 – 7.32 

(m, 2H, ArH), 7.23 – 7.17 (m, 2H, ArH), 3.86 (s, 3H, CO2CH3), 2.35 (s, 3H, CH3); 13C NMR 

(101 MHz, Chloroform-d) δ 165.9, 135.8, 129.7, 124.2, 122.1, 52.0, 21.1. One carbon was not 

resolved. The characterization data correspond to the reported values.289  

 

 

 

 
288 N. D. Hahn, M. Nieger, K. H. Dötz, J. Organomet. Chem. 2004, 16, 2662–2673. 
289 H. M. L. Davies, T. Hansen, M. R. Churchill, J. Am. Chem. Soc. 2000, 122, 3063–3070. 
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Methyl 2-diazo-2-(3,4-dimethoxyphenyl)acetate (3.295) 

 

Following the general procedure I, starting from methyl 2-(3,4-dimethoxyphenyl)acetate (1.00 

g, 4.76 mmol, 1.0 equiv.), the title compound 3.295 was obtained after purification by column 

chromatography on Biotage (Büchi flashpure cartridge 40 g, Pentane:EtOAc 90:10 to 80: 20) 

as a red liquid (756 mg, 3.20 mmol, 67% yield). 1H NMR (400 MHz, Chloroform-d) δ 7.18 

(d, J = 1.9 Hz, 1H, ArH), 6.92 – 6.84 (m, 2H, ArH), 3.90 (s, 3H, OCH3), 3.88 (s, 3H, OCH3), 

3.86 (s, 3H, CO2CH3); 13C NMR (101 MHz, Chloroform-d) δ 166.3, 149.6, 147.5, 117.5, 

116.6, 111.8, 108.5, 62.7, 56.1, 56.1, 52.1. The characterization data correspond to the reported 

values.290 

Methyl 2-diazo-2-(2-fluorophenyl)acetate (3.296) 

 

Following the general procedure I, starting from methyl 2-(2-fluorophenyl)acetate (800 mg, 

4.76 mmol, 1.0 equiv.), the title compound 3.296 was obtained after purification by column 

chromatography on Biotage (Büchi flashpure cartridge 40 g, Pentane:EtOAc 95:5) as a yellow 

oil (900 mg, 4.64 mmol, 97 % yield). 1H NMR (400 MHz, Chloroform-d) δ 7.69 (td, J = 7.8, 

2.0 Hz, 1H, ArH), 7.29 – 7.15 (m, 2H, ArH), 7.08 (ddd, J = 11.2, 8.0, 1.7 Hz, 1H, ArH), 3.86 

(s, 3H, CO2CH3); 13C NMR (101 MHz, Chloroform-d) δ 165.9, 158.7 (d, J = 248.9 Hz), 129.8, 

128.9 (d, J = 8.4 Hz), 124.6 (d, J = 3.5 Hz), 116.1 (d, J = 21.3 Hz), 113.9 (d, J = 11.9 Hz), 52.4. 

One carbon was not resolved. The characterization data correspond to the reported values.291 

Methyl 2-(2-chloro-4-fluorophenyl)-2-diazoacetate (3.297) 

 

Following the general procedure I, starting from methyl 2-(2-chloro-4-fluorophenyl)acetate 

(900 mg, 4.44 mmol, 1.0 equiv.), the title compound 3.297 was obtained after purification by 

column chromatography on Biotage (Büchi flashpure cartridge 40 g, Pentane:EtOAc 95:5) as a 

yellow oil (941 mg, 4.12 mmol, 93 % yield). Rf 0.55 (Pentane:EtOAc 95:5); 1H NMR (400 

MHz, Chloroform-d) δ 7.52 (dd, J = 8.8, 6.0 Hz, 1H, ArH), 7.19 (dd, J = 8.4, 2.7 Hz, 1H, 

ArH), 7.06 (ddd, J = 8.8, 7.8, 2.7 Hz, 1H, ArH), 3.84 (s, 3H, CO2CH3); 13C NMR (101 MHz, 

Chloroform-d) δ 166.0, 162.5 (d, J = 252.4 Hz), 135.1 (d, J = 10.6 Hz), 133.8 (d, J = 9.1 Hz), 

120.2 (d, J = 3.7 Hz), 117.5 (d, J = 25.1 Hz), 115.0 (d, J = 21.6 Hz), 61.1, 52.5; 19F NMR (376 

MHz, Chloroform-d) δ -110.6; IR �̃�max 3082 (w), 3001 (w), 2956 (w), 2100 (s), 1703 (s), 1598 

(m), 1495 (s), 1442 (m), 1394 (m), 1347 (m), 1290 (s), 1258 (s), 1201 (s), 1161 (m), 1066 (m), 

 
290 N. R. O’Connor, P. Bolgar, B. M. Stoltz, Tetrahedron Lett. 2016, 57, 849–851. 
291 T. C. Maier, G. C. Fu, J. Am. Chem. Soc. 2006, 128, 4594–4595. 
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1023 (m), 920 (m), 891 (m), 865 (m), 822 (m), 743 (m), 694 (w), 607 (m); HRMS (ESI) calcd 

for C9H7ClFN2O2
+ [M+H]+ 229.0175; found 229.0170. 

Methyl 2-diazo-2-(naphthalen-1-yl)acetate (3.298) 

 

Following the general procedure I, starting from methyl 2-(naphthalen-1-yl)acetate (2.00 g, 

9.99 mmol, 1.0 equiv.), the title compound 3.298 was obtained after purification by column 

chromatography on Biotage (Büchi flashpure cartridge 40 g, Pentane:EtOAc 95:5) as a red 

liquid (2.05 g, 9.04 mmol, 90 % yield). 1H NMR (400 MHz, Chloroform-d) δ 7.94 – 7.85 (m, 

3H, ArH), 7.66 – 7.51 (m, 4H, ArH), 3.86 (s, 3H, CO2CH3); 13C NMR (101 MHz, Chloroform-

d) δ 166.8, 134.2, 131.5, 129.7, 129.6, 128.7, 126.4, 126.2, 125.3, 124.4, 122.2, 52.1. One 

carbon was not resolved. The characterization data correspond to the reported values.293 

Ethyl 2-diazo-2-(naphthalen-2-yl)acetate (3.299) 

 

Following the general procedure I, starting from ethyl 2-(naphthalen-2-yl)acetate (952 mg, 4.45 

mmol, 1.0 equiv.), the title compound 3.299 was obtained after purification by column 

chromatography on Biotage (Büchi flashpure cartridge 40 g, Pentane:EtOAc 95:5) as an orange 

solid (897 mg, 3.73 mmol, 84 % yield). 1H NMR (400 MHz, Chloroform-d) δ 8.02 (d, J = 1.9 

Hz, 1H, ArH), 7.85 (d, J = 8.7 Hz, 1H, ArH), 7.80 (d, J = 8.8 Hz, 2H, ArH), 7.55 (dd, J = 8.7, 

2.0 Hz, 1H, ArH), 7.51 – 7.40 (m, 2H, ArH), 4.38 (q, J = 7.1 Hz, 2H, CH2CH3), 1.38 (t, J = 7.1 

Hz, 3H, CH2CH3); 13C NMR (101 MHz, Chloroform-d) δ 165.5, 133.8, 131.6, 128.8, 127.8, 

127.8, 126.7, 125.9, 123.0, 122.7, 122.1, 61.2, 14.7. One carbon was not resolved. The 

characterization data correspond to the reported values.292 

Methyl 2-diazo-2-(thiophen-3-yl)acetate (3.300) 

 

Following the general procedure I, starting from methyl 2-(thiophen-3-yl)acetate (830 mg, 5.31 

mmol, 1.0 equiv.), the title compound 3.300 was obtained after purification by column 

chromatography on Biotage (Büchi flashpure cartridge 40 g, Pentane:EtOAc 95:5) as a red 

liquid (758 mg, 4.16 mmol, 78 % yield). 1H NMR (400 MHz, Chloroform-d) δ 7.44 – 7.35 

(m, 2H, HetArH), 7.04 (dd, J = 5.0, 1.4 Hz, 1H, HetArH), 3.87 (s, 3H, CO2CH3); 13C NMR 

(101 MHz, Chloroform-d) δ 165.9, 126.4, 123.8, 123.4, 117.6, 52.1. One carbon was not 

resolved. The characterization data correspond to the reported values.293  

 

 
292 G. Chen, J. Song, Y. Yu, X. Luo, C. Li, X. Huang, Chem. Sci. 2016, 7, 1786–1790. 
293 H. M. L. Davies, R. J. Townsend, J. Org. Chem. 2001, 66, 6595–6603. 
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Methyl 2-diazo-2-(pyridin-2-yl)acetate (3.301) 

 

Following the general procedure I, starting from methyl 2-(pyridin-2-yl)acetate (800 mg, 5.29 

mmol, 1.0 equiv.), the title compound 3.301 was obtained after purification by column 

chromatography on Biotage (Büchi flashpure cartridge 40 g, Pentane:EtOAc 80:20) as a yellow 

oil (926 mg, 5.23 mmol, 99% yield). 1H NMR (400 MHz, Chloroform-d) δ 8.83 (dt, J = 7.0, 

1.1 Hz, 1H, HetArH), 8.28 (dt, J = 8.9, 1.2 Hz, 1H, HetArH), 7.56 (ddd, J = 8.8, 6.7, 1.0 Hz, 

1H, HetArH), 7.16 (td, J = 6.9, 1.3 Hz, 1H, HetArH), 4.04 (s, 3H, CO2CH3); 13C NMR (101 

MHz, Chloroform-d) δ 161.5, 134.9, 129.7, 128.9, 125.5, 118.8, 116.2, 51.9. The 

characterization data correspond to the reported values.293  

Methyl 2-diazo-2-(pyrazin-2-yl)acetate (3.302) 

 

Following the general procedure I, starting from methyl 2-(pyrazin-2-yl)acetate (800 mg, 5.26 

mmol, 1.0 equiv.), the title compound 3.302 was obtained after purification by column 

chromatography on Biotage (Büchi flashpure cartridge 40 g, Pentane:EtOAc 70:30) as a yellow 

oil (912 mg, 5.12 mmol, 97% yield). 1H NMR (400 MHz, Chloroform-d) δ 9.77 (d, J = 1.5 

Hz, 1H, HetArH), 8.74 (dd, J = 4.8, 1.6 Hz, 1H, HetArH), 8.24 (d, J = 4.8 Hz, 1H, HetArH), 

4.10 (s, 3H, CO2CH3); 13C NMR (101 MHz, Chloroform-d) δ 160.7, 146.5, 133.0, 131.1, 

129.2, 118.4, 52.5. The characterization data correspond to the reported values.293 

Tert-butyl 2-diazo-2-phenylacetate (3.305) 

 

Following a reported procedure,294 2-phenylacetic acid (3.303) (1.09 g, 8.00 mmol, 1.0 equiv), 

Boc2O (3.90 mL, 16.8 mmol, 2.1 equiv.) and DMAP (293 mg, 2.40 mmol, 0.3 equiv.) were 

dissolved in tBuOH (20 mL). The mixture was stirred at 30 °C overnight. After cooling to room 

temperature, the solvent was evaporated and the crude residue was purified by column 

chromatography on Biotage (Büchi flashpure cartridge 40 g, Pentane:EtOAc 98:2) to afford 

compound 3.304 (673 mg, 3.50 mmol, 44 % yield) as a colorless oil. 1H NMR (400 MHz, 

Chloroform-d) δ 7.37-7.04 (m, 5H, ArH), 3.45 (s, 2H, CH2), 1.36 (s, 9H, tBu); 13C NMR (101 

MHz, Chloroform-d) δ 171.2, 135.1, 129.4, 128.8, 127.3, 81.1, 42.8, 28.3. The 

characterization data correspond to the reported values.295 

 
294 M. Gao, Y. Zhao, C. Zhong, S. Liu, P. Liu, Q. Yin, L. Hu, Org. Lett. 2019, 21, 5679–5684. 
295 T. Hama, J. F. Hartwig, Org. Lett. 2008, 10, 1549–1552. 
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Following the general procedure I, starting from tert-butyl 2-phenylacetate (3.304) (673 mg, 

3.50 mmol, 1.0 equiv.), the title compound 3.305 was obtained after purification by column 

chromatography on Biotage (Büchi flashpure cartridge 40 g, Pentane:EtOAc 95:5) as a yellow 

oil (560 mg, 2.57 mmol, 73 % yield). 1H NMR (400 MHz, Chloroform-d) δ 7.44 – 7.37 (m, 

2H, ArH), 7.37 – 7.32 (m, 2H, ArH), 7.21 – 7.13 (m, 1H), 1.55 (s, 9H, tBu); 13C NMR (101 

MHz, Chloroform-d) δ 164.6, 128.9, 126.4, 125.8, 124.2, 82.2, 28.5. One carbon was not 

resolved. The characterization data correspond to the reported values.296 

(1-Diazo-2,2,2-trifluoroethyl)benzene (3.308) 

 

 

Following a reported procedure,297 TsNHNH2 (2.24 g, 12.0 mmol, 1.0 equiv) was stirred in 

MeOH (8 mL) at reflux until complete dissolution. Then the reaction vessel was cooled to room 

temperature and 2,2,2-trifluoro-1-phenylethanone (3.306) (1.69 mL, 12.0 mmol, 1.0 equiv.) 

was added in one portion. The resulting reaction mixture was then stirred at 65 °C for 12 hours, 

after which it was cooled to 0 °C, leading to the precipitation of the desired product. The latter 

was collected by vacuum filtration and washed with pentane, leading to 3.307 (1.85 g, 5.40 

mmol, 45 % yield) as a white solid. 1H NMR (400 MHz, Chloroform-d) δ 7.95 (s, 1H, NH) 

7.86 – 7.81 (m, 2H, ArH), 7.59 – 7.48 (m, 3H, ArH), 7.37 (d, J = 8.0 Hz, 2H, ArH), 7.25 (d, J 

= 8.0 Hz, 2H, ArH), 2.47 (s, 3H, CH3). 13C NMR (101 MHz, Chloroform-d) δ 145.2, 141.5 

(q, J = 35.7 Hz), 134.7, 131.6, 130.3, 129.9, 128.6, 128.2, 125.3, 120.2 (q, J = 273 Hz), 21.9. 

The characterization data correspond to the reported values.297 

 

Following a reported procedure,297 4-methyl-N'-(2,2,2-trifluoro-1-

phenylethylidene)benzenesulfonohydrazide (3.307) (1.85 g, 5.40 mmol, 1.0 equiv.) was added 

to a solution of KOH (606 mg, 10.8 mmol, 2.0 equiv.) in MeOH (13.5 mL) and the resulting 

suspension was heated to reflux for two hours. The reaction was then cooled to room 

temperature and diluted with distilled water (25 mL). It was then extracted with DCM (3 x 20 

mL) and washed with a saturated aqueous solution of NaHCO3 (20 mL) and brine (20 mL). The 

combined organic layers were dried over MgSO4, filtered, and concentrated under reduced 

pressure. The crude residue was purified by column chromatography on Biotage (Büchi 

flashpure cartridge 40 g, Pentane) leading to the title compound 3.308 (352 mg, 1.89 mmol, 35 

% yield) as a volatile red liquid. 1H NMR (400 MHz, Chloroform-d) δ 7.46 – 7.38 (m, 2H, 

ArH), 7.25 – 7.19 (m, 1H, ArH), 7.17 – 7.08 (m, 2H, ArH); 13C NMR (101 MHz, Chloroform-

d) δ 129.4, 126.4 (q, J = 270 Hz), 125.9, 123.2, 122.7. One carbon was not resolved. The 

characterization data correspond to the reported values.297 

 

 

 
296 M. Buchsteiner, L. Martinez-Rodriguez, P. Jerabek, I. Pozo, M. Patzer, N. Nöthling, C. W. Lehmann, A. Fürstner, Chem. 

