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Abstract 

The development of radical-based remote C(sp3)-H functionalizations of redox-active alcohol 

derivatives, oxidative cycloaddition and rearrangement transformations under visible light 

photocatalysis constitute the basis of this thesis.  

The first chapter describes the exploration of several strategies to effect the β- and γ-C(sp3)-H 

functionalization of alcohols under reductive conditions through the 1,5-hydrogen atom 

transfer of reactive radical intermediates. Two types of N-phthalimidoyl precursors were 

synthesized and used under metal and photoredox catalysis to effect a formal γ-C(sp3)-H 

functionalization. The fragmentation of primary N-phthalimidoyl oxalates could be smoothly 

realized under photoredox catalysis. However, the generated alkoxycarbonyl radicals did not 

allow for a distal functionalization and instead could only be trapped by direct addition to 

electron-poor alkenes. More potent 1-alkoxy vinyl radical intermediates proved to be too 

unstable and no control of the fragmentation could be achieved. Two approaches were 

designed to pursue the β-C(sp3)-H functionalization of redox-active alcohols. An iron-catalyzed 

C-H azidation of N-acyloxy imidates was discovered and optimized to enable, after simple 

hydrolysis, the synthesis of valuable β-azido alcohols. N-phthalimidoyl carbonates were also 

investigated to this end, however the exceptional hydrogen abstracting properties of these 

electrophilic (alkoxycarbonyl)oxyl radicals could not be tempered and only decomposition to 

the parent alcohol was detected. 

The study of two photoredox catalyzed oxidative transformations is discussed in the second 

chapter. Building on the propensity of indoles to produce radical cation intermediates under 

photoinduced single electron oxidation, an innovative oxidative ring-expansion of 1-(indol-2-

yl)cyclobutan-1-ols was developed. Under mild aerobic visible-light conditions, a series of 

2,3,4,9-tetrahydro-1H-carbazol-1-ones were accessed with complete regioselectivity in the 

presence of a catalytic amount of mesityl acridinium salt. Gratifyingly, this reaction could be 

extended to benzo[b]thiophenes analogues. The synthetic potential of this transformation 

was demonstrated by achieving a total synthesis of (±)-uleine, using our methodology to 

furnish one of the key fragment. A series of experiments were performed to gain insights in 

the mechanism of this transformation. A complex cascade reaction was suggested, involving 

two successive oxidative 1,2-alkyl shifts and initiated by the formation of a radical cation. Next 

were started synthetic studies toward the total synthesis of (±)-decursivine, a moschamine-

related indole alkaloid, with the aim of developing an intramolecular oxidative [3+2]-

cycloaddition under photoredox catalysis. Several precursors were synthesized and attempted 

under a large variety of reaction conditions to effect the cycloaddition, unfortunately without 

success. At best, the dimerization of a transient phenolic radical was observed. Efforts to 

promote an intramolecular reaction remained unsuccessful.  
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Keywords: C(sp3)-H functionalization, redox-active alcohol derivatives, 1,5-hydrogen atom 

transfer, radicals, iron catalysis, C-H azidation, photoredox catalysis, radical cation, ring-
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Résumé 
Le développement de fonctionnalisations radicalaires à distance de C(sp3)-H de dérivés 

d'alcools redox-actifs, de transformations oxydante de cycloaddition et de réarrangement 

sous photocatalyse à la lumière visible constituent la base de cette thèse. 

Le premier chapitre décrit l'exploration de plusieurs stratégies pour effectuer la 

fonctionnalisation de C(sp3)-H en position β- et γ- d'alcools dans des conditions réductrices 

par le biais d’une migration 1,5 d’atome d'hydrogène depuis des intermédiaires radicalaires 

réactifs. Deux types de précurseurs N-phthalimidoyles ont été synthétisés et utilisés sous 

catalyse métallique et photoredox pour effectuer une fonctionnalisation formelle de γ-C(sp3)-

H. La fragmentation d’oxalates de N-phtalimidoyle primaires a pu être réalisée dans des 

conditions douces sous catalyse photoredox. Cependant, les radicaux alcoxycarbonyles 

générés n’ont pas permis de fonctionnaliser une liaison C-H éloignée et n’ont pu être piégés 

que par addition directe sur des alcènes déficients en électrons. Des intermédiaires 

radicalaires 1-alcoxy vinyliques plus puissants se sont avérés trop instables et aucun contrôle 

de la fragmentation n'a pu être obtenu. Deux approches ont été conçues pour permettre la 

fonctionnalisation de β-C(sp3)-H d’alcools redox-actifs. Une réaction d’azidation de C-H de N-

acyloxy imidates catalysée par le fer a été découverte et optimisée pour permettre, après 

simple hydrolyse, la synthèse de β-azido alcools d’intérêt. Les carbonates de N-phtalimidoyle 

ont également été étudiés à cette fin, cependant les propriétés exceptionnelles d'abstraction 

d'hydrogène de ces radicaux (alcoxycarbonyl)oxyles électrophiliques n'ont pas pu être 

maitrisées et seule la décomposition en l’alcool parent a été détectée. 

L'étude de deux transformations oxydantes sous photocatalyse est discutée dans le deuxième 

chapitre. En s'appuyant sur l’aptitude des indoles à produire des intermédiaires radicalaires 

cationiques par oxydation photocatalysée, une expansion de cycle oxydante innovante de 1-

(indol-2-yl)cyclobutan-1-ols a été développée. Une série de 2,3,4,9-tétrahydro-1H-carbazol-1-

ones a été obtenue avec une complète régiosélectivité en présence d'une quantité catalytique 

de sel de 9-mesitylacridinium, sous atmosphère d’air et lumière visible. De la même manière, 

cette réaction a pu être étendue à des analogues comprenant un cycle benzo[b]thiophènes. 

Le potentiel synthétique de cette transformation a été démontré en réalisant une synthèse 

totale de (±)-uléine, utilisant notre méthodologie pour fournir l'un des fragments clés. Une 

série d'expériences a été réalisée pour mieux comprendre le mécanisme de cette 

transformation. Ces expériences semblent suggérer une réaction complexe en cascade, 

impliquant deux migrations oxydantes 1,2- successives de substituants alkyles et initiée par la 

formation d'un cation radicalaire. Nous avons ensuite débutés des études synthétiques pour 

réaliser la synthèse totale de (±)-décursivine, un alcaloïde indolique apparenté à la 

moschamine, dans le but de développer une réaction de cycloaddition intramoléculaire 

oxydante de type [3+2] sous catalyse photoredox. Plusieurs précurseurs ont été synthétisés 

et expérimentés à travers une grande variété de conditions réactionnelles, malheureusement 
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sans succès. Au mieux, la dimérisation d'un radical phénolique transitoire a été observée. Nos 

efforts pour promouvoir une réaction intramoléculaire sont restés infructueux. 

Mot-clés: fonctionnalisation de C(sp3)-H, dérivés d’alcools redox-actifs, migration 1,5 d’atome 

d’hydrogène, radicales, catalyse au fer, azidation de C-H, catalyse photoredox, cation 

radicalaire, expansion de cycle, uleine, decursivine.  
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Chapter 1: General introduction 
The term C-H functionalization encompasses any chemical transformation where the 

hydrogen of a C-H bond is replaced by a functional group (e.g. C, O, N). While the direct 

functionalization of C-H bonds would represent an optimal strategy to build molecules, 

notably in terms of atom- and step-economies, the problem lies in controlling its selectivity. 

Indeed, if in theory, every C-H bonds may be functionalized, the harsh conditions required 

often raise problems of regio- and chemoselectivity, making it synthetically unpractical. 

Inherently, C-H bonds are difficult to functionalize, often displaying high bond dissociation 

energies (=BDE) and low acidity (Figure 1). The development of new methodologies for the 

selective transformation of inert C-H bonds remains, nowadays, one of the major challenges 

in organic chemistry. 

 

Figure 1 Compilation of bond dissociation energy (=BDE) values of R-H bond from the literature1; values 

are given in kcal.mol-1. 

The first report of C-H functionalization can be traced back to 1883, with the works of 

Hofmann on the reactivity of N-chloro- and N-bromoamines.2 He discovered through his 

research that pyrrolidines could be formed upon heating of these precursors under acidic 

conditions followed by basic treatment (Scheme 1-A). Almost 20 years later, Löffler and 

Freytag rediscovered this reactivity and extended the scope of this transformation.3 In 

particular, they applied this transformation to the total synthesis of nicotine.4 Nowadays, this 

transformation is known as the Hofmann-Löffler-Freytag reaction.  

The reaction is believed to be initiated by homolytic fragmentation of the N-halogen bond of 

N-chloroammonium 1.1.4 generating aminium radical cation 1.1.5 (Scheme 1-B). 

Translocation of the radical by 1,5-hydrogen atom transfer (=1,5-HAT) afforded alkyl radical 

1.1.6, which then propagate the chain by abstraction of a chlorine atom from the starting 

material. Finally, upon treatment with basic conditions chlorinated alkyl ammonium 1.1.7 

could cyclize to furnish pyrrolidine 1.1.3. 

                                                      

1 a) A. A. Zavitsas, in Encycl. Radic. Chem. Biol. Mater., 2012, 81-106; b) S. P. Morcillo, E. M. Dauncey, J. H. Kim, J. J. Douglas, 
N. S. Sheikh, D. Leonori, Angew. Chem. Int. Ed. 2018, 57, 12945–12949. 
2 A. W. Hofmann, Berichte Dtsch. Chem. Ges. 1883, 16, 558–560. 
3 K. Löffler, C. Freytag, Berichte Dtsch. Chem. Ges. 1909, 42, 3427–3431. 
4 K. Löffler, S. Kober, Berichte Dtsch. Chem. Ges. 1909, 42, 3431–3438. 
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Scheme 1. Hofmann-Löffler-Freytag reaction: A. Synthesis of pyrrolidines from N-haloamines; B. 

General mechanism. 

Since these pioneering works, tremendous efforts have been dedicated to diversify the 

methods available for the functionalization of unactivated C-H bonds. Notably, in these last 

fifty years the development of various transition-metal catalyzed transformations have 

particularly contributed to the expansion of this field. The C-H functionalization can be divided 

in three main categories: C-H insertion, C-H activation and radical-based C-H functionalization 

(Scheme 2).  

A C-H insertion reaction corresponds to the insertion of an electrophilic metal carbene specie 

into a C-H bond to create the formation of a new C-C and C-H bonds (Scheme 3).5 The reaction 

is believed to proceed via overlap of the empty p-orbital of the carbene with the σ-orbital of 

the reacting C-H bond, initiating a concomitant process where C-C and C-H bonds formation 

occurs while the transition metal dissociates.6  When chiral catalysts are used, the nature of 

the transition state allows for an efficient chirality transfer from the metal carbene to the C-H 

inserted product.  

 

 

                                                      

5 For a review: M. P. Doyle, R. Duffy, M. Ratnikov, L. Zhou, Chem. Rev. 2010, 110, 704–724. 
6 M. P. Doyle, L. J. Westrum, W. N. E. Wolthuis, M. M. See, W. P. Boone, V. Bagheri, M. M. Pearson, J. Am. Chem. Soc. 1993, 
115, 958–964. 
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Scheme 2. Overview of the main C-H functionalization strategies; LG: leaving group, DG: directing 

group, Abst: H-abstractor; FG: functional group. 

 

 

Scheme 3. Rhodium-catalyzed C-H insertion of diazo compound 1.1.8. 
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While the Hofmann-Löffler-Freytag reaction represents the essence of the intramolecular 

radical C-H functionalization, intermolecular strategies have also been developed for the 

direct hydrogen abstraction of unfunctionalized substrates. Among the oldest examples of 

hydrogen abstractors, we can find the use of photoexcited benzophenone and related 

ketones7 or peroxides.8 Nowadays, a large variety of conditions have been described for the 

modification of normally unreactive positions.9  

A metal-catalyzed C-H activation consists of the insertion of a transition metal into a C-H bond 

(Scheme 4). Different mechanisms are susceptible to take place depending on the nature of 

the transition-metal and its oxidation state.10 Most of the time, this reaction is guided by the 

presence of a directing group on the molecule (e.g. amide, carboxylic acid) to enable a good 

regioselectivity between the different C-H bonds available.11 The generality of this approach 

has made it one of the major topic of research of the last three decades, finding applications 

from material sciences to medicinal chemistry and enabling the functionalization of a large 

variety of C(sp2)-H and C(sp3)-H bonds.12  

 

Scheme 4. Selected example of C(sp2)-H13  and C(sp3)-H activation.14 

The C-H activation offers a complementary approach to radical-based C-H functionalization 

and C-H insertion strategies, aiming generally for different types of C-H bonds. Indeed, C-H 

activation reactions tend to be highly influenced by the acidity and the steric hindrance around 

the C-H bond to functionalize. It results in a tendency of targeting in priority C(sp2)-H bonds 

(e.g. vinylic, aromatic) or more accessible position C(sp3)-H (primary, benzylic, allylic).  

                                                      

7 C. Walling, M. J. Gibian, J. Am. Chem. Soc. 1965, 87, 3361–3364. 
8 M. S. Kharasch, G. Sosnovsky, J. Am. Chem. Soc. 1958, 80, 756–756. 
9 L. Capaldo, D. Ravelli, Eur. J. Org. Chem. 2017, 2017, 2056–2071. 
10 For a review: T. Rogge, N. Kaplaneris, N. Chatani, J. Kim, S. Chang, B. Punji, L. L. Schafer, D. G. Musaev, J. Wencel-Delord, 
C. A. Roberts, R. Sarpong, Z. E. Wilson, M. A. Brimble, M. J. Johansson, L. Ackermann, Nat. Rev. Methods Primer 2021, 1, 1–
31. 
11 For a review: Z. Chen, B. Wang, J. Zhang, W. Yu, Z. Liu, Y. Zhang, Org. Chem. Front. 2015, 2, 1107–1295. 
12 For a review: J. He, M. Wasa, K. S. L. Chan, Q. Shao, J.-Q. Yu, Chem. Rev. 2017, 117, 8754–8786. 
13 L.-C. Campeau, M. Parisien, M. Leblanc, K. Fagnou, J. Am. Chem. Soc. 2004, 126, 9186–9187. 
14 L. V. Desai, K. L. Hull, M. S. Sanford, J. Am. Chem. Soc. 2004, 126, 9542–9543. 
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In contrast, the regioselectivity of radical methods is strongly dictated by the strength of the 

C-H bond to transform, being closely linked to the bond dissociation energy difference. As a 

result, fairly weak C-H bonds will be preferentially functionalized (e.g. tertiary, allylic, benzylic, 

C-H bonds α- to a heteroatom) regarding their high potential to stabilize the generated alkyl 

radical. A similar behavior is observed for C-H insertion reactions. However, the reaction is 

more sensitive to steric effects, leading sometimes to diverted reaction selectivity.  

Combined, these three strategies offer numerous possibilities for the functionalization of C-H 

bonds and further developments in this field would enable the discovery of new selective and 

practical C-H transformations.   

In particular, the renewed interest for the photocatalysis have strongly participated to the 

expansion of this field, capitalizing on the ability of photocatalysts to enable, under visible-

light irradiation, single electron transfers and to produce highly reactive radical intermediates. 

These recent progress have been elegantly reviewed by the groups of MacMillan15 and 

Nicewicz.16 

                                                      

15 For review with metal photocatalyst: a) C. K. Prier, D. A. Rankic, D. W. C. MacMillan, Chem. Rev. 2013, 113, 5322–5363; b) 
M. H. Shaw, J. Twilton, D. W. C. MacMillan, J. Org. Chem. 2016, 81, 6898–6926. 
16 For a review with organic photocatalyst: N. A. Romero, D. A. Nicewicz, Chem. Rev. 2016, 116, 10075–10166. 
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Chapter 2: Radical β- and γ-C(sp3)-H 

functionalization of alcohols 

1. Introduction 

  The 1,5-hydrogen atom transfer 

By definition, a hydrogen atom transfer (HAT) corresponds to the migration of a proton and 

an electron (i.e. H·) from one group to another by a concerted fragmentation/X-H bond 

formation in a single kinetic step.17  

This process is driven by the formation of a more stable radical, thereby standing at lower 

level of energy. The optimal arrangement for the hydrogen atom transfer corresponds to the 

configuration where the three atoms are aligned. It is the reason why generally, in the case of 

intramolecular hydrogen atom transfer, a 6-membered transition state is favored (Scheme 5). 

While a 1,6-HAT would enable an improved alignement of the different atoms, the entropic 

cost resulting from this additional point of rotation tends to favor, in most cases, the 1,5-HAT. 

Nevertheless, synthetic applications of 1,4-, 1,6- or even farther positions are known and have 

been applied to the synthesis of complex natural products.18  

 

Scheme 5. Mechanism of the 1,5-hydrogen atom transfer. 

Enthalpic and entropic factors are of great importance in this fundamental radical reaction 

and requires the transformation to be exothermic. The thermodynamic feasibility of this 

process can often be estimated by looking at the bond dissociation energy (=BDE) difference 

between the C-H bond to be cleaved and the X-H bond to be formed.  

The polarity or philicity of the radicals involved needs to be taken into consideration for the 

development of an efficient and selective transformation. Indeed, by analogy with 

nucleophilic substitution SN2 reactions, the polarity of the two centers between which the 

hydrogen is exchanged should be matched to favor the reactivity. Therefore, electrophilic 

radicals will preferentially undergo HAT with electron-rich C-H bonds and the other way 

around for nucleophilic radicals.  

 

                                                      

17 E. A. Mader, E. R. Davidson, J. M. Mayer, J. Am. Chem. Soc. 2007, 129, 5153–5166. 
18 M. Nechab, S. Mondal, M. P. Bertrand, Chem. Eur. J. 2014, 20, 16034–16059. 
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To highlight this phenomenon, we can look at the use of thiols in radical reduction of alkyl 

halides. In 1989, Roberts et al. demonstrated the use of thiols as polarity reversal catalyst to 

enable the reduction of alkyl halides with triethylsilane under radical conditions (Scheme 6-

A).19 After 1 h of reaction in absence of thiol 2.1.6, only 10% of bromooctane 2.1.4 was 

converted to octane 2.1.5. This observation could be explained by the poor polarity match 

between nucleophilic alkyl radical 2.1.7 and nucleophilic triethylsilane radical 2.1.8 (Scheme 

6-B). In contrast, in presence of 2 mol% of 2.1.6, a full reduction of 2.1.4 was achieved in less 

than an hour. Thiol 2.1.6 acts as a catalyst to enhance the hydrogen atom transfer, playing 

successively the role of donor and abstractor upon reaction with, respectively, nucleophilic 

radical 2.1.7 and triethylsilane.   

 

Scheme 6. Thiols as polarity reversal catalysts in the reduction of alkyl halides with triethylsilane: A. 

Reaction in presence and absence of thiol 2.1.6; B. Proposed mechanism to account for the difference 

of kinetic and efficiency between the two conditions; TBHN: di-tert-butyl hyponitrite. 

  

                                                      

19 R. P. Allen, B. P. Roberts, C. R. Willis, J. Chem. Soc. Chem. Commun. 1989, 1387–1388. 
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  Alkoxy radical and δ-C(sp3)-H functionalization of alcohols 

While intermolecular hydrogen atom transfer reactions are ubiquitous and crucial in a wide 

variety of chemical (e.g. hydrocarbon combustion20, atmospheric phenomena21) and 

biological processes (e.g. oxidation with cytochrome P450 enzymes22), this introduction will 

focus on the recent progress of intramolecular 1,5-HAT and in particular of alkoxy radicals. 

The initial report by Hofmann, Löffler and Freytag of the 1,5-hydrogen atom transfer2-4 have 

paved the way to a wide range of transformations. Over the years, this reactivity have been 

extended to the remote C-H bond functionalization of several functional groups (e.g. hydroxyl, 

imine) and successfully applied to the synthesis of various scaffolds.23 In particular, the δ-

C(sp3)-H functionalization of alcohols by the intermediacy of an alkoxy radical have played an 

important role in the synthesis of steroids, notably represented by the Barton nitrite 

reaction.24 In view of the high bond dissociation energy of the O-H bond (i.e. BDE (O-H)≈ 105 

kcal.mol-1)25 this powerful electrophilic radical easily undergo a 1,5-HAT with a large diversity 

of C(sp3)-H bonds.  

However, because of the high BDE of the O-H bond, the generation of this O-centered radical 

from the parent alcohol remained challenging for a long time and a broad variety of precursors 

have been developed to circumvent this issue through the installation of an easily cleavable 

O-X bond (Scheme 7).26  

                                                      

2   A. W. Hofmann, Berichte Dtsch. Chem. Ges. 1883, 16, 558–560. 
3    K. Löffler, C. Freytag, Berichte Dtsch. Chem. Ges. 1909, 42, 3427–3431. 
4    K. Löffler, S. Kober, Berichte Dtsch. Chem. Ges. 1909, 42, 3431–3438. 
20 G. Von Elbe, B. Lewis, Proc. Symp. Combust. 1948, 1–2, 169–174. 
21 M. Kumar, A. Sinha, J. S. Francisco, Acc. Chem. Res. 2016, 49, 877–883. 
22 P. R. Ortiz de Montellano, Chem. Rev. 2010, 110, 932–948. 
23 a) L. Stateman, K. Nakafuku, D. Nagib, Synthesis 2018, 50, 1569–1586; b) W. Guo, Q. Wang, J. Zhu, Chem. Soc. Rev. 2021, 
50, 7359–7377. 
24 a) D. H. R. Barton, J. M. Beaton, L. E. Geller, M. M. Pechet, J. Am. Chem. Soc. 1960, 82, 2640–2641; b) D. H. R. Barton, Pure 
Appl. Chem. 1968, 16, 1–16. 
25 S. J. Blanksby, G. B. Ellison, Acc. Chem. Res. 2003, 36, 255–263. 
26 For reviews on alkoxy radicals: a) J. Hartung, T. Gottwald, K. Špehar, Synthesis 2002, 2002, 1469–1498; b) Ž. Čeković, 
Tetrahedron 2003, 59, 8073–8090. 
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Scheme 7. Overview of classical precursors and conditions developed for the generation of alkoxy 

radical. 

One of the biggest achievements in this field could be considered to be the development of 

conditions for the direct activation of free hydroxyl groups, notably for the synthesis of 

tetrahydrofuran. Lead tetraacetate27 has found important applications in the total synthesis 

of C-19 oxygenated steroids (Scheme 8-A).28 Later, Suàrez et al. displayed a modification of 

the HLF-reaction29, using diacetoxyiodobenzene and I2 under light irradiation. These mild 

conditions were notably applied to the total synthesis of various natural products (Scheme 8-

B).30,31  

 

Scheme 8. Representative examples of direct activation of free hydroxyl group for the synthesis of THF 

ring: A. Synthesis of C-19 oxygenated steroids by Ringold et al.; B. Synthesis of (+)-epoxydictymene by 

Paquette et al. 

                                                      

27 G. Cainelli, M. L. Mihailović, D. Arigoni, O. Jeger, Helv. Chim. Acta 1959, 42, 1124–1127. 
28 A. Bowers, E. Denot, L. C. Ibáñez, Ma. E. Cabezas, H. J. Ringold, J. Org. Chem. 1962, 27, 1862–1867. 
29 J. I. Concepción, C. G. Francisco, R. Hernández, J. A. Salazar, E. Suárez, Tetrahedron Lett. 1984, 25, 1953–1956. 
30 L. A. Paquette, L.-Q. Sun, D. Friedrich, P. B. Savage, J. Am. Chem. Soc. 1997, 119, 8438–8450. 
31 L. A. Paquette, L.-Q. Sun, D. Friedrich, P. B. Savage, Tetrahedron Lett. 1997, 38, 195–198. 
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Noteworthy, the recent progress of visible-light photoredox catalysis have enabled the 

development of milder conditions for the formation of alkoxy radicals.  

In 2016, the group of Meggers32 and Chen33 independently took advantage of this potential 

and reported the fragmentation of N-alkoxyphthalimides under photoredox catalysis. Under 

these conditions, the δ-functionalization of alcohols could be achieved through the 

intermediary of an alkoxy radical (Scheme 9).  

 

Scheme 9. δ-C-H functionalization of N-alkoxyphthalimides with Michael acceptors under photoredox 

catalysis; Hantzsch ester: diethyl 1,4-dihydro-2,6-dimethyl-3,5-pyridinedicarboxylate; Phth: 

phthalimide. 

The same year, Zuo et al. reported the use of catalytic amount of CeCl3 under visible light 

catalysis for the fragmentation and amination of cycloalkanols34 (Scheme 10). Later on, this 

reactivity proved to be quite general and could be used for the generation of alkoxy radicals 

from simple aliphatic alcohols.35  

  

Scheme 10. Photocatalytic fragmentation-amination sequence of cycloalkanol 2.1.19 in presence of 

CeCl3. 

At the same time, Knowles et al. capitalized on the concept of proton-coupled electron 

transfer (PCET) to promote the homolytic activation of hydroxyl O-H bonds under visible-light 

photoredox catalysis (Scheme 11).36 The reaction is believed to be initiated through the 

oxidation of the para-methoxyphenyl substituent leading to radical cation 2.1.29.  

                                                      

32 C. Wang, K. Harms, E. Meggers, Angew. Chem. Int. Ed. 2016, 55, 13495–13498. 
33 J. Zhang, Y. Li, F. Zhang, C. Hu, Y. Chen, Angew. Chem. Int. Ed. 2016, 55, 1872–1875. 
34 J.-J. Guo, A. Hu, Y. Chen, J. Sun, H. Tang, Z. Zuo, Angew. Chem. Int. Ed. 2016, 55, 15319–15322. 
35 A. Hu, J.-J. Guo, H. Pan, H. Tang, Z. Gao, Z. Zuo, J. Am. Chem. Soc. 2018, 140, 1612–1616. 
36 H. G. Yayla, H. Wang, K. T. Tarantino, H. S. Orbe, R. R. Knowles, J. Am. Chem. Soc. 2016, 138, 10794–10797 
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A concerted proton-electron transfer would then happen, upon action of the right base to 

form alkoxy radical 2.1.30. β-fragmentation of this O-centered radical followed by the rapid 

trapping of the alkyl radical by thiophenol would afford ketone 2.1.28.   

 

Scheme 11. Catalytic ring-opening of cycloalkanol 2.1.27 enabled by PCET activation of the O-H bond; 

PMP: para-methoxyphenyl. 

The recent progress achieved on the generation and applications of alkoxy radicals under 

photoredox catalysis have notably been reviewed by several groups.37  

  

                                                      

37 For reviews: a) K. Jia, Y. Chen, Chem. Commun. 2018, 54, 6105–6112; b) J.-J. Guo, A. Hu, Z. Zuo, Tetrahedron Lett. 2018, 
59, 2103–2111; c) E. Tsui, H. Wang, R. R. Knowles, Chem. Sci. 2020, 11, 11124–11141. 
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  Applications of the 1,5-HAT in cross-coupling reactions 

For a very long time, the fate of the radical generated from 1,5-HAT was limited to a trapping 

by homolytic substitution SH2 (e.g. halogenation, reduction), radical addition or homolytic 

aromatic substitution.  

In 2010, through the course of their research on iron-catalyzed C-C bond formations, 

Nakamura et al. took advantage of the radical nature sometimes observed in iron catalyzed 

cross-coupling reactions to enable the α-functionalization of aliphatic amines.38 Under iron-

catalyzed Kumada-Corriu-type conditions, 2-iodobenzylamine 2.1.31 was coupled with 

Grignard reagents to afford α-arylated amine 2.1.32 via 1,5-HAT of a transient aryl radical 

2.1.33 (Scheme 12). The majority of the examples involved the use of aryl Grignard reagents, 

nevertheless, few examples with vinyl or alkyl derivatives were demonstrated. 

 

Scheme 12. Iron-catalyzed α-arylation of aliphatic amine 2.1.31 via a transient aryl radical. 

Using a similar strategy, Zeng et al. reported in 2016 a magnesium mediated α-silylation of 2-

fluorobenzamide with chlorosilane, presumably by the 1,5-HAT of an aryl radical (Scheme 

13).39  

 

Scheme 13. Magnesium-catalyzed α-silylation of 2-fluorobenzamide 2.1.34 via a transient aryl radical; 

dtbbpy: 4,4’-di-tert-butylbipyridine. 

Building on their previous report, Nakamura et al. described two years later the first remote 

arylation of unactivated C(sp3)-H bonds under iron catalysis using diaryl zinc reagents as 

coupling partner (Scheme 14).40  

                                                      

38 N. Yoshikai, A. Mieczkowski, A. Matsumoto, L. Ilies, E. Nakamura, J. Am. Chem. Soc. 2010, 132, 5568–5569. 
39 P. Liu, J. Tang, X. Zeng, Org. Lett. 2016, 18, 5536–5539. 
40 B. Zhou, H. Sato, L. Ilies, E. Nakamura, ACS Catal. 2018, 8, 8–11. 
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Scheme 14. Iron-catalyzed remote arylation of unactivated aliphatic C-H bonds; NHC: N-heterocyclic 

carbene. 

Around the same time, a new program was started in our laboratory to capitalize on the 

potential of 1,5-HAT and enable the remote functionalization of various functional groups, 

through the formation of new C-C and C-heteroatom bonds. The following achievements of 

our laboratory have been completed concurrently with the results presented in this chapter. 

In 2018, our group reported a mild distal C(sp3)-H arylation of N-fluoro carboxamides and 

sulfonamides under copper catalysis (Scheme 15).41 In contrast to the iconic HLF reaction, the 

alkyl radical, resulting from the 1,5-HAT, could be intercepted by a copper catalyst and the 

resulting intermediate underwent a cross-coupling with an arylboronic acid. Few months later, 

a similar transformation with N-fluorosulfonamides was published by Nagib et al., 

complementing  the scope of this reaction.42  

 

Scheme 15. Copper catalyzed γ- and δ-C(sp3)-H arylation of sulfoxamides and carboxamides; EWG: 

electron-withdrawing group. 

One year later, this interrupted HLF-type reactivity was extended to benzohydrazide 

derivatives to enable a copper mediated remote C-H azidation and oxidative 

trifluoromethylation (Scheme 16).43  

                                                      

41 Z. Li, Q. Wang, J. Zhu, Angew. Chem. Int. Ed. 2018, 57, 13288–13292. 
42 Z. Zhang, L. M. Stateman, D. A. Nagib, Chem. Sci. 2019, 10, 1207–1211. 
43 X. Bao, Q. Wang, J. Zhu, Nat. Commun. 2019, 10, 769. 
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Scheme 16. Copper catalyzed γ-C(sp3)-H azidation and oxidative trifluoromethylation of 

benzohydrazide 2.1.42; Togni’s reagent II: 1-trifluoromethyl-1,2-benziodoxol-3(1H)-one. 

Taking advantage of the fragmentation of N-alkoxypyridinium salt under photocatalytic 

conditions,44 this strategy was applied to the δ-C-H functionalization of alcohols. Upon 

reaction under dual photoredox/copper catalysis of 2.1.45 with the appropriate TMSX reagent 

a large variety of δ-azido, δ-cyano and δ-thiocyanato alcohols were accessed (Scheme 17).45 

Gratifyingly, this approach could be extended later to the remote formation of C-C bonds, 

exchanging the silyl reagent for aryl and vinylboronic acids.46  

 

Scheme 17. Dual photoredox/copper catalyzed δ-C(sp3)-H functionalization of N-alkoxypyridinium salt 

2.1.45. 

Alongside our works on the iron-mediated β-C-H azidation of N-acyloxy imidates oximes, 

which will be described later in this chapter (see part 2.3), our laboratory took advantage of 

the 1,5-HAT of iminyl radicals to achieve the synthesis of γ-azido ketones under iron catalysis 

(Scheme 18).47 Later, further exploration of the reaction conditions enabled the development 

of a distal alkynylation of O-acyl oxime 2.1.49 under copper catalysis.48    

                                                      

44 V. Quint, F. Morlet-Savary, J.-F. Lohier, J. Lalevée, A.-C. Gaumont, S. Lakhdar, J. Am. Chem. Soc. 2016, 138, 7436–7441. 
45 X. Bao, Q. Wang, J. Zhu, Angew. Chem. Int. Ed. 2019, 58, 2139–2143. 
46 X. Bao, Q. Wang, J. Zhu, Chem. Eur. J. 2019, 25, 11630–11634. 
47 R. O. Torres‐Ochoa, A. Leclair, Q. Wang, J. Zhu, Chem. Eur. J. 2019, 25, 9477–9484. 
48 Z. Li, R. O. Torres-Ochoa, Q. Wang, J. Zhu, Nat. Commun. 2020, 11, 403. 
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Scheme 18. Metal-catalyzed γ-C(sp3)-H functionalizations of redox-active oxime 2.1.49. 

  Goal of the chapter 

Hydroxyl groups are ubiquitous in nature (i.e. cellulose, carbohydrates) and are present in a 

large variety of bioactive natural molecules and pharmaceuticals.49 The development of 

regioselective C-H functionalization of aliphatic alcohols would expand the valorization of this 

important feedstock, giving access to advanced building blocks and for the late-stage 

diversification of complex molecules.  

While the -C(sp3)-H functionalization of alcohols, by means of 1,5-HAT, has been extensively 

studied and found important synthetic applications, examples for the transformation of -and 

-C-H bonds of alcohols remain scarce. The development of new reductive C-H 

transformations would further broaden the scope of functionalities accessible, thereby 

complementing the existing oxidative methods. 

Herein we would like to disclose the development of radical-based β- and γ-C(sp3)-H 

functionalization of redox-active alcohol derivatives. 

 

  

                                                      

49 T. Henkel, R. M. Brunne, H. Müller, F. Reichel, Angew. Chem. Int. Ed. 1999, 38, 643–647. 
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2. -C-H Functionalization of alcohols using N-phthalimidoyl 

precursors 

  Introduction 

 -C-H functionalization of alcohols 

In comparison with the -functionalization of alcohols, the remote modification of -C-H only 

counts few examples, mostly reported in these last two decades. At the time this project was 

carried out the remote formation of new C-C bonds in -position remained unknown.  

3-functionalized alcohols could be accessed via several conventional methods, such as 

conjugation addition/reduction, aldol or Mannich/reduction sequence (i.e. 1,3-diols/amino 

alcohols) or the direct modification of allylic alcohols (Scheme 19). These strategies often 

involve several steps and may suffer from chemoselectivity issues with complex substrates, as 

strong bases are often required. A directed  -C-H functionalization of alcohols would provide 

an efficient regioselective strategy for the access of these motifs.  

 

Scheme 19. Conventional disconnections to access 3-functionalized alcohols. 

One of the first reports takes its origins with Du Bois et al.50 In 2001, few months after their 

first report of rhodium catalyzed C-H bond insertion for the synthesis of oxazolidinones,51 Du 

Bois et al. highlighted the use of these conditions to construct selectively 1,3-amino alcohols 

(Scheme 20).  

                                                      

50 C. G. Espino, P. M. Wehn, J. Chow, J. Du Bois, J. Am. Chem. Soc. 2001, 123, 6935–6936. 
51 C. G. Espino, J. D. Bois, Angew. Chem. Int. Ed. 2001, 40, 598–600. 
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Scheme 20. Rhodium catalyzed -C-H insertion of sulfamate ester 2.2.1; Rh2(oct)4= dirhodium 

tetraoctanaote. 

Inspired by the classical Hofmann-Löffler-Freytag reaction, Baran et al. developed in 2008 a 

one-pot sequence to accomplish the conversion of alcohols to 1,3-diols,52 through the use of 

an electron-poor carbamate 2.2.3 (Scheme 21). Under this 4-step sequence, these precursors 

underwent the bromination of tertiary and benzylic positions via a 1,6-hydrogen atom 

transfer. Upon silver-catalyzed cyclization and hydrolysis, the 1,3-diols 2.2.4 were revealed.  

 

Scheme 21. 1,3-Diols synthesis via radical-mediated -C-H functionalization of 2.2.3. 

In 2009, Inoue et al. designed a directed C-H hydroxylation taking advantage of the known 

reactivity of dioxirane compounds.53 This methodology allowed the selective oxidation of 

secondary/tertiary axial C-H bonds (Scheme 22). Nevertheless, only few substrates could be 

successfully functionalized and with relatively low synthetic efficiency. 

 

Scheme 22. Directed C-H hydroxylation for the construction of 1,3-diaxial diol derivatives. 

 

 

 

 

                                                      

52 K. Chen, J. M. Richter, P. S. Baran, J. Am. Chem. Soc. 2008, 130, 7247–7249. 
53 S. Kasuya, S. Kamijo, M. Inoue, Org. Lett. 2009, 11, 3630–3632. 
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The Hartwig group is one of the main contributors in this field, notably with their works on the 

metal-catalyzed dehydrogenative C-H silylation of silyl alcohols. In these last 10 years, their 

group reported several methodologies to promote the -silylation of alcohol via sp2 and sp3 C-

H activation (Scheme 23).54 The synthesis of various 1,3-diols could be achieved upon Tamao-

Fleming oxidation. 

 

Scheme 23. Overview of the methodologies developed by Hartwig et al. for the -silylation of alcohols; 

HA: hydrogen acceptor. 

Along the same line as Čeković’s work, on the remote desaturation of alkyl hydroperoxide,55[67] 

Baran et al. developed a general method to effect remote desaturation of sulfonate esters 

(Scheme 24).56 They successfully took advantage of the fragmentation of aromatic triazenes 

in acidic conditions to produce aryl radicals and triggered an unusual 1,7-hydrogen atom 

transfer. Under these conditions 2.2.13 was converted to dehydrogenated product 2.2.14 in 

excellent yield. 

 

Scheme 24. Guided desaturation of unactivated aliphatic C-H bonds. 

                                                      

54 a) E. M. Simmons, J. F. Hartwig, Nature 2012, 483, 70–73; b) E. M. Simmons, J. F. Hartwig, J. Am. Chem. Soc. 2010, 132, 
17092–17095; c) B. Li, M. Driess, J. F. Hartwig, J. Am. Chem. Soc. 2014, 136, 6586–6589; d) T. Lee, T. W. Wilson, R. Berg, P. 
Ryberg, J. F. Hartwig, J. Am. Chem. Soc. 2015, 137, 6742–6745; e) T. Lee, J. F. Hartwig, Angew. Chem. Int. Ed. 2016, 55, 
8723–8727; f) B. Su, T.-G. Zhou, X.-W. Li, X.-R. Shao, P.-L. Xu, W.-L. Wu, J. F. Hartwig, Z.-J. Shi, Angew. Chem. Int. Ed. 2017, 
56, 1092–1096 
55 Ž. Čekovió, Lj. Dimttruević, G. Djokić, T. Srnić, Tetrahedron 1979, 35, 2021–2026 
56 A.-F. Voica, A. Mendoza, W. R. Gutekunst, J. O. Fraga, P. S. Baran, Nat. Chem. 2012, 4, 629–635. 
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Roizen et al. reported in 2018 the -chlorination of alcohol derivatives using sulfamate ester 

2.2.15 to direct the selective functionalization of aliphatic C-H bonds (Scheme 25).57 

Interestingly, upon light-induced fragmentation a 1,6- over 1,5-hydrogen atom transfer 

occurred, disclosing a new strategy for the selective -chlorination of alcohol derivatives. This 

observation was assumed to result from the longer S-O and S-N bonds (ca. 1.58 Å) in addition 

to the slightly strained N-S-O angle (ca. 103 °), which geometrically favor a seven-membered 

transition state. 

 

Scheme 25. Remote chlorination of 2.2.15 via 1,6-HAT. 

The same group subsequently capitalized on the particularity of sulfamyl radicals to undergo 

preferentially 1,6-hydrogen atom transfer to achieve the formation of new C-C bonds at 

unactivated -C-H position.58 Under visible light photoredox catalysis, 2.2.17 was reacted with 

tert-butyl acrylate to yield 2.2.18 in 81% yield (Scheme 26). 

 

Scheme 26. Sulfamyl radical directed Giese reactions of unactivated -C-H bonds. 

  

                                                      

57 M. A. Short, J. M. Blackburn, J. L. Roizen, Angew. Chem. Int. Ed. 2018, 57, 296–299. 
58 A. L. G. Kanegusuku, T. Castanheiro, S. K. Ayer, J. L. Roizen, Org. Lett. 2019, 21, 6089–6095. 
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  Alkoxycarbonyl radical 

2.1.2.1. Characteristics 

Unlike acyl radicals which have been extensively used and studied, applications of 

alkoxycarbonyl radicals ROC(O)· remain in comparison relatively scarce. These radicals, also 

named sometimes oxyacyl radicals have first been postulated as reaction intermediates, after 

analysis of product compositions in different decomposition studies. Among them we can cite 

for examples the thermal decomposition of alkyl tert-butyl peroxyoxalates59, 

tritylazocarboxylates60 or the photolytic decomposition of methyl formate.61  

These reactive intermediates have been studied and observed at many occasions notably 

using spin-trapping experiments coupled with electron spin resonance (ESR) measurements 

(Figure 2).62  Notably, Perkin’s63 and Robert’s64 groups independently reported the first 

trapping of alkoxycarbonyl radicals, generated by H-abstraction of the corresponding 

formates, using 2-methyl-2-nitrosopropane 2.2.19 as scavenger.    

 

Figure 2. Examples of spin-trap scavengers used to trap alkoxycarbonyl radical. 

In 2001, Bucher et al. demonstrated the use of time-resolved infrared spectroscopy to 

characterize alkoxycarbonyl radicals (Scheme 27).65 In this study, oxalate 2.2.23 was 

fragmented by laser flash photolysis in carbon tetrachloride. From the time-resolved infrared 

difference spectra both oxalate radical 2.2.25 and alkoxycarbonyl radical 2.2.28 were 

detected. Under oxygen atmosphere, the corresponding alkoxycarbonylperoxy radical 2.2.29 

could also be observed. 

                                                      

59 P. D. Bartlett, R. E. Pincock, J. Am. Chem. Soc. 1960, 82, 1769–1773. 
60 D. E. Zabel, W. S. Trahanovsky, J. Org. Chem. 1972, 37, 2413–2418. 
61 P. Kebarle, F. P. Lossing, Can. J. Chem. 1959, 37, 389–402. 
62 a) A. L. Bluhm, J. Weinstein, Spectrosc. Lett. 1975, 8, 43–49; b) A. L. J. Beckwith, V. W. Bowry, G. Moad, J. Org. Chem. 
1988, 53, 1632–1641; c) A. L. J. Beckwith, V. W. Bowry, J. Am. Chem. Soc. 1994, 116, 2710–2716. 
63 R. J. Holman, M. J. Perkins, J. Chem. Soc. C Org. 1971, 2324–2326. 
64 D. Griller, B. P. Roberts, J. Chem. Soc. Perkin Trans. 2 1972, 747. 
65 G. Bucher, M. Halupka, C. Kolano, O. Schade, W. Sander, Eur. J. Org. Chem. 2001, 2001, 545–552. 
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Scheme 27. Time-resolved infrared spectroscopy of fluorenone oxime alkyl oxalate 2.2.23. 

In terms of stability, alkoxycarbonyl radicals were found to be significantly less stable than 

their acyl counterparts.66 For instance, the energy difference between a methoxycarbonyl and 

an acetyl radical was calculated to be up to 44.1 kJ.mol-1.  

These highly energetic intermediates can evolve through two pathways, either by 

decarbonylation or by decarboxylation (Scheme 28-A).  The fragmentation toward one or the 

other direction was found to be relatively sensitive to the reaction temperature.67 

Nevertheless, the second pathway remains in general thermodynamically more favorable. 

One possible explanation would be about the relative gain in stability in the decarboxylation 

pathway, alkyl radicals being in comparison much less reactive than alkoxy radicals. The 

decarboxylation of alkoxycarbonyl radicals, in opposition to the decarbonylation of acyl 

radicals, is an exothermic process and highly dependent on the nature of the substituent.  

In the course of their work on the fragmentation of xanthic anhydrides, Zard et al. examined 

the reasons behind the difference in the decarboxylation of alkoxycarbonyl and 

alkoxythiocarbonyl radicals.68  

 

                                                      

66 T. Morihovitis, C. H. Schiesser, M. A. Skidmore, J. Chem. Soc. Perkin Trans. 2 1999, 2041–2047. 
67 J. Pfenninger, C. Heuberger, W. Graf, Helv. Chim. Acta 1980, 63, 2328–2337. 
68 M. L. Coote, C. J. Easton, S. Z. Zard, J. Org. Chem. 2006, 71, 4996–4999. 
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In their studies, they identified that both radicals interacted with the σ* orbital of the breaking 

alkoxy bond via a SOMO/LUMO interaction (Scheme 28-B). The rate of this process was highly 

affected by the nature of the substituent. Not only the radical stabilization energy of the 

leaving radical but also its polarity critically impacted the exothermicity of this reaction. Due 

to the necessity for the leaving substituent to accept electron density during the 

fragmentation, the presence of an electron-withdrawing group drastically decreased the 

energy barrier for the reaction.    

The impact of the radical stabilization energy is particularly visible in the rate difference for 

the decarboxylation of primary69, secondary69, tertiary62c,64,69 and benzylic62c alkoxycarbonyl 

radicals (Scheme 28-C). From these numbers, we can highlight the important difference of 

reactivity between primary and tertiary intermediates toward decarboxylation.  

 

Scheme 28. Fragmentation of alkoxycarbonyl radicals: A. Fragmentation pathways of alkoxycarbonyl 

radicals; B. Orbital interactions proposed by Zard et al.; C. Examples of decarboxylation rate constants. 

In terms of reactivity, computational studies identified alkoxycarbonyl radical to be less 

nucleophilic than acyl or carbamoyl radicals, describing them as ambiphilic, mainly depending 

on the reacting partner.70  

In 1998, Newcomb and coworkers carried out laser flash photolysis (LFP) kinetic studies to 

determine absolute rate constants for alkoxycarbonyl radical reactions.69 The values obtained 

suggested alkoxycarbonyl radicals to be slightly more nucleophilic than analogous alkyl 

radicals.  

                                                      

62c A. L. J. Beckwith, V. W. Bowry, J. Am. Chem. Soc. 1994, 116, 2710–2716. 
64 D. Griller, B. P. Roberts, J. Chem. Soc. Perkin Trans. 2 1972, 747. 
69 P. A. Simakov, F. N. Martinez, J. H. Horner, M. Newcomb, J. Org. Chem. 1998, 63, 1226–1232. 
70 a) S. H. Kyne, C. H. Schiesser, H. Matsubara, Org. Biomol. Chem. 2007, 5, 3938–3943; b) S. H. Kyne, C. H. Schiesser, Aust. J. 
Chem. 2009, 62, 728. 
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Almost 20 years later, Overman corroborated this affirmation. In their studies, the 

photoredox-catalyzed addition of free methoxycarbonyl radical could exclusively be 

performed with electron-deficient olefins.71  

2.1.2.2. Precursors and reactivity of alkoxycarbonyl radicals 

The first report of alkoxycarbonyl radicals can be attributed to Urry and Huyser in 1953.72 In 

their seminal work, they demonstrated that the generation of methoxycarbonyl radical could 

be achieved directly from methyl formate 2.2.37 under strong heating and pressured 

conditions by H-abstraction with catalytic amount of di-tert-butylperoxide 2.2.38 (Scheme 29-

A). Both a pressure of ethylene 2.2.39 and 1-hexene 2.2.40 were used to trap the generated 

reactive radical. The requirement of only catalytic amount of initiator indicates that the 

reaction proceeds through a chain process, as both tert-butoxy radical 2.2.43 and generated 

alkyl radical 2.2.47 are able to propagate the reaction (Scheme 29-B). Nevertheless, the 

resulting competing oligomerization proved to be difficult to control and only complex mixture 

of isomers were obtained in very low yield.  

 

Scheme 29. First report of methoxycarbonyl radical by H-abstraction from methyl formate 2.2.37: A. 

Reaction in presence of ethylene 2.2.39 atmosphere or with 1-hexene 2.2.40; B. Proposed mechanism. 

                                                      

71 Y. Slutskyy, L. E. Overman, Org. Lett. 2016, 18, 2564–2567. 
72 W. H. Urry, E. S. Huyser, J. Am. Chem. Soc. 1953, 75, 4876–4877. 
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In the ensuing 65 years, only few reports appeared involving or mentioning the use of alkyl 

formates as precursors,73 either as low-yield alternative for the methoxycarbonylation of 

aromatic compounds74 or in decomposition studies61,75.  

In 2019, our laboratory achieved a copper catalyzed methoxy methoxycarbonylation of 

various styrene derivatives using methyl formate 2.2.37 as source of methoxycarbonyl and 

methoxy groups.76 Under copper catalysis, electron-rich alkenes 2.2.50 were transformed in 

presence of peroxides to their corresponding β-methoxy alkanoates 2.2.51 in fair to very good 

yield (Scheme 30-A). The slight modification of the conditions unlocked the access to different 

five-membered heterocycles as well as cinnamates (Scheme 30-B and C). 

 

Scheme 30. Copper catalyzed methoxy methoxycarbonylation of styrene derivatives 2.2.50 using 

methyl formate 2.2.37 as source of methoxycarbonyl and methoxy groups: A. Synthesis of β-methoxy 

alkanoates 2.2.51; B. Synthesis of five-membered heterocycles 2.2.53; C. Synthesis of cinnamates 

2.2.54. 

In 1973, ethyl pyruvate 2.2.55 was utilized by Minisci et al. under oxidative conditions to carry 

out the ethoxycarbonylation of protonated heteroaromatics (Scheme 31).73 The reaction 

proceeded through the formation of an oxyhydroperoxide intermediate 2.2.57 which under 

iron-catalysis fragmented to generate ethoxycarbonyl radical and acetic acid. Only few 

substrates were tested but their functionalization were achieved in very good combined 

yields. However, this methodology suffered from regioselectivity issues as most of the 

examples were obtained as mixtures of isomers and disubstituted products.  

                                                      

61 P. Kebarle, F. P. Lossing, Can. J. Chem. 1959, 37, 389–402. 
73 R. Bernardi, T. Caronna, R. Galli, F. Minisci, M. Perchinunno, Tetrahedron Lett. 1973, 14, 645–648. 
74 M. Fiorentino, L. Testaferri, Marcello. Tiecco, L. Troisi, J. Org. Chem. 1976, 41, 173–175. 
75 J. C. J. Thynne, Proc. Chem. Soc. 1961, 18–19. 
76 B. Budai, A. Leclair, Q. Wang, J. Zhu, Angew. Chem. Int. Ed. 2019, 58, 10305–10309. 
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Scheme 31. Oxidative iron-mediated ethoxycarbonylation of heteroaromatic compounds using 

ethylpyruvate 2.2.55. 

Nearly 20 years later, Minisci et al. further developed their methodology using oxalic acid 

derivatives in a biphasic system under silver-catalysis to decrease the proportion of 

disubstituted product and improve the regioselectivity.77  

Among all, the most conventional method for the generation of alkoxycarbonyl radical 

remains the thermal fragmentation of selenocarbonates in presence of tin hydride and 

initiator. 

After the first report by Pfenninger et al. of deoxygenation of selenocarbonate67, Bachi and 

Bosch demonstrated the ability of this radical to undergo intramolecular cyclization on a 

tethered alkyne (Scheme 32-A).78 In this report, they also showed the capacity of 

chloroformate 2.2.62 to perform similar reactivity, nevertheless with a lower efficiency. The 

uncovered reactivity was further exploited applying this highly regioselective free-radical 

cyclization to the synthesis of γ- and δ-lactones.79  

Due to the ease of synthesis of these precursors and their efficiency, this strategy was notably 

applied to the total synthesis of natural products.80 For instance, Corey et al. employed this 

approach in the synthesis of (±)-atractyligenin81 and by Trost et al. to access (-)-pseudolaric 

acid B (Scheme 32-B).82  

Similar cyclizations were achieved using homoallylic and homopropargylic xanthate 

derivatives in presence of tributyltin hydride.83  

 

                                                      

67 J. Pfenninger, C. Heuberger, W. Graf, Helv. Chim. Acta 1980, 63, 2328–2337. 
77 F. Coppa, F. Fontana, E. Lazzarini, F. Minisci, G. Pianese, L. Zhao, Tetrahedron Lett. 1992, 33, 3057–3060. 
78 M. D. Bachi, E. Bosch, Tetrahedron Lett. 1986, 27, 641–644. 
79 M. D. Bachi, E. Bosch, J. Org. Chem. 1992, 57, 4696–4705. 
80 a) S. Takahashi, T. Nakata, J. Org. Chem. 2002, 67, 5739–5752; b) Y. Liang, X. Jiang, X.-F. Fu, S. Ye, T. Wang, J. Yuan, Y. 
Wang, Z.-X. Yu, Chem. Asian J. 2012, 7, 593–604. 
81 A. K. Singh, R. K. Bakshi, E. J. Corey, J. Am. Chem. Soc. 1987, 109, 6187–6189. 
82 B. M. Trost, J. Waser, A. Meyer, J. Am. Chem. Soc. 2008, 130, 16424–16434. 
83 a) K. Nozaki, K. Oshima, K. Utimoto, Tetrahedron Lett. 1988, 29, 6127–6128; b) M. Yamamoto, T. Uruma, S. Iwasa, S. 
Kohmoto, K. Yamada, J. Chem. Soc. Chem. Commun. 1989, 1265; c) S. Iwasa, M. Yamamoto, S. Kohmoto, K. Yamada, J. 
Chem. Soc. Perkin 1 1991, 1173. 
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Scheme 32. Synthesis of -lactones by cyclization of selenocarbonates and chloroformates: A. Initial 

report by Bachi and Bosch; B. Application toward the total synthesis of (±)-atractyligenin and (-)-

pseudolaric acid B. 

A similar observation was made by Zard and Forbes during their investigations of the 

deoxygenative rerarrangement of S-alkoxycarbonyl dithiocarbonate 2.2.66.84 Indeed, in the 

case of this atom transfer reaction the generated alkoxycarbonyl radical underwent a 5-exo 

cyclization instead of a decarboxylation (Scheme 33-A). The same group expanded this 

observation to the synthesis of (±)-cinnamolide and (±)-methylenolactocin (Scheme 33-B).85   

 

Scheme 33. Atom transfer radical cyclization of S-alkoxycarbonyl dithiocarbonates derivatives: A. Initial 

observation by Zard and Forbes; B. Extension of the methodology to the synthesis of (±)-cinnamolide 

and (±)-methylenolactocin. 

                                                      

84 J. E. Forbes, S. Z. Zard, J. Am. Chem. Soc. 1990, 112, 2034–2036. 
85 J. E. Forbes, R. N. Saicic, S. Z. Zard, Tetrahedron 1999, 55, 3791–3802. 
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At the same time, Yokoyama et al., following the work of Barton et al. with N-hydroxypyridin-

2-thione mixed oxalate,86 capitalized on the partial fragmentation of secondary precursors to 

accomplish the trapping of alkoxycarbonyl radical intermediates.87 Using these conditions, 

primary and secondary precursors could be easily trapped inter or intramolecularly with 

olefins (or alkyne) in low to good yields (Scheme 34).  

Two examples of 6-exo-trig cyclization were also achieved but the presence of an aromatic 

moiety proved to be required to rigidify the system and enable reasonable yield.  

 

Scheme 34. Reaction of primary and secondary N-hydroxypyridin-2-thione mixed oxalate 2.2.70 with 

olefins; Py: pyridyl. 

In 2001, Plessis and Derrer introduced the use of xanthenoic esters 2.2.75 as photocleavable 

precursor of alkoxycarbonyl radicals (Scheme 35).88 The yields for this transformation were 

only modest, but interestingly the first example of 8-membered ring synthesis by cyclization 

of such radical was reported.  

                                                      

86 a) D. H. R. Barton, D. Crich, J. Chem. Soc. Chem. Commun. 1984, 0, 774–775; b) D. H. R. Barton, D. Crich, Tetrahedron Lett. 
1985, 26, 757–760. 
87 a) H. Togo, M. Yokoyama, HETEROCYCLES 1990, 31, 437; b) H. Togo, M. Fujii, M. Yokoyama, Bull. Chem. Soc. Jpn. 1991, 64, 
57–67. 
88 C. Plessis, S. Derrer, Tetrahedron Lett. 2001, 42, 6519–6522 
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Scheme 35. Photolactonization of xanthenoic ester 2.2.75. 

Among the different precursors studied for the generation of these radicals, carbazates are 

the ones who received the most attention in the last decade. 

In 2010, Taniguchi et al. reported the first use of these derivatives to generate alkoxycarbonyl 

radicals under oxidative conditions.89 Under iron catalysis and air, carbazate 2.2.77 could be 

oxidized to diazene 2.2.80 which upon further oxidation generated the active radical. Using 

these conditions carbazates 2.2.77 were reacted with alkenes 2.2.78 to provide 

difunctionalized β-hydroxyester 2.2.79 in moderate to good yields (Scheme 36).   

 

Scheme 36. First report using carbazates 2.2.77 as precursor of alkoxycarbonyl radicals. 

Following Taniguchi’s initial report, several research groups further developed this approach 

and used carbazates as alkoxycarbonyl radical precursors for the difunctionalization of 

olefins90 and the synthesis/functionalization of various heterocyclic systems.91  

 

 

                                                      

89 T. Taniguchi, Y. Sugiura, H. Zaimoku, H. Ishibashi, Angew. Chem. Int. Ed. 2010, 49, 10154–10157. 
90 a) R. Ding, Q.-C. Zhang, Y.-H. Xu, T.-P. Loh, Chem. Commun. 2014, 50, 11661–11664; b) Z. Zong, S. Lu, W. Wang, Z. Li, 
Tetrahedron Lett. 2015, 56, 6719–6721. 
91 Selected examples: a) X. Li, M. Fang, P. Hu, G. Hong, Y. Tang, X. Xu, Adv. Synth. Catal. 2014, 356, 2103–2106; b) C. Pan, J. 
Han, H. Zhang, C. Zhu, J. Org. Chem. 2014, 79, 5374–5378; c) G. Wang, S. Wang, J. Wang, S.-Y. Chen, X.-Q. Yu, Tetrahedron 
2014, 70, 3466–3470; d) X. Xu, Y. Tang, X. Li, G. Hong, M. Fang, X. Du, J. Org. Chem. 2014, 79, 446–451; e) Y. Gao, W. Lu, P. 
Liu, P. Sun, J. Org. Chem. 2016, 81, 2482–2487; f) X. Li, X. Fang, S. Zhuang, P. Liu, P. Sun, Org. Lett. 2017, 19, 3580–3583. 
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In 2019, Overman et al. combined under dual nickel-photoredox catalysis an alkoxycarbonyl 

radical cyclization with a cross-coupling reaction.92 Precursors derived from primary, 

secondary or tertiary alcohols were coupled efficiently with various aryl and vinyl iodides to 

yield a broad range of -butyro and -valerolactones (Scheme 2.2.20). This methodology was 

also extended to cesium oxamates to synthesize -butyrolactams. 

 

Scheme 37. Dual nickel-photoredox catalyzed alkoxycarbonyl radical cyclization-cross-coupling 

cascade. 

2.1.2.3. Alkyl N-phthalimidoyl oxalates as precursors of alkoxycarbonyl radicals 

Inspired by the pioneering work of Barton with tert-alkyl N-hydroxypyridine-2-thionyl 

oxalates,86b Overman et al. developed in 2013 the synthesis and use of tert-alkyl N-

phthalimidoyl oxalates 2.2.84, easily derived from tertiary alcohols.93 Under reductive 

photoredox catalysis this precursor could be fragmented to generate the corresponding alkyl 

radical. This radical could then be trapped by various electron-deficient olefins (Scheme 38-

A). Interestingly, when adamantyl oxalate 2.2.87 was subjected to the reaction conditions the 

trapping of the alkoxycarbonyl radical intermediate was found to be predominant (Scheme 

38-B). Similarly, the reaction between homoallylic oxalate 2.2.90 and methyl vinyl ketone gave 

butyrolactone 2.2.91 as main product. 

                                                      

86b D. H. R. Barton, D. Crich, Tetrahedron Lett. 1985, 26, 757–760. 
92 N. A. Weires, Y. Slutskyy, L. E. Overman, Angew. Chem. Int. Ed. 2019, 58, 8561–8565. 
93 G. L. Lackner, K. W. Quasdorf, L. E. Overman, J. Am. Chem. Soc. 2013, 135, 15342–15345. 
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Scheme 38. N-phthalimidoyl oxalates 2.2.84 as precursors of tert-alkyl radicals: A. Initial report by 

Overman et al.; B. Direct trapping of the alkoxycarbonyl radical intermediates. 

Capitalizing on their previous observations and the lower propensity of primary 

alkoxycarbonyl radical to fragment, Overman et al. explored in 2016 the reactivity of methyl 

N-phthalimidoyl oxalate 2.2.92 as a convenient source of methoxycarbonyl radical.71 Under 

mild photoredox conditions this precursor was used to achieve the methoxycarbonylation of 

various reactive Michael acceptors in low to excellent yield (Scheme 39).   

 

Scheme 39. Methyl N-phthalimidoyl oxalate 2.2.92 as a source of methoxycarbonyl radical. 

 

 

 

 

 

 

 

 

 

 

 

71 Y. Slutskyy, L. E. Overman, Org. Lett. 2016, 18, 2564–2567.  
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2.1.2.4. Aim of the project 

The goal of this project is to synthesize and explore the reactivity of primary N-phthalimidoyl 

oxalates 2.2.95 toward the remote -functionalization of C-H bonds (Scheme 40). N-

phthalimidoyl derivatives were chosen as redox-active precursors in this case due to their ease 

of preparation and their reported good stability. The lower tendency of primary and secondary 

alkoxycarbonyl radicals to undergo decarboxylation and their relatively high reactivity toward 

radical cyclization made us wondering about their H-abstraction properties. Despite a bond 

dissociation energy (BDE) close to secondary C-H bonds94 we hypothesized that alike in iminyl 

radical chemistry95 the functionalization of stabilized benzylic and tertiary positions could be 

accessible. Metal and photoredox conditions will be explored to attempt the remote C-H bond 

cross-coupling and Giese reactions.  

In this part will be disclosed the synthesis of two types of redox-active precursors and our 

investigations toward the -functionalization of alcohols via C-C bond formation. 

 

Scheme 40. Mechanistic proposal for the designed transformation.  

                                                      

94 D. Griller, J. M. Kanabus-Kaminska, A. Maccoll, J. Mol. Struct. THEOCHEM 1988, 163, 125–131. 
95 W. Shu, C. Nevado, Angew. Chem. Int. Ed. 2017, 56, 1881–1884. 
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 -C-H functionalization of alcohol using N-phthalimidoyl precursors 

 Synthesis of primary alkyl and phenol N-phthalimidoyl oxalates 

The synthesis of primary alkyl N-phthalimidoyl oxalates 2.2.95 was initiated using the reported 

procedure of Overman et al. for the synthesis of tert-alkyl N-phthalimidoyl oxalates.93  

The precursors could be easily synthesized by reacting the corresponding alcohol with an 

excess of freshly prepared chloro N-phthalimidoyl oxalate. The order of addition proved to be 

critical. Indeed, following the reported addition order established for the oxalylation of 

tertiary alcohols, namely the addition of the derivatization agent to the alcohol only yielded 

the symmetrical disubstituted oxalate. This difference in reactivity could be explained by the 

increased nucleophilicity of primary alcohols in comparison to their tertiary counterparts. 

Reversing the order of addition, by adding dropwise at 0 °C the alcohol, succeeded to afford 

the desired alkyl N-phthalimidoyl oxalates in moderate to excellent yield and acceptable purity 

(Scheme 41).  

Three precursors were synthesized to vary the radical stabilization energy at the -position 

and influence the feasibility of the hydrogen atom transfer.    

 

 

Scheme 41. General sequence for the synthesis of alkyl N-phthalimidoyl oxalates 2.2.95. 

 

 

 

 

 

 

 

 

93 G. L. Lackner, K. W. Quasdorf, L. E. Overman, J. Am. Chem. Soc. 2013, 135, 15342–15345. 
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To further facilitate the hydrogen atom transfer step, the system was rigidified with an 

aromatic ring to limit the rotational freedom of the precursor. The synthesis of three phenol 

derivatives 2.2.103 were attempted. In contrast to the primary alkyl precursors, these 

derivatives tend to be much more unstable. Despite several attempts, only 2.2.103a could be 

obtained in excellent yield and purity (Scheme 42).  

 

Scheme 42. Structure of the phenol N-phthalimidoyl oxalates 2.2.103 synthesized. 

All the precursors were found to be highly unstable in presence of water and on silica, 

preventing to perform any aqueous work-up or purification by thin layer or column 

chromatography. The substrates were accessed in good purity after removal of ammonium 

salts by their precipitation in petroleum ether.  
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 Investigations toward the -C-H functionalization of N-phthalimidoyl          

oxalates 

A broad range of methodologies, photoinduced or metal catalyzed have been reported in the 

last decade to promote the decarboxylative cross-coupling of N-phthalimidoyl esters with 

various partners.96 Notably, nickel97 and iron98 catalysts in presence of various organometallic 

reagents have proven to be particularly efficient.  

Our investigations were initiated by exploring the reactivity of N-phthalimidoyl oxalate 2.2.95a 

in presence of phenyl zinc chloride 2.2.104 with different transition metal catalysts (Table 1). 

Organozinc reagents were selected for this transformation because of their weak nucleophilic 

properties and their recent use in decarboxylative cross-coupling.97-98   

A huge variety of CuI and CuII salts with 4,4’-di-tert-butyl-2,2’-pyridine (= dtbbpy) as ligand 

were tested in this reaction (Entry 1-2). Partial to almost full decomposition of 2.2.95a was 

observed, mainly toward alcohol 2.2.102a. Traces of biphenyl 2.2.107 were observed as side-

product. A similar observation was made when NiII catalysts were used instead (Entry 3). No 

improvement was noticed neither with FeII nor FeIII catalysts (Entry 4-6). Performing the 

reaction with phenyl boronic acid in place of phenyl zinc chloride 2.2.104 in presence of CuI, 

CuII and NiII catalysts resulted in no success.  

Several additives (i.e. Mg°, Zn°) were evaluated as potential reductant to promote the 

fragmentation of our precursors. However, despite a small improvement of the conversion in 

presence of Mg° and MnBr2, no trace of 2.2.105 and 2.2.106 was detected.    

 

 

 

 

 

 

 

 

                                                      

96 For a review: S. Murarka, Adv. Synth. Catal. 2018, 360, 1735–1753. 
97 a) J. Cornella, J. T. Edwards, T. Qin, S. Kawamura, J. Wang, C.-M. Pan, R. Gianatassio, M. Schmidt, M. D. Eastgate, P. S. 
Baran, J. Am. Chem. Soc. 2016, 138, 2174–2177; b) T. Qin, J. Cornella, C. Li, L. R. Malins, J. T. Edwards, S. Kawamura, B. D. 
Maxwell, M. D. Eastgate, P. S. Baran, Science 2016, 352, 801–805; c) J. Wang, T. Qin, T.-G. Chen, L. Wimmer, J. T. Edwards, J. 
Cornella, B. Vokits, S. A. Shaw, P. S. Baran, Angew. Chem. Int. Ed. 2016, 55, 9676–9679; d) T.-G. Chen, H. Zhang, P. K. 
Mykhailiuk, R. R. Merchant, C. A. Smith, T. Qin, P. S. Baran, Angew. Chem. Int. Ed. 2019, 58, 2454–2458; e) J. M. Smith, T. 
Qin, R. R. Merchant, J. T. Edwards, L. R. Malins, Z. Liu, G. Che, Z. Shen, S. A. Shaw, M. D. Eastgate, P. S. Baran, Angew. Chem. 
Int. Ed. 2017, 56, 11906–11910. 
98 a) F. Toriyama, J. Cornella, L. Wimmer, T.-G. Chen, D. D. Dixon, G. Creech, P. S. Baran, J. Am. Chem. Soc. 2016, 138, 
11132–11135; b) F. Sandfort, M. J. O’Neill, J. Cornella, L. Wimmer, P. S. Baran, Angew. Chem. Int. Ed. 2017, 56, 3319–3323. 
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Table 1. Screening of catalysts for the remote cross-coupling of 2.2.95a with phenyl zinc chloride 

2.2.104. 

 

Entry Catalyst/ligand Conversion Observations 

1 CuI cat.A/dtbbpy Medium/good 2.2.102a, traces of 2.2.107 

2 CuII cat.B/dtbbpy Medium 2.2.102a, traces of 2.2.107 

3 NiII cat.C/dtbbpy Medium/good 2.2.102a, traces of 2.2.107 

4 FeBr2 or Fe(OAc)2
D /xantphos Medium/good 2.2.102a, traces of 2.2.107 

5 Fe(acac)3
 D/xantphos Medium/good 2.2.102a, traces of 2.2.107 

6 FeCl3 with TMEDA E Medium/good 2.2.102a, traces of 2.2.107 

A: CuI catalysts (20 mol%)  tested: CuCl, CuBr, CuI, CuOAc, Cu2O, Cu(CH3CN)4.BF4, (CuOTf)2.Benzene, (CuOTf)2.Toluene / dtbbpy 

(20 mol%); B: CuII catalysts (20 mol%) tested: CuCl2, CuBr2, CuF2, Cu(OMe)2, Cu(OAc)2, Cu(OTf)2, CuSO4, Cu(ClO4)2.6H2O, 

Cu(NO3)2.3H2O, Cu(CO3).Cu(OH)2, CuO, Cu(acac)2, Cu(trifluoroacetylacetate)2, Cu(2-ethylhexanoate)2, Cu(2-

pyrazinecarboxylate)2, Cu(3,5-diisopropylsalicylate)2.H2O / dtbbpy (20 mol%); C: NiII catalysts (20 mol%) tested: NiCl2.6H2O, 

Ni(acac)2, NiCl2.glyme, NiCl2(PPh3)2, NiOTf2, Ni(BF4)2.6H2O / dtbbpy (40 mol%); D: FeII/III catalysts (3 mol%) + 6 mol% of 

Xantphos ; E: FeCl3 (3 mol%) + 1.5 equiv of tetramethylethylenediamine (=TMEDA). 

After an intense screening of metal catalyzed conditions, the fragmentation using photoredox 

conditions was explored (Scheme 43). The irradiation of oxalate 2.2.95a under blue LEDs in 

presence of Ru(bpy)3(PF6)2 and Hantzsch ester in DMF provided formate 2.2.108 in 57% 

isolated yield. To our delight, neither alcohol 2.2.102a nor alkane 2.2.109 was observed. 

Similar observations were noted when the reaction was carried out in THF or DCM, although 

with slower kinetics.   

 

Scheme 43. Fragmentation of 2.2.95a under photoredox catalysis. 

Encouraged by the ability of RuII photocatalyst to catalyze the fragmentation of the N-

phthalimidoyl moiety, the reaction was performed in presence of Michael acceptors to 

attempt the distal C-C bond formation.  
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When 2.2.95a was reacted with an excess of methyl vinyl ketone 2.2.110 under photoredox 

catalysis, no remote functionalization product 2.2.111 was observed (Scheme 44). Instead 

ketoester 2.2.112, resulting from direct trapping of the alkoxycarbonyl radical intermediate 

was isolated in 48% yield.  

 

Scheme 44. Reaction of 2.2.95a in presence of methyl vinyl ketone 2.2.110. 

To increase the life-time of our generated alkoxycarbonyl radical, the reaction was run in 

presence of a limiting amount of less-reactive99 acrylonitrile (Scheme 45). In this case too, the 

direct addition was achieved leading to cyanoester 2.2.115 in similar yield.  

 

Scheme 45. Reaction of 2.2.95a in presence of acrylonitrile 2.2.113. 

In order to tackle the issue with the fast intermolecular reactions, dilution experiments were 

carried out (Table 2). Decreasing the concentration did not significantly impact the kinetic of 

the reaction. Even after decreasing the concentration to 0.01 M (30-fold dilution), the full 

conversion of our starting material was achieved smoothly after 24 h (Entry 3). In all cases, 

linear product 2.2.115 remained major without trace of 2.2.114 (Entry 1-3).  

 

 

 

 

 

 

 

 

                                                      

99 D. S. Allgäuer, H. Jangra, H. Asahara, Z. Li, Q. Chen, H. Zipse, A. R. Ofial, H. Mayr, J. Am. Chem. Soc. 2017, 139, 13318–
13329. 
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Table 2. Dilution experiments for the reaction of 2.2.95a with acrylonitrile 2.2.113. 

 

Entry Concentration Conversion 2.2.115 isolated yield  

Ref. 0.3 M Full 48% 

1 0.1 M Full 38% 

2 0.05 M Full 39% 

3 0.01 M Full <20% 

2.2.95b and 2.2.95c were next subjected to the reaction conditions (Scheme 46). The same 

reactivity was observed for precursor 2.2.95b, leading 2.2.117 as sole product in low yield. 

Surprisingly precursor 2.2.95c was found to be highly unstable under these reaction conditions 

and only formate 2.2.120 was detected. 

 

Scheme 46. Reaction of 2.2.95b and 2.2.95c in presence of acrylonitrile 2.2.113 - conditions: 2.2.113 

(1.0 equiv), Ru(bpy)3(PF6)2 (2 mol%), Hantzsch ester, DMF, rt, blue LEDs. 

As the direct scavenging of nucleophilic alkoxycarbonyl radical with electron-poor Michael 

acceptors happened to occur too rapidly, we envisioned to switch the nature of the olefin to 

the more electron-rich α-methylstyrene 2.2.121 (Scheme 47). However, even in presence of 

excess of 2.2.121 neither 2.2.122 nor 2.2.123 were observed and only formate 2.2.108 was 

observed. 



Chapter 2: Radical β- and γ-C(sp3)-H functionalization of alcohols 

38 

 

 

Scheme 47. Reaction of 2.2.95a in presence of α-methylstyrene 2.2.121. 

Only decomposition of the starting material was observed when the reaction with 2.2.121 was 

attempted with precursor 2.2.95b. 

Following these results, it appeared that the desired 1,5-HAT tended to be more challenging 

than expected. As intramolecular hydrogen atom transfers are not only influenced by 

thermodynamic factors but also by geometrical factors, the idea of decreasing the entropic 

factor of this reaction was considered. Indeed, decreasing the free-rotation energy through 

the molecule should favor a good alignment of the generated alkoxycarbonyl radical and the 

benzylic C-H bond.  

To test this hypothesis the reaction was explored using precursors derived from phenols 

2.2.103 (Scheme 48). The fragmentation of these precursors proved to be more difficult and 

required to use Ir(ppy)3, a stronger reductant to afford accepTable conversion for the starting 

material. 

The reaction run with 2.2.103a did not produce the desired remote functionalized product 

2.2.124. Instead, alike with aliphatic substrates, trace of linear product 2.2.125 was detected. 

Excess of precursors 2.2.103b and 2.2.103c were submitted to the reaction conditions, 

however without success.   
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Scheme 48. Reaction of precursor 2.2.103a, 2.2.103b and 2.2.103c with acrylonitrile 2.2.113. 

In conclusion, the fragmentation of N-phthalimidoyl oxalates was investigated in presence of 

transition metals for a remote cross-coupling and under photoredox conditions for a remote 

Giese reaction. In the first case, the fragmentation was found to be difficult in most cases and 

too unstable to allow any functionalization. On the contrary, a smooth fragmentation was 

occurring under photoredox catalysis allowing the generation of alkoxycarbonyl radicals. The 

reaction was performed in presence of electron-rich and electron-poor olefins to determine 

the feasibility of the desired 1,5-HAT. Unfortunately, only products of direct addition to the 

Michael acceptors were detected. Attempts to promote the HAT by using geometrically-

constrained systems failed to allow the distal functionalization of C-H bonds.    
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  -C-H functionalization of alcohols directed by 1-alkoxy vinyl radicals 

 Introduction 

The inability of alkoxycarbonyl radical to undergo 1,5-HAT could arise from a too small energy 

difference between the reactive intermediate and the desired translocated stabilized radical. 

Indeed, this kind of reactivity is commonly promoted by high energy radicals (i.e. alkoxy, 

vinyl,…) due to the strength of the newly formed X-H bond (Figure 3).  

 

Figure 3. Bond dissociation energies of C-H bond from methyl formate 2.2.3794, methanol 2.2.12625, 

ethylene 2.2.3925 and methoxyethene 2.2.127100. 

From this idea, we hypothesized that if we could generate under similar conditions a more 

energetic 1-alkoxy vinylic radical 2.2.129 we could maybe push the equilibrium and allow the 

distal C-H functionalization of alcohol derivative 2.2.128 (Scheme 49). This kind of radical have 

been described before, notably by the group of Daoust for the radical difunctionalization of 

ynol ethers.101  

We wondered if 2-alkoxyacrylate 2.2.128a could, similarly to N-phthalimidoyl oxalates and 

esters fragment upon single electron transfer, to release 1-alkoxy vinyl radical 2.2.129. This 

high-energy radical would undergo a 1,5-HAT to generate a more stabilized radical 2.2.130 

(e.g. benzylic, tertiary), which could then directly be functionalized (path A) or undergo a 5-

exo-trig cyclization before trapping (path B).  

Radical 5-exo-trig cyclizations are known to be extremely fast processes but we believed that 

due to the miss-matched philicity between the “nucleophilic” radical and the electron-rich 

olefin the path A could be competitive.  

                                                      

25 S. J. Blanksby, G. B. Ellison, Acc. Chem. Res. 2003, 36, 255–263. 
94 G. L. Lackner, K. W. Quasdorf, L. E. Overman, J. Am. Chem. Soc. 2013, 135, 15342–15345. 
100 G. da Silva, C.-H. Kim, J. W. Bozzelli, J. Phys. Chem. A 2006, 110, 7925–7934. 
101 a) P. Lemoine, B. Daoust, Tetrahedron Lett. 2008, 49, 6175–6178; b) F. Longpré, N. Rusu, M. Larouche, R. Hanna, B. 
Daoust, Can. J. Chem. 2008, 86, 970–975; c) G. F. Sanapo, B. Daoust, Tetrahedron Lett. 2008, 49, 4196–4199; d) R. Hanna, B. 
Daoust, Tetrahedron 2011, 67, 92–99. 
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Scheme 49. Envisioned mechanism for the remote functionalization of 2.2.128a. 
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 Synthesis of N-phthalimidoyl 2-alkoxyacrylate derivatives 

The synthesis of N-phthalimidoyl 2-alkoxyacrylate derivatives 2.2.128 was considered 

following a 4-step sequence (Scheme 50). The synthesis of the phthalimidoyl ester moiety 

would be achieved by Steglich’s esterification in a late-stage, to minimize degradation. The 

required carboxylic acid would be obtained by saponification of the ethyl ester. Finally, the 

generation of the enol ether moiety would be achieved by a one-pot rhodium catalyzed O-H 

insertion followed by a Horner-Wadsworth-Emmons olefination.102  

 

Scheme 50. Retrosynthetic analysis for the synthesis of N-phthalimidoyl 2-alkoxyacrylate 2.2.128. 

Using this strategy, three different substrates having different radical stabilizing potentials 

were synthesized in fair to good overall yields (Scheme 51). Small decrease in the overall yield 

was observed for substrates 2.2.128b and 2.2.128c mainly due to the first step. Unlike the 

oxalate derivatives, these compounds were relatively stable to aqueous conditions and 

column chromatography. 

 

Scheme 51. Synthesis of three N-phthalimidoyl 2-alkoxyacrylate precursors 2.2.128. 

 

 

                                                      

102 X.-K. Zhang, F. Liu, W. D. Fiers, W.-M. Sun, J. Guo, Z. Liu, C. C. Aldrich, J. Org. Chem. 2017, 82, 3432–3440. 
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  The reactivity of N-phthalimidoyl 2-alkoxyacrylate derivatives 

The investigations of these derivatives were initiated by subjecting precursor 2.2.128a to the 

photoredox conditions previously found for the generation of alkoxycarbonyl radical (Table 

3). Despite the complete conversion of 2.2.128a, no product could be detected and only 

uncontrolled polymerization/decomposition could be observed. Switching the solvent from 

DMF to acetonitrile, ethyl acetate or toluene only affected the rate of conversion but except 

for trace of acid 2.2.135 only decomposition was noticed.  

Table 3. Reactivity of 2.2.128a in presence of excess of acrylonitrile 2.2.113 in different solvents.  

 

Entry Solvent Conversion Observations 

1 DMF Full Decomposition 

2 Acetonitrile Good Decomposition + 2.2.135 

3 EtOAc Good Decomposition + 2.2.135 

4 Toluene Medium Decomposition + 2.2.135 

 

In absence of 2.2.113, precursor 2.2.128a was efficiently fragmented, however only trace of 

vinyl ether 2.2.136 was detected (Scheme 52). Reducing the amount of photocatalyst did not 

improve the outcome of the reaction. 

Similar observations were made when the reaction was performed with precursor 2.2.128c. 

Unfortunately, 2.2.128b was too unstable and fully decomposed.  
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Scheme 52. Reaction of precursors 2.2.128a, 2.2.128b and 2.2.128c in absence of Michael acceptor. 

In order to understand better the outcome of these reactions, few stability studies were 

carried out. 2.2.128a was found to be stable in presence of Hantzsch ester and water, one 

possible contaminant of the catalyst. However, even in absence of photocatalyst, 2.2.128a 

was fully consumed upon irradiation with blue light in presence of Hantzsch ester and trace of 

2.2.138 was detected. Similar observations have been reported in the literature in the case of 

N-phthalimidoyl esters103 and N-alkoxyphthalimides.104  

The fragmentation of these precursors was also investigated under various metal-catalyzed 

conditions without success. 

In conclusion, three different 2-alkoxyacrylate precursors 2.2.128 were synthesized in fair to 

good overall yields starting from the corresponding alcohol 2.2.102. The precursors happened 

to be unstable under blue LEDs irradiation and no remote functionalization could be 

accomplished. Our investigations to functionalize the -position of alcohols using N-

phthalimidoyl 2-alkoxyacrylate derivatives were unsuccessful. 

  

                                                      

103 Y. Li, J. Zhang, D. Li, Y. Chen, Org. Lett. 2018, 20, 3296–3299. 
104 J. Zhang, Y. Li, R. Xu, Y. Chen, Angew. Chem. Int. Ed. 2017, 56, 12619–12623. 
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  Conclusion 

Two strategies were explored in this part to promote the formal -functionalization of redox-

active alcohol derivatives. Our ideas were based on the fragmentation of N-phthalimidoyl 

oxalates 2.2.95 and 2-alkoxyacrylates 2.2.128 upon reduction via single electron transfer. The 

reactive alkoxycarbonyl and 1-alkoxyvinyl radicals generated would undergo a 1,5-hydrogen 

atom transfer to produce a more stabilized radical, upon access to a remote functionalization. 