Eur. J. 2020, 26, 2509–2515. 
297 E. Emer, J.  Twilton, M. Tredwell, S. Calderwood, T. L. Collier, B. Liégault, M. Taillefer, V. Gouverneur, Org. Lett. 2014, 

16, 6004–6007. 
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5.5.3.2 Synthesis of Cyclopropenes 

General procedure J: Synthesis of cyclopropenes from diazo compounds. 

 

Following a modified procedure,187 the diazo compound was dissolved in DCM (0.5 M) and 

the resulting solution was added via syringe pump to a suspension of Rh2(OAc)4 (0.01 equiv.) 

and the indicated acetylene (3.0 equiv.) in DCM (0.8 M) at room temperature over 10 hours. 

After the addition was complete, the reaction mixture was allowed to stir for another 10 hours. 

The reaction mixture was then filtered through a small pad of silica eluting with CH2Cl2 and 

the filtrate was concentrated under reduced pressure. The crude residue was purified by column 

chromatography with the indicated solvents. 

Tert-butyl 1,2-diphenylcycloprop-2-ene-1-carboxylate (3.309) 

 

Following the general procedure J, starting from tert-butyl 2-diazo-2-phenylacetate (3.305) 

(560 mg, 2.57 mmol, 1.0 equiv.) and phenylacetylene (3.12) (0.85 mL, 7.7 mmol, 3.0 equiv.), 

the title compound 3.309 was obtained after purification by column chromatography on Biotage 

(Büchi flashpure cartridge 40 g, Pentane:EtOAc 85:15) as an orange oil (310 mg, 1.06 mmol, 

41 % yield). Rf 0.36 (Pentane:EtOAc 80:20); 1H NMR (400 MHz, Chloroform-d) δ 7.66 – 

7.59 (m, 2H, ArH), 7.45 – 7.36 (m, 5H, ArH), 7.29 – 7.25 (m, 2H, ArH), 7.21 – 7.17 (m, 2H, 

ArH & C=CH), 1.44 (s, 9H, tBu); 13C NMR (101 MHz, Chloroform-d) δ 173.9, 141.7, 129.9, 

129.9, 128.9, 128.3, 128.0, 126.3, 126.0, 117.6, 100.9, 80.8, 34.8, 28.2; IR �̃�max 3134 (w), 3059 

(w), 3026 (w), 2932 (w), 1953 (w), 1711 (s), 1600 (w), 1491 (m), 1449 (m), 1390 (w), 1367 

(m), 1247 (m), 1156 (s), 1074 (w), 1031 (w), 984 (m), 915 (w), 848 (m), 764 (m), 697 (s); 

HRMS (ESI) calcd for C20H20NaO2
+ [M+Na]+ 315.1356; found 315.1355. 

 

2-Phenylspiro[cyclopropane-1,4'-isochroman]-2-en-3'-one (3.310) 

 

Following the general procedure J, starting from 4-diazoisochroman-3-one (3.290) (426 mg, 

2.45 mmol, 1.0 equiv.) and phenylacetylene (3.12) (0.80 mL, 7.3 mmol, 3.0 equiv.), the title 

compound 3.310 was obtained after purification by column chromatography on Biotage (Büchi 

flashpure cartridge 40 g, Pentane:EtOAc 80:20) as a brown solid (341 mg, 1.37 mmol, 56 % 

yield). Rf 0.24 (Pentane:EtOAc 80:20); m.p = 115-116 °C; 1H NMR (400 MHz, Chloroform-

d) δ 7.56 – 7.50 (m, 2H, ArH), 7.43 – 7.38 (m, 3H, ArH), 7.25 – 7.19 (m, 3H, ArH), 7.01 (s, 

1H, C=CH), 6.91 – 6.86 (m, 1H, ArH), 5.58 (d, J = 3.3 Hz, 2H, CH2); 13C NMR (101 MHz, 
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Chloroform-d) δ 174.9, 137.2, 132.3, 130.6, 130.4, 129.1, 128.5, 126.5, 124.0, 123.8, 123.4, 

111.3, 95.7, 69.4, 29.3; IR �̃�max 3137 (w), 3062 (w), 3031 (w), 2876 (w), 2251 (w), 1787 (w), 

1728 (s), 1602 (w), 1490 (m), 1451 (w), 1388 (m), 1240 (m), 1179 (s), 1075 (m), 1037 (m), 942 

(m), 911 (m), 841 (w), 760 (s), 734 (m), 700 (s); HRMS (ESI) calcd for C17H13O2
+ [M+H]+ 

249.0910; found 249.0908. 

1-(1,2-Diphenylcycloprop-2-en-1-yl)propan-1-one (3.311) 

 

Following the general procedure J, starting from 1-diazo-1-phenylbutan-2-one (3.291) (468 mg, 

2.69 mmol, 1.0 equiv.) and phenylacetylene (3.12) (0.89 mL, 8.1 mmol, 3.0 equiv.), the title 

compound 3.311 was obtained after purification by column chromatography on Biotage (Büchi 

flashpure cartridge 40 g, Pentane:EtOAc 95:5) as a yellow oil (280 mg, 1.13 mmol, 42 % yield). 

Rf 0.38 (Pentane:EtOAc 90:10); 1H NMR (400 MHz, Chloroform-d) δ 7.59 – 7.53 (m, 2H, 

ArH), 7.41 – 7.34 (m, 3H, ArH), 7.31 – 7.27 (m, 2H, ArH), 7.26 – 7.20 (m, 3H, ArH & C=CH), 

7.18 – 7.12 (m, 1H, ArH), 2.39 (dq, J = 17.7, 7.3 Hz, 1H, CH2), 2.24 (dq, J = 17.7, 7.2 Hz, 1H, 

CH2), 0.96 (t, J = 7.3 Hz, 3H, CH3); 13C NMR (101 MHz, Chloroform-d) δ 212.1, 141.2, 

130.3, 130.0, 129.2, 128.7, 128.3, 126.7, 125.7, 119.4, 101.9, 42.1, 32.4, 8.4; IR �̃�max 3126 (w), 

3059 (w), 3028 (w), 2976 (w), 2936 (w), 1755 (w), 1687 (m), 1600 (w), 1553 (w), 1492 (m), 

1449 (m), 1409 (w), 1343 (w), 1210 (w), 1148 (m), 1070 (m), 1027 (w), 989 (w), 913 (m), 851 

(w), 814 (w), 762 (s), 732 (m), 698 (s); HRMS (ESI) calcd for C18H17O
+ [M+H]+ 249.1274; 

found 249.1279. 

(1-(Trifluoromethyl)cycloprop-2-ene-1,2-diyl)dibenzene (3.312) 

 

Following the general procedure J, starting from (1-diazo-2,2,2-trifluoroethyl)benzene (3.308) 

(1.0 g, 5.4 mmol, 1.0 equiv.) and phenylacetylene (3.12) (1.77 mL, 16.1 mmol, 3.0 equiv.), the 

title compound 3.312 was obtained after purification by column chromatography on Biotage 

(Büchi flashpure cartridge 40 g, Pentane) as a yellow oil (867 mg, 3.33 mmol, 62 % yield). 1H 

NMR (400 MHz, Chloroform-d) δ 7.69 – 7.63 (m, 2H, ArH), 7.50 – 7.39 (m, 5H, ArH), 7.35 

– 7.29 (m, 2H, ArH), 7.29 – 7.24 (m, 1H, ArH), 7.17 (q, J = 1.6 Hz, 1H, C=CH); 13C NMR 

(101 MHz, Chloroform-d) 138.3, 130.5, 130.0, 128.9, 128.4, 126.7 (q, J = 278.4 Hz), 127.9 

(q, J = 1.7 Hz), 125.3, 117.4 (q, J = 2.4 Hz), 98.9 (q, J = 3.3 Hz), 32.1 (q, J = 35.6 Hz). The 

characterization data correspond to the reported values.298 

Ethyl 1-(4-bromophenyl)-2-phenylcycloprop-2-ene-1-carboxylate (3.313) 

 

 
298 M. Uehara, H. Suematsu, Y. Yasutomi, T. Katsuki, J. Am. Chem. Soc. 2011, 133, 170–171. 
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Following the general procedure J, starting from ethyl 2-(4-bromophenyl)-2-diazoacetate 

(3.292) (1.32 g, 4.91 mmol, 1.0 equiv.) and phenylacetylene (3.12) (1.62 mL, 14.7 mmol, 3.0 

equiv.), the title compound 3.313 was obtained after purification by column chromatography 

on Biotage (Büchi flashpure cartridge 40 g, Pentane:EtOAc 90:10) as a pale yellow oil (869 

mg, 2.53 mmol, 52 % yield). 1H NMR (400 MHz, Chloroform-d) δ 7.60 – 7.55 (m, 2H, ArH), 

7.45 – 7.35 (m, 5H, ArH), 7.27 – 7.22 (m, 2H, ArH), 7.16 (s, 1H, C=CH), 4.18 (q, J = 7.1 Hz, 

2H, CH2CH3), 1.20 (t, J = 7.1 Hz, 3H, CH2CH3); 13C NMR (101 MHz, Chloroform-d) δ 174.2, 

140.1, 131.3, 130.3, 130.2, 130.0, 129.0, 125.3, 120.5, 117.1, 99.8, 61.3, 33.4, 14.4. The 

characterization data correspond to the reported values.299  

Methyl 1-(4-methoxyphenyl)-2-phenylcycloprop-2-ene-1-carboxylate (3.314) 

 

Following the general procedure J, starting from methyl 2-diazo-2-(4-methoxyphenyl)acetate 

(3.293) (412 mg, 2.00 mmol, 1.0 equiv.) and phenylacetylene (3.12) (0.66 mL, 6.0 mmol, 3.0 

equiv.), the title compound 3.314 was obtained after purification by column chromatography 

on Biotage (Büchi flashpure cartridge 40 g, Pentane:EtOAc 90:10) as a yellow oil (252 mg, 

0.899 mmol, 45 % yield). 1H NMR (400 MHz, Chloroform-d) δ 7.65 – 7.58 (m, 2H, ArH), 

7.46 – 7.36 (m, 3H, ArH), 7.34 – 7.28 (m, 2H, ArH), 7.21 (s, 1H, C=CH), 6.89 – 6.79 (m, 2H, 

ArH), 3.78 (s, 3H, OCH3), 3.71 (s, 3H, CO2CH3); 13C NMR (101 MHz, Chloroform-d) δ 

175.5, 158.4, 133.2, 130.1, 130.0, 129.4, 129.0, 125.6, 117.8, 113.7, 100.7, 55.4, 52.4, 33.0. 

The characterization data correspond to the reported values.300 

Methyl 2-(4-(tert-butyl)phenyl)-1-(p-tolyl)cycloprop-2-enecarboxylate (3.315) 

 

Following the general procedure J, starting from methyl 2-diazo-2-(p-tolyl)acetate (3.294) (380 

mg, 2.00 mmol, 1.0 equiv.) and 1-(tert-butyl)-4-ethynylbenzene (1.1 mL, 6.0 mmol, 3.0 equiv.), 

the title compound 3.315 was obtained after purification by column chromatography on Biotage 

(Büchi flashpure cartridge 40 g, Pentane:EtOAc 95:5) as a yellow oil (282 mg, 0.880 mmol, 44 

% yield). Rf 0.48 (Pentane:EtOAc 90:10); 1H NMR (400 MHz, Chloroform-d) δ 7.59 – 7.53 

(m, 2H, ArH), 7.47 – 7.43 (m, 2H, ArH), 7.31 – 7.26 (m, 2H, ArH), 7.14 (s, 1H, C=CH), 7.12 

– 7.07 (m, 2H, ArH), 3.71 (s, 3H, CO2CH3), 2.31 (s, 3H, CH3), 1.33 (s, 9H, tBu); 13C NMR 

(101 MHz, Chloroform-d) δ 175.5, 153.5, 138.2, 136.2, 129.8, 128.9, 128.3, 126.0, 122.8, 

117.4, 99.4, 52.3, 35.1, 33.3, 31.3, 21.2; IR �̃�max 3666 (w), 3134 (w), 2961 (s), 2912 (m), 1910 

(w), 1720 (s), 1608 (w), 1508 (m), 1457 (m), 1442 (m), 1402 (m), 1371 (m), 1277 (s), 1212 (s), 

1109 (m), 1027 (s), 904 (m), 833 (s), 766 (m), 732 (m), 689 (m); HRMS (ESI) calcd for 

C22H25O2
+ [M+H]+  321.1849; found 321.1843. 

 

 

 
299 R. Hommelsheim, Y. Guo, Z. Yang, C. Empel, R. M. Koenigs, Angew. Chemie Int. Ed. 2019, 58, 1203–1207. 
300 H. M. L. Davies, G. H. Lee, Org. Lett. 2004, 6, 1233–1236. 
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Methyl 1-(p-tolyl)-2-(4-(trifluoromethoxy)phenyl)cycloprop-2-enecarboxylate (3.316) 

 

Following the general procedure J, starting from methyl 2-diazo-2-(p-tolyl)acetate (3.294) (380 

mg, 2.00 mmol, 1.0 equiv.) and 1-ethynyl-4-(trifluoromethoxy)benzene (0.92 mL, 6.0 mmol, 

3.0 equiv.), the title compound 3.316 was obtained after purification by column 

chromatography on Biotage (Büchi flashpure cartridge 40 g, Pentane:EtOAc 95:5) as a yellow 

oil (312 mg, 0.896 mmol, 45 % yield). Rf 0.45 (Pentane:EtOAc 90:10); 1H NMR (400 MHz, 

Chloroform-d) δ 7.85 – 7.77 (m, 2H, ArH), 7.46 – 7.41 (m, 5H, ArH & C=CH), 7.31 – 7.25 

(m, 2H, ArH), 3.89 (s, 3H, CO2CH3), 2.49 (s, 3H, CH3); 13C NMR (101 MHz, Chloroform-d) 

δ 175.0, 150.5 – 150.0 (m), 137.6, 136.5, 131.5, 129.1, 128.1, 124.4, 121.5, 120.4 (q, J = 278.2 

Hz), 116.8, 101.5, 52.0, 33.6, 21.2; 19F NMR (376 MHz, Chloroform-d) δ -57.7; IR �̃�max 3133 

(w), 2995 (w), 2952 (w), 1721 (m), 1597 (w), 1506 (m), 1441 (w), 1255 (s), 1212 (s), 1169 (s), 

1113 (m), 1024 (m), 906 (m), 848 (m), 819 (m), 766 (w), 731 (m), 692 (w); HRMS (ESI) calcd 

for C19H16F3O3
+ [M+H]+ 349.1046; found 349.1052. 

Methyl 2-(2-chlorophenyl)-1-phenylcycloprop-2-ene-1-carboxylate (3.317) 

 

Following the general procedure J, starting from methyl 2-diazo-2-phenylacetate (3.90) (352 

mg, 2.00 mmol, 1.0 equiv.) and 1-chloro-2-ethynylbenzene (0.73 mL, 6.0 mmol, 3.0 equiv.), 

the title compound 3.317 was obtained after purification by column chromatography on Biotage 

(Büchi flashpure cartridge 40 g, Pentane:EtOAc 95:5) as a yellow oil (329 mg, 1.16 mmol, 58 

% yield). 1H NMR (400 MHz, Chloroform-d) δ 7.56 – 7.53 (m, 1H, ArH), 7.51 – 7.47 (m, 

1H, ArH), 7.45 (s, 1H, C=CH), 7.41 – 7.36 (m, 2H, ArH), 7.35 – 7.27 (m, 4H, ArH), 7.25 – 

7.19 (m, 1H, ArH), 3.73 (s, 3H, CO2CH3); 13C NMR (101 MHz, Chloroform-d) δ 174.8, 140.6, 

136.4, 131.7, 131.0, 130.2, 128.3, 128.3, 127.1, 126.8, 124.4, 115.1, 105.1, 52.4, 33.4. The 

characterization data correspond to the reported values.301 

Methyl 1-(2-fluorophenyl)-2-phenylcycloprop-2-ene-1-carboxylate (3.318) 

 

Following the general procedure J, starting from methyl 2-diazo-2-(2-fluorophenyl)acetate 

(3.296) (900 mg, 4.64 mmol, 1.0 equiv.) and phenylacetylene (3.12) (1.53 mL, 13.9 mmol, 3.0 

equiv.), the title compound 3.318 was obtained after purification by column chromatography 

on Biotage (Büchi flashpure cartridge 40 g, Pentane:EtOAc 90:10) as a pale yellow oil (734 

mg, 2.74 mmol, 59 % yield). 1H NMR (400 MHz, Chloroform-d) δ 7.73 – 7.66 (m, 2H, ArH), 

7.48 – 7.38 (m, 3H, ArH), 7.27 (s, 1H, C=CH), 7.25 – 7.16 (m, 2H, ArH), 7.09 – 7.05 (m, 1H, 

 
301 L. Chen, D. Leslie, M. G. Coleman, J. Mack, Chem. Sci. 2018, 9, 4650–4661. 
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ArH), 7.05 – 7.01 (m, 1H, ArH), 3.71 (s, 3H, CO2CH3); 13C NMR (101 MHz, Chloroform-d) 

δ 174.9, 161.7 (d, J = 244.6 Hz), 130.2, 130.1, 130.0 (d, J = 4.5 Hz), 129.2, 128.9 (d, J = 8.7 

Hz), 125.4, 124.2 (d, J = 3.4 Hz), 119.2, 115.5 (d, J = 22.1 Hz), 99.7, 52.3, 29.8. The 

characterization data correspond to the reported values.299 

Methyl 1-(2-chloro-4-fluorophenyl)-2-(p-tolyl)cycloprop-2-enecarboxylate (3.319) 

 

Following the general procedure J, starting from methyl 2-(2-chloro-4-fluorophenyl)-2-

diazoacetate (3.297) (941 mg, 4.12 mmol, 1.0 equiv.) and 1-ethynyl-4-methylbenzene (3.161) 

(1.60 mL, 12.4 mmol, 3.0 equiv.), the title compound 3.319 was obtained after purification by 

column chromatography on Biotage (Büchi flashpure cartridge 40 g, Pentane:EtOAc 95:5) as 

an orange oil (439 mg, 1.39 mmol, 34 % yield). Rf 0.32 (Pentane:EtOAc 90:10); 1H NMR (400 

MHz, Chloroform-d) δ 7.52 (d, J = 8.1 Hz, 2H, ArH), 7.21 – 7.17 (m, 3H, ArH), 7.16 (s, 1H, 

C=CH) 7.02 (dd, J = 8.5, 2.6 Hz, 1H, ArH), 6.77 (ddd, J = 8.5, 8.0, 2.6 Hz, 1H, ArH), 3.63 (s, 

3H, CO2CH3), 2.32 (s, 3H, CH3) ; 13C NMR (101 MHz, Chloroform-d) δ 174.6, 161.6 (d, J = 

248.9 Hz), 140.7, 136.2 (d, J = 3.7 Hz), 135.7 (d, J = 10.4 Hz), 130.9 (d, J = 8.8 Hz), 129.9, 

129.7, 122.6, 118.1, 116.9 (d, J = 24.8 Hz), 114.0 (d, J = 21.0 Hz), 100.6, 52.5, 32.7, 21.6; 19F 

NMR (376 MHz, Chloroform-d) δ -113.4 (td, J = 8.2, 5.9 Hz); IR �̃�max 3139 (w), 3028 (w), 

2951 (w), 1723 (s), 1597 (m), 1490 (m), 1442 (m), 1386 (w), 1224 (s), 1115 (w), 1049 (m), 

1012 (m), 912 (m), 862 (m), 821 (m), 776 (m), 730 (s), 687 (m), 654 (w), 604 (w) ; HRMS 

(ESI) calcd for C18H15ClFO2
+ [M+H]+ 317.0739; found 317.0745. 

 

Methyl 1-(3,4-dimethoxyphenyl)-2-phenylcycloprop-2-enecarboxylate (3.320) 

 

Following the general procedure J, starting from methyl methyl 2-diazo-2-(3,4-

dimethoxyphenyl)acetate (3.295) (472 mg, 2.00 mmol, 1.0 equiv.) and ethynylbenzene (3.12) 

(0.66 mL, 6.0 mmol, 3.0 equiv.), the title compound 3.320 was obtained after purification by 

column chromatography on Biotage (Büchi flashpure cartridge 40 g, Pentane:EtOAc 85:15) as 

a yellow oil (320 mg, 1.03 mmol, 52 % yield). 1H NMR (400 MHz, Chloroform-d) δ 7.66 – 

7.58 (m, 2H, ArH), 7.48 – 7.35 (m, 3H, ArH), 7.20 (s, 1H, C=CH), 6.97 (d, J = 2.1 Hz, 1H, 

ArH), 6.91 (dd, J = 8.3, 2.1 Hz, 1H, ArH), 6.79 (d, J = 8.3 Hz, 1H, ArH), 3.84 (s, 3H, OCH3), 

3.84 (s, 3H, OCH3), 3.71 (s, 3H, CO2CH3); 13C NMR (101 MHz, Chloroform-d) δ 175.3, 

148.7, 147.9, 133.7, 130.1, 130.0, 129.0, 125.6, 120.5, 117.6, 111.9, 111.1, 100.6, 56.0, 56.0, 

52.4, 33.3. The characterization data correspond to the reported values.302 

 

 

 
302 S. R. Ovalles, J. H. Hansen, H. M. L. Davies, Org. Lett. 2011, 13, 4284–4287. 
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Methyl 2-(3,5-bis(trifluoromethyl)phenyl)-1-phenylcycloprop-2-ene-1-Carboxy- 

late (3.321) 

 

Following the general procedure J, starting from methyl 2-diazo-2-phenylacetate (3.90) (352 

mg, 2.00 mmol, 1.0 equiv.) and 1-ethynyl-3,5-bis(trifluoromethyl)benzene (1.1 mL, 6.0 mmol, 

3.0 equiv.), the title compound 3.321 was obtained after purification by column 

chromatography on Biotage (Büchi flashpure cartridge 40 g, Pentane:EtOAc 97:3) as a yellow 

oil (333 mg, 0.862 mmol, 43 % yield). Rf 0.30 (Pentane:EtOAc 95:5); 1H NMR (400 MHz, 

Chloroform-d) δ 8.00 (s, 2H, ArH), 7.86 (s, 1H, ArH), 7.50 (s, 1H, C=CH), 7.34 – 7.31 (m, 

2H, ArH), 7.31 – 7.28 (m, 2H, ArH), 7.26 – 7.23 (m, 1H, ArH), 3.73 (s, 3H, CO2CH3); 13C 

NMR (101 MHz, Chloroform-d) δ 174.2, 139.7, 132.7 (q, J = 33.8 Hz), 129.7 – 129.4 (m), 

128.6, 128.1, 128.0, 127.3, 123.5 (p, J = 3.8 Hz), 123.0 (q, J = 272.9 Hz), 116.4, 105.2, 52.7, 

34.5; 19F NMR (376 MHz, Chloroform-d) δ -63.1; IR �̃�max 3136 (w), 3031 (w), 2956 (w), 

2851 (w), 1725 (m), 1610 (w), 1495 (w), 1443 (w), 1373 (m), 1278 (s), 1176 (s), 1131 (s), 1013 

(m), 904 (m), 841 (m), 704 (m), 692 (m); HRMS (ESI) calcd for C19H12F6O2
+ [M]+ 386.0736; 

found 386.0743. 

 

Methyl 2-phenyl-1-(thiophen-3-yl)cycloprop-2-enecarboxylate (3.322) 

 

Following the general procedure J, starting from methyl 2-diazo-2-(thiophen-3-yl)acetate 

(3.300) (758 mg, 4.16 mmol, 1.0 equiv.) and phenylacetylene (3.12) (1.37 mL, 12.5 mmol, 3.0 

equiv.), the title compound 3.322 was obtained after purification by column chromatography 

on Biotage (Büchi flashpure cartridge 40 g, Pentane:EtOAc 96:4) as a brown oil (490 mg, 1.91 

mmol, 46 % yield). 1H NMR (400 MHz, Chloroform-d) δ 7.61 – 7.55 (m, 2H, ArH), 7.46 – 

7.39 (m, 3H, ArH), 7.35 (dd, J = 3.0, 1.3 Hz, 1H, HetArH), 7.19 (dd, J = 5.0, 3.0 Hz, 1H, 

HetArH), 7.11 (s, 1H, C=CH), 7.05 (dd, J = 5.0, 1.4 Hz, 1H, HetArH), 3.72 (s, 3H, CO2CH3); 
13C NMR (101 MHz, Chloroform-d) δ 174.7, 142.1, 130.0, 129.9, 128.7, 127.7, 125.0, 124.5, 

121.6, 115.6, 99.9, 52.2, 33.0. The characterization data correspond to the reported values.300 

Methyl 2-(naphthalen-2-yl)-1-phenylcycloprop-2-ene-1-carboxylate (3.323) 

 

Following the general procedure J, starting from methyl 2-diazo-2-phenylacetate (3.90) (352 

mg, 2.00 mmol, 1.0 equiv.) and 2-ethynylnaphthalene (913 mg, 6.00 mmol, 3.0 equiv.), the title 

compound 3.323 was obtained after purification by column chromatography on Biotage (Büchi 

flashpure cartridge 40 g, Pentane:EtOAc 95:5) as a white solid (389 mg, 1.29 mmol, 65 % 
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yield). 1H NMR (400 MHz, Chloroform-d) δ 8.09 – 8.06 (m, 1H, ArH), 7.91 – 7.82 (m, 3H, 

ArH), 7.72 (dd, J = 8.4, 1.6 Hz, 1H, ArH), 7.56 – 7.49 (m, 2H, ArH), 7.48 – 7.42 (m, 2H, ArH), 

7.33 – 7.27 (m, 3H, ArH & C=CH), 7.25 – 7.20 (m, 1H, ArH), 3.74 (s, 3H, CO2CH3); 13C NMR 

(101 MHz, Chloroform-d) δ 175.2, 141.0, 134.0, 133.3, 130.1, 128.9, 128.6, 128.4, 128.3, 

128.0, 127.5, 126.9, 126.7, 126.7, 122.9, 117.2, 101.3, 52.4, 33.9. The characterization data 

correspond to the reported values.300 

Methyl 1-(4-methoxyphenyl)-2-(naphthalen-2-yl)cycloprop-2-enecarboxylate (3.324) 

 

Following the general procedure J, starting from methyl 2-diazo-2-(4-methoxyphenyl)acetate 

(3.293) (412 mg, 2.00 mmol, 1.0 equiv.) and 2-ethynylnaphthalene (913 mg, 6.00 mmol, 3.0 

equiv.), the title compound 3.324 was obtained after purification by column chromatography 

on Biotage (Büchi flashpure cartridge 40 g, Pentane:EtOAc 90:10) as a yellow oil (220 mg, 

0.666 mmol, 33 % yield). Rf 0.32 (Pentane:EtOAc 90:10); 1H NMR (400 MHz, Chloroform-

d) δ 8.10 – 8.05 (m, 1H, ArH), 7.91 – 7.82 (m, 3H, ArH), 7.72 (dd, J = 8.5, 1.6 Hz, 1H, ArH), 

7.55 – 7.50 (m, 2H, ArH), 7.42 – 7.35 (m, 2H, ArH), 7.31 (s, 1H, C=CH), 6.88 – 6.82 (m, 2H, 

ArH), 3.78 (s, 3H, CO2CH3), 3.74 (s, 3H, OCH3); 13C NMR (101 MHz, Chloroform-d) δ 

175.4, 158.3, 133.9, 133.2, 133.1, 129.9, 129.4, 128.8, 128.5, 127.9, 127.4, 126.8, 126.6, 122.9, 

117.5, 113.6, 101.5, 55.3, 52.3, 33.1; IR �̃�max 3134 (m), 3051 (m), 3003 (m), 2952 (m), 2843 

(m), 2359 (m), 2333 (m), 1718 (s), 1604 (s), 1511 (s), 1460 (s), 1341 (m), 1242 (s), 1218 (s), 

1173 (s), 1103 (m), 1029 (s), 904 (s), 859 (s), 822 (s), 738 (s), 653 (s); HRMS (ESI) calcd for 

C22H18NaO3
+ [M+Na]+ 353.1148; found 353.1150. 

Ethyl 2-(4-bromophenyl)-1-(naphthalen-2-yl)cycloprop-2-enecarboxylate (3.325) 

 

Following the general procedure J, starting from ethyl 2-diazo-2-(naphthalen-2-yl)acetate 

(3.299) (481 mg, 2.00 mmol, 1.0 equiv.) and 1-bromo-4-ethynylbenzene (1.09 g, 6.00 mmol, 

3.0 equiv.), the title compound 3.325 was obtained after purification by column 

chromatography on Biotage (Büchi flashpure cartridge 40 g, Pentane:EtOAc 90:10) as a fluffy 

white solid (543 mg, 1.38 mmol, 69 % yield). Rf 0.28 (Pentane:EtOAc 90:10); m.p = 129-130 

°C; 1H NMR (400 MHz, Chloroform-d) δ 7.81 – 7.73 (m, 4H, ArH), 7.59 – 7.55 (m, 2H, 

ArH), 7.54 – 7.48 (m, 3H, ArH), 7.45 – 7.38 (m, 2H, ArH), 7.33 (s, 1H, C=CH), 4.23 (q, J = 

7.1 Hz, 2H, CO2CH2CH3), 1.23 (t, J = 7.1 Hz, 3H, CO2CH2CH3); 13C NMR (101 MHz, 

Chloroform-d) δ 174.2, 138.3, 133.3, 132.3, 132.2, 131.3, 127.8, 127.6, 127.6, 126.6, 126.5, 

126.0, 125.6, 124.5, 124.4, 116.8, 101.3, 61.1, 34.0, 14.3; IR �̃�max 3135 (w), 3056 (w), 2983 

(m), 1715 (s), 1593 (m), 1477 (m), 1392 (m), 1360 (m), 1242 (s), 1213 (s), 1176 (s), 1104 (m), 

1075 (m), 1033 (s), 909 (m), 825 (s), 745 (s), 681 (m); HRMS (ESI) calcd for 

C22H17
79BrNaO2

+ [M+Na]+ 415.0304; found 415.0315. 
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Methyl 2-(naphthalen-1-yl)-1-phenylcycloprop-2-enecarboxylate (3.326) 

 

Following the general procedure J, starting from methyl 2-diazo-2-phenylacetate (3.90) (640 

mg, 3.63 mmol, 1.0 equiv.) and 1-ethynylnaphthalene (1.55 mL, 10.9 mmol, 3.0 equiv.), the 

title compound 3.326 was obtained after purification by column chromatography on Biotage 

(Büchi flashpure cartridge 40 g, Pentane:EtOAc 95:5) as a yellow oil (556 mg, 1.85 mmol, 51 

% yield). 1H NMR (400 MHz, Chloroform-d) δ 8.45 (d, J = 8.1 Hz, 1H, ArH), 7.92 (dd, J = 

7.8, 3.0 Hz, 2H, ArH), 7.75 (dd, J = 7.1, 1.2 Hz, 1H, ArH), 7.71 – 7.63 (m, 1H, ArH), 7.62 – 

7.48 (m, 5H, ArH), 7.34 – 7.28 (m, 2H, ArH), 7.28 – 7.21 (m, 1H, ArH), 3.76 (s, 3H, CO2CH3); 
13C NMR (101 MHz, Chloroform-d) δ 175.1, 140.9, 133.7, 132.4, 130.9, 130.0, 128.8, 128.7, 

128.4, 128.2, 127.5, 126.7, 126.6, 124.4, 121.8, 115.4, 102.9, 52.4, 32.1. The characterization 

data correspond to the reported values.303 

 

Methyl 2-(2-chlorophenyl)-1-(naphthalen-1-yl)cycloprop-2-ene-1-carboxylate (3.327) 

 

Following the general procedure J, starting from methyl 2-diazo-2-(naphthalen-1-yl)acetate 

(3.298) (452 mg, 2.00 mmol, 1.0 equiv.) and 1-chloro-2-ethynylbenzene (0.73 mL, 3.0 mmol, 

3.0 equiv.), the title compound 3.327 was obtained after purification by column 

chromatography on Biotage (Büchi flashpure cartridge 40 g, Pentane:EtOAc 95:15) as an 

orange solid (385 mg, 1.15 mmol, 58 % yield). Rf 0.32 (Pentane:EtOAc 90:10); m.p = 142-

143 °C; 1H NMR (400 MHz, Chloroform-d) δ 8.19 – 8.12 (m, 1H, ArH), 7.91 – 7.84 (m, 1H, 

ArH), 7.82 – 7.75 (m, 2H, ArH), 7.74 (s, 1H, C=CH), 7.59 – 7.54 (m, 1H, ArH), 7.53 – 7.48 

(m, 2H, ArH), 7.45 (dd, J = 7.1, 1.3 Hz, 1H, ArH), 7.41 – 7.33 (m, 3H, ArH), 3.67 (s, 3H, 

CO2CH3); 13C NMR (101 MHz, Chloroform-d) δ 175.8, 138.6, 136.4, 133.9, 132.4, 131.6, 

131.0, 130.4, 129.0, 128.1, 127.2, 126.3, 125.8, 125.8, 125.7, 125.1, 124.5, 116.0, 108.6, 52.7, 

32.5; IR �̃�max 3139 (w), 3058 (w), 2951 (w), 2253 (w), 1718 (s), 1589 (w), 1509 (w), 1464 (w), 

1436 (m), 1288 (m), 1229 (s), 1056 (w), 990 (w), 910 (m), 773 (s), 732 (s), 689 (w); HRMS 

(ESI) calcd for C21H15ClNaO2
+ [M+Na]+ 357.0653; found 357.0659. 