Upon hydrolysis of the directing group, -functionalized alcohol would be accessed.  

The fragmentation of both precursors was investigated under transition metals and 

photoredox conditions. In the case of N-phthalimidoyl oxalates only photoredox conditions 

proved to be efficient to promote a controlled fragmentation. Several trapping experiments 

using Michael acceptors were carried out. These experiments revealed that no 1,5-HAT was 

taking place. Instead the direct addition of the alkoxycarbonyl radical to electron-poor olefins 

was observed. Attempts to favor the 1,5-HAT by reducing the flexibility of the molecule were 

ineffective.   

In an effort to increase the exothermicity of this HAT, more energetic N-phthalimidoyl 2-

alkoxyacrylates 2.2.128 were synthesized and tested. Unfortunately, these precursors were 

unstable under blue light irradiation and transition metals were not competent to promote 

this transformation.   

Our investigations to functionalize the -position of primary N-phthalimidoyl alcohol 

derivatives were unsuccessful so far. The balance between the required strong energetic 

intermediate and a good stability was critical and none of our precursors could achieve both 

at the same time.  Despite matching all thermodynamic criteria we were not able to effectively 

perform the desired transformation. We hypothesize that polar and geometric factors 

hindered us from achieving the formal γ-C-H functionalization of redox-active alcohols.  
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3. -C-H Azidation of alcohols using N-acyloxy imidates 

  Introduction  

The direct β-C-H functionalization of alcohol remains highly underdeveloped. A classical 

strategy to access this motif involves the functionalization of the corresponding ketone or 

aldehyde before reduction (Scheme 53). However, applying this approach to pre-existing 

alcohol would require a time- and money-consuming functional group interconversion 

involving an oxidation/functionalization/reduction sequence. Moreover, this kind of strategy 

could not be applied to tertiary alcohols and would mean, in the case of secondary alcohols, 

to a loss of the pre-existing stereochemistry.  

 

Scheme 53. Strategies for the synthesis of β-functionalized alcohols. 

Due to the abundance of hydroxyl groups in nature and medical chemistry the development 

of new strategies for C-H functionalization of alcohol derivatives is of synthetic interest to 

open new possibilities for the late-stage functionalization of advanced intermediates and 

drugs. 

In 2001, Espino and Du Bois51 reported the discovery of a new rhodium catalyzed β-C-H 

insertion of readily available carbamates 2.3.1 for the synthesis of oxazolidinones 2.3.2 

(Scheme 54). Upon hydrolysis, 1,2-amino alcohols could be accessed. 

 

Scheme 54. Rhodium-catalyzed C-H insertion of 2.3.1. 

In 2007, White et al. disclosed a novel strategy for the allylic C-H amination reaction of N-tosyl 

carbamate 2.3.3 (Scheme 55).105 Under Pd(II) catalysis, several anti-oxazolidinone 2.3.4 were 

obtained, enabling a new route toward 1,2-amino alcohols.  

                                                      

51 C. G. Espino, J. D. Bois, Angew. Chem. Int. Ed. 2001, 40, 598–600. 
105 K. J. Fraunhoffer, M. C. White, J. Am. Chem. Soc. 2007, 129, 7274–7276. 
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Scheme 55. Pd(II) catalyzed allylic amination of 2.3.3; PhBQ: 2-phenylbenzoquinone. 

Until recently, only few reports described a strategy for the β-functionalization of alcohol 

derivatives, mostly based on palladium catalyzed directed C-H activation processes (Scheme 

56).  

In 2012, Dong et al. reported an innovative β-C-H acetoxylation of alcohol-derived oxime 2.3.5 

under oxidative palladium catalysis, taking advantage of the oxime moiety to direct the C-H 

activation.106 However, this strategy suffered from several drawbacks. The scope of the 

transformation remained relatively limited, notably lacking other functional groups. 

Additionally, only moderate selectivity was noticed for the monofunctionalization in presence 

of several identical C-H bonds.  

 

Scheme 56. Directed β-Csp3-H C-H activation of alcohol-derived oxime derivatives; DG: directing-

group; NFSI: N-Fluorobenzenesulfonimide; Cp*: pentamethylcyclopentadienyl. 

                                                      

106 Z. Ren, F. Mo, G. Dong, J. Am. Chem. Soc. 2012, 134, 16991–16994. 
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The same group extended this strategy three years later for the β-sulfonylation of similar 

substrates.107 In this case, the reaction appeared to be compatible with various functional 

groups. This strategy was diversified by Dong and Liu to access 1,2-amino alcohol derivatives 

upon C-H sulfonamidation with NFSI.108 In 2018, Xu et al. under similar conditions with NFSI 

tuned the electronic properties of the oxime directing group to promote the β-fluorination 

instead.109 Concomitantly to these palladium catalyzed transformation, Chang et al. reported 

an iridium catalyzed β-C-H sulfonamination of cyclohexyl oximes derivatives.110  

Following their work on the γ-C-H silylation of alcohols, the group of Prof. Hartwig reported a 

new β-C(sp3)-H bonds silylation of alcohols using 2.3.12, a perfluorinated (hydrido)silyl acetal 

(Scheme 57).111 Under iridium catalysis, a dehydrogenative C-H silylation took place to afford 

dioxasilinane 2.3.13 which can, upon Tamao-Fleming oxidation, give access to 1,2-diol 2.3.14. 

Interestingly, the reaction was selective for primary sp3 carbon.  

 

Scheme 57. Iridium-catalyzed dehydrogenative β-C(sp3)-H bonds silylation of 2.3.12; Me4Phen: 

3,4,7,8-Tetramethyl-1,10-phenanthroline. 

In 2017, Nagib et al. developed a radical mediated oxazoline synthesis using hypervalent 

iodine catalysis and light irradiation (Scheme 58).112 Under these oxidative conditions, imidate 

2.3.15 effected a remote functionalization of the β-C-H bond through the intermediacy of 

imidate radical 2.3.16.  The recombination of this radical with iodine followed by 

intramolecular cyclization yielded oxazoline 2.3.17. Its subsequent hydrolysis in acidic 

conditions achieved a new approach to β-amino alcohol 2.3.18.  Few months later, He et al. 

reported a similar transformation using an excess of N-iodosuccinimide and strong heating 

conditions.113  

 

                                                      

107 Y. Xu, G. Yan, Z. Ren, G. Dong, Nat. Chem. 2015, 7, 829–834. 
108 Y. Dong, G. Liu, J. Org. Chem. 2017, 82, 3864–3872. 
109 Y.-J. Mao, S.-J. Lou, H.-Y. Hao, D.-Q. Xu, Angew. Chem. Int. Ed. 2018, 57, 14085–14089. 
110 T. Kang, H. Kim, J. G. Kim, S. Chang, Chem Commun 2014, 50, 12073–12075. 
111 A. Bunescu, T. W. Butcher, J. F. Hartwig, J. Am. Chem. Soc. 2018, 140, 1502–1507. 
112 E. A. Wappes, K. M. Nakafuku, D. A. Nagib, J. Am. Chem. Soc. 2017, 139, 10204–10207. 
113 X.-Q. Mou, X.-Y. Chen, G. Chen, G. He, Chem. Commun. 2018, 54, 515–518. 
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Scheme 58. Imidate radical mediated oxazoline synthesis via hypervalent iodine catalysis and visible 

light irradiation. 

One year later, concomitantly to our project, Nagib et al.  depicted the use N-

phenoxybenzimidate 2.3.19 as precursor of imidate radical.114 Under photocatalysis, radical 

2.3.22 could be generated and underwent a 5-exo-trig cyclization on the allylic side-chain 

(Scheme 59). The interception of alkyl radical 2.3.23 with various trapping agents (i.e. 1,4-

cyclohexadiene, olefins, dicyanobenzene) closed the cycle and accounted for a 

difunctionalization of allylic alcohols. This approach represented the first report of imidate 

radical generation from N-hydroxyimidate derivatives.  

 

Scheme 59. Photocatalyzed difunctionalization of allylic N-phenoxybenzimidate 2.3.19. 

These last years, Nagib et al. further exemplified their initial discoveries by extending the 

chemistry of imidate radicals, notably for the β-C-H di-halogenation of imidates115 or for the 

extension and improvement of their previously reported procedures.116  

 

 

                                                      

114 K. M. Nakafuku, S. C. Fosu, D. A. Nagib, J. Am. Chem. Soc. 2018, 140, 11202–11205. 
113 E. A. Wappes, K. M. Nakafuku, D. A. Nagib, J. Am. Chem. Soc. 2017, 139, 10204–10207. 
115 E. A. Wappes, A. Vanitcha, D. A. Nagib, Chem. Sci. 2018, 9, 4500–4504. 
116 a) L. M. Stateman, E. A. Wappes, K. M. Nakafuku, K. M. Edwards, D. A. Nagib, Chem. Sci. 2019, 10, 2693–2699; b) A. F. 
Prusinowski, R. K. Twumasi, E. A. Wappes, D. A. Nagib, J. Am. Chem. Soc. 2020, 142, 5429–5438; c) K. M. Nakafuku, Z. Zhang, 
E. A. Wappes, L. M. Stateman, A. D. Chen, D. A. Nagib, Nat. Chem. 2020, 12, 697–704; d) Z. Zhang, D. T. Ngo, D. A. Nagib, 
ACS Catal. 2021, 11, 3473–3477. 
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Recently, Leonori et al. showcased the potential of electrophilic nitrogen radicals to promote, 

under photoredox catalysis, the remote functionalization of amides and amines.117 In their 

work on the remote C-H fluorination they displayed one example with a carbamate precursor 

2.3.24 (Scheme 60). This reactivity could only be applied to a tertiary C-H bond. 

 

Scheme 60. Remote C-H bond fluorination of 2.3.24 via generation of a strong electrophilic nitrogen 

radical. 

During the course of their works, Nagib et al. briefly investigated the properties of imidate 

radicals. They notably determined a bond dissociation energy (=BDE) for the N-H bond of three 

precursors, all above 100 kcal.mol-1 (Figure 4).113 These values were in good agreement with 

their ability to functionalize benzylic, tertiary and secondary C-H bonds and even to a lower 

extent primary C-H bond under their conditions.  

  

Figure 4. Bond dissociation energy of N-H bond determined by Nagib et al. 

Several metals (i.e. copper118, iron119) have been known to promote the fragmentation of 

redox-active oximes. However, to the best of our knowledge the metal catalyzed 

fragmentation of N-hydroxy imidate derivatives remained unknown at the time of this project.  

Building on these recent reports, we wondered if in presence of the right metal catalyst, both 

the cleavage of N-acyloxyl imidate 2.3.29 and the functionalization of radical 2.3.31 could be 

catalyzed under reductive conditions (Scheme 61), thereby complementing the initial report 

of Nagib with oxidative hypervalent iodine catalysis.  

In this part will be presented our study on the synthesis of N-acyloxy imidates and the 

development of a novel iron catalyzed remote C-H azidation of these alcohol derivatives. 

                                                      

117 S. P. Morcillo, E. M. Dauncey, J. H. Kim, J. J. Douglas, N. S. Sheikh, D. Leonori, Angew. Chem. Int. Ed. 2018, 57, 12945–
12949. 
118 a) M. Kitamura, K. Narasaka, Bull. Chem. Soc. Jpn. 2008, 81, 539–547; b) A. Faulkner, N. J. Race, J. S. Scott, J. F. Bower, 
Chem. Sci. 2014, 5, 2416–2421. 
119 a) H.-B. Yang, N. Selander, Chem. Eur. J. 2017, 23, 1779–1783; b) T. Shimbayashi, K. Okamoto, K. Ohe, Chem. Asian J. 
2018, 13, 395–399; c) T. Shimbayashi, D. Nakamoto, K. Okamoto, K. Ohe, Org. Lett. 2018, 20, 3044–3048. 
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Scheme 61. Working hypothesis for β-C(sp3)-H functionalization of N-acyloxy imidate 2.3.29.  
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  Investigations toward the synthesis of N-acyloxy imidates 

 Nucleophilic acyl substitution of chloroximes with alcohols 

One of the most classical approach to access N-hydroxy imidate 2.3.36, also sometimes called 

hydroximates, consists of adding a solution of alkali metal alkoxide 2.3.34, usually in the 

corresponding alcohol or in polar solvent, to hydroximoyl chloride 2.3.35 (Scheme 62).120 In 

most cases, the alcohol needs to be used as solvent and excess of 2.3.34 are required. 

Moreover, examples of addition/elimination to unprotected chloroxime are rare.121 In most 

cases, the presence of alkyl115,122, phenyl115 or THP123 substituents are mandatory and the 

substrate scope mainly involves simple alcohols.  

 

Scheme 62. Classical approach to N-hydroxy imidate 2.3.36. 

This strategy representing the most straightforward approach to access our precursors we 

decided to explore conditions to derivatize more complex alcohols.  

3.2.1.1. Synthesis of electrophilic oxime precursors 

A series of hydroximoyl chloride 2.3.35 and activated derivatives were synthesized to study 

their reactivity with alkali metal alkoxide 2.3.34.  

Chloroxime 2.3.37 was easily accessed in good yields by reacting aldoxime 2.3.38 with N-

chlorosuccinimide (= NCS) in chloroform (Scheme 63).124 Despite being slightly unstable on 

silica, 2.3.37 could be obtained in good purity after purification. 

 

Scheme 63. Synthesis of chloroxime 2.3.35a. 

                                                      

115 K. M. Nakafuku, S. C. Fosu, D. A. Nagib, J. Am. Chem. Soc. 2018, 140, 11202–11205. 
120 J. E. Johnson, E. A. Nalley, C. Weidig, M. Arfan, J. Org. Chem. 1981, 46, 3623–3629. 
121 C. T. Mathew, H. E. Ulmer, Process for the Preparation of N-Hydroxy Organo Imidate Compounds., 1985, EP0158153 (A2). 
122 a) J. E. Johnson, D. D. Dolliver, L. Yu, D. C. Canseco, M. A. McAllister, J. E. Rowe, J. Org. Chem. 2004, 69, 2741–2749; b) J. 
E. Johnson, L. Lu, H. Dai, D. C. Canseco, K. M. Small, D. D. Dolliver, F. R. Fronczek, J. E. Johnson, L. Lu, H. Dai, D. C. Canseco, K. 
M. Small, D. D. Dolliver, F. R. Fronczek, Aust. J. Chem. 2006, 59, 439–444; c) S. Kim, N. A. B. Kamaldin, S. Kang, S. Kim, Chem. 
Commun. 2010, 46, 7822–7824; d) Z.-B. Hu, H.-A. Luo, X.-G. Wang, M.-Z. Huang, L. Huang, H.-L. Pang, C.-H. Mao, H. Pei, C.-
Q. Huang, J. Sun, P.-L. Liu, A.-P. Liu, Bull. Korean Chem. Soc. 2014, 35, 1073–1076. 
123 J. A. De la Torre, M. Fernandez, D. Morgans, D. B. Smith, F. X. Talamas, A. Trejo, Tetrahedron Lett. 1994, 35, 15–18. 
124 A. V. Dubrovskiy, R. C. Larock, Org. Lett. 2010, 12, 1180–1183. 
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O-protected chloroxime derivatives were reached in good yields in two steps via a one-pot 

chlorination-protection sequence (Scheme 64). These precursors showed higher stability and 

no sign of decomposition was observed upon purification by column chromatography. 

 

Scheme 64. O-protected hydroximoyl chloride synthesis by a one-pot chlorination/O-protection 

sequence. 

The chloride leaving group was also substituted by a phenylsulfonyl. Precursor 2.3.43 was 

synthesized from 2.3.39 following Kim’s procedure123c in excellent yield (Scheme 65).   

 

Scheme 65. Synthesis of phenylsulfonyl oxime ether 2.3.43. 

3.2.1.2. Investigations on the addition of alcohol to chloroximes 

Our survey was started with chloroximes 2.3.37 and its reactivity under classical esterification 

conditions, replacing the conventional acyl chlorides by our electrophiles (Table 4).  

No reaction took place in presence of either Et3N or pyridine (Entries 1-2). No improvement 

was noticed when catalytic amount of DMAP was added (Entry 3). Increasing the temperature 

and reaction time did not lead to any significant impact (Entries 4-5).  

 

 

 

 

 

 

 

123c S. Kim, N. A. B. Kamaldin, S. Kang, S. Kim, Chem. Commun. 2010, 46, 7822–7824  
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Table 4. Screening of conditions for the addition of alcohol 2.3.44 to hydroximoyl chloride 2.3.37. 

 

Entry Deviation from above Conversion of 2.3.44 

1 / No conversion 

2 Pyridine instead of Et3N No conversion 

3 + DMAP (5 mol%) No conversion 

4 Pyridine / 60 °C No/Low conversion 

5 Pyridine + DMAP (5 mol%) / 60 °C No/Low conversion 

The reaction of alcohol 2.3.46, deprotonated with “washed” sodium hydride, was next 

examined (Table 5). In presence of equimolar amount of alkoxide, chloroxime 2.3.37 appeared 

to be unstable and decomposed, without desired product being formed (Entry 1). Performing 

the reaction at 45 °C did not affect the outcome (Entry 2). When the amount of alkoxide was 

increased a small proportion of chloroxime could be converted productively, however mainly 

toward the formation of ester 2.3.48 (Entries 3-4).   

Table 5. Screening of conditions for the addition of sodium alkoxide to chloroxime 2.3.37. 

 

Entry Deviation from above Conversion of 2.3.44 Products 

1 / No conversion Decomposition of 2.3.37 

2 45 °C No conversion Decomposition of 2.3.37 

3 Alkoxide (1.5 equiv) Low conversion Decomposition of 2.3.37, trace of 2.3.47 

4 Alkoxide (3 equiv) Low conversion Decomposition of 2.3.37, trace of 2.3.47, 

15% 2.3.48 
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From these results, it appeared that unprotected chloroxime 2.3.37 was too unstable under 

basic conditions, most likely because of the formation of nitrile oxide 2.3.49 (Figure 5).125 

Although nucleophilic addition to nitrile oxide have been reported in the past126, it proved to 

be inefficient in our case and only furoxan 2.3.50 was observed in 1H NMR. 

 

Figure 5. Structures of nitrile oxide 2.3.49 and dimeric form furoxan 2.3.50. 

To avoid this decomposition pathway, several O-protected chloroximes were explored. The 

1,2-addition on esterified chloroxime 2.3.41 was first considered. This activated ester was 

chosen in accordance with preliminary results obtained in our laboratory for the remote C-H 

functionalization of O-acyl oximes.47 

Standard esterification conditions were applied in presence of a catalytic amount of DMAP to 

activate the electrophile (Table 6). With a slight excess of alcohol almost no conversion was 

achieved neither with triethylamine nor with pyridine, even at 40 °C (Entries 1-3). The reaction 

of 2.3.41 in presence of stoichiometric amount of DMAP only resulted in the formation of 

trans-esterified side-product 2.3.52 (Entry 4).  

Table 6. Screening of conditions for the addition of alcohol 2.3.46 to chloroxime 2.3.41. 

 

Entry Deviation from above Conversion of 2.3.41 Observations 

1 / Low conversion / 

2 Pyridine instead of Et3N Low conversion / 

3 40 °C Low conversion / 

4 DMAP (1 equiv) at 40 °C Full conversion Only 2.3.52 

 

 

                                                      

47 R. O. Torres‐Ochoa, A. Leclair, Q. Wang, J. Zhu, Chem. Eur. J. 2019, 25, 9477–9484. 
125 C. Grundmann, J. M. Dean, J. Org. Chem. 1965, 30, 2809–2812. 
126 K. J. Dignam, A. F. Hegarty, P. L. Quain, J. Org. Chem. 1978, 43, 388–393. 
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A similar observation was made when 2.3.41 was reacted with an equimolar amount of 

sodium alkoxide 2.3.53 (Scheme 66). Indeed, despite a low conversion for both starting 

materials ester 2.3.52 remained the major product. Decreasing the temperature of addition 

to -15 °C showed no effect.   

 

Scheme 66. Addition of 2.3.53 to esterified chloroxime 2.3.41. 

The ester moiety turned out to be too labile in these conditions due to the competition with 

the chloroxime’s electrophilic carbon center.  

Hindered silyl protecting groups were next considered to prevent the inactivation of the 

nucleophile by migration of the protecting group. tert-Butyldimethylsilyl protected precursor 

2.3.39 was first submitted to esterification conditions (Table 7). In the same way as previously 

tested precursors, 2.3.39 remained untouched under standard conditions (Entries 1-3). 

Attempts to abstract the chloride using a silver salt remained unproductive, despite the actual 

formation of AgCl, easily noticeable by the formation of an opaque white mixture (Entries 4-

5). Along the same lines, aluminium trichloride and hexafluoroisopropanol127 were thought as 

catalyst, as both are known to activate carbonyl moieties toward nucleophilic attack in Friedel-

Crafts acylation. Nevertheless, these conditions could not favor the addition of the alcohol 

and only minimal amount of starting materials were converted to trans-silylated side-product 

2.3.55. 

 

 

 

 

 

 

 

    

 

                                                      

127 H. F. Motiwala, R. H. Vekariya, J. Aubé, Org. Lett. 2015, 17, 5484–5487. 
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Table 7. Screening of conditions for the addition of alcohol 2.3.46 to chloroxime 2.3.39. 

 

Entry Conditions Conversion of 2.3.39 Observations 

1 Et3N in DCM No conversion / 

2 Et3N in THF No conversion / 

3 Et3N + DMAP in DCM No/low conversion / 

4 AgOTf + Et3N in CH3CN  Full conversion Decomposition 

5 AgOTf + Pyridine in CH3CN Full conversion Decomposition 

6 AlCl3 in DCM Low conversion Traces of 2.3.55 

7 In HFIP Low conversion 14% of 2.3.55 

The formation of this side product was intensified when chloroxime 2.3.39 was reacted with 

alkoxide 2.3.53 (Scheme 67). Nearly half of the starting material was consumed by trans-

silylation reaction. Coupling product 2.3.54 was not detected but instead small quantity of 

ester 2.3.48 was observed in addition of unknown coupling products.  

 

Scheme 67. Addition of 2.3.53 to O-TBS protected chloroxime 2.3.39. 

Simultaneously to these investigations, we briefly explored the potential of palladium 

catalysts to promote this reaction (Scheme 68). Encouraged by the reports with imidoyl 

chloride128, we hypothesized chloroxime 2.3.39 could participate in a similar fashion via a 

Buchwald-Hartwig type mechanism.  

Similar cross-couplings with carbon nucleophiles have been reported with protected N-

alkoxyimidoyl halides129.  

                                                      

128 a) J. Rouden, A. Bernard, M.-C. Lasne, Tetrahedron Lett. 1999, 40, 8109–8112; b) A. Isobe, J. Takagi, T. Katagiri, K. 
Uneyama, Org. Lett. 2008, 10, 2657–2659. 
123c S. Kim, N. A. B. Kamaldin, S. Kang, S. Kim, Chem. Commun. 2010, 46, 7822–7824 
129 a) D. D. Dolliver, B. T. Bhattarai, A. Pandey, M. L. Lanier, A. S. Bordelon, S. Adhikari, J. A. Dinser, P. F. Flowers, V. S. Wills, 
C. L. Schneider, K. H. Shaughnessy, J. N. Moore, S. M. Raders, T. S. Snowden, A. S. McKim, F. R. Fronczek, J. Org. Chem. 2013, 
78, 3676–3687; b) S. Chang, M. Lee, S. Kim, Synlett 2001, 2001, 1557–1558; c) M. Ueda, S. Sugita, N. Aoi, A. Sato, Y. Ikeda, Y. 
Ito, T. Miyoshi, T. Naito, O. Miyata, Chem. Pharm. Bull. 2011, 59, 1206–1208. 
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Scheme 68. Screening of ligands for the Pd catalyzed cross-coupling of chloroxime 2.3.39 with alcohol 

2.3.46. 

A wide series of monodentate and bidentate phosphines were surveyed to promote this 

palladium catalyzed cross coupling between chloroxime 2.3.39 and alcohol 2.3.46. No real 

tendency could be deduced from the results obtained. In most cases, an uncomplete 

conversion of both partners was observed with relatively low yield for 2.3.54 and 2.3.47, in 

addition to the presence of aldehyde 2.3.56, ester 2.3.48 and O-TBS alcohol 2.3.55. An 

enhanced silyl group migration was noticed in the case of bidentate phosphines. Overall, little 

improvements could be perceived in comparison with the background reaction in absence of 

palladium catalyst.  

In 2010, Kim et al. reported the low reactivity of chloroxime in presence of various strong 

nucleophiles (i.e. PhMgBr, KCN).123c In their paper, they reported the use of phenyl sulfonyl 

group as surrogate to allow for the synthesis of substituted oxime derivatives. According to 

their reported procedure sulfonyl oxime ether 2.3.43 was reacted with alkoxide 2.3.53 

(Scheme 69). Despite the formation of a small amount of desired product 2.3.54, silylated 

alcohol 2.3.55 remained the major product.   

 

Scheme 69. Addition of 2.3.53 to O-TBS protected phenylsulfonyl oxime 2.3.43. 

In order to further inhibit the protecting group migration, we turned our attention to a bulkier 

triisopropylsilyl protecting group. Chloroxime 2.3.40 remained completely untouched when 

reacted with alcohol 2.3.46 when reacted neat with 2 equivalents of pyridine. The same 

observation was made when the reaction was performed in pyridine, even at temperature up 

to 100 °C. 

In contrast, we were pleased to observe the formation of hydroximate 2.3.57 with low level 

of trans-silylation when a slight excess of hydroximoyl chloride 2.3.40 was reacted with 

alkoxide 2.3.53 (Table 8, Entry 1). However, despite extending the reaction time (i.e. up to 3 

days) the reaction seemed to stop before 35% of conversion. Increasing the temperature to 
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60 °C did not push further this equilibrium. The conversion was slightly improved when THF 

was switched for DMF (Entry 2). However, this time, non-negligible amount of TIPS-protected 

alcohol 2.3.58 was produced. To vary the alkoxide reactivity, different bases were 

investigated, the size of the counter cation being directly linked to the alkoxide’s reactivity, 

due to the weaker ion pair. Substituting sodium hydride for the potassium analogue afforded 

a very clean reaction, producing hydroximate 2.3.57 almost as sole product (Entry 3). 

Nevertheless, in this case too the conversion remained stuck around 40% with both partners 

still present. An improved conversion was accomplished upon treatment with KHMDS, 

although leading to a significant proportion of decomposition (Entry 4). DBU was ineffective 

to promote the addition of 2.3.46 (Entry 5). Finally, attempts to catalyze the reaction with 

CsOH achieved a very fast conversion of chloroxime 2.3.40, but mainly towards hydrolysis and 

formation of ester 2.3.48 (Entry 6).  

Table 8. Screening of conditions for the addition of alcohol 2.3.46 to chloroxime 2.3.40. 

 

Entry Deviation from above Conversion 
NMR product distribution 

2.3.57 2.3.48 2.3.58 

1 / 32% 31% Trace Trace 

2 In DMF 63% 34% Trace 24% 

3 KH instead of NaH 40% 39% / 1% 

4 KHMDS instead of NaH 60% 20% 5% / 

5 DBU instead of NaH 10% Traces / / 

6 CsOH instead of NaH 90% 10% 22% / 

Subsequently, the stoichiometry of chloroxime 2.3.40 was studied, in an effort to increase the 

conversion (Table 9). No difference was noticed when the amount of 2.3.40 was risen to 2 

equivalents or more (Entries 1-2). In contrast, hydroximoyl chloride 2.3.40 was fully consumed 

upon reaction with 2 equivalents of alkoxide 2.3.53 (Entry 3). Only trace of hydroximate 2.3.57 

was detected, instead the unprotected product 2.3.47 was identified as the major product, 

albeit in low yield.  Under these conditions, the majority of 2.3.40 was consumed by an 

intermolecular protecting group transfer to yield 2.3.58, explaining at the same time the 

relatively low yield observed for 2.3.47 despite the full conversion of the precursor. 
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Table 9. Survey of the stoichiometry of chloroxime 2.3.40. 

 

Entry Equivalent of 2.3.40 Conversion 
NMR product distribution 

2.3.57 2.3.48 2.3.58 2.3.47 

Ref. 1.4 32% 31% 1% Trace / 

1 2.0 37% 32% 5% Trace / 

2 3.0 35% 31% 4% Trace / 

3 0.5 Full conv. Trace / ≈100%* 21% 

*: In comparison to chloroxime 2.3.40. 

The investigations on this route were stopped at this stage in view of our results with the 

condensation of hydroxylamine with thionoesters. Promising conclusions were made for the 

reaction of alkali metal alkoxide with TIPS-protected chloroxime 2.3.40. However, a large 

variety of conditions remain to be explored to enhance the reactivity of these species. More 

polar solvents (i.e. DMSO, DMA, sulfolane) should increase the reactivity of the alkoxide, 

favoring the charge separation and improving its solubility, in addition to enable higher 

temperature. Moreover, several protecting groups, less prone to migration, were not covered 

(i.e. THP, Bn) and their combination with more reactive leaving groups (i.e. bromide, 

phenylsulfonyl) might lead to an improved reactivity.  
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 Nucleophilic acyl substitution of N-hydroxy imino triflate 

intermediates 

Analogously to the electrophilic activation of amides, the synthesis of hydroximate was 

thought through addition/elimination mechanism of alcohols to N-alkoxy imino triflate 

intermediate 2.3.61, generated in-situ by activation of easily accessible hydroxamic acid 

2.3.60 (Scheme 70).  

 

Scheme 70. Retrosynthetic analysis for the synthesis of hydroximate 2.3.59 via electrophilic activation 

of hydroxamic acid 2.3.60. 

Imino and iminium triflates are known intermediates, generated by electrophilic activation of 

amides with trifluoromethanesulfonic anhydride (= Tf2O) and notably involved in the well-

known Bischler-Napieralski reaction.130 The direct trapping of this intermediate has been 

reported by Charette. The addition of nucleophiles to these highly reactive species was used 

for instance in the synthesis of amidines131, thioamide132 or orthoester133  (Scheme 71).  

 

Scheme 71. Examples of nucleophilic addition to iminotriflate intermediate 2.3.62. 

 

 

 

                                                      

130 D. Kaiser, N. Maulide, J. Org. Chem. 2016, 81, 4421–4428. 
131 A. B. Charette, M. Grenon, Tetrahedron Lett. 2000, 41, 1677–1680. 
132 A. B. Charette, P. Chua, Tetrahedron Lett. 1998, 39, 245–248. 
133 A. B. Charette, P. Chua, Tetrahedron Lett. 1997, 38, 8499–8502. 
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In comparison, examples of N-alkoxy imino sulfonates130a,134 are scarce. N-alkoxy imino 

triflates notably, to our knowledge have only been reported once, by Carreira et al. as 

intermediate in the generation of nitrile oxide from silylated hydroxamic acid 2.3.66.135 Upon 

warming to room temperature, N-alkoxy imino triflate 2.3.67 was converted to a nitrile oxide 

and underwent [3+2]-cycloaddition with various alkenes (Scheme 72). 

 

Scheme 72. Electrophilic activation of hydroxamic acid 2.3.66 for the generation of nitrile oxide. 

Accordingly to their procedure, silylated hydroxamic acid 2.3.70 was synthesized in fair yield 

starting from commercially available benzhydroxamic acid 2.3.69 (Scheme 73). 

 

Scheme 73. Synthesis of TBDPS-protected hydroxamic acid 2.3.70. 

Taking inspiration from Carreira’s work, the N-silyloxy imino triflate intermediate was 

generated at -40 °C by treatment with trifluoromethanesulfonic anhydride varying the bases, 

before alcohol 2.3.46 was added dropwise at 0 °C (Table 10).  

An initial attempt without base proceeded with a good conversion of alcohol 2.3.46 (Entry 1). 

To our delight, in addition to a small amount of ester 2.3.48 and silylated alcohol 2.3.72, the 

products, resulting from the addition of 2.3.46, were present in fair proportion. To our 

surprise, 2.3.71 proved to be decomposed upon purification. The full decomposition of 2.3.70 

was detected in presence of nucleophilic bases (Entries 2-5). In contrast, when the reaction 

was performed with electron-poor 2-chloro pyridine or bulky 2,6-lutidine (Entries 6-7), the full 

conversion of 2.3.46 toward the formation of hydroximate 2.3.71 was noticed. Despite that 

the alcohol moiety seemed fully incorporated in the product, the reaction remained very 

complex probably due to the decomposition of 2.3.70.  

Further increasing the steric hindrance of the base drastically impacted the outcome of the 

reaction (Entry 8). To our surprise, when mineral bases were used to quench the 

trifluoromethanesulfonic acid generated in-situ, 2.3.46 was fully converted into hydroximate 

2.3.71.  

                                                      

130a D. D. Dolliver, B. T. Bhattarai, A. Pandey, M. L. Lanier, A. S. Bordelon, S. Adhikari, J. A. Dinser, P. F. Flowers, V. S. Wills, C. 
L. Schneider, K. H. Shaughnessy, J. N. Moore, S. M. Raders, T. S. Snowden, A. S. McKim, F. R. Fronczek, J. Org. Chem. 2013, 
78, 3676–3687 
134 a) N. Sharma, B. N. Misra, Collect. Czechoslov. Chem. Commun. 1989, 54, 2738–2747; b) A. S. Singha, B. S. Kaith, Int J 
Chem Sci 2003, 3, 267–271. 
135 D. Muri, J. W. Bode, E. M. Carreira, Org. Lett. 2000, 2, 539–541. 
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Table 10. Screening of conditions for the electrophilic activation of O-TBDPS hydroxamic acid 2.3.70 

and the nucleophilic acyl substitution with alcohol 2.3.46. 

 

Entry Base 
Conversion of 

2.3.46 

NMR product distribution* 

2.3.71 2.3.47 2.3.48 2.3.72 

1 / > 85% 42% 9% 17% 15% 

2 Et3N Low Trace / / / 

3 Pyridine Low Trace / / / 

4 Imidazole Low Trace / / / 

5 iPr2NEt Low Trace / / / 

6 2-Cl-Pyridine >95% >90% 2% / / 

7 2,6-lutidine >95% >90% / / / 

8 2,6-di-tBu-Pyridine 42% 28% / / / 

9 K2CO3 >95% >90% / / / 

10 Cs2CO3 >95% >90% / / / 

11 K3PO4 >95% >90% / / / 

*: relative to alcohol 2.3.46. 

Several conditions were attempted to deprotect product 2.3.71 (Table 11). However, the 

treatment of the reaction mixture with various fluoride sources, in basic or buffered 

conditions led to full decomposition (Entry 1-4). The same observation was made under strong 

acidic conditions (Entry 5-6) while biphasic conditions did not affect it (Entry 7). The alkaline 

hydrolysis with ammonia in THF yielded ester 2.3.48 (Entry 8). Finally, the hydrolysis with 

aqueous potassium hydroxide in THF or methanolysis in presence of K2CO3 both resulted in 

decomposition of the desired product (Entry 9-10). 
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Table 11. Screening of conditions for the deprotection of hydroximate 2.3.71. 

 

Entry Conditions Observations 

1 TBAF in THF Decomposition 

2 TBAF/AcOH in THF Decomposition 

3 HF.Pyr in THF Decomposition 

4 KF in THF Decomposition 

5 HCl (cat.)  in MeOH Decomposition 

6 pTSA.H2O (cat.) in MeOH Decomposition 

7 TFA in H2O/DCM Low conversion 

8 NH4OHaq in THF Full conversion to ester 2.3.48 

9 KOHaq in THF Decomposition 

10 K2CO3 in MeOH Decomposition 

Despite the formation of hydroximate 2.3.71 by electrophilic activation of hydroxamic acid 

2.3.70 in presence of non-nucleophilic base, no conditions were found for its conversion into 

N-hydroxy imidate 2.3.47. This strategy was abandoned to focus on the condensation of 

hydroxylamine on thionoesters. 
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 Hydroxylamine condensation on imidates 

Another classical method known for the synthesis of N-hydroxy imidates consists of 

condensing hydroxylamine onto imidate (Scheme 74).136 The reports are mostly on 

methyl/ethyl benzimidate137 or cyclic systems138.  Imidate can be easily synthesized from the 

desired alcohol by Pinner reaction with a nitrile or by transimidation with a preliminary 

activated imidate113.  

 

Scheme 74. Retrosynthetic analysis for the synthesis of hydroximate 2.3.73 by hydroxylamine 

condensation onto imidate 2.3.74. 

For synthetic convenience, alkyl imidate 2.3.78 was chosen and synthesized using a 

modification of the Pinner reaction (Scheme 75).139  

 

Scheme 75. Synthesis of imidate hydrochloride salt 2.3.78. 

The report by Ketz and Zinner consisted of performing the condensation in a biphasic system 

with an ethereal phase containing the starting material and an aqueous layer containing the 

free hydroxylamine.137 However, in our case due to a complete lack of solubility of imidate 

hydrochloride 2.3.78 in diethylether, dichloromethane had to be added to solubilize the 

starting material (Scheme 76-A). Under these conditions no condensation took place and only 

salt-free imidate 2.3.80 was observed. This precursor was reset under their reported 

conditions, however without success (Scheme 76-B).  

                                                      

113 E. A. Wappes, K. M. Nakafuku, D. A. Nagib, J. Am. Chem. Soc. 2017, 139, 10204–10207. 
136 E.-U. Ketz, G. Zinner, Arch. Pharm. (Weinheim) 1978, 311, 525–529. 
137 a) H. Felber, G. Kresze, R. Prewo, A. Vasella, Helv. Chim. Acta 1986, 69, 1137–1146; b) C. T. Mathew, United States 
Patent: 4743701 - Process for the Preparation of Organo N-Hydroxyimidates, 1988, 4743701. 
138 a) N. Yu. Gorobets, A. V. Borisov, A. V. Silin, V. M. Nikitchenko, S. N. Kovalenko, Chem. Heterocycl. Compd. 2002, 38, 
1389–1396; b) M. Kammoun, H. Turki, H. Ammar, R. El Gharbi, Synth. Commun. 2012, 42, 1677–1684; c) O. S. Detistov, V. D. 
Orlov, I. O. Zhuravel’, J. Heterocycl. Chem. 2012, 49, 883–892. 
139 V. K. Yadav, K. G. Babu, Eur. J. Org. Chem. 2005, 2005, 452–456. 
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Scheme 76. Condensation of hydroxylamine with imidate hydrochloride 2.3.78 (A) and salt-free 3.2.80 

(B) in a biphasic system. 

The salt-free imidate 2.3.80 was next subjected to hydroxylamine hydrochloride in 

homogeneous solvent system (Scheme 77). The reaction in methanol using sodium acetate as 

base led to a quick consumption of 3.2.80 but no desired product was observed. The same 

observation was made when the reaction was carried out in chloroform with triethylamine 

and only decomposition occurred.  

 

Scheme 77. Condensation of hydroxylamine with 3.2.80 in monophasic solvent system. 

To facilitate the addition of hydroxylamine onto the imidate and explore the reactivity of this 

derivative, trichlorohydroximate 2.3.81 was examined. 2.3.81 was easily synthesized in one 

step following a literature procedure (Scheme 78).113 

 

Scheme 78. Synthesis of trichloroimidate 2.3.81. 

 

 

 

 

 

113 E. A. Wappes, K. M. Nakafuku, D. A. Nagib, J. Am. Chem. Soc. 2017, 139, 10204–10207. 
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Several conditions were tried using hydroxylamine hydrochloride (Table 12). Under biphasic 

conditions 2.3.81 remained totally unreactive (Entry 1). The hydrolysis of the substrate 

happened when the reaction was carried out in presence of base in chloroform (Entry 2), 

methanol (Entries 3-5) or without in DMF (Entry 4). Interestingly, the condensation of 

hydroxylamine could occur upon treatment of imidate 2.3.81 with Hünig’s base (=iPr2NEt) and 

scandium triflate in dichloromethane and trichlorohydroximate 2.3.82 was obtained in 35% 

NMR yield. However, under these conditions alcohol 2.3.46 remained the major product.  

Table 12. Screening of conditions for the condensation of hydroxylamine on trichloroimidate 2.3.81. 

 

Entry Conditions Conversion of 2.3.81 Observation* 

1 K2CO3 in H2O/Et2O No conversion / 

2 Et3N in CHCl3 Medium conversion Only alcohol 2.3.46 

3 NaOAc in MeOH Full conversion Only alcohol 2.3.46 

4 In DMF  Good conversion Only alcohol 2.3.46 

5 iPr2NEt, Sc(OTf)3 in MeOH Good conversion Only alcohol 2.3.46 

6 iPr2NEt, Sc(OTf)3 in DCM Good conversion 2.3.82 35%, alcohol 2.3.46 46% 

*: NMR yield 

The condensation of hydroxylamine on imidate was attempted for the preparation of our 

starting materials. The precursors were too sensitive and rapid decomposition was occurring 

in most cases. This strategy was abandoned in favor of the condensation of hydroxylamine 

with thionoesters. 

  



Chapter 2: Radical β- and γ-C(sp3)-H functionalization of alcohols 

68 

 

 Condensation of hydroxylamine on thionoesters 

After considering several strategies, the synthesis of the key hydroximate moiety was 

undertaken via the condensation of hydroxylamine on a thionoester precursor (Scheme 79). 

This strategy was first reported by Brion et al.140 in 1988 and later applied by Yokoyama and 

collaborators for the synthesis of alkyloxazoles.141  

 

Scheme 79. Retrosynthetic analysis for the synthesis of hydroximate 2.3.73 by hydroxylamine 

condensation onto thionoester 2.3.83. 

This strategy proved to be relatively robust and scalable up to several grams (Scheme 80). The 

quality of the Lawesson’s reagent was found to be critical to allow for a good efficiency. We 

were pleased to see that the last two steps could also be performed in a one-pot sequence 

without loss of efficiency.  

 

Scheme 80. Gram-scale synthesis of 2.3.87 via the condensation of hydroxylamine on thionoester 

2.3.86. 

This method was successfully applied to the synthesis of almost twenty precursors, modifying 

both the acylated part and the alcohol. A slight decrease of the yield was observed for the 

condensation of hydroxylamine on thionoacetate derivatives, because of their lower stability.  

  

                                                      

140 J.-D. Brion, P. Reynaud, S. Kirkiacharian, Synthesis 1983, 1983, 220–222. 
141 M. Yokoyama, Y. Menjo, M. Ubukata, M. Irie, M. Watanabe, H. Togo, Bull. Chem. Soc. Jpn. 1994, 67, 2219–2226. 
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  Study of the reactivity of N-acyloxy imidates 

 Preliminary studies  

Concurrently to the development of this reaction, a new iron catalyzed remote azidation of 

oxime derivatives was developed by Dr. Rubén Torres Ochoa in our laboratory (Scheme 81).   

 

Scheme 81. New iron catalyzed remote C-H azidation of O-acyl oxime 2.3.88 developed in our 

laboratory at the same time of this project. 

With precursor 2.3.87 in hand, we initiated our investigations by subjecting it to the developed 

conditions. A very low conversion was observed at 50 °C either in tert-butanol or in DCE. 

Moreover, the presence of acetic acid was found to be detrimental to the reactivity. 

Pleasingly, when the temperature was increased to 80 °C in DCE without acetic acid, 2.3.87 

could be almost fully converted in good yield to a mixture of products (Scheme 82). 

Isolation and characterization of these different products enabled us to better understand the 

reaction. Five major products were identified. To our delight, four major products were found 

to be related to the remote C-H azidation of precursor 2.3.87. Product 2.3.90 was found to be 

relatively unstable and only mixtures with 2.3.91 and 2.3.93 was isolated. Interestingly, under 

these reductive conditions only trace of oxazoline 2.3.94 was isolated, highlighting the 

difference between our conditions and the oxidative conditions developed by Nagib et al.113 

Noticeably, no trace of cyclized product 2.3.95 or 2.3.96 was detected, showcasing a fast azide 

transfer to the generated alkyl radical.  

 

 

 

 

 

 

 

 

 

113 E. A. Wappes, K. M. Nakafuku, D. A. Nagib, J. Am. Chem. Soc. 2017, 139, 10204–10207. 
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Scheme 82. Initial discovery for the iron catalyzed remote C-H azidation of N-acyloxyl imidate 2.3.87. 
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 Survey of different catalytic systems 

3.3.2.1. Reaction with copper catalysts 

Copper catalysts are well-known for their ability to insert into N-O bonds, notably with redox-

active oximes.119 To test their potential with N-acyloxy imidate 2.3.87, different CuI and CuII 

catalysts were explored to catalyze the remote C-H azidation transformation (Table 13). 

Precursor 2.3.87 remained untouched in presence of most Cu(II) catalysts (Entry 1-3). In 

presence of copper perchlorate hydrate, a slight conversion was achieved, however only 

toward the formation of 2.3.46 and 2.3.48 via unproductive hydrolysis pathways (Entry 4). 

CuI, CuOAc and Cu(CH3CN)4.BF4  were inactive to catalyze this transformation (Entry 5-7). Low 

conversion was observed upon reaction with Cu2O, but only oxazoline 2.3.94 was detected 

(Entry 8). Despite full conversion of 2.3.87 in presence of CuBr only oxazoline 2.3.94 was 

detected (Entry 9). The desired C-H azidated products were only detected in low yield in 

presence of (CuOTf)2.benzene adduct, however in presence of an equal amount of 2.3.94 

(Entry 10). Ligandless copper catalysts appeared to be mostly inactive or too oxidative to 

achieve a selective remote azidation.   

3.3.2.2. Reaction under photoredox conditions 

Photoredox conditions were also investigated to promote the fragmentation of N-acyloxy 

imidate 2.3.87. Based on a slightly different working hypothesis (Scheme 2.3.33), we imagined 

that upon reductive SET, precursor 2.3.87 could fragment and generate imidate radical 2.3.95, 

by analogy with the photoredox catalyzed fragmentation of O-acyl oximes.95,142 Subsequently, 

a 1,5-hydrogen atom transfer would translocate the radical to the benzylic position. The 

oxidation of this radical to the corresponding carbocation 2.3.97 would regenerate the 

photocatalyst and nucleophilic trapping with TMSN3 would afford β-azido alcohol derivative 

2.3.98.  

To test this hypothesis, precursor 2.3.87 was reacted with TMSN3 in presence of catalytic 

amount of Ir(ppy)3 and blue light irradiation in different solvents (Table 14). In DCE or 

acetonitrile, almost no conversion took place (Entries 1-2). THF and DMF proved to be better 

solvent to enable the conversion of 2.3.87 and small amount of azidated products and 

oxazoline 2.3.94 were observed (Entries 3-4). However, in these two conditions incomplete 

mass balance was obtained and the majority of the precursor underwent decomposition. The 

formation of 2.3.94 could be totally suppressed using toluene as solvent, however only a 

minority of the starting material was productively converted in the course of the reaction 

(Entry 5).   

 

                                                      

95 W. Shu, C. Nevado, Angew. Chem. Int. Ed. 2017, 56, 1881–1884. 
119 a) M. Kitamura, K. Narasaka, Bull. Chem. Soc. Jpn. 2008, 81, 539–547; b) A. Faulkner, N. J. Race, J. S. Scott, J. F. Bower, 

Chem. Sci. 2014, 5, 2416–2421. 
142 H. Jiang, X. An, K. Tong, T. Zheng, Y. Zhang, S. Yu, Angew. Chem. Int. Ed. 2015, 54, 4055–4059. 
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Table 13. Screening of Cu catalysts for the remote C-H azidation of 2.3.87. 

 

Entry Cu catalyst 
NMR yield* 

Observations 
Conversion 2.3.90 + 2.3.91 + 2.3.93 2.3.94 

1 CuBr2 No conv. / / / 

2 Cu(OAc)2 No conv. / / / 

3 CuO No conv. / / / 

4 Cu(ClO4)2.6H2O 43% / / 2.3.46 and 2.3.48 

5 CuI No conv. / / / 

6 Cu(CH3CN)4.BF4 No conv. / / / 

7 CuOAc No conv. / / / 

8 Cu2O Low conv. / 12% / 

9 CuBr > 90% / 16% Decomposition 

10 (CuOTf)2.Benzene 94% 12% 11% Decomposition 

*: NMR yields determined using dibromomethane as internal standard. 

 

Scheme 83. Working hypothesis for the photoredox catalyzed remote C-H azidation of 2.3.87. 
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Table 14. Screening of solvents for the photoredox catalyzed remote C-H azidation of 2.3.87. 

 

Entry Solvent 
NMR yield* 

Observations 
Conversion 2.3.90 + 2.3.91 + 2.3.93 2.3.94 

1 DCE No conv. / / / 

2 CH3CN Low conv. / / / 

3 THF 90% 8% 6% Decomposition 

4 DMF Full conv. 8% 20% Decomposition 

5 Toluene Full conv. 20% / Decomposition 

*: NMR yields determined using dibromomethane as internal standard 

The investigations of these photoredox conditions were not further extended due to the 

seemingly low stability of the precursor under these conditions.  
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 Optimization of the reaction parameters 

With this first hit in hand, the reaction parameters were surveyed. Our optimization was 

initiated by trying to lower the required amount of iron catalyst for the reaction (Table 15). 

Pleasingly, the quantity of Fe(acac)3 could be reduced down to 5 mol% without loss of 

reactivity (Entry 1).  However, both conditions suffered from partial decomposition. This factor 

could be significantly improved by lowering the catalyst loading to 2 mol% (Entry 2), albeit 

with a slightly reduced yield and issue with reproducibility from one experiment to another. 

Further decreasing the catalyst shut down the reactivity (Entries 3-4). For a matter of 

reproducibility and efficiency, 5 mol% of Fe(acac)3 was kept as standard conditions. 

Table 15. Screening of the iron catalyst loading for the remote C-H azidation of 2.3.87. 

 

Entry 
Fe(acac)3  

(X mol%) 

NMR yield* Observations 

Conversion 2.3.90 + 2.3.91 + 2.3.93 2.3.94  

Ref. 20 mol% >95% 81% 3% Partial decomposition 

1 5 mol% >95% 82% 14% Partial decomposition 

2 2 mol% >95% 73% 3% Cleaner reaction 

3 1 mol% Low conv. / / / 

4 0.5 mol% No conv. / / / 

*: Yields determined by using dibromomethane as internal standard 

Different classes of ligands were examined to modulate the reductive properties of the iron 

catalyst (Scheme 84).143 Both phenanthroline 2.3.99 and 2,2’-bipyridine 2.3.100 suppressed 

the reactivity. Triphenylphosphine 2.3.101 was not suitable neither for this reaction, as only a 

small proportion of 2.3.87 could be converted productively. When the reaction was run in 

presence of catechol 2.3.102 or ethane-1,2-dithiol 2.3.103, excellent conversions were 

achieved, however only providing moderate yields of the desired azidated products.  

Finally, L-alanine 2.3.104 did not alter the reaction but no improvement was attained in 

comparison to the ligand-less reaction.  

                                                      

143 M. A. Rizvi, M. Mane, M. A. Khuroo, G. M. Peerzada, Monatshefte Für Chem. - Chem. Mon. 2017, 148, 655–668. 
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Scheme 84. Screening of different class of ligands with Fe(acac)3. 

In our route to optimize this reaction, it was found that decreasing slightly the reaction 

temperature to 60 °C did not affect significantly the conversion but helped to obtain cleaner 

reaction with good yield. Using this temperature, a broad range of solvents were surveyed 

(Table 16).  

In an approach to simplify the interpretation of the reaction, the reaction mixture was treated 

with sodium methoxide in methanol to yield azido alcohol 2.3.93, as sole azidated product. An 

erosion of 10-20% yield was observed upon methanolysis.  

Apolar or halogenated solvents all showed good potential and led to full conversion of 2.3.87 

with an overall yield around 50-60% (Entries 1-6). Interestingly, chloroform appeared to be a 

good solvent candidate as almost no hydrolysis step was required, 2.3.93 being the only 

azidated product after the first step. However, EtOAc stood out from this screening as the 

solvent of choice as 2.3.93 was obtained in 75% NMR yield after hydrolysis (Entry 10). Further 

increasing the polarity of the solvent was detrimental for the reaction (Entries 12-16). 
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Table 16. Solvent screening for the remote C-H azidation of 2.3.87. 

 

Entry Solvent Conversion NMR Yield 2.3.93* Observations 

1 DCE Full conv. 55% / 

2 Toluene Full conv. 58% / 

3 Chlorobenzene Full conv. 55% / 

4 α,α,α-Trifluorotoluene Full conv. 44% / 

5 CHCl3 Full conv. 68% Presence of ROH 2.3.46 

6 1,4-dioxane Full conv. 57% / 

7 t-BuOMe Full conv. 56% / 

8 THF <50 % 39% / 

9 Acetone Full conv. 46% Partial decomposition 

10 EtOAc Full conv. 75% / 

11 t-BuOH Full conv. 72% / 

12 n-Propan-1-ol Good conv. 33% 
Presence of ROH 2.3.46 

and 2.3.48 

13 MeOH 70 % n.d. Mainly oxime 2.3.48 

14 DMF No conv. n.d. / 

15 DMSO No conv. n.d. / 

16 Nitromethane No conv. n.d. / 

*: Yields determined by using dibromomethane as internal standard. 

Concomitantly to the screening of solvent, the influence of the reaction temperature was 

further evaluated using dichloroethane as solvent (Table 17). As mentioned previously, 

performing the reaction at 60 °C allowed a cleaner reaction and a comparable yield to the one 

obtained at 80 °C. The reaction could still proceed at 50 °C with a slight drop in the conversion 

rate (Entry 2). This tendency was accentuated when the reaction was decreased to 40 °C (Entry 

3) and even further at 25 °C where almost all reactivity was stopped (Entry 4).  

Interestingly, a good balance between efficiency and cleanliness was found at 70 °C and azido 

alcohol 2.3.93 was detected in 70% NMR yield (Entry 5). We were pleased to see that for each 

condition none or only trace of oxazoline 2.3.94 was present.  
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Table 17. Influence of the reaction temperature on the conversion of precursor 2.3.87. 

 

Entry Temperature Conversion NMR Yield 2.3.93* Observations 

Ref. 60 °C Full conv. 55% / 

1 50 °C Good conv. 52% / 

2 40 °C Moderate conv. 44% / 

3 25 °C Low conv. 7% / 

4 70 °C Full conv. 70 % Only trace of 2.3.94 

*: Yields determined by using dibromomethane as internal standard. 

Several iron catalysts were evaluated to promote this redox process (Scheme 85). All the 

catalysts, to the exception of Fe2(SO4)3, were able to reduce hydroximate 2.3.87. Both FeII and 

FeIII catalysts appeared to catalyze the reaction. However, at the exception of Fe(dpm)3, an 

analogue of Fe(acac)3 none proved to be good enough to achieve similar level of activity. 

 

Scheme 85. Evaluation of different iron catalysts for the remote C-H azidation of 2.3.87; dpm: 

dipivaloyl methane. 

The source of nucleophilic azides was next explored. To our surprise, substituting trimethylsilyl 

azide by other nucleophilic azide salts (LiN3, NaN3, KN3 or CsN3) resulted in a complete 

inhibition of the reaction. In all cases, a very low conversion and only trace of products was 

detected. This observation was attributed to the poor solubility of these salts in ethyl acetate. 

Due to their acute toxicity and potential explosivity, it is important to try to minimize at the 

lowest level the presence of azide donors. The stoichiometry of trimethylsilyl azide was 

studied (Table 18). To our delight, decreasing the amount of trimethylsilyl azide showed 

positive effect on the outcome of the reaction (Entries 1-3).  
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Gratifyingly, the amount of trimethylsilyl azide could be reduced down to 1.5 equivalents 

without impacting the conversion and 3.35 could be isolated in 77% yield.  

Table 18. Screening of the stoichiometry of TMSN3 for the remote C-H azidation of 2.3.87. 

 

Entry Equivalent of TMSN3 Conversion Isolated yield 2.3.93 

Ref. 3 Full conv. 62-67% 

1 2.5 Full conv. 64% 

2 2.0 Full conv. 70% 

3 1.5 Full conv. 77% 

During the development of this reaction, we noticed an erosion of the yield at the stage of the 

hydrolysis in presence of sodium methoxide in methanol. In an effort to reduce it to a 

minimum, different conditions were tested (Table 19). The use of milder conditions effected 

efficiently the hydrolysis without showing substantial degradation (Entries 1-4). The hydrolysis 

was found to work better by treating the crude mixture with a 1:1 mixture of aqueous 2 M 

sodium alkoxide solution and methanol. Under this condition, a clean and complete hydrolysis 

of the azidated products was achieved within 16 h, without degradation of 2.3.93.  

Table 19. Screening of conditions to optimize the hydrolysis into 2.3.93. 

   

Entry Conditions Conversion Yield erosion between the two steps 

Ref. NaOMe(1.5 equiv), MeOH (0.1 M) Full conv. 10-20% 

1 LiOH (1.5 equiv), MeOH/H2O (3:1, 0.1 M) 95% <5% 

2 KOH (1.5 equiv), MeOH/H2O (3:1, 0.1 M) 95% <5% 

3 K2CO3 (1.5 equiv), MeOH/H2O (3:1, 0.1 M) 95% <5% 

4 NaOH (2 M)/MeOH (1:1, 0.025 M) Full conv. <5% 
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Inert gas atmosphere appeared to be crucial. Indeed, when the reaction was run under air 

atmosphere, partial or complete decomposition of starting material 2.3.87 was observed and 

no desired product could be detected. Small traces of oxygen proved to be tolerated as 

degassing the solvent did not lead to any significant improvement. Nevertheless, few 

reproducibility issues were observed when the reactions were improperly purged before 

reaction. Argon was favored compared to simple nitrogen for the scope, due to its higher 

density, improving the inertization process.  

Several additives were investigated to improve the yield of this transformation. The presence 

of water was poorly tolerated as the addition of 3 equivalents of water made the yield of 

2.3.93 drop to 46%. Nevertheless, no significant difference was observed when either 

anhydrous ethyl acetate or 4 Å molecular sieves were used. The use of 3 and 5 Å molecular 

sieves instead led to the formation of noticeable amount of oxazoline 2.3.94. In opposition to 

the previous works on O-acyl oximes, running the reaction in presence of one equivalent of 

acetic acid drastically decreased the yield and only 26 % of yield was obtained. Mineral bases 

(e.g. K2CO3, Cs2CO3) inhibited the reaction. The addition of triethylamine led to a milder effect 

and the reaction could be pushed to completion after 38 h, yet with lower efficiency. The same 

observation was made with lithium chloride. The presence of phenol did not affect the 

reaction. No additive was found to further improve this transformation. 

In summary, through the course of this optimization, it was determined that the best 

conditions consisted of reacting N-acyloxy imidate 2.3.87 with a slight excess of trimethylsilyl 

azide (1.5 equivalents) in presence of Fe(acac)3 (5 mol%) at 70 °C in ethyl acetate (0.05 M) 

under argon atmosphere. After hydrolysis of the reaction mixture with a 1:1 mixture of 

aqueous sodium hydroxide (2 M) and methanol azido alcohol 2.3.93 was isolated in 77% yield. 

The reaction was found to be compatible both with sealed tube and reflux conditions.  
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 Optimization of the N-acyloxy imidate auxiliary 

Following our investigations on the reaction parameters, the structure-reactivity relationship 

of the N-acyloxy imidate auxiliary was studied.  

At first, three precursors were synthesized, varying their electronic properties, to study the 

influence of the substitution on the hydroximate moiety (Table 20). No difference was noticed 

when the reaction was run with electron-poor 2.3.105 instead of 2.3.87 (Entry 1). In contrast, 

substituting the para substituent of the benzimidate moiety with an electron-rich methoxy 

group impacted both the kinetic and the synthetic efficiency of the reaction (Entry 2). This 

observation was rationalized by an enrichment of the electron density around the nitrogen 

atom, making the N-O bond less reactive. Precursors 2.3.87, 2.3.105 or 2.3.106 all showed the 

presence of small amount of oxazoline 2.3.94 (i.e. <5-10%). Interestingly, a strong decrease of 

the reaction rate was observed when the reaction was carried out with N-acyloxy imidate 

2.3.107 (Entry 3). However, despite a slower reactivity the reaction happened to be much 

cleaner and higher yields were achieved for azido alcohol 2.3.93. Noteworthy, with this last 

precursor no trace of oxazoline 2.3.94 was detected.  

Table 20. Structure/activity relationship of the hydroximate substituent. 

 

Entry Precursor – R1 Time of reaction Isolated yield 2.3.93 

Ref. 2.3.87, R1= Ph 16 h 77% 

1 2.3.105, R1= 4-CF3Ph 16 h 76% 

2 2.3.106, R1= 4-OMePh 24 h 50% 

3 2.3.107, R1= Me 39 h 84% 

We also examined the impact of the acyl substituent on the reaction outcome (Table 21). To 

our surprise, all the precursors were competent in the transformation and all displayed similar 

kinetic (Entries 1-4). Nevertheless, the presence of an electron-withdrawing group was 

important to optimize the yield (Entry 1). Precursors 2.3.109 and 2.3.87 depicted a similar 

reactivity (Entry 2). Alkyl groups were tolerated, however with a reduced yield (Entries 3-4).  

To simplify the characterization of the precursors the 4-trifluoromethylbenzoyl moiety was 

chosen instead of a pentafluorobenzoyl substituent.  
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Table 21. Structure/activity relationship of the acyl substituent. 

 

Entry Precursor – R1 Time of reaction Isolated yield 2.3.93 

Ref. 2.3.87, R1= 4-CF3Ph 16 h 77% 

1 2.3.108, R1= Ph 15 h 67% 

2 2.3.109, R1= C6F5 15 h 77% 

3 2.3.110, R1= Me 16 h 54% 

4 2.3.111, R1= t-Bu 17 h 65% 
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 Scope of the reaction 

The scope of the reaction was next examined (Scheme 86). Halogens (2.3.112-113) and weakly 

electron-donating substituent (2.3.114) on the aromatic part were relatively well tolerated 

under these conditions. In contrast, the presence of a strong electron-donating group severely 

affected the outcome of the reaction. Indeed, in addition to the desired azido alcohol di-azido 

products were formed (2.3.115’ and 2.3.116’) via a competitive side-reaction (vide infra). 

Tertiary C-H bonds could be also functionalized, albeit in diminished yields. The reaction 

seemed to be mainly limited to primary alcohol, β-azido alcohol 2.3.121 being obtained in low 

isolated yield. The functionalization of non-stabilized secondary C-H bond proved to be 

difficult under these conditions, 2.3.122 and 2.3.123 remaining untouched. Forcing the 

reaction conditions with higher catalyst loading and stronger heating led to the decomposition 

of these precursors.  

 

Scheme 86. Scope of the iron catalyzed C-H azidation of N-acyloxy imidates. 
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 Postulated mechanism 

This reaction showed strong similarities with the remote C(sp3)-H azidation of O-acyl oximes 

developed in our laboratory at the same time by Dr. Rubén Omar Torres-Ochoa. In both cases, 

the presence of trimethylsilyl azide was found to be critical to generate a catalytically active 

specie from an FeIII pre-catalyst. In Dr. Torres’ project, radical-trapping experiments with 

2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) and the reaction with radical-probe 2.3.126 

supported the involvement of a C-centered radical prior to the azidation step (Scheme 87). 

 

Scheme 87. Control experiments for the remote C-H azidation of O-acyl oximes developed in our 

laboratory: A. Structure of adduct 2.3.124 generated upon trapping of the carbon radical with TEMPO; 

B. Structure of 2.3.125 resulting from a radical cyclopropane opening prior azidation.   

In view of the common features between these two reactions, a similar mechanism was 

postulated (Scheme 88). The generation of the active FeII catalyst would be achieved by 

reduction of pre-catalyst Fe(acac)3 by TMSN3. This active catalyst would undergo a single 

electron transfer (SET) with N-acyloxy imidate 2.3.29 to generate imidate radical 2.3.30. 

Unlike iminyl radicals, imidate radicals did not require protonation with acetic acid to promote 

the 1,5-hydrogen atom transfer, reflecting the increased reactivity of 2.3.30. A 1,5-hydrogen 

atom transfer would then abstract a remote hydrogen to produce carbon radical 2.3.31. 

Finally, product 2.3.32 would be delivered upon iron-mediated redox azido transfer, with 

concurrent regeneration of the active FeII catalyst.   

 

Scheme 88. Postulated mechanism for the iron catalyzed remote C(sp3)-H azidation of N-acyloxy 

imidate 2.3.29. 
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In the case of electron-rich benzylic substrates the formation of vicinal diazides was observed. 

These side-products were thought to arise from a secondary reaction pathway (Scheme 89). 

Under the developed conditions, precursor 2.3.127 was first converted to azido imidate 

2.3.128. In the course of the reaction, part of it was believed to undergo an intramolecular 

nucleophilic displacement of the imidate moiety and produce the phenonium intermediate 

2.3.129. A nucleophilic ring opening of the cyclopropane unit by TMSN3 would then provide 

vicinal diazide 2.3.115’.  

 

Scheme 89. Postulated mechanism for the formation of side-product 2.3.115’. 
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 Conclusion  

In summary, we have developed a new procedure for the synthesis of β-azido alcohols via an 

iron-catalyzed remote C(sp3)-H azidation of N-acyloxy imidates. This novel transformation 

represents to our knowledge the first example of the use of N-acyloxy imidates as precursor 

of imidate radicals.  

Several routes were investigated for the synthesis of these precursors and the condensation 

of hydroxylamine on thionoesters appeared as the best alternative. Using this strategy, about 

twenty N-acyloxy imidates were synthesized in good yields via a four-step sequence starting 

from the corresponding alcohols. 

The reaction parameters were optimized and the best conditions consisted of reacting the 

precursor with trimethylsilyl azide at 70 °C in ethyl acetate in presence of catalytic amount of 

Fe(acac)3. Under these conditions a mixture of β-azidated products was obtained, which after 

hydrolysis yielded β-azido alcohols. This reactivity was successfully applied for the remote 

azidation of benzylic and tertiary C-H bonds.  

By analogy to the remote C(sp3)-H azidation of O-acyl oximes developed in our laboratory, this 

novel distal C(sp3)-H functionalization was believed to occur through a cascade sequence 

involving the reductive generation of an imidate radical, transposition of the radical via 1,5-

hydrogen atom transfer (1,5-HAT) followed by an iron mediated redox azido tranfer. In this 

unprecedented transformation, the iron catalyst does not only act as a reductant for the 

generation of the key imidate radical but also as a platform to promote the redox transfer of 

the azido moiety.47,144  

                                                      

47 R. O. Torres‐Ochoa, A. Leclair, Q. Wang, J. Zhu, Chem. Eur. J. 2019, 25, 9477–9484. 
144 A. Leclair, R. O. Torres-Ochoa, Q. Wang, J. Zhu, Chimia 2021, 75, 329–332. 
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4. -C-H Functionalization of alcohols directed by 

(alkoxycarbonyl)oxyl radicals 

  (Alkoxycarbonyl)oxyl radical: properties and applications 

In contrast to carbonyloxyl radicals RCO2∙, intensively studied for their properties to 

decarboxylate and generate alkyl radicals,145 alkoxycarbonyl)oxyl radicals ROCOO∙, also 

sometimes called alkoxycarboxyl, alkoxycarboxy or carbonate radicals, have only received 

little attention since their first precursors have been synthesized in 1925.146 These radicals 

have first been described as putative intermediate in the fragmentation of dialkyl 

peroxydicarbonates and used as polymerization initiators.147  

Carbonates radicals, unlike carbonyloxyl radicals, appeared much stable toward 

decarboxylation, presumably thanks to the resonance on the adjacent carbonyl center. In 

1953, Tucker et al. suggested, in their studies of the decomposition of dialkyl 

peroxydicarbonates,148 that the fragmentation of this highly reactive intermediate into CO2 

and an alkoxy radical only became favored at 150-155 °C. However, these results should be 

taken with precautions as the authors did not consider the intrinsic reactivity of the carbonate 

radicals toward hydrogen abstraction or addition.  

More information was brought to light in 1969 by Sickle et al. who further investigated the 

behavior of this radical using titrimetric and gasometric analyses.149 In their work, they 

demonstrated that the decarboxylation of (alkoxycarbonyl)oxyl radicals were negligible at 50 

°C and remained relatively minor until 110 °C in comparison to its reaction with the solvent 

(e.g. cyclohexane, toluene, α-methyl styrene) or its bimolecular disproportionation. They 

estimated the decarboxylation to be endothermic (∆H ≈ 2 kcal/mol) and approximated an 

activation energy around 20 kcal/mol.  

In 1973, Kochi et al. undertook the study of carbonate radicals by electron spin resonance 

(=ESR) spectroscopy.150 Despite several attempts, the direct observation of the O-centered 

radical remained elusive, presumably because of relaxation issue. Nevertheless, the 

generation of carbonate radicals by photolysis of dialkyl peroxydicarbonates and their 

reaction with various alkenes enabled an indirect detection, through the analysis of the 

adducts formed. 

 

                                                      

145 a) D. H. R. Barton, D. Crich, W. B. Motherwell, J. Chem. Soc. Chem. Commun. 1983, 939–941; b) For a review: König, Ed. , 
Photocatalysis in Organic Synthesis, Georg Thieme Verlag, Stuttgart, 2019. 
146 H. Wieland, H. vom Hove, K. Börner, Justus Liebigs Ann. Chem. 1926, 446, 31–48. 
147 S. G. Cohen, D. B. Sparrow, J. Am. Chem. Soc. 1950, 72, 611–614. 
148 H. C. McBay, O. Tucker, J. Org. Chem. 1954, 19, 869–883. 
149 D. E. Van Sickle, J. Org. Chem. 1969, 34, 3446–3451. 
150 D. J. Edge, J. K. Kochi, J. Am. Chem. Soc. 1973, 95, 2635–2643. 
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The first direct detection of (alkoxycarbonyl)oxyl radicals was achieved by UV-visible 

spectroscopy by Ingold et al. in 1988.151 The generation of these radicals was carried out by 

the ultraviolet laser flash photolysis of dialkyl peroxydicarbonates and tert-butyl peresters of 

alkyl carbonic acids. All these carbonate radicals displayed a broad unstructure transient 

absorption with a λmax at ca. 600-640 nm.  

By monitoring the kinetics of decay of absorption in different conditions, they succeeded in 

measuring absolute rate constants for decarboxylation, H-abstraction or addition reactions. 

In absence of reactive substrates and in an inert solvent (e.g. CCl4), the decarboxylation was 

determined to be a slow process (i.e. k≤ 105 s-1 at room temperature) and the carbonate 

radical was proposed to decay mainly through an intramolecular hydrogen atom transfer. 

They estimated for the decarboxylation process an activation energy of ≥10.9 kcal/mol. The 

(alkoxycarbonyl)oxyl radical ROCOO∙ was found to be extremely reactive, showing exceptional 

reactivity toward hydrogen abstraction (e.g. k≈ 1×107 with cyclohexane at 20 °C) and addition 

reactions (e.g., k≈ 109 M-1.s-1 with styrene at 20 °C), surpassing alkoxy RO∙ and benzoyloxyl 

ArCOO∙ radicals. Notably this radical displays a much stronger electrophilicity due to the 

electron-withdrawing effect of the alkoxy substituent.  

Few years later, Newcomb’s and Zard’s groups collaborated to investigate the synthetic 

potential of these reactive species toward intra- and intermolecular addition to alkenes to 

access cyclic carbonates (Scheme 90).152 The generation of the active radical was made by 

photolysis of Barton-type carbonate 2.4.1 and 2.4.5, synthesized in-situ by reaction of the 

corresponding chloroformate with N-hydroxypyridine-2-thione sodium salt. Derivatives of 

allylic and homoallylic alcohols readily cyclized under these conditions to give, respectively, 3-

substituted 1,2-diol carbonates and 4-substituted 1,3-diol carbonates (Scheme 90-A). 

Trapping of the transient carbon radical 2.4.3 could also be performed in presence of 

PhSeSePh or t-BuSH to achieve, respectively, the selenation and reduction of the terminal 

position. Interestingly, an intermolecular trapping could be accomplished in presence of ethyl 

vinyl ether in the case of simple alkyl alkoxycarbonyloxy radicals (Scheme 90-B).   

                                                      

151 J. Chateauneuf, J. Lusztyk, B. Maillard, K. U. Ingold, J. Am. Chem. Soc. 1988, 110, 6727–6731. 
152 M. Newcomb, M. Udaya Kumar, J. Voivin, E. Crépon (née daSilva), S. Z. Zard, Tetrahedron Lett. 1991, 32, 45–48. 
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Scheme 90. Intra- and intermolecular addition reactions of (alkoxycarbonyl)oxyl radicals to electron-

rich alkenes: A. Synthesis of 1,2- and 1,3-diol carbonates; B. Intermolecular addition to ethyl vinyl 

ether. 

Through the course of their studies on the “self-terminating” oxidative radical cyclization of 

cycloalkyne derivatives Wille and Jargstorff explored the use of (alkoxycarbonyl)oxyl radicals, 

among other O-centered radicals, to trigger radical cascade reactions (Scheme 91).153  

 

Scheme 91. “Self-terminating” oxidative radical cyclization of cycloalkynes 2.4.9 and 2.4.13 with 

carbonate radical 2.4.8.   

In the last decade, Walton et al. extended the previous studies on the characterization of this 

radical with ESR spectroscopy.154 Oxime carbonates were used as precursors, offering the 

advantages to be relatively stable, easy to handle and to synthesize compared to previously 

known ones (e.g. peroxydicarbonate, Barton-type carbonate). Under photolytic conditions, 

oxime carbonates readily fragmented to produce iminyl radical 2.4.17 and 

(alkoxycarbonyl)oxyl radical 2.4.8 (Scheme 92).  

                                                      

153 a) U. Wille, C. Jargstorff, J. Chem. Soc. Perkin 1 2002, 0, 1036–1041; b) C. Jargstorff, U. Wille, Eur. J. Org. Chem. 2003, 
2003, 3173–3178. 
154 a) R. T. McBurney, A. D. Harper, A. M. Z. Slawin, J. C. Walton, Chem. Sci. 2012, 3, 3436; b) R. T. McBurney, A. 
Eisenschmidt, A. M. Z. Slawin, J. C. Walton, Chem. Sci. 2013, 4, 2028; c) M. Bühl, P. DaBell, D. W. Manley, R. P. McCaughan, 
J. C. Walton, J. Am. Chem. Soc. 2015, 137, 16153–16162. 
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Through the variation of the carbonate radical substitution, the cyclization onto an allylic side-

chain or a benzylic substituent could be observed by ESR spectroscopy and rate constants of, 

respectively, ca. 5x106 s-1 and 2x105 s-1 were determined for these two reactions. In 

comparison, the decarboxylation of aliphatic carbonate was also studied and a rate constant 

of ca. 103 s-1 was measured indicating an activation energy around 13 kcal/mol. 

However, on a synthetic level, cyclization products were accessed in very low yields and the 

parent alcohol 2.4.18 was often the major product. This observation highlighted the tendency 

of carbonate radical 2.4.8 to easily abstract hydrogen from another molecule or from the 

solvent itself, generating the corresponding carbonic acid which readily decomposed into 

alcohol 2.4.18.  

 

Scheme 92. Analysis of the oxime carbonate 2.4.16 photolysis by ESR spectroscopy; MAP: 4-

methoxyacetophenone. 

The exceptional ability of (alkoxycarbonyl)oxyl radical to abstract hydrogen and its slow rate 

of decarboxylation prompted us to explore its potential to catalyze the β-functionalization of 

alcohols. In the case where this radical could be harnessed to undergo preferentially an 

intramolecular 1,5-hydrogen atom transfer, the highly energetic radical could enable the 

functionalization of challenging unreactive C-H bonds. Given the low stability of carbonic acids, 

the carbonate substituent would act as a traceless directing group in the synthesis of β-

functionalized alcohols.  

In view of the poor stability of peroxydicarbonates and Barton-type carbonates and the poor 

synthetic efficiency of oxime carbonates, we sought about developing new precursors which 

would enable, under metal or visible light photoredox conditions, an easy and controlled 

fragmentation into the carbonate radical. 

The aim of this project was to synthesize and explore the reactivity of several redox active 

carbonates 2.4.22 (e.g. 2.4.23, 2.4.24) toward the remote functionalization of C-H bonds 

(Scheme 93). Given the recent successes of our laboratory with the remote functionalization 

of C(sp3)-H by a 1,5-HAT/cross-coupling approach, efforts were attempted to apply this 

strategy to the β-functionalization of alcohols.  
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Our envisioned mechanism for the proposed transformation was established based on our 

previous works in cross-coupling reactions. For the sake of clarity, only the metal catalyzed 

cross-coupling reaction was displayed. The single electron reduction of precursor 2.4.22 to its 

radical anion by metal catalyst 2.4.30 would trigger the fragmentation and produce carbonate 

radical 2.4.26. A rapid 1,5-hydrogen atom transfer (= 1,5-HAT) would relocate the radical and 

form alkyl radical 2.4.27. This radical would then re-enter in the catalytic cycle by 

recombination with 2.4.31. A subsequent reductive elimination would afford functionalized 

carbonic acid 2.4.28 and reduced metal 2.4.29. Due to the low stability of carbonic acid 

derivatives at atmospheric pressure, 2.4.28 would decarboxylate to yield β-functionalized 

alcohol 2.4.25. Finally, the regeneration of metal catalyst 2.4.30 would be carried out upon 

transmetallation with an organometallic specie (e.g. arylboronic acid, organosilanes).  

This project was performed in collaboration with Baptiste Roure, a graduate student 

supervised in the course of a 5-month internship.  

 

Scheme 93. Metal catalyzed remote C-H functionalization of redox active carbonate 2.4.22 through 

cross-coupling reactions; SET: Single Electron Transfer; 1,5-HAT: 1,5-Hydrogen Atom Transfer; RAG: 

redox-active group. 
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  Synthesis of new (alkoxycarbonyl)oxyl radical precursors 

Given the several drawbacks associated with previously reported precursors of carbonate 

radical we bagan our investigations toward the synthesis of more stable precursors. The 

recent success of redox active esters in decarboxylative cross-couplings96 made us consider 

the synthesis of precursors possessing an N-hydroxyphthalimide (2.4.23) or an N-

hydroxybenzotriazole (2.4.33) substituents (Figure 6). In view of our recent success in the 

remote C-H functionalization of alkoxypyridinium salts45-46, the synthesis of N-hydroxy 

pyridinium carbonate salt 2.4.24 was also studied. Several strategies were considered for the 

synthesis of these precursors.  

 

Figure 6. Structure of substrates explored as (alkoxycarbonyl)oxyl radical precursors. 

The reaction of carbonyl imidazole 2.4.34 with N-hydroxyphthalimide (=NHPI) was first 

investigated to access N-phthalimidoyl carbonate 2.4.23a (Scheme 94). 2.4.34 was obtained 

almost quantitatively from the reaction of alcohol 2.4.35 with carbonyldiimidazole (=CDI).155 

The reaction appeared more complex than expected as mixture of alcohol 2.4.35 and 

symmetrical carbonate 2.4.36 were produced without trace of 2.4.23a.  

 

Scheme 94. Reaction of activated carbonate 2.4.34 with N-hydroxyphthalimide. 

After few unsuccessful attempts, precursor 2.4.23a was accessed by the reaction of alcohol 

2.4.35 with derivatizing agent 2.4.37 (Scheme 95).156 Diphthalimidyl carbonate 2.4.37 was 

easily prepared by reacting two equivalents of N-hydroxyphthalimide with triphosgene and 

triethylamine. This reaction was easily scalable and several grams of 2.4.23a were synthesized.  

 

                                                      

45 X. Bao, Q. Wang, J. Zhu, Angew. Chem. Int. Ed. 2019, 58, 2139–2143. 
46 X. Bao, Q. Wang, J. Zhu, Chem. Eur. J. 2019, 25, 11630–11634. 
96 For a review: S. Murarka, Adv. Synth. Catal. 2018, 360, 1735–1753. 
155 Y. Ma, X. Jiang, R. Zhuo, J. Polym. Sci. Part Polym. Chem. 2013, 51, 3917–3924. 
156 T. Krainz, M. M. Gaschler, C. Lim, J. R. Sacher, B. R. Stockwell, P. Wipf, ACS Cent. Sci. 2016, 2, 653–659. 
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Scheme 95. Synthesis of precursor 2.4.23a by derivatization of alcohol 2.4.35.  

Concomitantly, the opposite approach, consisting of adding the redox active group to 

chloroformate 2.4.39, was tested (Scheme 96).157 This strategy was found to be more general 

and relatively mild. 2.4.23b and 2.4.33, two analogues of 2.4.23a were easily prepared under 

biphasic conditions, respectively, by the reaction of N-hydroxytetrachlorophthalimide 

(=TCNHPI) and 1-hydroxybenzotriazole with 2-phenylethyl chloroformate. Additionally, one-

carbon homologated analogue 2.4.41 was synthesized to evaluate a potential competition 

between 1,5- and 1,6-HAT.  

 

Scheme 96. Synthesis of redox active carbonates via nucleophilic acyl substitution of chloroformates. 

In contrast to the other precursors, the synthesis of N-alkoxypyridinium carbonate adducts 

was more troublesome. 2,4,6-trisubstituted pyridine N-oxides 2.4.42 were prepared by direct 

oxidation of the pyridine with hydrogen peroxide158 or for more hindered substrates by 

condensation of hydroxylamine onto the pyrylium analogue.159 The pyrylium intermediates 

could be accessed through Balaban-Nenitzescu-Praill reaction.160  

                                                      

157 Y. Jad, S. Khattab, A. El-Faham, F. Albericio, Molecules 2012, 17, 14361–14376. 
158 T. Getter, I. Zaks, Y. Barhum, T. Ben‐Zur, S. Böselt, S. Gregoire, O. Viskind, T. Shani, H. Gottlieb, O. Green, M. Shubely, H. 
Senderowitz, A. Israelson, I. Kwon, S. Petri, D. Offen, A. Gruzman, ChemMedChem 2015, 10, 850–861. 
159 C. Uncuta, M. T. Cǎproiu, V. Câmpeanu, A. Petride, M. G. Dǎnilǎ, M. Plǎveti, A. T. Balaban, Tetrahedron 1998, 54, 9747–
9764. 
160 A.T. Balaban, In Name React. Heterocycl. Chem. II, 2011, 401–513. 
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Despite numerous experimental conditions were attempted to synthesize N-alkoxypyridinium 

carbonates 2.4.24, these substrates showed poor stability upon isolation (Scheme 97). 

Therefore, the generation of these precursors was attempted in-situ, in analogy with the work 

of Stephenson et al.161  

 

Scheme 97. Unsuccessful attempts to access N-alkoxypyridinium carbonate 2.4.24. 

  

                                                      

161 a) J. W. Beatty, J. J. Douglas, K. P. Cole, C. R. J. Stephenson, Nat. Commun. 2015, 6, 7919; b) A. C. Sun, E. J. McClain, J. W. 
Beatty, C. R. J. Stephenson, Org. Lett. 2018, 20, 3487–3490. 
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  Investigation toward the remote C-H functionalization of redox-

active carbonates 

With these starting materials in hand, we started to explore their reactivity under metal- and 

photoredox-catalyzed conditions. In each case, the reaction was carefully monitored to detect 

the presence of reduced by-products arising from the desired β-fragmentation of the 

precursor.  

Preliminary investigations were performed using Suzuki-Miyaura type conditions to effect a 

distal C-H arylation with arylboronic acids (Scheme 98). Carbonate 2.4.23a remained relatively 

inert in presence of nickel or copper catalyst at room temperature. No fragmentation occurred 

and a trace amount of hydrolyzed product was observed. Increasing the reaction temperature 

to 65 °C had little effect with nickel catalysts. However, in presence of Cu(OAc)2 partial 

fragmentation of the precursor took place, delivering alcohol 2.4.35 and carbonate 2.4.36.  

 

Scheme 98. Initial attempts of cross-coupling between carbonate 2.4.23a and arylboronic acid; Phth: 

phthalimide. 

A variety of solvents were screened to influence the feasibility of this fragmentation under 

nickel catalysis (Table 2.4.1). When the reaction was performed in toluene, α,α,α-

trifluorotoluene, 1,4-dioxane or acetonitrile phthalimide 2.4.44 was detected (Entries 1,2,4 

and 6). However, no real tendency could be deduced from these results and product 2.4.43 

could not be found in any of these conditions. 
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Table 22. Solvent screening for the remote C-H cross-coupling of 2.4.23a with arylboronic acid. 

 

Entry Solvent Conversion 
Products Presence of 

2.4.44 2.4.43 Side-products 

Ref. THF 40% / 2.4.35 and 2.4.36 No 

1 Toluene 50% / 2.4.35 major, 2.4.36  Yes 

2 PhCF3 50% / 2.4.35 and 2.4.36 Yes 

3 DCM 30% / 2.4.35, 2.4.36 major No 

4 1,4-dioxane 60% / 2.4.35 major, 2.4.36 Yes 

5 DMF 70% / 2.4.35 major, 2.4.36 No 

6 MeCN 90% / 2.4.35 major, 2.4.36 Yes 

Attempt to switch to an in-situ generated N-alkoxypyridinium precursor proved to be 

unsuccessful (Scheme 99). Indeed, chloroformate 2.4.39a happened to be fully consumed 

prior any reaction with pyridine N-oxide 2.4.42a. Only chloroalkane 3.4.45, coming from the 

nucleophilic substitution of the chloroformate substituent, was detected.  

 

Scheme 99. Reaction of chloroformate with 2.4.39a and pyridine N-oxide 2.4.42a under Suzuki-

Miyaura conditions. 

In view of the complexity inherent to this multi-step reaction sequence often suffering from 

issues at the transmetallation stage, we decided to explore another system by switching to 

the conditions previously developed in our laboratory for the remote C-H azidation of 

alkoxypyridiniums (Table 23).  

Unfortunately, these conditions proved unsuccessful and 2.4.23a was only partially converted 

into side-products (Entry 1). In particular, azido carbonate 2.4.48 was formed as the result of 

a nucleophilic acyl substitution of the N-hydroxyphthalimide group. A series of CuI/II salts were 

tested without success (Entries 2-6).  
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Attempts in presence of NiII or FeIII catalysts were also carried out leading to no improvement 

(Entries 7-11). In absence of photocatalyst and light irradiation, albeit a slightly different 

reactivity was observed with NiCl2.glyme, the general outcome remained the same (Entries 

12-14).  

Table 23. Screening of catalysts for the remote C-H azidation of 2.4.23a under dual metal-photoredox 

catalysis. 

 

Entry Catalysts Conversion 
Products Presence of 

2.4.44 2.4.46 Side-products 

1 CuCl 45% / 2.4.35, 2.4.36, 2.4.48 major No 

2 CuOAc >95% / 2.4.35, 2.4.36, 2.4.48 major No 

3 CuBr <10% / 2.4.36, 2.4.48 major No 

4 Cu(OAc)2 0% / / No 

5 CuBr2 >95% / 2.4.35, 2.4.36, 2.4.47, 2.4.48 major No 

6 Cu(OTf)2 0% / / No 

7 NiCl2.glymeA <10% / Trace of 2.4.48 No 

8 Ni(PPh3)2Cl2A >95% / 2.4.47, 2.4.48 major No 

9 Ni(OTf)2
A <5% / Trace of 2.4.48 No 

10 Fe(acac)3
B <5% / / No 

11 FeCl3B <5% / / No 

12C CuOAc >95% / 2.4.35, 2.4.36, 2.4.47, 2.4.48 major No 

13C NiCl2.glyme 65% / 2.4.48 No 

14C Fe(acac)3 <5% / / No 

A: 4,4’-di-tert-butylbipyridine was used instead of 1,10-phenanthroline (=1,10-Phen); B: no ligand was used; C: reaction 

performed without Ir(ppy)3 and blue LED irradiation.  

The nature of the ligand is well-known to play an important role on the redox properties of 

the metal center. However, in this case only little influence was noticed when 1,10-

phenanthroline was substituted for other class of ligands (e.g. bipyridines, BOX-type ligand, 

diketimine). Similarly, replacing acetonitrile for other polar or apolar solvents (e.g. DMF, DCM 

or toluene) hardly impacted the reaction and only disparity in the conversion was detected.  

Performing the reaction with an equimolar mixture of chloroformate 2.4.39a and pyridine N-

oxide 2.4.42a led to the same observation, with azido carbonate 2.4.48 being predominant.  
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In view of the inability of these conditions to reduce our substrate, another alternative was 

considered. Few years ago, Chen et al. demonstrated the aptitude of Hantzsch ester 2.4.50 to 

initiate the fragmentation of N-phthalimidoyl esters104 and alcohols105. This process was 

proposed to occur through the formation of an electron donor-acceptor complex (=charge-

transfer complex), which upon visible-light induced electron-transfer initiates the 

fragmentation of the substrate (Scheme 100).    

 
Scheme 100. Photoinduced electron transfer in Hantzsch ester/phthalimidoyl derivatives’ charge-

transfer complex. 

To our delight, alike Chen’s report, a good fragmentation of precursor 2.4.23a could be 

accomplished when the reaction was performed in presence of 2.4.50 and TMSN3 under blue 

light irradiation (Scheme 101). Surprisingly, if TMSN3 was absent the precursor stayed almost 

unreacted. A similar behavior was observed with precursor 2.4.23b.  

 
Scheme 101. Fragmentation of carbonate 2.4.23 in presence of Hantzsch ester and visible-light 

irradiation. 

 

 

 

 

104 Y. Li, J. Zhang, D. Li, Y. Chen, Org. Lett. 2018, 20, 3296–3299. 105 J. Zhang, Y. Li, R. Xu, Y. Chen, Angew. Chem. Int. Ed. 
2017, 56, 12619–12623.  
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Several metal catalysts were tested with the two precursors to act as a platform for the 

formation of a remote C-N3 bond (Table 24). The fragmentation appeared to be compatible in 

few cases with the presence of a metal catalyst (Entries 2,3 and 6). Nevertheless, only 

decomposition was observed, either to alcohol 2.4.35 or azido carbonate 2.4.48. Similar 

results were achieved in DMF. 

Table 24. Screening of metal catalysts for the photoinduced fragmentation of substrate-Hantzsch 

ester’s charge transfer complex. 

 

Entry Precursor Catalysts Conversion 
Products Presence of 

2.4.44/2.4.54 2.4.46 Side-products 

1 2.4.23a CuI 0% / / No 

2 2.4.23a Cu(OAc)2 90% / 2.4.35, 2.4.36, 2.4.47, 2.4.48 Yes 

3 2.4.23a NiCl2.glyme 95% / 2.4.35, 2.4.36, 2.4.47 major Yes 

4 2.4.23a Fe(acac)3 80% / 2.4.36 major, 2.4.47  No 

5 2.4.23b Cu(OAc)2 >99% / 2.4.35, 2.4.36, 2.4.47 No 

6 2.4.23b NiCl2.glyme >99% / 2.4.35, 2.4.47 Yes 

TCPhth: tetrachlorophthalimide. 

Despite the potential of Hantzsch ester 2.4.49 to form an electron donor-acceptor complex 

with our precursor, its inherent ability to deliver a hydrogen coupled with the powerful 

hydrogen abstraction proficiency of carbonate radicals, made the desired transformation 

disfavored.  

In contrast, its addition to olefins have been shown to be kinetically favored. However, the 

reaction of carbonate 2.4.23b with an electron-rich alkene would thwart our original design 

to functionalize a remote C-H bond. To favor the reaction of a potential remotely generated 

carbon radical, we thought about reacting carbonate 2.4.23b with an electron-poor alkene. In 

such transformation the electronic mismatch between electrophilic carbonate radical 2.4.26 

and its partner would enhance the reaction with radical 2.4.27.  
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An envisioned mechanism is depicted in Scheme 102. Under blue light irradiation, IrIII(ppy)3 

would be promoted to an excited state, becoming a powerful reductant (E1/2
ox= -1.73 V vs SCE, 

in CH3CN).15a,162 In analogy with the fragmentation of N-alkoxy- (E1/2
red ≈ -1.22 to -1.39 V vs 

SCE, in DMF)163 and N-(acyloxy)phthalimides (E1/2
red ≈ -1.26 to -1.39 V vs SCE, in CH3CN)164 

under photoredox conditions, redox-active carbonate 2.4.22 should be able to promote the 

oxidative quenching of the excited photocatalyst by accepting an electron. The generated 

radical anion would fragment to form (alkoxycarbonyl)oxyl radical 2.4.26. At this stage, we 

hypothesized that this radical could evolve toward the formation of alkyl radical 2.4.27 via a 

1,5-hydrogen atom transfer instead of an intermolecular hydrogen abstraction. This stabilized 

radical would then go through a radical addition/β-fragmentation sequence with alkene 

2.4.55 to afford 2.4.56, which after spontaneous decarboxylation would achieve the synthesis 

of β-functionalized alcohol 2.4.57. The completion of the photoredox cycle would be 

accomplished by single electron transfer between IrIV(ppy)3 (E1/2
red= +0.77 V vs SCE, in 

CH3CN)15a,163  and a secondary reductant (e.g. Hantzsch ester, trialkylamines) to regenerate 

IrIII(ppy)3. Despite a redox potential difference between IrIV(ppy)3 and Hantzsch ester (E1/2
ox= 

+0.89 V vs SCE, in CH3CN)165 seemingly unfavorable or low with iPr2NEt (E1/2
ox= +0.72 V vs SCE, 

in CH3CN)166 the occurrence of this redox event should be feasible according to previous 

reports.167  

Alternatively, another possible mechanism could be proposed. The single electron reduction 

of 2.4.22 would be easily promoted by IrII(ppy)3 (E1/2
ox= -2.19 V vs SCE, in CH3CN).15a,163 

However, the formation of this powerful reductant would require the preliminary reduction 

of excited IrIII(ppy)3* (E1/2
red= +0.31 V vs SCE, in CH3CN)15a,163 by Hantzsch ester 2.4.50  or 

trialkylamine 2.4.60. While this type of mechanism is commonly accepted with certain 

photocatalyt such as Ru(bpy)3X2,93,168 examples with Ir(ppy)3 remains rare.32-33,169  

                                                      

15a C. K. Prier, D. A. Rankic, D. W. C. MacMillan, Chem. Rev. 2013, 113, 5322–5363. 
32 C. Wang, K. Harms, E. Meggers, Angew. Chem. Int. Ed. 2016, 55, 13495–13498. 
33 J. Zhang, Y. Li, F. Zhang, C. Hu, Y. Chen, Angew. Chem. Int. Ed. 2016, 55, 1872–1875. 
93 G. L. Lackner, K. W. Quasdorf, L. E. Overman, J. Am. Chem. Soc. 2013, 135, 15342–15345. 
162 L. Flamigni, A. Barbieri, C. Sabatini, B. Ventura, F. Barigelletti, Photochem. Photophysics Coord. Compd. II 2007, 143–203. 
163 M. A. Syroeshkin, I. B. Krylov, A. M. Hughes, I. V. Alabugin, D. V. Nasybullina, M. Y. Sharipov, V. P. Gultyai, A. O. Terent’ev, 
J. Phys. Org. Chem. 2017, 30, e3744. 
164 a) Keiji. Okada, Kazushige. Okamoto, Masaji. Oda, J. Am. Chem. Soc. 1988, 110, 8736–8738; b) G. Pratsch, G. L. Lackner, L. 
E. Overman, J. Org. Chem. 2015, 80, 6025–6036; c) G. L. Lackner, K. W. Quasdorf, G. Pratsch, L. E. Overman, J. Org. Chem. 
2015, 80, 6012–6024. 
165 X.-Q. Zhu, H.-L. Zou, P.-W. Yuan, Y. Liu, L. Cao, J.-P. Cheng, J. Chem. Soc. Perkin Trans. 2 2000, 1857–1861. 
166 G. J. Barbante, N. Kebede, C. M. Hindson, E. H. Doeven, E. M. Zammit, G. R. Hanson, C. F. Hogan, P. S. Francis, Chem. Eur. 
J. 2014, 20, 14026–14031. 
167 a) A. McNally, C. K. Prier, D. W. C. MacMillan, Science 2011, 334, 1114–1117; b) J. D. Nguyen, E. M. D’Amato, J. M. R. 
Narayanam, C. R. J. Stephenson, Nat. Chem. 2012, 4, 854–859. 
168 K. Okada, K. Okamoto, N. Morita, K. Okubo, M. Oda, J. Am. Chem. Soc. 1991, 113, 9401–9402. 
169 a) W. Chen, Z. Liu, J. Tian, J. Li, J. Ma, X. Cheng, G. Li, J. Am. Chem. Soc. 2016, 138, 12312–12315; b) J. Zhang, D. Liu, S. Liu, 
Y. Ge, Y. Lan, Y. Chen, iScience 2020, 23, 100755; c) J. L. Zhu, S. W. Laws, M. J. Rourke, K. A. Scheidt, Green Synth. Catal. 2020, 
1, 70–74. 
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Scheme 102. Envisioned mechanism for the photoredox catalyzed remote C-H vinylation of redox-

active carbonate 2.4.22; RAG: redox-active group. 

A complete conversion into alcohol 2.4.35 and tetrachlorophthalimide 2.4.54 was witnessed 

upon reaction of carbonate 2.4.23b with electron-poor alkene 2.4.55 in presence of Hantzsch 

ester 2.4.50 (Scheme 103). Indications of the formation of any addition products remained 

undetected. Playing with the solvent’s nature or replacing 2.4.50 by iPr2NEt was ineffective. 

No difference was noticed when 2-methyl-1-phenylprop-2-en-1-one 2.4.63 was used instead 

of 2.4.55. Attempts to promote the fragmentation of the precursor with a metal reductant 

(e.g. magnesium, zinc or manganese powder) were unproductive.  

 

Scheme 103. Reaction of carbonate 2.4.23b with electron poor alkenes under photoredox catalysis.  

A similar remark was made when precursor 2.4.33 was considered and reacted in the presence 

of Hantzsch ester or iPr2NEt with 2.4.55 (Scheme 104).  
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Scheme 104. Reaction of carbonate 2.4.33 with electron poor alkene 2.4.55 under photoredox 

catalysis. 

In an effort to slow down the fragmentation and favor a more efficient trapping, less reducing 

photocatalysts were tested (Table 25). However, in all cases a full fragmentation to alcohol 

2.4.35 was observed, independently of the precursor used (Entries 1-6). Notably, even in 

presence of catalyst loading as low as 0.01 mol% the substrate could be fully consumed. 

Interestingly, side-product 2.4.65 was also isolated in the reaction with precursor 2.4.23b.  

Table 25. Screening of photocatalysts for the reaction of carbonate 2.4.23 with electron poor alkene 

2.4.55. 

 

Entry Precursor Catalysts Conversion 
Products Presence of 

2.4.44/2.4.54 2.4.57 Side-products 

1 2.4.23b Ru(bpy)3(PF6)2 >99% / 2.4.35 and 2.4.65 Yes 

2 2.4.23b Ir[dF(CF3)ppy]2(dtbbpy)PF6 >99% / 2.4.35 and 2.4.65 Yes 

3 2.4.23b Ru(bpz)3(PF6)2 >99% / 2.4.35 and 2.4.65 Yes 

4 2.4.23b Ir(ppy)2(dtbbpy)PF6 >99% / 2.4.35 and 2.4.65 Yes 

5A 2.4.23a Ru(bpy)3(PF6)2 >99% / 2.4.35 Yes 

6 B 2.4.23a Ir[dF(CF3)ppy]2(dtbbpy)PF6 >99% / 2.4.35 Yes 

7 A 2.4.23b Ru(bpy)3(PF6)2 >99% / 2.4.35 and 2.4.65 Yes 

8 B 2.4.23b Ru(bpy)3(PF6)2 >99% / 2.4.35 and 2.4.65 Yes 

9 A 2.4.23b Ir[dF(CF3)ppy]2(dtbbpy)PF6 >99% / 2.4.35 and 2.4.65 Yes 

10 A 2.4.23b Ir[dF(CF3)ppy]2(dtbbpy)PF6 >99% / 2.4.35 and 2.4.65 Yes 

A: 0.1 mol% of photocatalyst used; B: 0.01 mol% of photocatalyst used. 
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The presence of good hydrogen donors was detrimental for the reaction, thus Hantzsch ester 

or trialkylamines were switched for sodium sulfite.170  In this case, albeit the cleavage of 

2.4.23b could still happen in the presence of Ir(ppy)3 or Ir[dF(CF3)ppy]2(dtbbpy)PF6, only 

alcohol 2.4.35 was obtained. Following the same reasoning, DMF was substituted for 

hexafluorobenzene which led to no improvement.   

In analogy with sulfamyl radical, known to mediate 1,6-HAT through a seven-membered 

transition state,57 we explored the reactivity of precursor 2.4.41 (Scheme 105). Alike 

previously for the reaction with 2.4.23, unsubstituted alcohol 2.4.68 was predominant. No 

trace of adducts with olefin 2.4.55 was detected. 

 

Scheme 105. Reaction of carbonate 2.4.41 with electron poor alkene 2.4.55 under photoredox 

catalysis. 

In an attempt to get more insight on the intra-/intermolecular nature of the hydrogen atom 

transfer, the reaction was run in deuterated DMF using sodium sulfite (Scheme 106). The 

formation of deuterated alcohol 2.4.69 would be expected in the case where the desired 1,5-

HAT would occur. However, under this condition only non-deuterated alcohol 2.3.35 could be 

detected, presumably arising from the rapid H/D exchange of 2.4.70 with residual trace of 

water.  

 

Scheme 106. Fragmentation of carbonate 2.4.23b in deuterated DMF. 

 

  

                                                      

57 M. A. Short, J. M. Blackburn, J. L. Roizen, Angew. Chem. Int. Ed. 2018, 57, 296–299. 
170 Y. Yuan, W. Dong, X. Gao, X. Xie, Z. Zhang, Org. Lett. 2019, 21, 469–472. 
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  Conclusion 

Prior studies have demonstrated the exceptional abilities of (alkoxycarbonyl)oxyl radicals to 

abstract hydrogen atom while displaying slow rate of decarboxylation. Interested by the 

powerful capacities of these radicals we sought after their potential to target the remote C-H 

bond functionalization of alcohol derivatives. However, previously described precursors 

tended to be unstable or displaying poor synthetic efficiency.  

This project aimed at developing a new class of redox-active carbonates, easily accessible and 

stable, as precursors of carbonate radical and to study their potential to access β-

functionalized alcohols, via the intermediacy of a 1,5-hydrogen atom transfer. Several 

precursors were synthesized during the course of this project and tested under various 

experimental conditions to effect the formation of a distal C-C or C-N3 bond. The 

fragmentation of phthalimidoyl-base precursors was determined to be possible under some 

metal catalyzed or photoredox conditions. Nevertheless, despite a large range of conditions 

were attempted, β-functionalized alcohol derivatives could not be formed. In the majority of 

the cases, unsubstituted alcohols (i.e. 2.3.35, 2.3.68) resulting from an intermolecular 

hydrogen abstraction was predominant.  

In summary, the designed intramolecular 1,5-hydrogen atom transfer proved kinetically 

disfavored compared to the abstraction of a hydrogen from the solvent, another substrate 

molecule or from a secondary reductant (e.g. Hantzsch ester, trialkylamines). 
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5. General conclusion 

Several strategies were explored for the remote - and -C-H functionalization of redox-active 

alcohol derivatives by 1,5-hydrogen atom transfer (=1,5-HAT) of reactive radical 

intermediates.  

N-phthalimidoyl oxalates 2.2.95 were synthesized and tested as “traceless” activating groups 

to promote a formal -C-H functionalization of alcohols (Scheme 107). Interestingly, single 

electron transfer reduction under photoredox catalysis smoothly gave rise to alkoxycarbonyl 

radicals, which in the presence of various Michael-acceptors afforded products of direct 

trapping (e.g. 2.2.115). Efforts to promote the 1,5-HAT were attempted did not lead to the 

desired transformations, presumably due to the insufficient energy difference between the 

incipient radicals. In contrast, 1-alkoxy vinyl radicals, a much stronger hydrogen abstractor, 

arising from redox-active 2-alkoxyacrylates 2.2.128 could not be controlled. 

 

Scheme 107. Overview of the two types of redox-active precursors explored for the remote -C-H 

functionalization of alcohols; PC: photocatalyst; HE: Hantzsch ester. 

Two approaches were examined for the synthesis of -functionalized alcohols (Scheme 108). 

The fragmentation of redox-active carbonates 2.4.22 was difficult to control, leading in most 

cases to hydrogen abstraction from the solvent itself, thereby yielding unfonctionalized 

alcohol 2.4.35. In contrast, N-acyloxy imidates 2.3.29 showed promising behavior. Indeed, in 

presence of trimethylsilylazide, iron catalysts were identified from an extensive screening of 

metals and photocatalysts, to promote a remote C(sp3)-H azidation, leading after hydrolysis 

to valuable β-azido alcohols 2.3.33. After optimization of the reaction conditions, this 

reactivity was successfully extended to the functionalization of benzylic and tertiary C-H 

bonds. To our knowledge, this transformation represents the first example of the use of N-

acyloxy imidates as precursors of imidate radicals.47,145 

 

 

47 R. O. Torres‐Ochoa, A. Leclair, Q. Wang, J. Zhu, Chem. Eur. J. 2019, 25, 9477–9484. 
145 A. Leclair, R. O. Torres-Ochoa, Q. Wang, J. Zhu, Chimia 2021, 75, 329–332. 
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Scheme 108. Summary of the strategy investigated for the remote β-C-H functionalization of alcohols; 

RAG: redox-active group. 
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Chapter 3: Development of oxidative 

transformations under photoredox catalysis 

1. Introduction 

  Radical-cation: history and general properties 

The term radical cation refers to an open-shell cationic specie, produced by single electron 

transfer between the highest occupied molecular orbital (=HOMO) of a neutral molecule and 

an oxidant (Scheme 109-A). Radical cations are commonly generated from neutral substrates 

displaying high HOMO energy (e.g. electron-rich (hetero)aromatics/alkenes, trialkylamines). 

The oxidation of these electron-rich substrates formally reverses their classical reactivity, 

making them sensitive to nucleophilic additions, sigmatropic reactions or prone to 

fragmentation (Scheme 109-B).171  

 

Scheme 109. Reactivity of radical cation: A. Simplified frontier molecular orbital diagram for the 

generation of radical cation; B. Common reactivity of radical cations and selected transformations; SET: 

single electron transfer; HOMO: highest occupied molecular orbital; LUMO: lowest unoccupied 

molecular orbital; SOMO: singly occupied molecular orbital. 

While radical cations are usually short-lived transient intermediates, mostly detectable by 

spectroscopy techniques, few of them display persistent radical cation properties (Figure 7). 

The first examples of isolable persistent radical cation were synthesized by Wurster in 1879 

(3.1.1 and 3.1.2).172 Nevertheless, at that time, the exact nature of these two molecules 

remained unclear. Almost fifty years later, Weitz and Schwechten, in the course of their 

studies of the oxidation of triarylamines, postulated the radical cation nature of the species 

produced.173 

                                                      

171 M. Schmittel, A. Burghart, Angew. Chem. Int. Ed. Engl. 1997, 36, 2550–2589. 
172 a) C. Wurster, R. Sendtner, Berichte Dtsch. Chem. Ges. 1879, 12, 1803–1807; b) C. Wurster, Berichte Dtsch. Chem. Ges. 
1879, 12, 2071–2072. 
173 E. Weitz, H. W. Schwechten, Berichte Dtsch. Chem. Ges. B Ser. 1926, 59, 2307–2314. 
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Among the several existing persistent radical cations, tris(4-bromophenyl)ammoniumyl 

hexachloroantimonate 3.1.4, most commonly found under the name BAHA or Magic blue, has 

highly contributed to the development of this chemistry and found important applications as 

one-electron oxidant.174   

 

Figure 7. Selected examples of persistent radical cation salts. 

Reactions occurring through radical cation intermediates are commonly referred to as “hole 

catalysis” or more recently embraced as “redox catalysis” with the paradigm of the electron 

acting as a catalyst.175  

One of the first reaction proposed to proceed through this kind of catalysis was the 

polymerization of N-vinylcarbazole 3.1.6 (Scheme 110).  

In 1963, Scott et al. demonstrated the ability of various oxidants (e.g. p-chloranil, 

tetracyanoquinodimethane, Wurster’s salts) to catalyze the polymerization of N-

vinylcarbazole 3.1.6.176 They observed the formation of, what they believed to be, a charge-

transfer complex between the oxidant and the electron-rich alkene. The transformation was 

found to be unaffected by common cationic, radical or anionic retardant (e.g. thiophene, 

acrylonitrile, styrene). Instead the presence of water, amines or lithium chloride delayed or 

inhibited the polymerization. At that time, a cationic polymerization mechanism was 

suggested, initiated by the formation of radical cation 3.1.9.  

The following year, studying the same reaction, Ellinger further investigated the potential of 

organic electron acceptors as polymerization initiator.177  

Noteworthy, in several cases the polymerization was accompanied by the development of 

characteristic colors, phenomenon commonly observed for reaction where charge transfer 

complexes are produced. Interestingly, when the reaction was performed in methanol, in 

presence of p-chloranil and visible light, the polymerization of 3.1.6 was mainly diverted 

toward the formation of cyclobutane 3.1.8.   

                                                      

174 M. J. Earle, A. Vibert, U. Jahn, in Encycl. Reag. Org. Synth., 2011. 
175 A. Studer, D. P. Curran, Nat. Chem. 2014, 6, 765–773. 
176 H. Scott, G. A. Miller, M. M. Labes, Tetrahedron Lett. 1963, 4, 1073–1078. 
177 L. P. Ellinger, Polymer 1964, 5, 559–578. 
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Scheme 110. Reaction of N-vinylcarbazole 3.1.6 in presence of one-electron oxidant; chloranil: 

Tetrachloro-p-benzoquinone. 

Four years later, Ledwith et al. brought to light the chain nature of the dimerization process, 

by the determination of quantum yields for the photo-induced dimerization of N-

vinylcarbazole 3.1.6.178 They disclosed a plausible radical cation chain mechanism, laying the 

foundations for the subsequent radical cation chain pericyclic transformations (Scheme 111). 

The reaction was initiated by one-electron oxidation of an electron-rich substrate 3.1.6 by a 

photoexcited sensitizer (e.g. chloranil, fluorenone) to furnish radical cation 3.1.9. The 

nucleophilic addition of neutral substrate 3.1.6 to 3.1.9 would afford distonic radical cation 

3.1.10, which then cyclized to form cyclobutane radical cation 3.1.11, with the charge 

presumably held onto the electron-rich substituent. Finally, single electron transfer between 

3.1.11 and another molecule of starting material 3.1.6 would propagate the radical cation 

chain and yield cyclobutane 3.1.8. 

                                                      

178 a) R. A. Crellin, M. C. Lambert, A. Ledwith, J. Chem. Soc. Chem. Commun. 1970, 682–683; b) A. Ledwith, Acc. Chem. Res. 
1972, 5, 133–139. 
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Scheme 111. Postulated radical cation chain mechanism for the dimerization of 3.1.6; Sens: 

photosensitizer. 

As mentioned previously, the oxidation of substrates to a radical cation stage invert their initial 

reactivity making them prone to react with their parent neutral molecule or other electron-

rich partners.  

To exemplify this phenomenon, we can look at the dimerization of cyclohexa-1,3-diene 

(Scheme 112-A). Under classical thermal activation, the cyclodimerization of diene 3.1.15 

proceeded with poor efficiency, affording after 24 h at 200 °C only 32% of Diels-Alder adducts 

(i.e. 3.1.16 and 3.1.17).179 In clear contrast, when the reaction was carried out in presence of 

catalytic amount of aminium salt 3.1.4 a fast and effective dimerization was attested, even at 

0 °C.180 In analogy with the dimerization of N-vinylcarbazole 3.1.6 the reaction was described 

using a radical cation chain mechanism (Scheme 112-B).  

Through the years, a large variety of conditions have been developed to enable one-electron 

oxidation and to catalyze radical cation transformations. For instance, organic oxidants (e.g. 

aminium radical cation salts, hypervalent iodine)181, metals (e.g. FeIII or CeIV)182-182 or 

electrochemical conditions,183 to cite only few, have participated to the growth of this 

chemistry.  

Among the main contributors of this field we can mention the works of Prof. Bauld who 

dedicated a major part of his career on the study of pericyclic radical cation 

transformations.184  

 

                                                      

179 Donald. Valentine, N. J. Turro, G. S. Hammond, J. Am. Chem. Soc. 1964, 86, 5202–5208. 
180 D. J. Bellville, D. W. Wirth, N. L. Bauld, J. Am. Chem. Soc. 1981, 103, 718–720. 
181 T. Horibe, K. Ishihara, Chem. Lett. 2020, 49, 107–113. 
182 F. A. Bell, R. A. Crellin, H. Fujii, A. Ledwith, J. Chem. Soc. Chem. Commun. 1969, 251–252 
183 K. D. Moeller, Synlett 2009, 2009, 1208–1218. 
184 N. L. Bauld, Tetrahedron 1989, 45, 5307–5363. 
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Scheme 112. Aminium radical cation catalyzed [4+2]-cyclodimerization of 1,3-cyclohexadiene 3.1.15: 

A. Dimerization of 3.1.15 under thermal or one-electron oxidation conditions; B. Proposed mechanism 

for the formation of 3.1.16 and 3.1.17. 
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  Recent resurgence of the field  

A new impulse was brought to this area in 2007, with the works of MacMillan et al. on the 

asymmetric α-allylation of aldehydes with allyl silanes (Scheme 113).185 Chiral amine catalysts 

were at that time already well known for the concept of asymmetric iminium and enamine 

catalysis but had never been involved in asymmetric radical transformations. Fifteen years 

before, Narasaka et al. had demonstrated the single electron oxidation of enamines in the 

presence of stoichiometric amount of cerium(IV) oxidant and their coupling with silyl enolates 

for the synthesis of 1,4-diketones.186 The generation of an enamine radical cation led to an 

“Umpolung” reactivity where nucleophiles could now be introduced on the α-position of the 

carbonyl. MacMillan et al. combined these conditions with a catalytic amount of chiral 

imidazolidinone 3.1.22 and showcased the synthesis of various α-allylated aldehydes in 

excellent yield and enantioselectivity. The authors proposed the term “SOMO activation” to 

describe the process.  

 

Scheme 113. Enantioselective α-allylation of aldehydes with allyl silanes under enamine catalysis and 

oxidative conditions; CAN: ceric ammonium nitrate. 

Despite known since the first reports of radical cation, the use of photo-induced electron 

transfer (=PET) to initiate hole-catalyzed transformations remained poorly exploited for many 

years. This apparent lack of interest might be attributed to the poorly tunable redox properties 

or the need of UV light irradiation for the excitation of the sensitizers available at that time.  

Capitalizing on the recent progress with iridium and ruthenium bipyridine complexes, Yoon et 

al. rediscovered in 2010 the reactivity described by Ledwith et al. Under visible light 

irradiation, the intramolecular [2+2]-cycloaddition of diene 3.1.25 was successfully catalyzed 

by Ru(bpy)3(PF6)2 and methyl viologen salt (Scheme 114).187  

By slightly tuning the reaction conditions, they managed two years later to enable a crossed 

intermolecular [2+2]-cycloaddition of styrenes.188  

                                                      

185 T. D. Beeson, A. Mastracchio, J.-B. Hong, K. Ashton, D. W. C. MacMillan, Science 2007, 316, 582–585. 
186 K. Narasaka, T. Okauchi, K. Tanaka, M. Murakami, Chem. Lett. 1992, 21, 2099–2102. 
187 M. A. Ischay, Z. Lu, T. P. Yoon, J. Am. Chem. Soc. 2010, 132, 8572–8574. 
188 M. A. Ischay, M. S. Ament, T. P. Yoon, Chem. Sci. 2012, 3, 2807–2811. 
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Scheme 114. Visible light photo-catalyzed intramolecular [2+2]-cycloaddition of electron-rich 

bis(styrene) 3.1.25; MV(PF6)2: methyl viologen bis(hexafluorophosphate). 

To exemplify the propensity of some radical cation to undergo β-fragmentation of weaken C-

X bonds, we can look at the initial works of Stephenson et al. In 2010, they displayed the use 

of photoredox catalysis to enable a benzylic C-H functionalization of tetrahydroisoquinoline 

3.1.28 via oxidative aza-Henry reaction (Scheme 115).189 The one-electron oxidation of tertiary 

amine 3.1.28 produced radical-cation 3.1.30, prone to undergo β-C-H fragmentation due to 

the weaken C-H bond. Presumably by action of a superoxide radical anion, iminium 3.1.31 was 

then formed and could react with nitromethane anion to yield 3.1.29 in excellent yield. This 

initial breakthrough opened the way to the development of numerous tertiary amine α-C-H 

functionalization reactions.190  

 

Scheme 115. Photoredox catalyzed C-H functionalization of tetrahydroisoquinolines via oxidative aza-

Henry reaction. 

 

 

 

                                                      

189 A. G. Condie, J. C. González-Gómez, C. R. J. Stephenson, J. Am. Chem. Soc. 2010, 132, 1464–1465. 
190 For a review: J. Hu, J. Wang, T. H. Nguyen, N. Zheng, Beilstein J. Org. Chem. 2013, 9, 1977–2001. 
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During this last decade, the group of Prof. Nicewicz particularly popularize the use of mesityl 

acridinium photocatalysts and strongly influence the expansion of radical cation chemistry 

with their works on the hydrofunctionalization of olefins.191  

Under their conditions, a large variety of nucleophiles were used for the anti-Markovnikov 

hydrofunctionalization of alkenes either in an intra- or intermolecular fashion (Scheme 116).  

 

Scheme 116. Anti-Markovnikov hydrofunctionalization of alkenes via acridinium photoredox catalysis. 

 

  Goal of the project 

Despite the fact that the generation and the involvement of radical cation intermediates in 

organic chemistry have been reported since the 1960’s, their synthetic applications remained 

somehow limited until this last decade.  

Recently, a new program was initiated in our laboratory for the development of new 

photoredox catalyzed radical-cation transformations.192 Taking advantage of the recent 

progress of visible-light photoredox catalysis, we sought about exploring further the reactivity 

of these open-shell species to discover new oxidative sigmatropic and cycloaddition 

transformations.   

Herein, we would like to present the discovery of a photoredox catalyzed ring-expansion of 1-

(indol-2-yl)cyclobutan-1-ols and its application into the total synthesis of (±)-uleine, as well as 

synthetic studies toward the total synthesis of (±)-decursivine via an oxidative [3+2]-

cycloaddition.  

  

                                                      

191 a) K. A. Margrey, D. A. Nicewicz, Acc. Chem. Res. 2016, 49, 1997–2006; b) N. P. R. Onuska, M. E. Schutzbach-Horton, J. L. 
R. Collazo, D. A. Nicewicz, Synlett 2020, 31, 55–59. 
192 J.-C. Xiang, Q. Wang, J. Zhu, Angew. Chem. Int. Ed. 2020, 59, 21195–21202. 
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2. Photoredox-catalyzed ring expansion of 1-(indol-2-yl)cyclobutan-

1-ols  

  Introduction 

While examples of the generation and use of radical cation intermediates in organic chemistry 

have already been known for several decades, the understanding and harnessing of their 

reactivity still remain underdeveloped. The recent progress and popularization of visible-light 

photoredox catalysis and electrochemistry have brought back these reactive open-shell 

species to light, notably for the functionalization of alkenes.191 Relying on the ability of excited 

photoredox catalysts to undergo single electron oxidation, electron-rich substrates can be 

converted to their corresponding radical cation, hence reversing their initial reactivity. 

Particularly, the very polarized π-system of indoles is prone to undergo oxidation. This 

potential was demonstrated by Steckhan et al. in 1991193 who showed a photoredox-catalyzed 

radical cation Diels-Alder reaction between indole 3.2.1 and electron-rich dienes (Scheme 

117).  

 

Scheme 117. First report of a photoredox-catalyzed radical-cation Diels-Alder between indole and 

cyclohexa-1,3-diene; PC: triphenylpyrylium tetrafluoroborate. 

Since this initial report, several groups have taken advantage of this “umpolung” strategy to 

trigger various transformations, such as cycloadditions194 and dearomative 

difunctionalization195 (Scheme 118). However, in most cases electrochemistry was used to 

generate the reactive radical-cation species.  

 

                                                      

191 a) K. A. Margrey, D. A. Nicewicz, Acc. Chem. Res. 2016, 49, 1997–2006; b) N. P. R. Onuska, M. E. Schutzbach-Horton, J. L. 
R. Collazo, D. A. Nicewicz, Synlett 2020, 31, 55–59. 

193 A. Gieseler, E. Steckhan, O. Wiest, F. Knoch, J. Org. Chem. 1991, 56, 1405–1411. 
194 a) H. Ding, P. L. DeRoy, C. Perreault, A. Larivée, A. Siddiqui, C. G. Caldwell, S. Harran, P. G. Harran, Angew. Chem. Int. Ed. 
2015, 54, 4818–4822; b) S. P. Pitre, J. C. Scaiano, T. P. Yoon, ACS Catal. 2017, 7, 6440–6444; c) K. Liu, S. Tang, P. Huang, A. 
Lei, Nat. Commun. 2017, 8, 775; d) C. Song, K. Liu, X. Jiang, X. Dong, Y. Weng, C.-W. Chiang, A. Lei, Angew. Chem. Int. Ed. 
2020, 59, 7193–7197. 
195 a) B. Yin, L. Wang, S. Inagi, T. Fuchigami, Tetrahedron 2010, 66, 6820–6825; b) E. C. Gentry, L. J. Rono, M. E. Hale, R. 
Matsuura, R. R. Knowles, J. Am. Chem. Soc. 2018, 140, 3394–3402; c) J. Wu, Y. Dou, R. Guillot, C. Kouklovsky, G. Vincent, J. 
Am. Chem. Soc. 2019, 141, 2832–2837; d) Y.-Z. Cheng, Q.-R. Zhao, X. Zhang, S.-L. You, Angew. Chem. Int. Ed. 2019, 58, 
18069–18074. 
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Scheme 118. Representative examples of scaffolds obtained through single-electron oxidation of 

indole to a radical-cation intermediate. 

Capitalizing on the ability of photoredox catalysis to generate the radical cation of indole 

derivatives we envisioned that the oxidation of 3.2.5 could trigger a “double ring-expansion” 

cascade to yield 2,3,4,9-tetrahydro-1H-carbazol-1-one 3.2.7, beneficing of the ring-strain 

release of the cyclobutanol moiety (Scheme 119).  

 

Scheme 119. Working hypothesis of the project. 

While the ring-expansion of vinyl cyclobutanol have notably been exploited to synthesize 

substituted cyclopentanones by electrophilic activation of the alkene moiety196, only few 

reports have described the direct expansion of these precursors to their 6-membered 

analogues (Scheme 120).  

 

                                                      

196 a) H. Nemoto, M. Shiraki, K. Fukumoto, J. Org. Chem. 1996, 61, 1347–1353; b) L. A. Paquette, J. T. Negri, R. D. Rogers, J. 
Org. Chem. 1992, 57, 3947–3956; c) L. A. Paquette, D. R. Owen, R. T. Bibart, C. K. Seekamp, A. L. Kahane, J. C. Lanter, M. A. 
Corral, J. Org. Chem. 2001, 66, 2828–2834; d) G. R. Dake, M. D. B. Fenster, P. B. Hurley, B. O. Patrick, J. Org. Chem. 2004, 69, 
5668–5675. 
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The first report was traced back to 2001, when Uemura et al. investigated the ring-opening of 

cyclobutanols under oxidative palladium catalysis.197 They observed that in the case of 3,3-

disubstituted cyclobutanols, with no hydrogen available for β-hydride elimination, various 

tetralones could be accessed. In 2012, Murakami et al. demonstrated the use of similar 

precursors to access this motif via a rhodium catalyzed “cut and sew” strategy.198 No 

heteroaromatic substrate was depicted in these two transformations.  

In 2015, Zhu et al. capitalized on the ability of silver catalysts to trigger the ring-opening of 

cycloalkanols199 to develop a radical cascade and access 1-tetralone products.200 However, 

only low to moderate yields could be achieved, with very few examples of unsubstituted 

heterocycles or cyclobutanols.  

Three years later, Peng et al. reported three examples of ring-expansion under hypervalent 

iodine catalysis, observed at the expense of the ring-contraction products they were 

expecting.201  

The same year, Gong et al. introduced the use of ceric ammonium nitrate (= CAN) under 

aerobic conditions as powerful oxidant to promote the transformation in less than a minute.202 

This procedure offered several advantages such as its ease of operation, its incredible kinetic 

and the relatively good functional group tolerance displayed in the scope (electron-rich/poor 

substituents, thiophene derivatives). However, the complete absence of cyclobutanol 

substituents, issues of dimerization for electron-rich substrates and the requirement of 2.5 

equivalents of CAN reduced its general use.  

Almost at the same time, Parsons et al. presented the synthesis of 4-tetralones 

heteroaromatic derivatives through activation with N-bromosuccinimide (=NBS).203 Under 

their conditions, thiophenes, benzothiophenes, benzofurans and tosyl protected indoles were 

successfully transformed, albeit in poor synthetic efficiency. They further extended this 

reactivity to 3-substituted heteroaromatic substrates using both their conditions and the one 

developed by Zhu to selectively obtain 1- or 4-tetralones.204 Finally, the same group reported 

in 2021 the first electrochemical-catalyzed rearrangements of these cyclobutanol 

derivatives.205 However, in this case too, only electron-poor indoles were tolerated and only 

relatively low yields were obtained.   

                                                      

197 T. Nishimura, K. Ohe, S. Uemura, J. Org. Chem. 2001, 66, 1455–1465. 
198 N. Ishida, S. Sawano, M. Murakami, Chem. Commun. 2012, 48, 1973. 
199 H. Zhao, X. Fan, J. Yu, C. Zhu, J. Am. Chem. Soc. 2015, 137, 3490–3493. 
200 J. Yu, H. Zhao, S. Liang, X. Bao, C. Zhu, Org. Biomol. Chem. 2015, 13, 7924–7927. 
201 Y. Sun, X. Huang, X. Li, F. Luo, L. Zhang, M. Chen, S. Zheng, B. Peng, Adv. Synth. Catal. 2018, 360, 1082–1087. 
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Scheme 120. Literature examples for the ring-expansion of 1-aryl cyclobutan-1-ols to tetralones 

derivatives. 
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In most cases, stoichiometric oxidants were required and heteroaromatic substrates showed 

poor synthetic efficiency and functional group tolerance. A convenient and efficient access to 

the 2,3,4,9-tetrahydro-1H-carbazol-1-one scaffold is of utmost synthetic importance as the 

latter is found in various natural products and biologically active molecules (Figure 8).206  

 

Figure 8. Relevant examples of 2,3,4,9-tetrahydro-1H-carbazol-1-ones and related scaffolds. 

The development of an efficient catalytic method would offer a practical access to these 

substituted heterocycles under mild conditions. To our knowledge no photoredox conditions 

have been reported yet.  

  

                                                      

206 a) S. D. Boggs, J. D. Cobb, K. S. Gudmundsson, L. A. Jones, R. T. Matsuoka, A. Millar, D. E. Patterson, V. Samano, M. D. 
Trone, S. Xie, X. Zhou, Org. Process Res. Dev. 2007, 11, 539–545; b) R. Harvey, K. Brown, Q. Zhang, M. Gartland, L. Walton, C. 
Talarico, W. Lawrence, D. Selleseth, N. Coffield, J. Leary, K. Moniri, S. Singer, J. Strum, K. Gudmundsson, K. Biron, K. R. 
Romines, P. Sethna, Antiviral Res. 2009, 82, 1–11; c) T. Kimura, J. Hosokawa-Muto, K. Asami, T. Murai, K. Kuwata, Eur. J. 
Med. Chem. 2011, 46, 5675–5679. 
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  Investigations of the photoredox-catalyzed rearrangements of 1-

(indol-2-yl) disubstituted methanol and 1-(indol-2-yl)cyclobutan-1-

ols 

 Preliminary studies and optimization of the reaction conditions 

Our initial investigations started with diphenylmethanol substrate 3.2.22. This precursor was 

easily synthesized in one step, by addition of an excess of phenylmagnesium bromide to 

methyl 1H-indole-2-carboxylate.  

Various conditions were tested with this precursor to affect a 1,3-shift of one of the phenyl 

substituents, unfortunately without success, resulting in most cases in complex mixtures. 

Notably, in presence of copper catalysts various dimeric and polymeric structures were 

observed, in addition to the presence of benzophenone (Scheme 121). Among them, dimer 

3.2.24 was identified as one of the major components, potentially formed by dimerization of 

an indole radical cation with concomitant trapping of a cation by the tertiary alcohol.  

 

Scheme 121. Initial investigations with 3.2.22. 

Alike results were achieved when the reaction was carried out with dimethylmethanol 

substrate 3.2.25 (Scheme 122). In most cases, dimeric compound 3.2.27 was detected as 

major product.  

 

Scheme 122. Investigations with 3.2.25 and main side-product observed. 
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1-(Indol-2-yl)cyclobutan-1-ol 3.2.5a was next examined, capitalizing on the ring-strain release 

that a ring-expansion would provide to the reaction. Using 9-mesityl-10-methylacridinium 

tetrafluoroborate (=MesAcrMe.BF4) as photocatalyst several secondary oxidants were 

experimented (Table 26). The reaction in presence of Cu(TFA)2.CH3CN or ammonium 

persulfate generated side-product 3.2.28 as the main component observed, presumably by 

dimerization of the benzylic cation (Entries 1-2). Both methyl viologen diperchlorate 

(=MV(ClO4)2) and 1,4-benzoquinone showed poor abilities to promote the conversion of 

3.2.5a and only partial decomposition could be observed (Entries 3-4). To our delight, aerobic 

conditions proved to be competent to recycle the photocatalyst and trigger the designed 

rearrangement (Entry 5). Under these conditions, the desired 2,3,4,9-tetrahydro-1H-carbazol-

1-one 3.2.7a was isolated in 18% yield. Despite the presence of 3.2.7a as main product an 

important part of the precursor was decomposed partially toward the formation of isatin 

3.2.29. Traces of 3.2.7a could also be formed in presence of PIDA (Entry 6). The regeneration 

of the photoredox could not be achieved in presence of pyridine N-oxide nor N-

methylmorpholine-N-oxide (Entries 7-8).  

Table 26. Screening of oxidants for the photocatalyzed rearrangement of 3.2.5a. 

 

Entry Oxidant Conversion Observations[A] 

1 Cu(TFA)2.CH3CN Full conv. Some decomposition, 3.2.28 major 

2 (NH4)2S2O8 Full conv. Some decomposition, 3.2.28 major 

3 MV(ClO4)2 Low conv. - 

4 1,4-benzoquinone Moderate conv. Partial decomposition, no desired product 

5 Air Full conv. 
3.2.7a 18% isolated, 3.2.29 present, partial 

decomposition 

6 PIDA Good conv. Partial decomposition but trace of 3.2.7a 

7 Pyridine N-oxide Low conv. 3.2.7a 2% (NMR yield) 

8 NMO Low conv. 3.2.7a 4% (NMR yield) 

[A] NMR yields determined using 1,3,5-trimethoxybenzene as internal reference; MV(ClO4)2: Methyl viologen diperchlorate; 

PIDA: diacetoxyiodobenzene; NMO: N-methylmorpholine-N-oxide. 
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One plausible mechanism for the formation of isatin 3.2.29 is depicted in Scheme 123. At first, 

substrate 3.2.5a would be oxidized by air into hydroperoxide 3.2.32, through the 

recombination of a photoinduced radical 3.2.30 and a superoxide radical anion207 followed by 

rearomatization.  

Compound 3.2.32 would undergo a heterolytic cleavage of the peroxide bond through a 

“push-pull” mechanism with the doublet of the nitrogen leading to the elimination of a 

hydroxide ion and the formation of ketone 3.2.33. The nucleophilic addition of a 

hydroperoxide anion to the iminium moiety would afford intermediate 3.2.34. The hydrogen 

peroxide would come from the concomitant catalytic cycle where 3.2.7a is produced and 

oxygen regenerates the photocatalyst. By looking at the spatial arrangement in compound 

3.2.34, we can notice that the bond between the cyclobutanol substituent and the indole part 

should be anti-periplanar with the hydroperoxide bond. This predisposition would enable a 

Grob fragmentation and yield isatin 3.2.29, presumably thermodynamically driven by the 

formation of two π-bonds and the extrusion of water.  

 

Scheme 123. Plausible mechanism accounting for the formation of isatin 3.2.29. 

A large variety of protic and aprotic solvents were next examined under aerobic conditions 

(Table 27). n-Hexane, toluene and methyl tert-butyl ether appeared to be too apolar leading 

to solubility issue and poor conversion (Entries 1-3). Gratifyingly, performing the reaction in 

1,4-dioxane allowed the full conversion of 3.2.5a to 3.2.7a in 43% NMR yield (Entry 4). In 

contrast, THF was not suitable for the reaction and a complete shut-down of the reaction was 

noticed. To the exception of acetone (Entry 10), which exhibited a good potential as medium, 

most of the more polar solvents displayed poor or lower abilities. Similarly, protic solvents 

                                                      

207 C. Zhang, S. Li, F. Bureš, R. Lee, X. Ye, Z. Jiang, ACS Catal. 2016, 6, 6853–6860. 
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were detrimental to the outcome of the reaction.  Among the many solvents attempted, 1,4-

dioxane stood out as the solvent of choice for this transformation. 

Table 27. Screening of solvents for the photocatalyzed rearrangement of 3.2.5a. 

 

Entry Solvent Conversion 3.2.7a NMR yield[A] Observations 

Ref 1,2-DCE Full conv. 18% (isolated) 3.2.29 present, partial decomposition 

1 n-hexane 30% 6% Low solubility 

2 Toluene 56% 13% Partial decomposition 

3 MTBE 30% 10% Low solubility 

4 1,4-dioxane Full conv. 43% 3.2.29 present 

5 THF Very low conv. 3% / 

6 EtOAc Full conv. 7% Partial decomposition 

7 DME Full conv. Trace Partial decomposition 

8 CHCl3 Full conv. 8% Decomposition 

9 DCM Full conv. 9% Decomposition 

10 Acetone Full conv. 26% 3.2.29 present 

11 DMF 70% / Decomposition 

12 t-BuOH Full conv. 5% Low solubility 

13 DMSO 33% / / 

14 CH3CN Full conv. 19% Partial decomposition 

15 i-PrOH Low conv. 4% Low solubility 

16 MeNO2 90% 6% Partial decomposition 

17 EtOH 85% / Partial decomposition 

18 MeOH 68% / Partial decomposition 

19 PhF 36% 12% Decomposition 

20 PhCF3 Full conv. 15% Partial decomposition 

21 TFE Good conv. 7% Partial decomposition 

22 HFIP Full conv. / Partial decomposition 

[A] NMR yields determined using 1,3,5-trimethoxybenzene as internal reference; TFE: 2,2,2-trifluoroethanol; HFIP: 

1,1,1,3,3,3-hexafluoroisopropan-2-ol. 
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Several photocatalysts were explored to catalyze the ring-expansion (Table 28). In presence 

of Ru(bpy)3 very low conversion was achieved and no trace of ring-expanded product 3.2.7a 

was observed. This result is in agreement with the redox potential difference standing 

between Ru(bpy)3 (E1/2[RuII/RuI]= 0.77 V vs SCE) and our starting material (Ep/2[3.2.5a∙+/3.2.5a] 

= 1.26 V vs SCE). More surprisingly, the relatively strong oxidant Ru(bpz)3(PF6)2 showed poor 

efficiency to catalyze this oxidative cascade (Entry 3). We attributed this lack of reactivity to 

the poor solubility of this catalyst in 1,4-dioxane. Switching its counter anion to tetrakis(3,5-

(trifluoromethyl)phenyl)borate (=BArF
4) did not yield any improvement (Entry 4). In contrast, 

other photocatalysts with oxidative potential above 1.2 V were all competent to promote the 

conversion of 3.2.5a (Entries 5-8). With the exception of 4CzIPN, all led to the formation of 

the rearranged product 3.2.7a, albeit in a reduced yield compared to the reaction with 

MesAcrMe.BF4.  

In an effort to decrease the amount of photocatalyst required to perform the reaction, the 

catalyst loading was studied (Table 29). No significative improvement was observed when the 

catalyst amount was increased to 10 mol% (Entry 1). Gratifyingly, the photocatalyst loading 

could be reduced to 2.5 mol% without impacting significantly the kinetic of the reaction and 

improving at the same time the yield of the transformation (Entries 2-3). Further reducing the 

loading to 1 mol% slowed down the reaction, enhancing the aerobic degradation of the 

precursor, thereby leading to a reduced yield (Entry 4).  

Concomitantly, the solvent concentration was varied. With the idea to decrease the kinetic of 

intermolecular reaction (i.e. direct oxidation of the substrate by air), the concentration was 

decreased to 0.025 M. To our delight, 2,3,4,9-tetrahydro-1H-carbazol-1-one 3.2.7a was 

obtained in a slightly improved 51% NMR yield. On the other hand, increasing the 

concentration of the reaction (0.1-0.5 M) strongly decreased the kinetic of the reaction, likely 

due to the reduced solubility of the substrate and photocatalyst. Finally, performing the 

reaction under the optimal concentration and catalyst loading allowed us to obtained 3.2.7a 

in 61% isolated yield (67% NMR yield).  
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Table 28. Screening of photocatalysts for the photocatalyzed rearrangement of 3.2.5a and their 

corresponding reduction potential. 

 

 

Entry Photocatalyst Conversion 3.2.7a NMR yield[A] Observations 

Ref MesAcrMe.BF4 Full conv. 43% 3.2.29 present 

1 Ru(bpy)3(PF6)2 25% / Low solubility 

2 Ru(bpy)3(BArF
4)2 29% / Low solubility 

3 Ru(bpz)3(PF6)2 22% / Low solubility 

4 Ru(bpz)3(BArF
4)2 13% / Low solubility 

5 Ir(dFCF3ppy)2(dtbbpy)PF6 Full conv. 18% / 

6 4CzIPN Full conv. / Decomposition 

7 3,5-diOMe Mes-Acr.BF4 Full conv. 35% Partial decomposition 

8 p-OMe TPT Full conv. 20% Partial decomposition 

[A] NMR yields determined using 1,3,5-trimethoxybenzene as internal reference; potential vs SCE, measured in CH3CN; [A]: 

measured in PhCN; Cz: carbazole; LES: singlet locally excited; CTS: singlet charge transfer; LET: triplet locally excited; CTT: triplet 

charge transfer. 
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Table 29. Screening of the catalyst loading for the photocatalyzed rearrangement of 3.2.5a. 

 

Entry Catalyst loading Conversion 3.2.7a NMR yield[A] Observations 

Ref 5 mol% Full conv. 24 h 43% 3.2.29 present 

1 10 mol% Full conv. 24 h 44% Traces other products 

2 4 mol% Full conv. 24 h 46% Traces other products 

3 2.5 mol% Full conv. 24 h 56% Cleaner, traces other products 

4 1.0 mol% Full conv. 50 h 32% Partial decomposition, other products 

[A] NMR yields determined using 1,3,5-trimethoxybenzene as internal reference 

Yoon et al. recently showed the important effect of the counter-anion on the kinetic of a 

radical cation Diels-Alder reaction.208 To verify if similar response was obtained for our 

rearrangement, several analogues of 9-mesityl 10-methylacridinium were synthesized by 

dehydration of dihydroacridinol 3.2.37 with the corresponding acid or by anion exchange with 

the chloride counterpart (Scheme 124).  

 

Scheme 124. Synthesis of 9-mesityl 10-methylacridinium analogues. 

                                                      

208 E. P. Farney, S. J. Chapman, W. B. Swords, M. D. Torelli, R. J. Hamers, T. P. Yoon, J. Am. Chem. Soc. 2019, 141, 6385–6391. 
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Interestingly, slightly decreased yield was achieved with either 3.2.38, 3.2.40 or commercially 

available ClO4 salt 3.2.42 (Table 30, entries 1-3). In contrast, the poor solubility of the chloride 

or BArF
4 analogues led to poor catalytic abilities (Entries 4-5). Overall, none of them was found 

to outcompete with the commercially available tetrafluoroborate salt. 

Table 30. Screening of the 9-mesityl-10-methyl acridinium counter anion for the photocatalyzed 

rearrangement of 3.2.5a. 

 

Entry Counter anion X Conversion 3.2.7a NMR yield[A] Observations 

Ref BF4 Full conv. (18-24 h) 67% (61% isolated) 3.2.29 present 

1 ClO4 Full conv. 24 h 49% 3.2.29 present 

2 OTf Full conv. 24 h 49% 3.2.29 present 

3 PF6 Full conv. 19 h 48% 3.2.29 present 

4 Cl 31% (24 h) / Low solubility 

5 BArF
4 23% (24 h) / Low solubility 

[A] NMR yields determined using 1,3,5-trimethoxybenzene as internal reference. 

9-methyl 10-mesityl acridinium salts have been known to be prone to deactivation, notably 

under air atmosphere or in presence of nucleophiles. Thanks to the recent progress of 

organophotoredox catalysis a large variety of acridinium catalysts are known in the literature, 

presenting a large panel of redox potentials and applications. In particular, the group of 

Nicewicz have developed various catalysts in a quest to optimize both the stability and 

reactivity. Two of them, commercially available 3.2.43 and 3.2.44, were submitted to our 

optimal conditions (Scheme 125). Despite both of them showing good reactivity, none proved 

to outperform our initial one.   
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Scheme 125. Reaction catalyzed by 9-mesityl-10-phenylacridinium analogues 

In an effort to improve the yield or kinetic of the transformation a large variety of additives 

were investigated (Table 31). No significant impact was observed in the presence of redox 

mediators (Entries 1-4) nor with n-Bu4NX and LiBF4 salts (Entries 5-10). The addition of 

molecular sieves (3, 4 or 5 Å) or MgSO4 as drying agent inhibited partially the reaction, 

decreasing both the kinetic and yield (Entries 11-14). Such water scavengers could potentially 

be act as heterogeneous obstacles to the good absorption of the light in the medium. No 

improvement was observed in the presence of Na2SO4 (Entry 15). The use of HOP(O)On-Bu2 

proved to be compatible with the reaction conditions, albeit with a slight decrease of yield 

(Entry 16). At the exception of 2,6-ludidine which only partially inhibited the reaction (Entry 

17), organic or inorganic bases completely shut-down the reaction (Entries 18-23). The use of 

silica gel to increase the concentration of oxygen in-situ209 did not improve the reaction. 

Overall, no additive was found to improve significantly either the kinetic or yield of the 

transformation. 

 

 

 

 

 

 

 

 

 

 

                                                      

209 H. B. Lee, M. J. Sung, S. C. Blackstock, J. K. Cha, J. Am. Chem. Soc. 2001, 123, 11322–11324. 
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Table 31. Screening of additives for the photocatalyzed rearrangement of 3.2.5a. 

 

Entry Additive Conversion 3.2.7a NMR yield[A] Observations 

Ref / Full conv. (18-24 h) 67% (61% isolated) / 

1 Biphenyl (50 mol%) Full conv. (26 h) 63% / 

2 Naphtalene (50 mol%) Full conv. (22 h) 67% / 

3 Pyrene (50 mol%) Full conv. (19 h) 69% / 

4 Phenanthrene (50 mol%) Full conv. (19 h) 68% / 

5 n-Bu4NI (20 mol%) 25% (24 h) / / 

6 n-Bu4NBF4 (20 mol%) Full conv. (20.5 h) 66% / 

7 n-Bu4NPF6 (20 mol%) Full conv. (23 h) 56% / 

8 n-Bu4NOTf (20 mol%) Full conv. (24 h) 69% / 

9 n-Bu4NClO4 (20 mol%) Full conv. (20.5 h) 56% / 

10 LiBF4 (20 mol%) Full conv. (19 h) 68% / 

11 3 Å MS (50 mg/mL) 34% (24 h) 13% Slower 

12 4 Å MS (50 mg/mL) 34% (24 h) 16% Slower 

13 5 Å MS (50 mg/mL) 43% (24 h) 13% Slower 

14 MgSO4 (200 wt%) Good conv. (48 h) 42 % Slower 

15 Na2SO4 (200 wt%) Full conv. (18 h) 67% / 

16 HO(PO)(On-Bu)2 (20 mol%) Full conv. (19 h) 54% / 

17 2,6-lutidine (1.0 equiv) 46% (24 h) 19% Slower 

18 n-Bu4NO(PO)(On-Bu) (20 mol%) 9% (24 h) / Almost no reaction 

19 K3PO4 (1.0 equiv) 6% (24 h) / Almost no reaction 

20 Et3N (1.0 equiv) 11% (24 h) / Almost no reaction 

21 i-Pr2NEt (1.0 equiv) 19% (24 h) / Almost no reaction 

22 DBU (1.0 equiv) 11% (24 h) / Almost no reaction 

23 DABCO (1.2 equiv) 20% (24 h) / Almost no reaction 

24 Silica gel (41 mg/mL) 60% (24 h) 18% Slower 

[A] NMR yields determined using 1,3,5-trimethoxybenzene as internal reference. 
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The main components of the reaction being optimized, we next examined the final details 

(Table 32). During the course of this project 24 W blue LEDs strip were used to irradiate the 

reaction medium. To compare, 18 W CFL was used to illuminate the reaction mixture (Entry 

1). This more common type of light proved to be competent to carry out the transformation, 

albeit with a minor impact on the yield and kinetic.  

The required purity of 1,4-dioxane was next examined. Since the beginning, commercially 

available 1,4-dioxane, preliminary stored over activated 4 Å molecular sieves, was used to 

carry out the reactions. Using non-anhydrous 1,4-dioxane, 3.2.5a could be fully converted to 

3.2.7a in 24 h, albeit with a slight erosion of the yield (Entry 2). No improvement was achieved 

using freshly re-distilled 1,4-dioxane (Entry 3). However, the addition of 10 equivalents of 

water appeared to be very detrimental to the reaction outcome (Entry 4). Indeed, the 

presence of water led to the formation of side-product 3.2.45, in addition to drastically 

impacting the yield of 3.2.7a. Further increasing the water content with a 4:1 1,4-dioxane/H2O 

mixture did not only contribute to the formation of 3.2.45 but also to a slower reaction (Entry 

5).  

Performing the reaction without cooling (40-50 °C) did not affect the outcome of the reaction 

with substrate 3.2.5a, nevertheless an air cooling was kept for all substrates in an effort to 

limit side-reactions for more sensitive substrates (Entry 6).  

In contrast, the regulation of the air atmosphere was a more sensitive parameter. In our 

conditions, the air atmosphere was allowed to penetrate the reaction either by the 

intermediate of a needle or a balloon. When the reaction was run with an open-flask, a much 

faster conversion of substrate 3.2.5a was noted, being fully consumed in less than 7 h (Entry 

7). However, this improved exchange between the headspace of the reaction and air resulted 

in an enhanced decomposition of the starting material thus decreasing the yield, presumably 

by over-oxidation. This observation was even more important in the case where pure O2 

atmosphere was used (Entry 8). 
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Table 32. Deviation from the standard conditions for the photocatalyzed rearrangement of 3.2.5a. 

 

Entry Deviation from standard 

conditions 

Conversion 3.2.7a NMR yield[A] Observations 

Ref / Full conv. 18-24 h 67% (61% isolated) / 

1 18 W CFL Full conv. 26 h 62% / 

2 Commercial non-

anhydrous 1,4-dioxane 

Full conv. 24 h (55% isolated) / 

3 Distilled anh. dioxane Full conv. 19 h 63% / 

4 10 equiv. H2O added Full conv. 24 h 15% 21% 3.2.45 

5 5:1 1,4-dioxane/H2O Full conv. 48 h 23% 16% 3.2.45 and 11% 3.2.29 

6 No cooling (45-50 °C) Full conv. 17 h 68% / 

7 Open-flask Full conv. 6.5 h 50% (40% isolated) Decomposition 

8 Under O2 Full conv. 24 h 22% 18% 3.2.29, decomposition 

[A] NMR yields determined using 1,3,5-trimethoxybenzene as internal reference. 

At last, we decided to investigate the “work-up” procedure at the end of the reaction (Table 

33). In general, at the end of the reaction after removal of the solvent, along our desired 

product, several side-products issued from the oxidation of the solvent were observed in the 

crude mixture by 1H NMR analysis. Neither the filtration over a pad of silica gel or alumina 

brought improvements in terms of yield or cleanliness of the reaction (Entries 1-2). On the 

other hand, despite a slightly diminished yield, the removal of those solvent side-products by 

a reductive-basic aqueous work-up (Entry 3) with aqueous Na2S2O3 and Na2CO3 efficiently 

cleaned the reaction outcome (Figure 9). 

At the end, our optimal conditions consisted in simply stirring a solution of precursor 3.2.5a 

in presence of 2.5 mol% of commercially available MesAcrMe.BF4 in anhydrous 1,4-dioxane 

under blue LEDs irradiation and open to the air atmosphere by a needle. Under these 

conditions, 2,3,4,9-tetrahydro-1H-carbazol-1-one 3.2.7a was obtained in 61% isolated yield 

(67% NMR yield). 
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Table 33. Optimization of the work-up procedure for the photocatalyzed rearrangement of 3.2.5a. 

 

Entry “Work-up” 3.2.7a NMR yield[A] Observations 

Ref Concentration to dryness 67% (61% isolated) Presence of dioxane side-product 

1 Filtration over a pad of silica 67% Presence of dioxane side-product 

2 Filtration over a pad of alumina 67% Presence of dioxane side-product 

3 Partial concentration, sat. aq. 

Na2S2O3 then basic work-up[B] 

64% Cleaner 

[A] NMR yields determined using 1,3,5-trimethoxybenzene as internal reference. [B] washed with satd. aq. Na2S2O3 

and satd. aq. Na2CO3 solutions. 

 

Figure 9. 1H NMR spectra of the crude reaction mixture: A. after dry concentration – B. After aqueous 

work-up. In red are highlighted the signals of 3.2.7a, in green the ones of the internal reference (1,3,5-

trimethoxybenzene) and in blue the ones of the water soluble 1,4-dioxane side-products. 

  

A - After dry concentration 

B - After work-up 

Desired 

product 
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 Scope of the reaction 

With these optimal conditions in hands, the scope of this transformation was explored starting 

with the substitution on the indole nitrogen (Scheme 126). Both N-alkyl and N-methoxymethyl 

substituents were well tolerated and showed similar reactivity (3.2.7a-c). In contrast, 

substrate 3.2.5d with a free N-H appeared to be less stable under our conditions and 3.2.7d 

was isolated in only 28%. The presence of a phenyl substituent on the nitrogen radically 

decrease the speed of the transformation. Nevertheless, increasing the catalyst loading to 5 

mol% ensured the complete conversion of the precursor, yielding 3.2.7e in 69% isolated yield. 

Reducing the electron-richness of the indole with a tosyl substituent (3.2.5f) completely 

suppress the desired reactivity and no trace of 3.2.7f was observed. Instead, traces of the 

other rearrangement isomer 3.2.7f’ was isolated, presumably originating from a different 

reaction pathway.  

 

Scheme 126. Scope of N-protecting groups. [a] 5.0 mol% of Mes-AcrMe.BF4 

The substitution effect on the aromatic ring of N-methyl and N-methoxymethyl indoles was 

then investigated (Scheme 127), both showing similar reactivity and results under our 

developed conditions. As a general observation, an increased catalyst loading was required in 

presence of electron-withdrawing group or heteroatoms to promote full conversion of the 

substrates.  

Alkyl and phenyl substituents at position 4 (3.2.7g), 5 (3.2.7i and 3.2.7j) or 6 (3.2.7o) of the 

indole ring were tolerated, albeit with a slight decrease of yield. This small decrease was 

attributed to the increased electron-richness of the indole moiety, diverting part of the 

substrate toward decomposition. This hypothesis was further confirmed when indole ring 

where substituted with a strong electron-donating methoxy group (3.2.7k and 3.2.7p).  
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Indeed, only very low yield could be obtained and an important decomposition was observed, 

notably toward the formation of isatin. This degradation could be decreased by protecting the 

phenol substituents with a silyl or pivalate group, thereby resulting in slightly improved yields 

(3.2.7q and 3.2.7r). Halide-substituted substrates (Cl, Br, F, CF3) showed very good reactivity 

independently of their position on the ring. Notably, bromine (3.2.7l) and pinacolboron 

(3.2.7n) substituents were well tolerated in the reaction, allowing further functionalization at 

a later stage. Extension of the π-system did not alter the outcome of the reaction and 

tetrahydrobenzo[a]carbazolone 3.2.7u was isolated in good yield. 7-alkyl substituted 

substrates turned out to react more difficultly and poor yields were observed (3.2.7v and 

3.2.7w). Remarkably, electron-poor pyrrolo[2,3-b]pyridine substrate 3.2.5x reacted smoothly 

under our conditions and 3.2.7x was obtained in 67%.  

 

Scheme 127. Scope o substituted indoles. [a] R1 = Me, [b] R1 = MOM, [c] 5.0 mol% of Mes-AcrMe.BF4. 

Gratifyingly this reactivity could also be extended to benzo[b]thiophene derivatives (Scheme 

128). Unsubstituted and methyl-substituted substrates showed excellent reactivity in 

presence of 5 mol% of photocatalyst (3.2.17a-b), despite their increased redox potential 

(Ep/2=1.59 V vs SCE) compared to indole analogues (Ep/2=1.26 V vs SCE).  

In contrast, halide-substituted substrates performed less efficiently under our conditions 

(3.2.17c and 3.2.17d), presumably due to their even higher redox potential.  

Interestingly, polysubstituted substrate 3.2.16e could easily undergo the rearrangement to 

afford 3.2.17e in 68% isolated yield. 2,3-Dihydrodibenzo[b,d]furan-4(1H)-one 3.2.46 could not 
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be accessed through these conditions. Despite pushing the conditions up to 10 mol% of 

photocatalyst, only partial conversion of the starting material could be effected and all 

towards decomposition. An opposite behavior was attested for N-methyl pyrrole substrate, 

prone to cationic polymerization and no trace of 3.2.47 was observed.  

 

Scheme 128. Scope of benzo[b]thiophenes and other heterocyclic derivatives. 

The substitution around the cyclobutanol moiety was next examined (Scheme 129). 2-alkyl 

substituted cyclobutanol substrates displayed enhanced reactivity and 4-alkyl 2,3,4,9-

tetrahydro-1H-carbazol-1-ones were obtained in good yields (3.2.7y-z). Especially, 3.2.7ab 

and 3.2.7ac were obtained in 50 and 57% yields respectively, highlighting the tolerance of this 

procedure toward free hydroxyl functionality. No trace of cyclization, which would result from 

the trapping of a benzylic cation, was observed. 2- and 3-phenyl substituted cyclobutanol 

participated in the reaction to give 3.2.7aa and 3.2.7ae in respectively 39 and 32% isolated 

yield. 2,2-disubstituted cyclohexyl precursor 3.2.5ad was efficiently converted to 3.2.7ad in 

good yield. 3.2.7af was obtained in 58%, albeit with a slightly slower kinetic. In view of the 

competition with the easily oxidizable benzyloxy moiety, the challenging product 3.2.7ag 

could be accessed in only 25% isolated yield.  

Similar results were observed with 3.2.7ah and 3.2.7ai. However, azetidinol 3.2.5ak 

underwent a diverted mechanism210 yielding linear product 3.2.24.  

Remarkably, 3.2.5aj reacted smoothly under our conditions and 3.2.7aj was isolated in 77 % 

without any trace of stereochemical erosion. Gratifyingly, the reaction could be performed on 

gram scale with a slightly improved yield for 3.2.7aj (1.4 g, 84%). Interestingly, the presence 

of the free hydroxyl on the cyclobutanol appeared to be critical.  

                                                      

210 R.-C. Raclea, P. Natho, L. A. T. Allen, A. J. P. White, P. J. Parsons, J. Org. Chem. 2020, 85, 9375–9385. 
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Indeed, TMS-protected precursor 3.2.5al showed very poor reactivity under our conditions 

and only isatin 3.2.29 was observed. No reactivity could be observed with the challenging 

deactivated chlorinated substrate 3.2.5am. 

 

Scheme 129. Scope of substituted cyclobutanol derivatives; [a] Gram-scale. 

The ring expansion of cyclopropanol analogue 3.2.49 was next examined (Scheme 130-A). 

Under our standard condition linear product 3.2.51 was isolated, instead of the five-

membered cyclopentanone 3.2.50 originally expected. The following mechanistic proposal 

was suggested to account for the formation of 3.2.51 (Scheme 130-B). According to our 

mechanistic hypothesis, the rearrangement of indole radical-cation 3.2.52 would generate 

radical 3.2.53 presenting a spiro cyclobutanone ring-system. This relatively strained ring 

system would then rapidly undergo a radical ring-opening to generate radical 3.2.54, which 

upon hydrogen abstraction from a hydroperoxide radical would afford 3.2.51. Alternatively, 

at this stage of the project we could not exclude the involvement of an alkoxy radical which 

would fragment by ring-opening to directly give 3.2.54. The absence of cyclopentanone 3.2.50 

would then come from the disfavored nature of the 5-endo-trig cyclization.  
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Scheme 130. Reaction with cyclopropanol 3.2.49: A. Formation of linear side-product 3.2.51; B. 

Mechanistic proposal. 

The ring-enlargement of the five- and six-membered analogues also proved to be unsuccessful 

and only decomposition toward the isatin 3.2.29 was noticed (Scheme 131).  

 

Scheme 131. Reaction with cyclopentanol 3.2.55 and cyclohexanol 3.2.56. 

To illustrate the potential of the scaffold generated under our conditions compound 3.2.7aj, 

accessed easily in gram-scale, was further functionalized (Scheme 132). The dihydroxylation 

of 3.2.7aj with catalytic amount of K2OsO4 and 4-methylmorpholine N-oxide afforded 3.2.59a 

in excellent yield as a mixture of diastereoisomers. From this diol, piperidine 3.2.59b was 

accessed in good yield by a sequential oxidative cleavage/reductive amination. On the other 

hand, the condensation of hydroxylamine on the dialdehyde intermediate afforded pyridine 

3.2.59c in excellent yield. 
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Scheme 132. Post transformations of 3.2.7aj. Conditions: a) K2OsO4 (2 mol%), NMO.H2O (2.5 equiv), 

acetone:H2O, rt, 92%, 5:1 dr; b) NaIO4 (1.4 equiv), THF:H2O, 0 °C-rt; c) BnNH2 (1.05 equiv), NaBH3CN 

(2.2 equiv), DCE, AcOH cat., rt, 74% over 2 steps; d) NH2OH.HCl (1.0 equiv), AcOH, 100 °C, 93% over 2 

steps. 
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 Application to the total synthesis of (±)-uleine 

Uleine 3.2.60 was isolated in 1957 from the root bark of Aspidosperma ulei Mgf. by Schmutz 

et al.211 It is characterized by a tetracyclic hexahydro-1H-1,5-methanoazocino[4,3-b]-indole 

scaffold notably found in other uleine and aspidospermatan monoterpene indole alkaloids 

(Figure 10).  

 

Figure 10. Structure of uleine 3.2.60: A. Tetracyclic hexahydro-1H-1,5-methanoazocino[4,3-b]-indole 

scaffold; B. Representative examples of the uleine and aspidospermatan monoterpene indole 

alkaloids. 

Since its isolation, several racemic and asymmetric total synthesis of uleine have been 

reported.212 Among them, the one reported by Schmitt and Blechert has caught our attention 

(Scheme 133).213 In their synthesis, an elegant acid-catalyzed cationic domino process was 

displayed to achieve the formation of the fourth ring between Ca and Nb from acetylated 

hydroxylamine 3.2.61. Tracing back this intermediate brought us to cyclohexanone 3.2.63, 

accessed in their case by a Japp-Klingemann reaction followed by a Fischer indole reaction. 

During the course of this sequence, the trans configuration between the allyl and ethyl 

substituent was altered and required a prolonged exposure to sodium methoxide in methanol 

(i.e. 12-14 days) to restore the trans relative configuration. We envisioned that using our 

developed reaction sequence we should be able to reach 3.2.63 in a more efficient way.   

                                                      

211 J. Schmutz, F. Hunziker, R. Hirt, Helv. Chim. Acta 1957, 40, 1189–1200. 
212 Selected examples: a) A. Jackson, N. D. V. Wilson, A. J. Gaskell, J. A. Joule, J. Chem. Soc. C Org. 1969, 2738–2747; b) M. 
Saito, M. Kawamura, K. Hiroya, K. Ogasawara, Chem. Commun. 1997, 765–766; c) B. Delayre, C. Fung, Q. Wang, J. Zhu, Helv. 
Chim. Acta 2021, 104, e2100088. 
213 M. H. Schmitt, S. Blechert, Angew. Chem. Int. Ed. Engl. 1997, 36, 1474–1476. 



Chapter 3: Development of oxidative transformations under photoredox catalysis 

139 

 

 

Scheme 133. Retrosynthesis for the total synthesis of (±)-uleine 3.2.60 via a cationic domino process: 

A) Blechert’s strategy; B) our proposed access to cyclohexenone intermediate 3.2.63.  

Our synthesis of (±)-uleine 3.2.60 is depicted in Scheme 134 starting from 1-methoxymethyl 

indole 3.2.68 and 3-ethyl cyclobutanone 3.2.69. 3-ethyl cyclobutanone 3.2.69, although 

commercially available, could be synthesized in several grams by a sequential [2+2]-

cycloaddition between trichloroacetyl chloride and hex-1-ene in solution followed by a zinc-

mediated dechlorination.214 The deprotonation of 3.2.68 followed by 1,2-addition onto 

cyclobutanone 3.2.69 produced cyclobutanol 3.2.67 in moderate yield. The submission of this 

substrate to our developed conditions successfully afforded tetrahydrocarbazolone 3.2.66 in 

60% isolated yield on 4.0 mmol scale. The diastereoselective allylation of 3.2.66 was next 

undertaken in presence of lithium diisopropylamide and allyl iodide followed by MOM 

deprotection to access 3.2.63 in 59% yield and 4:1 dr. The alternative strategy, involving first 

the deprotection of the MOM protecting group prior allylation, was also considered. 

Unfortunately, despite the first step working efficiently the allylation, requiring a double 

deprotonation, suffered issue of polyallylation and only poor yields were obtained for 3.2.63.  

The end of the synthesis was then achieved following Blechert’s strategy. The allyl moiety was 

easily converted to hydroxylamine 3.2.62 by a sequential dihydroxylation, oxidative cleavage 

and reductive amination with a single purification. Finally, methyl lithium addition and 

acetylation of the hydroxylamine group afforded 3.2.61, which under acid catalysis underwent 

a cationic domino process to afford (±)-uleine 3.2.60 in 59% yield. 

                                                      

214 Z. Du, M. J. Haglund, L. A. Pratt, K. L. Erickson, J. Org. Chem. 1998, 63, 8880–8887. 
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Scheme 134. Application to the total synthesis of (±)-uleine. Conditions: a) 3.2.68 (1.5 equiv), n-BuLi 

(1.5 equiv), THF, 0 °C, 3 h then 3.2.69 (1.0 equiv) in THF, 0 °C, 57%; b) MesAcrMe.BF4 (2.5 mol%), 1,4-

dioxane, air, Blue LED, rt, 60%; c) LDA (2.0 equiv), THF, -78 to 0 °C then allyl iodide (4.0 equiv) in THF, - 

78 to -20 °C; d) 3 M aq. HCl/MeOH, 55 °C, 59% over 2 steps, 4:1 dr; e) K2OsO4.2H2O (4 mol%), NMO.H2O 

(4.0 equiv), acetone/H2O, rt; f) NaIO4 (1.4 equiv), THF:H2O, 0 °C to rt; g) MeNHOH.HCl (1.05 equiv), 

NaBH3CN (3.0 equiv), i-PrOH/H2O, 1 M citric acid buffer pH6, rt, 74% over 3 steps, 4.5:1 dr; h) MeLi (5.0 

equiv), THF, -20 °C to rt; i) Ac2O (2.0 equiv), Pyr (0.2 M), rt, 54%; j) HCOOH, rt, 57% or TFA (50 equiv), 

DCM, rt, 59%.  
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 Mechanistic investigations 

In order to get more insights into the mechanism of this transformation, several radical-probes 

were synthesized and submitted to our developed conditions (Scheme 135). Interestingly, 

substrate 3.2.5an exhibited an enhanced reactivity and fully rearranged in only 8 h toward 

tetrahydrocarbazolone 3.2.7an without any trace of ring-opened product. The reaction of 

3.2.5ao and 3.2.5ap proceeded smoothly, with complete retention of the remote alkene 

substituents. No product issued from a radical cyclization was detected. 