 

 

 

 

 
303 C. Li, Y. Zeng, J. Wang, Tetrahedron Lett. 2009, 50, 2956–2959. 
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Methyl 1,2-di(naphthalen-1-yl)cycloprop-2-enecarboxylate (3.328) 

 

Following the general procedure J, starting from methyl 2-diazo-2-(naphthalen-1-yl)acetate 

(3.298) (588 mg, 2.60 mmol, 1.0 equiv.) and 1-ethynylnaphthalene (1.1 mL, 7.8 mmol, 3.0 

equiv.), the title compound 3.328 was obtained after purification by column chromatography 

on Biotage (Büchi flashpure cartridge 40 g, Pentane:EtOAc 90:10) as an orange powder (143 

mg, 0.408 mmol, 16 % yield). Rf 0.29 (Pentane:EtOAc 90:10); m.p = 172-173 °C; 1H NMR 

(400 MHz, Chloroform-d) δ 8.42 – 8.35 (m, 1H, ArH), 8.22 (dt, J = 8.4, 1.0 Hz, 1H, ArH), 

8.01 – 7.87 (m, 4H, ArH), 7.84 (s, 1H, C=CH), 7.76 (dt, J = 8.2, 1.2 Hz, 1H, ArH), 7.62 – 7.55 

(m, 5H, ArH), 7.54 – 7.50 (m, 1H, ArH), 7.31 (dd, J = 8.2, 7.1 Hz, 1H, ArH), 3.70 (s, 3H, 

CO2CH3); 13C NMR (101 MHz, Chloroform-d) δ 176.1, 139.0, 134.0, 133.8, 132.6, 132.5, 

131.0, 129.6, 129.0, 128.8, 128.0, 127.5, 126.8, 126.3, 125.9, 125.8, 125.8, 125.6, 124.8, 124.6, 

122.7, 116.4, 106.6, 52.7, 31.0; IR �̃�max 3132 (w), 3054 (m), 2949 (w), 1939 (w), 1714 (s), 1589 

(m), 1504 (m), 1439 (m), 1397 (m), 1288 (m), 1226 (s), 1174 (m), 1084 (m), 1053 (m), 1011 

(m), 994 (m), 910 (s), 778 (s), 731 (s), 647 (m) ; HRMS (ESI) calcd for C25H19O2
+ [M+H]+ 

351.1380; found 351.1380. 

 

Methyl 2-(phenanthren-9-yl)-1-phenylcycloprop-2-enecarboxylate (3.329) 

 

Following the general procedure J, starting from methyl 2-diazo-2-phenylacetate (3.90) (352 

mg, 2.00 mmol, 1.0 equiv.) and 9-ethynylphenanthrene (1.21 g, 6.00 mmol, 3.0 equiv.), the title 

compound 3.329 was obtained after purification by column chromatography on Biotage (Büchi 

flashpure cartridge 40 g, Pentane:EtOAc 95:5) as a yellow powder (342 mg, 0.976 mmol, 49 % 

yield). Rf 0.35 (Pentane:EtOAc 90:10); m.p = 150-151 °C; 1H NMR (400 MHz, Chloroform-

d) δ 8.78 – 8.71 (m, 1H, ArH), 8.68 (d, J = 8.3 Hz, 1H, ArH), 8.57 – 8.48 (m, 1H, ArH), 8.01 

(s, 1H, ArH), 7.91 (dd, J = 7.9, 1.4 Hz, 1H, ArH), 7.76 – 7.68 (m, 3H, ArH), 7.64 – 7.59 (m, 

2H, ArH & C=CH), 7.55 – 7.50 (m, 2H, ArH), 7.35 – 7.28 (m, 2H, ArH), 7.25 – 7.20 (m, 1H, 

ArH), 3.76 (s, 3H, CO2CH3); 13C NMR (101 MHz, Chloroform-d) δ 175.1, 140.8, 132.0, 

131.3, 131.2, 130.8, 130.6, 129.7, 128.5, 128.4, 128.3, 127.5, 127.4, 127.3, 126.7, 125.4, 123.2, 

122.8, 120.5, 115.1, 103.9, 52.4, 32.1; IR �̃�max 3130 (w), 3060 (w), 3027 (w), 2951 (w), 2253 

(w), 1717 (s), 1601 (w), 1495 (m), 1442 (m), 1283 (m), 1217 (s), 1114 (m), 1027 (m), 907 (s), 

857 (m), 733 (s), 613 (m); HRMS (ESI) calcd for C25H19O2
+ [M+H]+ 351.1380; found 

351.1385. 
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Methyl 2-(4,6-dihydropyren-1-yl)-1-phenylcycloprop-2-ene-1-carboxylate (3.330) 

 

Following the general procedure J, starting from methyl 2-diazo-2-phenylacetate (3.90) (352 

mg, 2.00 mmol, 1.0 equiv.) and 1-ethynylpyrene (1.36 g, 3.00 mmol, 3.0 equiv.), the title 

compound 3.330 was obtained after purification by column chromatography on Biotage (Büchi 

flashpure cartridge 40 g, Pentane:EtOAc 90:10) as an orange powder (218 mg, 0.582 mmol, 29 

% yield). Rf 0.32 (Pentane:EtOAc 90:10); m.p = 131-132 °C ; 1H NMR (400 MHz, 

Chloroform-d) δ 8.65 (d, J = 9.1 Hz, 1H, ArH), 8.27 – 8.12 (m, 6H, ArH), 8.07 – 8.03 (m, 2H, 

ArH), 7.65 (s, 1H, C=CH), 7.57 – 7.51 (m, 2H, ArH), 7.34 – 7.28 (m, 2H, ArH), 7.25 – 7.19 

(m, 1H, ArH), 3.78 (s, 3H, CO2CH3); 13C NMR (101 MHz, Chloroform-d) δ 175.3, 141.1, 

132.8, 131.3, 131.2, 130.9, 129.2, 129.0, 128.7, 128.4, 128.3, 127.9, 127.4, 126.7, 126.5, 126.3, 

126.3, 125.0, 124.5, 123.9, 118.7, 115.8, 102.7, 52.5, 32.6; IR �̃�max 3129 (w), 3045 (m), 2950 

(w), 2842 (w), 1931 (w), 1714 (s), 1592 (m), 1494 (m), 1438 (m), 1388 (w), 1273 (m), 1210 

(s), 1013 (m), 969 (m), 925 (m), 844 (s), 732 (s), 695 (s); HRMS (ESI) calcd for C27H19O2
+ 

[M+H]+  375.1380; found 375.1379. 

 

Dimethyl 2-(4-methoxyphenyl)cycloprop-2-ene-1,1-dicarboxylate (3.355) 

 

Following the general procedure J, starting from dimethyl 2-diazomalonate (3.101) (316 mg, 

2.00 mmol, 1.0 equiv.) and 1-ethynyl-4-methoxybenzene (0.8 mL, 6 mmol, 3.0 equiv.), the title 

compound 3.355 was obtained after purification by column chromatography (SiO2, 

Pentane:EtOAc 95:5 to 85:15) as a white solid (157 mg, 0.599 mmol, 30% yield). 1H NMR 

(400 MHz, Chloroform-d) δ 7.51 – 7.43 (m, 2H, ArH), 6.95 – 6.87 (m, 2H, ArH), 6.70 (s, 1H, 

C=CH), 4.19 (s, 3H, OCH3), 3.83 (s, 3H, CO2CH3), 3.82 (s, 3H, CO2CH3); 13C NMR (101 

MHz, Chloroform-d) δ 163.6, 161.5, 159.1, 143.8, 124.5, 122.9, 114.4, 104.6, 93.1, 58.3, 55.5, 

51.5. The characterization data correspond to the reported values.304 

 

Dimethyl 2-(4-bromophenyl)cycloprop-2-ene-1,1-dicarboxylate (3.356) 

 
Following the general procedure J, starting from dimethyl 2-diazomalonate (3.101) (395 mg, 

2.50 mmol, 1.0 equiv.) and 1-bromo-4-ethynylbenzene (1.36 g, 7.50 mmol, 3.0 equiv.), the title 

compound 3.356 was obtained after purification by column chromatography (SiO2, 

 
304 Q. Ye, H. Ye, D. Cheng, X. Li, X. Xu, Tetrahedron Lett. 2018, 59, 2546–2549. 
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Pentane:EtOAc 95:5 to 85:15) as a pale yellow oil (554 mg, 1.78 mmol, 71 % yield). 1H NMR 

(400 MHz, Chloroform-d) δ 7.62 – 7.56 (m, 2H, ArH), 7.51 – 7.46 (m, 2H, ArH), 6.94 (s, 1H, 

C=CH), 3.73 (s, 6H, CO2CH3); 13C NMR (101 MHz, Chloroform-d) δ 171.0, 132.4, 131.9, 

125.4, 123.1, 111.7, 96.4, 52.7, 33.0. The characterization data correspond to the reported 

values.305 

Dimethyl 2-(2-(trifluoromethyl)phenyl)cycloprop-2-ene-1,1-dicarboxylate (3.357) 

 

Following the general procedure J, starting from dimethyl 2-diazomalonate (3.101) (316 mg, 

2.00 mmol, 1.0 equiv.) and 1-ethynyl-2-(trifluoromethyl)benzene (0.84 mL, 6.0 mmol, 3.0 

equiv.), the title compound 3.357 was obtained after purification by column chromatography 

(SiO2, Pentane:EtOAc 90:10) as a white solid (307 mg, 1.02 mmol, 51 % yield). Rf 0.35 

(Pentane:EtOAc 80:20); m.p = 119-120 °C; 1H NMR (400 MHz, Chloroform-d) δ 7.78 (d, J 

= 7.8 Hz, 1H, ArH), 7.72 – 7.61 (m, 2H, ArH), 7.54 (t, J = 7.6 Hz, 1H, ArH), 7.10 (s, 1H, 

C=CH), 3.74 (s, 6H, CO2CH3); 13C NMR (101 MHz, Chloroform-d) δ 170.7, 132.8, 132.3, 

130.5, 129.9 (q, J = 32.3 Hz), 126.6 (q, J = 5.1 Hz), 123.6 (q, J = 273.4 Hz), 121.9, 109.2, 101.2 

(q, J = 4.1 Hz), 52.5, 33.2; 19F NMR (376 MHz, Chloroform-d) δ -62.7; IR �̃�max 3421 (w), 

3147 (w), 3040 (w), 2957 (w), 2847 (w), 1752 (s), 1442 (m), 1282 (s), 1174 (s), 1114 (s), 1066 

(s), 981 (w), 909 (w), 778 (m), 743 (m), 701 (m), 642 (w); HRMS (ESI) calcd for 

C14H11F3NaO4
+ [M+Na]+ 323.0502; found 323.0510. 

Dimethyl 2-(naphthalen-1-yl)cycloprop-2-ene-1,1-dicarboxylate (3.358) 

  

Following the general procedure J, starting from dimethyl 2-diazomalonate (3.101) (316 mg, 

2.00 mmol, 1.0 equiv.) and 1-ethynylnaphthalene (0.85 mL, 6.0 mmol, 3.0 equiv.), the title 

compound 3.358 was obtained after purification by column chromatography (SiO2, 

Pentane:EtOAc 90:10) as a pale yellow solid (288 mg, 1.02 mmol, 51 % yield). 1H NMR (400 

MHz, Chloroform-d) δ 8.39-8.34 (m, 1H, ArH), 7.98-7.91 (m, 2H, ArH), 7.79-7.76 (m, 1H, 

ArH), 7.70-7.54 (m, 3H, ArH), 7.22 (s, 1H, C=CH), 3.75 (s, 6H, CO2CH3); 13C NMR (101 

MHz, Chloroform-d) δ 171.3, 133.6, 132.3, 131.6, 131.0, 128.8, 127.7, 126.8, 125.6, 124.5, 

120.5, 110.8, 97.5, 52.6, 31.5. The characterization data correspond to the reported values.305 

 

 

 

 

 
305 E. A. F. Fordyce, T. Luebbers, H. W. Lam, Org. Lett. 2008, 10, 3993–3996. 
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5.5.4 One-pot Synthesis of PACs from Cyclopropenes 
 

General procedure K 

 

A 10 mL test tube was charged with CuCl2 (2 mg, 0.05 mmol, 0.05 equiv.), the cyclopropene 

(0.30 mmol, 1.0 equiv.) and PIDA (174 mg, 0.540 mmol, 1.8 equiv.). The tube was sealed, 

evacuated and back-filled with nitrogen (3 times). Then CH3CN (3 mL, 0.1 M) and TMS-N3 

(72 μL, 0.54 mmol, 1.8 equiv.) were added via syringe and the resulting mixture was stirred at 

room temperature for 30 minutes. Then a solution of DDQ (commercial batch recrystallized 

from distilled CHCl3,75 mg, 0.33 mmol, 1.1 equiv.) in CH3CN (6 mL) was added to the reaction 

mixture before being placed under UV irradiation (365 nm) in a Rayonet reactor for 20 hours. 

The reaction mixture was then diluted with EtOAc and concentrated under reduced pressure. 

The obtained residue was filtered through a small pad of silica gel eluting with a 1:1 mixture of 

pentane:DCM and the filtrate was evaporated under reduced pressure. The obtained crude 

residue was then subjected to column chromatography using the indicated solvents. 