 

Scheme 135. Reaction of radical-probes under our developed conditions. 

A series of control experiments were carried out to check the importance of the different 

parameters (Table 34). Both photocatalyst and blue LEDs irradiation were required to catalyze 

the rearrangement (Entries 1-2). More surprisingly, it occurred that in absence of air partial 

conversion of 3.2.5a could still be achieved, however drastically much slower (Entry 3). A 

complete inhibition of the reaction was observed in presence of radical-inhibitor (2,2,6,6-

tetramethylpiperidin-1-yl)oxyl (= TEMPO, 1 equiv) while 2,6-di-tert-butyl-4-methylphenol 

(=BHT, 1 equiv) only partially suppressed it (Entries 4-5).  
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Table 34. Control experiments 

 

Entry Deviation from standard conditions Conversion 3.2.7a NMR yield[A] 

Ref / Full conv. (18-24 h) 67% (61% isolated) 

1 No light 7% (24 h) / 

2 No photocatalyst 2% (24 h) / 

3 No air[B] 28%/27% (24 h) 11%/10% 

4 TEMPO (1.0 equiv) <5% (24 h) / 

5 BHT (1.0 equiv) 48% (24 h) 22% 

[A] NMR yields determined using 1,3,5-trimethoxybenzene as internal reference. [B] Reaction run twice (same result) – Solvent 

freeze pump thaw followed by purging with Ar – New septum – three times vacuum/N2 cycle then three times vacuum/Ar 

cycle – Reaction topped with new four-layer balloon filled with Ar. 

1H NMR analysis of the crude reaction mixture obtained in presence of BHT did not show any 

signals matching with potential trapped intermediates. However, a close monitoring of the 

reaction by electrospray/MS analysis revealed the presence of adducts, whose molecular 

formulas matching with the trapping with BHT or its hydroperoxide of intermediates issued 

from the rearrangement. Additionally, this monitoring confirmed the partial decomposition of 

the photocatalyst during the course of the reaction, with the demethylated acridinium being 

progressively generated.  

Light on-off experiments seem to suggest that the formation of 3.2.7a takes place exclusively 

during the period of blue LEDs irradiation (Figure 11), dismissing a potential chain-mechanism, 

where the excited photocatalyst would act as an initiator.  
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Figure 11. Light on/off experiment. 

A series of cyclic voltammetry analyses was performed to help us rationalize the behavior and 

results observed for the reaction of different precursors (Figure 12). The redox potential 

E0
1/2(substrate∙+/substrate) was estimated at Ep/2, the potential measured when the current 

is equal to the potential at half the maximum current of the oxidation event.215 The first 

oxidation wave was found to be irreversible for all the substrates. The comparison of the 

determined potential of 3.2.5a with the reduction potential of excited MesAcrMe.BF4 (2.06 V 

vs SCE)216 indicated the thermodynamic feasibility of a single electron transfer between both 

species. A too low redox potential, as observed with precursor 3.2.5p, was correlated with a 

decrease of efficiency, presumably because of over-oxidation processes. No explanation could 

be drawn from the redox potential difference between 3.2.5a and 3.2.5aj. This difference was 

not significant enough to explain the gap observed for their respective yield. This divergence 

was attributed to the enhanced migratory ability of the secondary substituted carbon of 

3.2.5aj. Similarly, cyclic voltammetry data could not explain the poor compatibility of 3.2.5d. 

The higher redox potentials calculated for 3.2.5x and 3.2.17a were in agreement with the 

decrease kinetic observed and the requirement of higher catalyst loading. Further increasing 

this potential above 1.7 V stopped our rearrangement to happen. Interestingly, we can notice 

the relatively low oxidation potential of product 3.2.7a, which in absence of substrate 3.2.5a 

can be oxidized by the photocatalyst. This suggestion matched with the experimental 

observation where diketone 3.2.70 was progressively formed after full conversion of the 

precursor. 

                                                      

215 H. G. Roth, N. A. Romero, D. A. Nicewicz, Synlett 2016, 27, 714–723. 
216 K. Ohkubo, K. Mizushima, R. Iwata, K. Souma, N. Suzuki, S. Fukuzumi, Chem. Commun. 2010, 46, 601–603. 
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Figure 12. Compilation of the cyclic voltammetry data and corresponding yield obtained for the 

rearrangement collected for various precursors and product. 

In theory, the involvement of a single electron transfer between the excited photocatalyst and 

our precursor should lead to the quenching of its fluorescence. To verify this hypothesis UV-

visible spectroscopy analysis were performed. First, the UV-visible absorption spectra of the 

photocatalyst, 3.2.5a or a mixture of both was recorded in anhydrous 1,4-dioxane (Figure 13). 

From these measurements we can see that at 450 nm, the wavelength of our blue LED, the 

photocatalyst is the main responsible for the absorption of the light. Moreover, the absorption 

spectrum for the mixture of photocatalyst and substrate did not present new absorption band 

which could correspond to the formation of a potential exciplex.  

 

Figure 13. UV-Vis absorbance spectra of MesAcrMe.BF4 (20 and 100µM) and/or substrate 3.2.5a (8 

mM) in anhydrous 1,4-dioxane. 
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Stern-Volmer fluorescence quenching experiments were performed recording fluorescence 

spectra for solutions of MesAcrMe.BF4 (20 µM) in presence of increasing concentration of 

substrate 3.2.5a (Figure 14). From this graph we can notice the progressive quenching of the 

fluorescence of the photocatalyst as the concentration of 3.2.5a grows. The analysis of these 

results was performed according to the following Stern-Volmer equation (Equation 1):  

Equation 1. If
0/If = 1 + KSV[Q] 

Where:  

• If
0 and If, intensity of fluorescence in absence and presence of quencher Q (here 

substrate 3.2.5a) 

• KSV, Stern-Volmer quenching constant 

• [Q], concentration of quencher (here substrate 3.2.5a) 

From these values was obtained the corresponding Stern-Volmer plot for the fluorescence 

quenching of MesAcrMe.BF4 by 3.2.5a (Figure 15). From this graphic we can determine a value 

for the Stern-Volmer quenching constant KSV of 15.7 M-1 with an excellent accuracy 

(R2=0.9965). This order of value was in agreement with other examples from the literature, 

notably for a photoredox catalyzed anti-Markovnikov alkene hydrofunctionalization217. 

 

Figure 14. Fluorescence emission quenching spectra of MesAcrMe.BF4 (20 µM) in presence of 

increasing concentration of substrate 3.2.5a (0-15 mM) 

                                                      

217 N. A. Romero, D. A. Nicewicz, J. Am. Chem. Soc. 2014, 136, 17024–17035. 
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Figure 15. Stern-Volmer plot for the fluorescence quenching of MesAcrMe.BF4 (20 µM) by substrate 

3.2.5a in anhydrous degassed 1,4-dioxane at 495 nm. 

Different mechanistic hypotheses were investigated to account for the formation of the 

double ring-expanded product 3.2.7a. From the results with the radical-probes, the lack of 

reactivity in presence of external base and the absence of other isomer observed, the 

mechanistic hypothesis involving the generation of an alkoxy radical via a proton-coupled 

electron transfer PCET mechanism36,218 which would fragment and subsequently cyclized was 

ruled out (Scheme 136).  

 

 

 

 

 

 

 

 

 

 

                                                      

36 H. G. Yayla, H. Wang, K. T. Tarantino, H. S. Orbe, R. R. Knowles, J. Am. Chem. Soc. 2016, 138, 10794–10797 
218 E. C. Gentry, R. R. Knowles, Acc. Chem. Res. 2016, 49, 1546–1556. 
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Scheme 136. Mechanism hypothesis discarded involving the generation of an alkoxy radical via PCET 

mechanism. 

The reaction of 3.2.5a with Ir(ppy)3, a poor oxidant but relatively potent triplet sensitizer (ET = 

57.8 kcal.mol-1), in place of MesAcrMe.BF4 resulted in almost no conversion. Fukuzumi’s salt 

being a poor triplet sensitizer (ET = 44.7 kcal.mol-1)219 in comparison to indoles (ET indole= 70.8 

kcal.mol-1)220 the involvement of a triplet energy transfer appeared unlikely (Scheme 137).  

 

Scheme 137. Mechanism hypothesis ruled out involving an energy transfer between the triplet state 

of the photocatalyst and 3.2.5a; EnT: energy transfer; ISC: intersystem crossing; T: triplet; S: singlet. 

 

                                                      

219 A. C. Benniston, A. Harriman, P. Li, J. P. Rostron, H. J. van Ramesdonk, M. M. Groeneveld, H. Zhang, J. W. Verhoeven, J. 
Am. Chem. Soc. 2005, 127, 16054–16064. 
220 a) M. Zhu, C. Zheng, X. Zhang, S.-L. You, J. Am. Chem. Soc. 2019, 141, 2636–2644; b) M. S. Oderinde, E. Mao, A. Ramirez, J. 
Pawluczyk, C. Jorge, L. A. M. Cornelius, J. Kempson, M. Vetrichelvan, M. Pitchai, A. Gupta, A. K. Gupta, N. A. Meanwell, A. 
Mathur, T. G. M. Dhar, J. Am. Chem. Soc. 2020, 142, 3094–3103; c) F. Strieth-Kalthoff, M. J. James, M. Teders, L. Pitzer, F. 
Glorius, Chem. Soc. Rev. 2018, 47, 7190–7202. 
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On the other hand, data collected by cyclic voltammetry indicated the feasibility of a single 

electron oxidation of substrate 3.2.5a (1.26 V vs SCE) by the excited MesAcrMe.BF4. The Stern-

Volmer fluorescence quenching experiments confirmed the ability of 3.2.5a to quench 

efficiently the excited state of the photocatalyst.  

The exact nature of the excited photocatalyst, however, remains unclear. Several 

photophysical studies have focused their attention into characterizing the excited state of 

MesAcrMe. However, the exact nature of the oxidative specie is still subject to debate. 

Verhoeven and co-workers reported that under photoexcitation, MesAcrMe is at first 

promoted into a short-lived singlet excited state localized on the acridinium part LES (E*red  LES 

= +2.18 V vs SCE).220 This excited specie rearranges via an intramolecular charge transfer onto 

the mesityl substituent to produce a singlet charge-transfer CTS state (E*red CTS
 = +2.08 V vs 

SCE). Both species are believed to be in thermal equilibrium. The LES and CTS state evolve by 

intersystem crossing to generate a long-lived triplet state which in many cases is believed to 

be at the origin for the oxidative properties of this photocatalyst. The exact nature of this 

triplet state is controversial. On the one hand, Fukuzumi et al. reported a very long-lived 

charge-transfer triplet CTT state (e.g. 2 h at 203 K) with an oxidation potential of +1.88 V vs 

SCE in PhCN221 or 2.06 V vs SCE in MeCN217. On the other hand, Verhoeven and co-workers 

involved a locally excited triplet state LET with an oxidation potential of 1.45 V vs SCE and much 

shorter lifetime in comparison (e.g. µs order).220 In contrast, Nicewicz and collaborators 

depicted the ability for MesAcrMe catalyst to promote the hydrofunctionalization of olefins 

with oxidation potential above 1.88 V vs SCE.222  

In a detailed mechanistic investigation, their data suggested the involvement of a short-lived 

excited singlet state (mainly CTS) to catalyze the single electron oxidation.218 A similar 

observation was observed by König et al. for the photooxidation of nitrate.223 By comparison 

with the cyclic voltammetry data determined in this project, it seems unlikely that the locally 

excited triplet state LET proposed by Verhoeven could account for the oxidation of substrates 

such as 3.2.5x and 3.2.17a.  

Attempts to trap a transient cation intermediate, either externally in presence of MeOH or 

internally with substrate 3.2.5ab and 3.2.5ac were unsuccessful. Additionally, the enhanced 

reactivity observed for 2-substituted cyclobutanol substrates could origin from the improved 

ability of secondary carbons to migrate in cationic rearrangement (i.e. hyperconjugaison).   

On the basis of the aforementioned results, a plausible mechanism is depicted in Scheme 138. 

Oxidation of indole 3.2.5a by the excited photocatalyst would generate radical cation 3.2.6, 

stabilized by the neighboring nitrogen. A 1,2-pinacol type rearrangement would produce 

                                                      

217 K. Ohkubo, K. Mizushima, R. Iwata, K. Souma, N. Suzuki, S. Fukuzumi, Chem. Commun. 2010, 46, 601–603. 
220 A. C. Benniston, A. Harriman, P. Li, J. P. Rostron, H. J. van Ramesdonk, M. M. Groeneveld, H. Zhang, J. W. Verhoeven, J. 
Am. Chem. Soc. 2005, 127, 16054–16064. 
221 S. Fukuzumi, H. Kotani, K. Ohkubo, S. Ogo, N. V. Tkachenko, H. Lemmetyinen, J. Am. Chem. Soc. 2004, 126, 1600–1601. 
222 D. S. Hamilton, D. A. Nicewicz, J. Am. Chem. Soc. 2012, 134, 18577–18580. 
218 N. A. Romero, D. A. Nicewicz, J. Am. Chem. Soc. 2014, 136, 17024–17035. 
223 T. Hering, T. Slanina, A. Hancock, U. Wille, B. König, Chem. Commun. 2015, 51, 6568–6571. 
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cyclopentanone radical 3.2.78 and hydroperoxide radical. A second single electron oxidation 

would lead to the formation of benzylic cation 3.2.79 which would very quickly rearrange to 

form cyclohexanone cation 3.2.80 as speculated from the inability of external (i.e. MeOH) or 

internal nucleophiles to trap this intermediate (3.2.5ab-ac). Finally, rearomatization of the 

indole ring would give access to 3.2.7a. In our mechanism, air is playing a dual role: both as 

secondary oxidant to regenerate the active catalyst and as buffer to prevent the accumulation 

of H+.  

 

Scheme 138. Mechanistic proposal. 

However, in view of the results collected we cannot discard another potential mechanism 

which could account for the rearrangement of 3.2.5a (Scheme 139). Upon the same initial step 

involving a photoinduced electron transfer, radical cation 3.2.6 would undergo a radical cation 

vinylcyclobutane rearrangement, leading after 1,3-alkyl shift to radical cation 3.2.81. 

Subsequent loss of proton and oxidation would generate 3.2.7a. Interestingly, if an 

intermolecular electron-transfer would occur between intermediate 3.2.81 and 3.2.5a it 

would allow in a small extend the reaction to propagate. This would then represent a potential 

explanation to the slow occurrence of the reaction in absence of air, with yield superior to the 

initial catalyst loading.  

 

Scheme 139. Alternative mechanism via a radical cation vinylcyclobutane rearrangement. 
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Examples of this type of rearrangement remain relatively rare. The first report of 

vinylcyclobutane rearrangement was made by Berson and Patton in 1962, involving the 

thermal rearrangement of syn-cis-bicyclo[3.2.0]hepta-2-enyl-6-acetate 3.2.82 to exo-5-

norborenenyl-2-acetate 3.2.83  (Scheme 140-A).224 Neutral vinylcyclobutane rearrangement 

require the use of very harsh thermal conditions, which might be lowered in some case by the 

use of strong base225 (Scheme 140-B), in analogy with the oxy-cope rearrangement. On the 

contrary, oxidation to the radical cation have proven to drastically reduced the energy barrier 

required to undergo the rearrangement.226 This type of 1,3-alkyl shift has notably been 

mentioned in the case of radical cation Diels-Alder reactions between electron-rich dienophile 

and diene (Scheme 140-C).227  

 

Scheme 140. Examples of vinylcyclobutane rearrangement: A. First example by thermal rearrangement 

of 3.2.82; B. Anionic [1,3]-shift; C. Photoredox-catalyzed radical cation vinylcyclobutane 

rearrangement; DCB: 1,4-dicyanobenzene. 

 

 

                                                      

224 J. A. Berson, J. W. Patton, J. Am. Chem. Soc. 1962, 84, 3406–3407. 
225 N. L. Bauld, Bijan. Harirchian, D. W. Reynolds, J. C. White, J. Am. Chem. Soc. 1988, 110, 8111–8117. 
226 D. W. Reynolds, B. Harirchian, H.-S. Chiou, B. K. Marsh, N. L. Bauld, J. Phys. Org. Chem. 1989, 2, 57–88. 
227 a) S. M. Stevenson, R. F. Higgins, M. P. Shores, E. M. Ferreira, Chem. Sci. 2017, 8, 654–660; b) Y. Zhao, M. Antonietti, 
Angew. Chem. Int. Ed. 2017, 56, 9336–9340. 
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While the neutral thermal vinylcyclobutane rearrangement is believed to proceed through a 

short-lived diradical intermediate228, calculations seems to present the radical cation version 

as a more concerted reaction occurring through a suprafacial migration and retention of the 

stereochemistry.229 In this case, no transient radical intermediate susceptible to be trapped 

by our radical-probes would be involved.  

In most examples, the occurrence of this type of rearrangement requires the presence of good 

electron-donating group (e.g. thiophenyl, 4-methoxyphenyl) placed on the carbon adjacent to 

the vinyl group to initiate and stabilize the formation of the cyclobutane radical-cation. When 

compared to our substrate scope, we can notice that the presence of a phenyl substituent at 

this position (i.e. 3.2.7aa) led to slower kinetic and lower efficiency compared to the model 

substrate 3.2.5a. These results tend to suggest that the mechanism involving two successive 

oxidation/1,2-shift might be favored.  

 Conclusion 

Building on the propensity of photoredox catalyst to promote single electron transfer, a novel 

oxidative ring-expansion of 1-(indol-2-yl)cyclobutan-1-ols and 1-(benzo[b]thiophen-2-

yl)cyclobutan-1-ols was developed under aerobic visible-light conditions. Under this mild 

procedure, a large variety of substituted 2,3,4,9-tetrahydro-1H-carbazol-1-ones and 2,3-

dihydrodibenzo[b,d]thiophen-4(1H)-ones were accessed in moderate to good yields and 

perfect regioselectivity.  To further illustrate the potential of this transformation, the 

methodology was successfully applied in the total synthesis of (±)-uleine. Investigations of the 

reaction mechanism tend to suggest that the transformation would proceed through the 

formation of an indole radical-cation which might trigger a complex domino pinacol-type 

rearrangement/radical oxidation/1,2-alkyl shift/rearomatization sequence.  

  

                                                      

228 a) B. H. Northrop, K. N. Houk, J. Org. Chem. 2006, 71, 3–13; b) B. H. Northrop, D. P. O’Malley, A. L. Zografos, P. S. Baran, 
K. N. Houk, Angew. Chem. Int. Ed. 2006, 45, 4126–4130. 
229 N. L. Bauld, J. Comput. Chem. 1990, 11, 896–898. 
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3. Synthetic studies toward the total synthesis of (±)-decursivine 

  Decursivine and previous syntheses 

(+)-Decursivine 3.3.1 is a natural product isolated in 2002 from the leaves and stems of 

Rhaphidophora decursiva230, a plant originating from tropical forests in India and Southeast 

Asia. This molecule displays a tetracyclic core including an indole, a dihydrofuran and an eight-

membered lactam and is structurally related to serotobenine 3.3.2231 and other moschamine-

related indole alkaloids232 (Figure 16). Biosynthetically, they are believed to come from 

moschamine 3.3.7, itself likely arising from serotonin 3.3.8.233  

 

Figure 16. Structure of decursivine and cyclic moschamine-related indole alkaloids. 

At the difference of serotobenine, decursivine presents an antimalarial activity against two 

strains of Plasmodium falciparum, a quinine-resistant parasite species responsible for the 

most of the death attributed to malaria.234  

                                                      

230 H. Zhang, S. Qiu, P. Tamez, G. T. Tan, Z. Aydogmus, N. V. Hung, N. M. Cuong, C. Angerhofer, D. Doel Soejarto, J. M. Pezzuto, 
H. H. S. Fong, Pharm. Biol. 2002, 40, 221–224. 
231 H. Sato, H. Kawagishi, T. Nishimura, S. Yoneyama, Y. Yoshimoto, S. Sakamura, A. Furusaki, S. Katsuragi, T. Matsumoto, 
Agric. Biol. Chem. 1985, 49, 2969–2974. 
232 a) S. D. Sarker, T. Savchenko, P. Whiting, V. Šik, L. N. Dinan, Nat. Prod. Lett. 1997, 9, 189–199; b) J. T. Ndongo, M. Shaaban, 
J. N. Mbing, D. N. Bikobo, A. de T. Atchadé, D. E. Pegnyemb, H. Laatsch, Phytochemistry 2010, 71, 1872–1878; c) G. B. B. Njock, 
T. A. Bartholomeusz, D. N. Bikobo, M. Foroozandeh, R. Shivapurkar, P. Christen, D. E. Pegnyemb, D. Jeannerat, Helv. Chim. 
Acta 2013, 96, 1298–1304; d) C. Xia, X. Tong, in Alkaloids Chem. Biol., Academic Press, 2018, 139–189. 
233 M. Park, K. Kang, S. Park, Y. S. Kim, S.-H. Ha, S. W. Lee, M.-J. Ahn, J.-M. Bae, K. Back, Appl. Microbiol. Biotechnol. 2008, 81, 
43–49. 
234 a) R. Carter, K. N. Mendis, Clin. Microbiol. Rev. 2002, 15, 564–594; b) T. E. Wellems, Nat. Med. 2004, 10, 1169–1171. 
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The first total synthesis of (±)-decursivine was reported by Leduc and Kerr in 2007 (Scheme 

141).235 Their synthesis was carried out in 19 steps starting from para-benzoquinone N-

tosylimine 3.3.13 with an overall yield of 3.7%. Retrosynthetically, they envisioned to form the 

8-membered lactam at the end from 3.3.9 by a two-carbon homologation at the C-3 of the 

indole followed by an amide bond formation. The formation of the dihydrofuran ring was 

imagined by etherification upon deprotection of the pivaloyl group. 3.3.10 was traced back to 

indole 3.3.11 and piperonal 3.3.12. Finally, the formation of the 4,5-disubstituted indole ring 

was planned through a Diels-Alder/Plieninger indolization236 sequence from para-

benzoquinone N-tosylimine 3.3.13. 

 

Scheme 141. Retrosynthesis of decursivine by Leduc and Kerr. 

In 2011, the groups of Mascal237 and Jia238 independently reported a straightforward synthesis 

of (±)-decursivine through a photochemical cascade, in 4 steps each from piperonyl bromide 

3.3.14 (Scheme 142-A). Under UV light irradiation, dichloroamide 3.3.15 underwent a Witkop 

cyclization239 to afford (±)-decursivine (Scheme 142-B).  

In terms of mechanism, Mascal et al. proposed that the photoionization of 3.3.15 would 

trigger an intramolecular electron-transfer between the electron-rich phenol ring and the 

amide bond to yield 3.3.16, which loses a chloride anion to become diradical cation 3.3.17. A 

radical recombination followed by rearomatization of the indole ring would lead to 3.3.18. 

Elimination of HCl would produce 3.3.19, prone to protonation into quinone methide 

intermediate 3.3.20. The phenol substituent would then undergo a 5-exo-trig cyclization to 

yield decursivine 3.3.1.  

                                                      

235 A. B. Leduc, M. A. Kerr, Eur. J. Org. Chem. 2007, 2007, 237–240. 
236 G. W. Gribble, in Indole Ring Synth., 2016, 464–467. 
237 M. Mascal, K. V. Modes, A. Durmus, Angew. Chem. Int. Ed. 2011, 50, 4445–4446. 
238 H. Qin, Z. Xu, Y. Cui, Y. Jia, Angew. Chem. Int. Ed. 2011, 50, 4447–4449. 
239 O. Yonemitsu, P. Cerutti, B. Witkop, J. Am. Chem. Soc. 1966, 88, 3941–3945. 
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Scheme 142. Synthesis of (±)-decursivine independently reported by Mascal’s and Jia’s groups: A. 4-

step synthesis of decursivine from piperonyl bromide 3.3.14; B. Mechanism reported by Mascal et al. 

for the Witkop cyclization of 3.3.15. 

The same year, Li et al. accomplished the first enantioselective synthesis of (+)-decursivine 

through an intramolecular oxidative [3+2]-cycloaddition catalyzed by a hypervalent iodine 

reagent (Scheme 143).240 In their synthesis, they took advantage of the easily accessible D-

tryptophane derivative 3.3.21 to influence the stereochemical outcome through a fully 

diastereoselective cycloaddition.  

                                                      

240 D. Sun, Q. Zhao, C. Li, Org. Lett. 2011, 13, 5302–5305. 
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Scheme 143. First enantioselective synthesis of (+)-decursivine. PIFA: (bis(trifluoroacetoxy)iodo) 

benzene. 

In 2014, Jia et al. disclosed a new strategy to access (±)-decursivine via the development of a 

palladium-catalyzed tandem reaction for the synthesis of substituted benzofurans (Scheme 

144).241 Alike Li’s strategy, they also accomplished the synthesis of (-)-decursivine using a L-

tryptophan derivative.242  

 

Scheme 144. Pd-catalyzed Heck-oxidative cyclization sequence for the synthesis of decursivine. 

Inspired by the work of Lei et al. on the iron-catalyzed oxidative [3+2]-cycloaddition of phenols 

and styrenes243, Xia et al. extended this reactivity to 5-hydroxyindole derivatives and notably 

applied it toward the total synthesis of (+)-decursivine (Scheme 145).244  Alike Li’s approach, 

linear amide 3.3.28 was converted to lactam 3.3.29 through an oxidative [3+2]-cycloadditon 

catalyzed by FeCl3 and DDQ. After deprotection of the protecting groups and removal of the 

methyl ester, (+)-decursivine was accessed in 11 steps and 18% overall yield.  

                                                      

241 L. Guo, F. Zhang, W. Hu, L. Li, Y. Jia, Chem. Commun. 2014, 50, 3299–3302. 
242 F. Zhang, L. Guo, W. Hu, Y. Jia, Tetrahedron 2015, 71, 3756–3762. 
243 Z. Huang, L. Jin, Y. Feng, P. Peng, H. Yi, A. Lei, Angew. Chem. Int. Ed. 2013, 52, 7151–7155. 
244 K. Liang, J. Yang, X. Tong, W. Shang, Z. Pan, C. Xia, Org. Lett. 2016, 18, 1474–1477. 
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Later, they extended the scope of their methodology to cinnamic acid derivatives and applied 

it to the total synthesis of serotobenine 3.3.2.245  

 

Scheme 145. Enantioselective synthesis of (+)-decursivine via an iron-catalyzed oxidative [3+2]-

cycloaddition of 3.3.27. 

Following the works of Li and Xia, we sought about developing a catalytic method to enable 

this oxidative [3+2]-cycloaddition under photoredox catalysis to achieve the synthesis of 

decursivine.  

The [3+2]-cycloaddition of phenols with olefins is classically catalyzed by hypervalent 

iodine(III) reagents246, stoichiometric amount of manganese catalysts247 or 

electrochemistry248. However, such methods produce a stoichiometric amount of by-products 

(iodobenzene, reduced metal species) or require the use of poorly available electrochemical 

set-up.  

In contrast, the use of visible light photoredox catalysis would represent a convenient and 

accessible catalytic method to promote this reaction. 

Wang et al. demonstrated in 2014 the potential of mesoporous graphitic carbon nitride to 

catalyze an aerobic oxidative dimerization of resveratrol 3.3.30 and analogues under purple 

light (Scheme 146).249  

                                                      

245 K. Liang, T. Wu, C. Xia, Org. Biomol. Chem. 2016, 14, 4690–4696. 
246 a) S. Wang, B. D. Gates, J. S. Swenton, J. Org. Chem. 1991, 56, 1979–1981; b) B. D. Gates, P. Dalidowicz, A. Tebben, S. Wang, 
J. S. Swenton, J. Org. Chem. 1992, 57, 2135–2143; c) D. Bérard, A. Jean, S. Canesi, Tetrahedron Lett. 2007, 48, 8238–8241 ; d) 
D. Bérard, M.-A. Giroux, L. Racicot, C. Sabot, S. Canesi, Tetrahedron 2008, 64, 7537–7544; e) D. Bérard, L. Racicot, C. Sabot, S. 
Canesi, Synlett 2008, 2008, 1076–1080; f) A. L. Mohr, V. M. Lombardo, T. M. Arisco, G. W. Morrow, Synth. Commun. 2009, 39, 
3845–3855. 
247 B. B. Snider, L. Han, C. Xie, J. Org. Chem. 1997, 62, 6978–6984. 
248 a) Y. Shizuri, K. Nakamura, S. Yamamura, J. Chem. Soc. Chem. Commun. 1985, 530–531; b) M. L. Kerns, S. M. Conroy, J. S. 
Swenton, Tetrahedron Lett. 1994, 35, 7529–7532; c) K. Chiba, M. Fukuda, S. Kim, Y. Kitano, M. Tada, J. Org. Chem. 1999, 64, 
7654–7656; d) H. R. El-Seedi, S. Yamamura, S. Nishiyama, Tetrahedron Lett. 2002, 43, 3301–3304; e) K. Liu, S. Tang, P. Huang, 
A. Lei, Nat. Commun. 2017, 8, 775. 
249 T. Song, B. Zhou, G.-W. Peng, Q.-B. Zhang, L.-Z. Wu, Q. Liu, Y. Wang, Chem. – Eur. J. 2014, 20, 678–682. 
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Scheme 146. Photocatalytic aerobic dimerization of resveratrol 3.3.30 under purple light; mpg-C3N4: 

mesoporous graphitic carbon nitride. 

The same year, Yoon et al. detailed the photocatalytic synthesis of dihydrobenzofurans via an 

oxidative [3+2]-cycloaddition of electron-rich phenols with neutral and electron-rich styrenes 

(Scheme 147).250 However, no examples of cinnamic acid derivatives was displayed in the 

scope of their reaction.  

 

Scheme 147. Photoredox catalyzed [3+2]-cycloaddition of electron-rich phenol 3.3.32 with electron-

rich styrene 3.3.33. 

To the best of our knowledge, these two reports represents the only examples of 

photocatalyzed [3+2]-cycloaddition of phenols with alkenes. The discovery of new conditions 

to enable the reaction of less electron-rich styrenes (e.g. cinnamic acid derivatives) would 

further develop this reactivity and unveil new synthetic disconnections to access 2,3-

dihydrobenzofuran-containing natural products.251  

In this part will be described our synthetic studies toward the total synthesis of (±)-decursivine 

by visible light photocatalytic conditions (Scheme 148). 

 

Scheme 148. Envisioned strategy for the total synthesis of (±)-decursivine under photoredox catalysis.  

                                                      

250 T. R. Blum, Y. Zhu, S. A. Nordeen, T. P. Yoon, Angew. Chem. Int. Ed. 2014, 53, 11056–11059. 
251 Z. Chen, M. Pitchakuntla, Y. Jia, Nat. Prod. Rep. 2019, 36, 666–690. 
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  Synthesis of precursors 

Three precursors were synthesized starting from serotonine hydrochloride salt 3.3.37 and 3,4-

(methylenedioxy)cinnamic acid 3.3.35 to see the influence of the protecting group on the 

cyclization.  

Boc-protected precursor 3.3.41 could be obtained in 4 steps from serotonine hydrochloride 

3.3.37 (Scheme 149). First, the phenol group was protected with a tert-butyldimethylsilyl 

group (=TBS) to enable afterward the selective protection of the free N-H of the indole and 

amide moieties.  

A small screening of coupling agents was performed to determine the optimal conditions for 

the amide coupling of amine 3.3.38 and cinnamic acid 3.3.35 (Table 35). Only moderate yields 

were obtained when the reaction was catalyzed using 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (=EDCI) with 4-dimethylaminopyridine (=DMAP, entry 1) 

or 1-hydroxybenzotriazole (=HOBt, entry 2). A similar yield was achieved with 

carbonyldiimidazole (=CDI, entry 3). Gratifyingly, when a slight excess of HATU was used in 

presence of N,N-diisopropylethylamine, 3.3.39 was isolated in excellent yield both on small 

and 3 g scale.  

The protection of the amide and indole N-H bonds was achieved by a prolonged reaction (i.e. 

3 days) with an excess of di-tert-butyl dicarbonate (= Boc2O) and catalytic amount of DMAP. 

Finally, the deprotection of O-TBS protected phenol 3.3.40 with TBAF completed the gram-

scale synthesis of Boc-protected precursor 3.3.41 in 77% overall yield in 4 steps.  

 

Scheme 149. Synthesis of Boc-protected precursor 3.3.41. 
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Table 35. Screening of conditions for the amide coupling of amine 3.3.38 and acid 3.3.35. 

 

Entry Conditions Isolated yield of 3.3.39 

1 EDCI (1.2 equiv), DMAP (0.12 equiv) 57% 

2 EDCI (1.2 equiv), HOBt (1.2 equiv), Et3N (2.0 equiv) 60% 

3 CDI (1.2 equiv) 62% 

4 HATU (1.2 equiv), iPr2NEt (2.0 equiv) 93% 

5* HATU (1.2 equiv), iPr2NEt (2.0 equiv) 93% 

*: reaction performed on 3.0 g scale. 

The synthesis of Bn/Ts-protected precursor 3.3.45 started with O-TBS protected serotonin 

3.3.38 (Scheme 150). Imine formation with benzaldehyde followed by NaBH4 reduction 

afforded N-benzylamine 3.3.42.252 Amide coupling using the optimal conditions found for the 

synthesis of 3.3.39 afforded 3.3.43 in excellent yield. Protection of the indole N-H bond using 

tosyl chloride under phase-transfer conditions253 and O-TBS deprotection yielded Bn/Ts 

protected precursor 3.3.45 in almost 85% isolated yield over 4 steps from 3.3.38.  

                                                      

252 C. R. Edwankar, R. V. Edwankar, O. A. Namjoshi, X. Liao, J. M. Cook, J. Org. Chem. 2013, 78, 6471–6487. 
253 P. A. Donets, K. Van Hecke, L. Van Meervelt, E. V. Van der Eycken, Org. Lett. 2009, 11, 3618–3621. 
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Scheme 150. Synthesis of Bn/Ts-protected precursor 3.3.45. 

Similarly, the synthesis of Bn/Cbz-protected precursor 3.3.47 was efficiently accomplished in 

two steps from amide 3.3.43 (Scheme 151).  

 

Scheme 151. Synthesis of Bn/Cbz-protected precursor 3.3.47. 
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  Investigation of the photoredox-catalyzed [3+2] cycloaddition 

Our investigations on the photocatalytic intramolecular oxidative [3+2]-cycloaddition started 

with precursor 3.3.45. First, the latter was submitted to the conditions developed by Yoon et 

al. for the [3+2]-cycloaddition of electron-rich phenols and styrenes (Scheme 152).251 Under 

these conditions, the precursor remained almost untouched. Knowing that 5-methoxyindole 

possesses an estimated oxidation potential of 1.04 V vs SCE216 it was a surprise to observe that 

Ru(bpz)3, which displays a much stronger reducing potential (i.e. E[Ru(II)*/Ru(I)]= 1.45 V vs 

SCE), was not able to initiate the reaction under these conditions.   

 

Scheme 152. Reaction of precursor 3.3.45 under Yoon’s conditions. 

Due to the low reactivity encountered, the stronger MesAcrMe.BF4 (E1/2
red> 2.0 V vs SCE) was 

chosen for this transformation. Several secondary oxidants were surveyed to regenerate the 

photocatalyst (Table 36). The reaction of 3.3.45 with MesAcrMe.BF4 in presence of ammonium 

persulfate did not proceed (Entry 1). The precursor was fully decomposed under air or pure 

oxygen atmosphere (Entries 2-3). Barely no reactivity was noticed with 1,4-benzoquinone, 

hydrogen peroxide, methyl viologen diperchlorate (= MV(ClO4)2), 1,4-dicyanobenzene (= 1,4-

DCB), bromotrichloromethane or 1,4-dinitrobenzene as secondary oxidants (Entries 4-9). A 

good conversion of 3.3.45 was observed in presence of air and tert-butyl nitrite as redox-

mediator but only toward unproductive pathways (Entry 10). No trace of 3.3.48 was observed. 

 

 

 

 

 

 

 

 

216 H. G. Roth, N. A. Romero, D. A. Nicewicz, Synlett 2016, 27, 714–723. 
251 T. R. Blum, Y. Zhu, S. A. Nordeen, T. P. Yoon, Angew. Chem. Int. Ed. 2014, 53, 11056–11059. 
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Table 36. Screening of oxidants for the reaction of 3.3.45 under photoredox aerobic conditions. 

 

Entry Oxidant Conversion Observations 

1 (NH4)2S2O8 (1.5 equiv) Low conv. / 

2 Air Full conv. Decomposition 

3 O2 Full conv. Decomposition 

4 1,4-Benzoquinone (1.2 equiv) Low conv. / 

5 H2O2 aq (30%, 1.2 equiv) No conv. / 

6  MV(ClO4)2 (1.2 equiv) Low conv. / 

7 1,4-Dicyanobenzene (1.2 equiv) No conv. / 

8 CBrCl3 (1.2 equiv) Low conv. / 

9 1,4-Dinitrobenzene (1.2 equiv) No conv. / 

10 t-BuONO (0.5 equiv), air Good conv. Decomposition 

MV(ClO4)2: Methyl viologen diperchlorate. 

Various photocatalysts were tested to catalyze this cycloaddition under aerobic conditions, 

unfortunately without success (Table 37). Depending on the catalyst, either a very poor 

conversion of 3.3.45 was observed or the substrate fully decomposed. Attempts to isolate any 

trace of potential side-products remained unfruitful.  
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Table 37. Screening of photocatalyst for the reaction of 3.3.45 under photoredox aerobic conditions. 

 

 

Entry Photocatalyst Conversion Observations 

1 Ru(bpy)3(PF6)2 Low conv. / 

2 Ru(bpy)3Cl2.6H2O Low conv. / 

3 Ir(dF-CF3-ppy)2(dtbbpy).PF6 Full conv. Decomposition 

4 Ru(bpz)3(PF6)2 Low conv. / 

5 4CzIPN Good conv. Mainly decomposition 

6 p-MeO-TPT Full conv. Mainly decomposition 

7 3,5-diOMe-MesAcr.BF4 Full conv. Decomposition 

Potential vs SCE, measured in CH3CN; [A]: measured in PhCN; Cz: carbazole; LES: singlet locally excited; CTS: singlet charge 

transfer; LET: triplet locally excited; CTT: triplet charge transfer. 

 

The same observation was achieved when apolar and polar solvents were examined as 

reaction media (Table 3.3.4). In all case, 3.3.48 was not detected.  
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Table 38. Screening of solvents for the reaction of 3.3.45 under photoredox aerobic conditions. 

 

Entry Solvent Conversion Observations 

Ref. CH3CN Full conv. Decomposition 

1 Toluene Low conv. / 

2 1,4-dioxane Low conv. / 

3 THF Low conv. / 

4 EtOAc Low conv. / 

5 DCM Low conv. / 

6 DCE Full conv. Decomposition 

7 CHCl3 Low conv. / 

8 Acetone Low conv. / 

9 DMF Low conv. / 

10 DMSO Low conv. / 

11 MeNO2 Medium conv. Mainly decomposition 

12 MeOH Low conv. Mainly decomposition 

The addition of organic and inorganic bases (e.g. DBU, K3PO4) did not improve the reaction 

and only diverted the reactivity toward side-reactions.  

The reactivity of Boc-protected precursor 3.3.41 was next examined. First, a series of oxidant 

was screened to regenerate the photocatalyst or act as a mediator (Table 39). Under aerobic 

conditions, 3.3.41 was fully consumed and to our surprise a trace amount of dimer 3.3.50 was 

detected (Entry 1). The same side-product was spotted in presence of persulfate (Entry 3), 

hydrogen peroxide (Entry 4) or 1,4-dinitrobenzene (Entry 7). In most cases, either the 

precursor was partially to fully degraded or it remained almost untouched.  
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Table 39. Screening of oxidants for the reaction of 3.3.41 under photoredox aerobic conditions. 

 

Entry Oxidant Conversion Observations 

1 Air Full conv. Trace of 3.3.50 

2 O2 Full conv. Mainly decomposition 

3 (NH4)2S2O8 (1.5 equiv) Low conv. Trace of 3.3.50 

4 H2O2 aq (30%, 2.0 equiv) Medium conv. Trace of 3.3.50 

5 1,4-Dicyanobenzene (1.2 equiv) Full conv. Decomposition 

6 CBrCl3 (1.2 equiv) Low conv. Decomposition 

7 1,4-Dinitrobenzene (1.2 equiv) Medium conv. Trace of 3.3.50 

8 FeCl3 (10 mol%), Air Low conv. / 

9 FeCl3 (10 mol%), K2S2O8 (2.0 equiv) Low conv. / 

10 CuCl2 (10 mol%), Air Low conv. / 

11 CuCl2 (10 mol%), K2S2O8 (2.0 equiv) Good conv. Mainly decomposition 

No improvement was noticed with other photocatalysts. A large range of solvents were next 

evaluated as media for the reaction (Table 40). In toluene, despite a low conversion precursor 

3.3.41 was mainly converted to dimer 3.3.50 (Entry 1). Traces of this compound were also 

found when acetone (Entry 8) or methanol (Entry 12) were used as solvent. Alike for the 

screening of oxidants, in the majority of the cases 3.3.41 was either unreactive or fully 

decomposed. No tendency could be deduced from these results concerning the influence of 

the polarity or protic nature of the solvents. The addition of water completed inhibited the 

reaction (Entry 16).  
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Table 40. Screening of solvents for the reaction of 3.3.41 under photoredox aerobic conditions. 

 

Entry Solvent Conversion Observations 

Ref. CH3CN Full conv. Trace of 3.3.50 

1 Toluene Low conv. 3.3.50 (<20%) 

2 1,4-dioxane Medium conv. Decomposition 

3 THF Low conv. / 

4 EtOAc No conv. / 

5 DCM Low conv. Mainly decomposition 

6 DCE Full conv. Decomposition 

7 CHCl3 Good conv. Decomposition 

8 Acetone Low conv. Trace of 3.3.50 

9 DMF Low conv. / 

10 DMSO Low conv. / 

11 MeNO2 Good conv. Mainly decomposition 

12 MeOH Low conv. Trace of 3.3.50 

13 TFE Full conv. Decomposition 

14 HFIP Full conv. Decomposition 

15 DCM/HFIP (4:1) Full conv. Decomposition 

16 CH3CN/H2O (9:1) No conv. / 

Decreasing the concentration down to 0.01 M improved the solubility of both the 

photocatalyst and the starting material but led to the full degradation of 3.3.41. In presence 

of 1 mol% of photocatalyst, less degradation was noticed but 3.3.50 remained the major 

product (i.e. 30-40% NMR yield). Our efforts to limit the homocoupling were ineffective and 

3.3.49 was not generated under these conditions.  
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The oxidative coupling of phenols is well known in the literature254  and is notably proposed 

for the biosynthesis of several bisphenolic natural products.255 By analogy with the literature, 

a plausible mechanism is depicted in Scheme 153 to account for the formation of 3.3.50. 

Under visible light, the excited photocatalyst would undergo a reductive quenching by 

promoting a single electron oxidation of precursor 3.3.41. Radical-cation 3.3.51 could then 

either proceed to our desired oxidative [3+2]-cycloaddition to yield Boc-protected decursivine 

3.3.49 or instead would be converted to radical 3.3.52 by deprotonation. Dimerization of this 

radical specie would lead to dimer 3.3.53 which quickly rearomatized to afford 3.3.50.  

 

Scheme 153. Plausible mechanism for the formation of dimer 3.3.50. 

The behavior of Bn/Cbz precursor 3.3.47 was quickly explored under oxidative photoredox 

conditions (Table 41). Analogously to precursor 3.3.45, this substrate appeared to be unstable 

under the majority of the conditions. A complete degradation of 3.3.47 was witnessed with 

most of the photocatalysts (Entries 2-6) to the exception of MesAcrMe.BF4 and Ru(bpy)3(PF6)2 

(Entry 1). No improvement was noticed with DCE or MeOH as solvents (Entries 7-8). 

Ammonium persulfate did not enable the conversion of the starting material (Entry 9). The 

addition of Lewis acid or bases did not improve the outcome of the reaction and no desired 

product could be detected in any of the conditions.  

 

 

 

 

                                                      

254 S. Yamamura, in Chem. Phenols, John Wiley & Sons, Ltd, 2003, 1153–1346. 
255 a) M. H. Zenk, R. Gerardy, R. Stadler, J. Chem. Soc. Chem. Commun. 1989, 1725–1727; b) C. Gil Girol, K. M. Fisch, T. 
Heinekamp, S. Günther, W. Hüttel, J. Piel, A. A. Brakhage, M. Müller, Angew. Chem. Int. Ed. 2012, 51, 9788–9791. 
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Table 41. Screening of conditions for the reaction of 3.3.47 under photoredox aerobic conditions. 

 

Entry Deviation of the conditions Conversion Observations 

Ref. / Low conv. / 

1 Ru(bpy)3(PF6)2 Low conv. / 

2 Ir(dF-CF3-ppy)2(dtbbpy).PF6 Low conv. / 

3 Ru(bpz)3(PF6)2 Full conv. Decomposition 

4 4CzIPN Low conv. / 

5 p-MeO-TPT Good conv. Mainly decomposition 

6 3,5-diOMe-MesAcr.BF4 Full conv. Mainly decomposition 

7 DCE Full conv. Decomposition 

8 MeOH Full conv. Decomposition 

9 (NH4)2S2O8 Low conv. / 

  Conclusion 

In summary, the total synthesis of (±)-decursivine was attempted through an intramolecular 

oxidative [3+2]-cycloaddition catalyzed by photoredox conditions. Three precursors, with 

different protecting groups were synthesized in good yields in 4 to 5 steps each. A broad 

variety of conditions was screened with the three substrates to catalyze this transformation, 

playing on the photocatalyst, secondary oxidants, solvents and additives. Unfortunately, the 

precursors proved to be in most cases, either unreactive or too unstable. At best, the Boc-

protected precursor 3.3.41 was partially converted to a dimeric adduct 3.3.50 in low isolated 

yield. Despite efforts were made to promote the intramolecular cyclization, no traces of 

protected (±)-decursivine could be detected in any conditions. One possible explanation could 

come from the low propensity of the precursors to adopt a spatially close conformation 

between the 5-hydroxyindole and cinnamate moieties.  
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4. General conclusion 

As part of a new program started recently in our laboratory, novel oxidative transformations 

and rearrangements were envisioned using photoredox catalysis as a cornerstone for the 

generation of radical cation intermediates.  

Inspired by the works of Steckhan,194 an oxidative ring-expansion of 1-(indol-2-yl)cyclobutan-

1-ol 3.2.1 and 1-(benzo[b]thiophen-2-yl)cyclobutan-1-ol 3.2.20 was designed, taking 

advantage of the propensity of these heteroaromatics to react under photoinduced single 

electron oxidation. Under mild aerobic visible-light photocatalytic conditions, these substrates 

were efficiently rearranged to the corresponding 6-membered cyclohexen-1-ones (i.e. 3.2.2 

and 3.2.21) with complete regioselectivity (Scheme 154).  The synthetic potential of this 

transformation was demonstrated by applying our methodology to the total synthesis of (±)-

uleine 3.2.33, accessing via a shorter sequence a key intermediate in the strategy developed 

by Schmitt and Blechert.214 Thorough mechanistic investigations seemed to suggest that the 

transformation would proceed through two successive oxidative 1,2-alkyl shift catalyzed by 

photoinduced electron transfer. 

 

Scheme 154. Catalytic ring-expansion of 1-(indol-2-yl)cyclobutan-1-ols and 1-(benzo[b]thiophen-2-

yl)cyclobutan-1-ols under oxidative visible-light photocatalysis. 

Later, we undertook synthetic studies toward the total synthesis of (±)-decursivine 3.3.1, as 

model target for the development of an intramolecular oxidative [3+2]-cycloaddition of 

phenol and cinnamate substituents under photoredox catalysis.  

Several precursors were efficiently synthesized and explored under a broad variety of 

conditions (Scheme 155). However, despite our efforts, decursivine 3.3.1 could not be 

accessed. The different substrates remained in most cases either unreacted or at the opposite 

fully decomposed. At most, a dimeric adduct 3.3.50 was isolated in low yield after partial 

conversion of precursor 3.3.41, presumably through the recombination of two phenolic 

radicals.  

 

 

194 A. Gieseler, E. Steckhan, O. Wiest, F. Knoch, J. Org. Chem. 1991, 56, 1405–1411. 
214 M. H. Schmitt, S. Blechert, Angew. Chem. Int. Ed. Engl. 1997, 36, 1474–1476. 
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Further works on photoredox-catalyzed oxidative transformations are currently developed in 

our laboratory.  

 

Scheme 155. Synthetic studies toward the total synthesis of (±)-decursivine via a photoredox-catalyzed 

intramolecular oxidative [3+2]-cycloaddition. 
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Chapitre 4: Experimental section 

1. General information 

All reagents were purchased from commercial sources (Aldrich, Acros, Merck, Fluka and VWR 

International) and were used as received unless otherwise noted. Sensitive compounds were 

stored in a desiccator or glove-box if required. Intermediates and substrates were stored in a 

freezer at – 20 °C. Experiments were performed under argon or nitrogen, unless otherwise 

noted. The glassware used for the preparation and handling of air and water sensitive 

materials was dried overnight in an oven (T > 150 °C) or flame-dried under vacuum. 

When solvents are indicated as dry, they were either purchased as such, distilled prior to use, 

stored over activated molecular sieves for prolonged time (>24 h) or were dried by a passage 

through a column of anhydrous alumina or copper using a Puresolv MD 5 from Innovative 

Technology Inc., based on the Grubb’s design.256  

Flash column chromatography was carried out with Silicycle SiliaFlash® P60 silica: 230–400 

mesh (40-63 μm) silica. Reactions were monitored by thin layer chromatography (=TLC) using 

Macherey-Nagel pre-coated TLC sheets ALUGRAM® Xtra SIL G/UV254 (0.20 mm silica gel 60 

with fluorescent indicator UV254) and visualized by UV fluorescence (254 nm) and stained with: 

p-anisaldehyde, phosphomolybdic acid, a basic solution of potassium permanganate or with 

Seebach’s stain. 

NMR spectra were recorded on Bruker AvanceIII-400, Bruker Avance-400, Bruker DPX-400 

NMR, Bruker AvanceIIIHD-600 or Bruker AvanceII-800 spectrometer at room temperature 

unless otherwise noted. 1H frequency was at 400.13 MHz, and 13C frequency was at 100.62 

MHz. Chemical shifts (δ) were reported in parts per million (ppm) relative to residual solvent 

peaks rounded to the nearest 0.01 MHz for proton and 0.1 MHz for carbon (ref: CDCl3 1H: 7.26 

ppm, 13C: 77.16 ppm / DMSO-d6 1H: 2.50 ppm, 13C: 39.52 ppm / acetone-d6 1H: 2.05 ppm, 13C: 

29.84 ppm / CD3OD 1H: 3.31 ppm, 13C: 49.00 ppm). 19F NMR were decoupled from 1H and 

hexafluorobenzene (-164.9 ppm) was added as external reference. Coupling constants (J) were 

reported in Hz to the nearest 0.1 Hz. Peak multiplicity was indicated as follows: s (singlet), d 

(doublet), t (triplet), q (quartet), quint (quintet), sext (sextet), sept (septet), m (multiplet) and 

br (broad). Attribution of peaks was done using the multiplicities and integrals of the peaks. 

When needed, the COSY, NOESY, HSQC and HMBC experiments were carried out to confirm 

the attribution.  

IR spectra were recorded in a Jasco FT/IR-4100 spectrometer outfitted with a PIKE technology 

MIRacleTM ATR accessory as neat films compressed onto a zinc selenide window or a Perkin 

Elmer Spectrum BX FT-IR. The spectra are reported in cm−1. 

                                                      

256 A. B. Pangborn, M. A. Giardello, R. H. Grubbs, R. K. Rosen, F. J. Timmers, Organometallics 1996, 15, 1518–1520. 
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The accurate mass measurements were performed by the mass spectrometry service of the 

EPFL by ESI-QTOF and APCI/QTOF with a Waters XEVO G2-S QTOF or by nanochip-ESI/LTQ-

Orbitrap or APPI/LTQ-Orbitrap with a Thermo Orbitrap Elite. In the case where products were 

too volatile or difficult to detect, AgNO3 was added to form the [M+Ag]+ adduct. Melting points 

are uncorrected and were recorded on a Stuart SMP30 melting point apparatus. 
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2. -C-H Functionalization of alcohols using N-phthalimidoyl 

precursors 

  Synthesis and reactions of N-phthalimidoyl oxalate derivatives 

1,3-dioxoisoindolin-2-yl 2-chloro-2-oxoacetate (2.2.101) 

 

It was prepared according to a literature procedure and used directly as a solution in THF (0.06 

M).93  

General procedure 2.A for the synthesis of N-phthalimidoyl oxalate derivatives 

 

The N-phthalimidoyl oxalate derivatives were prepared using a modification of a literature 

procedure.93 

To a freshly prepared solution of chloro N-phthalimidoyl oxalate 2.2.101 (2.0 equiv) in THF 

(0.06 M) cooled to 0 °C was added successively DMAP (0.1 equiv), Et3N (2.0 equiv) and then 

dropwise the corresponding alcohol (1.0 equiv). The reaction mixture was warmed to room 

temperature and stirred until full conversion of the alcohol (1.5-3 h). The volatiles were 

removed under reduced pressure and the resulting crude residue was dissolved in a minimal 

amount of DCM and poured into cold petroleum ether (10-15 times the volume of DCM). The 

resulting heterogeneous mixture was filtered through a cotton plug and washed with cold 

petroleum ether (2 times). The filtrate was concentrated under reduced pressure to give the 

desired oxalate.  

Note: The order of addition was modified compared to the reported procedure to prevent the 

formation of homodimers. The purity of the chloro N-phthalimidoyl oxalate 2.2.101 proved to 

be critical to obtain an acceptable purity for the oxalates and was directly linked to the oxalyl 

chloride purity. These derivatives appeared to be much more sensitive compared to the 

tertiary alcohol derivatives previously reported in the literature and were not stable under 

aqueous conditions and on silica/alumina. 

 

 

93G. L. Lackner, K. W. Quasdorf, L. E. Overman, J. Am. Chem. Soc. 2013, 135, 15342–15345. 
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1,3-dioxoisoindolin-2-yl (3-phenylpropyl) oxalate (2.2.95a) 

 

This compound was prepared following the general procedure 2.A using 3-phenylpropan-1-ol 

(0.21 mL, 1.5 mmol, 1.0 equiv) and obtained as a white solid (543 mg, >99%). 

Mp 87-90 °C. 

1H NMR (400 MHz, CDCl3) δ 7.97 – 7.91 (m, 2H), 7.87 – 7.81 (m, 2H), 7.31 (m, 2H), 7.21 (m, 

3H), 4.43 (t, J = 6.6 Hz, 2H), 2.78 (t, J = 7.6 Hz, 2H), 2.15 (tt, J = 6.6, 7.6 Hz, 2H). 

13C NMR (101 MHz, CDCl3) δ 161.0, 154.5, 153.9, 140.4, 135.3, 128.9, 128.8, 128.6, 126.5, 

124.5, 67.8, 31.9, 29.8. 

IR (Liquid film, cm-1) 3034 (w), 1826 (w), 1789 (w), 1749 (s), 1468 (w), 1362 (w), 1289 (w), 

1186 (w), 1103 (m), 961 (w), 874 (w), 696 (m). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C19H15NNaO6
+ 376.0792; Found 376.0792. 

1,3-dioxoisoindolin-2-yl (3-methoxypropyl) oxalate (2.2.95b)  

 

This compound was prepared following the general procedure 2.A using 3-methoxypropan-1-

ol (29 µL, 0.3 mmol, 1.0 equiv) and obtained as an orange solid (61 mg, 66%, moderate purity). 

Mp 54-58 °C. 

1H NMR (400 MHz, CDCl3) δ 7.98 – 7.86 (m, 2H), 7.89 – 7.76 (m, 2H), 4.52 (t, J = 6.4 Hz, 2H), 

3.51 (t, J = 6.0 Hz, 2H), 3.35 (s, 3H), 2.05 (tt, J = 6.4, 6.0 Hz, 2H). 

13C NMR (101 MHz, CDCl3) δ 161.0, 154.4, 153.9, 135.3, 128.8, 124.4, 68.6, 65.8, 58.8, 28.5. 

IR (Liquid film, cm-1) 2940 (w), 1826 (w), 1795 (w), 1746 (s), 1466 (w), 1360 (w), 1284 (m), 

1184 (m), 1094 (s), 963 (m), 877 (m), 787 (w), 697 (m). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C14H13NNaO7
+ 330.0584; Found 330.0585. 
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3,3-diphenylpropan-1-ol  

 

It was prepared according to a literature procedure.257  

1,3-dioxoisoindolin-2-yl (3,3-diphenylpropyl) oxalate (2.2.95c) 

 

This compound was prepared following the general procedure 2.A using 3,3-diphenylpropan-

1-ol (64 mg, 0.3 mmol, 1.0 equiv) and obtained as a white solid (77 mg, 60%, moderate purity). 

Mp >210 °C (decomposition). 

1H NMR (400 MHz, CDCl3) δ 8.00 – 7.88 (m, 2H), 7.90 – 7.77 (m, 2H), 7.36 – 7.25 (m, 8H), 7.27 

– 7.14 (m, 2H), 4.37 (t, J = 6.8 Hz, 2H), 4.14 (t, J = 8.0 Hz, 1H), 2.58 (dt, J = 8.0, 6.8 Hz, 2H). 

13C NMR (101 MHz, CDCl3) δ 161.0, 154.3, 153.8, 143.4, 135.3, 128.9, 128.8, 127.9, 126.8, 

124.5, 67.0, 47.4, 33.8. 

IR (Liquid film, cm-1) 3028 (w), 1826 (w), 1795 (w), 1747 (s), 1494 (w), 1290 (m), 1185 (m), 

1102 (s), 961 (w), 876 (m), 697 (s). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C25H19NNaO6
+ 452.1105; Found 452.1103. 

1,3-dioxoisoindolin-2-yl (2-isopropylphenyl) oxalate (2.2.103a) 

 

To a freshly prepared solution of chloro N-phthalimidoyl oxalate 2.2.101 (507 mg, 2.0 mmol, 

1.1 equiv) in THF (5 mL, 0.4 M) cooled to 0 °C was added dropwise a solution of 2-

isopropylphenol (0.24 mL, 1.8 mmol, 1.0 equiv) and Et3N (0.28 mL, 2.0 mmol, 1.1 equiv) in THF 

(10 mL, 0.18 M). The reaction mixture was warmed to room temperature and stirred for 1 h. 

The volatiles were removed under reduced pressure and the resulting crude residue was 

dissolved in a minimal amount of DCM and poured into cold petroleum ether (10-15 times the 

volume of DCM). The resulting heterogeneous mixture was filtered through a cotton plug and 

washed with cold petroleum ether (2 times). The filtrate was concentrated under reduced 

pressure to give 2.2.103a (643 mg, quantitative, good purity) as a white solid.  

                                                      

257 R. C. Reid, M.-K. Yau, R. Singh, J. K. Hamidon, J. Lim, M. J. Stoermer, D. P. Fairlie, J. Med. Chem. 2014, 57, 8459–8470. 
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Mp 58-60 °C. 

1H NMR (400 MHz, CDCl3) δ 8.00 – 7.91 (m, 2H), 7.90 – 7.82 (m, 2H), 7.42 (d, J = 7.7 Hz, 1H), 

7.39 – 7.27 (m, 2H), 7.23 (d, J = 7.7 Hz, 1H), 3.16 (p, J = 6.9 Hz, 1H), 1.28 (d, J = 6.9 Hz, 6H). 

13C NMR (101 MHz, CDCl3) δ 161.0, 153.9, 153.1, 147.3, 139.8, 135.3, 128.7, 127.7, 127.4, 

127.1, 124.5, 121.3, 27.6, 23.0. 

IR (Liquid film, cm-1) 2972 (w), 1826 (w), 1770 (m), 1745 (s), 1491 (w), 1468 (w), 1452 (w), 

1359 (w), 1269 (m), 1083 (s), 964 (m), 876 (m), 757 (m), 695 (m). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C19H15NNaO6
+ 376.0792; Found 376.0791. 

2-benzylphenyl (1,3-dioxoisoindolin-2-yl) oxalate (2.2.103b) 

 

To a freshly prepared solution of chloro N-phthalimidoyl oxalate 2.2.101 (507 mg, 2.0 mmol, 

1.1 equiv) in THF (5 mL, 0.4 M) cooled to 0 °C was added dropwise a solution of 2-benzylphenol 

(335 mg, 1.8 mmol, 1.0 equiv) and Et3N (0.28 mL, 2.0 mmol, 1.1 equiv) in THF (10 mL, 0.18 M). 

The reaction mixture was warmed to room temperature and stirred for 1 h. The volatiles were 

removed under reduced pressure and the resulting crude residue was dissolved in a minimal 

amount of DCM and poured into cold petroleum ether (10-15 times the volume of DCM). The 

resulting heterogeneous mixture was filtered through a cotton plug and washed with cold 

petroleum ether (2 times). The filtrate was concentrated under reduced pressure to give 

2.2.103b (175 mg, 24%, low purity) as a white solid.  

1H NMR (400 MHz, CDCl3) δ 7.99 – 7.94 (m, 2H), 7.89 – 7.83 (m, 2H), 7.37 – 7.14 (m, 9H), 4.01 

(s, 2H). 

13C NMR (101 MHz, CDCl3) δ 160.9, 153.5, 152.3, 148.2, 139.0, 135.3, 131.5, 129.1, 129.0, 

128.9, 128.7, 128.0, 127.6, 126.7, 124.5, 121.8, 36.9. 

IR (Liquid film, cm-1) 3061 (w), 3034 (w), 1826 (w), 1782 (m), 1746 (s), 1492 (w), 1454 (w), 

1269 (m), 1164 (m), 1133 (m), 1100 (m), 1079 (s), 961 (w), 875 (w), 756 (m), 738 (m), 725 (m), 

698 (s). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C23H15NNaO6
+ 424.0792; Found 424.0792. 
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Methyl 2-(2-hydroxyphenyl)acetate 

 

It was prepared according to a literature procedure.258  

1,3-dioxoisoindolin-2-yl (2-(2-methoxy-2-oxoethyl)phenyl) oxalate (2.2.103c) 

 

To a freshly prepared solution of chloro N-phthalimidoyl oxalate 2.2.101 (507 mg, 2.0 mmol, 

1.1 equiv) in THF (5 mL, 0.4 M) cooled to 0 °C was added dropwise a solution of methyl 2-(2-

hydroxyphenyl)acetate  (302.5 mg, 1.8 mmol, 1.0 equiv) and Et3N (0.28 mL, 2.0 mmol, 1.1 

equiv) in THF (10 mL, 0.18 M). The reaction mixture was warmed to room temperature and 

stirred for 1 h. The volatiles were removed under reduced pressure and the resulting crude 

residue was dissolved in a minimal amount of DCM and poured into cold petroleum ether (10-

15 times the volume of DCM). The resulting heterogeneous mixture was filtered through a 

cotton plug and washed with cold petroleum ether (2 times). The filtrate was concentrated 

under reduced pressure to give 2.2.103c (237 mg, 34%, low purity) as a colorless oil.  

1H NMR (400 MHz, CDCl3) δ 7.99 – 7.90 (m, 2H), 7.90 – 7.82 (m, 2H), 7.46 – 7.27 (m, 4H), 3.73 

(s, 3H), 3.66 (s, 2H). 

13C NMR (101 MHz, CDCl3) δ 170.8, 160.9, 153.5, 152.4, 135.3, 131.9, 129.0, 128.7, 127.6, 

126.1, 124.4, 121.9, 52.5, 36.3. 

Procedure for the screening of catalysts for the remote C-H arylation with PhZnCl.LiCl 

PhZnCl.LiCl in THF (0.2 M) was prepared according to a literature procedure and titrated using 

I2/LiCl.97a 

A flame-dried test tube equipped with a magnetic stir bar was charged with 2.2.95a (20 mg, 

57 µmol, 1.0 equiv), the catalyst (3-20 mol%) and the ligand (6-40 mol%). The reaction was 

inertized (vacuum/N2 cycle 3 times) and anhydrous DMF (0.38 mL, 0.15 M) was added. The 

reaction was stirred for 5 min at room temperature then a solution of PhZnCl.LiCl in THF (0.57 

mL, 0.114 mmol, 0.2 M, 2.0 equiv) was added dropwise. The reaction was stirred at room 

temperature until full conversion. The reaction was diluted with EtOAc and quenched with aq. 

2 M HCl. The aqueous layer was extracted with EtOAc. The combined organic layers were 

                                                      

97a J. Cornella, J. T. Edwards, T. Qin, S. Kawamura, J. Wang, C.-M. Pan, R. Gianatassio, M. Schmidt, M. D. Eastgate, P. S. Baran, 
J. Am. Chem. Soc. 2016, 138, 2174–2177 
258 M. von Wantoch Rekowski, V. Kumar, Z. Zhou, J. Moschner, A. Marazioti, M. Bantzi, G. A. Spyroulias, F. van den Akker, A. 
Giannis, A. Papapetropoulos, J. Med. Chem. 2013, 56, 8948–8952. 
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washed with water and brine, dried over Na2SO4, filtered and concentrated under reduced 

pressure. The reactions were analyzed by 1H NMR.  

3-Phenylpropyl formate (2.2.108) 

 

A flame-dried test tube equipped with a magnetic stir bar was charged with 2.2.95a (10 mg, 

0.03 mmol, 1.0 equiv), Ru(bpy)3(PF6)2 (0.5 mg, 0.6 μmol, 0.02 equiv) and Hantzsch ester (11 

mg, 0.044 mmol, 1.5 equiv).  The reaction was inertized (vacuum/Ar cycle 3 times) and 

anhydrous degassed DMF (0.2 mL, 0.15 M) was added. The reaction was stirred at room 

temperature under blue LEDs irradiation for 2 h. The reaction was diluted with EtOAc, 

quenched with satd. aq. NH4Cl solution and extracted three times with EtOAc. The combined 

organic layers were washed with brine, dried over Na2SO4, filtered and concentrated under 

reduced pressure. The crude product was purified by flash column chromatography (30:1 

PE/EtOAc) to give 2.2.108 (2.7 mg, 57%) as a colorless liquid. 

1H NMR (400 MHz, CDCl3) δ 8.08 (s, 1H), 7.32 – 7.27 (m, 2H), 7.23 – 7.16 (m, 3H), 4.19 (t, J = 

6.7 Hz, 2H), 2.71 (t, J = 7.8 Hz, 2H), 1.99 (quint, J = 6.9 Hz, 2H), 1.15 (s, 2H). 

The spectroscopic data are consistent with those reported in the literature.259  

3-Phenylpropyl 4-oxopentanoate (2.2.112) 

 

A flame-dried test tube equipped with a magnetic stir bar was charged with 2.2.95a (20 mg, 

0.06 mmol, 1.0 equiv), Ru(bpy)3(PF6)2 (1.0 mg, 1.1 μmol, 0.02 equiv) and Hantzsch ester (14.4 

mg, 0.06 mmol, 1.0 equiv).  The reaction was inertized (vacuum/Ar cycle 3 times) and 

anhydrous degassed DMF (0.6 mL, 0.10 M) was added. Freshly redistilled methyl vinyl ketone 

(9.2 μL, 0.11 mmol, 2.0 equiv) was added using a Hamilton syringe and the reaction was stirred 

at room temperature under blue LEDs irradiation for 16 h. The reaction was diluted with 

EtOAc, quenched with satd. aq. NH4Cl solution and extracted three times with EtOAc. The 

combined organic layers were washed with brine, dried over Na2SO4, filtered and 

concentrated under reduced pressure. The crude product was purified by flash column 

chromatography (30:1 PE/EtOAc) to give 2.2.112 (4.4 mg, 34%) as a colorless liquid.  

                                                      

259 P. Lu, T. Hou, X. Gu, P. Li, Org. Lett. 2015, 17, 1954–1957. 
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1H NMR (400 MHz, CDCl3) δ 7.32 – 7.23 (m, 2H), 7.23 – 7.15 (m, 3H), 4.11 (t, 2H), 2.75 (t, J = 

6.5 Hz, 2H), 2.68 (t, J = 7.8 Hz, 2H), 2.58 (t, J = 6.6 Hz, 2H), 2.19 (s, 3H), 1.96 (m, 2H). 

13C NMR (101 MHz, CDCl3) δ 206.8, 172.9, 141.3, 128.6, 128.6, 126.1, 64.2, 38.1, 32.3, 30.3, 

30.0, 28.1. 

IR (Liquid film, cm-1) 2922 (w), 1732 (s), 1720 (s), 1453 (w), 1359 (m), 1210 (m), 1160 (s), 1029 

(w), 762 (w), 705 (w). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C14H18NaO3
+ 257.1148; Found 257.1157. 

3-Phenylpropyl 3-cyanopropanoate (2.2.115) 

 

A flame-dried test tube equipped with a magnetic stir bar was charged with 2.2.95a (20 mg, 

0.06 mmol, 2.0 equiv), Ru(bpy)3(PF6)2 (0.4 mg, 0.4 μmol, 0.015 equiv) and Hantzsch ester (14.4 

mg, 0.06 mmol, 2.0 equiv).  The reaction was inertized (vacuum/Ar cycle 3 times) and 

anhydrous degassed DMF (0.2 mL, 0.15 M) was added. Freshly redistilled acrylonitrile (2 μL, 

0.03 mmol) was added using a Hamilton syringe and the reaction was stirred at room 

temperature under blue LEDs irradiation for 16 h. The reaction was diluted with EtOAc, 

quenched with satd. aq. NH4Cl solution and extracted three times with EtOAc. The combined 

organic layers were washed with brine, dried over Na2SO4, filtered and concentrated under 

reduced pressure. The crude product was purified by flash column chromatography (30:1 to 

6:1 PE/EtOAc) to give 2.2.115 (3.0 mg, 48%) as a colorless liquid. The reaction was also 

performed on 0.1 mmol scale (15.9 mg, 73%).  

1H NMR (400 MHz, CDCl3) δ 7.33 – 7.25 (m, 2H), 7.24 – 7.15 (m, 3H), 4.17 (t, J = 6.6 Hz, 2H), 

2.70 (t, J = 7.8 Hz, 2H), 2.64 (m, 4H), 2.00 (tt, J = 7.8 Hz, J = 6.6 Hz, 2H). 

13C NMR (101 MHz, CDCl3) δ 170.2, 141.1, 128.6, 128.5, 126.3, 118.6, 65.1, 32.3, 30.1, 30.1, 

13.1. 

IR (Liquid film, cm-1) 2941 (w), 1734 (s), 1178 (s), 1049 (w), 1016 (w), 754 (m), 700 (m). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C13H15NNaO2
+ 240.0995; Found 240.0993. 
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3-Methoxypropyl 3-cyanopropanoate (2.2.117) 

  

A flame-dried test tube equipped with a magnetic stir bar was charged with 2.2.95b (100 mg, 

0.325 mmol, 1.0 equiv), Ru(bpy)3(PF6)2 (5.6 mg, 6.5 μmol, 0.02 equiv) and Hantzsch ester (82.3 

mg, 0.325 mmol, 1.0 equiv).  The reaction was inertized (vacuum/Ar cycle 3 times) and 

anhydrous degassed DMF (3.25 mL, 0.10 M) was added. Freshly redistilled acrylonitrile (43 μL, 

0.65 mmol, 2.0 equiv) was added using a Hamilton syringe and the reaction was stirred at 

room temperature under blue LEDs irradiation for 16 h. The reaction was diluted with EtOAc, 

quenched with satd. aq. NH4Cl solution and extracted three times with EtOAc. The combined 

organic layers were washed with brine, dried over Na2SO4, filtered and concentrated under 

reduced pressure. The crude product was purified by flash column chromatography (30:1 

PE/EtOAc) to give 2.2.117 (10.7 mg, 19%) as a colorless oil.  

1H NMR (400 MHz, CDCl3) δ 4.23 (t, J = 6.4 Hz, 2H), 3.44 (t, J = 6.3 Hz, 2H), 3.33 (s, 3H), 2.67 

(m, 4H), 1.91 (quint, J = 6.3 Hz, 2H). 

13C NMR (101 MHz, CDCl3) δ 170.1, 118.6, 69.0, 62.9, 58.8, 30.1, 28.9, 13.1. 

IR (Liquid film, cm-1) 1734 (s), 1461 (m), 1428 (m), 1367 (m), 1183 (s), 1118 (s), 759 (s), 690 

(s). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C8H13NNaO3
+ 194.0788; Found 194.0791. 

2-isopropylphenyl 3-cyanopropanoate (2.2.125) 

 

A flame-dried test tube equipped with a magnetic stir bar was charged with 2.2.103a (71 mg, 

0.2 mmol, 1.0 equiv), Ir(ppy)3 (1.3 mg, 2 μmol, 0.01 equiv) and Hantzsch ester (51 mg, 0.2 

mmol, 1.0 equiv).  The reaction was inertized (vacuum/Ar cycle 3 times) and anhydrous 

degassed DMF (3.25 mL, 0.10 M) was added. Freshly redistilled acrylonitrile (26 μL, 0.4 mmol, 

2.0 equiv) was added using a Hamilton syringe and the reaction was stirred at room 

temperature under blue LEDs irradiation for 16 h. The reaction was diluted with EtOAc, 

quenched with satd. aq. NH4Cl solution and extracted three times with EtOAc. The combined 

organic layers were washed with brine, dried over Na2SO4, filtered and concentrated under 
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reduced pressure. The crude product was purified by flash column chromatography (30:1 

PE/EtOAc) to give traces of 2.2.125 (<5%) as a colorless residue.  

1H NMR (400 MHz, CDCl3) δ 7.34 (dd, J = 7.4, 2.1 Hz, 1H), 7.29 – 7.17 (m, 2H), 7.00 (dd, J = 7.4, 

2.1 Hz, 1H), 3.05 – 2.93 (m, 3H), 2.82 – 2.75 (m, 2H), 1.21 (d, J = 6.9 Hz, 6H). 

13C NMR (101 MHz, CDCl3) δ 169.0, 147.8, 140.1, 127.0, 126.9 (2 peaks overlapped), 122.1, 

118.3, 30.3, 27.6, 23.1, 13.2. 
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  Synthesis of N-phthalimidoyl 2-alkoxyacrylate derivatives 

4-Methylbenzenesulfonyl azide (= p-TsN3) 

 

It was prepared according to a literature procedure.260  

Ethyl 2-diazo-2-(diethoxyphosphoryl)acetate 

 

It was prepared according to a literature procedure.261  

General procedure 2.B for the synthesis of N-phthalimidoyl 2-alkoxyacrylate derivatives 

 

2-alkoxyacrylic acids were synthesized using a modification of a literature procedure.102 

A flame-dried round bottom flask was charged with rhodium acetate dimer (0.01 equiv) and 

the corresponding alcohol (1.0 equiv). The reaction flask was topped with a condenser, capped 

with a septum and inertized (vacuum/N2 three times).  A solution of ethyl 2-diazo-2-

(diethoxyphosphoryl)acetate (1.2 equiv) in dry toluene (0.1M) was added via syringe through 

the septum. The reaction mixture was heated at 80 °C for 10 h. The reaction mixture was 

allowed to cool down to room temperature, filtered through a short pad of Celite® using EtOAc 

                                                      

102 X.-K. Zhang, F. Liu, W. D. Fiers, W.-M. Sun, J. Guo, Z. Liu, C. C. Aldrich, J. Org. Chem. 2017, 82, 3432–3440. 
260 H. Keipour, T. Ollevier, Org. Lett. 2017, 19, 5736–5739. 
261 T. Hirayama, M. Okaniwa, T. Imada, A. Ohashi, M. Ohori, K. Iwai, K. Mori, T. Kawamoto, A. Yokota, T. Tanaka, T. Ishikawa, 
Bioorg. Med. Chem. 2013, 21, 5488–5502. 
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as eluent and concentrated under reduced pressure. The crude phosphonate was used in the 

next step without further purification.  

To a solution of crude phosphonate (1.0 equiv) in i-PrOH (0.06 M) was added an aq. solution 

of formaldehyde (37% wt, 10 equiv). The reaction mixture was cooled to 0 °C and a cooled 

solution of K2CO3 (9.0 equiv) in water (1.1 M) was added slowly. The reaction was warmed to 

room temperature and stirred for 15 h. The reaction mixture was quenched with satd. aq. 

NH4Cl solution. The aqueous layer was extracted three times with EtOAc. The combined 

organic layers were dried over Na2SO4, filtered and concentrated under reduced pressure. The 

crude product was purified by flash column chromatography (PE/EtOAc) to give the 

corresponding ethyl ester intermediate.  

To a solution of ethyl ester intermediate (1.0 equiv) in THF:H2O mixture (3:1, 0.025 M) cooled 

to 0 °C was added slowly a 1 M aq. NaOH solution (10 equiv). The reaction was warmed to 

room temperature and stirred for 12-20 h. The reaction mixture was acidified to pH 5-6 using 

2 M aq. HCl solution. The reaction mixture was partitioned between water and DCM. The 

aqueous layer was extracted three times with DCM. The combined organic layers were dried 

over Na2SO4, filtered and concentrated under reduced pressure. The crude acid was used in 

the next step without further purification. 

N-phthalimidoyl 2-alkoxyacrylate derivative were prepared using a modification of a literature 

procedure.262  

To a solution of crude carboxylic acid (1.0 equiv), DMAP (0.05 equiv) and N-

hydroxyphthalimide (=NHPI, 1.1 equiv) in DCM:THF mixture (2:1, 0.12 M) was slowly added at 

room temperature a solution of DCC (1.05 equiv) in DCM (0.4 M). The reaction was stirred at 

room temperature for 3 h. After completion, Et2O was added to precipitate most of the 

dicyclohexylurea. The reaction mixture was filtered and concentrated under reduced 

pressure. The crude was purified by flash column chromatography to give the corresponding 

N-phthalimidoyl 2-alkoxyacrylate derivative. 

 

 

 

 

 

 

 

 

                                                      

262 W.-M. Cheng, R. Shang, B. Zhao, W.-L. Xing, Y. Fu, Org. Lett. 2017, 19, 4291–4294. 
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1,3-Dioxoisoindolin-2-yl 2-(3-phenylpropoxy)acrylate (2.2.128a) 

 

This compound was prepared following the general procedure 2.B starting from 3-

phenylpropan-1-ol and obtained as a colorless thick oil (484 mg, 67% over 4 steps). 

1H NMR (400 MHz, CDCl3) δ 7.95 – 7.87 (m, 2H), 7.87 – 7.77 (m, 2H), 7.34 – 7.26 (m, 2H), 7.25 

– 7.16 (m, 3H), 5.63 (d, J = 3.2 Hz, 1H), 4.87 (d, J = 3.2 Hz, 1H), 3.83 (t, J = 6.4 Hz, 2H), 2.80 (t, J 

= 7.6 Hz, 2H), 2.13 (tt, J = 7.6, 6.4 Hz, 2H). 

13C NMR (101 MHz, CDCl3) δ 161.8, 159.6, 148.0, 141.2, 134.9, 129.0, 128.6, 128.6, 126.1, 

124.1, 98.5, 68.1, 32.0, 30.1. 

IR (Liquid film, cm-1) 2934 (w), 1810 (w), 1782 (m), 1743 (s), 1620 (m), 1471 (w), 1366 (w), 

1304 (m), 1185 (m), 1081 (s), 968 (m), 876 (m), 852 (m), 696 (s). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C20H17NNaO5
+ 374.0999; Found 374.1000. 

1,3-Dioxoisoindolin-2-yl 2-(3,3-diphenylpropoxy)acrylate (2.2.128b) 

 

This compound was prepared following the general procedure 2.B starting from 3,3-

diphenylpropan-1-ol and obtained as a colorless thick oil (250 mg, 38% over 4 steps). 

1H NMR (400 MHz, CDCl3) δ 7.97 – 7.88 (m, 2H), 7.88 – 7.76 (m, 2H), 7.36 – 7.27 (m, 8H), 7.24 

– 7.15 (m, 2H), 5.58 (d, J = 3.3 Hz, 1H), 4.77 (d, J = 3.3 Hz, 1H), 4.23 (t, J = 8.0 Hz, 1H), 3.76 (t, J 

= 6.5 Hz, 2H), 2.67 – 2.45 (m, 2H). 

13C NMR (100 MHz, CDCl3) δ 162.7, 160.4, 148.8, 144.9, 135.8, 129.9, 129.6, 128.8, 127.4, 

125.0, 99.5, 68.0, 48.0, 35.0. 

IR (Liquid film, cm-1) 3063 (w), 3028 (w), 2947 (w), 2887 (w), 1807 (w), 1782 (m), 1744 (s), 

1618 (w), 1496 (w), 1469 (w), 1452 (w), 1373 (w), 1309 (w), 1189 (w), 1087 (m), 1035 (w), 969 

(w), 879 (w), 778 (w), 755 (w), 699 (m). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C26H21NNaO5
+ 450.1312; Found 450.1311. 
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1,3-Dioxoisoindolin-2-yl 2-(3-methoxypropoxy)acrylate (2.2.128c) 

 

This compound was prepared following the general procedure 2.B starting from 3-

methoxypropan-1-ol and obtained as a beige solid (189 mg, 36% over 4 steps). 

Mp 71-73.5 °C. 

1H NMR (400 MHz, CDCl3) δ 7.96 – 7.86 (m, 2H), 7.85 – 7.76 (m, 2H), 5.65 (d, J = 3.3 Hz, 1H), 

4.95 (d, J = 3.3 Hz, 1H), 3.94 (t, J = 6.3 Hz, 2H), 3.54 (t, J = 6.0 Hz, 2H), 3.36 (s, 3H), 2.06 (tt, J = 

6.3 Hz, J = 6.0 Hz, 2H). 

13C NMR (101 MHz, CDCl3) δ 161.9, 159.6, 148.0, 135.0, 129.1, 124.2, 98.6, 69.0, 66.2, 58.9, 

29.1. 

IR (Liquid film, cm-1) 2928 (w), 2884 (w), 1809 (w), 1783 (m), 1743 (s), 1621 (m), 1467 (w), 

1365 (m), 1308 (m), 1189 (m), 1082 (s), 968 (m), 876 (m), 785 (w), 726 (w), 695 (s). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C15H15NNaO6
+ 328.0792; Found 328.0796. 
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3. -C-H Azidation of alcohols using N-acyloxy imidates  

  Synthetic studies toward the synthesis of N-acyloxy imidates 

N-hydroxybenzimidoyl chloride (2.3.38) 

 

It was prepared according to a literature procedure.124 

(Z)-N-((tert-butyldimethylsilyl)oxy)benzimidoyl chloride (2.3.39) 

 

To a solution of (E)-benzaldehyde oxime (485 mg, 4.0 mmol, 1.0 equiv) in CHCl3 (14 mL, 0.28 

M) was added catalytic amount of pyridine (1 drop) and the reaction mixture was stirred for 

5 min at room temperature. N-chlorosuccinimide (534 mg, 4.0 mmol, 1.0 equiv) was then 

added portionwise and reaction stirred at room temperature overnight (16 h). The solvents 

were removed under reduced pressure to give the crude N-hydroxybenzimidoyl chloride 

2.3.38 in excellent purity which was used for the next step without purification.  

To a solution of crude chloroxime 2.3.38 (1.0 equiv) in dry DMF (16.5 mL, 0.5 M) cooled at 0 

°C was added TBSCl (1.86 g, 12.4 mmol, 1.5 equiv) followed by imidazole (1.69 g, 24.8 mmol, 

3.0 equiv). The reaction mixture was warmed to room temperature and stirred for 2 h. The 

reaction mixture was diluted with 50 mL of Et2O. The organic layer was washed with a cold 

satd. aq. NH4Cl solution and cold water. The aqueous layer was extracted with Et2O. The 

combined organic layers were washed with brine, dried over Na2SO4, filtered and 

concentrated under reduced pressure. The crude product was purified by flash column 

chromatography (SiO2, 60:1 PE/EtOAc) to yield 2.3.39 (1.87 g, 84% over 2 steps) as a colorless 

oil. 

 

 

 

 

 

124 A. V. Dubrovskiy, R. C. Larock, Org. Lett. 2010, 12, 1180–1183. 
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1H NMR (400 MHz, CDCl3) δ 7.93 – 7.86 (m, 2H), 7.47 – 7.36 (m, 3H), 1.02 (s, 9H), 0.30 (s, 6H). 

13C NMR (101 MHz, CDCl3) δ 142.0, 133.2, 130.5, 128.5, 127.4, 26.1, 18.4, -5.0. 

IR (Liquid film, cm-1) 2956 (w), 2858 (w), 1562 (w), 1468 (w), 1254 (m), 984 (s), 831 (s), 787 (s), 

677 (s). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C13H21ClNOSi+ 270.1075; Found 270.1079. 

 (Z)-N-((triisopropylsilyl)oxy)benzimidoyl chloride (2.3.40) 

 

To a solution of (E)-benzaldehyde oxime (485 mg, 4.0 mmol, 1.0 equiv) in CHCl3 (14 mL, 0.28 

M) was added catalytic amount of pyridine (1 drop) and the reaction mixture was stirred for 

5 min at room temperature. N-chlorosuccinimide (534 mg, 4.0 mmol, 1.0 equiv) was then 

added portionwise and reaction stirred at room temperature overnight (16 h). The solvents 

were removed under reduced pressure to give the crude N-hydroxybenzimidoyl chloride 

2.3.38 in excellent purity which was used for the next step without purification.  

To a solution of crude chloroxime 2.3.38 in dry DMF (16.5 mL, 0.5 M) cooled at 0 °C was added 

TIPSCl (2.65 mL, 12.4 mmol, 1.5 equiv) followed by imidazole (1.69 g, 24.8 mmol, 3.0 equiv). 

The reaction mixture was warmed to room temperature and stirred for 2 h. The reaction 

mixture was diluted with 50 mL of Et2O. The organic layer was washed with a cold saturated 

aqueous solution of NH4Cl and cold water. The aqueous layer was extracted with Et2O. The 

combined organic layers were washed with brine, dried over Na2SO4, filtered and 

concentrated under reduced pressure. The crude product was purified by flash column 

chromatography (SiO2, pure PE) to give 2.3.40 (1.59 g, 62% over 2 steps) as a colorless oil. 

1H NMR (400 MHz, CDCl3) δ 7.92 – 7.85 (m, 2H), 7.47 – 7.35 (m, 3H), 1.33 (hept, J = 6.9 Hz, 

3H), 1.15 (d, J = 6.9 Hz, 18H). 

13C NMR (101 MHz, CDCl3) δ 141.9, 133.3, 130.4, 128.5, 127.4, 18.0, 12.0. 

IR (Liquid film, cm-1) 2945 (m), 2866 (m), 1464 (m), 1560 (w), 1255 (m), 982 (s), 881 (m), 791 

(s), 687 (s). 

HRMS (APCI/QTOF) m/z: [M + H]+ Calcd for C16H27ClNOSi+ 312.1545; Found 312.1545. 
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(Z)-N-((4-(trifluoromethyl)benzoyl)oxy)benzimidoyl chloride (2.3.41) 

 

To a solution of (E)-benzaldehyde oxime (485 mg, 4.0 mmol, 1.0 equiv) in CHCl3 (14 mL, 0.28 

M) was added catalytic amount of pyridine (1 drop) and the reaction mixture was stirred for 

5 min at room temperature. N-chlorosuccinimide (534 mg, 4.0 mmol, 1.0 equiv) was then 

added portionwise and reaction stirred at room temperature overnight (16 h). The solvents 

were removed under reduced pressure to give the crude N-hydroxybenzimidoyl chloride 

2.3.38 in excellent purity which was used for the next step without purification.  

To a solution of crude chloroxime 2.3.38 (1.0 equiv) in dry DCM (40 mL, 0.1 M) cooled at 0 °C 

was added Et3N (0.83 mL, 6.0 mmol, 1.5 equiv) followed by 4-trifluoromethylbenzoyl chloride 

(0.89 mL, 6.0 mmol, 1.5 equiv) dropwise. The reaction was warmed to room temperature and 

stirred for 8 h. The reaction mixture was quenched with water. The aqueous layer was 

extracted three times with DCM. The combined organic layers were washed with a satd. aq. 

NH4Cl solution and brine, dried over Na2SO4, filtered and concentrated under reduced 

pressure. The crude product was purified by flash column chromatography (20:1 PE/EtOAc) to 

give 2.3.41 (970 mg, 74% over 2 steps) as a white solid. 

Mp 107-109.5 °C. 

1H NMR (400 MHz, CDCl3) δ 8.32 (br d, J = 8.1 Hz, 2H), 8.09 – 8.02 (m, 2H), 7.79 (br d, J = 8.1 

Hz, 2H), 7.56 (t, 7.4 Hz, 1H), 7.48 (t, 7.8 Hz, 2H). 

13C NMR (101 MHz, CDCl3) δ 161.6, 149.1, 135.4 (q, J = 32.9 Hz), 132.5, 131.5, 131.3, 130.6, 

128.9, 128.5, 125.9 (q, J = 3.7 Hz), 123.6 (q, J = 272.9 Hz). 

IR (Liquid film, cm-1) 3071 (w), 1760 (s), 1590 (w), 1563 (m), 1412 (m), 1324 (s), 1259 (s), 1173 

(s), 1156 (s), 1127 (s), 1077 (s), 1030 (m), 1015 (m), 975 (s), 911 (w), 862 (s), 765 (s), 695 (s). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C15H9ClF3NNaO2
+ 350.0166; Found 350.0167. 
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Phenyl(phenylsulfonyl)methanone O-(tert-butyldimethylsilyl) oxime (2.3.43) 

 

2.3.43 was synthesized using a modification of a literature procedure.122c 

To a slurry of sodium hydride (89 mg, 60% w/w in parafilm, 2.2 mmol, 1.5 equiv) in dry THF 

(5.3 mL, 0.28 M) at 0 °C was added dropwise thiophenol (0.15 mL, 1.5 mmol, 1.0 equiv). The 

mixture was warmed to room temperature and stirred for 30 min. The solution was then 

cooled back to 0 °C and a solution of O-TBS protected chloroxime 2.3.38 (400 mg, 1.5 mmol, 

1.0 equiv) in dry THF (0.7 mL, 2.1 M) was added dropwise. The reaction mixture was stirred at 

room temperature for 5 h. The mixture was diluted with Et2O and washed with a satd. aq. 

NH4Cl solution and brine. The combined organic layers were dried over Na2SO4, filtered and 

concentrated under reduced pressure in a fume hood. The crude product was purified by flash 

column chromatography on a small pad of silica gel (30:1 PE/EtOAc) to give 2.3.42 (514 mg, 

quantitative) as a colorless oil. 

1H NMR (400 MHz, CDCl3) δ 7.29 – 7.25 (m, 2H), 7.24 – 7.19 (m, 2H), 7.19 – 7.16 (m, 1H), 7.16 

– 7.12 (m, 2H), 7.12 – 7.04 (m, 3H), 1.02 (s, 9H), 0.26 (s, 6H). 

13C NMR (101 MHz, CDCl3) δ 159.1, 134.3, 133.3, 131.3, 129.4, 129.0, 128.6, 127.9, 127.9, 26.3, 

18.4, -5.0. 

IR (Liquid film, cm-1) 2927 (w), 2856 (w), 1469 (w), 1441 (w), 1252 (m), 937 (s), 831 (s), 785 (s), 

690 (s). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C19H26NOSSi+ 344.1499; Found 344.1509. 

To a solution of thiohydroximate 2.3.42 (400 mg, 1.2 mmol, 1.0 equiv) in dry DCM (12 mL, 0.1 

M) cooled at 0 °C was added solid NaHCO3 (322 mg, 3.8 mmol, 3.3 equiv) and m-

chloroperoxybenzoic acid (= m-CPBA, 574 mg, 77% w/w, 2.6 mmol, 2.2 equiv). The reaction 

mixture was stirred at room temperature for 6 h. The reaction mixture was diluted with DCM 

and washed with an aq. Na2S2O3 solution. The combined organic layers were washed three 

times with satd. aq. NaHCO3 solution and brine, dried over Na2SO4, filtered, and concentrated 

under reduced pressure. The crude product was purified by flash column chromatography 

(PE/EtOAc) to give 2.3.43 (405 mg, 93%) as a white solid. 

Mp 108 - 111 °C. 

1H NMR (400 MHz, CDCl3) δ 7.98 – 7.91 (m, 2H), 7.71 – 7.58 (m, 3H), 7.56 – 7.41 (m, 5H), 0.76 

(br s, 9H), 0.08 (br s, 6H). 

 

 

112c S. Kim, N. A. B. Kamaldin, S. Kang, S. Kim, Chem. Commun. 2010, 46, 7822–7824 
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13C NMR (101 MHz, CDCl3) δ 157.7, 142.1, 133.7, 130.5, 130.0, 130.0, 128.9, 128.5, 128.4, 25.9, 

18.4, -5.4. 

IR (Liquid film, cm-1) 2953 (w), 2928 (w), 2891 (w), 2860 (w), 1471 (w), 1446 (w), 1322 (m), 

1255 (m), 1156 (s), 1088 (w), 1012 (m), 996 (m), 956 (s), 833 (s), 792 (s), 762 (s), 724 (m), 688 

(s), 658 (m). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C19H25NNaO3SSi+ 398.1217; Found 398.1213. 

Example of procedure attempted for the synthesis of N-hydroxy imidate by alkoxide addition 

/elimination  

To a suspension of NaH (60% wt in parafilm or washed, 1.5 equiv) in anhydrous THF (0.5 M) 

cooled at 0 °C was added dropwise an alcohol (1.5 equiv). The reaction mixture was warmed 

to room temperature and stirred vigorously for 10 min. A solution of chloroxime (1.0 equiv) in 

anhydrous THF (0.28 M) was added dropwise at room temperature. The reaction was 

quenched with cold water and extracted three times with EtOAc. The combined organic layers 

were washed with brine, dried over Na2SO4, filtered, and concentrated under reduced 

pressure. The reaction crude was analyzed by 1H NMR and quantified using CH2Br2 as internal 

standard.  

Example of procedure attempted for the synthesis of N-hydroxy imidate derivatives under 

coupling conditions 

To a solution of alcohol (1.0 equiv), Et3N (1.1 equiv) in anhydrous DMF (0.17 M) was added at 

room temperature dropwise a solution of chloroxime (1.1 equiv) in anhydrous DMF (0.28 M). 

The reaction was stirred at room temperature. The reaction crude was analyzed by thin layer 

chromatography and 1H NMR.  

Side-product observed during the development of the N-acyloxy imidate synthesis 

Phenethyl benzoate (2.3.48) 

 
1H NMR (400 MHz, CDCl3) δ 8.04 – 8.00 (m, 2H), 7.58 – 7.53 (m, 1H), 7.46 – 7.41 (m, 2H), 7.36 

– 7.28 (m, 4H), 7.27 – 7.22 (m, 1H), 4.54 (t, J = 7.0 Hz, 2H), 3.09 (t, J = 7.0 Hz, 2H). 

The spectroscopic data are consistent with those reported in the literature.263  

 

 

 

 

                                                      

263 S. Magens, M. Ertelt, A. Jatsch, B. Plietker, Org. Lett. 2008, 10, 53–56. 
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Phenethyl 4-(trifluoromethyl)benzoate (2.3.52) 

 
1H NMR (400 MHz, CDCl3) δ 8.14 – 8.09 (m, 2H), 7.72 – 7.68 (m, 2H), 7.38 – 7.30 (m, 2H), 7.30 

– 7.23 (m, 3H), 4.57 (t, J = 7.0 Hz, 2H), 3.10 (t, J = 7.0 Hz, 2H). 

The spectroscopic data are consistent with those reported in the literature.264  

Tert-butyldimethyl(phenethoxy)silane (2.3.55) 

 
1H NMR (400 MHz, CDCl3) δ 7.31 – 7.25 (m, 3H), 7.22 – 7.17 (m, 3H), 3.81 (t, J = 7.2 Hz, 2H), 

2.82 (t, J = 7.1 Hz, 2H), 0.88 (s, 9H), -0.01 (s, 6H). 

The spectroscopic data are consistent with those reported in the literature.265  

2-Phenylacetaldehyde (2.3.56) 

 

2.3.56 was identified in 1H NMR of the reaction crude by comparison with commercial 2-

phenylacetaldehyde.  

Triisopropyl(phenethoxy)silane (2.3.58) 

 

2.3.58 was identified in 1H NMR of the reaction crude by comparison with the spectroscopic 

data reported in the literature.266  

tert-Butyl(phenethoxy)diphenylsilane (2.3.72) 

 

2.3.72 was identified in 1H NMR of the reaction crude by comparison with the spectroscopic 

data reported in the literature.267  

 

 

 

 

 

                                                      

264 C. Zhang, P. Feng, N. Jiao, J. Am. Chem. Soc. 2013, 135, 15257–15262. 
265 H. Ito, K. Takagi, T. Miyahara, M. Sawamura, Org. Lett. 2005, 7, 3001–3004. 
266 A. Khalafi-Nezhad, R. Fareghi Alamdari, N. Zekri, Tetrahedron 2000, 56, 7503–7506. 
267 D. Gao, C. Cui, Chem. Eur. J. 2013, 19, 11143–11147. 
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N-((tert-butyldiphenylsilyl)oxy)benzamide (2.3.70) 

 

It was prepared according to a literature procedure.135 

Propyl benzimidate hydrochloride salt (2.3.78) 

 

It was prepared according to a literature procedure.268  

Phenethyl 2,2,2-trichloroacetimidate (2.3.81) 

 

It was prepared according to a literature procedure.112 

 

  

                                                      

112 E. A. Wappes, K. M. Nakafuku, D. A. Nagib, J. Am. Chem. Soc. 2017, 139, 10204–10207. 
135 D. Muri, J. W. Bode, E. M. Carreira, Org. Lett. 2000, 2, 539–541. 
268 V. K. Yadav, K. G. Babu, Eur. J. Org. Chem. 2005, 2005, 452–456. 
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  Intermediates and side-products observed during the optimization 

2,4-diphenyl-4,5-dihydrooxazole (2.3.94) 

 
1H NMR (400 MHz, CDCl3) δ 8.08 – 8.01 (m, 2H), 7.54 – 7.49 (m, 1H), 7.47 – 7.41 (m, 2H), 7.39 

– 7.26 (m, 5H), 5.39 (dd, J = 10.1, 8.2 Hz, 1H), 4.80 (dd, J = 10.1, 8.2 Hz, 1H), 4.28 (appt, J = 8.3 

Hz, 1H). 

13C NMR (100 MHz, CDCl3) δ 164.9, 142.5, 131.7, 128.9, 128.6, 128.5, 127.8, 127.7, 126.9, 75.1, 

70.3. 

The spectroscopic data were consistent with those previously reported in the literature.112 

(2-azido-2-phenylethoxy)trimethylsilane (2.3.92) 

 
1H NMR (400 MHz, CDCl3) δ 7.42 – 7.28 (m, 5H), 4.61 (dd, J = 8.4, 4.3 Hz, 1H), 3.85 – 3.65 (m, 

2H), 0.13 (br s, 9H). 

13C NMR (100 MHz, CDCl3) δ 137.0, 128.8, 128.5, 127.2, 67.6, 67.5, -0.5. 

The spectroscopic data were consistent with those previously reported in the literature.269  

  

                                                      

112 E. A. Wappes, K. M. Nakafuku, D. A. Nagib, J. Am. Chem. Soc. 2017, 139, 10204–10207. 
269 K. I. Sutowardoyo, M. Emziane, P. Lhoste, D. Sinou, Tetrahedron 1991, 47, 1435–1446. 



Chapter 4: Experimental section 

194 

 

  Synthesis of N-acyloxy imidates 

 Ester synthesis 

General procedure 3.A for the synthesis of ester 

 

To a solution of the corresponding alcohol (1.0 equiv) in anhydrous CH2Cl2 (0.1 M) at 0 °C were 

successively added DMAP (0.05 equiv), Et3N (2.0 equiv) and dropwise the corresponding acyl 

chloride (1.5 equiv). The reaction was warmed to room temperature and stirred until the full 

consumption of the starting material. The reaction mixture was quenched with a satd. aq. 

NH4Cl solution. The aqueous layer was extracted three times with CH2Cl2. The combined 

organic layers were washed with a satd. aq. NaHCO3 solution and brine, dried over Na2SO4, 

filtered and concentrated under reduced pressure. The crude product was purified by flash 

column chromatography to yield the pure product. 

Phenethyl benzoate (2.3.48) 

 

This compound was prepared following the general procedure 3.A using phenethyl alcohol 

(8.5 mmol) and benzoyl chloride as starting materials. The crude product was purified by flash 

column chromatography (25:1 PE/EtOAc) to give 2.3.48 (1.8 g, 92%) as a colorless oil.  

1H NMR (400 MHz, CDCl3) δ 8.04 – 8.00 (m, 2H), 7.58 – 7.53 (m, 1H), 7.46 – 7.41 (m, 2H), 7.36 

– 7.28 (m, 4H), 7.27 – 7.22 (m, 1H), 4.54 (t, J = 7.0 Hz, 2H), 3.09 (t, J = 7.0 Hz, 2H). 

13C NMR (101 MHz, CDCl3) δ 166.7, 138.1, 133.1, 130.4, 129.7, 129.1, 128.7, 128.5, 126.7, 65.6, 

35.4. 

The spectroscopic data are consistent with those reported in the literature.263 

2,2-Diphenylethyl benzoate (S2.3.1) 

 

This compound was prepared following the general procedure 3.A using 2,2-diphenylethanol 

(7.9 mmol) and benzoyl chloride as starting materials. The crude product was purified by flash 

column chromatography (20:1 PE/EtOAc) to give S2.3.1 (2.0 g, 82%) as a white solid. 

 

263 S. Magens, M. Ertelt, A. Jatsch, B. Plietker, Org. Lett. 2008, 10, 53–56. 
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Mp: 90-92 °C. 

1H NMR (400 MHz, CDCl3) δ 7.96-7.83 (m, 2H), 7.52 (m, 1H), 7.45-7.27 (m, 10H), 7.25-7.21 (m, 

2H), 4.86 (d, J = 7.5 Hz, 2H), 4.52 (t, J = 7.5 Hz, 1H).  

13C NMR (100 MHz, CDCl3) δ 166.8, 141.5, 133.3, 130.4, 129.9, 128.9, 128.7, 128.6, 127.2, 67.6, 

50.3.  

IR (Liquid film, cm-1) 3034 (w), 1718 (s), 1453 (s), 1272 (s), 1112 (s), 699 (s). 

HRMS (ESI/QTOF) calcd for C21H18NaO2
+ [M+Na]+ 325.1199; found 325.1200. 

Isobutyl benzoate (S2.3.2) 

 

This compound was prepared following the general procedure 3.A using isobutanol (13 mmol) 

and benzoyl chloride as starting materials. The crude product was purified by flash column 

chromatography (40:1 PE/EtOAc) to give S2.3.2 (2.3 g, quantitative) as a colorless liquid. 

1H NMR (400 MHz, CDCl3) δ 8.08 – 8.04 (m, 2H), 7.58 – 7.53 (m, 1H), 7.47 – 7.42 (m, 2H), 4.11 

(d, J = 6.7 Hz, 2H), 2.09 (sept, J = 6.7 Hz, 1H), 1.03 (d, J = 6.7 Hz, 6H). 

13C NMR (101 MHz, CDCl3) δ 166.8, 132.9, 130.7, 129.7, 128.5, 71.1, 28.0, 19.3. 

The spectroscopic data were consistent with those previously reported in the literature.270  

Phenethyl 4-(trifluoromethyl)benzoate (2.3.52) 

 

This compound was prepared following the general procedure 3.A using phenethyl alcohol 

(9.0 mmol) and 4-trifluoromethylbenzoyl chloride as starting materials. The crude product was 

purified by recrystallization (PE) to give 2.3.52 (2.7 g, quantitative) as a white/slightly yellow 

solid. 

1H NMR (400 MHz, CDCl3) δ 8.14 – 8.09 (m, 2H), 7.72 – 7.68 (m, 2H), 7.38 – 7.30 (m, 2H), 7.30 

– 7.23 (m, 3H), 4.57 (t, J = 7.0 Hz, 2H), 3.10 (t, J = 7.0 Hz, 2H). 

13C NMR (101 MHz, CDCl3) δ 165.4, 137.8, 134.6 (q, J = 32.6 Hz), 133.6, 130.1, 129.1, 128.8, 

126.9, 125.5 (q, J = 3.8 Hz), 123.8 (q, J = 272.8 Hz), 66.1, 35.3. 

The spectroscopic data are consistent with those reported in the literature.264 

 

                                                      

270 Y. Hu, B. Li, Tetrahedron 2017, 73, 7301–7307. 
264 C. Zhang, P. Feng, N. Jiao, J. Am. Chem. Soc. 2013, 135, 15257–15262. 
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Phenethyl 4-methoxybenzoate (S2.3.3) 

 

This compound was prepared following the general procedure 3.A using phenethyl alcohol 

(9.0 mmol) and 4-methoxybenzoyl chloride as starting materials. The crude product was 

purified by flash column chromatography (10:1 PE/EtOAc) to give S2.3.3 (2.1 g, quantitative) 

as a colorless solid. 

1H NMR (400 MHz, CDCl3) δ 8.00 – 7.96 (m, 2H), 7.35 – 7.22 (m, 5H), 6.94 – 6.89 (m, 2H), 4.51 

(t, J = 7.0 Hz, 2H), 3.86 (s, 3H), 3.07 (t, J = 7.0 Hz, 2H). 

13C NMR (101 MHz, CDCl3) δ 166.4, 163.5, 138.2, 131.7, 129.1, 128.6, 126.7, 122.9, 113.7, 65.3, 

55.5, 35.4. 

The spectroscopic data are consistent with those reported in the literature.264 

 

Phenethyl acetate (S2.3.4) 

 

This compound was prepared following the general procedure 3.A using phenethyl alcohol 

(9.0 mmol) and acetyl chloride as starting materials. The crude product was purified by flash 

column chromatography (12:1 PE/EtOAc) to yield S2.3.4 (1.2 g, 86%) as a colorless liquid. 

1H NMR (400 MHz, CDCl3) δ 7.32 – 7.24 (m, 2H), 7.23 – 7.15 (m, 3H), 4.25 (t, J = 7.1 Hz, 2H), 

2.91 (t, J = 7.1 Hz, 2H), 2.01 (s, 3H). 

13C NMR (101 MHz, CDCl3) δ 171.1, 138.0, 129.0, 128.6, 126.7, 65.0, 35.2, 21.1. 

The spectroscopic data were consistent with those previously reported in the literature.263 

 

 

 

 

 

 

 

 

 

 

263 S. Magens, M. Ertelt, A. Jatsch, B. Plietker, Org. Lett. 2008, 10, 53–56. 
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2-(4-Fluorophenyl)ethyl acetate (S2.3.5) 

 

This compound was prepared following the general procedure 3.A using 2-(4-

fluorophenyl)ethanol (14.3 mmol) and acetyl chloride as starting materials. The crude product 

was purified by flash column chromatography (25:1 PE/EtOAc) to give S2.3.5 (2.2 g, 83%) as a 

colorless oil. 

1H NMR (400 MHz, CDCl3) δ 7.22-7.12 (m, 2H), 7.04-6.93 (m, 2H), 4.25 (t, J = 7.0 Hz, 2H), 2.90 

(t, J = 7.0 Hz, 2H), 2.03 (s, 3H). 

13C NMR (100 MHz, CDCl3) δ 171.1, 161.8 (d, J = 244.4 Hz), 133.6 (d, J = 3.3 Hz), 130.4 (d, J = 

7.9 Hz), 115.4 (d, J = 21.1 Hz), 65.0, 34.4, 21.1. 

IR (Liquid film, cm-1) 2965 (w), 1740 (s), 1513 (s), 1226 (s), 1033 (s), 830 (m). 

HRMS (APPI/LTQ-Orbitrap) calcd for C10H11FO2
+ [M]+ 182.0738; found 182.0743. 

2-(3-Methylphenyl)ethyl acetate (S2.3.6) 

 

This compound was prepared following the general procedure 3.A using 2-(3-

methylphenyl)ethanol (14.7 mmol) and acetyl chloride as starting materials. The crude 

product was purified by flash column chromatography (35:1 PE/EtOAc) to give S2.3.6 (2.3 g, 

89%) as a colorless oil. 

1H NMR (400 MHz, CDCl3) δ 7.24-7.16 (m, 1H), 7.09-6.99 (m, 3H), 4.28 (t, J = 7.2 Hz, 2H), 2.91 

(t, J = 7.2 Hz, 2H), 2.34 (s, 3H), 2.05 (s, 3H). 

13C NMR (100 MHz, CDCl3) δ 171.2, 138.2, 137.8, 129.8, 128.5, 127.4, 126.0, 65.1, 35.1, 21.5, 

21.1. 

IR (Liquid film, cm-1) 2946 (w), 1739 (s), 1365 (w), 1234 (s), 1035 (s), 780 (m), 699 (m). 

HRMS (ESI/QTOF) calcd for C11H14NaO2
+ [M+Na]+  201.0886; found 201.0882. 

2-(2-Chlorophenyl)ethyl acetate (S2.3.7) 

 

This compound was prepared following the general procedure 3.A using 2-(2-

chlorophenyl)ethanol (15 mmol) and acetyl chloride as starting materials. The crude product 

was purified by flash column chromatography (25:1 PE/EtOAc) to give S2.3.7 (2.4 g, 82%) as a 

colorless oil. 
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1H NMR (400 MHz, CDCl3) δ 7.41-7.31 (m, 1H), 7.30-7.24 (m, 1H), 7.24-7.16 (m, 2H), 4.33 (t, J 

= 7.0 Hz, 2H), 3.10 (t, J = 7.0 Hz, 2H), 2.06 (s, 3H). 

13C NMR (100 MHz, CDCl3) δ 171.1, 135.6, 134.4, 131.2, 129.7, 128.3, 127.0, 63.4, 32.9, 21.1. 

IR (Liquid film, cm-1) 2965 (w), 1739 (s), 1479 (w), 1441 (w), 1367 (w), 1233 (s), 1038 (s), 754 

(s). 

HRMS (ESI/QTOF) calcd for C8H8Cl+ [M-OAc]+ 139.0309; found 139.0305 (fragmentation 

acetate). 

2-(4-Methoxyphenyl)ethyl acetate (S2.3.8) 

 

This compound was prepared following the general procedure 3.A using 2-(4-

methoxyphenyl)ethanol (13.1 mmol) and acetyl chloride as starting materials. The crude 

product was purified by flash column chromatography (12:1 to 10:1 PE/EtOAc) to give S2.3.8 

(2.4 g, 94%) as a colorless oil. 

1H NMR (400 MHz, CDCl3) δ 7.18-7.10 (m, 2H), 6.89-6.81 (m, 2H), 4.24 (t, J = 7.1 Hz, 2H), 3.79 

(s, 3H), 2.88 (t, J = 7.1 Hz, 2H), 2.04 (s, 3H). 

13C NMR (100 MHz, CDCl3) δ 171.1, 158.4, 130.0, 129.9, 114.0, 65.3, 55.3, 34.3, 21.1. 

IR (Liquid film, cm-1) 2959 (w), 1739 (s), 1514 (s), 1234 (s), 1035 (s), 830 (w). 

HRMS (ESI/QTOF) calcd for C9H11O+ [M-OAc]+ 135.0804; found 135.0803 (fragmentation 

acetate). 

Cyclohexylmethyl acetate (S2.3.9) 

 

This compound was prepared by Dr. Rubén Omar Torres-Ochoa. 

This compound was prepared following the general procedure 3.A using cyclohexylmethanol 

(5.7 mmol) and acetyl chloride as starting materials. The crude product was purified by flash 

column chromatography (99:1 PE/Et2O) to give S2.3.9 (748 mg, 84%) as a yellow oil. 

1H NMR (400 MHz, CDCl3) δ 3.87 (d, J = 6.8 Hz, 2H), 2.05 (s, 3H), 1.74-1.58 (m, 6H), 1.31-1.34 

(m, 3H), 1.00-0.91 (m, 2H). 

13C NMR (100 MHz, CDCl3) δ 171.4, 69.8, 37.2, 29.8 (2), 26.5, 25.8 (2), 21.1. 

IR (Liquid film, cm-1) 1743 (s), 1451 (w), 1366 (w), 1238 (s), 1227 (s), 1030 (m). 

HRMS: Product not stable in MS, the exact mass could not be detected. 
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 (Tetrahydro-2H-pyran-4-yl)methyl acetate (S2.3.10) 

 

This compound was prepared by Dr. Rubén Omar Torres-Ochoa. 

This compound was prepared following the general procedure 3.A using tetrahydropyran-4-

methanol (5.82 mmol) and acetyl chloride as starting materials. The crude product was 

purified by flash column chromatography (4:1 pentane/Et2O) to give S2.3.10 (870 mg, 95%) as 

a yellow oil. 

1H NMR (400 MHz, CDCl3) δ 3.99-3.95 (m, 2H), 3.92 (d, J = 6.8 Hz, 2H), 3.38 (td, J = 11.6, 2.0 

Hz, 2H), 2.05 (s, 3H), 1.95-1.84 (m, 1H), 1.64-1.59 (m, 2H), 1.41-1.31 (m, 2H). 

13C NMR (100 MHz, CDCl3) δ 171.2, 68.8, 67.6 (2), 34.6, 29.6 (2), 21.0. 

IR (Liquid film, cm-1) 1738 (s), 1364 (w), 1228 (s), 1148 (w), 1095 (m), 1035 (s). 

HRMS: Product not stable in MS, the exact mass could not be detected. 

3-((tert-butyldiphenylsilyl)oxy)propan-1-ol (S2.3.11) 

 

It was prepared according to a literature procedure.271  

3-((tert-butyldiphenylsilyl)oxy)propyl acetate (S2.3.12) 

 

This compound was prepared following the general procedure 3.A using 3-((tert-

butyldiphenylsilyl)oxy)propan-1-ol S2.3.11(13.7 mmol) and acetyl chloride as starting 

materials. The crude product was purified by flash column chromatography (12:1 PE/EtOAc) 

to give S2.3.12 (4.4 g, 90%) as a colorless oil. 

1H NMR (400 MHz, CDCl3) δ 7.70 – 7.63 (m, 2H), 7.48 – 7.34 (m, 3H), 4.22 (t, J = 6.4 Hz, 1H), 

3.74 (t, J = 6.0 Hz, 1H), 2.01 (s, 1H), 1.87 (dt, J = 6.0 Hz, J = 6.4 Hz, 1H), 1.05 (s, 4H). 

13C NMR (101 MHz, CDCl3) δ 135.7, 133.9, 129.8, 127.8, 61.6, 60.4, 31.7, 27.0, 21.1, 19.4. 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C21H28NaO3Si+ 379.1700; Found 379.1700 

IR (Liquid film, cm-1) 2956 (w), 2931 (w), 2858 (w), 1738 (m), 1427 (w), 1238 (m), 1107 (s), 822 

(m), 735 (m), 700 (s). 

                                                      

271 V. Druais, M. J. Hall, C. Corsi, S. V. Wendeborn, C. Meyer, J. Cossy, Org. Lett. 2009, 11, 935–938. 
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2-methyl-1-phenylpropyl acetate (S2.3.13) 

 

This compound was prepared following the general procedure 3.A using 2-methyl-1-

phenylpropan-1-ol (15 mmol) and acetyl chloride as starting materials. The crude product was 

purified by flash column chromatography (40:1 PE/EtOAc) to give S2.3.13 (1.4 g, 49%) as a 

colorless oil. 

1H NMR (400 MHz, CDCl3) δ 7.38 – 7.24 (m, 5H), 5.48 (d, J = 7.6 Hz, 1H), 2.17 – 2.03 (m, 1H), 

2.08 (s, 3H), 0.98 (d, J = 6.7 Hz, 3H), 0.81 (d, J = 6.8 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 170.5, 139.9, 128.3, 127.8, 127.2, 81.1, 33.6, 21.3, 18.8, 18.6. 

The spectroscopic data are consistent with those reported in the literature.272  

2-(6-methoxynaphthalen-2-yl)propan-1-ol (S2.3.14) 

 

This compound was prepared by Dr. Rubén Omar Torres-Ochoa. 

It was prepared according to a literature procedure.273  

2-(6-methoxynaphthalen-2-yl)propyl acetate (S2.3.15) 

 

This compound was prepared by Dr. Rubén Omar Torres-Ochoa. 

This compound was prepared following the general procedure 3.A using 2-(6-

methoxynaphthalen-2-yl)propan-1-ol S2.3.14 (1.4 mmol) and acetyl chloride as starting 

materials. The crude product was purified by flash column chromatography (PE/EtOAc) to give 

S2.3.15 (333 mg, 92%) as a colorless oil. 

                                                      

272 Y. Wang, L. Zhang, Y. Yang, P. Zhang, Z. Du, C. Wang, J. Am. Chem. Soc. 2013, 135, 18048–18051. 
273 J. A. Morales-Serna, E. García-Ríos, J. Bernal, E. Paleo, R. Gaviño, J. Cárdenas, Synthesis 2011, 2011, 1375–1382. 
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1H NMR (400 MHz, CDCl3) δ 7.70 (d, J = 8.5 Hz, 2H), 7.59 (d, J = 1.8 Hz, 1H), 7.33 (dd, J = 8.5, 

1.8 Hz, 1H), 7.17 – 7.09 (m, 2H), 4.28 (dd, J = 10.8, 7.0 Hz, 1H), 4.20 (dd, J = 10.8, 7.3 Hz, 1H), 

3.92 (s, 3H), 3.23 (h, J = 7.0 Hz, 1H), 2.01 (s, 3H), 1.38 (d, J = 7.0 Hz, 3H). 

The spectroscopic data are consistent with those reported in the literature.274  

  

                                                      

274 A. Basak, A. Nag, G. Bhattacharya, S. Mandal, S. Nag, Tetrahedron Asymmetry 2000, 11, 2403–2407. 
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 Thionoester synthesis 

General procedure 3.B for the preparation of thionoesters: 

 

A solution of the corresponding ester (1.0 equiv) and Lawesson’s reagent (0.6-1.0 equiv) in 

toluene or p-xylene (1.0 M) was heated at reflux under inert atmosphere. The progress of the 

reaction was monitored by thin layer chromatography. After completion of the reaction, the 

reaction mixture was filtered through a small pad of Celite with DCM as the washing solvent. 

The DCM was evaporated under reduced pressure. Depending on the Rf of the product, either 

the solvent of high boiling point (toluene or p-xylene) was removed under reduced pressure 

before purification by flash column chromatography on silica gel or the reaction mixture was 

poured directly onto the top of the column and eluted first with pure petroleum ether to 

remove xylene before increasing the polarity of the eluent to afford the pure product.   

Note: The products were found to be too unstable for analysis by mass spectroscopy. 

O-2-Phenylethyl benzothioate (S2.3.16) 

 

This compound was prepared following the general procedure 3.B using phenethyl benzoate 

2.3.48 (24.6 mmol) in p-xylene. The crude product was purified by flash column 

chromatography (pure PE to 50:1 PE/EtOAc) to give S2.3.16 (5.45 g, 91%) as a yellow oil. 

1H NMR (400 MHz, CDCl3) δ 8.12 (d, J = 7.9 Hz, 2H), 7.51 (t, J = 7.4 Hz, 1H), 7.40-7.20 (m, 7H), 

4.87 (t, J = 6.9 Hz, 2H), 3.21 (t, J = 6.9 Hz, 2H). 

13C NMR (100 MHz, CDCl3) δ 211.5, 138.5, 137.8, 132.8, 129.1, 128.9, 128.7, 128.2, 126.8, 73.0, 

34.8. 

IR (Liquid film, cm-1) 2951 (w), 1599 (w), 1498 (w), 1454 (m), 1317 (m), 1269 (s), 1228 (s), 1180 

(m), 1101 (w), 1054 (m), 936 (w), 846 (w), 774 (m). 

O-(2,2-Diphenylethyl) benzothioate (S2.3.17) 

 

This compound was prepared following the general procedure 3.B using 2,2-diphenylethyl 

benzoate S2.3.1 (5.8 mmol) in p-xylene. The crude product was purified by flash column 

chromatography (pure PE to 30:1 PE/EtOAc) to give S2.3.17 (1.5 g, 83%) as an orange oil. 
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1H NMR (400 MHz, CDCl3) δ 8.02-7.94 (m, 2H), 7.55-7.44 (m, 1H), 7.39-7.21 (m, 12H), 5.20 (d, 

J = 7.5 Hz, 2H), 4.70 (t, J = 7.5 Hz, 1H). 

13C NMR (100 MHz, CDCl3) δ 211.4, 141.1, 138.4, 132.9, 128.9, 128.8, 128.4, 128.2, 127.1, 74.7, 

49.7. 

IR (Liquid film, cm-1) 3027 (w), 1658 (w), 1494 (m), 1453 (s), 1270 (s), 1230 (s), 1175 (s), 695 

(s). 

O-Isobutyl benzothioate (S2.3.18) 

 

This compound was prepared following the general procedure 3.B using isobutyl benzoate 

S2.3.2 (7.9 mmol) in p-xylene. The crude product was purified by flash column 

chromatography (12:1 PE/EtOAc) to give S2.3.18 (571 mg, 54%) as a yellow oil. 

1H NMR (400 MHz, CDCl3) δ 8.24-8.17 (m, 2H), 7.58-7.50 (m, 1H), 7.44-7.35 (m, 2H), 4.45 (d, J 

= 6.5 Hz, 2H), 2.38-2.20 (m, 1H), 1.10 (d, J = 6.8 Hz, 6H). 

13C NMR (100 MHz, CDCl3) 211.7, 138.7, 132.8, 128.8, 128.2, 79.0, 27.9, 19.5. 

IR (Liquid film, cm-1) 2960 (w), 1693 (w), 1663 (w), 1597 (w), 1493 (w), 1452 (m), 1317 (m), 

1271 (s), 1178 (m), 1056 (m), 909 (w), 882 (w). 

O-phenethyl 4-(trifluoromethyl)benzothioate (S2.3.19) 

 

This compound was prepared following the general procedure 3.B using phenethyl 4-

trifluoromethylbenzoate 2.3.52 (6.8 mmol) in p-xylene. The crude product was purified by 

flash column chromatography (80:1 PE/EtOAc) to give S2.3.19 (678 mg, 32%) as a yellow solid. 

Mp 42-44 °C. 

1H NMR (400 MHz, CDCl3) δ 8.20 (d, J = 8.3 Hz, 1H), 7.63 (d, J = 8.3 Hz, 2H), 7.40 – 7.28 (m, 4H), 

7.32 – 7.22 (m, 1H), 4.90 (t, J = 6.9 Hz, 2H), 3.24 (t, J = 6.9 Hz, 2H). 

13C NMR (100 MHz, CDCl3) δ 209.5, 141.0, 137.6, 133.9 (q, J = 32.6 Hz), 129.1, 129.1, 128.8, 

127.0, 125.2 (q, J = 3.7 Hz), 123.9 (q, J = 272.6 Hz), 73.4, 34.8. 

IR (Liquid film, cm-1) 2929 (w), 2856 (w), 1496 (w), 1454 (w), 1412 (w), 1321 (s), 1263 (m), 

1223 (s), 1171 (s), 1109 (s), 1066 (s), 1011 (m), 845 (m), 748 (m), 696 (s). 
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O-phenethyl 4-methoxybenzothioate (S2.3.20) 

 

This compound was prepared following the general procedure 3.B phenethyl 4-

methoxybenzoate S2.3.3 (3.3 mmol) in p-xylene. The crude product was purified by flash 

column chromatography (30:1 PE/EtOAc) to give S2.3.20 (782 mg, 86%) as an orange solid. 

Mp 70-72 °C. 

1H NMR (400 MHz, CDCl3) δ 8.14 (d, J = 8.6 Hz, 2H), 7.38 – 7.29 (m, 4H), 7.29 – 7.23 (m, 1H), 

6.85 (d, J = 8.6 Hz, 2H), 4.88 (t, J = 6.9 Hz, 2H), 3.86 (s, 3H), 3.21 (t, J = 6.9 Hz, 2H). 

13C NMR (100 MHz, CDCl3) δ 210.5, 163.8, 138.0, 131.7, 131.1, 129.1, 128.7, 126.8, 113.4, 72.6, 

55.6, 34.9. 

IR (Liquid film, cm-1) 2933 (w), 2851 (w), 1597 (m), 1505 (m), 1456 (w), 1329 (m), 1254 (s), 

1215 (s), 1168 (s), 1114 (s), 1027 (s), 835 (s), 731 (w). 

O-2-Phenylethyl ethanethioate (S2.3.21) 

 

This compound was prepared following the general procedure 3.B using phenethyl acetate 

S2.3.4 (4.3 mmol) in p-xylene. The crude product was purified by flash column 

chromatography (pure PE to 50:1 PE/EtOAc) to give S2.3.21 (604 mg, 79%) as a yellow/orange 

oil. 

1H NMR (400 MHz, CDCl3) δ 7.37-7.29 (m, 2H), 7.29-7.21 (m, 3H), 4.65 (t, J = 7.0 Hz, 2H), 3.09 

(t, J = 7.0 Hz, 2H), 2.57 (s, 3H). 

13C NMR (100 MHz, CDCl3) δ 220.1, 137.6, 129.0, 128.7, 126.8, 72.9, 34.6, 34.6. 

IR (Liquid film, cm-1) 2946 (w), 1452 (w), 1365 (w), 1265 (s), 1222 (s), 1029 (s), 743 (s), 699 (s). 

O-2-(4-Fluorophenyl)ethyl ethanethioate (S2.3.22) 

 

This compound was prepared following the general procedure 3.B using 2-(4-

Fluorophenyl)ethyl acetate S2.3.5 (11 mmol) in p-xylene. The crude product was purified by 

flash column chromatography (pure PE to 30:1 PE/EtOAc) to give S2.3.22 (1.7 g, 78%) as an 

orange oil. 

1H NMR (400 MHz, CDCl3) 7.25-7.15 (m, 2H), 7.05-6.95 (m, 2H), 4.61 (t, J = 7.0 Hz, 2H), 3.06 (t, 

J = 7.0 Hz, 2H), 2.56 (s, 3H). 
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13C NMR (100 MHz, CDCl3) δ 220.0, 161.9 (d, J = 244.5 Hz), 133.3 (d, J = 3.2 Hz), 130.5 (d, J = 

8.1 Hz), 115.5 (d, J = 21.3 Hz), 72.7, 34.6, 33.8. 

IR (Liquid film, cm-1) 2953 (w), 1608 (w), 1511 (s), 1271 (s), 1221 (s), 1029 (m), 827 (m). 

O-2-(3-Methylphenyl)ethyl ethanethioate (S2.3.23) 

 

This compound was prepared following the general procedure 3.B using 2-(3-

methylphenyl)ethyl acetate S2.3.6 (8.4 mmol) in p-xylene. The crude product was purified by 

flash column chromatography (pure PE to 40:1 PE/EtOAc) to give S2.3.23 (1.2 g, 71%) as an 

orange oil. 

1H NMR (400 MHz, CDCl3) δ 7.26-7.17 (m, 1H), 7.10-7.02 (m, 3H), 4.64 (t, J = 7.1 Hz, 2H), 3.06 

(t, J = 7.1 Hz, 2H), 2.58 (s, 3H), 2.35 (s, 3H). 

13C NMR (100 MHz, CDCl3) δ 220.1, 138.3, 137.5, 129.8, 128.6, 127.6, 126.1, 73.0, 34.6, 34.5, 

21.5. 

IR (Liquid film, cm-1) 2953 (w), 1446 (w), 1365 (w), 1265 (s), 1216 (s), 1029 (m), 780 (m), 699 

(s). 

O-2-(2-Chlorophenyl)ethyl ethanethioate (S2.3.24) 

 

This compound was prepared following the general procedure 3.B using 2-(2-

chlorophenyl)ethyl acetate S2.3.7 (7.6 mmol) in p-xylene. The crude product was purified by 

flash column chromatography (pure PE to 40:1 PE/EtOAc) to give S2.3.24 (1.1 g, 69%) as an 

orange oil. 

1H NMR (400 MHz, CDCl3) δ 7.39-7.29 (m, 1H), 7.28-7.12 (m, 3H), 4.64 (t, J = 7.0 Hz, 2H), 3.20 

(t, J = 7.0 Hz, 2H), 2.53 (s, 3H). 

13C NMR (100 MHz, CDCl3) δ 220.0, 135.3, 134.4, 131.2, 129.8, 128.4, 127.0, 71.1, 34.6, 32.4. 

IR (Liquid film, cm-1) 2946 (w), 1477 (w), 1446 (w), 1365 (w), 1265 (s), 1216 (s), 1035 (s), 751 

(s).  

O-2-(4-Methoxyphenyl)ethyl ethanethioate (S2.3.25) 

 

This compound was prepared following the general procedure 3.B using 2-(4-

methoxyphenyl)ethyl acetate S2.3.8 (11 mmol) in p-xylene. The crude product was purified by 

flash column chromatography (pure PE to 20:1 PE/EtOAc) to give S2.3.25 (1.9 g, 81%) as an 

orange oil. 
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1H NMR (400 MHz, CDCl3) δ 7.20-7.12 (m, 2H), 6.90-6.82 (m, 2H), 4.60 (t, J = 7.1 Hz, 2H), 3.80 

(s, 3H), 3.03 (t, J = 7.1 Hz, 2H), 2.57 (s, 3H). 

13C NMR (100 MHz, CDCl3) 220.1, 158.5, 130.0, 129.6, 114.1, 73.2, 55.4, 34.6, 33.8. 

IR (Liquid film, cm-1) 2946 (w), 1613 (w), 1514 (s), 1268 (s), 1247 (s), 1032 (s), 825 (w).  

O-(Cyclohexylmethyl) ethanethioate (S2.3.26) 

 

This compound was prepared by Dr. Rubén Omar Torres-Ochoa. 

This compound was prepared following the general procedure 3.B using cyclohexylmethyl 

acetate S2.3.9 (1.6 mmol) in toluene. The crude product was purified by flash column 

chromatography (pure PE) to give S2.3.26 (104 mg, 38%) as a light yellow oil. 

1H NMR (400 MHz, CDCl3) δ 4.23 (d, J = 6.0 Hz, 2H), 2.58 (s, 3H), 1.81-1.67 (m, 5H), 1.34-1.13 

(m, 4H), 1.07-0.98 (m, 2H). 

13C NMR (100 MHz, CDCl3) δ 220.5, 78.1, 37.0, 34.6, 29.8 (2), 26.5, 25.8 (2). 

IR (Liquid film, cm-1) 1452 (w), 1271 (s), 1217 (s), 1034 (m). 

O-((Tetrahydro-2H-pyran-4-yl)methyl) ethanethioate (S2.3.27) 

 

This compound was prepared by Dr. Rubén Omar Torres-Ochoa. 

This compound was prepared following the general procedure 3.B using (tetrahydro-2H-

pyran-4-yl)methyl acetate S2.3.10 (1.72 mmol) in toluene. The crude product was purified by 

flash column chromatography (9:1 PE/Et2O) to give S2.3.27 (52 mg, 17%) as a light yellow oil. 

1H NMR (400 MHz, CDCl3) δ 4.28 (d, J = 6.4 Hz, 2H), 4.00 (dd, J = 11.6, 4.4 Hz, 2H), 3.42 (td, J = 

11.6, 2.0 Hz, 2H), 2.58 (s, 3H), 2.13-2.02 (m, 1H), 1.69-1.65 (m, 2H), 1.49-1.39 (m, 2H).  

13C NMR (100 MHz, CDCl3) δ 220.2, 76.9, 67.6 (2), 34.5, 34.4, 29.7 (2). 

IR (Liquid film, cm-1) 1608 (w), 1268 (s), 1216 (s), 1032 (m). 

O-(3-((tert-butyldiphenylsilyl)oxy)propyl) ethanethioate (S2.3.28) 

 

This compound was prepared following the general procedure 3.B using 3-((tert-

butyldiphenylsilyl)oxy)propyl acetate S2.3.12 (7.0 mmol) in p-xylene. The crude product was 

purified by flash column chromatography (pure PE to 40:1 PE/EtOAc) to give S2.3.28 (1.4 g, 

55%) as an orange oil. 
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1H NMR (400 MHz, CDCl3) δ 7.70 – 7.63 (m, 4H), 7.48 – 7.34 (m, 6H), 4.58 (t, J = 6.3 Hz, 2H), 

3.78 (t, J = 6.5 Hz, 2H), 2.53 (s, 3H), 2.01 (tt, J = 6.3 Hz, J = 6.5 Hz, 2H), 1.06 (s, 9H). 

13C NMR (101 MHz, CDCl3) δ 220.2, 135.7, 133.8, 129.8, 127.8, 69.7, 60.3, 34.6, 31.2, 27.0, 

19.3. 

IR (Liquid film, cm-1) 2931 (w), 2858 (w), 1469 (w), 1427 (w), 1269 (s), 1107 (s), 822 (m), 700 

(s). 

O-(2-Methyl-1-phenylpropyl) ethanethioate (S2.3.29) 

 

This compound was prepared following the general procedure 3.B using 2-methyl-1-

phenylpropyl acetate S2.3.13 (4.2 mmol) in p-xylene. The crude product was purified by flash 

column chromatography (40:1 PE/EtOAc) to give S2.3.29 (130 mg, 13%) as a yellow oil. 

1H NMR (400 MHz, CDCl3) δ 7.38 – 7.14 (m, 5H), 6.12 (d, J = 7.6 Hz, 1H), 2.60 (s, 3H), 2.34 – 

2.21 (m, 1H), 1.01 (d, J = 6.8 Hz, 3H), 0.84 (d, J = 6.8 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 219.1, 138.7, 128.3, 128.0, 127.7, 88.5, 35.0, 33.8, 18.7. 

O-(2-(6-Methoxynaphthalen-2-yl)propyl) ethanethioate (S2.3.30) 

 

This compound was prepared by Dr. Rubén Omar Torres-Ochoa. 

This compound was prepared following the general procedure 3.B using 2-(6-

methoxynaphthalen-2-yl)propyl acetate S2.3.15 (1.29 mmol) in toluene. The crude product 

was purified by flash column chromatography (98:2 PE/EtOAc) to give S2.3.30 (223 mg, 63%) 

as a light yellow oil. 

1H NMR (400 MHz, CDCl3) δ 7.72-7.69 (m, 2H), 7.61 (d, J = 1.2 Hz, 1H), 7.36 (dd, J = 8.4, 1.6 Hz, 

1H), 7.16-7.12 (m, 2H), 4.63 (dd, J = 10.8, 6.8 Hz, 1H), 4.53 (dd, J = 10.8, 7.2 Hz, 1H), 3.92 (s, 

3H), 3.41 (hext, J = 7.2 Hz, 1H), 2.54 (s, 3H), 1.44 (d, J = 7.2 Hz, 3H). 

13C NMR (100 MHz, CDCl3) δ 220.2, 157.6, 138.1, 133.7, 129.3, 129.1, 127.2, 126.4, 125.7, 

119.1, 105.7, 77.6, 55.5, 38.6, 34.6, 18.4. 

IR (Liquid film, cm-1) 1606 (w), 1257 (s), 1215 (m), 1195 (m), 1162 (s), 1028 (s). 
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O-Cyclohexyl ethanethioate (S2.3.31) 

 

This compound was prepared following the general procedure 3.B using cyclohexyl acetate 

(21 mmol) in p-xylene. The crude product was purified by flash column chromatography (pure 

PE to 50:1 PE/EtOAc) to give S2.3.31 (1.76 g, 54%) as a yellow/orange oil. 

1H NMR (400 MHz, CDCl3) δ 5.38 (tt, J = 8.7, 3.9 Hz, 1H), 2.55 (s, 3H), 1.96 (tt, J = 8.7, 3.4 Hz, 

2H), 1.81 – 1.69 (m, 2H), 1.65 – 1.21 (m, 6H). 

13C NMR (100 MHz, CDCl3) δ 219.4, 80.6, 35.4, 30.8, 25.5, 23.8. 

IR (Liquid film, cm-1) 1452 (m), 1361 (m), 1271 (s), 1215 (s), 1016 (s), 667 (s). 
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 N-acyloxy imidate synthesis 

General procedure 3.C for the preparation of N-acyloxy imidates: 

 

Step 1: A round-bottom flask was charged with the corresponding thionoester (1.0 equiv), 

NH2OH.HCl (1.1 equiv), NaOAc (1.1 equiv) and MeOH (0.5 M). The reaction mixture was stirred 

at room temperature under inert atmosphere until the full consumption of the starting 

material. The reaction mixture was filtered and concentrated under reduced pressure. The 

crude product could be used in the next step without further purification. 

Step 2: To a solution of N-hydroxy imidate (1.0 equiv) in dry DCM (0.1 M) were added 

successively at 0 °C DMAP (0.05 equiv), Et3N (2.0 equiv) and acyl chloride (1.5 equiv) dropwise. 

The reaction mixture was warmed to room temperature and stirred until the full consumption 

of the starting material. The reaction mixture was quenched with a satd. aq. NH4Cl solution. 

The aqueous layer was extracted three times with DCM. The combined organic layers were 

washed with a satd. aq. NaHCO3 solution and brine, dried over Na2SO4, filtered and 

concentrated under reduced pressure. The crude product was purified by flash column 

chromatography to yield the pure product. 

Phenethyl N-hydroxybenzimidate (S2.3.32) 

 

This compound was prepared following the step 1 of the general procedure 3.C using 

thionoester S2.3.16 (22.2 mmol) as starting material. The crude product was purified by flash 

column chromatography (20:1 to 8:1 PE/EtOAc) to give S2.3.32 (4.4 g, 83%, ratio 1.25:1 of 

isomers) as a white solid. 

Mp (mixture of isomers) 60-62 °C. 

Major isomer:  

1H NMR (400 MHz, CDCl3) δ 8.16 (s, 1H), 7.83 – 7.76 (m, 2H), 7.45 – 7.37 (m, 3H), 7.35 – 7.21 

(m, 5H), 4.33 (t, J = 6.7 Hz, 2H), 3.07 (t, J = 6.7 Hz, 2H). 

13C NMR (100 MHz, CDCl3) δ 159.8, 138.4, 130.4, 129.1, 129.1, 128.6, 128.1, 126.6, 67.8, 35.5. 

IR (Liquid film, cm-1) 3311 (w), 3062 (w), 3030 (w), 2951 (w), 1637 (m), 1495 (w), 1452 (w), 

1300 (s), 1132 (m), 968 (m), 694 (s). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C15H15NNaO2
+ 264.0995; Found 264.0995. 
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Minor isomer: 

1H NMR (400 MHz, CDCl3) 7.54 – 7.47 (m, 2H), 7.45 – 7.37 (m, 3H), 7.35 – 7.21 (m, 5H), 4.44 

(t, J = 7.0 Hz, 2H), 3.08 (t, J = 7.0 Hz, 2H). 

13C NMR (100 MHz, CDCl3) δ 156.1, 137.6, 130.3, 129.2, 129.2, 128.7, 127.3, 126.8, 72.4, 36.7. 

2-Phenylethyl N-((4-(trifluoromethyl)benzoyl)oxy)benzimidate (2.3.87) 

 

This compound was prepared following the general procedure 3.C using thionoester S2.3.16 

(3.1 mmol) as starting material for the first step and 4-trifluoromethylbenzoyl chloride as 

acylating agent in the second step. The crude product was purified by flash column 

chromatography (15:1 PE/EtOAc) to give 2.3.87 (891 mg, 70%, ratio 1.6:1 of isomers) as a 

white solid. 

Major isomer:  

Mp 71-73 °C. 

1H NMR (400 MHz, CDCl3) δ 7.99 (d, J = 8.1 Hz, 2H), 7.66 (d, J = 8.1 Hz, 2H), 7.61-7.54 (m, 2H), 

7.54-7.41 (m, 3H), 7.38-7.22 (m, 5H), 4.65 (t, J = 6.9 Hz, 2H), 3.17 (t, J = 6.9 Hz, 2H). 

13C NMR (100 MHz, CDCl3) δ 167.7, 162.8, 137.9, 134.7 (q, J = 32.7 Hz), 132.4, 131.3, 130.0, 

129.4, 129.2, 128.7, 128.7, 128.4, 126.8, 125.7 (q, J = 3.7 Hz), 123.7 (q, J = 272.8 Hz), 69.4, 35.3.  

IR (Liquid film, cm-1) 2960 (w), 1754 (m), 1617 (w), 1582 (w), 1497 (w), 1454 (w), 1394 (w), 

1326 (s), 1260 (m), 1173 (m), 1078 (m), 948 (w), 861 (w), 768 (w). 

HRMS (ESI/QTOF) calcd for C23H18F3NNaO3
+ [M+Na]+ 436.1131; found 436.1128. 

Minor isomer: 

1H NMR (400 MHz, CDCl3) δ 8.16 (d, J = 8.1 Hz, 2H), 7.74 (d, J = 8.1 Hz, 2H), 7.64-7.58 (m, 2H), 

7.55-7.46 (m, 1H), 7.46-7.38 (m, 2H), 7.33-7.17 (m, 5H), 4.43 (t, J = 6.7 Hz, 2H), 3.05 (t, J = 6.7 

Hz, 2H). 

13C NMR (100 MHz, CDCl3) δ 162.9, 162.8, 137.2, 134.8 (q, J = 32.7 Hz), 132.6, 131.6, 130.3, 

129.1, 128.8, 128.8, 128.6, 127.0, 125.7 (q, J = 3.8 Hz), 123.8 (q, J = 272.7 Hz), 72.9, 36.6. 
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Modification of the imidate substituent: 

Phenethyl 4-(trifluoromethyl)-N-((4-(trifluoromethyl)benzoyl)oxy)benzimidate (2.3.105) 

 

This compound was prepared following the general procedure 3.C using thionoester S2.3.19 

(1.65 mmol) as starting material for the first step and 4-trifluoromethylbenzoyl chloride as 

acylating agent in the second step. The crude product was purified by flash column 

chromatography (20:1 PE/EtOAc) to give 2.3.105 (610 mg, 77%, ratio 1.2:1 of isomers) as a 

white solid. 

Mp 90-93 °C (mixture of isomers). 

Mixture of isomers: 

1H NMR (400 MHz, CDCl3) δ 8.17 (br d, J = 8.2 Hz, 2H), 7.97 (br d, J = 8.2 Hz, 1H), 7.78 – 7.70 

(m, 6H), 7.67 (dd, J = 14.3, 7.9 Hz, 5H), 7.38 – 7.18 (m, 10H), 4.67 (t, J = 6.7 Hz, 1H), 4.56 (t, J = 

6.5 Hz, 2H), 3.17 (t, J = 6.7 Hz, 1H), 3.10 (t, J = 6.5 Hz, 2H). 

13C NMR (101 MHz, CDCl3) δ 166.2, 162.6, 162.6, 160.7, 137.7, 137.0, 135.0 (q, J = 32.9 Hz), 

135.0 (q, J = 32.7 Hz), 133.3 (q, J = 32.8 Hz), 132.7, 132.2, 132.0, 130.3, 133.1 (q, J = 32.8 Hz), 

130.0, 129.2, 129.2, 129.1, 129.0, 128.9, 128.7, 127.2, 126.9, 125.8 (q, J = 3.8 Hz), 125.7 (q, J = 

3.7 Hz), 125.4 (q, J = 3.8 Hz), 123.8 (q, J = 272.7 Hz), 123.7 (q, J = 272.7 Hz), 123.6 (q, J = 272.8 

Hz), 73.6, 69.8, 36.6, 35.2. 

IR (Liquid film, cm-1) 2924 (w), 2854 (w), 1751 (m), 1614 (m), 1410 (w), 1313 (s), 1248 (m), 

1113 (s), 1063 (s), 1012 (s), 852 (s), 700 (m). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C24H17F6NNaO3
+ 504.1005; Found 504.1010. 

Phenethyl 4-methoxy-N-((4-(trifluoromethyl)benzoyl)oxy)benzimidate (2.3.106) 

 

This compound was prepared following the general procedure 3.C using thionoester S2.3.20 

(2.3 mmol) as starting material for the first step and 4-trifluoromethylbenzoyl chloride as 

acylating agent in the second step. The crude product was purified by flash column 
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chromatography (15:1 to 5:1 PE/EtOAc) to give 2.3.106 (714 mg, 71%, ratio 2.7:1 of isomers) 

as a thick oil. 

Major isomer: 

1H NMR (400 MHz, CDCl3) δ 7.98 (br d, J = 8.2 Hz, 2H), 7.63 (br d, J = 8.2 Hz, 2H), 7.56-7.50 (AB, 

2H), 7.32 – 7.21 (m, 4H), 7.24 – 7.16 (m, 1H), 6.93 – 6.85 (AB, 2H), 4.57 (t, J = 6.8 Hz, 2H), 3.80 

(s, 3H), 3.10 (t, J = 6.8 Hz, 2H). 

13C NMR (101 MHz, CDCl3) δ 167.0, 162.9, 161.8, 138.1, 134.6 (q, J = 32.7 Hz), 132.5 (q, J = 1.0 

Hz), 130.7, 130.0, 129.2, 128.6, 126.7, 125.7 (q, J = 3.7 Hz), 123.7 (q, J = 272.8 Hz), 121.3, 113.7, 

69.1, 55.5, 35.3. 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C24H20F3NNaO4
+ 466.1237; Found 466.1238. 

IR (Liquid film, cm-1) 2947 (w), 2841 (w), 1751 (m), 1605 (m), 1508 (m), 1460 (w), 1414 (w), 

1321 (s), 1256 (s), 1178 (s), 1132 (s), 1083 (s), 1018 (m), 950 (m), 860 (w), 838 (m), 770 (w), 

746 (w), 700 (m). 

Minor isomer: (isolated only as a mixture with the major isomer) 

1H NMR (400 MHz, CDCl3) δ 8.15 (d, J = 8.1 Hz, 2H), 7.73 (d, J = 8.1 Hz, 2H), 7.61 – 7.53 (AB, 

2H), 7.35 – 7.18 (m, 5H), 6.95 – 6.87 (AB, 2H), 4.44 (t, J = 6.6 Hz, 2H), 3.85 (s, 3H), 3.05 (t, J = 

6.6 Hz, 2H). 

2-Phenylethyl N-((4-(trifluoromethyl)benzoyl)oxy)acetimidate (2.3.107) 

 

This compound was prepared following the general procedure 3.C using thionoester S2.3.21 

(2.0 mmol) as starting material for the first step and 4-trifluoromethylbenzoyl chloride as 

acylating agent in the second step. The crude product was purified by flash column 

chromatography (30:1 PE/EtOAc) to give 2.3.107 (359 mg, 52%, single isomer) as a white solid. 

Mp 49-51 °C. 

1H NMR (400 MHz, CDCl3) δ 8.16 (d, J = 8.1 Hz, 1H), 7.73 (d, J = 8.1 Hz, 2H), 7.36-7.20 (m, 5H), 

4.46 (t, J = 6.9 Hz, 2H), 3.06 (t, J = 6.9 Hz, 2H), 2.15 (s, 3H). 

13C NMR (100 MHz, CDCl3) δ 170.0, 162.8, 137.9, 134.8 (q, J = 32.7 Hz), 132.6, 130.0, 129.1, 

128.6, 126.7, 125.7 (q, J = 3.7 Hz), 123.7 (q, J = 272.8 Hz), 68.6, 35.2, 15.3. 

IR (Liquid film, cm-1) 2953 (w), 1751 (s), 1633 (s), 1409 (m), 1318 (s), 1260 (s), 1169 (s), 1129 

(s), 1088 (s), 1066 (s), 1016 (s), 860 (m), 697 (s). 

HRMS (ESI/QTOF) calcd for C18H16F3NNaO3
+ [M+Na]+ 374.0974; found 374.0982. 
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Modification of the leaving group: 

Phenethyl N-(benzoyloxy)benzimidate (2.3.108) 

 

This compound was prepared following the step 2 of the general procedure 3.C using N-

hydroxy imidate S2.3.32 (0.5 mmol) and benzoyl chloride. The crude product was purified by 

flash column chromatography (15:1 PE/EtOAc with 1% Et3N) to give 2.3.108 (144 mg, 84%, 

ratio 1.7:1 of isomers) as a white solid. 

Mp 93-96 °C (mixture of isomers). 

Major isomer:  

1H NMR (400 MHz, CDCl3) δ 7.86 – 7.82 (m, 2H), 7.57 – 7.53 (m, 2H), 7.52 – 7.13 (m, 11H), 4.60 

(t, J = 6.8 Hz, 2H), 3.11 (t, J = 6.8 Hz, 2H). 

13C NMR (100 MHz, CDCl3) δ 167.0, 164.0, 138.0, 133.2, 131.1, 129.7, 129.5, 129.2, 129.1, 

128.9, 128.6, 128.6, 128.3, 126.7, 69.2, 35.3. 

IR (Liquid film, cm-1) 3060 (w), 2929 (w), 1749 (m), 1608 (m), 1568 (m), 1450 (m), 1315 (s), 

1234 (s), 1111 (m), 1045 (s), 690 (s). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C22H19NNaO3
+ 368.1257; Found 368.1264. 

Minor isomer:  

1H NMR (400 MHz, CDCl3) δ 8.13 – 8.06 (m, 2H), 7.68 – 7.55 (m, 3H), 7.53 – 7.19 (m, 10H), 4.49 

(t, J = 6.7 Hz, 2H), 3.08 (t, J = 6.7 Hz, 2H). 

13C NMR (100 MHz, CDCl3) δ 163.9, 162.0, 137.3, 133.3, 131.4, 129.9, 129.3, 129.2, 129.1, 

128.7, 128.7, 128.7, 128.7, 127.0, 73.0, 36.7. 

Phenethyl N-((perfluorobenzoyl)oxy)benzimidate (2.3.109) 

 

This compound was prepared following the step 2 of the general procedure 3.C using N-

hydroxy imidate S2.3.32 (0.5 mmol) and pentafluorobenzoyl chloride. The crude product was 

purified by flash column chromatography (15:1 PE/EtOAc) to give 2.3.109 (195 mg, 90%, ratio 

1.7:1 of isomers) as a white solid. 

Mp 63-66 °C (mixture of isomers). 
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Mixture of isomers 

1H NMR (400 MHz, CDCl3) δ 7.57 – 7.14 (m, 16H), 4.62 (t, J = 6.8 Hz, 2H), 4.40 (t, J = 6.8 Hz, 

1.2H), 3.16 (t, J = 6.8 Hz, 2H), 3.03 (t, J = 6.7 Hz, 1.2H). 

13C NMR (101 MHz, CDCl3) δ 168.3, 163.3, 156.5, 146.9 – 146.5 (m), 145.0 – 144.5 (m), 144.4 

– 143.9 (m), 142.5 – 141.9 (m), 139.4 – 138.8 (m), 137.8, 136.9, 136.9 – 136.3 (m), 131.7, 131.3, 

129.2, 129.1, 128.8, 128.8, 128.7, 128.7, 128.3, 127.0, 126.8, 107.7 – 106.9 (m), 73.3, 69.5, 

36.5, 35.3. 

IR (Liquid film, cm-1) 3066 (w), 2951 (w), 1766 (s), 1618 (m), 1498 (s), 1323 (s), 1200 (s), 1090 

(s), 1001 (s), 931 (s), 696 (s). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C22H14F5NNaO3
+ 458.0786; Found 458.0792. 

Phenethyl N-acetoxybenzimidate (2.3.110) 

 

This compound was prepared following the step 2 of the general procedure 3.C using N-

hydroxy imidate S2.3.32 (0.5 mmol) and acetyl chloride. The crude product was purified by 

flash column chromatography (10:1 to 5:1 PE/EtOAc) to give 2.3.110 (131 mg, 93%, ratio 1.7:1 

of isomers) as a thick oil. 

 

Major isomer: 

1H NMR (400 MHz, CDCl3) δ 7.59 – 7.51 (m, 2H), 7.52 – 7.38 (m, 3H), 7.36 – 7.22 (m, 5H), 4.55 

(t, J = 6.8 Hz, 2H), 3.12 (t, J = 6.8 Hz, 2H), 2.08 (s, 3H). 

13C NMR (101 MHz, CDCl3) δ 168.4, 166.2, 138.0, 131.0, 129.3, 129.2, 128.8, 128.6, 128.2, 

126.7, 69.0, 35.3, 19.7. 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C17H17NNaO3
+ 306.1101; Found 306.1106. 

IR (Liquid film, cm-1) 2929 (w), 2858 (w), 1770 (w), 1738 (w), 1469 (w), 1427 (w), 1269 (s), 

1215 (m), 1107 (s), 822 (m), 739 (m), 700 (s) 

Minor isomer: (isolated only as a mixture with the major isomer) 

1H NMR (400 MHz, CDCl3) δ 7.61 – 7.51 (m, 2H), 7.50 – 7.19 (m, 8H), 4.44 (t, J = 6.8 Hz, 2H), 

3.05 (t, J = 6.8 Hz, 2H), 2.22 (s, 3H). 
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Phenethyl N-(pivaloyloxy)benzimidate (2.3.111) 

 

This compound was prepared following the step 2 of the general procedure 3.C using N-

hydroxy imidate S2.3.32 (0.5 mmol) and pivaloyl chloride. The crude product was purified by 

flash column chromatography (20:1 to 10:1 PE/EtOAc) to give 2.3.111 (154 mg, 95%, ratio 5:1 

of isomers) as a white solid. 

Major isomer: 

Mp 48-50 °C. 

1H NMR (400 MHz, CDCl3) δ 7.53 – 7.49 (m, 2H), 7.48 – 7.36 (m, 3H), 7.35 – 7.20 (m, 5H), 4.58 

(t, J = 6.8 Hz, 2H), 3.13 (t, J = 6.8 Hz, 2H), 1.14 (s, 9H). 

13C NMR (101 MHz, CDCl3) δ 175.4, 168.1, 138.0, 130.9, 129.4, 129.2, 128.7, 128.6, 128.1, 

126.7, 69.0, 38.5, 35.3, 27.3. 

IR (Liquid film, cm-1) 2968 (w), 2933 (w), 1755 (s), 1620 (m), 1450 (w), 1387 (m), 1323 (m), 

1115 (s), 941 (m), 694 (s). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C20H23NNaO3
+ 348.1570; Found 348.1569. 

Minor isomer: (isolated only as a mixture with the major isomer) 

1H NMR (400 MHz, CDCl3) δ 7.63 – 7.49 (m, 2H), 7.47 – 7.32 (m, 3H), 7.36 – 7.19 (m, 4H), 4.42 

(t, J = 6.8 Hz, 2H), 3.05 (t, J = 6.8 Hz, 2H), 1.32 (s, 9H).  
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Substrates for the remote C-H azidation: 

2,2-Diphenylethyl N-((4-(trifluoromethyl)benzoyl)oxy)benzimidate (S2.3.33) 

 

This compound was prepared following the general procedure 3.C using thionoester S2.3.17 

(1.9 mmol) as starting material for the first step and 4-trifluoromethylbenzoyl chloride as 

acylating agent in the second step. The crude product was purified by flash column 

chromatography (15:1 PE/EtOAc) to give S2.3.33 (293 mg, 30%, ratio 7:1 of isomers) as white 

solids. 

Major isomer:  

Mp 107-109 °C. 

1H NMR (400 MHz, CDCl3) δ 7.81 (d, J = 8.2 Hz, 2H), 7.46 (d, J = 8.2 Hz, 2H), 7.30-7.21 (m, 3H), 

7.21-7.10 (m, 10H), 7.10-7.00 (m, 2H), 4.81 (d, J = 7.5 Hz, 2H), 4.48 (t, J = 7.5 Hz, 1H). 

13C NMR (100 MHz, CDCl3) δ 167.4, 162.7, 141.0, 134.6 (q, J = 32.7 Hz), 132.2, 131.2, 130.0, 

129.0, 128.7, 128.7, 128.5, 128.3, 126.9, 125.6 (q, J = 3.8 Hz), 123.6 (q, J = 272.8 Hz), 70.9, 50.0. 

IR (Liquid film, cm-1) 3026 (w), 1749 (m), 1618 (w), 1599 (w), 1496 (w), 1454 (w), 1413 (w), 

1390 (w), 1325 (s), 1259 (m), 1133 (s), 1077 (s), 1016 (m), 948 (m), 909 (m), 859 (m), 767 (m), 

736 (m), 697 (s). 

HRMS (ESI/QTOF) calcd for C29H22F3NNaO3
+ [M+Na]+ 512.1444; found 512.1447. 

Minor isomer:  

Mp 137-139 °C. 

1H NMR (400 MHz, CDCl3) δ 7.98 (d, J = 8.2 Hz, 2H), 7.67 (d, J = 8.2 Hz, 2H), 7.60-7.54 (m, 2H), 

7.53-7.46 (m, 1H), 7.46-7.35 (m, 2H), 7.35-7.27 (m, 4H), 7.26-7.20 (m, 6H), 4.74 (d, J = 7.3 Hz, 

2H), 4.46 (t, J = 7.3 Hz, 1H). 

13C NMR (100 MHz, CDCl3) δ 162.7 (2), 140.4, 134.6 (q, J = 32.7 Hz), 132.4, 131.6, 130.2, 128.9, 

128.8, 128.4, 128.3, 127.2, 125.6 (q, J = 3.7 Hz), 123.7 (q, J = 272.8 Hz), 74.5, 51.5. 
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Isobutyl N-((4-(trifluoromethyl)benzoyl)oxy)benzimidate (S2.3.34) 

 

 

This compound was prepared following the general procedure 3.C using thionoester S2.3.18 

(0.67 mmol) as starting material for the first step and 4-trifluoromethylbenzoyl chloride as 

acylating agent in the second step. The crude product was purified by flash column 

chromatography (30:1 PE/EtOAc with 1% Et3N) to give S2.3.34 (176 mg, 72%, ratio 2:1 of 

isomers, separable) as white solids. 

Major isomer:  

Mp 48-50 °C. 

1H NMR (400 MHz, CDCl3) δ 7.99 (d, J = 8.1 Hz, 2H), 7.70-7.62 (m, 4H), 7.57-7.43 (m, 3H), 4.21 

(d, J = 6.6 Hz, 2H), 2.21-2.10 (m, 1H), 1.06 (d, J = 6.8 Hz, 6H). 

13C NMR (100 MHz, CDCl3) δ 168.1, 162.9, 134.7 (q, J = 32.6 Hz), 132.4, 131.2, 130.0, 129.7, 

128.7, 128.4, 125.7 (q, J = 3.7 Hz), 123.7 (q, J = 272.6 Hz), 75.0, 28.1, 19.3. 

IR (Liquid film, cm-1) 2964 (w), 1753 (m), 1612 (m), 1412 (w), 1323 (s), 1255 (s), 1170 (m), 1130 

(s), 1072 (s), 1018 (m), 861 (w), 769 (m), 697 (m). 

HRMS (ESI/QTOF) calcd for C19H18F3NNaO3
+ [M+Na]+ 388.1131; found 388.1141.  

Minor isomer:  

Mp 74-76 °C. 

1H NMR (400 MHz, CDCl3) δ 8.25 (d, J = 8.2 Hz, 2H), 7.76 (d, J = 8.2 Hz, 2H), 7.75 – 7.70 (m, 2H), 

7.59 – 7.48 (m, 1H), 7.52 – 7.42 (m, 2H), 3.97 (d, J = 6.4 Hz, 2H), 2.12 – 1.98 (m, 1H), 1.01 (d, J 

= 6.7 Hz, 6H). 

13C NMR (100 MHz, CDCl3) δ 163.4, 162.9, 134.8 (q, J = 32.8 Hz), 132.7, 131.5, 130.2, 128.8, 

125.7 (q, J = 3.7 Hz), 123.7 (q, J = 272.7 Hz), 78.8, 29.4, 19.0. 
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2-(4-Fluorophenyl)ethyl N-((4-(trifluoromethyl)benzoyl)oxy)acetimidate (S2.3.35) 

 

This compound was prepared following the general procedure 3.C using thionoester S2.3.22 

(5.0 mmol) as starting material for the first step and 4-trifluoromethylbenzoyl chloride as 

acylating agent in the second step. The crude product was purified by flash column 

chromatography (10:1 PE/EtOAc with 1% Et3N) to give S2.3.35 (948 mg, 51%, single isomer) 

as a white solid. 

Mp 60-62 °C. 

1H NMR (400 MHz, CDCl3) δ 8.15 (d, J = 8.2 Hz, 2H), 7.73 (d, J = 8.2 Hz, 2H), 7.26-7.16 (m, 2H), 

7.04-6.94 (m, 2H), 4.42 (t, J = 6.8 Hz, 2H), 3.02 (t, J = 6.8 Hz, 2H), 2.15 (s, 3H). 

13C NMR (100 MHz, CDCl3) δ 169.9, 162.7, 161.8 (d, J = 244.4 Hz), 134.8 (q, J = 32.8 Hz), 133.6 

(d, J = 3.3 Hz), 132.6 (q, J = 1.4 Hz), 130.5 (d, J = 8.0 Hz), 129.9, 125.7 (q, J = 3.7 Hz), 123.7 (q, J 

= 272.8 Hz), 115.4 (d, J = 21.3 Hz), 68.5, 34.4, 15.2. 

IR (Liquid film, cm-1) 2946 (w), 1753 (s), 1632 (s), 1512 (s), 1318 (s), 1260 (s), 1168 (s), 1130 

(s), 1086 (s), 1067 (s), 1016 (s), 832 (s), 769 (m). 

HRMS (APCI/QTOF) calcd for C18H15F4NNaO3
+ [M+Na]+ 392.0880; found 392.0870. 

2-(4-Methoxyphenyl)ethyl N-((4-(trifluoromethyl)benzoyl)oxy)acetimidate (S2.3.36) 

 

This compound was prepared following the general procedure 3.C using thionoester S2.3.25 

(5.0 mmol) as starting material for the first step and 4-trifluoromethylbenzoyl chloride as 

acylating agent in the second step. The crude product was purified by flash column 

chromatography (10:1 PE/EtOAc with 1% Et3N) to give S2.3.36 (871 mg, 45%, single isomer) 

as a white solid. 

Mp 45-47 °C. 

1H NMR (400 MHz, CDCl3) δ 8.16 (d, J = 8.1 Hz, 2H), 7.73 (d, J = 8.1 Hz, 2H), 7.21-7.13 (m, 2H), 

6.89-6.81 (m, 2H), 4.41 (t, J = 6.9 Hz, 2H), 3.80 (s, 3H), 3.00 (t, J = 6.9 Hz, 2H), 2.15 (s, 3H). 

13C NMR (100 MHz, CDCl3) δ 170.0, 162.8, 158.5, 134.7 (q, J = 32.6 Hz), 132.6, 130.1, 129.9, 

129.9, 125.7 (q, J = 3.8 Hz), 123.7 (q, J = 272.8 Hz), 114.0, 68.8, 55.4, 34.3, 15.3. 



Chapter 4: Experimental section 

219 

 

IR (Liquid film, cm-1) 2953 (w), 1756 (s), 1631 (s), 1514 (s), 1319 (s), 1250 (s), 1176 (s), 1128 

(s), 1093 (s), 1064 (s), 862 (m), 697 (m). 

HRMS (APCI/QTOF) calcd for C19H18F3NNaO4
+ [M+Na]+ 404.1080; found 404.1075. 

2-(3-Methylphenyl)ethyl N-((4-(trifluoromethyl)benzoyl)oxy)acetimidate (S2.3.37) 

 

This compound was prepared following the general procedure 3.C using thionoester S2.3.23 

(2.2 mmol) as starting material for the first step and 4-trifluoromethylbenzoyl chloride as 

acylating agent in the second step. The crude product was purified by flash column 

chromatography (30:1 PE/EtOAc) to give S2.3.37 (160 mg, 20%, single isomer) as a colorless 

oil. 