Methyl 10-cyanophenanthrene-9-carboxylate (3.289) 

 

 
 

Following the general procedure K, starting from methyl 1,2-diphenylcycloprop-2-

enecarboxylate (3.99) (75 mg, 0.30 mmol, 1.0 equiv.), the title compound 3.289 was obtained 

after purification by column chromatography on Biotage (Büchi flashpure cartridge 25 g, 

Pentane:EtOAc 90:10) as a white solid (63 mg, 0.24 mmol, 80 % yield). Rf 0.28 

(Pentane:EtOAc 90:10); m.p = 118-119 °C; 1H NMR (400 MHz, Chloroform-d) δ 8.76 – 8.65 

(m, 2H, ArH), 8.42 – 8.34 (m, 1H, ArH), 8.10 (ddd, J = 8.3, 1.4, 0.6 Hz, 1H, ArH), 7.86 – 7.75 

(m, 3H, ArH), 7.71 (ddd, J = 8.2, 7.0, 1.2 Hz, 1H, ArH), 4.19 (s, 3H, CO2CH3); 13C NMR (101 

MHz, Chloroform-d) δ 167.0, 137.8, 131.8, 130.5, 130.2, 129.5, 128.7, 128.3, 127.9, 127.2, 

127.1, 126.8, 123.2, 123.2, 116.1, 109.1, 53.6; IR �̃�max 3067 (w), 2954 (w), 2225 (m), 1731 (s), 

1611 (w), 1526 (w), 1494 (w), 1448 (s), 1381 (m), 1331 (w), 1318 (w), 1298 (w), 1253 (s), 

1215 (s), 1153 (m), 1063 (m), 986 (m), 799 (w), 760 (s), 740 (m), 722 (s), 677 (w), 652 (w), 

616 (w); HRMS (ESI) calcd for C17H12NO2
+ [M+H]+ 262.0863; found 262.0868. 

 

Tert-butyl 10-cyanophenanthrene-9-carboxylate (3.336) 
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Following the general procedure K, starting from tert-butyl 1,2-diphenylcycloprop-2-

enecarboxylate (3.309) (88 mg, 0.30 mmol, 1.0 equiv.), the title compound 3.336 was obtained 

after purification by column chromatography on Biotage (Büchi flashpure cartridge 25 g, 

Pentane:EtOAc 95:5) as a white solid (68 mg, 0.22 mmol, 75 % yield). Rf 0.32 (Pentane:EtOAc 

95:5); m.p = 125-126 °C; 1H NMR (400 MHz, Chloroform-d) δ 8.75 – 8.67 (m, 2H, ArH), 

8.41 – 8.34 (m, 1H, ArH), 8.13 (dd, J = 8.3, 1.3 Hz, 1H, ArH), 7.85 – 7.75 (m, 3H, ArH), 7.75 

– 7.69 (m, 1H, ArH), 1.78 (s, 9H, CO2C(CH3)3); 13C NMR (101 MHz, Chloroform-d) δ 165.7, 

139.2, 131.9, 130.3, 130.1, 129.2, 128.6, 128.2, 128.1, 127.1, 126.9, 126.9, 123.2, 123.1, 116.2, 

108.1, 85.0, 28.2; IR �̃�max 3073 (w), 2980 (m), 2933 (m), 2113 (w), 1720 (s), 1610 (w), 1526 

(w), 1453 (m), 1378 (s), 1295 (w), 1254 (s), 1215 (m), 1152 (s), 1058 (m), 959 (w), 910 (w), 

841 (m), 756 (s), 729 (s), 625 (w); HRMS (APCI) calcd for C20H17NNaO2
+ [M+Na]+ 326.1151; 

found 326.1152. 

 

10-propionylphenanthrene-9-carbonitrile (3.337) 

 
Following the general procedure K, starting from 1-(1,2-diphenylcycloprop-2-en-1-yl)propan-

1-one (3.311) (75 mg, 0.30 mmol, 1.0 equiv.), the title compound 3.337 was obtained after 

purification by column chromatography on Biotage (Büchi flashpure cartridge 25 g, 

Pentane:EtOAc 95:5) as a colorless oil (40 mg, 0.15 mmol, 51 % yield). Rf 0.27 

(Pentane:EtOAc 95:5); 1H NMR (400 MHz, Chloroform-d) δ 8.82 – 8.71 (m, 2H, ArH), 8.41 

– 8.34 (m, 1H, ArH), 7.90 – 7.79 (m, 3H, ArH), 7.78 – 7.67 (m, 2H, ArH), 3.18 (q, J = 7.2 Hz, 

2H, CH2), 1.41 (t, J = 7.2 Hz, 3H, CH3); 13C NMR (101 MHz, Chloroform-d) δ 206.5, 147.6, 

132.1, 130.3, 130.0, 129.1, 128.8, 128.3, 128.0, 126.7, 126.6, 126.5, 123.6, 123.2, 116.3, 105.3, 

38.4, 7.9; IR �̃�max 3389 (w), 3065 (w), 2977 (m), 2928 (m), 2224 (m), 2103 (w), 1706 (s), 1606 

(w), 1450 (m), 1377 (m), 1340 (m), 1246 (m), 1168 (m), 1128 (m), 1047 (m), 905 (m), 852 (m), 

758 (s), 731 (s); HRMS (ESI) calcd for C18H14NO+ [M+H]+ 260.1070; found 260.1077. 

 

10-(Trifluoromethyl)phenanthrene-9-carbonitrile (3.338) 

 
Following the general procedure K, starting from (1-(trifluoromethyl)cycloprop-2-ene-1,2-

diyl)dibenzene (3.312) (78 mg, 0.30 mmol, 1.0 equiv.), the title compound 3.338 was obtained 

after purification by column chromatography on Biotage (Büchi flashpure cartridge 25 g, 

Pentane:EtOAc 95:5) as a white solid (53 mg, 0.20 mmol, 65 % yield). Rf 0.29 (Pentane:EtOAc 

95:5); m.p = 208-209 °C; 1H NMR (400 MHz, Chloroform-d) δ 8.78 (ddd, J = 13.7, 8.3, 1.3 

Hz, 2H, ArH), 8.59 (dd, J = 8.1, 1.5 Hz, 1H, ArH), 8.35 (dt, J = 6.3, 2.1 Hz, 1H, ArH), 7.94 – 

7.82 (m, 3H, ArH), 7.78 (ddd, J = 8.4, 7.0, 1.3 Hz, 1H, ArH); 13C NMR (101 MHz, 

Chloroform-d) δ 132.2, 131.2, 131.1 (t, J = 29.9 Hz), 130.5, 130.3, 129.1, 128.5, 127.9, 127.8, 

126.8 (q, J = 4.1 Hz), 125.9, 123.4, 123.3 (q, J = 276.8 Hz), 123.1, 114.9, 109.6 (q, J = 3.3 Hz); 
19F NMR (376 MHz, Chloroform-d) δ -54.8 (d, J = 2.2 Hz); IR �̃�max 2928 (m), 2853 (m), 

2360 (w), 2229 (w), 2113 (m), 1740 (m), 1528 (m), 1453 (m), 1373 (m), 1314 (m), 1249 (m), 
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1164 (s), 1123 (s), 1024 (m), 766 (m), 714 (m); HRMS (APPI) calcd for C16H8F3N
+ [M]+ 

271.0603; found 271.0610. 

 

Ethyl 6-bromo-10-cyanophenanthrene-9-carboxylate (3.339) 

 
Following the general procedure K, starting from ethyl 1-(4-bromophenyl)-2-phenylcycloprop-

2-enecarboxylate (3.313) (103 mg, 0.300 mmol, 1.0 equiv.), the title compound 3.339 was 

obtained after purification by column chromatography on Biotage (Büchi flashpure cartridge 

25 g, Pentane:DCM 60:40) as a white solid (75 mg, 0.21 mmol, 71 % yield). Rf 0.42 

(Pentane:DCM 50:50); m.p = 159-160 °C; 1H NMR (400 MHz, Chloroform-d) δ 8.69 (d, J = 

2.0 Hz, 1H, ArH), 8.54 – 8.45 (m, 1H, ArH), 8.35 – 8.26 (m, 1H, ArH), 7.95 (d, J = 8.9 Hz, 1H, 

ArH), 7.83 – 7.68 (m, 3H, ArH), 4.66 (q, J = 7.2 Hz, 2H, CH2CH3), 1.56 (t, J = 7.2 Hz, 3H, 

CH2CH3); 13C NMR (101 MHz, Chloroform-d) δ 165.9, 137.1, 132.9, 131.4, 129.7, 129.3, 

129.1, 128.6, 128.2, 127.1, 126.0, 125.3, 125.2, 123.1, 115.7, 109.4, 63.2, 14.2; IR �̃�max 3668 

(w), 2981 (m), 2361 (w), 2227 (w), 1727 (s), 1593 (m), 1485 (m), 1449 (m), 1389 (m), 1319 

(m), 1242 (s), 1209 (s), 1158 (m), 1065 (s), 1013 (s), 957 (w), 905 (w), 865 (m), 818 (m), 758 

(s); HRMS (ESI) calcd for C18H12
79BrNNaO2

+ [M+Na]+ 375.9944; found 375.9954. 

 

Methyl 10-cyano-6-methoxyphenanthrene-9-carboxylate (3.340) 

 
 

Following the general procedure K, starting from methyl 1-(4-methoxyphenyl)-2-

phenylcycloprop-2-enecarboxylate (3.314) (84 mg, 0.30 mmol, 1.0 equiv.), the title compound 

3.340 was obtained after purification by column chromatography on Biotage (Büchi flashpure 

cartridge 25 g, Pentane:EtOAc 95:5) as a white solid (61 mg, 0.21 mmol, 70 % yield). Rf 0.34 

(Pentane:EtOAc 90:10); m.p = 163-164 °C; 1H NMR (400 MHz, Chloroform-d) δ 8.67 – 8.59 

(m, 1H, ArH), 8.41 – 8.33 (m, 1H, ArH), 8.10 – 8.00 (m, 2H, ArH), 7.83 – 7.74 (m, 2H, ArH), 

7.33 (dd, J = 9.2, 2.5 Hz, 1H, ArH), 4.17 (s, 3H, CO2CH3), 4.06 (s, 3H, OCH3); 13C NMR (101 

MHz, Chloroform-d) δ 167.1, 161.1, 137.6, 134.0, 129.9, 129.0, 128.9, 128.6, 127.1, 123.2, 

121.4, 118.5, 116.5, 106.4, 104.5, 55.8, 53.5; IR �̃�max 3010 (w), 2952 (w), 2846 (w), 2358 (m), 

2224 (m), 2052 (w), 1729 (s), 1616 (s), 1515 (m), 1446 (m), 1386 (m), 1325 (m), 1241 (s), 1155 

(m), 1065 (m), 1025 (m), 988 (m), 912 (m), 835 (m), 767 (m), 736 (m), 669 (m), 627 (m); 

HRMS (ESI) calcd for C18H14NO3
+ [M+H]+ 292.0968; found 292.0968. 
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Methyl 3-(tert-butyl)-10-cyano-6-methylphenanthrene-9-carboxylate (3.341) 

 
Following the general procedure K, starting from methyl 2-(4-(tert-butyl)phenyl)-1-(p-

tolyl)cycloprop-2-enecarboxylate (3.315) (96 mg, 0.30 mmol, 1.0 equiv.), the title compound 

3.341 was obtained after purification by column chromatography on Biotage (Büchi flashpure 

cartridge 25 g, Pentane:DCM 60:40) as a white solid (80 mg, 0.24 mmol, 80 % yield). Rf 0.47 

(Pentane:DCM 50:50); m.p = 184-185 °C; 1H NMR (400 MHz, Chloroform-d) δ 8.67 (d, J = 

1.9 Hz, 1H, ArH), 8.52 (s, 1H, ArH), 8.32 (d, J = 8.6 Hz, 1H, ArH), 8.02 (d, J = 8.4 Hz, 1H, 

ArH), 7.85 (dd, J = 8.7, 1.9 Hz, 1H, ArH), 7.52 (dd, J = 8.5, 1.6 Hz, 1H, ArH), 4.16 (s, 3H, 

CO2CH3), 2.68 (s, 3H, CH3), 1.52 (s, 9H, tBu); 13C NMR (101 MHz, Chloroform-d) δ 167.2, 

152.6, 140.5, 136.8, 132.1, 130.0, 129.9, 127.1, 127.1, 126.8, 126.2, 125.0, 122.8, 118.7, 116.5, 

107.9, 53.4, 35.7, 31.5, 22.5; IR �̃�max  2961 (w), 2872 (w), 2255 (w), 2226 (w), 1731 (m), 1616 

(w), 1509 (w), 1444 (w), 1378 (w), 1314 (w), 1258 (m), 1221 (m), 1168 (m), 1073 (w), 988 

(w), 909 (s), 732 (s), 650 (w); HRMS (ESI) calcd for C22H22NO2
+ [M+H]+ 332.1645; found 

332.1650. 

Methyl 10-cyano-6-methyl-3-(trifluoromethoxy)phenanthrene-9-carboxylate (3.342) 

 
Following the general procedure K, starting from methyl 1-(p-tolyl)-2-(4-

(trifluoromethoxy)phenyl)cycloprop-2-enecarboxylate (3.316) (104 mg, 0.300 mmol, 1.0 

equiv.), the title compound 3.342 was obtained after purification by column chromatography 

on Biotage (Büchi flashpure cartridge 25 g, Pentane:EtOAc 95:5) as a white solid (82 mg, 0.23 

mmol, 76 % yield). Rf 0.42 (Pentane:EtOAc 90:10); m.p = 197-198 °C; 1H NMR (400 MHz, 

Chloroform-d) δ 8.44 – 8.39 (m, 1H, ArH), 8.36 (d, J = 9.0 Hz, 1H, ArH), 8.30 (s, 1H, ArH), 

7.97 (d, J = 8.5 Hz, 1H, ArH), 7.60 (ddd, J = 8.9, 2.4, 1.1 Hz, 1H, ArH), 7.53 (dd, J = 8.5, 1.7 

Hz, 1H, ArH), 4.18 (s, 3H, CO2CH3), 2.65 (s, 3H, CH3); 13C NMR (101 MHz, Chloroform-d) 

δ 166.6, 149.6 (d, J = 2.3 Hz), 141.3, 138.0, 131.4, 131.1, 130.8, 129.2, 127.2, 126.4, 125.0, 

123.0, 121.7, 120.7 (q, J = 258.6 Hz), 115.9, 114.7, 107.4, 53.6, 22.4; 19F NMR (376 MHz, 

Chloroform-d) δ -57.5; IR �̃�max  3087 (w), 2921 (w), 2227 (w), 1742 (m), 1618 (w), 1513 (w), 

1442 (w), 1378 (w), 1249 (s), 1206 (s), 1161 (s), 1069 (w), 976 (w), 908 (m), 867 (m), 809 (w), 

734 (s), 648 (w); HRMS (ESI) calcd for C19H12F3NNaO3
+ [M+Na]+ 382.0661; found 382.0654. 

Methyl 1-chloro-10-cyanophenanthrene-9-carboxylate (3.343) 
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Following the general procedure K, starting from methyl 2-(2-chlorophenyl)-1-

phenylcycloprop-2-enecarboxylate (3.317) (85 mg, 0.30 mmol, 1.0 equiv.), the title compound 

3.343 was obtained after purification by column chromatography on Biotage (Büchi flashpure 

cartridge 25 g, Pentane:EtOAc 95:5 to 90:10) as a grey solid (57 mg, 0.19 mmol, 64 % yield). 

Rf 0.37 (Pentane:EtOAc 80:20); m.p = 171-172 °C; 1H NMR (400 MHz, Chloroform-d) δ 

8.72 – 8.64 (m, 2H, ArH), 7.89 – 7.82 (m, 2H, ArH), 7.81 – 7.65 (m, 3H, ArH), 4.19 (s, 3H, 

CO2CH3); 13C NMR (101 MHz, Chloroform-d) δ 167.5, 144.3, 132.7, 132.4, 131.6, 131.1, 

131.0, 129.0, 128.9, 127.0, 126.5, 124.9, 123.7, 122.4, 117.4, 104.9, 54.0; IR �̃�max 3072 (w), 

2951 (m), 2925 (m), 2221 (w), 2109 (w), 1736 (s), 1603 (w), 1521 (m), 1442 (s), 1375 (m), 

1248 (s), 1213 (s), 1165 (m), 1127 (m), 1051 (m), 985 (m), 918 (m), 799 (m), 756 (s), 690 (m), 

642 (m); HRMS (ESI) calcd for C17H11ClNO2
+ [M+H]+ 296.0473; found 296.0476. 