1H NMR (400 MHz, CDCl3) δ 8.16 (d, J = 8.2 Hz, 2H), 7.73 (d, J = 8.2 Hz, 2H), 7.21 (t, J = 7.4 Hz, 

1H), 7.10-7.03 (m, 3H), 4.45 (t, J = 6.9 Hz, 2H), 3.03 (t, J = 6.9 Hz, 2H), 2.35 (s, 3H), 2.16 (s, 3H). 

13C NMR (100 MHz, CDCl3) δ 170.0, 162.8, 138.2, 137.8, 134.8 (q, J = 32.8 Hz), 132.6, 130.0, 

129.9, 128.5, 127.4, 126.1, 125.7 (q, J = 3.7 Hz), 123.7 (q, J = 272.7 Hz), 68.7, 35.1, 21.5, 15.3. 

IR (Liquid film, cm-1) 2953 (w), 1751 (m), 1633 (m), 1409 (w), 1318 (s), 1259 (s), 1169 (s), 1132 

(s), 1087 (s), 1068 (s), 1016 (s), 982 (s), 860 (m), 771 (m), 701 (s). 

HRMS (APCI/QTOF) calcd for C19H18F3NNaO3
+ [M+Na]+  388.1131; found 388.1128. 

2-(2-Chlorophenyl)ethyl N-((4-(trifluoromethyl)benzoyl)oxy)acetimidate (S2.3.38) 

 

This compound was prepared following the general procedure 3.C using thionoester S2.3.24 

(2.1 mmol) as starting material for the first step and 4-trifluoromethylbenzoyl chloride as 

acylating agent in the second step. The crude product was purified by flash column 

chromatography (40:1 PE/EtOAc with 1% Et3N to 20:1 PE/EtOAc with 1% Et3N) to give S2.3.38 

(204 mg, 25%, single isomer) as a white solid. 

Mp 51-53 °C. 

1H NMR (400 MHz, CDCl3) δ 8.16 (d, J = 8.1 Hz, 2H), 7.73 (d, J = 8.1 Hz, 2H), 7.40-7.27 (m, 2H), 

7.27-7.15 (m, 2H), 4.47 (t, J = 6.9 Hz, 2H), 3.21 (t, J = 6.9 Hz, 2H), 2.16 (s, 3H). 
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13C NMR (100 MHz, CDCl3) δ 169.9, 162.7, 135.4, 134.7 (q, J = 32.8 Hz), 134.4, 132.6, 131.3, 

129.9, 129.7, 128.3, 126.9, 125.7 (q, J = 3.8 Hz), 123.7 (q, J = 272.7 Hz), 67.0, 32.8, 15.2. 

IR (Liquid film, cm-1) 2965 (w), 1755 (s), 1634 (s), 1320 (s), 1259 (s), 1172 (s), 1133 (s), 1088 

(s), 1067 (s), 758 (s). 

HRMS (APCI/QTOF) calcd for C18H15ClF3NNaO3
+ [M+Na]+ 408.0585; found 408.0582. 

Cyclohexylmethyl N-((4-(trifluoromethyl)benzoyl)oxy)acetimidate (S2.3.39) 

 

This compound was prepared by Dr. Rubén Omar Torres-Ochoa. 

This compound was prepared following the general procedure 3.C using thionoester S2.3.26 

(0.60 mmol) as starting material for the first step and 4-trifluoromethylbenzoyl chloride as 

acylating agent in the second step. The crude product was purified by flash column 

chromatography (32:1 PE/EtOAc) to give S2.3.39 (129 mg, 63%, single isomer) as a white solid. 

Mp 91-93 °C. 

1H NMR (400 MHz, CDCl3) δ 8.17 (d, J = 8.2 Hz, 2H), 7.73 (d, J = 8.2 Hz, 2H), 4.03 (d, J = 6.4 Hz, 

2H), 2.17 (s, 3H), 1.82-1.67 (m, 6H), 1.33-1.14 (m, 3H), 1.07-0.98 (m, 2H). 

13C NMR (100 MHz, CDCl3) δ 170.4, 162.9, 134.7 (q, J = 32.5 Hz), 132.7, 130.0 (2), 125.7 (q, J = 

3.6 Hz) (2), 123.7 (q, J = 271.0 Hz), 73.4, 37.4, 29.8 (2), 26.5, 25.9 (2), 15.4. 

IR (Liquid film, cm-1) 1744 (s), 1626 (m), 1325 (s), 1268 (s), 1166 (s), 1136 (s), 1098 (s), 1068 

(m). 

HRMS (ESI/QTOF) calcd for C17H20F3NNaO3
+ [M+Na]+ 366.1293; found 366.1290. 

(Tetrahydro-2H-pyran-4-yl)methyl N-((4-(trifluoromethyl)benzoyl)oxy)acetimidate 

(S2.3.40) 

 

This compound was prepared by Dr. Rubén Omar Torres-Ochoa. 

This compound was prepared following the general procedure 3.C using thionoester S2.3.27 

(0.30 mmol) as starting material for the first step and 4-trifluoromethylbenzoyl chloride as 
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acylating agent in the second step. The crude product was purified by flash column 

chromatography (9:1 PE/EtOAc) to give S2.3.40 (38 mg, 37%, single isomer) as a beige solid. 

Mp 109-111 °C. 

1H NMR (400 MHz, CDCl3) δ 8.16 (d, J = 8.0 Hz, 2H), 7.73 (d, J = 8.0 Hz, 2H), 4.09 (d, J = 6.4 Hz, 

2H), 4.00 (dd, J = 11.2, 2.8 Hz, 2H), 3.42 (td, J = 12.0, 2.4 Hz, 2H), 2.17 (s, 3H), 2.08-1.97 (m, 

1H), 1.71-1.67 (m, 2H), 1.49-1.38 (m, 2H). 

13C NMR (100 MHz, CDCl3) δ 170.2, 162.8, 134.8 (q, J = 32.6 Hz), 132.6, 130.0 (2), 125.7 (q, J = 

3.6 Hz), 123.7 (q, J = 271.1 Hz), 72.3, 67.6 (2), 34.7, 29.6 (2), 15.3. 

IR (Liquid film, cm-1) 1750 (m), 1626 (m), 1320 (s), 1261 (s), 1157 (m), 1131 (s), 1095 (s). 

HRMS (ESI/QTOF) calcd for C16H18F3NNaO4
+ [M+Na]+ 368.1086; found 368.1075. 

3-((tert-Butyldiphenylsilyl)oxy)propyl N-((4-(trifluoromethyl)benzoyl)oxy)acetimidate 

(2.3.123) 

 

This compound was prepared following the general procedure 3.C using thionoester S2.3.28 

(1.9 mmol) as starting material for the first step and 4-trifluoromethylbenzoyl chloride as 

acylating agent in the second step. The crude product was purified by flash column 

chromatography (30:1 PE/EtOAc with 1% Et3N) to give 2.3.123 (503 mg, 49%, single isomer) 

as a colorless oil. 

1H NMR (400 MHz, CDCl3) δ 8.19 (br d, J = 8.2 Hz, 2H), 7.75 (br d, J = 8.2 Hz, 2H), 7.73 – 7.64 

(m, 4H), 7.47 – 7.36 (m, 6H), 4.40 (t, J = 6.1 Hz, 2H), 3.82 (t, J = 6.1 Hz, 2H), 2.12 (s, 3H), 2.00 

(quint, J = 6.1 Hz, 2H), 1.08 (s, 9H). 

13C NMR (100 MHz, CDCl3) δ 170.1, 162.8, 135.7, 134.7 (q, J = 32.7 Hz), 133.9, 132.7, 129.9, 

129.7, 127.8, 125.7 (q, J = 3.7 Hz), 123.7 (q, J = 272.7 Hz), 65.0, 60.3, 31.8, 27.0, 19.3, 15.3.  

IR (Liquid film, cm-1) 2956 (w), 2858 (w), 1753 (m), 1631 (m), 1410 (w), 1321 (s), 1259 (s), 1086 

(s), 978 (m), 700 (s). 

HRMS (APCI/QTOF) m/z: [M + Na]+ Calcd for C29H32F3NNaO4Si+ 566.1945; Found 566.1945. 
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2-Methyl-1-phenylpropyl N-((4-(trifluoromethyl)benzoyl)oxy)acetimidate (S2.3.41) 

 

This compound was prepared following the general procedure 3.C using thionoester S2.3.29 

(0.55 mmol) as starting material for the first step and 4-trifluoromethylbenzoyl chloride as 

acylating agent in the second step. The crude product was purified by flash column 

chromatography (65:1 PE/EtOAc with 1‰ Et3N) to give S2.3.41 (52.3 mg, 25%, single isomer) 

as a colorless oil. 

1H NMR (400 MHz, CDCl3) δ 8.10 (br d, J = 8.2 Hz, 1H), 7.69 (br d, J = 8.2 Hz, 2H), 7.42 – 7.32 

(m, 4H), 7.33 – 7.24 (m, 1H), 5.55 (d, J = 7.9 Hz, 1H), 2.26 – 2.15 (m, 1H), 2.16 (s, 3H), 1.07 (d, 

J = 6.7 Hz, 3H), 0.81 (d, J = 6.7 Hz, 3H). 

13C NMR (100 MHz, CDCl3) δ 169.0, 162.5, 139.3, 134.6 (q, J = 32.7 Hz), 132.8, 129.9, 128.2, 

127.9, 127.6, 125.6 (q, J = 3.7 Hz), 123.7 (q, J = 272.8 Hz), 84.3, 33.9, 18.9, 18.6, 15.5. 

IR (Liquid film, cm-1) 2966 (m), 1753 (s), 1631 (s), 1323 (s), 1259 (s), 1132 (s), 980 (s). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C20H20F3NNaO3
+ 402.1287; Found 402.1280. 

2-(6-Methoxynaphthalen-2-yl)propyl N-((4-(trifluoromethyl)benzoyl)oxy)acetimidate 

(S2.3.42) 

 

This compound was prepared by Dr. Rubén Omar Torres-Ochoa. 

This compound was prepared following the general procedure 3.C using thionoester S2.3.30 

(0.79 mmol) as starting material for the first step and 4-trifluoromethylbenzoyl chloride as 

acylating agent in the second step. The crude product was purified by flash column 

chromatography (97:3 PE/EtOAc) to give S2.3.42 (325 mg, 92%, ratio 3:1 of isomers) as a white 

solid. 

Mp 58-60 ° C. 

1H NMR (400 MHz, CDCl3) δ 8.15 (d, J = 8.2 Hz, 1.5H), 8.07 (d, J = 8.2 Hz, 0.5H), 7.34-7.63 (m, 

5H), 7.41-7.36 (m, 1H), 7.16-7.13 (m, 2H), 4.56-4.35 (m, 2H), 3.92 (s, 3H), 3.42-3.31 (m, 1H), 

2.12 (s, 3H), 1.48 (d, J = 7.2 Hz, 0.75H), 1.43 (d, J = 7.2 Hz, 2.25H). 
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13C NMR (100 MHz, CDCl3) δ (Peaks correspond only to the major isomer) 170.2, 162.8, 157.6, 

138.4, 134.8 (q, J = 32.6 Hz), 133.6, 132.6, 130.0 (2), 129.3, 129.1, 127.1, 126.5, 125.8, 125.7 

(q, J = 3.8 Hz) (2), 123.7 (q, J = 271.2 Hz), 119.0, 105.7, 73.0, 55.5, 39.1, 18.4, 15.3. 

IR (Liquid film, cm-1) 1752 (m), 1633 (m), 1608 (m), 1323 (s), 1263 (s), 1168 (s), 1130 (s). 

HRMS (ESI/QTOF) calcd for C24H22F3NNaO4
+ [M+Na]+ 468.1399; found 468.1413. 

Cyclohexyl N-((4-(trifluoromethyl)benzoyl)oxy)acetimidate (2.3.122) 

 

This compound was prepared following the general procedure 3.C using thionoester S2.3.31 

(3.1 mmol) as starting material for the first step and 4-trifluoromethylbenzoyl chloride as 

acylating agent in the second step. The crude product was purified by flash column 

chromatography (30:1 PE/EtOAc with 1% Et3N) to give 2.3.122 (638 mg, 63%, single isomer) 

as a white solid. 

Mp 56-58 °C. 

1H NMR (400 MHz, CDCl3) δ 8.16 (br d, J = 8.2 Hz, 2H), 7.73 (br d, J = 8.2 Hz, 2H), 4.90 (ddt, J = 

12.9, 8.7, 3.9 Hz, 1H), 2.13 (s, 3H), 2.11 – 2.00 (m, 2H), 1.80 – 1.70 (m, 2H), 1.62 – 1.47 (m, 3H), 

1.46 – 1.34 (m, 2H), 1.35 – 1.23 (m, 1H). 

13C NMR (100 MHz, CDCl3) δ 169.4, 163.0, 134.7 (q, J = 32.7 Hz), 132.8, 129.9, 125.7 (q, J = 3.7 

Hz), 123.7 (q, J = 272.8 Hz), 76.1, 31.4, 25.7, 23.7, 15.8. 

IR (Liquid film, cm-1) 2935 (w), 2862 (w), 1743 (m), 1620 (m), 1321 (s), 1259 (s), 1161 (s), 1093 

(s), 976 (s), 766 (m). 

HRMS (APCI/QTOF) m/z: [M + Na]+ Calcd for C16H18F3NNaO3
+ 352.1131; Found 352.1130. 
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  Synthesis of β-azido alcohols 

General procedure 3.D for the synthesis of β-azido alcohols: 

 

To a solution of N-acyloxy imidate (0.15 mmol) and Fe(acac)3 (7.5 μmol, 0.05 equiv) in EtOAc 

(3 mL, 0.05 M) was added TMSN3 (1.5 equiv) via syringe under argon atmosphere. The reaction 

was sealed and stirred at 70 °C until the complete consumption of the starting materials 

(monitored by TLC, 16 – 96 h). The reaction mixture was filtered through a short pad of Celite 

and rinsed with EtOAc. The combined filtrate was washed with a satd. aq. NaHCO3 solution 

and the aqueous layer was extracted three times with EtOAc. The combined organic layers 

were washed with brine, dried over Na2SO4, filtered and concentrated under reduced 

pressure.  

To a solution of the so-obtained crude mixture in MeOH (0.05 M), cooled at 0 °C, was added 

an aq. 2 M NaOH solution. Stirring was continued at room temperature until the completion 

of the hydrolysis (24 h). The reaction mixture was diluted with EtOAc/H2O and the methanol 

was removed under reduced pressure. The aqueous layer was extracted three times with 

EtOAc. The combined organic layers were washed with brine, dried over Na2SO4, filtered and 

concentrated under reduced pressure. The crude product was purified by flash column 

chromatography to provide the corresponding β-azido alcohol. 

2-Azido-2-phenylethan-1-ol (2.3.93) 

 

This compound was prepared following the general procedure 3.D using N-acyloxy imidate 

2.3.87 (0.15 mmol) as starting material. The crude product was purified by flash column 

chromatography (8:1 PE/acetone) to give 2.3.93 (20.6 mg, 84%) as a colorless oil. 

1H NMR (400 MHz, CDCl3) δ 7.44-7.29 (m, 5H), 4.68 (br t, J = 6.6 Hz, 1H), 3.75 (br d, J = 6.6 Hz, 

2H). 

13C NMR (100 MHz, CDCl3) δ 136.4, 129.1, 128.9, 127.3, 68.0, 66.7. 

The spectroscopic data were consistent with those previously reported in the literature.275  

 

                                                      

275 M. H. Beyzavi, R. C. Klet, S. Tussupbayev, J. Borycz, N. A. Vermeulen, C. J. Cramer, J. F. Stoddart, J. T. Hupp, O. K. Farha, J. 
Am. Chem. Soc. 2014, 136, 15861–15864. 
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2-Azido-2-(4-fluorophenyl)ethan-1-ol (2.3.112) 

 

This compound was prepared following general procedure 3.D in a sealed round-bottom flask 

using N-acyloxy imidate S2.3.35 (0.25 mmol) as starting material. The crude product was 

purified by flash column chromatography (4:1 PE/acetone with 1% Et3N) to give 2.3.112 (31.4 

mg, 69%) as a colorless oil. 

1H NMR (400 MHz, CDCl3) δ 7.36-7.28 (m, 2H), 7.16-7.03 (m, 2H), 4.66 (dd, J = 7.2, 5.6 Hz, 1H), 

3.73 (t, J = 5.6 Hz, 2H), 1.91 (t, J = 6.4 Hz, 1H). 

13C NMR (100 MHz, CDCl3) δ 163.0 (d, J = 247.7 Hz), 132.3 (d, J = 3.3 Hz), 129.1 (d, J = 8.3 Hz), 

116.1 (d, J = 21.5 Hz), 67.2, 66.6. 

IR (Liquid film, cm-1) 3407 (w), 2934 (w), 2100 (s), 1732 (w), 1608 (w), 1508 (s), 1228 (s), 1041 

(w), 835 (s).  

HRMS (APPI/LTQ-Orbitrap) calcd for C8H9FNO+ [M+H-N2]+ 154.0663; found 154.0661 (loss of 

N2). 

2-Azido-2-(2-chlorophenyl)ethan-1-ol (2.3.113) 

 

This compound was prepared following general procedure 3.D using N-acyloxy imidate 

S2.3.38 (0.15 mmol) as starting material. The crude product was purified by preparative thin 

layer chromatography (7:1 PE/EtOAc) to give 2.3.113 (17.2 mg, 58%) as a colorless oil. 

1H NMR (400 MHz, CDCl3) δ 7.46 (dd, J = 7.6, 1.9 Hz, 1H), 7.40 (dd, J = 7.6, 1.6 Hz, 1H), 7.32 

(dt, J = 7.5, 1.6 Hz, 1H), 7.27 (dt, J = 7.5, 1.9 Hz, 1H), 5.21 (dd, J = 8.1, 3.7 Hz, 1H), 3.86 (ddd, J 

= 11.5, 7.7, 3.7 Hz, 1H), 3.65 (ddd, J = 11.5, 8.1, 5.1 Hz, 1H), 2.04 (dd, J = 7.7, 5.1 Hz, 1H). 

13C NMR (100 MHz, CDCl3) δ 134.2, 133.0, 130.0, 129.8, 128.4, 127.5, 65.4, 64.5. 

IR (Liquid film, cm-1) 2922 (w) 2103 (s), 1476 (w), 1262 (w), 1055 (w), 658 (s). 

HRMS (APPI/LTQ-Orbitrap) calcd for C8H9ClNO+ [M+H-N2] + 170.0367; found 170.0366 (loss of 

N2). 
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2-Azido-2-(3-methylphenyl)ethan-1-ol (2.3.114) 

 

This compound was prepared following general procedure 3.D using N-acyloxy imidate 

S2.3.37 (0.15 mmol) as starting material. The crude product was purified by flash column 

chromatography (7:1 PE/EtOAc) to give 2.3.114 (17.0 mg, 64%) as a colorless oil. 

1H NMR (400 MHz, CDCl3) δ 7.33-7.24 (m, 1H), 7.20-7.10 (m, 3H), 4.64 (t, J = 6.5 Hz, 1H), 3.74 

(t, J = 6.1 Hz, 2H), 2.38 (s, 3H), 1.97 (t, J = 6.4 Hz, 1H). 

13C NMR (100 MHz, CDCl3) δ 138.9, 136.3, 129.7, 129.0, 128.0, 124.4, 68.0, 66.6, 21.6. 

IR (Liquid film, cm-1) 3356 (w), 2929 (w), 2103 (s), 1614 (w), 1332 (w), 1256 (w), 1040 (w), 760 

(s). 

HRMS (APPI/LTQ-Orbitrap) calcd for C9H12NO+ [M+H-N2] + 150.0913; found 150.0912 (loss of 

N2). 

2-Azido-2-(4-methoxyphenyl)ethan-1-ol (2.3.115) 

 

This compound was prepared following general procedure 3.D using N-acyloxy imidate 

S2.3.36 (0.15 mmol) as starting material. The crude product was purified by flash column 

chromatography (20:1 PE/EtOAc with 1% Et3N to 4:1 PE/EtOAc with 1% Et3N) to give 2.3.115 

(9.8 mg, 34%) as a white solid and side-product 2.3.115’ (9.8 mg, 30%) as a yellow solid. 

Mp 90-92 °C. 

1H NMR (400 MHz, CDCl3) δ 7.26 (d, J = 8.5 Hz, 2H), 6.93 (d, J = 8.5 Hz, 2H), 4.63 (t, J = 6.5 Hz, 

1H), 3.82 (s, 3H), 3.75-3.70 (m, 2H), 1.89 (brs, 1H). 

13C NMR (100 MHz, CDCl3) δ 160.0, 128.6, 128.3, 114.5, 67.6, 66.6, 55.5. 

IR (Liquid film, cm-1) 3388 (w), 2935 (w), 2099 (s), 1614 (m), 1514 (s), 1250 (s), 1036 (s), 835 

(m). 

HRMS (APPI/LTQ-Orbitrap) calcd for C9H11NO2
+ [M-N2]+ 165.0784; found 165.0784 (loss of N2). 
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1-(1,2-Diazidoethyl)-4-methoxybenzene (2.3.115’) 

 
1H NMR (400 MHz, CDCl3) δ 7.30-7.22 (m, 2H), 6.98-6.89 (m, 2H), 4.62 (dd, J = 8.3, 5.1 Hz, 1H), 

3.82 (s, 3H), 3.49 (dd, J = 12.7, 8.3 Hz, 1H), 3.41 (dd, J = 12.7, 5.1 Hz, 1H). 

13C NMR (100 MHz, CDCl3) δ 160.2, 128.4, 114.6, 65.2, 56.0, 55.5. 

The spectroscopic data were consistent with those previously reported in the literature.276  

2-Azido-2-(6-methoxynaphthalen-2-yl)propan-1-ol (2.3.116) 

 

This compound was prepared following general procedure 3.D using N-acyloxy imidate 

S2.3.42 (0.15 mmol) as starting material. The crude product was purified by flash column 

chromatography (9:1 PE/EtOAc) to give 2.3.116 (11.6 mg, 30%) as a beige solid and side-

product 2.3.116’ (10.3 mg, 24%) as a colorless oil. 

Mp 91-93 °C. 

1H NMR (400 MHz, CDCl3) δ 7.83 (d, J = 1.6 Hz, 1H), 7.77 (d, J = 8.4 Hz, 1H), 7.76 (d, J = 8.8 Hz, 

1H), 7.50 (dd, J = 8.8, 1.6 Hz, 1H), 7.18 (dd, J = 8.8, 2.8 Hz, 1H), 7.13 (d, J = 1.6 Hz, 1H), 3.93 (s, 

3H), 3.81 (d, J = 11.4 Hz, 1H), 3.71 (d, J = 11.4 Hz, 1H), 1.83 (s, 3H), 1.75 (brs, 1H). 

13C NMR (100 MHz, CDCl3) δ 158.3, 135.8, 134.2, 129.9, 128.7, 127.7, 125.2, 124.4, 119.5, 

105.6, 70.7, 68.1, 55.5, 21.6. 

IR (Liquid film, cm-1) 3276 (w), 2100 (s), 1735 (w), 1607 (m), 1453 (m), 1264 (s), 1221 (s), 1165 

(s), 1052 (s), 1031 (s). 

HRMS (ESI/QTOF) calcd for C14H15O2
+ [M-N3]+ 215.1075; found 215.1082 (loss of N3). 

2-(1,2-Diazidopropan-2-yl)-6-methoxynaphthalene (2.3.116’) 

 
1H NMR (400 MHz, CDCl3) δ 7.82 (d, J = 1.6 Hz, 1H), 7.77 (d, J = 8.4 Hz, 1H), 7.76 (d, J = 8.8 Hz, 

1H), 7.49 (dd, J = 8.4, 2.0 Hz, 1H), 7.19 (dd, J = 8.8, 2.4 Hz, 1H), 7.14 (d, J = 2.4 Hz, 1H), 3.93 (s, 

3H), 3.58 (d, J = 12.6 Hz, 1H), 3.48 (d, J = 12.6 Hz, 1H), 1.86 (s, 3H). 

                                                      

276 M.-Z. Lu, C.-Q. Wang, T.-P. Loh, Org. Lett. 2015, 17, 6110–6113. 
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13C NMR (100 MHz, CDCl3) δ 158.4, 135.7, 134.3, 129.9, 128.6, 127.7, 125.1, 124.1, 119.6, 

105.6, 66.8, 61.1, 55.5, 22.5. 

IR (Liquid film, cm-1) 2099 (s) 1607 (w), 1267 (s), 1196 (m), 1032 (m). 

HRMS (ESI/QTOF) calcd for C14H14NO [M-N5]+ 212.1075; found 212.1072 (loss of N2 and N3). 

2-Azido-2,2-diphenylethan-1-ol (2.3.117) 

 

This compound was prepared following general procedure 3.D using N-acyloxy imidate 

S2.3.33 (0.15 mmol) as starting material. The crude product was purified by preparative thin 

layer chromatography (10:1 PE/EtOAc with 1% Et3N) to give 2.3.117 (17.6 mg, 50%) as a white 

solid. 

Mp 92-94 °C. 

1H NMR (400 MHz, CDCl3) δ 7.34-7.21 (m, 10H), 4.20 (d, J = 6.5 Hz, 2H), 1.77 (t, J = 6.7 Hz, 1H). 

13C NMR (100 MHz, CDCl3) δ 140.4, 128.8, 128.3, 127.7, 73.7, 69.2. 

IR (Liquid film, cm-1) 3419 (w), 2941 (w), 2099 (s), 1495 (w), 1445 (w), 1256 (m), 703 (s). 

HRMS (APPI/LTQ-Orbitrap) calcd for C14H14NO+[M+H-N2]+ 212.1070; found 212.1067 (loss of 

N2). 

2-Azido-2-methylpropan-1-ol (2.3.118) 

 

This compound was prepared following general procedure 3.D using N-acyloxy imidate 

S2.3.34 (0.15 mmol) as starting material. The crude product was purified by flash column 

chromatography (short column, 4:1 Pentane/Et2O) to give 2.3.118 (7.9 mg, 46%) as a colorless 

oil. The product tends to be unstable on silica for prolonged time and very volatile.  

1H NMR (400 MHz, CDCl3) δ 3.44 (s, 2H), 1.29 (s, 6H). 

13C NMR (100 MHz, CDCl3) δ 70.3, 62.7, 22.7. 

The spectroscopic data were consistent with those previously reported in the literature.277  

(1-Azidocyclohexyl)methanol (2.3.119) 

 

                                                      

277 C. Denk, M. Wilkovitsch, P. Skrinjar, D. Svatunek, S. Mairinger, C. Kuntner, T. Filip, J. Fröhlich, T. Wanek, H. Mikula, Org. 
Biomol. Chem. 2017, 15, 5976–5982. 
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This compound was prepared following general procedure 3.D using N-acyloxy imidate 

S2.3.39 (0.15 mmol) as starting material. The crude product was purified by flash column 

chromatography (10:1 PE/EtOAc with 1% Et3N) to give 2.3.119 (10.6 mg, 45%) as a colorless 

oil. The products tends to be quite volatile.  

1H NMR (400 MHz, CDCl3) δ 3.56 (s, 2H), 1.77-1.38 (m, 10H). 

13C NMR (100 MHz, CDCl3) δ 69.6, 64.9, 31.3, 25.6, 22.0. 

The spectroscopic data were consistent with those previously reported in the literature.278  

 (4-Azidotetrahydro-2H-pyran-4-yl)methanol (2.3.120) 

 

This compound was prepared following general procedure 3.D using N-acyloxy imidate 

S2.3.40 (0.043 mmol) as starting material. The crude product was purified by flash column 

chromatography (3:2 PE/EtOAc) to give 2.3.120 (2.5 mg, 37%) as a colorless oil.  

1H NMR (400 MHz, CDCl3) δ 3.82 (dt, J = 11.6, 4.0 Hz, 2H), 3.72-3.64 (m, 4H), 1.75-1.68 (m, 

5H). 

13C NMR (100 MHz, CDCl3) δ 69.8, 63.8 (2), 62.2, 31.5 (2). 

IR (Liquid film, cm-1) 3424 (m), 2098 (s), 1462 (m), 1263 (s), 1102 (s), 1053 (s). 

Note: The exact mass was not detected. 

2-Azido-2-methyl-1-phenylpropan-1-ol (2.3.121) 

 

This compound was prepared following general procedure 3.D using N-acyloxy imidate 

S2.3.41 (0.09 mmol) as starting material. The crude product was purified by flash column 

chromatography (20:1 PE/EtOAc with 1% Et3N) to give 2.3.121 (2.6 mg, 15%) as a colorless oil. 

1H NMR (400 MHz, CDCl3) δ 7.43 – 7.29 (m, 5H), 4.47 (s, 1H), 1.21 (s, 3H), 1.14 (s, 3H). 

13C NMR (100 MHz, CDCl3) δ 136.5, 128.6, 128.6, 128.6, 75.5, 73.0, 26.8, 25.3. 

IR (Liquid film, cm-1) 3238 (s), 2924 (s), 2877 (s), 2106 (s), 1456 (m), 1259 (m), 721 (s). 

HRMS (APPI/LTQ-Orbitrap) m/z: [M-N3]+ Calcd for C10H13O+ 149.0961; Found 149.0959 (loss of 

N3). 

  

                                                      

278 M. M. Elenkov, I. Primožič, T. Hrenar, A. Smolko, I. Dokli, B. Salopek-Sondi, L. Tang, Org. Biomol. Chem. 2012, 10, 5063–
5072. 
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4. -C-H Functionalization of alcohols directed by 

(alkoxycarbonyl)oxyl radicals 

  Precursor synthesis 

Phenethyl 1H-imidazole-1-carboxylate (2.4.34) 

 

It was prepared according to a literature procedure.279  

Bis(1,3-dioxoisoindolin-2-yl) carbonate (2.4.37) 

 

2.4.37 was synthesized using a modification of a literature procedure.280[385] 

To a solution of N-hydroxyphthalimide (5.0 g, 30.7 mmol, 1.0 equiv) in DCM (150 mL, 0.2 M) 

was added dropwise, at 0 °C, triethylamine (4.3 mL, 30.7 mmol, 1.0 equiv). Triphosgene (4.57 

g, 15.4 mmol, 0.5 equiv) was carefully added portionwise at 0 °C and the solution became 

colorless. The solution is stirred at 0 °C for 30 min, then at room temperature for 5h until 

completion (monitored by NMR of aliquot). The reaction mixture was quenched with a 0.1 M 

HCl solution and the aqueous layer was extracted three times with DCM. The combined 

organic layers were washed with 0.1 M HCl and water (2x), dried over Na2SO4 and 

concentrated under reduced pressure to give 2.4.37 (5.15 g, 95%) as a white/slightly yellow 

solid. 2.4.37 was used in the next step without further purification.  

The spectroscopic data were consistent with those previously reported in the literature.280  

  

                                                      

279 T. Werner, A. G. M. Barrett, J. Org. Chem. 2006, 71, 4302–4304. 
280 T. Krainz, M. M. Gaschler, C. Lim, J. R. Sacher, B. R. Stockwell, P. Wipf, ACS Cent. Sci. 2016, 2, 653–659. 
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1,3-Dioxoisoindolin-2-yl phenethyl carbonate (2.4.23a) 

 

To a suspension of 2.4.37 (3.0 g, 8.52 mmol, 1.1 equiv), 2-phenylethanol (0.93 mL, 7.75 mmol, 

1.0 equiv) and N,N-dimethylaminopyridine (47 mg, 0.39 mmol, 0.05 equiv) in THF (80 mL, 0.1 

M) was added dropwise triethylamine (1.08 mL, 7.75 mmol, 1.0 equiv) at room temperature. 

The reaction was stirred at room temperature for 15 h. The reaction mixture was diluted with 

EtOAc (150 mL) and washed three times with a satd. aq. NaHCO3 solution. The aqueous layer 

was extracted two times with EtOAc. The combined organic layers were washed with brine 

(until colourless), dried Na2SO4 and concentrated under reduced pressure. The crude product 

was purified by recrystallization from Et2O (with a hot filtration to get rid of the remaining 

NHPI) to give 2.4.23a (1.85 g, 77%) as a fluffy white powder. 

Mp 78-79 °C. 

1H NMR (400 MHz, CDCl3) δ 7.91 (dd, J = 5.5, 3.1 Hz, 2H), 7.81 (dd, J = 5.5, 3.1 Hz, 2H), 7.38 – 

7.21 (m, 5H), 4.54 (t, J = 7.2 Hz, 2H), 3.09 (t, J = 7.2 Hz, 2H).  

13C NMR (100 MHz, CDCl3) δ 161.6, 152.5, 136.3, 135.1, 129.1, 128.9, 128.9, 127.2, 124.3, 71.7, 

35.0.  

IR (Liquid film, cm-1) 1810 (m), 1788 (m), 1742 (s), 1468 (w), 1455 (w), 1373 (w), 1231 (s), 1186 

(s), 1128 (w), 1080 (w), 951 (m), 876 (m), 752 (w), 695 (s).  

HRMS (APPI/LTQ-Orbitrap) m/z: [M+Na]+ Calcd for C17H13NNaO5
+ 334.0686; Found 334.0679.  

Phenethyl chloroformate (2.4.39a) 

 

To a solution of triphosgene (2.9 g, 9.84 mmol, 0.4 equiv) in DCM (50 mL) was added dropwise, 

at 0 °C, a solution of 2-phenylethanol (2.94 mL, 24.6 mmol, 1.0 equiv) and triethylamine (3.3 

mL, 24.6 mmol, 1.0 equiv) in DCM (440 mL, 0.05 M) over 30 min. The reaction was stirred at 

room temperature for 2h. After dry concentration (under fume hood), the white salt obtained 

was dissolved in 50 mL of DCM. The organic layer was washed two times with ice cold water 

and brine, dried over dried over Na2SO4 and concentrated under reduced pressure. The crude 
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product was purified by flash column chromatography (pure PE) to give 2.4.39a (3.7 g, 82%) 

as a colorless oil. 

1H NMR (400 MHz, CDCl3) δ 7.36 – 7.31 (m, 2H), 7.31 – 7.22 (m, 1H), 7.24 – 7.20 (m, 2H), 4.51 

(t, J = 7.1 Hz, 2H), 3.04 (t, J = 7.1 Hz, 2H). 

The spectroscopic data were consistent with those previously reported in the literature.281  

3-Methyl-1-(phenethoxycarbonyl)-1H-imidazol-3-ium trifluoromethanesulfonate (S2.4.1) 

 

S2.4.1 was synthesized using a modification of a literature procedure.282  

To a solution of 2.4.34 (1.5 g, 6.9 mmol, 1.0 equiv) in DCM (7 mL, 1 M) cooled at 0 °C under 

inert atmosphere was added dropwise freshly distilled MeOTf (1.25 equiv). The reaction was 

warmed to room temperature and stirred for 3 h. The reaction mixture was concentrated 

under reduced pressure (under fume hood) to give S2.4.1 (2.64 g, quantitative) in good purity 

as a slightly brown solid. The product should be kept under inert atmosphere (very sensitive 

to moisture). The product was used without further purification.  

1H NMR (400 MHz, d6-acetone) δ 9.79 (s, 1H), 8.13 (t, J = 2.0 Hz, 1H), 7.93 (t, J = 2.0 Hz, 1H), 

7.40 – 7.30 (m, 4H), 7.29 – 7.24 (m, 1H), 4.84 (t, J = 6.8 Hz, 2H), 4.22 (s, 3H), 3.20 (t, J = 6.8 Hz, 

2H).  

4,5,6,7-Tetrachloro-2-hydroxyisoindoline-1,3-dione (TCNHPI) 

 

It was prepared according to a literature procedure.283  

  

                                                      

281 S. Gérard, G. Dive, B. Clamot, R. Touillaux, J. Marchand-Brynaert, Tetrahedron 2002, 58, 2423–2433. 
282 M. Komiyama, Y. Aiba, T. Ishizuka, J. Sumaoka, Nat. Protoc. 2008, 3, 646–654. 
283 E. J. Horn, B. R. Rosen, Y. Chen, J. Tang, K. Chen, M. D. Eastgate, P. S. Baran, Nature 2016, 533, 77–81. 
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Phenethyl (4,5,6,7-tetrachloro-1,3-dioxoisoindolin-2-yl) carbonate (2.4.23b) 

 

2.4.23b was synthesized according to a modification of a literature procedure.157 

To a solution of Na2CO3 (1.16 g, 11 mmol, 2.0 equiv) and TCNHPI (1.63 g, 5.5 mmol, 1.0 equiv) 

in H2O (13 mL) was added slowly at 0 °C a solution of chloroformate 2.4.39a (1.0 g, 5.5 mmol, 

1.0 equiv) in DCM (20 mL). The reaction was stirred at 0 °C for 30 min then at room 

temperature for 4 h. The reaction mixture was diluted with DCM (30 mL) and filtered (paper 

filter). The organic layer was washed with H2O and brine (until colourless), dried over Na2SO4 

and concentrated under reduced pressure. The crude product was purified by recrystallization 

from EtOAc/hexane to give 2.4.23b (1.56 g, 68%) as yellow crystals. 

Mp 175-176 °C.  

1H NMR (400 MHz, CDCl3) δ 7.33 (m, 2H), 7.30 – 7.20 (m, 3H), 4.55 (t, J = 7.1, 2H), 3.09 (t, J = 

7.1 Hz, 2H).  

13C NMR (100 MHz, CDCl3) δ 157.2, 152.0, 141.3, 136.2, 130.8, 129.1, 128.9, 127.2, 124.7, 72.1, 

34.9.  

IR (Liquid film, cm-1) 1793 (s), 1749 (s), 1377 (m), 1367 (m), 1232 (s), 1196 (s), 1151 (m), 1065 

(m), 912 (m), 793 (w), 731 (s), 700 (m).  

HRMS (APPI/LTQ-Orbitrap) m/z: [M + Na]+ Calcd for C17H9Cl4NNaO5
+ 469.9127; Found 

469.9106.  

1H-Benzo[d][1,2,3]triazol-1-yl phenethyl carbonate (2.4.33) 

 

2.4.33 was synthesized according to a modification of a literature procedure.157 

 

 

157 Y. Jad, S. Khattab, A. El-Faham, F. Albericio, Molecules 2012, 17, 14361–14376. 
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To a solution of Na2CO3 (575 mg, 5.42 mmol, 2.0 equiv) and HOBt (366 mg, 2.71 mmol, 1.0 

equiv) in H2O (6.5 mL) was added slowly, at 0 °C, a solution of chloroformate 2.4.39a (500 mg, 

2.71 mmol, 1.0 equiv) in DCM (10 mL). The reaction was stirred at 0 °C for 30 min then at room 

temperature for 4 h. The reaction mixture was diluted with DCM (30 mL) and filtered (paper 

filter). The organic layer was washed twice with H2O and brine, dried over Na2SO4 and 

concentrated under reduced pressure. The crude product was isolated by trituration in Et2O 

to give 2.4.33 (370 mg, 48%) as white crystals. 

Mp 112-113 °C. 

1H NMR (400 MHz, CDCl3) δ 8.08 (d, J = 8.4 Hz, 1H), 8.00 (dt, J = 8.4, 1.0 Hz, 1H), 7.72 (ddd, J = 

8.4, 7.1, 1.1 Hz, 1H), 7.52 (ddd, J = 8.4, 7.2, 1.0 Hz, 1H), 7.37 – 7.21 (m, 5H), 4.75 (t, J = 7.0 Hz, 

2H), 3.18 (t, J = 7.0 Hz, 2H).  

13C NMR (100 MHz, CDCl3) δ 147.4, 136.6, 133.5, 132.8, 129.1, 128.9, 127.2, 126.4, 115.9, 

115.2, 69.6, 35.1. 

IR (Liquid film, cm-1) 1753 (s), 1493 (s), 1460 (s), 1431 (s), 1402 (s), 1304 (m), 1257 (s), 1217 

(s), 1097 (m), 1039 (m), 744 (s), 700 (m). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C15H13N3NaO3
+ 306.0849; Found 306.0860.  

3-Phenylpropyl (4,5,6,7-tetrachloro-1,3-dioxoisoindolin-2-yl) carbonate (2.4.41) 

 

3-Phenylpropyl-chlorocarbonate 2.4.39b was synthesized according to a literature procedure 

and used in the next step without further purification.284  

2.4.41 was synthesized according to a modification of a literature procedure.157 

To a solution of Na2CO3 (636 mg, 6.0 mmol, 2.0 equiv) and TCNHPI (903 mg, 3.0 mmol, 1.0 

equiv) in H2O (8 mL) was added slowly, at 0 °C, a solution of crude 3-phenylpropyl-

chlorocarbonate 2.4.39b (3.0 mmol, 1.0 equiv) in DCM (11 mL). The reaction was stirred at 0 

°C for 30 min then at room temperature for 5 h. The reaction mixture was diluted with DCM 

(30 mL) and filtered (paper filter). The organic layer was washed with H2O and brine (until 

colourless), dried over Na2SO4 and concentrated under reduced pressure. The crude product 

                                                      

157 Y. Jad, S. Khattab, A. El-Faham, F. Albericio, Molecules 2012, 17, 14361–14376. 
284 S. Ponzano, F. Bertozzi, L. Mengatto, M. Dionisi, A. Armirotti, E. Romeo, A. Berteotti, C. Fiorelli, G. Tarozzo, A. Reggiani, A. 
Duranti, G. Tarzia, M. Mor, A. Cavalli, D. Piomelli, T. Bandiera, J. Med. Chem. 2013, 56, 6917–6934. 
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was purified by trituration from Et2O/PE to give 2.4.41 (455 mg, 33% over 2 steps) as a white 

solid. 

Mp 109-111 °C. 

1H NMR (400 MHz, CDCl3) δ 7.35 – 7.27 (m, 2H), 7.26 – 7.17 (m, 3H), 4.37 (t, J = 6.5 Hz, 2H), 

2.77 (dd, J = 8.4, 6.8 Hz, 2H), 2.17 – 2.06 (m, 2H).  

13C NMR (100 MHz, CDCl3) δ 157.3, 152.1, 141.3, 140.4, 130.8, 128.8, 128.6, 126.5, 124.7, 71.2, 

31.7, 30.1. 

IR (Liquid film, cm-1) 1795 (s), 1751 (s), 1377 (m), 1236 (m), 1196 (m), 731 (m). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C18H11Cl4NNaO5
+ 483.9284; Found 483.9289. 

2,4,6-Triphenylpyridine 1-oxide (2.4.42b) 

 

It was prepared according to a literature procedure.159 

2,6-Di-tert-butyl-4-methylpyrylium tetrafluoroborate (S2.4.2) 

 

S2.4.2 was synthesized according to a modification of a literature procedure.285  

In a flame-dried three-necked round-bottom flask, equipped with a condenser linked by 

cannula to a HCl trap (Na2CO3 solution), a thermometer and an addition funnel was added 

tert-butanol (3.25 mL, 34 mmol, 1.0 equiv) and pivaloyl chloride (16.7 mL, 136 mmol, 4.0 

equiv). The reaction was put under a small nitrogen flow, cooled to -10/-20 °C (ice/salt bath) 

and HBF4.Et2O (9.3 mL, 68 mmol, 2.0 equiv) was added dropwise. After addition, the reaction 

mixture was heated at 85 °C for 2 h. The reaction was cooled to room temperature and poured 

slowly into cold Et2O (150 mL) which resulted in the direct precipitation of the product. The 

solid was filtered and wash with Et2O to give S2.4.2 (5.2 g, 52%) as yellow/tan solid which was 

used without further purification.  

 

                                                      

159 C. Uncuta, M. T. Cǎproiu, V. Câmpeanu, A. Petride, M. G. Dǎnilǎ, M. Plǎveti, A. T. Balaban, Tetrahedron 1998, 54, 9747–
9764. 
285 A. G. Anderson, P. J. Stang, J. Org. Chem. 1976, 41, 3034–3036. 
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1H NMR (400 MHz, CDCl3) δ 7.82 (s, 2H), 3.55 (s, 1H), 2.84 (s, 3H), 1.51 (s, 18H). 

The spectroscopic data were consistent with those previously reported in the literature.286  

2,6-Di-tert-butyl-4-methylpyridine 1-oxide (2.4.42c) 

 

It was prepared according to a literature procedure.159 

Methyl 2-((phenylsulfonyl)methyl)acrylate (2.4.55) 

 

It was prepared according to a literature procedure.287  

2-Methyl-1-phenylprop-2-en-1-one (2.4.63) 

 

It was prepared according to a literature procedure.288  

  

                                                      

286 R. Z. Lange, G. Hofer, T. Weber, A. D. Schlüter, J. Am. Chem. Soc. 2017, 139, 2053–2059. 
287 G. Rouquet, F. Robert, R. Méreau, F. Castet, Y. Landais, Chem. Eur. J. 2011, 17, 13904–13911. 
288 V. Gembus, J.-J. Bonnet, F. Janin, P. Bohn, V. Levacher, J.-F. Brière, Org. Biomol. Chem. 2010, 8, 3287–3293. 
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  Reaction procedures and side-products 

Example of procedure attempted for the remote C-H arylation: 

To a solution of precursor (0.1 mmol), p-tolyl boronic acid (0.12 mmol) and K2CO3 (0.15 mmol) 

in anhydrous solvent (1 mL, 0.05 M) was added a pre-mixed solution of metal catalyst (0.01 

mmol) and ligand (0.01 mmol) in anhydrous solvent (1 mL, 0.05 M). The resulting mixture was 

stirred either at room temperature or at 75 °C for 15 h. The reaction mixture was diluted with 

EtOAc and the organic layer was washed three times with a satd. aq. NH4Cl solution and with 

brine, dried over Na2SO4 and concentrated under reduced pressure. The crude product was 

analyzed by 1H NMR spectroscopy.   

Example of procedure attempted for the remote C-H azidation: 

To a solution of precursor (0.1 mmol), the metal catalyst (0.02 mmol), the ligand (0.03 mmol) 

and either the Hantzsch ester (0.2 mmol) or the photocatalyst (1 or 2 mol%) in anhydrous 

degassed solvent (1 mL, 0.05 M) was added TMSN3 (60 μL, 0.4 mmol). The resulting mixture 

was stirred at room temperature under blue LEDs irradiation for 15 h. The reaction mixture 

was diluted with EtOAc and the organic layer was washed three times with a satd. aq. NH4Cl 

solution and with brine, dried over Na2SO4 and concentrated under reduced pressure. The 

crude product was analyzed by 1H NMR spectroscopy.   

Example of procedure attempted for the remote C-H alkylation by radical addition: 

To a solution of precursor (0.05 mmol), photocatalyst (1 or 2 mol%) and Michael acceptor 

(0.15 mmol) in anhydrous degassed solvent (2 mL, 0.025 M) was added N,N-

diisopropylethylamine (17 μL, 0.1 mmol). The resulting mixture was stirred at room 

temperature under blue LEDs irradiation for 15 h. The reaction mixture was diluted with EtOAc 

and the organic layer was washed three times with a satd. aq. NH4Cl solution and with brine, 

dried over Na2SO4 and concentrated under reduced pressure. The crude product was analyzed 

by 1H NMR spectroscopy.   
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Side-products observed: 

Phenethyl carbonazidate (2.4.48) 

 

It was isolated by flash column chromatography (pure PE) as a side product during the 

investigation of the remote C-H azidation with TMSN3 in several reactions. 

1H NMR (400 MHz, CDCl3) δ 7.37 – 7.28 (m, 2H), 7.32 – 7.18 (m, 3H), 4.42 (t, J = 7.1 Hz, 2H), 

3.00 (t, J = 7.1 Hz, 2H).  

13C NMR (101 MHz, CDCl3) δ 157.5, 136.9, 129.1, 128.8, 127.0, 69.0, 35.1.  

The spectroscopic data were consistent with those previously reported in the literature.289  

 (Methyl 2-((4,5,6,7-tetrachloro-1,3-dioxoisoindolin-2-yl)methyl)acrylate (2.4.65) 

 

It was isolated by flash column chromatography (10:1 PE/EtOAc) as a side product during the 

investigation of the remote C-H alkylation of 2.4.23b by radical addition with 2.4.55 in several 

reactions. 

1H NMR (400 MHz, CDCl3) δ 6.40 – 6.35 (m, 1H), 5.70 (d, J = 1.4 Hz, 1H), 4.56 (m, 2H), 3.78 (s, 

3H).  

13C NMR (101 MHz, CDCl3) δ 165.65, 163.09, 140.48, 133.71, 130.02, 127.85, 127.64, 52.38, 

39.34.  

IR (Liquid film, cm-1) 1730 (w), 1707 (s), 1371 (w), 1265 (w), 1126 (w), 758 (m), 735 (m).  

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C13H7Cl4NNaO4
+ 403.9021; Found 403.9019. 

  

                                                      

289 R. Singh, J. N. Kolev, P. A. Sutera, R. Fasan, ACS Catal. 2015, 5, 1685–1691. 
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5. Photoredox-catalyzed ring expansion of 1-(indol-2-yl)cyclobutan-

1-ols  

  Initial investigations with non-cyclic substrates 

(1H-indol-2-yl)diphenylmethanol (3.2.22) 

 

3.2.22 was prepared according to a literature procedure using methyl 1H-indole-2-carboxylate 

instead of ethyl 1H-indole-2-carboxylate.290  

1H NMR (400 MHz, CDCl3) δ 8.34 (s, 1H), 7.56 (br d, J = 7.8 Hz, 1H), 7.42 – 7.31 (m, 10H), 7.28 

(br d, J = 8.1 Hz, 1H), 7.20 (br ddd, J = 8.1, 7.6, 1.3 Hz, 1H), 7.12 (br td, J = 7.5, 1.2 Hz, 1H), 6.16 

(dd, J = 2.1, 0.7 Hz, 2H), 3.07 – 3.00 (m, 1H). 

13C NMR (101 MHz, CDCl3) δ 145.3, 142.9, 136.2, 128.3, 127.9, 127.3, 122.4, 120.9, 120.0, 

111.2, 103.4, 79.1. 

The spectroscopic data are consistent with those reported in the literature.290 

6,6,8,8-Tetraphenyl-5,6,8,9-tetrahydrooxepino[3,4-b:6,5-b']diindole (3.2.24) 

 

One of the main side product observed during the screening of conditions with substrate 

3.2.22. 

1H NMR (400 MHz, d6-DMSO, 110 °C) δ 9.29 (s, 2H), 7.68 – 7.61 (m, 2H), 7.37 (d, J = 7.7 Hz, 

8H), 7.32 – 7.24 (m, 2H), 7.11 (t, J = 7.5 Hz, 8H), 7.04 (d, J = 7.2 Hz, 3H), 7.02 – 6.96 (m, 4H). 

13C NMR (101 MHz, d6-DMSO, 110 °C) δ 145.5, 137.2, 135.1, 126.7, 126.4, 125.7, 125.4, 120.5, 

118.8, 118.4, 111.9, 111.7, 82.3. 

IR (Liquid film, cm-1) 3450 (w), 3057 (w), 2974 (w), 2860 (w), 1489 (w), 1444 (m), 1309 (w), 

1215 (m), 1111 (m), 1012 (m), 742 (s), 698 (s) 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C42H31N2O+ 579.2431; Found 579.2421.  

                                                      

290 Y.-Y. He, X.-X. Sun, G.-H. Li, G.-J. Mei, F. Shi, J. Org. Chem. 2017, 82, 2462–2471. 
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Benzophenone 

 

One of the main side product observed during the screening of conditions with substrate 

3.2.22. The spectroscopic data are consistent with those of commercial benzophenone. 

2-(1H-indol-2-yl)propan-2-ol (3.2.25) 

 

3.2.25 was prepared according to a literature procedure.291  

1H NMR (400 MHz, CDCl3) δ 8.50 (br s, 1H), 7.58 (app dq, J = 7.9, 1.0 Hz, 1H), 7.35 (app dq, J = 

8.2, 1.1 Hz, 1H), 7.18 (ddd, J = 8.2, 7.0, 1.1 Hz, 1H), 7.11 (ddd, J = 7.9, 7.0, 1.0 Hz, 1H), 6.32 (dd, 

J = 2.1, 1.0 Hz, 1H), 2.02 (s, 1H), 1.69 (s, 6H). 

13C NMR (101 MHz, CDCl3) δ 145.7, 135.7, 128.5, 121.9, 120.5, 119.9, 111.0, 97.2, 69.8, 30.8. 

The spectroscopic data are consistent with those reported in the literature.291 

1-(1H-indol-2-yl)-1,3,3-trimethyl-1,2,3,4-tetrahydrocyclopenta[b]indole (3.2.27) 

 

Main side product observed during the screening of conditions with substrate 3.2.25. 

1H NMR (400 MHz, CDCl3) δ 7.86 (s, 2H), 7.59 – 7.50 (m, 1H), 7.45 – 7.37 (m, 1H), 7.33 (dd, J = 

7.9, 1.0 Hz, 1H), 7.20 – 7.14 (m, 2H), 7.05 (ddd, J = 8.2, 5.3, 1.5 Hz, 3H), 6.38 (dd, J = 2.2, 0.9 

Hz, 1H), 2.74 (d, J = 13.1 Hz, 1H), 2.57 (d, J = 13.1 Hz, 1H), 1.88 (s, 3H), 1.45 (s, 3H), 1.32 (s, 3H). 

13C NMR (101 MHz, CDCl3) δ 151.0, 148.4, 141.0, 135.6, 129.3, 123.9, 121.4, 121.0, 121.0, 

120.3, 120.0, 119.6, 118.8, 111.9, 110.8, 97.7, 63.6, 42.7, 39.4, 29.7, 29.7, 29.0. 

IR (Liquid film, cm-1) 3394 (s), 2958 (m), 2924 (m), 1701 (m), 1616 (m), 1456 (s), 1292 (s), 750 

(s). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C22H23N2
+ 315.1856; Found 315.1852. 

                                                      

291 J. Xu, V. H. Rawal, J. Am. Chem. Soc. 2019, 141, 4820–4823. 
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  Side-products observed during the optimization of the 

rearrangement 

5',11'-dimethyl-5'H,11'H-dispiro[cyclobutane-1,6'-indolo[3,2-b]carbazole-12',1''-

cyclobutane (3.2.28) 

 

Main side product observed during the screening of conditions using copper catalysts or 

(NH4)2S2O8 with substrate 3.2.5a. (X-ray available) 

1H NMR (400 MHz, CDCl3) δ 8.23 (br d, J = 8.0 Hz, 2H), 7.47 (br d, J = 8.2 Hz, 2H), 7.33 (ddd, J = 

8.2, 7.0, 1.2 Hz, 2H), 7.24 (ddd, J = 8.0, 7.0, 1.1 Hz, 2H), 4.24 (s, 6H), 3.26 – 3.13 (m, 4H), 3.03 

– 2.91 (m, 4H), 2.89 – 2.73 (m, 2H), 2.65 – 2.48 (m, 2H). 

13C NMR (101 MHz, CDCl3) δ 139.1, 139.0, 124.5, 121.5, 119.3, 118.6, 116.6, 109.4, 38.0, 34.2, 

30.9, 15.7. 

IR (Liquid film, cm-1) 2983 (m), 2933 (m), 1469 (s), 1433 (m), 1371 (m), 1228 (m), 1203 (w), 

735 (s). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C26H27N2
+ 367.2169; Found 367.2164. 

1-methylisatin (3.2.29) 

 

Main side product observed during the screening of conditions with substrate 3.2.5a. 

1H NMR (400 MHz, CDCl3) δ 7.61 (td, J = 7.5, 6.9, 1.5 Hz, 2H), 7.13 (td, J = 7.5, 0.8 Hz, 1H), 6.92 

– 6.86 (m, 1H), 3.25 (s, 3H). 

13C NMR (101 MHz, CDCl3) δ 183.5, 158.4, 151.6, 138.5, 125.4, 124.0, 117.6, 110.0, 26.4. 

The spectroscopic data were consistent with those previously reported in the literature.292  

  

                                                      

292 A. Ilangovan, G. Satish, Org. Lett. 2013, 15, 5726–5729. 
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4-(1-methyl-1H-indol-2-yl)-4-oxobutanal 3.2.45 

 

Side product observed during the screening of conditions with substrate 3.2.5a in presence of 

water. 

1H NMR (400 MHz, CDCl3) δ 9.92 (t, J = 0.8 Hz, 1H), 7.70 (dt, J = 8.1, 1.0 Hz, 1H), 7.41 – 7.35 

(m, 3H), 7.16 (ddd, J = 8.1, 4.2, 3.4 Hz, 1H), 4.06 (s, 3H), 3.38 (dd, J = 7.0, 6.0 Hz, 2H), 2.92 (ddd, 

J = 7.0, 6.0, 0.8 Hz, 2H). 

13C NMR (101 MHz, CDCl3) δ 200.8, 191.7, 140.2, 134.3, 126.2, 126.0, 123.1, 121.0, 111.6, 

110.5, 38.0, 32.3, 32.2. 

The spectroscopic data were consistent with those previously reported in the literature.293  

  

                                                      

293 F. De Simone, T. Saget, F. Benfatti, S. Almeida, J. Waser, Chem. – Eur. J. 2011, 17, 14527–14538. 
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  Synthesis of 1-(indol-2-yl)cyclobutan-1-ols  

  Synthesis of N-methylindoles 

1-Methylindole, 4-methylindole, 5-bromoindole, 5-methoxyindole, 6-chloroindole, 6-

methoxyindole, 7-ethylindole, 1,6,7,8-tetrahydrocyclopenta[g]indole and 1H-benzo[g]indole 

were purchased from commercial sources (Aldrich, Acros, Merck, Fluka and VWR 

International) and were used as received. 

General procedure 5.A for the N-methylation of indoles: 

 

Indole derivatives were methylated following a reported procedure.294  

To a solution of the corresponding indole (2.0-10 mmol, 1.0 equiv) in dry THF (0.3 M) was 

added portionwise sodium hydride (60% wt suspension in mineral oil, 1.5 equiv) at 0 °C under 

N2 flow. The reaction mixture was stirred at 0 °C for 15 min and then warmed to room 

temperature for 1.5 h. It was cooled back to 0 °C and methyl iodide (1.3 equiv) was added 

dropwise. The reaction mixture was warmed to room temperature and stirred overnight. The 

reaction mixture was cooled again to 0 °C, quenched first with water and then with a satd. aq. 

NH4Cl solution. The aqueous layer was extracted three times with EtOAc. The combined 

organic layers were washed with brine, dried over Na2SO4, filtered and concentrated under 

reduced pressure. The resulting crude product was purified by flash column chromatography 

(PE:EtOAc) to give the desired N-methylindole. 

1,4-dimethyl-1H-indole (S3.2.1) 

 

This compound was prepared following the general procedure 5.A using 4-methylindole (4.4 

mmol) as starting material. The crude product was purified by flash column chromatography 

(50:1 PE/EtOAc) to give S3.2.1 (319 mg, 50%) as a brown oil. 

1H NMR (400 MHz, CDCl3) δ 7.23 – 7.15 (m, 2H), 7.09 – 7.06 (m, 1H), 6.98 – 6.93 (m, 1H), 6.54 

(d, J = 2.5 Hz, 1H), 3.81 (s, 3H), 2.60 (s, 3H). 

13C NMR (101 MHz, CDCl3) δ 136.5, 130.5, 128.5, 128.3, 121.8, 119.6, 106.9, 99.5, 33.1, 18.9. 

The spectroscopic data are consistent with those reported in the literature.295  

                                                      

294 P. Caramenti, R. K. Nandi, J. Waser, Chem. Eur. J. 2018, 24, 10049–10053. 
295 J. Kim, H. Kim, S. Chang, Org. Lett. 2012, 14, 3924–3927. 
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5-methoxy-1-methyl-1H-indole (S3.2.2) 

 

This compound was prepared following the general procedure 5.A using 5-methoxyindole (5 

mmol) as starting material. The crude product was purified by flash column chromatography 

(98:2 to 40:1 to 10:1 PE/EtOAc) to give S3.2.2 (585 mg, 72%) as a white solid. 

1H NMR (400 MHz, CDCl3) δ 7.21 (dt, J = 8.9, 0.8 Hz, 1H), 7.09 (d, J = 2.4 Hz, 1H), 7.02 (d, J = 

3.0 Hz, 1H), 6.89 (dd, J = 8.9, 2.4 Hz, 1H), 6.40 (dd, J = 3.0, 0.8 Hz, 1H), 3.85 (s, 3H), 3.77 (s, 3H). 

13C NMR (101 MHz, CDCl3) δ 154.1, 132.3, 129.4, 128.9, 112.0, 110.0, 102.6, 100.5, 56.0, 33.1. 

The spectroscopic data are consistent with those reported in the literature.296  

6-chloro-1-methyl-1H-indole (S3.2.3) 

 

This compound was prepared following the general procedure 5.A using 6-chloroindole (2.3 

mmol) as starting material. The crude product was purified by flash column chromatography 

(50:1 PE/EtOAc) to give S3.2.3 (359 mg, 94%) as a green oil. 

1H NMR (400 MHz, CDCl3) δ 7.53 (d, J = 8.4 Hz, 1H), 7.34 – 7.31 (m, 1H), 7.08 (dd, J = 8.4, 1.7 

Hz, 1H), 7.04 (d, J = 3.1 Hz, 1H), 6.47 (dd, J = 3.1, 0.9 Hz, 1H), 3.76 (s, 3H). 

13C NMR (101 MHz, CDCl3) δ 137.2, 129.6, 127.7, 127.1, 121.8, 120.1, 109.4, 101.3, 33.0. 

The spectroscopic data are consistent with those reported in the literature.297  

6-methoxy-1-methyl-1H-indole (S3.2.4) 

 

This compound was prepared following the general procedure 5.A using 6-methoxyindole (10 

mmol) as starting material. The crude product was purified by flash column chromatography 

(40:1 PE/EtOAc) to give S3.2.4 (1.42 g, 88%) as an orange oil. 

1H NMR (400 MHz, CDCl3) δ 7.54 – 7.50 (m, 1H), 6.96 (d, J = 3.1 Hz, 1H), 6.84 – 6.78 (m, 2H), 

6.46 – 6.42 (m, 1H), 3.91 (s, 3H), 3.75 (s, 3H). 

13C NMR (101 MHz, CDCl3) δ 156.4, 137.5, 127.8, 122.9, 121.5, 109.4, 100.9, 92.9, 55.9, 32.9. 

                                                      

296 A. F. G. Maier, S. Tussing, T. Schneider, U. Flörke, Z.-W. Qu, S. Grimme, J. Paradies, Angew. Chem. Int. Ed. 2016, 55, 
12219–12223. 
297 L. Omann, M. Oestreich, Organometallics 2017, 36, 767–776. 
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The spectroscopic data are consistent with those reported in the literature.298  

7-ethyl-1-methyl-1H-indole (S3.2.5) 

 

This compound was prepared following the general procedure 5.A using 7-ethylindole (10 

mmol) as starting material. The crude product was purified by flash column chromatography 

(200:1 to 100:1 PE/Et2O) to give S3.2.5 (1.3 g, 79%) as a yellow/green oil. 

1H NMR (400 MHz, CDCl3) δ 7.46 (dd, J = 7.6, 1.5 Hz, 1H), 7.04 – 6.96 (m, 2H), 6.95 (d, J = 3.1 

Hz, 1H), 6.45 (d, J = 3.1 Hz, 1H), 4.04 (s, 3H), 3.12 (q, J = 7.5 Hz, 2H), 1.36 (t, J = 7.5 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 134.7, 130.7, 130.2, 127.9, 122.6, 119.8, 119.1, 101.2, 36.9, 25.6, 

16.8. 

The spectroscopic data are consistent with those reported in the literature.297 

1-methyl-1,6,7,8-tetrahydrocyclopenta[g]indole (S3.2.6) 

 

This compound was prepared following the general procedure 5.A using 1,6,7,8-

tetrahydrocyclopenta[g]indole (6 mmol) as starting material. Compound S3.2.6 (1.0 g, 

quantitative) was obtained in good purity and used in the next step without purification.  

1H NMR (400 MHz, CDCl3) δ 7.40 (d, J = 8.0 Hz, 1H), 6.99 (d, J = 8.0 Hz, 1H), 6.90 (d, J = 3.1 Hz, 

1H), 6.43 (d, J = 3.1 Hz, 1H), 3.96 (s, 3H), 3.39 (t, J = 7.4 Hz, 2H), 3.01 (t, J = 7.4 Hz, 2H), 2.23 – 

2.14 (m, 2H). 

13C NMR (101 MHz, CDCl3) δ 138.6, 134.2, 128.8, 127.9, 125.2, 119.2, 116.7, 101.4, 35.2, 32.9, 

31.5, 25.6. 

The spectroscopic data are consistent with those reported in the literature.299  

1-methyl-1H-benzo[g]indole (S3.2.7) 

 

This compound was prepared following the general procedure 5.A using 1H-benzo[g]indole (6 

mmol) as starting material. Compound S3.2.7 (1.1 g, quantitative) was obtained in good purity 

and used in the next step without purification.  

                                                      

298 B. S. Lane, M. A. Brown, D. Sames, J. Am. Chem. Soc. 2005, 127, 8050–8057. 
299 C. Zhang, C. B. Santiago, J. M. Crawford, M. S. Sigman, J. Am. Chem. Soc. 2015, 137, 15668–15671. 
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1H NMR (400 MHz, CDCl3) δ 8.48 (dd, J = 8.6, 1.0 Hz, 1H), 7.97 – 7.93 (m, 1H), 7.70 (d, J = 8.6 

Hz, 1H), 7.56 – 7.48 (m, 2H), 7.46 – 7.40 (m, 1H), 7.07 (d, J = 3.0 Hz, 1H), 6.61 (d, J = 3.0 Hz, 

1H), 4.31 (s, 3H). 

13C NMR (101 MHz, CDCl3) δ 131.5, 130.1, 129.3, 129.1, 125.9, 125.3, 123.5, 123.4, 121.2, 

121.0, 120.7, 102.2, 38.6. 

The spectroscopic data are consistent with those reported in the literature.300  

5-phenyl-1-methyl-1H-indole (S3.2.8) 

 

5-Phenylindole was synthesized by Suzuki-Miyaura cross-coupling between 5-bromoindole 

and phenyl boronic acid according to a literature procedure.301  

A round-bottom flask equipped with a magnetic stir bar was charged with 5-bromoindole (2.0 

g, 10 mmol, 1.0 equiv), phenylboronic acid (1.5 g, 12 mmol, 1.2 equiv), Pd(PPh3)4 (231 mg, 0.2 

mmol, 2 mol%) and K3PO4 (4.3 g, 20 mmol, 2.0 equiv). The flask was evacuated and back-filled 

with Ar three times and DME:H2O (degassed by freeze-pump-thaw cycling, 4:1 v/v, 40 mL, 0.25 

M) was added by syringe. The reaction was stirred at 65 °C (oil bath) overnight under argon 

atmosphere. The reaction was cooled down to room temperature and concentrated under 

reduced pressure. The residue was diluted with EtOAc, washed with a satd. aq. NaHCO3 

solution and brine, dried over Na2SO4 and concentrated under reduced pressure. The crude 

product was purified by flash column chromatography (20:1 to 5:1 PE/EtOAc) to give 5-

phenylindole in good purity.   

This compound was prepared following the general procedure 5.A using 5-phenylindole (8.2 

mmol) as starting material. The crude product was purified by flash column chromatography 

(100:1 PE/EtOAc) to give S3.2.8 (891 mg, 43% over 2 steps) as a white/beige solid. 

1H NMR (400 MHz, CDCl3) δ 7.89 – 7.84 (m, 1H), 7.71 – 7.65 (m, 2H), 7.54 – 7.43 (m, 3H), 7.40 

(dd, J = 8.5, 1.9 Hz, 1H), 7.39 – 7.32 (m, 1H), 7.10 (dd, J = 3.2, 1.6 Hz, 1H), 6.56 (t, J = 3.2 Hz, 

1H), 3.83 (s, 3H).  

13C NMR (101 MHz, CDCl3) δ 142.8, 136.4, 133.0, 129.6, 129.1, 128.8, 127.5, 126.4, 121.5, 

119.5, 109.6, 101.5, 33.1. 

The spectroscopic data are consistent with those reported in the literature.302  

  

                                                      

300 B. Zhou, Z. Chen, Y. Yang, W. Ai, H. Tang, Y. Wu, W. Zhu, Y. Li, Angew. Chem. Int. Ed. 2015, 54, 12121–12126. 
301 C. Shao, G. Shi, Y. Zhang, S. Pan, X. Guan, Org. Lett. 2015, 17, 2652–2655. 
302 A. Ohtsuki, K. Yanagisawa, T. Furukawa, M. Tobisu, N. Chatani, J. Org. Chem. 2016, 81, 9409–9414. 
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  Synthesis of N-(methoxymethyl)indoles 

Indole, 4-chloroindole, 5-methylindole, 5-bromoindole, 5-fluoroindole, 6-methylindole, 6-

(trifluoromethyl)indole, 6-hydroxyindole and 7-azaindole were purchased from commercial 

sources (Aldrich, Acros, Merck, Fluka and VWR International) and were used as received. 

General procedure 5.B for the N-methoxymethylation of indole derivatives: 

 

To a strongly stirred solution of the corresponding indole derivative (5.0-10 mmol, 1.0 equiv) 

in dry DMF (0.5-2.0 M) was added portionwise sodium hydride (60% wt suspension in mineral 

oil, 1.05-1.5 equiv) at 0 °C under N2 flow. The thick slurry was stirred for 15 min at room 

temperature, cooled back to 0 °C then MOMBr (1.2-1.3 equiv) was added dropwise. The 

reaction mixture was warmed to room temperature and stirred until full conversion of the 

indole (1-2 h). The reaction was quenched with a satd. aq. NH4Cl solution and extracted five 

times with CH2Cl2. The combined organic layers were washed with cold water, dried over 

Na2SO4 and concentrated under reduced pressure. The crude product was purified by flash 

column chromatography (PE:EtOAc) to give the corresponding N-(methoxymethyl)indole. 

1-(methoxymethyl)-1H-indole (3.2.68) 

 

This compound was prepared following the general procedure 5.B using indole (15 mmol) as 

starting material with NaH (1.5 equiv) and MOMBr (1.2 equiv) in DMF (7.4 mL) and THF (45 

mL). The crude product was purified by flash column chromatography (25:1 PE/EtOAc) to give 

S3.2.9 (2.3 g, 96%) as a yellow/orange oil. 

1H NMR (400 MHz, CDCl3) δ 7.65 (dt, J = 7.9, 1.0 Hz, 1H), 7.51 (dq, J = 8.3, 0.9 Hz, 1H), 7.29 – 

7.24 (m, 1H), 7.20 – 7.14 (m, 2H), 6.56 (dd, J = 3.3, 0.9 Hz, 1H), 5.47 (s, 2H), 3.25 (s, 3H). 

13C NMR (101 MHz, CDCl3) δ 136.5, 129.3, 128.2, 122.3, 121.1, 120.4, 110.0, 102.8, 77.6, 56.0. 

The spectroscopic data are consistent with those reported in the literature.303  

4-chloro-1-(methoxymethyl)-1H-indole (S3.2.9) 

  

                                                      

303 M. Hogan, B. Gleeson, M. Tacke, Organometallics 2010, 29, 1032–1040. 



Chapter 4: Experimental section 

248 

 

This compound was prepared following the general procedure 5.B using 4-chloroindole (10 

mmol) as starting material with NaH (1.2 equiv) and MOMBr (1.3 equiv) in DMF (1.0 M). The 

crude product was purified by flash column chromatography (20:1 PE/EtOAc) to give S3.2.9 

(1.6 g, 81%) as a yellow oil. 

1H NMR (400 MHz, CDCl3) δ 7.42 – 7.37 (m, 1H), 7.22 (d, J = 3.3 Hz, 1H), 7.17 – 7.15 (m, 2H), 

6.66 (dd, J = 3.3, 0.9 Hz, 1H), 5.44 (s, 2H), 3.24 (s, 3H). 

13C NMR (101 MHz, CDCl3) δ 137.2, 128.8, 128.1, 126.4, 123.0, 120.2, 108.7, 101.3, 77.9, 56.1. 

IR (Liquid film, cm-1) 2935 (w), 1479 (w), 1435 (m), 1092 (s), 741 (s). 

HRMS (APCI/QTOF) m/z: [M + H]+ Calcd for C10H11ClNO+ 196.0524; Found 196.0518. 

1-(methoxymethyl)-5-methyl-1H-indole (S3.2.10) 

 

This compound was prepared following the general procedure 5.B using 5-methylindole (10 

mmol) as starting material with NaH (1.05 equiv) and MOMBr (1.2 equiv) in DMF (0.5 M). The 

crude product was purified by flash column chromatography (40:1 PE/EtOAc) to give S3.2.10 

(733 mg, 42%) as a yellow oil. 

1H NMR (400 MHz, CDCl3) δ 7.44 (dt, J = 1.7, 0.9 Hz, 1H), 7.40 (d, J = 8.4 Hz, 1H), 7.15 (d, J = 

3.2 Hz, 1H), 7.09 (dd, J = 8.4, 1.7 Hz, 1H), 6.48 (dd, J = 3.2, 0.9 Hz, 1H), 5.44 (s, 2H), 3.24 (s, 3H), 

2.47 (s, 3H). 

13C NMR (101 MHz, CDCl3) δ 134.9, 129.6, 129.6, 128.3, 123.9, 120.8, 109.7, 102.2, 77.6, 55.9, 

21.5. 

IR (Liquid film, cm-1) 2927 (w), 1485 (m), 1298 (m), 1227 (m), 1103 (s), 1063 (s), 795 (m), 717 

(s). 

HRMS (ESI/QTOF) m/z: [M + Ag]+ Calcd for C11H13AgNO+ 282.0043; Found 282.0035 (after 

addition of AgNO3). 

5-bromo-1-(methoxymethyl)-1H-indole (S3.2.11) 

 

This compound was prepared following the general procedure 5.B using 5-bromoindole (10 

mmol) as starting material with NaH (1.2 equiv) and MOMBr (1.2 equiv) in DMF (1.0 M). The 

crude product was purified by flash column chromatography (20:1 PE/EtOAc) to give S3.2.11 

(1.8 g, 75%) as a white solid. 
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1H NMR (400 MHz, CDCl3) δ 7.76 (dd, J = 1.8, 0.8 Hz, 1H), 7.37 (dt, J = 8.7, 0.8 Hz, 1H), 7.32 (dd, 

J = 8.7, 1.8 Hz, 1H), 7.18 (d, J = 3.2 Hz, 1H), 6.48 (dd, J = 3.2, 0.8 Hz, 1H), 5.42 (s, 2H), 3.23 (s, 

3H). 

13C NMR (101 MHz, CDCl3) δ 135.1, 131.0, 129.4, 125.2, 123.6, 113.7, 111.5, 102.2, 77.7, 56.0. 

The spectroscopic data are consistent with those reported in the literature.304  

5-fluoro-1-(methoxymethyl)-1H-indole (S3.2.12) 

 

This compound was prepared following the general procedure 5.B using 5-fluoroindole (10 

mmol) as starting material with NaH (1.2 equiv) and MOMBr (1.2 equiv) in DMF (1.0 M). The 

crude product was purified by flash column chromatography (20:1 PE/EtOAc) to give S3.2.12 

(1.1 g, 62%) as a yellow oil. 

1H NMR (400 MHz, CDCl3) δ 7.41 (dd, J = 9.0, 4.4 Hz, 1H), 7.29 (dd, J = 9.5, 2.5 Hz, 1H), 7.22 (d, 

J = 3.2 Hz, 1H), 7.00 (td, J = 9.0, 2.5 Hz, 1H), 6.51 (d, J = 3.2 Hz, 1H), 5.43 (s, 2H), 3.24 (s, 3H). 

13C NMR (101 MHz, CDCl3) δ 158.4 (d, J = 235.0 Hz), 133.0, 129.8, 129.7 (d, J = 10.2 Hz), 110.7 

(d, J = 9.8 Hz), 110.6 (d, J = 26.4 Hz), 105.9 (d, J = 23.3 Hz), 102.6 (d, J = 4.6 Hz), 77.8, 56.0. 

19F NMR (377 MHz, CDCl3) δ -127.6. 

IR (Liquid film, cm-1) 2933 (w), 2821 (w), 1481 (s), 1448 (m), 1225 (s), 1097 (s), 1065 (s), 810 

(s), 719 (s). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C10H11FNO+ 180.0819; Found 180.0820. 

1-(methoxymethyl)-6-methyl-1H-indole (S3.2.13) 

 

This compound was prepared following the general procedure 5.B using 6-methylindole (7.24 

mmol) as starting material with NaH (1.2 equiv) and MOMBr (1.3 equiv) in DMF (1.0 M). The 

crude product was purified by flash column chromatography (50:1 PE/EtOAc) to give S3.2.13 

(698 mg, 55%) as a yellow oil. 

1H NMR (400 MHz, CDCl3) δ 7.54 (d, J = 7.8 Hz, 1H), 7.33 – 7.30 (m, 1H), 7.12 (d, J = 3.2 Hz, 1H), 

7.03 – 6.99 (m, 1H), 6.51 (dt, J = 3.2, 0.9 Hz, 1H), 5.44 (s, 2H), 3.26 (s, 3H), 2.52 (s, 3H). 

13C NMR (101 MHz, CDCl3) δ 136.9, 132.2, 127.7, 127.1, 122.2, 120.7, 110.0, 102.5, 77.5, 55.9, 

22.0. 

                                                      

304 T. Goto, Y. Natori, K. Takeda, H. Nambu, S. Hashimoto, Tetrahedron Asymmetry 2011, 22, 907–915. 
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IR (Liquid film, cm-1) 2922 (w), 1514 (w), 1464 (m), 1311 (m), 1182 (m), 1097 (s), 1063 (s), 912 

(m), 802 (s), 715 (s). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C11H14NO+ 176.1070; Found 176.1063. 

1-(methoxymethyl)-6-(trifluoromethyl)-1H-indole (S3.2.14)  

  

This compound was prepared following the general procedure 5.B using 6-

(trifluoromethyl)indole (4.95 mmol) as starting material with NaH (1.2 equiv) and MOMBr (1.3 

equiv) in DMF (1.0 M). The crude product was purified by flash column chromatography (12:1 

PE/EtOAc) to give S3.2.14 (735 mg, 65%) as an orange oil. 

1H NMR (400 MHz, CDCl3) δ 7.79-7.77 (br dd, J = 1.7, 0.9 Hz, 1H), 7.72 (app dt, J = 8.4, 0.9 Hz, 

1H), 7.40 (dd, J = 8.4, 1.7 Hz, 1H), 7.32 (d, J = 3.2 Hz, 1H), 6.61 (dd, J = 3.2, 0.9 Hz, 1H), 5.49 (s, 

2H), 3.26 (s, 3H). 

13C NMR (101 MHz, CDCl3) δ 135.4, 131.7, 130.8, 125.3 (q, J = 271.6 Hz), 124.5 (q, J = 31.9 Hz), 

121.5, 117.1 (q, J = 3.5 Hz), 107.7 (q, J = 4.4 Hz), 102.9, 77.8, 56.2. 

19F NMR (377 MHz, CDCl3) δ -63.7. 

IR (Liquid film, cm-1) 2945 (w), 2827 (w), 1464 (w), 1304 (s), 1101 (s), 910 (m), 818 (s), 725 (m). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C11H11F3NO+ 230.0787; Found 230.0782. 

1-(methoxymethyl)-6-((triisopropylsilyl)oxy)-1H-indole (S3.2.15) 

 

To a solution of 5-hydroxyindole (5.5 g, 96% purity, 39.7 mmol, 1.0 equiv) in dry CH2Cl2 (200 

mL, 0.2 M) was added imidazole (5.95 g, 87.3 mmol, 2.2 equiv) and TIPSCl (9.6 mL, 97% purity, 

43.7 mmol, 1.1 equiv) at room temperature under N2 atmosphere. The reaction was stirred 

overnight. The crude reaction mixture was washed with water and aq. 1 M HCl. The aqueous 

layer was extracted with DCM. The combined organic layers were washed with water, dried 

over Na2SO4 and concentrated under reduced pressure. The crude product was pure enough 

to be used directly in the next step. The crude 6-((triisopropylsilyl)oxy)indole was reacted 

following the general procedure 5.B with NaH (1.2 equiv) and MOMBr (1.3 equiv) in DMF (0.6 

M). The crude product was purified by flash column chromatography (50:1 to 25:1 PE/Et2O) 

to give S3.2.15 (3.3 g, 25% over 2 steps) as a brown oil. 

1H NMR (400 MHz, CDCl3) δ 7.43 (br d, J = 8.5 Hz, 1H), 7.06 (d, J = 3.3 Hz, 1H), 6.97 (br d, J = 

2.1 Hz, 1H), 6.77 (dd, J = 8.5, 2.1 Hz, 1H), 6.45 (dd, J = 3.3, 0.9 Hz, 1H), 5.37 (s, 2H), 3.22 (s, 3H), 

1.34 – 1.23 (m, 3H), 1.13 (d, J = 7.4 Hz, 18H). 
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13C NMR (101 MHz, CDCl3) δ 152.5, 137.5, 127.3, 123.7, 121.2, 114.6, 102.6, 100.6, 77.5, 55.9, 

18.2, 12.9. 

IR (Liquid film, cm-1) 2943 (m), 2866 (m), 1620 (m), 1485 (m), 1462 (m), 1244 (s), 964 (s), 879 

(s), 681 (s). 

HRMS (APCI/QTOF) m/z: [M + H]+ Calcd for C19H32NO2Si+ 334.2197; Found 334.2195. 

1-(methoxymethyl)-1H-pyrrolo[2,3-b]pyridine (S3.2.16) 

 

This compound was prepared following the general procedure 5.B using 1H-pyrrolo[2,3-

b]pyridine (10 mmol) as starting material with NaH (1.2 equiv) and MOMBr (1.2 equiv) in DMF 

(2.0 M). The crude product was purified by flash column chromatography (4:1 PE/EtOAc) to 

give S3.2.16 (1.1 g, 69%) as a yellow oil. 

1H NMR (400 MHz, CDCl3) δ 8.34 (dd, J = 4.8, 1.6 Hz, 1H), 7.90 (dd, J = 7.8, 1.6 Hz, 1H), 7.32 (d, 

J = 3.6 Hz, 1H), 7.08 (dd, J = 7.8, 4.8 Hz, 1H), 6.51 (d, J = 3.6 Hz, 1H), 5.64 (s, 2H), 3.29 (s, 3H). 

13C NMR (101 MHz, CDCl3) δ 148.3, 143.4, 129.0, 128.0, 120.8, 116.5, 101.3, 74.9, 56.4. 

The spectroscopic data are consistent with those reported in the literature.305  

  

                                                      

305 M. Hogan, J. Cotter, J. Claffey, B. Gleeson, D. Wallis, D. O’Shea, M. Tacke, Helv. Chim. Acta 2008, 91, 1787–1797. 
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 Synthesis of cyclobutanones 

Cyclobutanone, 3-phenylcyclobutanone, 3-oxetanone, 1-Boc-3-azetidinone, 3-

(benzyloxy)cyclobutanone, tert-butyl 2-oxo-7-azaspiro[3.5]nonane-7-carboxylate and (±)-cis-

bicyclo[3.2.0]hept-2-en-6-one were purchased from commercial sources (Aldrich, Acros, 

Merck, TCI, Fluorochem, Fluka and VWR International) and were used as received. 

Cyclopropyl(diphenyl)sulfonium tetrafluoroborate was synthesized according to a literature 

procedure306[412] and recrystallized from hot ethanol. 

2-phenylcyclobutan-1-one (S3.2.17) 

 

This compound was synthesized according to reported procedures.307  

To a solution of (3-bromopropyl)triphenylphosphonium bromide (14.0 g, 30.0 mmol, 1.5 

equiv) in  dry THF (80 mL, 0.4 M) stirred at room temperature was slowly added a solution of 

t-BuOK (6.74 g, 60.0 mmol, 3.0 equiv). The resulting reaction mixture was stirred at 70 °C for 

1 h then benzaldehyde (2.05 mL, 20.0 mmol) was added and the reaction mixture was refluxed 

for 5 h. The mixture was quenched with water and extracted three times with EtOAc. The 

combined organic layers were dried over Na2SO4, filtered and the solvents were carefully 

removed under reduced pressure. The crude product was purified by flash column 

chromatography (pure PE to 100:1 PE:EtOAc) to give (cyclopropylidenemethyl)benzene (1.14 

g, 44%) as a very volatile colorless oil.  

Note: (Cyclopropylidenemethyl)benzene was found to be very volatile and care should be 

taken during the solvent evaporation.  

To a solution of (cyclopropylidenemethyl)benzene (1.14 g, 8.8 mmol, 1.0 equiv) in CH2Cl2 (44 

mL, 0.2 M) stirred at 0 °C was added m-CPBA (2.0 g, ≤77% pure, 8.8 mmol, 1.0 equiv). The 

resulting reaction mixture was stirred at 0 °C for 2 h, diluted with a satd. aq. Na2S2O3 solution 

and extracted with CH2Cl2. The combined organic layers were washed with a satd. aq. NaHCO3 

solution and brine, dried over Na2SO4, filtered and the solvents were carefully removed under 

reduced pressure. The crude product was purified by flash column chromatography (30:1 

PE:EtOAc) to give 2-phenylcyclobutanone S3.2.17 (815 mg, 55%) as a volatile colorless oil. 

Note: 2-Phenylcyclobutanone S3.2.17 was found to be quite volatile and care should be taken 

during the solvent evaporation.  

                                                      

306 M. J. Bogdanowicz, B. M. Trost, Org. Synth. 1974, 54, 27. 
307 a) W. Ai, Y. Liu, Q. Wang, Z. Lu, Q. Liu, Org. Lett. 2018, 20, 409–412; b) N. Maeta, H. Kamiya, Y. Okada, J. Org. Chem. 
2020, 85, 6551–6566. 
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1H NMR (400 MHz, CDCl3) δ 7.36 – 7.32 (m, 2H), 7.28-7.24 (m, 3H), 4.58 – 4.51 (m, 1H), 3.29 – 

3.18 (m, 1H), 3.09 – 2.99 (m, 1H), 2.60 – 2.49 (m, 1H), 2.31 – 2.20 (m, 1H). 

13C NMR (101 MHz, CDCl3) δ 208.0, 136.6, 128.8, 127.1, 127.1, 64.7, 45.0, 17.8. 

The spectroscopic data are consistent with those reported in the literature.308  

2-cyclobutylidene-1,1-dimethylhydrazine  

 

This compound was synthesized according to a literature procedure.309  

A flame-dried round-bottom flask equipped with magnetic stir bar and charged with 

cyclobutanone (3.1 mL, 40 mmol, 1.0 equiv) and 1,1-dimethylhydrazine (3.7 mL, 48 mmol, 1.2 

equiv) was topped with a condenser and heated at 70 °C (oil bath) for 2 h under inert 

atmosphere. The reaction mixture was diluted with Et2O (50 mL) and was washed with ice-

cold water (25 mL). The aqueous layer was extracted once with Et2O (20 mL). The combined 

organic layers were dried over anhydrous MgSO4 (15 min), filtered and the solvents were 

carefully removed under reduced pressure (water bath 30 °C, > 200 mbar) to give 2-

cyclobutylidene-1,1-dimethylhydrazine (801 mg, 18%) as slightly yellow oil. This compound 

was obtained in excellent purity and used in the next step without purification.  

Note: Anhydrous MgSO4 was found to be important for the drying of the resulting product as 

attempt with anhydrous Na2SO4 resulted in poor yield of the alkylation. The product was also 

found to be quite volatile and care should be taken during the solvent evaporation. 

2-hexylcyclobutan-1-one (S3.2.18) 

 

This compound was synthesized according to a literature procedure.309 

To a solution of freshly prepared 2-cyclobutylidene-1,1-dimethylhydrazine (796 mg, 7.1 mmol, 

1.0 equiv) in anhydrous THF (35 mL, 0.2 M) cooled at -10 °C was added dropwise n-BuLi (3.1 

mL, 2.5 M in hexanes, 7.8 mmol, 1.1 equiv) under inert atmosphere. The reaction mixture was 

stirred at -10 °C for 1 h then a solution of 1-bromohexane (1.32 mL, 9.2 mmol, 1.3 equiv) in 

anhydrous THF (10 mL, 1 M) was added dropwise. The reaction mixture was warmed to room 

                                                      

308 H. Nemoto, J. Miyata, H. Hakamata, M. Nagamochi, K. Fukumoto, Tetrahedron 1995, 51, 5511–5522. 
309 B. D. W. Allen, M. D. Hareram, A. C. Seastram, T. McBride, T. Wirth, D. L. Browne, L. C. Morrill, Org. Lett. 2019, 21, 9241–
9246. 
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temperature and was stirred overnight. The mixture was cooled to 0 °C and quenched with an 

aq. 2 M HCl solution, then warmed to room temperature and stirred for 1 h. The reaction 

mixture was extracted three times with Et2O. The combined organic layers were washed with 

brine, dried over anhydrous MgSO4, filtered and the solvents were carefully removed under 

reduced pressure. The crude product was purified by flash column chromatography (30:1 

PE/Et2O) to give S3.2.18 (1.09 g, quantitative) as a colorless oil. 

Note: On the thin layer chromatography, the desired product was not visible under UV light 

and chemical stains (PMA, “Magic”) were required to visualize the product. The product was 

also found to be a bit volatile and care should be taken during the solvent evaporation. 

1H NMR (400 MHz, CDCl3) δ 3.33 – 3.22 (m, 1H), 3.07 – 2.96 (m, 1H), 2.95 – 2.85 (m, 1H), 2.23 

– 2.12 (m, 1H), 1.74 – 1.56 (m, 2H), 1.53 – 1.42 (m, 1H), 1.39 – 1.20 (m, 8H), 0.90 – 0.84 (m, 

3H). 

13C NMR (101 MHz, CDCl3) δ 212.7, 60.8, 44.5, 31.8, 29.7, 29.3, 27.1, 22.7, 17.0, 14.2. 

The spectroscopic data are consistent with those reported in the literature.309 

Spiro[3.5]nonan-1-one (S3.2.19) 

 

This compound was synthesized according to a reported procedure.310  

To a stirred suspension of NaH (60% wt suspension in mineral oil, 880 mg, 22 mmol, 1.0 equiv) 

in anhydrous THF (33 mL, 0.67 M) was added cyclopropyltriphenylphosphonium bromide (8.6 

g, 98% purity, 22 mmol, 1.0 equiv) at room temperature under a N2 flow. The reaction mixture 

was heated under reflux for 16 h. A solution of cyclohexanone (2.7 mL, 26.4 mmol, 1.2 equiv) 

in THF (9.5 mL) was added dropwise and the mixture was stirred under reflux for 8 h. The 

reaction mixture was diluted with water and extracted with Et2O. The combined organic layers 

were washed with brine, dried over Na2SO4 and the solvents were removed carefully under 

reduced pressure at 35 °C (water bath). The crude product was suspended in PE, triturated to 

precipitate most of the phosphine oxide, filtered over a pad of silica gel with PE and the 

solvents were removed carefully under reduced pressure at 35 °C (water bath) to give 

cyclopropylidenecyclohexane in acceptable purity. The crude product was used directly in the 

next reaction without further purification.  

                                                      

309 B. D. W. Allen, M. D. Hareram, A. C. Seastram, T. McBride, T. Wirth, D. L. Browne, L. C. Morrill, Org. Lett. 
2019, 21, 9241–9246. 
310 M. Yoshida, K. Sugimoto, M. Ihara, Org. Lett. 2004, 6, 1979–1982. 
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Note: Cyclopropylidenecyclohexane was found to be very volatile and care should be taken 

during the solvent evaporation.  

To a stirred solution of the crude cyclopropylidenecyclohexane (max 22 mmol, 1.0 equiv) and 

N-methylmorpholine-N-oxide (= NMO, 5.2 g, 44 mmol, 2.0 equiv) in MeCN/H2O/t-BuOH (6:1:2, 

21.6 mL: 3.6 mL: 7.2 mL, 0.7 M) was added OsO4 (4% wt in H2O, 1.4 mL, 0.22 mmol, 1 mol%) 

and the reaction mixture was stirred at room temperature for 24 h. The reaction was 

quenched with a satd. aq. Na2S2O3 solution (50 mL) and the stirring was continued for 1 h. The 

reaction mixture was extracted three times with EtOAc. The combined organic layers were 

successively washed with an aq. 1M HCl solution, a satd. aq. NaHCO3 solution and brine. To 

the organic layer in ethyl acetate (100 mL) was added a catalytic amount of AMBERLYST 15 

(one spatula) and stirring was continued at room temperature for 3 h. The reaction mixture 

was filtered through a pad of Celite® with EtOAc and concentrated under reduced pressure. 

The crude product was purified by flash column chromatography (20:1 to 15:1 PE/EtOAc) to 

give spiro[3.5]nonan-1-one S3.2.19 (873 mg, 29% over 3 steps) as a volatile pine tree smelling 

brown oil. 

Note: Spiro[3.5]nonan-1-one was found to be quite volatile and care should be taken during 

the solvent evaporation. 

1H NMR (400 MHz, CDCl3) δ 2.94 (t, J = 8.3 Hz, 2H), 1.80 (t, J = 8.3 Hz, 2H), 1.70 – 1.59 (m, 4H), 

1.59 – 1.51 (m, 2H), 1.50 – 1.30 (m, 4H). 

13C NMR (101 MHz, CDCl3) δ 216.2, 65.8, 41.4, 32.2, 25.6, 24.2, 22.6. 

The spectroscopic data are consistent with those reported in the literature.311  

2-(4-methylpent-3-en-1-yl)cyclobutan-1-one (S3.2.20) 

 

This compound was prepared according to a modified literature procedure using  5-

methylhex-4-enal as electrophile.312[419] 

To a solution of 5-methylhex-4-enal (1.1 g, 10 mmol, 1.0 equiv) and 

cyclopropyl(diphenyl)sulfonium tetrafluoroborate (4.2 g, 13.5 mmol, 1.35 equiv) in DMSO (30 

mL, 0.33 M) was added freshly pulverized KOH(s) (1.1 g, 20 mmol, 2.0 equiv) in one portion 

under inert atmosphere at room temperature. The reaction was stirred for 2.5 h. The reaction 

mixture was poured onto an aq. 1 M HBF4 solution (25 mL) cooled at 0 °C. The reaction mixture 

was extracted three times with Et2O. The combined organic layers were washed with water, 

brine, dried over Na2SO4, filtered and the solvents were carefully removed under reduced 

pressure (bath temperature 35 °C). The crude product was purified by flash column 

                                                      

311 T. E. Anderson, K. A. Woerpel, Org. Lett. 2020, 22, 5690–5694. 
312 B. M. Trost, M. J. Bogdanowicz, J. Am. Chem. Soc. 1973, 95, 5311–5321. 
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chromatography (100:1 to 100:3 PE/Et2O) to give S3.2.20 (452 mg, 30%) as a slightly yellow 

volatile oil. 

Note: The product was found to be quite volatile and care should be taken during the solvent 

evaporation. 

1H NMR (400 MHz, CDCl3) δ 5.09 – 5.03 (m, 1H), 3.33 – 3.23 (m, 1H), 3.01 (dddd, J = 17.8, 10.5, 

7.8, 2.7 Hz, 1H), 2.90 (dddd, J = 17.8, 9.7, 5.3, 2.7 Hz, 1H), 2.16 (dtd, J = 11.1, 10.1, 5.3 Hz, 1H), 

2.09 – 2.01 (m, 2H), 1.67 (br s, 3H), 1.79 – 1.60 (m, 2H), 1.60 (br s, 3H), 1.56 – 1.46 (m, 1H).  

13C NMR (101 MHz, CDCl3) δ 212.6, 132.6, 123.6, 60.2, 44.5, 29.8, 25.8, 25.6, 17.8, 17.1. 

IR (Liquid film, cm-1) 2966 (w), 2920 (w), 2854 (w), 1776 (s), 1448 (w), 1379 (w), 1078 (m), 756 

(m). 

HRMS (ESI/QTOF) m/z: [M + Ag]+ Calcd for C10H16AgO+ 259.0247; Found 259.0240. (Note: after 

addition of AgNO3). 

6-Iodo-2-methylhex-2-ene 

 

5-Methylhex-4-enal was synthesized according to a literature procedure.313  

To a solution of 2-methyl-3-buten-2-ol (9.9 mL, 93 mmol, 1.0 equiv) and ethyl vinyl ether (18 

mL, 186 mmol, 2.0 equiv) in a thick-walled sealed flask was added concentrated phosphoric 

acid (0.1 mL, 1.4 mmol, 0.015 equiv) and the reaction mixture was heated at 150 °C (oil bath). 

After 2 h, the mixture was cooled down to room temperature and Et3N (0.6 mL, 4.2 mmol) 

was added. The reaction mixture was transferred to a round-bottom flask with EtOAc and 

concentrated under reduced pressure. The crude product was purified by distillation under 

reduced pressure (60 mbar, oil bath 120 °C) to give 5-methylhex-4-enal (2.4 g, 23%) as a 

colorless oil.  

Bp 72-75 °C at 60 mbar. 

1H NMR (400 MHz, CDCl3) δ 9.75 (t, J = 1.7 Hz, 1H), 5.10 – 5.05 (m, 1H), 2.48 – 2.42 (m, 2H), 

2.34 – 2.27 (m, 2H), 1.68 (br d, J = 1.5 Hz, 3H), 1.62 (br s, 3H).  

                                                      

313 S. Peil, A. Guthertz, T. Biberger, A. Fürstner, Angew. Chem. Int. Ed. 2019, 58, 8851–8856. 
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13C NMR (101 MHz, CDCl3) δ 202.8, 133.4, 122.3, 44.1, 25.8, 21.0, 17.8.  

The spectroscopic data are consistent with those reported in the literature.313  

5-Methylhex-4-en-1-ol was synthesized by reduction of 5-methylhex-4-enal with NaBH4. 

To a solution of 5-methylhex-4-enal (2.4 g, 21.2 mmol, 1.0 equiv) in dry methanol (42 mL, 0.5 

M) was added NaBH4 (802 mg, 21.2 mmol, 1.0 equiv). The reaction mixture was stirred at room 

temperature for 2 h then the methanol was evaporated under reduced pressure until almost 

dryness. The reaction mixture was diluted with EtOAc and a satd. aq. NH4Cl solution was 

carefully added to quench excess of NaBH4. The reaction mixture was extracted three times 

with EtOAc. The combined organic layers were washed with a satd. aq. NH4Cl solution and 

brine, dried over anhydrous Na2SO4, filtered and concentrated under reduced pressure. The 

crude product was purified by flash column chromatography (10:1 to 5:1 PE/EtOAc) to give 5-

methylhex-4-en-1-ol (1.57 g, 65%) as a colorless oil. 

1H NMR (400 MHz, CDCl3) δ 5.15 – 5.09 (m, 1H), 3.63 (t, J = 6.5 Hz, 2H), 2.05 (br q, J = 7.6 Hz, 

2H), 1.68 (br s, 3H), 1.61 (s, 3H), 1.64 – 1.56 (m, 2H). 

13C NMR (101 MHz, CDCl3) δ 132.3, 124.0, 62.8, 32.9, 25.8, 24.5, 17.8. 

The spectroscopic data are consistent with those reported in the literature.313 

6-Iodo-2-methylhex-2-ene was synthesized according to a literature procedure.314  

To a solution of 5-methylhex-4-en-1-ol (1.58 g, 13.8 mmol, 1.0 equiv) in anhydrous CH2Cl2 (29 

mL, 0.47 M) was added triphenylphosphine (3.99 g, 15.2 mmol, 1.1 equiv) and imidazole (1.13 

g, 16.6 mmol, 1.2 equiv) at room temperature. After 30 min, the reaction mixture was cooled 

to 0 °C and I2 (4.72 g, 18.6 mmol, 1.35 equiv) was added portionwise. The reaction mixture 

was stirred at 0 °C for 2.5 h then a satd. aq. Na2S2O3 solution (50 mL) was added. The aqueous 

layer was extracted three times with dichloromethane. The combined organic layers were 

dried over anhydrous Na2SO4, filtered and concentrated under reduced pressure. The crude 

product was purified by flash column chromatography (pure PE) to give 6-iodo-2-methylhex-

2-ene (2.4 g, 79%) as a colorless/slightly pink oil. 

Note: The iodide was kept under argon atmosphere and covered with aluminium foil at -20 

°C. 

1H NMR (400 MHz, CDCl3) δ 5.09 – 5.03 (m, 1H), 3.18 (t, J = 7.1 Hz, 2H), 2.09 (q, J = 7.1 Hz, 1H), 

1.86 (quint, J = 7.1 Hz, 2H), 1.69 (app q, J = 1.3 Hz, 3H), 1.64 (br d, J = 1.3 Hz, 3H).  

13C NMR (101 MHz, CDCl3) δ 133.3, 122.5, 33.8, 28.9, 25.9, 18.1, 7.0. 

The spectroscopic data are consistent with those reported in the literature.315  

2-(5-methylhex-4-en-1-yl)cyclobutan-1-one (S3.2.21) 

                                                      

313 S. Peil, A. Guthertz, T. Biberger, A. Fürstner, Angew. Chem. Int. Ed. 2019, 58, 8851–8856. 
314 K. Speck, T. Magauer, Chem. – Eur. J. 2017, 23, 1157–1165. 
315 a) D. P. Curran, H. Yu, H. Liu, Tetrahedron 1994, 50, 7343–7366; b) G. A. Wallace, C. H. Heathcock, J. Org. Chem. 2001, 66, 
450–454. 
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To a solution of freshly made 2-cyclobutylidene-1,1-dimethylhydrazine (897 mg, 8 mmol, 1.0 

equiv) in anhydrous THF (20 mL, 0.4 M) cooled at 0 °C was added dropwise n-BuLi (3.5 mL, 2.5 

M in hexanes, 8.8 mmol, 1.1 equiv) under inert atmosphere. The reaction mixture was stirred 

at 0 °C for 1 h then a solution of 6-iodo-2-methylhex-2-ene (2.15 g, 9.6 mmol, 1.2 equiv) in 

anhydrous THF (1 mL + rinsed twice with 1 mL) was added dropwise. The reaction mixture was 

stirred at 0 °C for 30 min, warmed to room temperature and stirred overnight. The mixture 

was cooled to 0 °C and quenched with an aq. 2 M HCl solution, then warmed to room 

temperature and stirred for 2 h. The reaction mixture was extracted four times with Et2O. The 

combined organic layers were washed successively with a satd. aq. NaHCO3 solution, a satd. 

aq.  Na2S2O3 solution, brine, dried over anhydrous Na2SO4, filtered and the solvents were 

carefully removed under reduced pressure (bath temperature 35 °C, >150 mbar). The crude 

product was purified by flash column chromatography (Pure PE to 30:1 PE/Et2O) to give 

S3.2.21 (164 mg, 12%) as a colorless slightly volatile oil. 

Note: The remaining 6-iodo-2-methylhex-2-ene was recovered (4.1 mmol). 

1H NMR (400 MHz, CDCl3) δ 5.11 – 5.05 (m, 1H), 3.33 – 3.22 (m, 1H), 3.01 (dddd, J = 17.9, 10.5, 

7.9, 2.7 Hz, 1H), 2.90 (dddd, J = 17.9, 9.7, 5.4, 2.7 Hz, 1H), 2.17 (dtd, J = 11.1, 10.1, 5.4 Hz, 1H), 

1.97 (br q, J = 7.2 Hz, 2H), 1.68 (br d, J = 1.4 Hz, 3H), 1.76 – 1.59 (m, 2H), 1.59 (br d, J = 1.4 Hz, 

3H), 1.54 – 1.32 (m, 3H). 

13C NMR (101 MHz, CDCl3) δ 212.6, 131.9, 124.3, 60.7, 44.6, 29.3, 27.9, 27.4, 25.8, 17.8, 17.0. 

IR (Liquid film, cm-1) 2966 (w), 2927 (m), 2856 (w), 1774 (s), 1450 (m), 1377 (m), 1178 (m), 

756 (s). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C11H19O+ 167.1430; Found 167.1428. (low) 

HRMS (ESI/QTOF) m/z: [M + H-1]- Calcd for C11H17O- 165.1285; Found 165.1279. 

2-cyclopropyl-2-methylcyclobutan-1-one (S3.2.22) 

 

This compound was prepared according to a literature procedure.312 

 

 

312 B. M. Trost, M. J. Bogdanowicz, J. Am. Chem. Soc. 1973, 95, 5311–5321. 
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To a solution of cyclopropyl methyl ketone (1.0 mL, 10 mmol, 1.0 equiv) and 

cyclopropyl(diphenyl)sulfonium tetrafluoroborate (3.1 g, 10 mmol, 1.0 equiv) in DMSO (40 mL, 

0.25 M) was added freshly pulverized KOH(s) (1.1 g, 20 mmol, 2.0 equiv) in one portion under 

inert atmosphere at room temperature. The reaction mixture was stirred for 4 h. The reaction 

mixture was extracted three times with PE.  

The combined organic layers were washed with satd. aq. NaHCO3 solution, brine, dried over 

Na2SO4, filtered and the solvents were carefully removed under reduced pressure (bath 

temperature 35 °C). The crude product was purified by flash column chromatography (50:1 

PE/Et2O) to give S3.2.22 (688 mg, 55%) as a colorless oil. 

Note: On the thin layer chromatography, the desired product was not visible under UV light 

and PMA stain was required to visualize the product. The product was also found to be a bit 

volatile and care should be taken during the solvent evaporation. 

1H NMR (400 MHz, CDCl3) δ 2.98 – 2.81 (m, 2H), 1.77 – 1.69 (m, 1H), 1.67 – 1.58 (m, 1H), 1.23 

(s, 3H), 0.94 – 0.86 (m, 1H), 0.52 – 0.39 (m, 2H), 0.38 – 0.31 (m, 1H), 0.20 – 0.13 (m, 1H). 

13C NMR (101 MHz, CDCl3) δ 214.8, 64.3, 42.7, 22.2, 21.5, 15.9, 1.4, 1.2. 

The spectroscopic data are consistent with those reported in the literature.316  

2-(hydroxymethyl)cyclobutan-1-one (S3.2.23) 

 

This compound was prepared according to a literature procedure.317  

A fractional distillation apparatus consisting of a two-neck round-bottom flask (100 mL), a big 

magnetic stirring bar, an addition funnel (50 mL), a fractionating column, a three-way Claisen 

adapter with a thermometer, a condenser and a receiving flask (50 mL) with a vacuum 

attachment was flame-dried under vacuum. The addition funnel was removed and solid t-

BuOK (20.6 g, 183 mmol, 1.0 equiv) was added to the flask. The addition funnel was reattached 

and 2-bromo-1,1-diethoxyethane (28.4 mL, 183 mmol, 1.0 equiv) was added with a syringe to 

the addition funnel through a rubber septum. The reaction flask was cooled with an ice bath 

                                                      

316 S. I. Kozhushkov, T. Späth, M. Kosa, Y. Apeloig, D. S. Yufit, A. de Meijere, Eur. J. Org. Chem. 2003, 2003, 4234–4242. 
317 P. C. Venneri, J. Warkentin, Can. J. Chem. 2000, 78, 1194–1203. 
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and 2-bromo-1,1-diethoxyethane was added onto the solid (2 min). The reaction mixture was 

first manually stirred and slightly heated to initiate the reaction. A white dense smoke was 

formed and the reaction temperature was controlled by cooling with an ice bath. Extra t-BuOH 

(10 mL) was added to facilitate the stirring and the reaction mixture was heated at 50 °C (oil 

bath) for 1 h.  The temperature was increased to 130 °C (oil bath) and t-BuOH was distilled 

under atmospheric pressure. The temperature was decreased, the system was attached to a 

vacuum pump and 1,1-diethoxyethene (12.6 g, 59%) was distilled (bp: 35-37 °C, 28 mbar) from 

the crude reaction mixture. 1,1-Diethoxyethene was used immediately for the next step. 

1H NMR (400 MHz, CDCl3) δ 3.82 (q, J = 7.0 Hz, 4H), 3.09 (s, 2H), 1.32 (t, J = 7.0 Hz, 6H). 

13C NMR (101 MHz, CDCl3) δ 165.2, 63.8, 55.7, 14.6. 

The spectroscopic data are consistent with those reported in the literature.317 

A solution of freshly prepared 1,1-diethoxyethene (9.5 g, 82 mmol, 1.0 equiv) and methyl 

acrylate (7.5 mL, 82 mmol, 1.0 equiv) was refluxed in t-BuOH (32 mL, 2.6 M) for 5.5 days. The 

solvent was removed under reduced pressure. The crude product was purified by flash column 

chromatography (15:1 PE/Et2O) to yield methyl 2,2-diethoxycyclobutane-1-carboxylate (4.5 g, 

27%) as a colorless oil.  

1H NMR (400 MHz, CDCl3) δ 3.69 (s, 3H), 3.63 – 3.43 (m, 3H), 3.42 – 3.34 (m, 1H), 3.31 – 3.25 

(m, 1H), 2.34 – 2.26 (m, 1H), 2.19 – 2.02 (m, 2H), 1.89 – 1.80 (m, 1H), 1.20 (t, J = 7.1 Hz, 3H), 

1.12 (t, J = 7.1 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 171.7, 102.3, 57.2, 56.7, 51.7, 49.4, 30.9, 15.3, 15.3, 14.5. 

The spectroscopic data are consistent with those reported in the literature.318  

To a suspension of lithium aluminium hydride (974 mg, 25.7 mmol, 1.0 equiv) in Et2O (60 mL, 

0.45 M) cooled at 0 °C was added dropwise methyl 2,2-diethoxycyclobutane-1-carboxylate 

(5.19 g, 25.7 mmol, 1.0 equiv). The reaction mixture was refluxed for 2 h. The reaction was 

quenched at 0 °C by slow addition of EtOAc (30 mL). The reaction mixture was stirred for 5 

min at room temperature, then cooled down to 0 °C and H2O (30 mL) was carefully added. The 

reaction mixture was stirred again for 20 min at room temperature. The reaction mixture was 

filtered through a sintered-glass funnel to remove the fine-grained Al(OH)3 and washed with 

Et2O. The aqueous layer was extracted three times with Et2O. The combined organic layers 

were dried over Na2SO4, filtered and concentrated under reduced pressure. The crude product 

was used directly in the next step without purification.  

The crude 2,2-(diethoxycyclobutyl)methanol (max 25.7 mmol) was stirred with 3% aq. H2SO4 

(3% w/w, 257 mL, 0.1 M) for 10 min at room temperature. The reaction mixture was extracted 

three times with Et2O. The combined organic layers were successively washed three times 

with a satd. aq. NaHCO3 solution and brine. The combined aqueous layer was extracted three 

                                                      

317 P. C. Venneri, J. Warkentin, Can. J. Chem. 2000, 78, 1194–1203. 
318 C. S. Kniep, A. B. Padias, H. K. Hall, Tetrahedron 2000, 56, 4279–4288. 
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times with CH2Cl2. The combined organic layers were dried over Na2SO4, filtered and the 

solvents were carefully removed under reduced pressure (water bath 25 °C). The crude 

product was purified by flash column chromatography (1:1 PE/EtOAc) to give S3.2.23 (300 mg, 

12% over 2 steps) as colorless/slightly yellow oil.  

Note: On the thin layer chromatography, the desired product was not visible under UV light 

and chemical stains (PMA, “Magic”) were required to visualize the product. The product was 

also found to be a bit volatile and care should be taken during the solvent evaporation.  

1H NMR (400 MHz, CDCl3) δ 3.88 (dd, J = 11.4, 5.2 Hz, 1H), 3.72 (dd, J = 11.4, 5.6 Hz, 1H), 3.55 

– 3.46 (m, 1H), 3.06 (dddd, J = 18.0, 10.3, 7.8, 2.7 Hz, 1H), 2.94 (dddd, J = 18.0, 9.8, 5.6, 2.7 Hz, 

1H), 2.20 (br s, 1 H), 2.15 (dtd, J = 11.4, 10.3, 5.6 Hz, 1H), 1.97 (ddt, J = 11.4, 9.8, 7.5 Hz, 1H). 
13C NMR (101 MHz, CDCl3) δ 211.4, 62.5, 60.6, 45.7, 13.5. 

IR (Liquid film, cm-1) 3396 (w), 2951 (w), 1770 (s), 1624 (w), 1080 (s), 1045 (m). 

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + Na]+ Calcd for C5H8NaO2
+ 123.0417; Found 

123.0411. 

2-(2-((tert-butyldimethylsilyl)oxy)ethyl)cyclobutan-1-one (S3.2.24) and 2-(2-

hydroxyethyl)cyclobutan-1-one (S3.2.25) 

 

To a solution of freshly prepared 2-cyclobutylidene-1,1-dimethylhydrazine (3.7 g, 33.3 mmol, 

1.0 equiv) in anhydrous THF (133 mL, 0.25 M) cooled at -10 °C was added dropwise n-BuLi (3.1 

mL, 2.5 M in hexanes, 7.8 mmol, 1.1 equiv) under inert atmosphere. The reaction mixture was 

stirred at -10 °C for 1 h then a solution of tert-butyl(2-iodoethoxy)dimethylsilane (11.4 g, 40 

mmol, 1.2 equiv) in anhydrous THF (40 mL, 1 M) was added dropwise at -10 °C. The mixture 

was warmed to room temperature and was stirred for 4 h, then cooled to 0 °C and quenched 

with water. The mixture was transferred to a separatory funnel and an aq. 1 M HCl solution 

was added. The hydrolysis of the hydrazone was carefully monitored by thin layer 

chromatography (10:1 PE/Et2O) after every 20 s of shaking. The hydrolysis was complete after 

2 min of shaking. The aqueous layer was extracted three times with Et2O. The combined 

organic layers were washed with a satd. aq. NaHCO3 solution and brine, dried over anhydrous 

MgSO4, filtered and the solvents were carefully removed under reduced pressure (water bath 

30 °C). The crude product was purified by flash column chromatography (20:1 to 15:1 PE/Et2O) 

to give S3.2.24 (4.0 g, 53%) as a colorless oil and then (pure Et2O) to give S3.2.25 (638 mg, 

17%) as a colorless oil. 
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Characterization of S3.2.24: 

 
1H NMR (400 MHz, CDCl3) δ 3.68 (br t, J = 6.3 Hz, 2H), 3.48 – 3.38 (m, 1H), 3.05 (dddd, J = 17.6, 

10.6, 8.0, 2.8 Hz, 1H), 2.93 (dddd, J = 17.6, 9.6, 5.1, 2.8 Hz, 1H), 2.20 (dtd, J = 11.1, 10.3, 5.1 

Hz, 1H), 1.91 (dq, J = 13.8, 6.3 Hz, 1H), 1.77 – 1.65 (m, 2H), 0.89 (s, 9H), 0.05 (s, 6H). 

13C NMR (101 MHz, CDCl3) δ 212.3, 60.8, 57.6, 44.8, 32.7, 26.1, 18.4, 17.0, -5.2, -5.3. 

IR (Liquid film, cm-1) 2952 (w), 2929 (m), 2856 (w), 1780 (s), 1468 (w), 1254 (m), 1082 (s), 833 

(s), 775 (s). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C12H24NaO2Si+ 251.1438; Found 251.1433. 

Characterization of S3.2.25: 

 
1H NMR (400 MHz, CDCl3) δ 3.76 – 3.62 (m, 2H), 3.47 – 3.36 (m, 1H), 3.14 – 3.03 (m, 1H), 2.99 

– 2.89 (m, 1H), 2.30 – 2.19 (m, 1H), 1.94 – 1.75 (m, 2H), 1.75 – 1.64 (m, 1H). 

13C NMR (101 MHz, CDCl3) δ 213.0, 61.1, 58.5, 44.4, 32.7, 16.7. 

The spectroscopic data are consistent with those reported in the literature.319  

3-hexylcyclobutan-1-one (S3.2.27) 

 

This compound was prepared according to a literature procedure.320  

A flame-dried two-neck flask equipped with an addition funnel was charged with Zn° powder 

(3.3 g, 50 mmol, 2.0 equiv). The reaction set-up was inertized with N2 and anhydrous Et2O (125 

mL, 0.2 M) followed by 1-octene (4 mL, 25 mmol, 1.0 equiv) was added. The reaction was 

placed in a sonicator at a temperature below 10 °C (water bath cooled with ice). The reaction 

was put under sonication and a solution of trichloroacetyl chloride (4.3 mL, 37.5 mmol, 1.5 

equiv) in anhydrous Et2O (37.5 mL, 1.0 M) was added dropwise with the addition funnel over 

                                                      

319 M. Liniger, D. G. VanderVelde, M. K. Takase, M. Shahgholi, B. M. Stoltz, J. Am. Chem. Soc. 2016, 138, 969–974. 
320 C. Schmit, J. B. Falmagne, J. Escudero, H. Vanlierde, L. Ghosez, Org. Synth. 1990, 69, 199. 
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1 h. The reaction was continued for 1 h after the end of the addition (T° < 10 °C). Water (5 mL) 

was added and the reaction was sonicated for 1 min before being filtered over a plug of Celite® 

with Et2O. The combined ethereal layers were successively washed with water twice, a satd. 

aq. NaHCO3 solution, brine, dried over Na2SO4, filtered and the solvents were carefully 

removed under reduced pressure (bath temperature 30 °C). Compound S3.2.26 was obtained 

in excellent purity and used in the next step without purification.  

To a strongly stirred suspension of Zn° powder (7.9 g, 120 mmol, 6.4 equiv) in glacial AcOH (11 

mL, 10.9 M) was added dropwise a solution of the crude dichlorocyclobutanone (6.0 g, 18.8 

mmol, 1.0 equiv) in glacial AcOH (4 mL, 4.7 M). The reaction mixture was heated at 80 °C (oil 

bath) for 40 min. The reaction mixture was quenched with water (4 mL) and stirred strongly 

for 10 min. The reaction mixture was filtered over a pad of Celite® with Et2O. The combined 

organic layers were carefully washed with water, a satd. aq. NaHCO3 solution, brine, dried 

over Na2SO4, filtered and the solvents were carefully removed under reduced pressure (bath 

temperature 30 °C). The crude product was purified by flash column chromatography (50:1 

PE/Et2O) to give S3.2.26 (2.78 g, 96% over 2 steps) as a colorless oil. 

Note: Only the ¾ of the crude dichlorocyclobutanone was used for the second step. A strong 

magnetic stir bar is required for the second step as a thick aggregate of zinc is generated during 

the course of the reaction. On the thin layer chromatography, the desired product was not 

visible under UV light and KMnO4 stain was required to visualize the product. The product was 

also found to be a bit volatile and care should be taken during the solvent evaporation. 

1H NMR (400 MHz, CDCl3) δ 3.16 – 3.07 (m, 2H), 2.70 – 2.60 (m, 2H), 2.40 – 2.28 (m, 1H), 1.60 

– 1.53 (m, 2H), 1.36 – 1.21 (m, 8H), 0.91 – 0.84 (m, 3H).  

13C NMR (101 MHz, CDCl3) δ 208.9, 52.7, 36.5, 31.9, 29.2, 28.4, 24.0, 22.7, 14.2. 

The spectroscopic data are consistent with those reported in the literature.320 

 

 

 

 

 

 

 

 

 

 

 

320 C. Schmit, J. B. Falmagne, J. Escudero, H. Vanlierde, L. Ghosez, Org. Synth. 1990, 69, 199.  
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  Synthesis of 1-(indol-2-yl)cyclobutan-1-ols  

General procedure 5.C for the synthesis of 1-(indol-2-yl)cyclobutan-1-ol derivatives: 

 

To a stirred solution of N-methyl or N-(methoxymethyl) indole derivatives (4.5 mmol, 1.5 

equiv) in anhydrous THF (15 mL, 0.3 M) cooled at 0 °C under inert atmosphere was added 

dropwise n-BuLi (1.8 mL, 2.5 M in hexanes, 4.5 mmol, 1.5 equiv). The reaction was stirred at 0 

°C for 10 min then warmed to room temperature for 3 h. The reaction was cooled down again 

to 0 °C and a solution of cyclobutanone (3.0 mmol, 1.0 equiv) in anhydrous THF (1 mL + 1 mL 

for rinsing) was added dropwise. The reaction was stirred at 0 °C for 1-2 h or until the 

cyclobutanone was fully consumed (monitoring by thin layer chromatography for non-volatile 

cyclobutanone). The reaction was quenched with a satd. aq. NH4Cl solution and extracted 

three times with EtOAc. The combined organic layers were washed with brine, dried over 

Na2SO4, filtered and concentrated under reduced pressure. The crude product was purified by 

flash column chromatography to give the desired substrate. 

1-(1-methyl-1H-indol-2-yl)cyclobutan-1-ol (3.2.5a) 

 

This compound was prepared following the general procedure 5.C using 1-methylindole (6.0 

mmol) and cyclobutanone (4.0 mmol) as starting materials. The crude product was purified by 

flash column chromatography (12:1 PE/acetone) to give 3.2.5a (472 mg, 59%) as a white/beige 

solid. 

1H NMR (400 MHz, CDCl3) δ 7.61 (d, J = 8.0 Hz, 1H), 7.32 (d, J = 8.0 Hz, 1H), 7.24 (t, J = 7.4 Hz, 

1H), 7.12 (t, J = 7.4 Hz, 1H), 6.51 (s, 1H), 3.79 (s, 3H), 2.73 – 2.62 (m, 2H), 2.52 – 2.40 (m, 2H), 

2.08 (s, 1H, OH), 2.05 – 1.92 (m, 1H), 1.80 – 1.67 (m, 1H). 

13C NMR (101 MHz, CDCl3) δ 142.6, 138.8, 126.9, 122.0, 120.9, 119.6, 109.2, 99.1, 72.9, 36.1, 

31.1, 13.5. 

The spectroscopic data are consistent with those reported in the literature.321   

                                                      

321 J.-B. Peng, Y. Qi, A.-J. Ma, Y.-Q. Tu, F.-M. Zhang, S.-H. Wang, S.-Y. Zhang, Chem. Asian J. 2013, 8, 883–887. 
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1-benzyl-2-bromo-1H-indole  

 

2-(2,2-Dibromovinyl)aniline was synthesized according to a literature procedure.322  

2-Nitrobenzaldehyde was recrystallized from toluene (1 volume)/PE (7 volume) prior to be 

used.  

To a solution of 2-nitrobenzaldehyde (3.02 g, 20 mmol, 1.0 equiv) and CBr4 (9.95 g, 30 mmol, 

1.5 equiv) in anhydrous CH2Cl2 (100 mL, 0.12 M) at 0 °C was added dropwise under N2 a 

solution of PPh3 (15.7 g, 60 mmol, 3.0 equiv) in anhydrous CH2Cl2 (67 mL) by an addition funnel 

over 1 h. After addition, the mixture was stirred at 0 °C for another 1.5 h before being warmed 

to room temperature, and stirred for an additional 1.5 h. The reaction mixture was partially 

concentrated under reduced pressure (to approximately 50 mL of CH2Cl2) and PE was added 

to crush out the phosphine oxide. The mixture was filtered over a pad of Celite® and eluted 

with PE/Et2O (5:1). The solvents were removed under reduced pressure to yield a mixture of 

the intermediate and the remaining triphenyl phosphine oxide. The crude intermediate was 

used without purification in the next step.  

The crude intermediate was dissolved in EtOH (67 mL, 0.3 M) and SnCl2·H2O (22.6 g, 100 mmol, 

5.0 equiv) was added. The suspension was heated under reflux (oil bath 100 °C) for 1 h, and 

then cooled to room temperature. After most of the ethanol was removed under vacuum, H2O 

(50 mL) and EtOAc (50 mL) were added. To the resulting mixture, solid K2CO3 was added 

carefully until pH > 10. The EtOAc layer was separated from the heterogeneous mixture, and 

the aqueous phase was extracted five times with EtOAc. The combined organic solution was 

washed with brine, dried over Na2SO4/K2CO3, filtered and concentrated under reduced 

pressure. The crude product was redissolved in 5:1 PE/Et2O and the resulting precipitated 

Ph3P(O) was removed by filtration over a pad of Celite®. The crude product was purified by 

flash chromatography (10:1 PE/EtOAc) to give 2-(2,2-dibromovinyl)aniline (4.3 g, 78 % over 2 

steps) as a brown solid. 

1H NMR (400 MHz, CDCl3) δ 7.34 (s, 1H), 7.31 (dt, J = 7.6, 1.1 Hz, 1H), 7.20 – 7.14 (m, 1H), 6.79 

(td, J = 7.6, 1.1 Hz, 1H), 6.71 (dd, J = 8.0, 1.1 Hz, 1H), 3.70 (s, 2H). 

                                                      

322 Y.-Q. Fang, M. Lautens, J. Org. Chem. 2008, 73, 538–549. 
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13C NMR (101 MHz, CDCl3) δ 143.7, 134.2, 129.8, 129.3, 121.9, 118.5, 115.9, 92.9. 

The spectroscopic data are consistent with those reported in the literature.322 

2-bromoindole was synthesized by Pd-catalysed intramolecular cross-coupling of 2-(2,2-

dibromovinyl)aniline according to a modified literature procedure.323  

To a flame-dried 100 mL round-bottom sealed flask equipped with a magnetic stir bar and a 

septum was charged with Pd(OAc)2 (130 mg, 0.58 mmol, 5.0 mol%), Pt-Bu3·HBF4 (201 mg, 0.69 

mmol, 6.0 mol%) and anhydrous K2CO3 (3.2 g, 23.2 mmol, 2.0 equiv). The reaction mixture was 

inertized (vacuum/N2 cycle 4 times) and anhydrous degassed toluene (20 mL) was added. The 

reaction mixture was stirred at room temperature for 15 min, then a solution of 2-(2,2-

dibromovinyl)aniline (3.2 g, 11.6 mmol, 1.0 equiv) in anhydrous toluene (38 mL) was added. 

The septum was exchanged with a screw-cap under a flow of N2 and the reaction set-up was 

sealed. The reaction mixture was heated at 100 °C (oil bath) for 41 h. The flask was cooled 

down to room temperature and filtered through a pad of silica gel with PE/EtOAc (6:1) to 

afford a mixture of 2-bromoindole and starting material (40%). The crude product was purified 

by flash column chromatography (35:1 to 10:1 PE/EtOAc) to give 2-bromoindole (478 mg, 21%) 

as a white solid. 

1H NMR (400 MHz, CDCl3) δ 8.00 (s, 1H), 7.45 (br d, J = 8.0 Hz, 1H), 7.22 (br d, J = 8.0 Hz, 1H), 

7.09 (br t, J = 7.2 Hz, 1H), 7.03 (br t, J = 7.2 Hz, 1H), 6.46 (s, 1H). 

13C NMR (101 MHz, CDCl3) δ 136.6, 128.9, 122.4, 120.6, 119.8, 110.4, 108.8, 105.0. 

The spectroscopic data are consistent with those reported in the literature.323 

1-Benzyl-2-bromo-1H-indole was synthesized by benzylation of 2-bromoindole. 

To a solution of 2-bromoindole (392 mg, 2.0 mmol, 1.0 equiv) in anhydrous THF (20 mL, 0.1 

M) cooled at 0 °C was added sodium hydride (60% wt suspension in mineral oil, 96 mg, 2.4 

mmol, 1.2 equiv) under N2 flow. The reaction was stirred for 25 min at 0 °C then benzyl 

bromide (0.48 mL, 4.0 mmol, 2.0 equiv) was added dropwise at 0 °C. The reaction mixture was 

warmed to room temperature, stirred for 6 h then quenched with a satd. aq. NH4Cl solution. 

The reaction mixture was extracted three times with EtOAc. The combined organic layers were 

washed with brine, dried over Na2SO4, filtered and concentrated under reduced pressure. The 

crude product was purified by flash column chromatography (pure PE) to give 1-benzyl-2-

bromo-1H-indole (406 mg, 71%) as a white/pink solid. 

1H NMR (400 MHz, CDCl3) δ 7.58 – 7.55 (m, 1H), 7.32 – 7.21 (m, 4H), 7.17 – 7.10 (m, 2H), 7.10 

– 7.06 (m, 2H), 6.67 (d, J = 0.8 Hz, 1H), 5.42 (s, 2H). 

13C NMR (101 MHz, CDCl3) δ 137.2, 136.8, 128.9, 128.4, 127.6, 126.5, 122.1, 120.5, 120.0, 

113.7, 110.1, 104.7, 48.3. 

                                                      

322Y.-Q. Fang, M. Lautens, J. Org. Chem. 2008, 73, 538–549. 
323 S. G. Newman, M. Lautens, J. Am. Chem. Soc. 2010, 132, 11416–11417. 
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The spectroscopic data are consistent with those reported in the literature.324  

1-(1-benzyl-1H-indol-2-yl)cyclobutan-1-ol (3.2.5b) 

 

This compound was synthesized by a modification of a literature procedure using 

cyclobutanone as electrophile.325  

Anhydrous THF was purged with argon under sonication prior to use. n-BuLi was titrated with 

2-hydroxybenzaldehyde phenylhydrazone (triplicate) in THF at 0 °C, leading to a concentration 

of 2.36 M in hexanes.  

To a solution of 1-benzyl-2-bromo-1H-indole (143 mg, 0.5 mmol, 1.0 equiv) in anhydrous THF 

(25 mL, 0.02 M) was added dropwise n-BuLi (0.22 mL, 2.36 M in hexanes, 0.52 mmol, 1.04 

equiv) at -78 °C. The reaction mixture was stirred for 10 min at this temperature then a 

solution of cyclobutanone (50 µL, 0.67 mmol, 1.3 equiv) in THF (5 mL, 0.12 M) was added 

dropwise. The mixture was warmed up to room temperature and was stirred for 4 h. Extra 

cyclobutanone (50 µL, 0.67 mmol, 1.3 equiv) was added and the reaction was continued for 2 

h. The reaction was quenched with a satd. aq. NH4Cl solution. The aqueous layer was extracted 

three times with Et2O. The combined organic layers were washed with brine, dried over 

Na2SO4, filtered and concentrated under reduced pressure. The crude product was purified by 

flash column chromatography (10:1 PE:EtOAc) to give 3.2.5b (44 mg, 32%) as a white solid. 

Note: Despite an excess of cyclobutanone, no full conversion was observed for the starting 

material (≈ 80% conv.) and important amount of debromination product was observed (major 

product).  

Mp 111-114 °C. 

1H NMR (400 MHz, CDCl3) δ 7.67 – 7.62 (m, 1H), 7.28 – 7.17 (m, 3H), 7.16 – 7.07 (m, 3H), 6.97 

– 6.93 (m, 2H), 6.60 (d, J = 0.7 Hz, 1H), 5.54 (s, 2H), 2.65 – 2.56 (m, 2H), 2.40 – 2.30 (m, 2H), 

1.98 (s, 1H, OH), 2.01 – 1.90 (m, 1H), 1.79 – 1.66 (m, 1H). 

13C NMR (101 MHz, CDCl3) δ 142.9, 138.5, 138.5, 128.7, 127.2, 127.1, 125.9, 122.3, 121.0, 

119.9, 110.4, 99.9, 73.2, 47.9, 36.3, 13.7. 

IR (Liquid film, cm-1) 3379 (w), 3030 (w), 2943 (w), 1460 (m), 1350 (m), 1311 (m), 1165 (m), 

1122 (m), 723 (s). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C19H20NO+ 278.1539; Found 278.1534. 

 

                                                      

324 A. N. C. Lötter, R. Pathak, T. S. Sello, M. A. Fernandes, W. A. L. van Otterlo, C. B. de Koning, Tetrahedron 2007, 63, 2263–
2274. 
325 K. S. Feldman, I. Y. Gonzalez, J. E. Brown, Tetrahedron Lett. 2015, 56, 3564–3566. 
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1-(1-(methoxymethyl)-1H-indol-2-yl)cyclobutan-1-ol (3.2.5c) 

 

To a stirred solution of 1-(methoxymethyl)indole (483.6 mg, 3.0 mmol, 1.0 equiv) in dry THF 

(5 mL, 0.6 M) cooled with an ice-salt bath (-15/-20 °C) under argon atmosphere was added 

dropwise n-BuLi (1.5 mL, 2.38 M in hexanes, 3.6 mmol, 1.2 equiv). The reaction was stirred at 

-20 °C for 40 min then cyclobutanone (0.45 mL, 6.0 mmol, 2.0 equiv) was added slowly. The 

reaction mixture was stirred at -20 °C for 15 min and then warmed to room temperature for 

3 h. The reaction was quenched with a satd. aq. NH4Cl solution. The aqueous layer was 

extracted three times with Et2O. The combined organic layers were washed with brine, dried 

over Na2SO4, filtered and concentrated under reduced pressure. The crude product was 

purified by flash column chromatography (10:1 PE:EtOAc) to give 3.2.5c (431.6 mg, 62%) as a 

yellow/orange oil. 

Note: Despite excess of n-BuLi and cyclobutanone was used, no full conversion could be 

reached (conversion 80%). 

1H NMR (400 MHz, CDCl3) δ 7.61 (dt, J = 7.8, 1.0 Hz, 1H), 7.44 (dq, J = 8.2, 0.8 Hz, 1H), 7.25 

(ddd, J = 8.2, 7.0, 1.2 Hz, 1H), 7.17 – 7.12 (m, 1H), 6.58 (d, J = 0.8 Hz, 1H), 5.55 (s, 2H), 3.62 – 

3.57 (m, 1H, OH), 3.31 (s, 3H), 2.70 – 2.61 (m, 2H), 2.53 – 2.43 (m, 2H), 2.06 – 1.95 (m, 1H), 

1.80 – 1.68 (m, 1H). 

13C NMR (101 MHz, CDCl3) δ 143.2, 138.9, 127.4, 122.7, 121.2, 120.6, 109.4, 101.7, 74.7, 72.6, 

56.1, 36.2, 13.6. 

The spectroscopic data are consistent with those reported in the literature.321  

1H-indole-1-carboxylic acid 

 

1H-Indole-1-carboxylic acid was synthesized according to a literature procedure.326  

To a solution of indole (2.34 g, 20 mmol, 1.0 equiv) in dry Et2O (100 mL, 0.2 M) was added 

dropwise n-BuLi (11 mL, 2.18 M in hexanes, 24 mmol, 1.2 equiv) at 0 °C under N2 atmosphere. 

The reaction mixture was warmed up to room temperature and stirred for 30 min. The 

reaction mixture was cooled down to 0 °C and was transferred with a cannula to an open 

stirred suspension of crushed dry ice in dry Et2O (30 mL) under a flow of N2. The reaction 

mixture was stirred for 1.5 h and then was warmed to room temperature and quenched with 

                                                      

321 J.-B. Peng, Y. Qi, A.-J. Ma, Y.-Q. Tu, F.-M. Zhang, S.-H. Wang, S.-Y. Zhang, Chem. Asian J. 2013, 8, 883–887. 
326 D. A. Shirley, P. A. Roussel, J. Am. Chem. Soc. 1953, 75, 375–378. 
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H2O. The layers were separated and the organic layer was washed five times with H2O. The 

combined aqueous layers were acidified to pH<2 with 6 M HCl, leading to the precipitation of 

the acid. The solid was washed twice with 0.5 M HCl and dried under vacuum to give 1H-

indole-1-carboxylic acid (720 mg, 22%) as a white solid.  

Note: Extraction with EtOAc of the aqueous layer led to the recovery of most of the desired 

product (76%, contaminated with butanoic acid) unprecipitated.  

1H NMR (400 MHz, CDCl3) δ 11.61 (s, 1H), 8.24 (dd, J = 8.3, 1.0 Hz, 1H), 7.66 (d, J = 3.8 Hz, 1H), 

7.60 (dt, J = 7.6, 1.0 Hz, 1H), 7.38 (ddd, J = 8.3, 7.2, 1.3 Hz, 1H), 7.30 (td, J = 7.6, 1.3 Hz, 1H), 

6.68 (dd, J = 3.8, 0.7 Hz, 1H). 

13C NMR (101 MHz, CDCl3) δ 155.9, 135.3, 131.0, 125.7, 125.1, 123.8, 121.4, 115.7, 109.7. 

The spectroscopic data are consistent with those reported in the literature.327  

1-(1H-indol-2-yl)cyclobutan-1-ol (3.2.5d) 

 

Anhydrous THF was purged with argon under sonication prior to use. t-BuLi was titrated with 

2-hydroxybenzaldehyde phenylhydrazone (triplicate) in THF at -78 °C, leading to a 

concentration of 1.65 M.  

To a solution of 1H-indole-1-carboxylic acid (483.5 mg, 3.0 mmol, 1.0 equiv) in anhydrous THF 

(12 mL, 0.25 M) cooled at -78 °C under argon was added dropwise t-BuLi (4 mL, 1.65 M, 6.6 

mmol, 2.2 equiv). The reaction was kept at -78 °C for 2 h then a solution of cyclobutanone 

(0.34 mL, 4.5 mmol, 1.5 equiv) in anhydrous THF (2 mL + 1 mL for rinsing) was added dropwise. 

The reaction was continued for 2 h at -78 °C and then warmed to 0 °C for 1 h. The reaction 

was quenched with water and then with a satd. aq. NH4Cl solution. The aqueous layer was 

extracted three times with EtOAc. The combined organic layers were washed with brine, dried 

over Na2SO4, filtered and concentrated under reduced pressure. The crude product was 

purified by flash column chromatography (8:1 to 6:1 PE:acetone) to give 3.2.5d (490 mg, 87%) 

as a brown solid. 

Mp 102-105 °C. 

1H NMR (400 MHz, CDCl3) δ 8.40 (br s, 1H, NH), 7.61 (dd, J = 8.0, 1.3 Hz, 1H), 7.34 (dd, J = 8.2, 

1.1 Hz, 1H), 7.19 (ddd, J = 8.2, 7.0, 1.3 Hz, 1H), 7.12 (ddd, J = 8.0, 7.0, 1.1 Hz, 1H), 6.49 (dd, J = 

2.2, 1.1 Hz, 1H), 2.60 – 2.51 (m, 2H), 2.46 – 2.35 (m, 3H), 2.00 – 1.90 (m, 1H), 1.87 – 1.74 (m, 

1H). 

13C NMR (101 MHz, CDCl3) δ 143.2, 136.3, 128.2, 122.1, 120.7, 120.0, 111.0, 98.3, 73.1, 37.1, 

13.0. 

                                                      

327 D. L. Boger, M. Patel, J. Org. Chem. 1987, 52, 3934–3936. 
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IR (Liquid film, cm-1) 3410 (m), 3308 (m), 2983 (w), 2946 (w), 1456 (m), 1293 (s), 1248 (m), 

1125 (s), 748 (s). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C12H14NO+ 188.1070; Found 188.1070. 

1-phenyl indole 

 

1-Phenyl indole was synthesized by copper-catalyzed Buchwald-Hartwig coupling with phenyl 

iodide following a reported procedure.328  

A mixture of indole (1.64 g, 14.0 mmol, 1.4 equiv), iodobenzene (1.14 mL, 10.0 mmol, 1.0 

equiv), CuI (381 mg, 2.0 mmol, 0.2 equiv), Cs2CO3 (6.52 g, 20 mmol, 2.0 equiv) in anhydrous 

DMF (20 mL, 0.5 M) was vigorously stirred at 120 °C under nitrogen atmosphere for 16 h. After 

cooling the mixture to ambient temperature, the reaction mixture was diluted with EtOAc and 

washed twice with H2O and twice with satd. aq. NH4Cl solution. The aqueous phase was 

extracted three times with a mixture 1:1 PE/EtOAc. The combined organic layers were washed 

with satd. aq. NH4Cl solution and brine, dried over Na2SO4, filtered and concentrated under 

reduced pressure. The crude product was purified by flash column chromatography (pure PE) 

to give 1-phenylindole (1.74 g, 90%) as a colorless oil. 

1H NMR (400 MHz, CDCl3) δ 7.75 – 7.71 (m, 1H), 7.62 – 7.59 (m, 1H), 7.55 – 7.53 (m, 4H), 7.42 

– 7.36 (m, 2H), 7.29 – 7.18 (m, 2H), 6.72 (dd, J = 3.3, 0.9 Hz, 1H). 

13C NMR (101 MHz, CDCl3) δ 140.0, 136.0, 129.7, 129.4, 128.1, 126.6, 124.5, 122.5, 121.3, 

120.5, 110.6, 103.7. 

The spectroscopic data are consistent with those reported in the literature.328 

1-(1-phenyl-1H-indol-2-yl)cyclobutan-1-ol (3.2.5e) 

 

This compound was prepared following the general procedure 5.C using 1-phenylindole (4.5 

mmol) and cyclobutanone (3.6 mmol) as starting materials. The crude product was purified by 

flash column chromatography (10:1 PE/EtOAc) to give 3.2.5e (773 mg, 82%) as an orange solid. 

Mp 77-80 °C. 

                                                      

328 S. Xu, X. Huang, X. Hong, B. Xu, Org. Lett. 2012, 14, 4614–4617. 
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1H NMR (400 MHz, CDCl3) δ 7.67 – 7.62 (m, 1H), 7.53 – 7.43 (m, 5H), 7.16 – 7.11 (m, 2H), 7.03 

– 6.98 (m, 1H), 6.64 (d, J = 0.8 Hz, 1H), 2.60 – 2.51 (m, 2H), 2.15 – 2.05 (m, 2H), 2.04 – 1.95 (m, 

1H), 1.94 (br s, 1H, OH), 1.77 – 1.65 (m, 1H).   

13C NMR (101 MHz, CDCl3) δ 144.5, 139.8, 138.9, 129.3, 129.3, 128.3, 127.0, 122.5, 120.7, 

120.3, 110.6, 100.7, 73.7, 36.4, 14.6. 

IR (Liquid film, cm-1) 3487 (m), 2950 (m), 1597 (m), 1499 (s), 1455 (s), 749 (s), 687 (m). 

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + Na]+ Calcd for C18H17NNaO+ 286.1202; Found 

286.1206. 

1-Tosyl-1H-indole 

 

It was prepared using a modification of a literature procedure.253 

To a mixture of 1H-indole (588 mg, 5.0 mmol, 1.0 equiv) and nBu4NHSO4 (168 mg, 0.5 mmol, 

0.1 equiv) in dry DCM (50 mL, 0.1 M) was added freshly pulverized NaOHs (1.0 g, 25 mmol, 5 

equiv). The reaction was stirred 5 min then TsCl (2.4 g, 12.5 mmol, 2.5 equiv) were added 

portionwise at room temperature. 

The reaction was inertized with nitrogen and stirred at room temperature for 5 h. The reaction 

was quenched with water and the aqueous layer was extracted twice with DCM. The 

combined organic layers were washed with a satd. aq. Na2CO3 solution and brine, dried over 

Na2SO4, filtered and concentrated under reduced pressure. The crude product was purified by 

flash column chromatography (SiO2, 30:1  10:1 PE/EtOAc) to give the pure product (1.4 g, 

quantitative) as a white solid. 

1H NMR (400 MHz, CDCl3) δ 8.02 – 7.95 (m, 1H), 7.80 – 7.72 (m, 2H), 7.56 (d, J = 3.6 Hz, 1H), 

7.52 (dt, J = 7.7, 1.1 Hz, 1H), 7.31 (ddd, J = 8.5, 7.2, 1.3 Hz, 1H), 7.25 (d, J = 8.5 Hz, 1H), 7.26 – 

7.18 (m, 3H), 6.65 (dd, J = 3.7, 0.8 Hz, 1H), 2.34 (s, 3H). 

13C NMR (101 MHz, CDCl3) δ 145.0, 135.5, 135.0, 130.9, 130.0, 127.0, 126.5, 124.7, 123.4, 

121.5, 113.7, 109.2, 21.7. 

The spectroscopic data are consistent with those reported in the literature.329  

 

 

 

                                                      

253 P. A. Donets, K. Van Hecke, L. Van Meervelt, E. V. Van der Eycken, Org. Lett. 2009, 11, 3618–3621 
329 J. S. Alford, J. E. Spangler, H. M. L. Davies, J. Am. Chem. Soc. 2013, 135, 11712–11715. 
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1-(1-tosyl-1H-indol-2-yl)cyclobutan-1-ol (3.2.5f) 

 

To a solution of 1-tosyl-1H-indole (814 mg, 3.0 mmol, 1.0 equiv) in dry THF (10 mL, 0.3 M) 

cooled to -78 °C under argon atmosphere was added dropwise n-BuLi (1.51 mL, 2.38 M in 

hexanes, 3.6 mmol, 1.2 equiv). The reaction mixture was stirred for 20 min at -78 °C, warmed 

progressively to room temperature and stirred for 40 min. The reaction mixture was cooled 

again to -78 °C then cyclobutanone (0.34 mL, 4.5 mmol, 1.5 equiv) was added dropwise. The 

reaction was stirred 20 min at -78 °C and prolonged for 2 h at room temperature. The reaction 

was quenched with a satd. aq. NH4Cl solution. The aqueous layer was extracted three times 

with Et2O. The combined organic layers were washed with brine, dried over Na2SO4, filtered 

and concentrated under reduced pressure. The crude product was purified by flash column 

chromatography (SiO2, 15:1  10:1 PE/EtOAc) to give 3.2.5f (250 mg, 24%) as an orange oil 

and unreacted 1-tosyl-1H-indole (536 mg, 63%). 

1H NMR (400 MHz, CDCl3) δ 7.90 – 7.86 (m, 1H), 7.70 – 7.65 (m, 2H), 7.50 – 7.46 (m, 1H), 7.25 

– 7.19 (m, 2H), 7.19 – 7.15 (m, 2H), 6.74 (d, J = 0.8 Hz, 1H), 4.42 (s, 1H), 2.72 – 2.63 (m, 2H), 

2.57 – 2.47 (m, 2H), 2.32 (s, 3H), 2.16 – 2.05 (m, 1H), 1.80 – 1.68 (m, 1H). 

13C NMR (101 MHz, CDCl3) δ 145.9, 145.0, 137.5, 136.0, 129.9, 128.8, 126.6, 125.1, 123.9, 

121.3, 114.8, 110.0, 73.2, 36.5, 21.7, 14.4. 

The spectroscopic data are consistent with those reported in the literature.203a 

1-(1,4-dimethyl-1H-indol-2-yl)cyclobutan-1-ol (3.2.5g) 

 

To a stirred solution of 1,4-dimethylindole S3.2.1 (145 mg, 1.0 mmol, 1.0 equiv) in anhydrous 

THF (5 mL, 0.2 M) under inert atmosphere was added dropwise at 0 °C n-BuLi (0.51 mL, 2.36 

M in hexanes, 1.2 mmol, 1.2 equiv). The reaction was stirred at 0 °C for 10 min and then 

warmed to room temperature for 3 h. The reaction mixture was cooled down to 0 °C and 

cyclobutanone (0.24 mL, 3.0 mmol, 3.0 equiv) was added dropwise. The reaction was 

continued at 0 °C for 10 min and then for 5 h at room temperature. The reaction mixture was 

quenched with a satd. aq. NH4Cl solution and extracted three times with EtOAc. The combined 

organic layers were washed with brine, dried over Na2SO4, filtered and concentrated under 

reduced pressure. The crude product was purified by flash column chromatography (10:1 

PE/acetone) to give 3.2.5g (104 mg, 48%) as a yellow oil. 

 

203a P. Natho, M. Kapun, L. A. T. Allen, P. J. Parsons, Org. Lett. 2018, 20, 8030–8034. 
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1H NMR (400 MHz, acetone-d6) δ 7.18 – 7.14 (m, 1H), 7.04 (dd, J = 8.3, 7.1 Hz, 1H), 6.81 (dq, J 

= 7.1, 0.8 Hz, 1H), 6.49 (d, J = 0.8 Hz, 1H), 4.62 (s, 1H, OH), 3.79 (s, 3H), 2.70 – 2.63 (m, 2H), 

2.49 (br s, 3H), 2.49 – 2.40 (m, 2H), 1.95 – 1.85 (m, 1H), 1.73 – 1.61 (m, 1H). 

13C NMR (101 MHz, acetone-d6) δ 143.7, 139.4, 130.2, 127.8, 122.2, 120.1, 107.5, 97.5, 72.9, 

37.1, 31.5, 18.7, 13.8. 

IR (Liquid film, cm-1) 3377 (w), 2941 (w), 1458 (m), 1290 (m), 1244 (m), 1120 (m), 764 (s). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C14H18NO+ 216.1383; Found 216.1389. 

1-(4-chloro-1-(methoxymethyl)-1H-indol-2-yl)cyclobutan-1-ol (3.2.5h) 

 

To a stirred solution of 4-chloro-1-(methoxymethyl)-1H-indole S3.2.9 (880 mg, 4.5 mmol, 1.25 

equiv) in anhydrous THF (10 mL, 0.45 M) under inert atmosphere was added dropwise at -78 

°C a freshly prepared lithium diisopropylamide solution in THF (from i-Pr2NH (1.3 equiv) and 

n-BuLi (1.25 equiv) in 2 mL THF, – 78 °C). The reaction was warmed to 0 °C and stirring was 

continued for 3 h. A solution of cyclobutanone (0.27 mL, 3.6 mmol, 1.0 equiv) in THF (1 mL + 

washed twice with 1 mL of THF) was added dropwise at 0 °C. The reaction was continued at 0 

°C for 1 h.  The reaction was quenched with a satd. aq. NH4Cl solution and the mixture was 

extracted three times with EtOAc. The combined organic layers were washed with brine, dried 

over Na2SO4, filtered and concentrated under reduced pressure. The crude product was 

purified by flash column chromatography (100:1 Toluene/i-PrOH) to give 3.2.5h (221 mg, 23%) 

as a thick yellow oil. 

1H NMR (400 MHz, CDCl3) δ 7.34 (ddd, J = 6.3, 2.7, 0.8 Hz, 1H), 7.19 – 7.12 (m, 2H), 6.67 (d, J 

= 0.8 Hz, 1H), 5.54 (s, 2H), 3.32 (s, 1H, OH), 3.31 (s, 3H), 2.72 – 2.63 (m, 2H), 2.52 – 2.43 (m, 

2H), 2.08 – 1.97 (m, 1H), 1.83 – 1.71 (m, 1H). 

13C NMR (101 MHz, CDCl3) δ 143.9, 139.5, 126.5, 126.2, 123.3, 120.3, 108.3, 100.1, 75.2, 72.6, 

56.2, 36.2, 13.7. 

IR (Liquid film, cm-1) 3379 (w), 2987 (w), 2941 (w), 1437 (m), 1338 (m), 1163 (s), 1111 (s), 1082 

(s), 764 (s). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C14H16ClNNaO2
+ 288.0762; Found 288.0760. 
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1-(1-(methoxymethyl)-5-methyl-1H-indol-2-yl)cyclobutan-1-ol (3.2.5i) 

 

This compound was prepared following the general procedure 5.C using 1-(methoxymethyl)-

5-methyl-1H-indole S3.2.10 (4.5 mmol) and cyclobutanone (3.6 mmol) as starting materials. 

The crude product was purified by flash column chromatography (12:1 PE/acetone) to give 

3.2.5i (620 mg, 70%) as a yellow/orange oil. 

1H NMR (400 MHz, CDCl3) δ 7.38 (dt, J = 1.7, 0.8 Hz, 1H), 7.32 (d, J = 8.4 Hz, 1H), 7.07 (ddd, J = 

8.4, 1.7, 0.8 Hz, 1H), 6.49 (d, J = 0.8 Hz, 1H), 5.52 (s, 2H), 3.61 (s, 1H, OH), 3.29 (s, 3H), 2.68 – 

2.60 (m, 2H), 2.52 – 2.42 (m, 2H), 2.45 (s, 3H), 2.05 – 1.94 (m, 1H), 1.79 – 1.67 (m, 1H). 

13C NMR (101 MHz, CDCl3) δ 143.2, 137.3, 129.8, 127.6, 124.2, 120.9, 109.1, 101.3, 74.7, 72.6, 

56.1, 36.2, 21.5, 13.6. 

IR (Liquid film, cm-1) 3421 (w), 2987 (w), 2943 (m), 1460 (m), 1331 (s), 1169 (s), 1076 (s), 897 

(m), 793 (s), 750 (s). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C15H19NNaO2
+ 268.1308; Found 268.1307. 

1-(1-methyl-5-phenyl-1H-indol-2-yl)cyclobutan-1-ol (3.2.5j) 

 

This compound was prepared following the general procedure 5.C using N-Me indole S3.2.8 

(4 mmol) and cyclobutanone (3.2 mmol) as starting materials. The crude product was purified 

by flash column chromatography (15:1 to 7:1 to 5:1 PE/EtOAc) to give 3.2.5j (283 mg, 32%) as 

a brown sticky foam which crystallized in the freezer as a brown solid. 

Mp 96-98 °C. 

1H NMR (400 MHz, CDCl3) δ 7.83 – 7.81 (m, 1H), 7.68 – 7.64 (m, 2H), 7.50 (dd, J = 8.5, 1.8 Hz, 

1H), 7.45 (t, J = 7.7 Hz, 2H), 7.37 (d, J = 8.5 Hz, 1H), 7.35 – 7.30 (m, 1H), 6.56 (d, J = 0.8 Hz, 1H), 

3.83 (s, 3H), 2.73 – 2.65 (m, 2H), 2.53 – 2.43 (m, 2H), 2.07 (s, 1H, OH), 2.05 – 1.94 (m, 1H), 1.82 

– 1.69 (m, 1H). 

13C NMR (101 MHz, CDCl3) δ 143.3, 142.7, 138.4, 133.2, 128.8, 127.5, 127.4, 126.4, 121.9, 

119.4, 109.4, 99.5, 73.0, 36.2, 31.3, 13.5. 

IR (Liquid film, cm-1) 3351 (w), 2988 (w), 2948 (w), 1474 (m), 1387 (m), 1336 (m), 1250 (m), 

1120 (m), 760 (s), 697 (s). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C19H20NO+ 278.1539; Found 278.1536. 
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1-(5-methoxy-1-methyl-1H-indol-2-yl)cyclobutan-1-ol (3.2.5k) 

 

To a stirred solution of 5-methoxy-1-methylindole S3.2.2 (242 mg, 1.5 mmol, 1.0 equiv) in 

anhydrous THF (8 mL, 0.2 M) cooled at 0 °C under inert atmosphere was added dropwise n-

BuLi (0.76 mL, 2.36 M in hexanes, 1.8 mmol, 1.2 equiv). The reaction was stirred at 0 °C for 10 

min then warmed to room temperature for 3 h. The reaction was cooled down again to 0 °C 

and cyclobutanone (0.34 mL, 4.5 mmol, 3.0 equiv) was added dropwise. The reaction was 

warmed to room temperature and the reaction was continued for 4 h. The reaction mixture 

was quenched with a satd. aq. NH4Cl solution and extracted three times with EtOAc. The 

combined organic layers were washed with brine, dried over Na2SO4, filtered and 

concentrated under reduced pressure. The crude product was purified by flash column 

chromatography (9:1 PE/acetone) to give 3.2.5k (184 mg, 53%) as a slightly yellow solid. 

1H NMR (400 MHz, CDCl3) δ 7.20 (d, J = 8.8 Hz, 1H), 7.06 (d, J = 2.5 Hz, 1H), 6.89 (dd, J = 8.8, 

2.5 Hz, 1H), 6.42 (s, 1H), 3.85 (s, 3H), 3.76 (s, 3H), 2.70 – 2.61 (m, 2H), 2.49 – 2.40 (m, 2H), 2.07 

(br s, 1H, OH), 2.01 – 1.91 (m, 1H), 1.78 – 1.67 (m, 1H). 

13C NMR (101 MHz, CDCl3) δ 154.2, 143.1, 134.2, 127.1, 112.2, 109.9, 102.7, 98.7, 73.0, 56.1, 

36.2, 31.3, 13.5. 

The spectroscopic data are consistent with those reported in the literature.321  

1-(5-bromo-1-(methoxymethyl)-1H-indol-2-yl)cyclobutan-1-ol (3.2.5l) 

 

To a stirred solution of N-MOM indole S3.2.11 (936 mg, 3.9 mmol, 1.08 equiv) in anhydrous 

THF (4 mL, 1.0 M) under inert atmosphere was added dropwise at -78 °C a freshly prepared 

lithium diisopropylamide solution in THF (from i-Pr2NH (1.16 equiv) and n-BuLi (1.08 equiv) in 

4 mL THF, – 78 °C). The reaction mixture was stirred for 2 h at -78 °C. A solution of 

cyclobutanone (0.27 mL, 3.6 mmol, 1.0 equiv) in THF (1 mL + washed twice with 1 mL of THF) 

was added dropwise at -78 °C. The reaction was warmed up to 0 °C and was stirred for 2 h. 

The reaction was quenched with a satd. aq. NH4Cl solution and extracted three times with 

EtOAc. The combined organic layers were washed with brine, dried over Na2SO4, filtered and 

concentrated under reduced pressure. The crude product was purified by flash column 

chromatography (7:1 PE/acetone) to give 3.2.5l (399 mg, 36%) as a colorless oil. 

 

 

321 J.-B. Peng, Y. Qi, A.-J. Ma, Y.-Q. Tu, F.-M. Zhang, S.-H. Wang, S.-Y. Zhang, Chem. Asian J. 2013, 8, 883–887. 
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1H NMR (400 MHz, CDCl3) δ 7.70 (dd, J = 1.6, 0.9 Hz, 1H), 7.33 – 7.28 (m, 2H), 6.48 (s, 1H), 5.50 

(s, 2H), 3.41 (s, 1H, OH), 3.29 (s, 3H), 2.67 – 2.59 (m, 2H), 2.50 – 2.41 (m, 2H), 2.06 – 1.95 (m, 

1H), 1.80 – 1.67 (m, 1H). 

13C NMR (101 MHz, CDCl3) δ 144.4, 137.5, 129.1, 125.5, 123.6, 113.6, 111.1, 101.0, 74.9, 72.5, 

56.2, 36.1, 13.6. 

IR (Liquid film, cm-1) 3419 (w), 2989 (w), 2941 (m), 1458 (s), 1390 (m), 1329 (s), 1167 (s), 1074 

(s), 868 (s), 793 (s), 766 (s). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C14H16BrNNaO2
+ 332.0257; Found 332.0254. 

1-(5-fluoro-1-(methoxymethyl)-1H-indol-2-yl)cyclobutan-1-ol (3.2.5m) 

 

To a stirred solution of N-(methoxymethyl) indole S3.2.12 (699 mg, 3.9 mmol, 1.08 equiv) in 

anhydrous THF (4 mL, 1.0 M) under inert atmosphere was added dropwise at -78 °C a freshly 

prepared lithium diisopropylamide solution in THF (from i-Pr2NH (1.16 equiv) and n-BuLi (1.08 

equiv) in 4 mL THF, – 78 °C). The reaction was stirred for 2 h at -78 °C. A solution of 

cyclobutanone (0.27 mL, 3.6 mmol, 1.0 equiv) in THF (1 mL + washed twice with 1 mL of THF) 

was added dropwise at -78 °C. The mixture was warmed up to 0 °C and was stirred for 2 h. The 

reaction was quenched with a satd. aq. NH4Cl solution and extracted three times with EtOAc. 

The combined organic layers were washed with brine, dried over Na2SO4, filtered and 

concentrated under reduced pressure. The crude product was purified by flash column 

chromatography (2:1 PE/Et2O) to give 3.2.5m (273 mg, 30%) as a colorless oil. 

1H NMR (400 MHz, CDCl3) δ 7.34 (dd, J = 8.9, 4.3 Hz, 1H), 7.23 (dd, J = 9.3, 2.5 Hz, 1H), 6.98 

(td, J = 9.1, 2.5 Hz, 1H), 6.51 (s, 1H), 5.51 (s, 2H), 3.44 – 3.40 (m, 1H, OH), 3.30 (s, 3H), 2.68 – 

2.59 (m, 2H), 2.51 – 2.41 (m, 2H), 2.06 – 1.95 (m, 1H), 1.80 – 1.67 (m, 1H). 

13C NMR (101 MHz, CDCl3) δ 158.4 (d, J = 235.1 Hz), 144.8, 135.3, 127.8 (d, J = 10.1 Hz), 110.9 

(d, J = 26.1 Hz), 110.2 (d, J = 9.5 Hz), 106.0 (d, J = 23.4 Hz), 101.5 (d, J = 4.4 Hz), 75.0, 72.6, 56.1, 

36.2, 13.6. 

19F NMR (377 MHz, CDCl3) δ -127.3. 

IR (Liquid film, cm-1) 3408 (m), 2989 (m), 2943 (m), 1477 (s), 1334 (m), 1184 (s), 1097 (s), 1074 

(s), 957 (s), 856 (s), 789 (s). 

HRMS (APPI/LTQ-Orbitrap) m/z: [M + H]+ Calcd for C14H17FNO2
+ 250.1238; Found 250.1239. 
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1-(1-(methoxymethyl)-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indol-2-

yl)cyclobutan-1-ol (3.2.5n) 

 

This compound was synthesized by Miyaura cross-coupling using 3.2.5l as starting material. 

A flame-dried round bottom flask was charged with Pd(dppf)Cl2 (88 mg, 0.12 mmol, 10 mol%), 

AcOK (353 mg, 3.7 mmol, 3.1 equiv) and bis(pinacolato)diboron (682 mg, 2.7 mmol, 2.2 equiv). 

A solution of substrate 3.2.5l (1.2 mmol, 1.0 equiv) in anhydrous 1,4-dioxane (sonication and 

sparkling with argon for 10 min) was added and the reaction was heated at 90 °C (oil bath) 

under inert atmosphere for 16 h. The reaction mixture was cooled down to room temperature 

and filtered over a pad of Celite® with EtOAc. The organic layer was washed with brine. The 

aqueous layer was extracted three times with EtOAc. The combined organic layers were 

washed again with brine, dried over Na2SO4, filtered and concentrated under reduced 

pressure. The crude product was purified by flash column chromatography (10 PE:acetone) to 

give 3.2.5n (362 mg, 84%) as a thick orange oil. 

Note: The starting material and the product appeared to have similar Rf on thin layer 

chromatography with different eluents. The end of the reaction was monitored by 1H NMR of 

an aliquot. 

1H NMR (400 MHz, CDCl3) δ 8.11 (t, J = 0.9 Hz, 1H), 7.69 (dd, J = 8.3, 1.2 Hz, 1H), 7.42 (br d, J = 

8.3 Hz, 1H), 6.56 (d, J = 0.9 Hz, 1H), 5.55 (s, 2H), 3.61 (s, 1H, OH), 3.28 (s, 3H), 2.69 – 2.60 (m, 

2H), 2.51 – 2.42 (m, 2H), 2.06 – 1.95 (m, 1H), 1.79 – 1.67 (m, 1H), 1.37 (s, 12H). 

13C NMR (101 MHz, CDCl3) δ 143.3, 141.0, 129.0, 128.9, 127.1, 108.8, 102.2, 83.7, 74.7, 72.6, 

56.2, 36.1, 25.0, 13.6. 

IR (Liquid film, cm-1) 3408 (w), 2977 (w), 1440 (m), 1353 (s), 1140 (s), 1071 (s), 858 (m), 753 

(s), 684 (s). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C20H29BNO4
+ 358.2184; Found 358.2181. 

1-(1-(methoxymethyl)-6-methyl-1H-indol-2-yl)cyclobutan-1-ol (3.2.5o) 

 

This compound was prepared following the general procedure 5.C using N-(methoxymethyl) 

indole S3.2.13 (3.0 mmol) and cyclobutanone (2.4 mmol) as starting materials (deprotonation 

at – 78°C then rt, 3 h). The crude product was purified by flash column chromatography (8:1 

to 7:1 PE/EtOAc) to give 3.2.5o (392 mg, 66%) as a thick orange oil. 
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1H NMR (400 MHz, CDCl3) δ 7.48 (d, J = 8.0 Hz, 1H), 7.24 – 7.22 (m, 1H), 6.98 (ddd, J = 8.0, 1.4, 

0.8 Hz, 1H), 6.52 (d, J = 0.8 Hz, 1H), 5.51 (s, 2H), 3.57 (s, 1H, OH), 3.32 (s, 3H), 2.68 – 2.59 (m, 

2H), 2.50 (s, 3H), 2.52 – 2.42 (m, 2H), 2.05 – 1.94 (m, 1H), 1.79 – 1.67 (m, 1H). 