 

Methyl 10-cyano-8-fluorophenanthrene-9-carboxylate (3.344) 

 
Following the general procedure K, starting from methyl 1-(2-fluorophenyl)-2-

phenylcycloprop-2-enecarboxylate (3.318) (80 mg, 0.30 mmol, 1.0 equiv.), the title compound 

3.344 was obtained after purification by column chromatography on Biotage (Büchi flashpure 

cartridge 25 g, Pentane:EtOAc 90:10) as a white solid (62 mg, 0.22 mmol, 74 % yield). Rf 0.27 

(Pentane:EtOAc 90:10); m.p = 171-172 °C ; 1H NMR (400 MHz, Chloroform-d) δ 8.59 – 

8.51 (m, 1H, ArH), 8.40 (d, J = 8.4 Hz, 1H, ArH), 8.26 – 8.19 (m, 1H, ArH), 7.79 – 7.68 (m, 

3H, ArH), 7.31 (ddd, J = 11.4, 7.9, 1.0 Hz, 1H, ArH), 4.14 (s, 3H, CO2CH3); 13C NMR (101 

MHz, Chloroform-d) δ 167.6, 158.5 (d, J = 255.2 Hz), 134.3, 133.4 (d, J = 2.5 Hz), 130.8 (d, 

J = 9.5 Hz), 129.7, 129.3, 129.2 (d, J = 2.6 Hz), 127.8, 126.7, 123.5, 119.2 (d, J = 3.8 Hz), 

116.5 (d, J = 12.5 Hz), 115.5, 113.4 (d, J = 21.5 Hz), 109.0, 53.8; 19F NMR (376 MHz, 

Chloroform-d) δ -110.8 (dd, J = 11.3, 5.7 Hz); IR �̃�max 3068 (w), 2952 (w), 2854 (w), 2226 

(w), 1739 (s), 1620 (w), 1579 (w), 1522 (w), 1453 (s), 1371 (m), 1325 (w), 1249 (s), 1207 (s), 

1158 (m), 1067 (m), 987 (m), 917 (m), 751 (s); HRMS (ESI) calcd for C17H11FNO2
+ [M+H]+ 

280.0768; found 280.0774. 

 

Methyl 8-chloro-10-cyano-6-fluoro-3-methylphenanthrene-9-carboxylate (3.345) 

 
Following the general procedure K, starting from methyl 1-(2-chloro-4-fluorophenyl)-2-(p-

tolyl)cycloprop-2-enecarboxylate (3.319) (95 mg, 0.30 mmol, 1.0 equiv.), the title compound 

3.345 was obtained after purification by column chromatography on Biotage (Büchi flashpure 

cartridge 25 g, Pentane:DCM 60:40) as a white solid (57 mg, 0.17 mmol, 58 % yield). Rf 0.42 

(Pentane:DCM 50:50); m.p = 185-186 °C; 1H NMR (400 MHz, Chloroform-d) δ 8.25 – 8.18 

(m, 2H, ArH), 8.13 (d, J = 8.3 Hz, 1H, ArH), 7.62 – 7.55 (m, 1H, ArH), 7.46 (dd, J = 7.8, 2.5 

Hz, 1H, ArH), 4.05 (s, 3H, CO2CH3), 2.59 (s, 3H, CH3); 13C NMR (101 MHz, Chloroform-d) 

δ 167.9, 162.0 (d, J = 254.2 Hz), 140.5, 135.5 (d, J = 1.8 Hz), 135.3 (d, J = 9.2 Hz), 133.7 (d, J 

= 11.2 Hz), 131.9, 129.5 (d, J = 4.4 Hz), 126.8, 126.0, 123.4, 121.6 (d, J = 2.3 Hz), 119.7 (d, J 
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= 26.9 Hz), 115.7, 110.5 (d, J = 2.9 Hz), 108.1 (d, J = 22.4 Hz), 53.9, 22.4; 19F NMR (376 

MHz, Chloroform-d) δ -106.9 (dd, J = 9.9, 7.8 Hz); IR �̃�max 2955 (m), 2928 (m), 2359 (m), 

2226 (m), 2054 (m), 1734 (s), 1612 (s), 1577 (m), 1508 (m), 1437 (m), 1374 (m), 1314 (m), 

1236 (s), 1195 (s), 1177 (s), 1130 (m), 1070 (m), 986 (m), 908 (m), 863 (s), 820 (m), 775 (m), 

739 (m), 634 (m); HRMS (ESI) calcd for C18H12ClFNO2
+ [M+H]+ 328.0535; found 328.0536. 

 

Methyl 10-cyano-2,4-bis(trifluoromethyl)phenanthrene-9-carboxylate (3.346) 

 
Following the general procedure K, starting from methyl 2-(3,5-bis(trifluoromethyl)phenyl)-1-

phenylcycloprop-2-enecarboxylate (3.321) (116 mg, 0.300 mmol, 1.0 equiv.), the title 

compound 3.346 was obtained after purification by column chromatography on Biotage (Büchi 

flashpure cartridge 25 g, Pentane:EtOAc 90:10) as a white solid (81 mg, 0.20 mmol, 68 % 

yield). Rf 0.35 (Pentane:EtOAc 90:10); m.p = 177-178 °C; 1H NMR (400 MHz, Chloroform-

d) δ 8.87 (s, 1H, ArH), 8.84 – 8.77 (m, 1H, ArH), 8.44 (s, 1H, ArH), 8.17 – 8.09 (m, 1H, ArH), 

7.92 – 7.84 (m, 2H, ArH), 4.21 (s, 3H, CO2CH3); 13C NMR (101 MHz, Chloroform-d) δ 166.0, 

140.8, 131.5, 130.4, 130.3, 130.0, 129.9 – 129.7 (m), 129.6 – 129.2 (m), 128.8, 128.7, 128.6 – 

128.2 (m), 128.0, 127.0, 126.8 – 126.3 (m), 123.1 (q, J = 272.7 Hz), 123.0 (q, J = 273.4 Hz), 

115.1, 108.7, 54.0; 19F NMR (376 MHz, Chloroform-d) δ -54.6, -62.6; IR �̃�max 2959 (w), 

1739 (m), 1632 (w), 1586 (w), 1532 (m), 1443 (m), 1347 (m), 1272 (s), 1171 (s), 1131 (s), 1005 

(m), 911 (s), 861 (m), 777 (m), 732 (s), 689 (m), 672 (m); HRMS (ESI) calcd for 

C19H9F6NNaO2
+ [M+Na]+ 420.0430; found 420.0439. 

 

Methyl 5-cyanonaphtho[1,2-b]thiophene-4-carboxylate (3.347) 

 
Following the general procedure K, starting from methyl 2-phenyl-1-(thiophen-3-yl)cycloprop-

2-enecarboxylate (3.322) (77 mg, 0.30 mmol, 1.0 equiv.), the title compound 3.347 was 

obtained after purification by column chromatography on Biotage (Büchi flashpure cartridge 

25 g, Pentane:EtOAc 95:5) as a white solid (49 mg, 0.18 mmol, 61 % yield). Rf 0.20 

(Pentane:EtOAc 95:5); m.p = 166-167 °C; 1H NMR (400 MHz, Chloroform-d) δ 8.49 – 8.43 

(m, 1H, ArH), 8.22 – 8.15 (m, 1H, ArH), 7.96 (d, J = 5.5 Hz, 1H, HetArH), 7.78 – 7.70 (m, 2H, 

ArH), 7.66 (d, J = 5.6 Hz, 1H, HetArH), 4.15 (s, 3H, CO2CH3); 13C NMR (101 MHz, 

Chloroform-d) δ 165.8, 143.2, 134.0, 130.6, 129.9, 129.7, 128.6, 128.5, 127.7, 127.4, 125.8, 

124.2, 116.5, 109.0, 53.3; IR �̃�max 3097 (w), 2952 (w), 2849 (w), 2224 (w), 1724 (s), 1619 (w), 

1552 (w), 1440 (m), 1308 (m), 1269 (m), 1223 (s), 1157 (m), 1096 (m), 975 (m), 896 (w), 804 

(m), 762 (s), 662 (m); HRMS (ESI) calcd for C15H10NO2S
+ [M+H]+ 268.0427; found 268.0427. 
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Methyl 6-cyanobenzo[c]phenanthrene-5-carboxylate (3.348) 

 
Following the general procedure K, starting from methyl 2-(naphthalen-2-yl)-1-

phenylcycloprop-2-enecarboxylate (3.323) (90 mg, 0.30 mmol, 1.0 equiv.), the title compound 

3.348 was obtained after purification by column chromatography on Biotage (Büchi flashpure 

cartridge 25 g, Pentane:EtOAc 95:5) as a yellow solid (71 mg, 0.23 mmol, 76 % yield). Rf 0.22 

(Pentane:EtOAc 95:5); m.p = 134-135 °C; 1H NMR (400 MHz, Chloroform-d) δ 9.04 (d, J = 

8.6 Hz, 1H, ArH), 8.98 – 8.91 (m, 1H, ArH), 8.29 (d, J = 8.8 Hz, 1H, ArH), 8.24 (dd, J = 8.3, 

1.4 Hz, 1H, ArH), 8.09 – 8.02 (m, 2H, ArH), 7.82 (ddd, J = 8.5, 6.9, 1.4 Hz, 1H, ArH), 7.77 – 

7.69 (m, 3H, ArH), 4.21 (s, 3H, CO2CH3); 13C NMR (101 MHz, Chloroform-d) δ 167.0, 136.7, 

134.2, 131.7, 129.9, 129.4, 129.3, 129.3, 128.9, 128.7, 128.4, 128.3, 127.8, 127.8, 127.5, 127.3, 

126.7, 123.3, 116.4, 108.8, 53.6; IR �̃�max 3058 (w), 2953 (w), 2849 (w), 2225 (m), 2111 (w), 

1728 (s), 1610 (w), 1573 (w), 1496 (m), 1430 (m), 1393 (m), 1261 (s), 1223 (s), 1151 (m), 1005 

(m), 958 (m), 905 (m), 824 (s), 743 (s), 662 (m); HRMS (ESI) calcd for C21H14NO2
+ [M+H]+ 

312.1019; found 312.1012. 

 

Methyl 6-cyano-2-methoxybenzo[c]phenanthrene-5-carboxylate (3.349) 

 
Following the general procedure K, starting from methyl 1-(4-methoxyphenyl)-2-(naphthalen-

2-yl)cycloprop-2-enecarboxylate (3.324) (99 mg, 0.30 mmol, 1.0 equiv.), the title compound 

3.349 was obtained after purification by column chromatography on Biotage (Büchi flashpure 

cartridge 25 g, Pentane:EtOAc 95:5) as a white solid (76 mg, 0.22 mmol, 74 % yield). Rf 0.33 

(Pentane:EtOAc 90:10); m.p = 166-167 °C; 1H NMR (400 MHz, Chloroform-d) δ 9.12 – 9.03 

(m, 1H, ArH), 8.51 (d, J = 2.5 Hz, 1H, ArH), 8.29 (d, J = 8.8 Hz, 1H, ArH), 8.19 (d, J = 9.2 

Hz, 1H, ArH), 8.11 – 8.02 (m, 2H, ArH), 7.75 – 7.67 (m, 2H. ArH), 7.38 (dd, J = 9.2, 2.5 Hz, 

1H, ArH), 4.19 (s, 3H, CO2CH3), 4.03 (s, 3H, OCH3); 13C NMR (101 MHz, Chloroform-d) δ 

167.1, 160.7, 136.5, 134.1, 133.8, 130.0, 129.7, 129.1, 128.5, 128.4, 128.3, 127.6, 127.5, 127.1, 

123.6, 123.4, 118.4, 116.8, 109.8, 106.2, 55.8, 53.5; IR �̃�max 3052 (w), 3015 (w), 2952 (m), 

2843 (w), 2359 (m), 2224 (m), 2051 (m), 1730 (s), 1614 (m), 1512 (m), 1439 (m), 1407 (m), 

1334 (m), 1232 (s), 1150 (m), 1111 (m), 1038 (m), 911 (m), 821 (s), 735 (s), 660 (m); HRMS 

(ESI) calcd for C22H16NO3
+ [M+H]+ 342.1125; found 342.1132. 

 

Ethyl 2-bromo-5-cyanobenzo[c]phenanthrene-6-carboxylate (3.350) 
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Following the general procedure K, starting from ethyl 2-(4-bromophenyl)-1-(naphthalen-2-

yl)cycloprop-2-enecarboxylate (3.325) (118 mg, 0.300 mmol, 1.0 equiv.), after UV irradiation 

the crude mixture was directly filtered in order to recover the formed precipitate. The filter cake 

was washed with cold acetonitrile and pentane, and dried under reduced pressure to afford 3.350 

(85 mg, 0.21 mmol, 70% yield) as a grey powder, without further purification. Rf 0.25 

(Pentane:EtOAc 90:10); m.p = 202-203 °C; 1H NMR (400 MHz, Chloroform-d) δ 9.21 (d, J 

= 1.9 Hz, 1H, ArH), 8.96 – 8.88 (m, 1H, ArH), 8.38 (d, J = 8.8 Hz, 1H, ArH), 8.09 – 8.04 (m, 

1H, ArH), 8.04 – 7.97 (m, 2H, ArH), 7.91 (dd, J = 8.8, 1.9 Hz, 1H, ArH), 7.82 – 7.73 (m, 2H, 

ArH), 4.68 (q, J = 7.2 Hz, 2H, CH2CH3), 1.56 (t, J = 7.2 Hz, 3H, CH2CH3); 13C NMR (101 

MHz, Chloroform-d) δ 166.5, 137.4, 134.5, 131.6, 131.4, 131.1, 129.9, 129.9, 129.2, 128.9, 

128.5, 128.5, 128.3, 128.1, 127.8, 126.6, 123.6, 122.9, 115.8, 108.1, 63.3, 14.2; IR �̃�max 2990 

(m), 1731 (s), 1599 (m), 1491 (m), 1457 (m), 1397 (s), 1359 (m), 1298 (m), 1266 (s), 1220 (s), 

1154 (s), 1076 (s), 1012 (m), 913 (s), 852 (m), 737 (s), 660 (m); HRMS (APPI) calcd for 

C22H15
79BrNO2

+ [M+H]+ 404.0281; found 404.0295. 

 

Methyl 5-cyanochrysene-6-carboxylate (3.351) 

 
Following the general procedure K, starting from methyl 2-(naphthalen-1-yl)-1-

phenylcycloprop-2-enecarboxylate (3.326) (90 mg, 0.30 mmol, 1.0 equiv.), the title compound 

3.351 was obtained after purification by column chromatography on Biotage (Büchi flashpure 

cartridge 25 g, Pentane:DCM 60:40) as a white solid (64 mg, 0.21 mmol, 69 % yield). Rf 0.38 

(Pentane:DCM 50:50); m.p = 135-136 °C; 1H NMR (400 MHz, Chloroform-d) δ 9.72 (d, J = 

8.6 Hz, 1H, ArH), 8.72 (d, J = 8.5 Hz, 1H, ArH), 8.59 (d, J = 9.1 Hz, 1H, ArH), 8.05 (d, J = 9.1 

Hz, 1H, ArH), 8.00 – 7.91 (m, 2H, ArH), 7.82 (ddd, J = 8.4, 6.8, 1.4 Hz, 1H, ArH), 7.78 – 7.62 

(m, 3H, ArH), 4.23 (s, 3H, CO2CH3); 13C NMR (101 MHz, Chloroform-d) δ 167.9, 141.7, 

133.0, 132.0, 130.7, 130.3, 130.0, 129.4, 128.9, 128.3, 127.8, 127.6, 126.8, 126.6, 125.1, 124.5, 

123.9, 120.5, 119.6, 104.5, 53.9; IR �̃�max 3060 (w), 2953 (w), 2217 (m), 1732 (s), 1605 (w), 

1568 (w), 1518 (m), 1475 (w), 1436 (m), 1364 (m), 1230 (s), 1150 (m), 1038 (m), 965 (m), 910 

(m), 859 (m), 823 (m), 754 (s), 735 (s), 654 (m); HRMS (ESI) calcd for C21H14NO2
+ [M+H]+ 

312.1019; found 312.1018.  

 

Methyl 5-cyanobenzo[g]chrysene-6-carboxylate (3.352) 

 
Following the general procedure K, starting from methyl 2-(phenanthren-9-yl)-1-

phenylcycloprop-2-enecarboxylate (3.329) (105 mg, 0.300 mmol, 1.0 equiv.), the title 

compound 3.352 was obtained after purification by column chromatography on Biotage (Büchi 

flashpure cartridge 25 g, Pentane:DCM 60:40) as a yellow solid (78 mg, 0.22 mmol, 72 % 

yield). Rf 0.35 (Pentane:DCM 50:50); m.p = 163-164 °C; 1H NMR (400 MHz, Chloroform-

d) δ 9.21 – 9.14 (m, 1H, ArH), 8.70 – 8.64 (m, 1H, ArH), 8.63 – 8.56 (m, 2H, ArH), 8.52 (d, J 
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= 8.3 Hz, 1H, ArH), 8.08 – 8.01 (m, 1H, ArH), 7.74 – 7.65 (m, 5H, ArH), 7.57 (ddd, J = 8.3, 

7.0, 1.3 Hz, 1H, ArH), 4.23 (s, 3H, CO2CH3); 13C NMR (101 MHz, Chloroform-d) δ 167.5, 

139.1, 131.6, 131.1, 130.9, 130.5, 129.7, 129.3, 129.0, 128.6, 128.5, 128.2, 128.1, 127.9, 127.6, 

127.6, 127.0, 126.4, 125.9, 125.8, 123.9, 123.5, 118.9, 104.3, 53.7; IR �̃�max 3064 (w), 2952 (w), 

2351 (w), 2221 (w), 1730 (s), 1610 (w), 1496 (m), 1442 (m), 1376 (m), 1245 (s), 1214 (s), 1154 

(m), 1035 (m), 974 (m), 909 (w), 761 (s), 733 (s), 626 (m); HRMS (ESI) calcd for C25H16NO2
+ 

[M+H]+ 362.1176; found 362.1186. 

 

Methyl 14-cyanopicene-13-carboxylate (3.353) 

 
Following the general procedure K, starting from methyl 1,2-di(naphthalen-1-yl)cycloprop-2-

enecarboxylate (3.328) (105 mg, 0.300 mmol, 1.0 equiv.), the title compound 3.353 was 

obtained after purification by column chromatography on Biotage (Büchi flashpure cartridge 

25 g, Pentane:EtOAc 95:5) as a light brown solid (61 mg, 0.17 mmol, 56 % yield). Rf 0.42 

(Pentane:EtOAc 95:5); m.p = 158-159 °C; 1H NMR (400 MHz, Chloroform-d) δ 9.64 (dt, J 

= 8.6, 0.9 Hz, 1H, ArH), 8.63 (dd, J = 9.2, 4.5 Hz, 2H, ArH), 8.47 – 8.38 (m, 1H, ArH), 8.12 – 

8.03 (m, 2H, ArH), 8.01 – 7.95 (m, 2H, ArH), 7.79 (ddd, J = 8.6, 7.0, 1.6 Hz, 1H, ArH), 7.75 – 

7.66 (m, 3H, ArH), 4.20 (s, 3H, CO2CH3); 13C NMR (101 MHz, Chloroform-d) δ 170.4, 138.9, 

133.0, 132.8, 132.3, 131.9, 130.8, 130.1, 129.1, 129.1, 128.9, 128.8, 128.3, 127.9, 127.7, 127.6, 

126.5, 125.9, 125.4, 124.8, 121.0, 120.7, 119.8, 105.6, 54.1; IR �̃�max 3052 (w), 2950 (m), 2860 

(w), 2218 (m), 2106 (m), 1731 (s), 1607 (m), 1515 (m), 1439 (m), 1371 (m), 1337 (m), 1265 

(s), 1227 (s), 1193 (m), 1164 (m), 1037 (m), 967 (m), 912 (s), 806 (s), 738 (s), 660 (m); HRMS 

(ESI) calcd for C25H16NO2
+ [M+H]+ 362.1176; found 362.1178. 

 

5.5.5 Radical Amination of Cyclopropenes for the Synthesis of Alkenyl 

Nitriles 
 

General procedure L 

 

 

A 5 mL test tube was charged with CuCl2 (2 mg, 0.05 mmol, 0.05 equiv.), the cyclopropene 

(0.30 mmol, 1.0 equiv.) and PIDA (174 mg, 0.540 mmol, 1.8 equiv.). The tube was sealed, 

evacuated and back-filled with nitrogen (3 times). Then CH3CN (3 mL, 0.1 M) and TMS-N3 

(72 μL, 0.54 mmol, 1.8 equiv.) were added via syringe and the resulting mixture was stirred at 

room temperature for 30 minutes. The reaction mixture was then filtered through a small pad 

of silica gel eluting with Et2O, and the filtrate was concentrated under reduced pressure. The 

obtained crude residue was then subjected to column chromatography using the indicated 

solvents. 
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Methyl 3-cyano-2,3-diphenylacrylate (3.279) 

 
Following the general procedure L, starting from methyl 1,2-diphenylcycloprop-2-

enecarboxylate (3.99) (400 mg, 1.60 mmol, 1.0 equiv.), the title compound 3.279 was obtained 

after purification by column chromatography on Biotage (Büchi flashpure cartridge 40 g, 

Pentane:EtOAc 90:10) as a white solid (370 mg, 1.41 mmol, 88 % yield) and as an inseparable 

1:1.18 mixture of unassigned Z/E isomers. Rf 0.32 (Pentane:EtOAc 90:10); m.p = 85-86 °C; 
1H NMR (400 MHz, Chloroform-d) δ (Major isomer) 7.64 – 7.62 (m, 1H, ArH), 7.49 – 7.46 

(m, 2H, ArH), 7.45 – 7.44 (m, 1H, ArH), 7.26 – 7.23 (m, 3H, ArH), 7.22 – 7.21 (m, 2H, ArH), 

7.15 – 7.13 (m, 1H, ArH), 3.93 (s, 3H, CO2CH3); 1H NMR (400 MHz, Chloroform-d) δ (Minor 

isomer) 7.65 – 7.63 (m, 1H, ArH), 7.53 – 7.49 (m, 2H, ArH), 7.43 – 7.42 (m, 1H, ArH), 7.33 – 

7.26 (m, 3H, ArH), 7.24 – 7.22 (m, 2H, ArH), 7.13 – 7.11 (m, 1H, ArH), 3.65 (s, 3H, CO2CH3); 
13C NMR (101 MHz, Chloroform-d) δ (Major isomer) 166.7, 146.7, 133.3, 132.6, 130.1, 

129.7, 129.6, 129.1, 128.7, 128.1, 118.7, 117.7, 53.4; 13C NMR (101 MHz, Chloroform-d) δ 

(Minor isomer) 167.5, 148.3, 133.7, 133.5, 130.7, 129.7, 129.6, 129.1, 128.7, 128.4, 117.7, 

116.0, 53.0; IR �̃�max 3060 (w), 2953 (w), 2217 (w), 2111 (w), 1729 (s), 1592 (w), 1494 (w), 

1445 (m), 1326 (m), 1306 (m), 1255 (s), 1211 (s), 1084 (w), 1065 (w), 1013 (m), 986 (w), 924 

(w), 852 (w), 762 (m), 738 (s), 698 (s), 648 (w); HRMS (ESI) calcd for C17H14NO2
+ [M+H]+ 

264.1019; found 264.1019. 

 

Dimethyl 2-(cyano(phenyl)methylene)malonate (3.254) 

 
 

Following the general procedure L, starting from dimethyl 2-phenylcycloprop-2-ene-1,1-

dicarboxylate (3.102) (70 mg, 0.30 mmol, 1.0 equiv.), the title compound 3.254 was obtained 

after purification by column chromatography on Biotage (Büchi flashpure cartridge 25 g, 

Pentane:EtOAc 80:20) as a grey solid (67 mg, 0.27 mmol, 91 % yield). Rf 0.33 (Pentane:EtOAc 

80:20); m.p = 74-75 °C; 1H NMR (400 MHz, Chloroform-d) δ 7.55 – 7.38 (m, 5H, ArH), 3.94 

(s, 3H, CO2CH3), 3.70 (s, 3H, CO2CH3); 13C NMR (101 MHz, Chloroform-d) δ 164.2, 161.7, 

137.0, 132.0, 131.6, 129.3, 128.3, 125.8, 115.6, 53.7, 53.3; IR �̃�max  2956 (w), 1737 (s), 1608 

(w), 1436 (m), 1309 (m), 1256 (s), 1229 (s), 1187 (m), 1098 (m), 1021 (m), 982 (w), 929 (w), 

862 (w), 768 (s), 697 (m); HRMS (ESI) calcd for C13H12NO4
+ [M+H]+ 246.0761; found 

246.0764. 

 

Dibenzyl 2-(cyano(phenyl)methylene)malonate (3.359) 

 
Following the general procedure L, starting from dibenzyl 2-phenylcycloprop-2-ene-1,1-

dicarboxylate (3.174) (115 mg, 0.300 mmol, 1.0 equiv.), the title compound 3.359 was obtained 
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after purification by column chromatography on Biotage (Büchi flashpure cartridge 25 g, 

Pentane:EtOAc 90:10) as a colorless oil (88 mg, 0.22 mmol, 74 % yield). Rf 0.52 

(Pentane:EtOAc 80:20); 1H NMR (400 MHz, Chloroform-d) δ 7.46 – 7.40 (m, 3H, ArH), 7.37 

(m, 5H, ArH), 7.33 – 7.29 (m, 3H, ArH), 7.27 – 7.24 (m, 2H, ArH), 7.10 – 7.05 (m, 2H, ArH), 

5.35 (s, 2H, CH2), 5.10 (s, 2H, CH2); 13C NMR (101 MHz, Chloroform-d) δ 163.4, 161.0, 

137.2, 134.6, 134.1, 131.9, 131.5, 129.2, 128.9, 128.9, 128.8, 128.8, 128.7, 128.6, 128.4, 126.0, 

115.6, 68.5, 68.4; IR �̃�max 3655 (w), 3453 (w), 3064 (m), 3035 (m), 2951 (w), 2113 (w), 1959 

(w), 1733 (s), 1605 (w), 1496 (w), 1451 (m), 1377 (w), 1303 (m), 1214 (s), 1095 (m), 1014 (m), 

975 (w), 955 (m), 907 (w), 738 (s), 694 (s), 638 (w); HRMS (ESI) calcd for 

C25H19NNaO4
+ [M+Na]+ 420.1206; found 420.1206. 

 

Bis(2,2,2-trifluoroethyl) 2-(cyano(phenyl)methylene)malonate (3.360) 
 

 
Following the general procedure L, starting from bis(2,2,2-trifluoroethyl) 2-phenylcycloprop-

2-ene-1,1-dicarboxylate (3.179) (110 mg, 0.300 mmol, 1.0 equiv.), the title compound 3.360 

was obtained after purification by column chromatography on Biotage (Büchi flashpure 

cartridge 25 g, Pentane:EtOAc 90:10) as a colorless oil (82 mg, 0.22 mmol, 72 % yield). Rf 

0.25 (Pentane:EtOAc 90:10); 1H NMR (400 MHz, Chloroform-d) δ 7.59 – 7.43 (m, 5H, ArH), 

4.70 (q, J = 8.1, 2H, CH2CF3), 4.49 (q, J = 8.2, 2H, CH2CF3); 13C NMR (101 MHz, 

Chloroform-d) δ 161.6, 159.2, 133.5, 132.5, 131.3, 129.7, 129.6, 128.4, 122.4 (q, J = 277.3 

Hz), 122.2 (q, J = 277.6 Hz), 114.8, 62.0 (q, J = 37.8 Hz), 61.7 (q, J = 37.6 Hz); 19F NMR (376 

MHz, Chloroform-d) δ = -73.5, -73.6; IR �̃�max 2981 (w), 1757 (m), 1608 (w), 1576 (w), 1446 

(w), 1413 (m), 1287 (s), 1210 (s), 1166 (s), 1100 (m), 1050 (m), 1018 (w), 980 (m), 846 (w), 

766 (m), 697 (m), 656 (m); HRMS (APPI) calcd for C15H10F6NO4
+ [M+H]+ 382.0509; found 

382.0521. 

Dimethyl 2-((4-(tert-butyl)phenyl)(cyano)methylene)malonate (3.361) 

 

Following the general procedure L, starting from dimethyl 2-(4-(tert-butyl)phenyl)cycloprop-

2-ene-1,1-dicarboxylate (3.188) (87 mg, 0.30 mmol, 1.0 equiv.), the title compound 3.361 was 

obtained after purification by column chromatography on Biotage (Büchi flashpure cartridge 

25 g, Pentane:EtOAc 90:10) as a colorless oil (86 mg, 0.29 mmol, 95 % yield). Rf 0.48 

(Pentane:EtOAc 80:20); 1H NMR (400 MHz, Chloroform-d) δ 7.45 (d, J = 1.0 Hz, 4H, ArH), 

3.92 (s, 3H, CO2CH3), 3.73 (s, 3H, CO2CH3), 1.32 (s, 9H, tBu); 13C NMR (101 MHz, 

Chloroform-d) δ 164.5, 161.8, 155.4, 135.8, 129.0, 128.3, 126.3, 125.8, 115.7, 53.6, 53.3, 35.1, 

31.1; IR �̃�max 3670 (w), 3461 (w), 2960 (m), 2872 (w), 2224 (w), 2120 (w), 1737 (s), 1601 (m), 

1510 (w), 1308 (m), 1257 (s), 1092 (s), 1026 (m), 984 (w), 930 (w), 840 (m), 737 (s), 663 (w); 

HRMS (ESI) calcd for C17H19NNaO4
+ [M+Na]+ 324.1206; found 324.1208. 
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Dimethyl 2-((4-bromophenyl)(cyano)methylene)malonate (3.362) 

 
Following the general procedure L, starting from dimethyl 2-(4-bromophenyl)cycloprop-2-ene-

1,1-dicarboxylate (3.356) (93 mg, 0.30 mmol, 1.0 equiv.), the title compound 3.362 was 

obtained after purification by column chromatography on Biotage (Büchi flashpure cartridge 

25 g, Pentane:EtOAc 85:15) as a white solid (86 mg, 0.27 mmol, 88 % yield). Rf 0.30 

(Pentane:EtOAc 80:20); m.p = 66-67 °C; 1H NMR (400 MHz, Chloroform-d) δ 7.63 – 7.55 

(m, 2H, ArH), 7.41 – 7.33 (m, 2H, ArH), 3.94 (s, 3H, CO2CH3), 3.72 (s, 3H, CO2CH3); 13C 

NMR (101 MHz, Chloroform-d) δ 163.9, 161.5, 137.4, 132.6, 130.8, 129.8, 126.5, 124.6, 

115.3, 53.8, 53.5; IR �̃�max 3664 (w), 2960 (m), 2902 (w), 1736 (s), 1593 (m), 1485 (m), 1441 

(m), 1399 (m), 1308 (s), 1232 (s), 1083 (s), 1020 (m), 981 (m), 928 (w), 832 (m), 774 (m), 722 

(m), 654 (w); HRMS (ESI) calcd for C13H11BrNO4
+ [M+H]+ 323.9866; found 323.9874. 

Dimethyl 2-(cyano(2-(trifluoromethyl)phenyl)methylene)malonate (3.363) 

 
Following the general procedure L, starting from dimethyl 2-(2-(trifluoromethyl)phenyl)-

cycloprop-2-ene-1,1-dicarboxylate (3.357) (90 mg, 0.30 mmol, 1.0 equiv.), the title compound 

3.363 was obtained after purification by column chromatography on Biotage (Büchi flashpure 

cartridge 25 g, Pentane:EtOAc 80:20) as a colorless oil (72 mg, 0.23 mmol, 77 % yield). Rf 

0.30 (Pentane:EtOAc 80:20); 1H NMR (400 MHz, Chloroform-d) δ 7.80 – 7.73 (m, 1H, ArH), 

7.66 – 7.57 (m, 2H, ArH), 7.39 – 7.32 (m, 1H, ArH), 3.98 (s, 3H, CO2CH3), 3.56 (s, 3H, 

CO2CH3); 13C NMR (101 MHz, Chloroform-d) δ 162.0, 161.6, 140.6, 132.4, 130.8, 130.1, 

129.4 (q, J = 2.6 Hz), 128.6 (q, J = 31.6 Hz), 127.3 (q, J = 4.7 Hz), 123.5, 123.4 (q, J = 274.0 

Hz), 114.2, 53.9, 53.2; 19F NMR (376 MHz, Chloroform-d) δ -59.0; IR �̃�max 3012 (w), 2960 

(w), 2850 (w), 1740 (s), 1623 (w), 1442 (m), 1313 (s), 1261 (s), 1176 (s), 1121 (s), 1060 (m), 

1029 (m), 978 (m), 928 (w), 766 (s), 707 (w), 659 (m); HRMS (ESI) calcd for 

C14H11F3NO4
+ [M+H]+ 314.0635; found 314.0640. 

Dimethyl 2-(cyano(3-fluorophenyl)methylene)malonate (3.364) 

 
Following the general procedure L, starting from dimethyl 2-(3-fluorophenyl)cycloprop-2-ene-

1,1-dicarboxylate (3.189) (75 mg, 0.30 mmol, 1.0 equiv.), the title compound 3.364 was 

obtained after purification by column chromatography on Biotage (Büchi flashpure cartridge 

25 g, Pentane:EtOAc 85:15) as a white solid (67 mg, 0.26 mmol, 85 % yield). Rf 0.38 

(Pentane:EtOAc 80:20); m.p = 62-63 °C; 1H NMR (400 MHz, Chloroform-d) δ 7.47 – 7.39 

(m, 1H, ArH), 7.32 – 7.27 (m, 1H, ArH), 7.24 – 7.15 (m, 2H, ArH), 3.94 (s, 3H, CO2CH3), 3.72 

(s, 3H, CO2CH3); 13C NMR (101 MHz, Chloroform-d) δ 163.7, 162.7 (d, J = 249.5 Hz), 161.4, 

138.0, 133.7 (d, J = 8.1 Hz), 131.1 (d, J = 8.4 Hz), 124.2, 124.2 (d, J = 3.6 Hz), 118.7 (d, J = 

21.2 Hz), 115.5 (d, J = 23.9 Hz), 115.2, 53.8, 53.5; 19F NMR (376 MHz, Chloroform-d) δ -

110.3; IR �̃�max 3077 (w), 3012 (w), 2959 (w), 2849 (w), 1738 (s), 1587 (m), 1484 (w), 1440 
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(m), 1317 (m), 1242 (s), 1191 (m), 1099 (m), 1031 (m), 928 (m), 840 (w), 792 (m), 697 (m), 

652 (w); HRMS (ESI) calcd for  C13H10FNNaO4
+ [M+Na]+ 286.0486; found 286.0492. 

 

Dimethyl 2-(cyano(naphthalen-1-yl)methylene)malonate (3.365) 

 
Following the general procedure L, starting from dimethyl 2-(naphthalen-1-yl)cycloprop-2-

ene-1,1-dicarboxylate (3.358) (85 mg, 0.30 mmol, 1.0 equiv.), the title compound 3.365 was 

obtained after purification by column chromatography on Biotage (Büchi flashpure cartridge 

25 g, Pentane:EtOAc 85:15) as a yellow solid (83 mg, 0.28 mmol, 94 % yield). Rf 0.35 

(Pentane:EtOAc 80:20); m.p = 138-139 °C; 1H NMR (400 MHz, Chloroform-d) δ 7.97 – 7.87 

(m, 3H, ArH), 7.64 – 7.55 (m, 2H, ArH), 7.50 – 7.40 (m, 2H, ArH), 4.00 (s, 3H, CO2CH3), 3.43 

(s, 3H, CO2CH3); 13C NMR (101 MHz, Chloroform-d) δ 163.2, 161.6, 140.5, 133.6, 131.5, 

130.1, 129.0, 128.9, 127.8, 127.2, 127.1, 125.1, 125.0, 124.4, 115.1, 53.7, 53.1; IR �̃�max 3135 

(w), 3025 (w), 2951 (w), 1718 (s), 1601 (w), 1492 (m), 1445 (m), 1434 (m), 1288 (m), 1212 

(s), 1112 (w), 1073 (w), 1020 (m), 763 (m), 699 (s); HRMS (ESI) calcd for C17H14NO4
+ 

[M+H]+ 296.0917; found 296.0911. 
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5.5.6 Crystal Structure of 3.365 

 

A single crystal was obtained by recrystallisation of 3.365 from a 1:1 DCM/Pentane mixture at 

room temperature. Supplementary crystallographic data for this compound have been deposited 

at Cambridge Crystallographic Data Centre (2027422) and can be obtained free of charge via 

www.ccdc.cam.ac.uk/data_request/cif. 

5.5.7 Gram-scale Synthesis of 3.102 and Product Modifications 
 

Procedure for the gram scale radical amination of cyclopropene 3.102 

 

A 100 mL round bottom flask was charged with CuCl2 (29 mg, 0.22 mmol, 0.05 equiv.), 

dimethyl 2-phenylcycloprop-2-ene-1,1-dicarboxylate (3.102) (1.00 g, 4.31 mmol, 1.0 equiv.) 

and PIDA (2.49 g, 7.75 mmol, 1.8 equiv.). The flask was sealed, evacuated and back-filled with 

nitrogen (3 times). Then CH3CN (43 mL, 0.1 M) and TMS-N3 (1.02 mL, 7.75 mmol, 1.8 equiv.) 

were added via syringe and the resulting mixture was stirred at room temperature for 30 

minutes. The reaction mixture was then filtered through a small pad of silica gel eluting with 

Et2O, and the filtrate was concentrated under reduced pressure. The crude residue was purified 
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by column chromatography (SiO2, Pentane:EtOAc 80:20) affording 3.354 (971 mg, 3.96 mmol, 

92 % yield) as a grey solid. Characterization as described in section 4. 

Dimethyl 2-cyano-2-phenylcyclopropane-1,1-dicarboxylate (3.366) 

 

 

NaH (9.6 mg, 0.24 mmol, 1.2 equiv.) and SOMe3I (62 mg, 0.28 mmol, 1.4 equiv.) were placed 

in a 5 mL microwave vial. DMSO (1.0 mL) was then added and the reaction mixture was stirred 

until gas evolution has ceased and the mixture was homogeneous. At this point a solution of 

dimethyl 2-(cyano(phenyl)methylene)malonate (3.354) (49 mg, 0.20 mmol, 1.0 equiv.) in 

DMSO (1.0 mL) was added via syringe and the resulting mixture was left stirring for 3 hours 

at room temperature. It was then quenched with water (2 mL), and extracted with Et2O (2 x 10 

mL). The aqueous layer was further washed with Et2O (2 x 10 mL) and the combined organic 

layers were washed with water (5 x 10 mL) and brine (10 mL). The combined organic layers 

were dried over MgSO4, filtered, and concentrated under reduced pressure. The crude residue 

was purified by column chromatography (SiO2, Pentane:EtOAc 75:25) affording 3.366 (28 mg, 

0.11 mmol, 54 % yield) as a colorless oil. Rf 0.32 (Pentane:EtOAc 75:25); 1H NMR (400 MHz, 

Chloroform-d) δ 7.42 – 7.33 (m, 5H, ArH), 3.91 (s, 3H, CO2CH3), 3.35 (s, 3H, CO2CH3), 2.60 

(d, J = 6.2 Hz, 1H, CH2), 2.37 (d, J = 6.2 Hz, 1H, CH2). 13C NMR (101 MHz, Chloroform-d) 

δ 166.2, 164.5, 130.6, 129.6, 129.0, 128.9, 118.3, 53.8, 53.1, 42.2, 28.2, 22.7; IR �̃�max 2956 

(w), 2241 (w), 1739 (s), 1495 (w), 1438 (m), 1341 (s), 1262 (s), 1233 (s), 1196 (w), 1078 (w), 

983 (w), 906 (w), 735 (m), 699 (m); HRMS (ESI) calcd for C14H14NO4
+ [M+H]+ 260.0917; 

found 260.0929. 

3-Ethyl 1,1-dimethyl 2-cyano-2-phenylcyclopent-3-ene-1,1,3-tricarboxylate (3.368) 

 

A 5 mL test tube was charged with PPh3 (11 mg, 0.040 mmol, 0.2 equiv.) and dimethyl 2-

(cyano(phenyl)methylene)malonate (3.354) (49 mg, 0.20 mmol, 1.0 equiv.). The tube was 

sealed, evacuated and back-filled with nitrogen (3 times). Then DCM (2.0 mL) and ethyl buta-

2,3-dienoate (3.367) (46 μL, 0.40 mmol, 2.0 equiv.) were added via syringe, and the resulting 

reaction mixture was left stirring overnight at room temperature. The mixture was then filtered 

through a small plug of celite eluting with EtOAc, and the filtrate was concentrated under 

reduced pressure. The crude residue was purified by column chromatography (SiO2, 

Pentane:EtOAc 90:10 to 70:30) affording 3.368 (64 mg, 0.18 mmol, 89 % yield) as a colorless 

oil. Rf 0.38 (Pentane:EtOAc 70:30); 1H NMR (400 MHz, Chloroform-d) δ 7.44 – 7.38 (m, 

2H, ArH), 7.37 – 7.30 (m, 3H, ArH), 7.19 (t, J = 2.6 Hz, 1H, C=CH), 4.11 (q, J = 7.2 Hz, 2H, 

CH2CH3), 3.84 (s, 3H, CO2CH3), 3.51 (dd, J = 19.3, 2.5 Hz, 1H, CH2), 3.27 (s, 3H, CO2CH3), 

3.03 (dd, J = 19.4, 2.9 Hz, 1H, CH2), 1.11 (t, J = 7.1 Hz, 3H, CH2CH3); 13C NMR (101 MHz, 

Chloroform-d) δ 169.1, 167.3, 161.5, 144.2, 135.8, 133.5, 129.1, 128.7, 127.0, 118.7, 69.8, 

61.3, 58.2, 53.6, 52.8, 39.4, 13.9 ; IR �̃�max 2985 (w), 2956 (w), 2253 (w), 1739 (s), 1719 (s), 

1642 (w), 1495 (w), 1448 (m), 1436 (m), 1371 (m), 1331 (m), 1267 (s), 1247 (s), 1196 (m), 

1159 (m), 1137 (m), 1110 (m), 1092 (m), 1028 (m), 957 (w), 914 (m), 863 (w), 841 (w), 775 



352 

 

(m), 733 (s), 700 (m), 647 (w); HRMS (ESI) calcd for C19H19NNaO6
+ [M+Na]+ 380.1105; 

found 380.1109. 

 

Dimethyl 1-cyano-4-oxo-3,4-dihydro-[1,1'-biphenyl]-2,2(1H)-dicarboxylate (3.371) and 

dimethyl 1-cyano-5-oxo-5,6-dihydro-[1,1'-biphenyl]-2,2(1H)-dicarboxylate (5.5) 

 

To a solution of dimethyl 2-(cyano(phenyl)methylene)malonate (3.354) (49 mg, 0.20 mmol, 

1.0 equiv.) in toluene (2 mL) was added (E)-((4-methoxybuta-1,3-dien-2-

yl)oxy)trimethylsilane (3.370) (81 μL, 0.40 mmol, 2.0 equiv.) and the resulting reaction mixture 

was stirred at 120 °C for 36 hours. The reaction mixture was then concentrated under reduced 

pressure. To the residue was added DCM (2 mL) and one drop of TFA. The reaction mixture 

was stirred at room temperature for 2 hours and poured into a saturated NaHCO3 solution (5 

mL). The aqueous layer was then extracted with DCM (3 x 10 mL) and the combined organic 

layers were washed with brine (10 mL), dried over MgSO4, filtered, and concentrated under 

reduced pressure. The crude residue was purified by column chromatography (SiO2, 

Pentane:EtOAc 75:25) affording 3.371 and 5.5 as an inseparable 4.2:1 mixture of regioisomers 

(determined by integration of the olefinic proton peaks in beta position of the ketone in 1H 

NMR) and as a colorless oil (40 mg, 0.13 mmol, 64 % yield). Rf  0.35 (Pentane:EtOAc 70:30); 
1H NMR (400 MHz, Chloroform-d) δ (Major) 7.51 – 7.46 (m, 2H, ArH), 7.45 – 7.41 (m, 3H, 

ArH), 6.90 (d, J = 10.1 Hz, 1H, HC=CHCO), 6.41 (d, J = 10.0 Hz, 1H, HC=CHCO), 3.80 (s, 

3H, CO2CH3), 3.66 (s, 3H, CO2CH3), 3.04 (d, J = 17.8 Hz, 1H, CH2), 2.93 (d, J = 17.8 Hz, 1H, 

CH2); 1H NMR (400 MHz, Chloroform-d) δ (Minor) 7.42 – 7.39 (m, 2H, ArH), 7.36 – 7.31 

(m, 3H, ArH), 7.20 (d, J = 10.4 Hz, 1H, HC=CHCO), 6.36 (d, J = 10.4 Hz, 1H, HC=CHCO), 

3.86 (s, 3H, CO2CH3), 3.83 (hidden d, 1H, CH2), 3.64 (s, 3H, CO2CH3), 3.50 (d, J = 23.2 Hz, 

1H, CH2) ; 13C NMR (101 MHz, Chloroform-d) δ (Major) 193.1, 168.0, 166.5, 143.8, 130.1, 

129.3, 129.0, 128.4, 127.5, 119.2, 54.0, 53.4, 48.1, 45.5, 39.8; 13C NMR (101 MHz, 

Chloroform-d) δ (Minor) 192.6, 168.0, 166.3, 142.0, 135.1, 130.9, 129.4, 129.0, 128.6, 120.4, 

62.7, 54.3, 53.7, 47.9, 45.5; IR �̃�max 3060 (w), 3009 (w), 2957 (w), 2844 (w), 1743 (s), 1694 

(s), 1493 (w), 1449 (m), 1436 (m), 1382 (w), 1277 (s), 1239 (s), 1200 (m), 1175 (m), 1137 (w), 

1105 (w), 1070 (w), 1053 (w), 1023 (w), 955 (w), 933 (m), 854 (w), 759 (m), 738 (m), 702 (m); 

HRMS (ESI) calcd for C17H15NNaO5
+ [M+Na]+ 336.0842; found 336.0840.  

 

Regioisomers assigned based on chemical shifts and HMBC: 
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6 Annexes 

6.1 Spectra of New Compounds 

 

See USB stick for spectra. 
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