13C NMR (101 MHz, CDCl3) δ 142.5, 139.3, 132.6, 125.2, 122.3, 120.8, 109.5, 101.5, 74.7, 72.6, 

56.1, 36.2, 22.1, 13.6. 

IR (Liquid film, cm-1) 3398 (w), 2987 (w), 2939 (w), 1460 (m), 1387 (m), 1327 (m), 1093 (s), 810 

(s), 758 (m). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C15H19NNaO2
+ 268.1308; Found 268.1307. 

1-(6-methoxy-1-methyl-1H-indol-2-yl)cyclobutan-1-ol (3.2.5p) 

 

This compound was prepared following the general procedure 5.C using N-methyl indole 

S3.2.4 (4.5 mmol) and cyclobutanone (3.0 mmol) as starting materials. The crude product was 

purified by flash column chromatography (7:1 to 4:1 PE/EtOAc) to give 3.2.5p (280 mg, 40%) 

as a beige/pink solid. 

Note: A regioisomer of the product (ortho of the OMe) was formed during the reaction.  

Mp 90-93 °C. 

1H NMR (400 MHz, CDCl3) δ 7.46 (dd, J = 8.2, 0.8 Hz, 1H), 6.80 – 6.74 (m, 2H), 6.43 (d, J = 0.8 

Hz, 1H), 3.88 (s, 3H), 3.74 (s, 3H), 2.69 – 2.61 (m, 2H), 2.50 – 2.40 (m, 2H), 1.99 (m, 1H, OH), 

2.02 – 1.90 (m, 1H), 1.78 – 1.65 (m, 1H). 

13C NMR (101 MHz, CDCl3) δ 156.7, 141.6, 139.6, 121.5, 121.1, 109.5, 99.0, 92.9, 73.0, 55.9, 

36.2, 31.2, 13.5. 

IR (Liquid film, cm-1) 3392 (w), 2985 (w), 2941 (m), 1491 (m), 1466 (m), 1246 (s), 1211 (s), 1120 

(s), 1092 (s), 1028 (s), 955 (m), 812 (s). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C14H18NO2
+ 232.1332; Found 232.1331. 

1-(1-(methoxymethyl)-6-((triisopropylsilyl)oxy)-1H-indol-2-yl)cyclobutan-1-ol (3.2.5q) 

 

This compound was prepared following the general procedure 5.C using S3.2.15 (10 mmol) 

and cyclobutanone (6.7 mmol) as starting materials. The crude product was purified by flash 

column chromatography (100:1 to 20:1 PE/EtOAc) to give 3.2.5q (1.15 g, 43%) as a brown 

solid. 

Mp 100-103 °C. 
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1H NMR (400 MHz, CDCl3) δ 7.39 (d, J = 8.5 Hz, 1H), 6.92 (br d, J = 2.1 Hz, 1H), 6.75 (dd, J = 8.5, 

2.1 Hz, 1H), 6.47 (d, J = 0.9 Hz, 1H), 5.46 (s, 2H), 3.55 (s, 1H, OH), 3.28 (s, 3H), 2.67 – 2.59 (m, 

2H), 2.49 – 2.40 (m, 2H), 2.04 – 1.93 (m, 1H), 1.79 – 1.67 (m, 1H), 1.36 – 1.24 (m, 3H), 1.13 (d, 

J = 7.3 Hz, 18H). 

13C NMR (101 MHz, CDCl3) δ 152.8, 142.2, 139.9, 121.7, 121.3, 114.7, 101.5, 100.3, 74.8, 72.6, 

56.1, 36.1, 18.1, 13.6, 12.9. 

IR (Liquid film, cm-1) 3399 (w), 2942 (s), 2866 (s), 1485 (s), 1229 (s), 1196 (s), 974 (s), 883 (s), 

685 (s). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C23H37NNaO3Si+ 426.2435; Found 426.2442. 

2-(1-hydroxycyclobutyl)-1-(methoxymethyl)-1H-indol-6-ol (S3.2.28) 

 

To a solution of substrate 3.2.5q (807 mg, 2.0 mmol, 1.0 equiv) in THF (20 mL, 0.1 M) cooled 

at 0 °C was added dropwise TBAF (2.1 mL, 1 M in THF, 2.1 mmol, 1.05 equiv). The stirring was 

continued at 0 °C for 10 min then the reaction was quenched with a satd. aq. NH4Cl solution. 

The reaction mixture was extracted four times with EtOAc. The combined organic layers were 

washed with brine, dried over Na2SO4, filtered and concentrated under reduced pressure. The 

crude product was purified by flash column chromatography (2:1 PE/EtOAc) to give S3.2.28 

(379 mg, 77%) as a brown oil/sticky foam. 

Note: The product was found to be not very stable and decomposed progressively at – 20 °C.  

1H NMR (400 MHz, CDCl3) δ 7.40 (d, J = 8.4 Hz, 1H), 6.88 (d, J = 2.2 Hz, 1H), 6.68 (dd, J = 8.4, 

2.2 Hz, 1H), 6.47 (s, 1H), 5.44 (s, 2H), 5.20 (br s, 1 H, OH phenol), 3.56 (br s, 1H, OH), 3.29 (s, 

3H), 2.66 – 2.58 (m, 2H), 2.50 – 2.41 (m, 2H), 2.03 – 1.93 (m, 1H), 1.78 – 1.66 (m, 1H). 

13C NMR (101 MHz, CDCl3) δ 152.6, 142.1, 139.9, 121.8, 121.6, 110.4, 101.6, 95.8, 74.9, 72.6, 

56.1, 36.1, 13.6. 

IR (Liquid film, cm-1) 3314 (m), 2930 (m), 1490 (m), 1461 (m), 1384 (s), 1212 (s), 1160 (s), 960 

(s) 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C14H17NNaO3
+ 270.1101; Found 270.1099. 
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2-(1-hydroxycyclobutyl)-1-(methoxymethyl)-1H-indol-6-yl pivalate (3.2.5r) 

 

To a solution of phenol S3.2.28 (172 mg, 0.7 mmol, 1.0 equiv) in CH2Cl2 (7 mL, 0.1 M) was 

added at 0 °C Et3N (0.29 mL, 2.1 mmol, 3.0 equiv) and pivaloyl chloride (90 µL, 0.7 mmol, 1.0 

equiv). The reaction mixture was warmed up to room temperature and stirred for 3 h. The 

reaction mixture was diluted with CH2Cl2 and quenched with aq. 1 M HCl. The organic layer 

was washed a second time with aq. 1 M HCl and water, dried over Na2SO4, filtered and 

concentrated under reduced pressure. The crude product was purified by flash column 

chromatography (10:1 to 4:1 PE/EtOAc) to give 3.2.5r (148 mg, 64%) as an orange oil. 

1H NMR (400 MHz, CDCl3) δ 7.54 (d, J = 8.4, 1.1 Hz, 1H), 7.15 (br d, J = 2.0 Hz, 1H), 6.83 (dd, J 

= 8.5, 2.0 Hz, 1H), 6.53 (br s, 1H), 5.49 (s, 2H), 3.47 (s, 1H, OH), 3.30 (s, 3H), 2.67 – 2.58 (m, 

2H), 2.50 – 2.40 (m, 2H), 2.06 – 1.93 (m, 1H), 1.79 – 1.66 (m, 1H), 1.39 (s, 9H). 

13C NMR (101 MHz, CDCl3) δ 177.7, 147.5, 143.8, 138.9, 125.1, 121.4, 114.8, 102.8, 101.6, 74.9, 

72.6, 56.2, 39.2, 36.2, 27.4, 13.6. 

IR (Liquid film, cm-1) 2935 (w), 1749 (m), 1657 (s), 1620 (m), 1458 (m), 1163 (s), 1107 (s). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C19H23NNaO4
+ 352.1519; Found 352.1523. 

1-(6-chloro-1-methyl-1H-indol-2-yl)cyclobutan-1-ol (3.2.5s) 

 

To a stirred solution of 6-chloro-1-methylindole S3.2.3 (143 mg, 0.86 mmol, 1.0 equiv) in 

anhydrous THF (4.3 mL, 0.2 M) under inert atmosphere was added dropwise at -78 °C n-BuLi 

(0.39 mL, 2.36 M in hexanes, 0.91 mmol, 1.05 equiv). The reaction mixture was stirred for 3 h 

at -78 °C. To this solution was added dropwise cyclobutanone (0.19 mL, 2.6 mmol, 3.0 equiv) 

at -78 °C. The reaction was continued at -78 °C for 1.5 h then warmed up slowly to room 

temperature overnight. The reaction was quenched with a satd. aq. NH4Cl solution and 

extracted three times with EtOAc. The combined organic layers were washed with brine, dried 

over Na2SO4, filtered and concentrated under reduced pressure. The crude product was 

purified by flash column chromatography (10:1 PE/acetone) to give 3.2.5s (81 mg, 40%, 83% 

brsm) as a colorless oil which crystallized in the freezer as a white solid. 

Mp 92-95 °C. 

1H NMR (400 MHz, CDCl3) δ 7.48 (d, J = 8.4 Hz, 1H), 7.29 (d, J = 1.8 Hz, 1H), 7.06 (dd, J = 8.4, 

1.8 Hz, 1H), 6.46 (d, J = 0.8 Hz, 1H), 3.75 (s, 3H), 2.69 – 2.60 (m, 2H), 2.50 – 2.40 (m, 2H), 2.07 

(s, 1H, OH), 2.04 – 1.92 (m, 1H), 1.79 – 1.66 (m, 1H). 
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13C NMR (101 MHz, CDCl3) δ 143.4, 139.3, 128.0, 125.4, 121.7, 120.3, 109.3, 99.2, 72.9, 36.1, 

31.3, 13.4. 

IR (Liquid film, cm-1) 3356 (w), 2945 (m), 1469 (s), 1327 (s), 1250 (s), 1124 (s), 922 (s), 810 (s). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C13H15ClNO+ 236.0837; Found 236.0840. 

1-(1-(methoxymethyl)-6-(trifluoromethyl)-1H-indol-2-yl)cyclobutan-1-ol (3.2.5t) 

 

To a stirred solution of 1-(methoxymethyl)-6-(trifluoromethyl)-1H-indole S3.2.14 (688 mg, 3.0 

mmol, 1.2 equiv) in anhydrous THF (6 mL, 0.5 M) under inert atmosphere was added dropwise 

at -78 °C a freshly prepared lithium diisopropylamide solution in THF (from i-Pr2NH (1.3 equiv) 

and n-BuLi (1.2 equiv) in 1 mL THF, – 78°C). The reaction was warmed to 0 °C and stirring was 

continued for 3 h. A solution of cyclobutanone (0.18 mL, 2.5 mmol, 1.0 equiv) in THF (1 mL + 

washed twice with 1 mL of THF) was added dropwise at 0 °C. The reaction was continued at 0 

°C for 30 min then warmed up to room temperature for 1 h.  The reaction was quenched with 

a satd. aq. NH4Cl solution and extracted three times with EtOAc. The combined organic layers 

were washed with brine, dried over Na2SO4, filtered and concentrated under reduced 

pressure. The crude product was purified by flash column chromatography (8:1 PE/acetone) 

to give 3.2.5t (285 mg, 39%) as a white solid. 

Mp 55-58 °C. 

1H NMR (400 MHz, CDCl3) δ 7.72 – 7.70 (m, 1H), 7.67 (dt, J = 8.3, 0.8 Hz, 1H), 7.40 – 7.36 (m, 

1H), 6.61 (d, J = 0.8 Hz, 1H), 5.58 (s, 2H), 3.34 (s, 3H), 3.33 (s, 1H, OH), 2.70 – 2.62 (m, 2H), 2.53 

– 2.44 (m, 2H), 2.09 – 1.98 (m, 1H), 1.81 – 1.69 (m, 1H). 

13C NMR (101 MHz, CDCl3) δ 146.0, 137.8, 129.9 (q, J = 1.0 Hz), 125.2 (q, J = 271.6 Hz), 124.8 

(q, J = 31.8 Hz), 121.5, 117.3 (q, J = 3.5 Hz), 107.1 (q, J = 4.4 Hz), 101.6, 75.0, 72.6, 56.3, 36.2, 

13.7. 

19F NMR (377 MHz, CDCl3) δ -63.8. 

IR (Liquid film, cm-1) 3397 (w), 2994 (w), 2946 (w), 1458 (m), 1349 (m), 1305 (s), 1159 (m), 

1113 (s), 1056 (m), 824 (m). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C15H16F3NNaO2
+ 322.1025; Found 322.1022. 
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1-(1-methyl-1H-benzo[g]indol-2-yl)cyclobutan-1-ol (3.2.5u) 

 

This compound was prepared following the general procedure 5.C using N-methyl indole 

S3.2.7 (4.5 mmol) and cyclobutanone (3.0 mmol) as starting materials. The crude product was 

purified by flash column chromatography (8:1 PE/EtOAc) to give 3.2.5u (495 mg, 66%) as a 

beige solid. 

Mp 109-111 °C. 

1H NMR (400 MHz, CDCl3) δ 8.54 (dd, J = 8.5, 1.2 Hz, 1H), 7.95 (dd, J = 8.2, 1.4 Hz, 1H), 7.67 (d, 

J = 8.5 Hz, 1H), 7.56 – 7.49 (m, 2H), 7.44 (ddd, J = 8.0, 6.9, 1.2 Hz, 1H), 6.66 (s, 1H), 4.29 (s, 3H), 

2.79 – 2.71 (m, 2H), 2.57 – 2.47 (m, 2H), 2.10 (br s, 1H, OH), 2.07 – 1.95 (m, 1H), 1.83 – 1.70 

(m, 1H). 

13C NMR (101 MHz, CDCl3) δ 141.4, 132.1, 131.9, 129.4, 125.3, 123.8, 123.5, 123.5, 121.2, 

121.1, 120.9, 101.0, 73.0, 36.5, 36.1, 13.6. 

IR (Liquid film, cm-1) 3344 (m), 2985 (m), 2947 (m), 1394 (s), 1251 (m), 1118 (m), 810 (s), 741 

(s). 

HRMS (APCI/QTOF) m/z: [M-OH]+ Calcd for C17H16N+ 234.1277; Found 234.1274 (loss of OH 

upon fragmentation). 

1-(7-ethyl-1-methyl-1H-indol-2-yl)cyclobutan-1-ol (3.2.5v) 

 

This compound was prepared following the general procedure 5.C using N-methyl indole 

S3.2.5 (4.5 mmol) and cyclobutanone (3.0 mmol) as starting materials. The crude product was 

purified by flash column chromatography (10:1 PE/EtOAc) to give 3.2.5v (589 mg, 86%) as an 

orange oil which crystallized in the freezer as a yellow solid. 

Mp 39-41 °C. 

1H NMR (400 MHz, CDCl3) δ 7.44 (dd, J = 7.2, 1.9 Hz, 1H), 7.05 – 6.98 (m, 2H), 6.51 (s, 1H), 4.03 

(s, 3H), 3.15 (q, J = 7.5 Hz, 2H), 2.74 – 2.66 (m, 2H), 2.52 – 2.42 (m, 2H), 2.09 (s, 1H, OH), 2.04 

– 1.94 (m, 1H), 1.81 – 1.68 (m, 1H), 1.38 (t, J = 7.5 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 142.9, 136.8, 128.1, 128.0, 123.6, 119.8, 119.0, 100.0, 73.1, 36.3, 

34.2, 26.0, 17.0, 13.6. 

IR (Liquid film, cm-1) 3240 (m), 2959 (m), 1444 (m), 1314 (s), 1254 (m), 1162 (m), 1115 (s), 798 

(s), 738 (s). 
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HRMS (APCI/QTOF) m/z: [M + H]+ Calcd for C15H20NO+ 230.1539; Found 230.1544. 

1-(1-methyl-1,6,7,8-tetrahydrocyclopenta[g]indol-2-yl)cyclobutan-1-ol (3.2.5w) 

 

This compound was prepared following the general procedure 5.C using N-methyl indole 

S3.2.6 (4.5 mmol) and cyclobutanone (3.0 mmol) as starting materials. The crude product was 

purified by flash column chromatography (10:1 PE/EtOAc) to give 3.2.5w (610 mg, 84%) as a 

beige solid. 

Mp 125-127 °C. 

1H NMR (400 MHz, CDCl3) δ 7.38 (d, J = 7.9 Hz, 1H), 7.00 (d, J = 7.9 Hz, 1H), 6.47 (s, 1H), 3.97 

(s, 3H), 3.41 (t, J = 7.4 Hz, 2H), 3.01 (t, J = 7.4 Hz, 2H), 2.70 – 2.62 (m, 2H), 2.49 – 2.40 (m, 2H), 

2.23 – 2.14 (m, 2H), 2.02 – 1.91 (m, 2H), 1.78 – 1.65 (m, 1H). 

13C NMR (101 MHz, CDCl3) δ 141.6, 139.2, 136.2, 125.8, 125.0, 119.0, 116.6, 99.6, 72.9, 36.1, 

33.1, 32.8, 31.7, 25.5, 13.4. 

IR (Liquid film, cm-1) 3356 (w), 2948 (m), 2844 (w), 1453 (m), 1387 (m), 1248 (m), 1119 (s), 

808 (s), 745 (s), 718 (s). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C16H20NO+ 242.1539; Found 242.1538. 

1-(1-(methoxymethyl)-1H-pyrrolo[2,3-b]pyridin-2-yl)cyclobutan-1-ol (3.2.5x) 

 

This compound was prepared following the general procedure 5.C using N-

(methoxymethyl)indole S3.2.16 (4.5 mmol) and cyclobutanone (3.0 mmol) as starting 

materials (deprotonation at – 78°C then 0 °C, 1 h). The crude product was purified by flash 

column chromatography (4:1 to 3:1 PE/EtOAc) to give 3.2.5x (691 mg, 99%) as a white/slightly 

yellow solid. 

Mp 68-71 °C. 

1H NMR (400 MHz, CDCl3) δ 8.31 – 8.28 (m, 1H), 7.90 – 7.86 (m, 1H), 7.12 – 7.07 (m, 1H), 6.51 

(s, 1H), 5.79 (s, 2H), 4.28 (s, 1H, OH), 3.32 (s, 3H), 2.69 – 2.60 (m, 2H), 2.55 – 2.45 (m, 2H), 2.09 

– 1.98 (m, 1H), 1.80 – 1.68 (m, 1H). 

13C NMR (101 MHz, CDCl3) δ 150.1, 143.8, 143.4, 129.0, 119.7, 117.0, 99.1, 72.4, 72.4, 56.4, 

35.7 (2), 13.6. 

IR (Liquid film, cm-1) 3371 (w), 2985 (w), 2943 (m), 1429 (s), 1394 (m), 1315 (m), 1161 (s), 1124 

(s), 1082 (s), 906 (m), 808 (s), 773 (s). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C13H16N2NaO2
+ 255.1104; Found 255.1109. 
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2-hexyl-1-(1-methyl-1H-indol-2-yl)cyclobutan-1-ol (3.2.5y) 

 

This compound was prepared following the general procedure 5.C using 1-methylindole (4.5 

mmol) and 2-hexylcyclobutan-1-one S3.2.18 (3.3 mmol) as starting materials. The crude 

product was purified by flash column chromatography (10:1 PE/Et2O) to give 3.2.5y (342 mg, 

36%) as an orange/brown oil. 

1H NMR (400 MHz, CDCl3) δ 7.58 (dt, J = 8.0, 1.0 Hz, 1H), 7.30 (dd, J = 8.2, 1.0 Hz, 1H), 7.22 

(ddd, J = 8.2, 7.0, 1.2 Hz, 1H), 7.09 (ddd, J = 8.0, 7.0, 1.2 Hz, 1H), 6.41 (d, J = 0.8 Hz, 1H), 3.80 

(s, 3H), 2.92 – 2.83 (m, 1H), 2.51 – 2.37 (m, 2H), 2.04 – 1.95 (m, 1H), 1.84 – 1.71 (m, 3H), 1.66 

– 1.56 (m, 1H), 1.48 – 1.26 (m, 8H), 0.97 – 0.89 (m, 3H). 

13C NMR (101 MHz, CDCl3) δ 144.1, 138.5, 127.0, 121.9, 120.8, 119.6, 109.2, 98.7, 74.4, 43.9, 

33.6, 32.0, 31.1, 29.7, 29.5, 27.3, 22.8, 21.9, 14.3. 

IR (Liquid film, cm-1) 3406 (w), 2925 (s), 2852 (m), 1467 (s), 1314 (m), 1129 (m), 781 (m), 748 

(s), 719 (s). 

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + H]+ Calcd for C19H28NO+ 286.2165; Found 

286.2162. 

(1R*,2R*)-2-(2-((tert-butyldimethylsilyl)oxy)ethyl)-1-(1-methyl-1H-indol-2-yl)cyclobutan-1-

ol (3.2.5z) 

 

This compound was prepared following the general procedure 5.C using 1-methylindole (7.5 

mmol) and cyclobutanone S3.2.24 (5.0 mmol) as starting materials. The crude product was 

purified by flash column chromatography (50:1 PE/acetone) to give 3.2.5z (890 mg, 50%) as 

an orange/brown oil. 

1H NMR (400 MHz, CDCl3) δ 7.55 (dt, J = 7.8, 1.0 Hz, 1H), 7.28 (dq, J = 8.2, 1.0 Hz, 1H), 7.19 

(ddd, J = 8.2, 7.0, 1.0 Hz, 1H), 7.07 (ddd, J = 7.8, 7.0, 1.0 Hz, 1H), 6.35 (d, J = 1.0 Hz, 1H), 4.14 

(d, J = 1.3 Hz, 1H, OH), 3.85 – 3.79 (m, 1H), 3.80 (s, 3H), 3.73 (td, J = 10.1, 2.4 Hz, 1H), 3.19 – 

3.10 (m, 1H), 2.48 – 2.39 (m, 1H), 2.37 – 2.28 (m, 1H), 2.25 – 2.13 (m, 1H), 2.12 – 2.02 (m, 1H), 

1.91 – 1.83 (m, 1H), 1.83 – 1.75 (m, 1H), 0.68 (s, 9H), -0.01 (s, 3H), -0.23 (s, 3H). 

13C NMR (101 MHz, CDCl3) δ 145.2, 138.5, 127.2, 121.3, 120.5, 119.2, 108.9, 98.2, 73.5, 62.4, 

42.1, 33.5, 33.0, 31.1, 25.6, 21.9, 18.1, -5.8, -5.8. 

IR (Liquid film, cm-1) 3390 (w), 2933 (m), 2858 (m), 1468 (m), 1387 (m), 1254 (m), 1092 (s), 

833 (s), 775 (s), 748 (m). 
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HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + Na]+ Calcd for C21H33NNaO2Si+ 382.2173; Found 

382.2177. 

1-(1-methyl-1H-indol-2-yl)-2-phenylcyclobutan-1-ol (3.2.5aa) 

 

This compound was prepared following the general procedure 5.C using 1-methylindole (4.5 

mmol) and 2-phenylcyclobutan-1-one S3.2.17 (3.0 mmol) as starting materials. The crude 

product was purified by flash column chromatography (20:1 PE/EtOAc) to give 3.2.5aa (348 

mg, 42%) as a yellow oil which crystallized in the freezer. Analytically pure sample could be 

obtained by recrystallization from hot heptane. 

Mp 86-88 °C. 

1H NMR (400 MHz, CDCl3) δ 7.63 (dt, J = 8.0, 1.1 Hz, 1H), 7.52 – 7.48 (m, 2H), 7.44 – 7.39 (m, 

2H), 7.33 – 7.28 (m, 2H), 7.24 (ddd, J = 8.2, 7.0, 1.3 Hz, 1H), 7.12 (ddd, J = 8.0, 7.0, 1.1 Hz, 1H), 

6.59 (d, J = 0.8 Hz, 1H), 4.31 (t, J = 8.7 Hz, 1H), 3.79 (s, 3H), 2.70 – 2.48 (m, 3H), 2.42 – 2.32 (m, 

1H), 1.82 (br s, 1H, OH). 

13C NMR (101 MHz, CDCl3) δ 144.0, 138.5, 138.5, 128.9, 128.8, 127.2, 127.0, 122.0, 120.8, 

119.7, 109.2, 99.1, 75.9, 48.3, 33.7, 31.3, 22.1. 

IR (Liquid film, cm-1) 3410 (w), 3055 (w), 2947 (m), 1468 (m), 1315 (m), 1117 (m), 910 (m), 748 

(s), 702 (s). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C19H20NO+ 278.1539; Found 278.1545. 

2-(hydroxymethyl)-1-(1-methyl-1H-indol-2-yl)cyclobutan-1-ol (3.2.5ab) 

 

This compound was prepared following the general procedure 5.C using 1-methylindole (4.4 

mmol, 2.2 equiv), n-BuLi (4.4 mmol, 2.2 equiv) and cyclobutanone S3.2.23 (2.0 mmol) as 

starting materials. The crude product was purified by flash column chromatography (5:1 

PE/acetone) to give 3.2.5ab (243 mg, 52%) as a thick brown oil which solidified in the freezer. 

Mp 78-81 °C. 

1H NMR (400 MHz, CDCl3) δ 7.59 (dt, J = 7.9, 1.0 Hz, 1H), 7.30 (dq, J = 8.3, 1.0 Hz, 1H), 7.23 

(ddd, J = 8.3, 6.9, 1.2 Hz, 1H), 7.10 (ddd, J = 7.9, 6.9, 1.2 Hz, 1H), 6.52 (d, J = 0.8 Hz, 1H), 4.10 

(dd, J = 11.4, 8.2 Hz, 1H), 3.98 (dd, J = 11.4, 4.3 Hz, 1H), 3.80 (s, 3H), 3.02 (dt, J = 6.0, 3.5 Hz, 

1H), 2.87 (s, 1H, OH), 2.68 – 2.59 (m, 1H), 2.56 – 2.46 (m, 1H), 1.93 – 1.81 (m, 1H), 1.78 – 1.67 

(m, 1H). 
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13C NMR (101 MHz, CDCl3) δ 142.9, 138.8, 126.8, 122.1, 120.9, 119.7, 109.2, 99.4, 74.0, 63.6, 

45.1, 34.5, 31.2, 16.3. 

IR (Liquid film, cm-1) 3381 (m), 2939 (m), 2871 (w), 1468 (s), 1387 (m), 1334 (m), 1119 (m), 

1026 (s), 748 (s). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C14H17NNaO2
+ 254.1151; Found 254.1155. 

2-(2-hydroxyethyl)-1-(1-methyl-1H-indol-2-yl)cyclobutan-1-ol (3.2.5ac) 

 

This compound was prepared following the general procedure 5.C using 1-methylindole (2.2 

mmol), n-BuLi (2.2 equiv) and cyclobutanone S3.2.25 (1.0 mmol) as starting materials. The 

crude product was purified by flash column chromatography (3% MeOH/CH2Cl2) to give 

3.2.5ac (160 mg, 65%) as a thick brown oil. 

Mixture of diastereoisomers (1.2:1). 

Diastereoisomers separable. 

Major diastereoisomer: 

1H NMR (400 MHz, CDCl3) δ 7.56 (dt, J = 7.9, 1.1 Hz, 1H), 7.30 (dq, J = 8.3, 1.1 Hz, 1H), 7.21 

(ddd, J = 8.3, 7.0, 1.1 Hz, 1H), 7.09 (ddd, J = 7.9, 7.0, 1.1 Hz, 1H), 6.38 (br s, 1H), 3.87 – 3.75 (m, 

2H), 3.81 (s, 3H), 3.61 (br s, 1H, OH), 3.16 – 3.06 (m, 1H), 2.49 – 2.41 (m, 1H), 2.39 – 2.30 (m, 

1H), 2.22 – 2.11 (m, 1H), 2.11 – 2.02 (m, 1H), 1.94 – 1.83 (m, 1H), 1.80 – 1.72 (m, 1H). 

13C NMR (101 MHz, CDCl3) δ 145.4, 138.6, 127.0, 121.8, 120.7, 119.6, 109.2, 97.4, 73.9, 61.9, 

42.0, 33.0, 32.8, 31.1, 22.1. 

IR (Liquid film, cm-1) 3340 (m), 2937 (s), 1468 (s), 1387 (s), 1313 (s), 1126 (s), 1024 (s), 750 (s) 

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + Na]+ Calcd for C15H19NNaO2
+ 268.1308; Found 

268.1308. 

Minor diastereoisomer: 

1H NMR (400 MHz, CDCl3) δ 7.59 (dt, J = 7.9, 1.0 Hz, 1H), 7.30 (dq, J = 8.2, 1.0 Hz, 1H), 7.22 

(ddd, J = 8.2, 7.0, 1.1 Hz, 1H), 7.10 (ddd, J = 7.9, 7.0, 1.1 Hz, 1H), 6.45 (d, J = 1.0 Hz, 1H), 3.83 

(s, 3H), 3.55 – 3.42 (m, 2H), 2.88 – 2.80 (m, 1H), 2.80 – 2.70 (m, 1H), 2.31 (br s, 1H, OH), 2.27 

– 2.11 (m, 2H), 1.73 – 1.62 (m, 1H), 1.53 – 1.42 (m, 1H), 1.15 – 1.04 (m, 1H). 

13C NMR (101 MHz, CDCl3) δ 140.6, 138.9, 127.1, 121.9, 120.7, 119.6, 109.2, 100.5, 77.0, 60.6, 

44.6, 34.5, 34.4, 32.1, 19.9. 

IR (Liquid film, cm-1) 3336 (s), 2941 (s), 1468 (s), 1313 (s), 1051 (m), 785 (s), 754 (s). 



Chapter 4: Experimental section 

287 

 

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + Na]+ Calcd for C15H19NNaO2
+ 268.1308; Found 

268.1308. 

1-(1-methyl-1H-indol-2-yl)spiro[3.5]nonan-1-ol (3.2.5ad) 

 

This compound was prepared following the general procedure 5.C using 1-methylindole (4.5 

mmol) and spiro[3.5]nonan-1-one S3.2.19 (3.0 mmol) as starting materials. The crude product 

was purified by flash column chromatography (1:1 to 1.2:1 CH2Cl2/PE) to give 3.2.5ad (341 mg, 

42%) as an orange oil. 

1H NMR (400 MHz, CDCl3) δ 7.59 (dt, J = 7.9, 1.0 Hz, 1H), 7.30 (dq, J = 8.2, 1.0 Hz, 1H), 7.22 

(ddd, J = 8.2, 7.0, 1.2 Hz, 1H), 7.10 (ddd, J = 7.9, 7.0, 1.2 Hz, 1H), 6.48 (d, J = 0.8 Hz, 1H), 3.87 

(s, 3H), 2.83 (ddd, J = 12.4, 9.3, 5.7 Hz, 1H), 2.15 – 2.06 (m, 2H), 1.94 (s, 1H, OH), 1.96 – 1.87 

(m, 1H), 1.76 – 1.54 (m, 4H), 1.44 – 1.31 (m, 2H), 1.23 – 1.04 (m, 3H), 1.03 – 0.94 (m, 1H). 

13C NMR (101 MHz, CDCl3) δ 142.1, 138.9, 127.1, 121.6, 120.6, 119.5, 109.2, 100.7, 78.2, 48.6, 

34.6, 32.5, 32.4, 31.9, 26.3, 25.2, 22.5, 22.4. 

IR (Liquid film, cm-1) 3452 (w), 2925 (s), 2850 (m), 1468 (s), 1313 (s), 1119 (m), 779 (m), 748 

(s). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C18H24NO+ 270.1852; Found 270.1854. 

1-(1-methyl-1H-indol-2-yl)-3-phenylcyclobutan-1-ol (3.2.5ae) 

 

This compound was prepared following the general procedure 5.C using 1-methylindole (4.5 

mmol) and 3-phenylcyclobutan-1-one (3.0 mmol) as starting materials. The crude product was 

purified by flash column chromatography (8:1 to 6:1 PE/EtOAc) to give 3.2.5ae (546 mg, 66%, 

ratio dia. 6:1) as a beige solid. 

Mixture of diastereoisomers (6:1). 

1H NMR (400 MHz, CDCl3) δ 7.64 (dt, J = 7.7, 1.0 Hz, 1H), 7.58 (dt, J = 7.8, 1.0 Hz, 1/6H), 7.37-

7.08 (m, 8H + 8/6H), 6.64 (d, J = 0.8 Hz, 1 H), 6.41 (d, J = 0.8 Hz, 1/6H), 4.04 (t, J = 9.0 Hz, 1/6H), 

3.87 (s, 3H), 3.83 (s, 3/6H), 3.23 – 3.10 (m, 3H), 2.96 – 2.89 (m, 2/6H), 2.86 – 2.78 (m, 2/6H), 

2.67 – 2.56 (m, 2H), 2.12 (s, 1H, OH), 1.97 (s, 1/6H, OH). 

1H NMR (400 MHz, C6D6) δ 7.80 – 7.76 (m, 1H), 7.75 – 7.72 (m, 1/6H), 7.39 – 7.06 (m, 8H + 

8/6H, overlapping with the C6D6 residual signal), 6.44 (d, J = 0.8 Hz, 1H), 6.25 (d, J = 0.8 Hz, 

1/6H), 3.89 (quint, J = 9.0 Hz, 1/6H), 3.37 (s, 3H), 3.35 (s, 3/6H), 3.06 – 2.96 (m, 1H), 2.83 – 

2.76 (m, 2H), 2.57 (d, J = 9.0 Hz, 4/6H), 2.41 – 2.33 (m, 2H), 1.47 (s, 1H, OH), 1.32 (s, 1/6H, OH). 
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13C NMR (101 MHz, CDCl3) δ 144.4, 141.9, 139.0, 128.6, 128.6, 126.9, 126.8, 126.7, 126.4, 

126.3, 122.3, 122.1, 121.0, 120.9, 119.8, 119.7, 109.3, 99.6, 98.7, 71.0, 68.8, 43.9, 42.7, 34.4, 

31.4, 31.0, 31.0.  

The spectroscopic data are consistent with those reported in the literature.321 

3-hexyl-1-(1-methyl-1H-indol-2-yl)cyclobutan-1-ol (3.2.5af) 

  

This compound was prepared following the general procedure 5.C using 1-methylindole (6.0 

mmol) and 3-hexylcyclobutan-1-one S3.2.27 (4.0 mmol) as starting materials. The crude 

product was purified by flash column chromatography (20:1 PE/acetone) to give 3.2.5af (512 

mg, 45%) as a thick orange oily solid and as a mixture of diastereoisomers (5:1). 

Mp 44-48 °C. 

1H NMR (400 MHz, CDCl3) δ 7.60 (dt, J = 8.0, 1.1 Hz, 1H), 7.58 (dt, J = 8.0, 1.1 Hz, 1/5H), 7.31 

(dd, J = 8.2, 1.1 Hz, 1H), 7.29 (dd, J = 8.2, 1.1 Hz, 1/5H), 7.23 (ddd, J = 8.2, 7.0, 1.1 Hz, 1H), 7.22 

(ddd, J = 8.2, 7.0, 1.1 Hz, 1/5H), 7.11 (ddd, J = 8.0, 7.0, 1.1 Hz, 1H), 7.09 (ddd, J = 8.0, 7.0, 1.1 

Hz, 1/5H), 6.52 (d, J = 0.8 Hz, 1H), 6.37 (d, J = 0.8 Hz, 1/5H), 3.81 (s, 3H), 3.77 (s, 3/5H), 2.88 - 

2.78 (m, 2H), 2.67 – 2.56 (m, 3/5H), 2.35 – 2.28 (m, 2/5H), 2.09 – 1.98 (m, 3H), 1.94 - 1.83 (m, 

1H + 1/5H), 1.55 – 1.46 (m, 2H), 1.44 – 1.38 (m, 2/5H), 1.35 – 1.18 (m, 8H + 8/5H), 0.89 (t, J = 

6.8 Hz, 3H + 3/5H). 

1H NMR (800 MHz, CD3OD) δ 7.50 (d, J = 7.8 Hz, 1H), 7.48 (d, J = 7.8 Hz, 1/5H), 7.29 (d, J = 8.2 

Hz, 1H), 7.28 (d, J = 8.2 Hz, 1/5H), 7.14 – 7.10 (m, 1H + 1/5H), 7.01 – 6.97 (m, 1H + 1/5H), 6.47 

(s, 1H), 6.33 (s, 1/5H), 3.77 (s, 3H), 3.74 (s, 3/5H), 2.82 – 2.78 (m, 2H), 2.60 – 2.55 (m, 3/5H), 

2.30 – 2.27 (m, 2/5H), 2.03 – 1.99 (m, 2H), 1.87 – 1.81 (m, 1H), 1.49 (q, J = 7.4 Hz, 2H), 1.40 (q, 

J = 7.0 Hz, 2/5H), 1.34 – 1.22 (m, 8H + 8/5H), 0.89 (t, J = 6.9 Hz, 3H), 0.88 (t, J = 6.9 Hz, 3/5H). 

13C NMR (101 MHz, CDCl3) δ 144.5, 142.6, 138.8, 138.3, 126.9, 126.8, 121.9, 121.8, 120.7, 

119.5, 119.5, 109.0, 99.1, 98.4, 71.1, 69.2, 42.4, 41.1, 37.0, 36.7, 31.9, 31.1, 30.8, 29.2, 29.2, 

28.9, 27.3, 26.3, 22.7, 14.1. 

IR (Liquid film, cm-1) 3423 (m), 3313 (m), 2924 (s), 2852 (s), 1466 (s), 1313 (m), 1240 (m), 781 

(m), 733 (s). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C19H28NO+ 286.2165; Found 286.2167. 

 

 

 

 

321 J.-B. Peng, Y. Qi, A.-J. Ma, Y.-Q. Tu, F.-M. Zhang, S.-H. Wang, S.-Y. Zhang, Chem. Asian J. 2013, 8, 883–887. 
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3-(benzyloxy)-1-(1-methyl-1H-indol-2-yl)cyclobutan-1-ol (3.2.5ag) 

 

This compound was prepared following the general procedure 5.C using 1-methylindole (4.5 

mmol) and 3-(benzyloxy)cyclobutan-1-one (3.0 mmol) as starting materials. The crude product 

was purified by flash column chromatography (10:1 to 8:1 PE/acetone) to give 3.2.5ag (737 

mg, 80%) as a thick yellow oil. 

1H NMR (400 MHz, CDCl3) δ 7.50 (dt, J = 7.8, 1.0 Hz, 1H), 7.30 – 7.14 (m, 7H), 7.03 (ddd, J = 

7.8, 6.9, 1.2 Hz, 1H), 6.35 (d, J = 0.8 Hz, 1H), 4.37 (s, 2H), 3.71 (s, 3H), 3.76 – 3.65 (m, 1H), 3.00 

– 2.92 (m, 2H), 2.44 – 2.36 (m, 2H), 2.25 (s, 1H, OH). 

1H NMR (400 MHz, acetone-d6) δ 7.50 (dt, J = 7.9, 1.0 Hz, 1H), 7.38 – 7.30 (m, 5H), 7.29 – 7.24 

(m, 1H), 7.14 (ddd, J = 8.2, 7.0, 1.2 Hz, 1H), 7.01 (ddd, J = 7.9, 7.0, 1.0 Hz, 1H), 6.43 (d, J = 0.8 

Hz, 1H), 4.83 (s, 1H, OH), 4.45 (s, 2H), 3.83 (s, 3H), 3.79 – 3.71 (m, 1H), 3.11 – 3.04 (m, 2H), 

2.47 – 2.40 (m, 2H). 

13C NMR (101 MHz, CDCl3) δ 142.1, 138.9, 138.1, 128.6, 128.0, 127.9, 126.7, 122.3, 120.9, 

119.8, 109.2, 99.3, 70.8, 65.7, 65.5, 44.4, 31.2. 

IR (Liquid film, cm-1) 3394 (w), 3030 (w), 2941 (w), 1468 (m), 1344 (m), 1238 (m), 1151 (m), 

1049 (s), 748 (s). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C20H21NNaO2
+ 330.1464; Found 330.1462. 

3-(1-methyl-1H-indol-2-yl)oxetan-3-ol (3.2.5ah) 

 

This compound was prepared following the general procedure 5.C using 1-methylindole (4.5 

mmol) and 3-oxetanone (3.0 mmol) as starting materials. The crude product was purified by 

flash column chromatography (5:2 PE/EtOAc) to give 3.2.5ah (610 mg, quantitative) as a thick 

yellow oil which solidified in the freezer. 

Mp 78-81 °C. 

1H NMR (400 MHz, CDCl3) δ 7.62 (dt, J = 8.0, 1.0 Hz, 1H), 7.32 (d, J = 8.2 Hz, 1H), 7.27 (ddd, J = 

8.2, 6.8, 1.2 Hz, 1H), 7.14 (ddd, J = 8.0, 6.8, 1.2 Hz, 1H), 6.53 (br s, 1H), 5.13 (br d, J = 6.6 Hz, 

2H), 4.99 (br d, J = 6.6 Hz, 2H), 3.69 (br s, 3H), 2.45 – 2.40 (m, 1H, OH). 

13C NMR (101 MHz, CDCl3) δ 139.1, 138.6, 126.9, 122.8, 121.3, 120.1, 109.4, 100.3, 83.0, 72.3, 

30.8. 

IR (Liquid film, cm-1) 3327 (w), 2945 (w), 2879 (w), 1468 (m), 1388 (m), 1244 (m), 1142 (m), 

968 (s), 796 (s), 739 (s). 
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HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C12H14NO2
+ 204.1019; Found 204.1017. 

 tert-butyl 2-hydroxy-2-(1-methyl-1H-indol-2-yl)-7-azaspiro[3.5]nonane-7-carboxylate 

(3.2.5ai) 

 

This compound was prepared following the general procedure 5.C using 1-methylindole (3.0 

mmol) and tert-butyl 2-oxo-7-azaspiro[3.5]nonane-7-carboxylate (3.6 mmol) as starting 

materials. The crude product was purified by flash column chromatography (3:1 PE/EtOAc) to 

give 3.2.5ai (513 mg, 57%) as a white solid. 

Mp 161-164 °C. 

1H NMR (400 MHz, CDCl3) δ 7.58 (d, J = 7.6 Hz, 1H), 7.31 (d, J = 8.2 Hz, 1H), 7.23 (ddd, J = 8.2, 

6.9, 1.1 Hz, 1H), 7.10 (ddd, J = 7.6, 6.9, 1.1 Hz, 1H), 6.42 (s, 1H), 3.79 (s, 3H), 3.41 – 3.36 (m, 

2H), 3.29 – 3.24 (m, 2H), 2.63 – 2.57 (m, 2H), 2.37 – 2.31 (m, 2H), 1.96 (s, 1H, OH), 1.77 (t, J = 

5.7 Hz, 2H), 1.49 – 1.44 (m, 2H), 1.45 (s, 9H). 

13C NMR (101 MHz, CDCl3) δ 155.1, 144.2, 138.7, 126.8, 122.2, 121.0, 119.7, 109.2, 99.1, 79.5, 

68.4, 45.5 (2C), 40.7 (br, 2C), 38.7, 37.3, 31.1, 30.4, 28.6. 

IR (Liquid film, cm-1) 3396 (m), 2928 (m), 1689 (s), 1670 (s), 1427 (s), 1365 (s), 1245 (s), 1173 

(s), 1149 (s), 756 (s). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C22H31N2O3
+ 371.2329; Found 371.2323. 

 (1R*,5S*,6R*)-6-(1-methyl-1H-indol-2-yl)bicyclo[3.2.0]hept-2-en-6-ol (3.2.5aj) 

 

This compound was prepared following the general procedure 5.C using 1-methylindole (15 

mmol) and (±)-cis-bicyclo[3.2.0]hept-2-en-6-one (10 mmol) as starting materials. The crude 

product was purified by flash column chromatography (20:1 PE/acetone) to give 3.2.5aj (2.1 

g, 88%) as a slightly pink crystalline solid. 

Mp 91-94 °C. 

1H NMR (400 MHz, CDCl3) δ 7.59 (dt, J = 7.9, 1.0 Hz, 1H), 7.30 (dq, J = 8.2, 1.0 Hz, 1H), 7.22 

(ddd, J = 8.2, 7.0, 1.2 Hz, 1H), 7.10 (ddd, J = 7.9, 7.0, 1.2 Hz, 1H), 6.48 (d, J = 1.0 Hz, 1H), 5.99 – 

5.94 (m, 2H), 3.77 (s, 3H), 3.59-3.54 (m, 1H), 3.23 – 3.16 (m, 1H), 3.10 (ddd, J = 12.7, 8.5, 1.5 

Hz, 1H), 3.00 – 2.93 (m, 1H), 2.69 – 2.61 (m, 1H), 2.20 (ddd, J = 12.7, 3.7, 1.2 Hz, 1H), 2.05 (s, 

1H, OH). 
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13C NMR (101 MHz, CDCl3) δ 144.2, 138.7, 135.3, 132.7, 126.9, 122.0, 120.9, 119.6, 109.2, 99.0, 

72.6, 45.7, 43.0, 39.9, 33.2, 31.1. 

IR (Liquid film, cm-1) 3452 (w), 3049 (w), 2924 (w), 1468 (m), 1315 (m), 1076 (m), 912 (m), 787 

(m), 748 (s), 725 (s). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C16H18NO+ 240.1383; Found 240.1385. 

tert-butyl 3-hydroxy-3-(1-methyl-1H-indol-2-yl)azetidine-1-carboxylate (3.2.5ak) 

 

This compound was prepared following the general procedure 5.C using 1-methylindole (4.5 

mmol) and 1-Boc-3-azetidinone (3 mmol) as starting materials. The crude product was purified 

by flash column chromatography (3:1 PE/EtOAc) to give 3.2.5ak (513 mg, 57%) as a white solid. 

Mp 168-172 °C. 

1H NMR (400 MHz, CDCl3) δ 7.60 (dt, J = 7.9, 1.0 Hz, 1H), 7.31 (dd, J = 8.4, 1.1 Hz, 1H), 7.28 – 

7.23 (m, 1H), 7.12 (ddd, J = 8.0, 6.9, 1.2 Hz, 1H), 6.49 (s, 1H), 4.45 (d, J = 9.1 Hz, 2H), 4.24 (d, J 

= 9.1 Hz, 2H), 3.73 (s, 3H), 2.59 – 2.56 (m, 1H), 1.44 (s, 9H). 

13C NMR (101 MHz, CDCl3) δ 156.4, 139.5, 138.7, 126.7, 122.8, 121.3, 120.1, 109.4, 100.3, 80.1, 

67.8, 30.8, 28.5. 

IR (Liquid film, cm-1) 3263 (m), 2935 (w), 1655 (s), 1410 (s), 1167 (s), 1115 (s), 1007 (m), 798 

(m), 741 (s), 692 (s). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C17H22N2NaO3
+ 325.1523; Found 325.1529. 

1-methyl-2-(1-((trimethylsilyl)oxy)cyclobutyl)-1H-indole (3.2.5ai) 

  

To a solution of 3.2.5a (201.3 mg, 1.0 mmol, 1.0 equiv) and DMAP (12.2 mg, 0.1 mmol, 0.1 

equiv) in anhydrous DCM (4 mL, 0.25 M) was added successively Et3N (0.42 mL, 3.0 mmol, 3.0 

equiv) and TMSCl (0.25 mL, 2.0 mmol, 2.0 equiv) dropwise at room temperature. The reaction 

mixture was stirred at room temperature for 2.5 h then was quenched with H2O. The aqueous 

layer was extracted with DCM. The combined organic layers were washed with brine, dried 

over Na2SO4 and concentrated under reduced pressure. The crude product was purified by 

flash column chromatography (30:1 PE/EtOAc) to give 3.2.5ai (267 mg, 98%) as a 

white/brownish solid. 

Mp 80-82 °C. 
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1H NMR (400 MHz, CDCl3) δ 7.61 (dt, J = 7.9, 1.1 Hz, 1H), 7.31 (dq, J = 8.2, 1.1 Hz, 1H), 7.23 

(ddd, J = 8.2, 7.0, 1.1 Hz, 1H), 7.11 (ddd, J = 7.9, 7.0, 1.1 Hz, 1H), 6.52 (d, J = 1.1 Hz, 1H), 3.77 

(s, 3H), 2.66 – 2.58 (m, 2H), 2.55 – 2.45 (m, 2H), 1.88 – 1.78 (m, 1H), 1.71 – 1.58 (m, 1H), -0.11 

(s, 9H). 

13C NMR (101 MHz, CDCl3) δ 142.7, 138.6, 127.1, 121.7, 120.8, 119.4, 109.0, 99.1, 73.6, 37.6, 

31.2, 13.5. 

IR (Liquid film, cm-1) 2949 (m), 1468 (m), 1248 (s), 1122 (s), 976 (m), 883 (m), 841 (s), 746 (m) 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C16H24NOSi+ 274.1622; Found 274.1624. 

1-(2,2-dichloro-3-hydroxy-3-(1-methyl-1H-indol-2-yl)cyclobutyl)hexan-1-one (3.2.5am) 

 

This compound was prepared following the general procedure 5.C using 1-methylindole (6.0 

mmol) and cyclobutanone S3.2.26 (4.0 mmol) as starting materials. The crude product was 

purified by flash column chromatography (8:1 PE/EtOAc) to give 3.2.5am (420 mg, 29%) as a 

white solid. 

Mp 73-75 °C. 

1H NMR (400 MHz, CDCl3) δ 7.62 (dq, J = 7.9, 1.0 Hz, 1H), 7.36 (dd, J = 8.2, 1.2 Hz, 1H), 7.29 – 

7.23 (m, 1H), 7.14 – 7.09 (m, 1H), 6.66 (d, J = 0.9 Hz, 1H), 3.95 (s, 3H), 3.38 (d, J = 3.6 Hz, 1H), 

3.13 (dd, J = 11.9, 8.7 Hz, 1H), 2.87 – 2.77 (m, 1H), 1.87 (t, J = 11.9 Hz, 1H), 1.83 – 1.75 (m, 1H), 

1.64 – 1.54 (m, 1H), 1.43 (q, J = 8.4 Hz, 1H), 1.39 – 1.25 (m, 8H), 0.93 – 0.87 (m, 3H). 

13C NMR (101 MHz, CDCl3) δ 139.3, 136.7, 126.7, 122.5, 120.9, 119.7, 109.6, 102.1, 97.3, 79.9, 

47.1, 40.8, 33.1, 31.8, 30.7, 29.4, 26.8, 22.7, 14.2. 

IR (Liquid film, cm-1) 3386 (w), 2925 (m), 2856 (m), 1468 (m), 1317 (m), 1234 (m), 1155 (m), 

960 (m), 795 (s), 735 (s). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C19H26Cl2NO+ 354.1386; Found 354.1383. 

2-cyclopropyl-2-methyl-1-(1-methyl-1H-indol-2-yl)cyclobutan-1-ol (3.2.5an) 

 

This compound was prepared following the general procedure 5.C using 1-methylindole (4.5 

mmol) and cyclobutanone S3.2.22 (3.0 mmol) as starting materials. The crude product was 

purified by flash column chromatography (25:1 PE/acetone) to give 3.2.5an (220 mg, 29%) as 

a yellow/orange oil. 

Mixture of diastereoisomers (4:1). 
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The diastereoisomers could be separated by preparative TLC (CH2Cl2). 

Major diastereoisomer: 

1H NMR (400 MHz, CDCl3) δ 7.60 (dt, J = 7.9, 1.0 Hz, 1H), 7.31 (dq, J = 8.2, 1.0 Hz, 1H), 7.21 

(ddd, J = 8.2, 7.0, 1.2 Hz, 1H), 7.10 (ddd, J = 7.9, 7.0, 1.2 Hz, 1H), 6.50 (d, J = 0.8 Hz, 1H), 3.88 

(s, 3H), 2.84 (ddd, J = 12.6, 9.3, 5.7 Hz, 1H), 2.66 (s, 1H, OH), 2.01 (ddd, J = 12.6, 10.1, 7.4 Hz, 

1H), 1.56 (ddd, J = 11.7, 10.1, 5.7 Hz, 1H), 1.36 (ddd, J = 11.7, 9.3, 7.4 Hz, 1H), 1.20 (tt, J = 8.2, 

5.5 Hz, 1H), 0.76 (s, 3H), 0.71 – 0.64 (m, 1H), 0.61 – 0.50 (m, 2H), 0.25 – 0.17 (m, 1H). 

13C NMR (101 MHz, CDCl3) δ 141.9, 138.9, 127.2, 121.6, 120.6, 119.4, 109.2, 100.8, 78.4, 48.1, 

32.7, 32.2, 23.6, 23.1, 14.7, 2.0, 0.5. 

IR (Liquid film, cm-1) 3539 (w), 2954 (w), 1466 (m), 1313 (m), 1126 (m), 1014 (m), 746 (s). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C17H22NO+ 256.1696; Found 256.1697. 

Minor diastereoisomer: 

1H NMR (400 MHz, CDCl3) δ 7.59 (dt, J = 7.9, 1.0 Hz, 1H), 7.30 (dq, J = 8.2, 1.0 Hz, 1H), 7.20 

(ddd, J = 8.2, 7.0, 1.1 Hz, 1H), 7.09 (ddd, J = 7.9, 7.0, 1.1 Hz, 1H), 6.48 (br s, 1H), 3.86 (s, 3H), 

2.75 (ddd, J = 12.3, 9.0, 5.0 Hz, 1H), 2.16 – 2.11 (m, 1H), 1.97 (s, 1H), 1.52 – 1.48 (m, 1H), 1.45 

– 1.37 (m, 1H), 1.29 (s, 3H), 0.49 (tt, J = 8.3, 5.6 Hz, 1H), 0.19 – 0.11 (m, 1H), 0.08 – 0.01 (m, 

1H), -0.01 – -0.12 (m, 2H). 

13C NMR (101 MHz, CDCl3) δ 142.1, 138.9, 127.2, 121.6, 120.6, 119.4, 109.1, 100.6, 77.7, 47.4, 

32.4, 24.0, 20.2, 17.1, 1.1, 0.9. 

1-(1-methyl-1H-indol-2-yl)-2-(4-methylpent-3-en-1-yl)cyclobutan-1-ol (3.2.5ao) 

 

This compound was prepared following the general procedure 5.C using 1-methylindole (3.0 

mmol) and cyclobutanone S3.2.20 (2.0 mmol) as starting materials. The crude product was 

purified by flash column chromatography (20:1 PE/EtOAc) to give 3.2.5ao (186 mg, 33%) as a 

brown oil which solidified in the freezer to give a brown solid. 

Mp 44-48 °C. 

1H NMR (400 MHz, CDCl3) δ 7.59 (br d, J = 8.0 Hz, 1H), 7.31 (dd, J = 8.3, 1.1 Hz, 1H), 7.25 – 7.20 

(m, 1H), 7.13 – 7.08 (m, 1H), 6.42 (d, J = 0.8 Hz, 1H), 5.23 – 5.17 (m, 1H), 3.79 (s, 3H), 2.95 – 

2.85 (m, 1H), 2.52 – 2.37 (m, 2H), 2.18 – 1.95 (m, 3H), 1.86 – 1.76 (m, 3H), 1.73 (br s, 3H), 1.72 

– 1.64 (m, 1H), 1.64 (br s, 3H). 

13C NMR (101 MHz, CDCl3) δ 144.0, 138.5, 132.2, 127.0, 124.5, 121.9, 120.8, 119.6, 109.2, 98.7, 

74.3, 43.5, 33.6, 31.1, 29.7, 25.9, 25.6, 21.8, 17.9. 

IR (Liquid film, cm-1) 3375 (w), 2929 (m), 1468 (s), 1385 (m), 1313 (s), 1119 (s), 1011 (m), 748 

(s). 
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HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C19H26NO+ 284.2009; Found 284.2007. 

1-(1-methyl-1H-indol-2-yl)-2-(5-methylhex-4-en-1-yl)cyclobutan-1-ol (3.2.5ap) 

 

This compound was prepared following the general procedure 5.C using 1-methylindole (1.2 

mmol) and cyclobutanone S3.2.21 (0.8 mmol) as starting materials. The crude product was 

purified by flash column chromatography (20:1 PE/EtOAc) to give 3.2.5ap (191 mg, 80%) as an 

orange oil. 

1H NMR (400 MHz, CDCl3) δ 7.58 (dt, J = 7.9, 1.0 Hz, 1H), 7.30 (dd, J = 8.3, 1.0 Hz, 1H), 7.22 

(ddd, J = 8.3, 6.9, 1.2 Hz, 1H), 7.09 (ddd, J = 7.9, 6.9, 1.2 Hz, 1H), 6.41 (d, J = 0.8 Hz, 1H), 5.19 – 

5.13 (m, 1H), 3.80 (s, 3H), 2.93 – 2.84 (m, 1H), 2.51 – 2.37 (m, 2H), 2.10 – 2.03 (m, 2H), 2.04 – 

1.95 (m, 1H), 1.84 – 1.74 (m, 3H), 1.71 (br d, J = 1.3 Hz, 3H), 1.63 (d, J = 1.3 Hz, 3H), 1.67 – 1.56 

(m, 1H), 1.52 – 1.43 (m, 1H), 1.43 – 1.32 (m, 1H). 

13C NMR (101 MHz, CDCl3) δ 144.0, 138.5, 131.7, 127.0, 124.7, 121.9, 120.8, 119.6, 109.1, 98.7, 

74.4, 43.8, 33.5, 31.1, 29.1, 28.3, 27.5, 25.9, 21.9, 17.9. 

IR (Liquid film, cm-1) 3433 (w), 2929 (s), 2854 (m), 1468 (s), 1385 (m), 1315 (s), 1120 (s), 1011 

(m), 783 (s), 748 (s). 

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + Na]+ Calcd for C20H27NNaO+ 320.1985; Found 

320.1984. 

1-(benzo[b]thiophen-2-yl)cyclobutan-1-ol (3.2.16a) 

 

This compound was prepared following the general procedure 5.C using benzo[b]thiophene 

(4.5 mmol) and cyclobutanone (3 mmol) as starting materials (deprotonation at – 78°C then 0 

°C, 3 h). The crude product was purified by flash column chromatography (10:1 PE/EtOAc) to 

give 3.2.16a (613 mg, quantitative) as a white solid. 

1H NMR (400 MHz, CDCl3) δ 7.83 – 7.79 (m, 1H), 7.75 – 7.71 (m, 1H), 7.37 – 7.33 (m, 1H), 7.33 

– 7.28 (m, 1H), 7.27 (br s, 1H), 2.67 – 2.58 (m, 2H), 2.54 – 2.43 (m, 2H), 2.39 – 2.33 (m, 1H, 

OH), 2.06 – 1.94 (m, 1H), 1.88 – 1.76 (m, 1H). 

13C NMR (101 MHz, CDCl3) δ 152.2, 139.8, 139.8, 124.5, 124.3, 123.6, 122.6, 119.3, 75.3, 38.3, 

13.0. 

The spectroscopic data are consistent with those reported in the literature.202 

 

 

202 J. Fang, L. Li, C. Yang, J. Chen, G.-J. Deng, H. Gong, Org. Lett. 2018, 20, 7308–7311 
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1-(5-methylbenzo[b]thiophen-2-yl)cyclobutan-1-ol (3.2.16b) 

 

This compound was prepared following the general procedure 5.C using 5-

methylbenzo[b]thiophene (4.5 mmol) and cyclobutanone (3 mmol) as starting materials 

(deprotonation at – 78 °C then 0 °C, 3 h). The crude product was purified by flash column 

chromatography (10:1 PE/EtOAc) to give 3.2.16b (655 mg, quantitative) as a white solid. 

Mp 60-63 °C. 

1H NMR (400 MHz, CDCl3) δ 7.69 (d, J = 8.2 Hz, 1H), 7.52 (dt, J = 1.7, 0.8 Hz, 1H), 7.18 (d, J = 

0.8 Hz, 1H), 7.14 (dd, J = 8.2, 1.7 Hz, 1H), 2.65 – 2.56 (m, 2H), 2.52 – 2.40 (m, 2H), 2.46 (s, 3H), 

2.42 (s, 1H, OH), 2.04 – 1.93 (m, 1H), 1.87 – 1.74 (m, 1H). 

13C NMR (101 MHz, CDCl3) δ 152.3, 140.1, 136.9, 134.1, 126.1, 123.6, 122.2, 119.0, 75.3, 38.3, 

21.5, 13.0. 

IR (Liquid film, cm-1) 3343 (m), 2986 (m), 2944 (m), 1445 (m), 1248 (s), 1122 (s), 876 (s), 795 

(s). 

HRMS (APCI/QTOF) m/z: [M - HO]+ Calcd for C12H10ClS+ 221.0186; Found 221.0182 (loss of OH 

upon fragmentation). 

1-(5-bromobenzo[b]thiophen-2-yl)cyclobutan-1-ol (3.2.16c) 

 

To a stirred solution of 5-bromobenzo[b]thiophene (979 mg, 4.5 mmol, 1.5 equiv) in 

anhydrous THF (5 mL, 0.9 M) under inert atmosphere was added dropwise at -78 °C a freshly 

prepared lithium diisopropylamide solution in THF (from i-Pr2NH (1.6 equiv) and n-BuLi (1.5 

equiv) in 2 mL THF, – 78 °C). The reaction was warmed to 0 °C and stirring was continued for 

2 h. A solution of cyclobutanone (0.18 mL, 2.5 mmol, 1.0 equiv) in THF (1 mL + washed twice 

with 1 mL of THF) was added dropwise at 0 °C. The reaction mixture was warmed up to room 

temperature and stirred overnight.  The reaction was quenched with a satd. aq. NH4Cl solution 

and the mixture was extracted three times with EtOAc. The combined organic layers were 

washed with brine, dried over Na2SO4, filtered and concentrated under reduced pressure. The 

crude solid product was purified by recrystallization from toluene/hexane to give 3.2.16c (535 

mg, 63%) as a white solid. 

Mp 93.5-95.5 °C. 

1H NMR (400 MHz, CDCl3) δ 7.85 (d, J = 1.9 Hz, 1H), 7.65 (d, J = 8.5 Hz, 1H), 7.39 (dd, J = 8.5, 

1.9 Hz, 1H), 7.18 (d, J = 0.7 Hz, 1H), 2.64 – 2.56 (m, 2H), 2.52 – 2.43 (m, 2H), 2.43 (s, 1H, OH), 

2.06 – 1.95 (m, 1H), 1.89 – 1.76 (m, 1H). 
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13C NMR (101 MHz, CDCl3) δ 154.4, 141.4, 138.4, 127.3, 126.2, 123.9, 118.4, 118.3, 75.3, 38.4, 

13.0. 

IR (Liquid film, cm-1) 3332 (m), 2988 (m), 2934 (m), 1432 (m), 1246 (m), 1127 (s), 1070 (s), 872 

(s), 796 (s), 717 (s). 

HRMS (ESI/QTOF) m/z: [M - HO]+ Calcd for C12H10BrS+ 264.9681; Found 264.9682 (loss of OH 

upon fragmentation). 

1-(4-chlorobenzo[b]thiophen-2-yl)cyclobutan-1-ol (3.2.16d) 

 

To a stirred solution of 4-chlorobenzo[b]thiophene (799 mg, 4.5 mmol, 1.5 equiv) in anhydrous 

THF (5 mL, 0.9 M) under inert atmosphere was added dropwise at -78 °C a freshly prepared 

lithium diisopropylamide solution in THF (from i-Pr2NH (1.6 equiv) and n-BuLi (1.5 equiv) in 2 

mL THF, – 78°C). The reaction was warmed to 0 °C and stirring was continued for 2 h. A solution 

of cyclobutanone (0.18 mL, 2.5 mmol, 1.0 equiv) in THF (1 mL + washed twice with 1 mL of 

THF) was added dropwise at 0 °C. The reaction mixture was warmed up to room temperature 

and stirred overnight.  The reaction was quenched with a satd. aq. NH4Cl solution and the 

mixture was extracted three times with EtOAc. The combined organic layers were washed 

with brine, dried over Na2SO4, filtered and concentrated under reduced pressure. The crude 

product was purified by flash column chromatography (20:1 to 10:1 PE/EtOAc) to give 3.2.16d 

(682 mg, 95%) as an orange oil. 

Mp 59.5-62.5 °C. 

1H NMR (400 MHz, CDCl3) δ 7.68 (dt, J = 7.9, 0.9 Hz, 1H), 7.42 (d, J = 0.9 Hz, 1H), 7.33 (dd, J = 

7.9, 0.9 Hz, 1H), 7.21 (t, J = 7.9 Hz, 1H), 2.67 – 2.59 (m, 2H), 2.58 (s, 1H, OH), 2.53 – 2.44 (m, 

2H), 2.07 – 1.96 (m, 1H), 1.91 – 1.79 (m, 1H). 

13C NMR (101 MHz, CDCl3) δ 153.6, 140.8, 138.0, 128.5, 124.9, 124.4, 121.1, 117.4, 75.4, 38.3, 

13.0. 

IR (Liquid film, cm-1) 3334 (w), 2988 (w), 2940 (w), 1449 (m), 1413 (m), 1101 (m), 1007 (m), 

835 (m), 764 (s), 718 (s). 

HRMS (APCI/QTOF) m/z: [M - HO]+ Calcd for C12H10ClS+ 221.0186; Found 221.0182 (loss of OH 

upon fragmentation). 

(1R*,5S*,6R*)-6-(5-methylbenzo[b]thiophen-2-yl)bicyclo[3.2.0]hept-2-en-6-ol (3.2.16e) 
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This compound was prepared following the general procedure 5.C using 5-

methylbenzo[b]thiophene (4.5 mmol) and cyclobutanone (3 mmol) as starting materials 

(deprotonation at – 78°C then 0 °C, 3 h). The crude product was purified by flash column 

chromatography (20:1 PE/acetone) to give 3.2.16e (769 mg, quantitative) as a white solid. 

Mp 90-92 °C. 

1H NMR (400 MHz, CDCl3) δ 7.68 (d, J = 8.2 Hz, 1H), 7.52 (dt, J = 1.7, 0.9 Hz, 1H), 7.16 (d, J = 

0.9 Hz, 1H), 7.12 (dd, J = 8.2, 1.7 Hz, 1H), 5.98 – 5.94 (m, 2H), 3.49 – 3.43 (m, 1H), 3.28 – 3.21 

(m, 1H), 3.01 (ddd, J = 13.1, 8.4, 1.5 Hz, 1H), 2.91 – 2.83 (m, 1H), 2.58 – 2.49 (m, 1H), 2.46 (s, 

3H), 2.39 (s, 1H, OH), 2.17 (ddd, J = 13.1, 3.7, 1.2 Hz, 1H). 

13C NMR (101 MHz, CDCl3) δ 153.5, 140.3, 136.7, 135.3, 134.0, 133.0, 125.8, 123.5, 122.1, 

118.2, 75.4, 49.3, 45.8, 39.3, 32.9, 21.6. 

IR (Liquid film, cm-1) 3456 (w), 3042 (w), 2931 (m), 1444 (m), 1346 (m), 1072 (m), 876 (m), 795 

(m), 716 (s). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C16H16NaOS+ 279.0814; Found 279.0809. 

1-(Benzofuran-2-yl)cyclobutan-1-ol (S3.2.29) 

 

To a solution of benzofuran (0.5 mL, 4.5 mmol, 1.25 equiv) in dry THF (15 mL, 0.3 M) cooled 

to -78 °C under argon atmosphere was added dropwise n-BuLi (1.8 mL, 2.5 M in hexanes, 4.5 

mmol, 1.25 equiv). The reaction mixture was stirred for 20 min at -78 °C, warmed progressively 

to room temperature and stirred for 3 h. The reaction mixture was cooled to 0 °C then 

cyclobutanone (0.27 mL, 3.6 mmol, 1.0 equiv) was added dropwise. The reaction was stirred 

2 h at 0 °C and was quenched with a satd. aq. NH4Cl solution. The aqueous layer was extracted 

three times with EtOAc. The combined organic layers were washed with brine, dried over 

Na2SO4, filtered and concentrated under reduced pressure. The crude product was purified by 

flash column chromatography (10:1 PE/EtOAc) to give S3.2.29 (497 mg, 73%) as a 

white/slightly yellow solid. 

1H NMR (400 MHz, CDCl3) δ 7.56 (dd, J = 7.5, 1.5 Hz, 1H), 7.48 (d, J = 8.0 Hz, 1H), 7.32 – 7.18 

(m, 2H), 6.68 (s, 1H), 2.68 – 2.59 (m, 2H), 2.50 – 2.37 (m, 3H), 2.02 – 1.91 (m, 1H), 1.86 – 1.73 

(m, 1H). 

13C NMR (101 MHz, CDCl3) δ 160.8, 155.2, 128.3, 124.3, 122.9, 121.2, 111.4, 101.6, 72.8, 35.7, 

13.0. 

The spectroscopic data are consistent with those reported in the literature.203a 

 

 

 

 

 

203a P. Natho, M. Kapun, L. A. T. Allen, P. J. Parsons, Org. Lett. 2018, 20, 8030–8034 
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1-(1-Methyl-1H-pyrrol-2-yl)cyclobutan-1-ol (S3.2.30) 

 

This compound was prepared following the general procedure 5.C using 1-methylpyrrole (4.5 

mmol) and cyclobutanone (3.6 mmol) as starting materials. The crude product was purified by 

flash column chromatography (8:1 PE/EtOAc) to give S3.2.30 (202 mg, 37%) as a white solid. 

Mp 110-113 °C. 

1H NMR (400 MHz, CDCl3) δ 6.62 (dd, J = 2.7, 1.9 Hz, 1H), 6.13 (dd, J = 3.6, 1.9 Hz, 1H), 6.03 

(dd, J = 3.6, 2.7 Hz, 1H), 3.67 (s, 3H), 2.61 – 2.53 (m, 2H), 2.39 – 2.30 (m, 2H), 1.98 – 1.86 (m, 

2H), 1.74 – 1.62 (m, 1H). 

13C NMR (101 MHz, CDCl3) δ 135.6, 124.3, 106.2, 106.1, 72.7, 36.0, 35.1, 13.4. 

IR (Liquid film, cm-1) 3193 (w), 2949 (w), 1488 (w), 1298 (w), 1122 (m), 1044 (w), 718 (s). 

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + H]+ Calcd for C9H14NO+ 152.1070; Found 

152.1067. 

Ethyl 1-methyl-1H-indole-2-carboxylate (S3.2.29) 

 

To a solution of ethyl 1H-indole-2-carboxylate (1.89 g, 10 mmol, 1.0 equiv) in dry THF (33 mL, 

0.3 M) was added portionwise sodium hydride (600 mg, 60% wt suspension in mineral oil, 15 

mmol, 1.5 equiv) at 0 °C under N2 flow. The reaction mixture was stirred at 0 °C for 15 min and 

then warmed to room temperature for 1.5 h. It was cooled back to 0 °C and methyl iodide 

(0.81 mL, 13 mmol, 1.3 equiv) was added dropwise. The reaction mixture was warmed to room 

temperature and stirred overnight. The reaction mixture was cooled again to 0 °C, quenched 

first with water and then with a satd. aq. NH4Cl solution. The aqueous layer was extracted 

three times with EtOAc. The combined organic layers were washed with brine, dried over 

Na2SO4, filtered and concentrated under reduced pressure. The crude product was purified by 

flash column chromatography (40:1 PE/EtOAc) to give S3.2.29 (1.75 g, 86%). 

1H NMR (400 MHz, CDCl3) δ 7.68 (dt, J = 8.1, 1.1 Hz, 1H), 7.41 – 7.38 (m, 1H), 7.37 (dd, J = 6.5, 

1.2 Hz, 1H), 7.31 (d, J = 0.8 Hz, 1H), 7.16 (ddd, J = 7.9, 6.4, 1.4 Hz, 1H), 4.39 (q, J = 7.1 Hz, 2H), 

4.09 (s, 3H), 1.42 (t, J = 7.1 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 162.4, 139.8, 128.2, 126.0, 125.0, 122.7, 120.6, 110.4, 110.2, 60.7, 

31.7, 14.5. 
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The spectroscopic data are consistent with those reported in the literature.330  

1-(1-methyl-1H-indol-2-yl)cyclopropan-1-ol (3.2.49) 

 

3.2.49 was synthesized according to a modification of a literature procedure.331  

To a solution of S3.2.29 (1.22 g, 6 mmol, 1.0 equiv) in anhydrous THF (20 mL, 0.3 M) under 

argon atmosphere cooled at 0 °C was added Ti(OiPr)4 (2 mL, 6.6 mmol, 1.1 equiv). A solution 

of EtMgBr (6.1 mL, 2.95 M in Et2O, 18 mmol, 3.0 equiv) was added dropwise over 2.5 h with a 

syringe pump at 0 °C. The reaction was quenched at 0 °C with a 10% aq. H2SO4 solution and 

the aqueous layer was extracted three times with Et2O. The combined organic layers were 

washed with H2O and brine, dried over Na2SO4, filtered and concentrated under reduced 

pressure.  

The crude product was purified by flash column chromatography (10:1 to 6:1 PE/EtOAc) to 

give 3.2.49 (550 mg, 49%) as a yellow solid. 

Mp 65.5-68 °C. 

1H NMR (400 MHz, CDCl3) δ 7.57 (dt, J = 7.8, 1.1 Hz, 1H), 7.35 – 7.31 (m, 1H), 7.23 (ddd, J = 

8.3, 7.0, 1.2 Hz, 1H), 7.09 (ddd, J = 8.0, 7.0, 1.0 Hz, 1H), 6.38 (d, J = 0.8 Hz, 1H), 3.93 (s, 3H), 

1.24 – 1.21 (m, 2H), 1.08 – 1.04 (m, 2H). 

13C NMR (101 MHz, CDCl3) δ 141.2, 138.1, 127.0, 122.1, 120.9, 119.6, 109.2, 99.9, 51.2, 30.5, 

13.8. 

IR (Liquid film, cm-1) 3230 (w), 1467 (m), 1390 (m), 1236 (m), 1223 (m), 964 (m), 718 (s). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C12H14NO+ 188.1070; Found 188.1075. 

1-(1-Methyl-1H-indol-2-yl)cyclopentan-1-ol (3.2.55) 

 

To a stirred solution of N-methyl indole (0.59 mL, 4.5 mmol, 1.5 equiv) in anhydrous THF (15 

mL, 0.3 M) cooled at 0 °C under inert atmosphere was added dropwise n-BuLi (1.8 mL, 2.5 M 

in hexanes, 4.5 mmol, 1.5 equiv). The reaction was stirred at 0 °C for 10 min then warmed to 

room temperature for 3 h. The reaction was cooled down again to 0 °C and a solution of 

                                                      

330 W. Chen, K. Sana, Y. Jiang, E. V. S. Meyer, S. Lapp, M. R. Galinski, L. S. Liebeskind, Organometallics 2013, 32, 7594–7611. 
331 L. R. Mills, C. Zhou, E. Fung, S. A. L. Rousseaux, Org. Lett. 2019, 21, 8805–8809. 
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cyclopentanone (0.27 mL, 3.0 mmol, 1.0 equiv) in anhydrous THF (1 mL + 1 mL for rinsing) was 

added dropwise. The reaction was stirred at 0 °C for 1-2 h or until the cyclobutanone was fully 

consumed (monitoring by thin layer chromatography for non-volatile cyclobutanone). The 

reaction was quenched with a satd. aq. NH4Cl solution and extracted three times with EtOAc. 

The combined organic layers were washed with brine, dried over Na2SO4, filtered and 

concentrated under reduced pressure. The crude product was purified by flash column 

chromatography (10:1 PE/EtOAc) to give 3.2.55 (484.4 mg, 75%) as yellow powder. 

1H NMR (400 MHz, CDCl3) δ 7.57 (dt, J = 7.9, 1.0 Hz, 1H), 7.32 (dq, J = 8.3, 1.0 Hz, 1H), 7.23 

(ddd, J = 8.2, 7.0, 1.2 Hz, 1H), 7.10 (ddd, J = 8.9, 7.0, 1.1 Hz, 1H), 6.42 (d, J = 0.9 Hz, 1H), 3.94 

(s, 3H), 2.27 – 2.15 (m, 4H), 2.05 – 1.92 (m, 2H), 1.85 – 1.74 (m, 2H), 1.61 – 1.57 (m, 1H, OH). 

13C NMR (101 MHz, CDCl3) δ 144.4, 138.7, 126.9, 121.8, 120.7, 119.6, 109.1, 98.5, 79.9, 40.2, 

31.7, 23.8. 

The spectroscopic data are consistent with those reported in the literature.36 

1-(1-Methyl-1H-indol-2-yl)cyclohexan-1-ol (3.2.56) 

 

To a stirred solution of N-methyl indole (0.59 mL, 4.5 mmol, 1.5 equiv) in anhydrous THF (15 

mL, 0.3 M) cooled at 0 °C under inert atmosphere was added dropwise n-BuLi (1.8 mL, 2.5 M 

in hexanes, 4.5 mmol, 1.5 equiv). The reaction was stirred at 0 °C for 10 min then warmed to 

room temperature for 3 h. The reaction was cooled down again to 0 °C and a solution of 

cyclohexanone (0.31 mL, 3.0 mmol, 1.0 equiv) in anhydrous THF (1 mL + 1 mL for rinsing) was 

added dropwise. The reaction was stirred at 0 °C for 1-2 h or until the cyclobutanone was fully 

consumed (monitoring by thin layer chromatography for non-volatile cyclobutanone). The 

reaction was quenched with a satd. aq. NH4Cl solution and extracted three times with EtOAc. 

The combined organic layers were washed with brine, dried over Na2SO4, filtered and 

concentrated under reduced pressure. The crude product was purified by flash column 

chromatography (15:1 PE/EtOAc) to give 3.2.56 (519 mg, 75%) as yellow powder. 

Mp: 128.5-130.5 °C. 

1H NMR (400 MHz, CDCl3) δ 7.58 (dq, J = 7.8, 1.1 Hz, 1H), 7.32 (dt, J = 8.4, 1.0 Hz, 1H), 7.25 – 

7.20 (m, 1H), 7.13 – 7.07 (m, 1H), 6.40 (d, J = 0.8 Hz, 1H), 3.99 (s, 3H), 2.17 – 2.09 (m, 2H), 2.00 

– 1.91 (m, 2H), 1.86 – 1.63 (m, 5H), 1.58 (s, 1H, OH), 1.41 – 1.30 (m, 1H). 

13C NMR (101 MHz, CDCl3) δ 145.7, 138.7, 127.0, 121.7, 120.6, 119.5, 109.2, 98.8, 70.9, 37.8, 

32.2, 25.7, 22.0. 

 

 

36 H. G. Yayla, H. Wang, K. T. Tarantino, H. S. Orbe, R. R. Knowles, J. Am. Chem. Soc. 2016, 138, 10794–10797. 
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IR (Liquid film, cm-1) 3462 (m), 2932 (s), 2855 (m), 1470 (s), 1335 (s), 1312 (s), 1170 (s), 960 

(s), 749 (s). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C15H20NO+ 230.1539; Found 230.1539. 
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  Synthesis of 2,3,4,9-tetrahydro-1H-carbazol-1-one 

General procedure 5.D for the rearrangement of 1-(indol-2-yl)cyclobutan-1-ol derivatives: 

 

A 15 mL flat bottom screw thread vial equipped with a magnetic stir bar was charged with 1-

(indol-2-yl)cyclobutan-1-ol derivative (0.1-0.2 mmol, 1.0 equiv), 9-mesityl-10-

methylacridinium tetrafluoroborate (= MesAcrMe.BF4, 2.5/5 mol%) and anhydrous 1,4-

dioxane (4-8 mL, 0.025 M). The vial was capped with a septum topped with a needle or an air 

balloon. The reaction was irradiated with blue LED strips under ventilation (T < 30 °C) until full 

conversion of the substrate (monitored by thin layer chromatography, in general 20-24 h). The 

solvent was removed under reduced pressure. Alternatively, for bigger scale the reaction 

mixture was partially concentrated, diluted with EtOAc and washed with a satd. aq. Na2S2O3 

solution. The aqueous layer was extracted three times with EtOAc. The combined organic 

layers were washed with a satd. aq. Na2CO3 solution, brine, dried over Na2SO4 and 

concentrated under reduced pressure. The crude product was purified by flash column 

chromatography to give the desired rearranged product. 

 

Figure 17. Reaction set-up – A. 15 mL flat bottom screw thread vial used for the reaction – B. Reaction 

set-up: Magnetic stir plate, blue LED strips fixed on a crystallizer, tube with compressed air, 

thermometer, reaction vials tapped to the crystallizer at ≈ 1cm from the light – C. Reaction running 

under Blue LEDs irradiation and cooled down with compressed air. The reaction temperature is 

monitored with a thermometer. 

 

 

 

A B C 
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9-methyl-2,3,4,9-tetrahydro-1H-carbazol-1-one (3.2.7a) 

 

This compound was prepared following the general procedure 5.D using substrate 3.2.5a (0.1 

mmol) as starting material and MesAcrMe.BF4 (2.5 mol%) for 24 h. The crude product was 

purified by flash column chromatography (20:1 PE/EtOAc) to give 3.2.7a (12.4 mg, 61%) as a 

white solid. On 0.5 mmol scale, 3.2.7a (53.8 mg, 54%) was obtained after 43 h. 

1H NMR (400 MHz, CDCl3) δ 7.66 (dt, J = 8.0, 1.0 Hz, 1H), 7.41 (ddd, J = 8.0, 6.7, 1.1 Hz, 1H), 

7.35 (dt, J = 8.5, 1.0 Hz, 1H), 7.15 (ddd, J = 8.0, 6.7, 1.1 Hz, 1H), 4.08 (s, 3H), 3.02 (t, J = 6.1 Hz, 

2H), 2.68 – 2.62 (m, 2H), 2.26 – 2.18 (m, 2H).  

13C NMR (101 MHz, CDCl3) δ 192.5, 139.8, 130.6, 129.3, 126.8, 124.8, 121.4, 120.1, 110.4, 40.2, 

31.7, 24.9, 22.0. 

The spectroscopic data are consistent with those reported in the literature.332  

9-benzyl-2,3,4,9-tetrahydro-1H-carbazol-1-one (3.2.7b) 

 

This compound was prepared following the general procedure 5.D using substrate 3.2.5b (0.1 

mmol) as starting material and MesAcrMe.BF4 (2.5 mol%) for 48 h. The crude product was 

purified by flash column chromatography (24:1 PE/EtOAc) to give 3.2.7b (15.4 mg, 57%) as a 

white/yellow solid.  

1H NMR (400 MHz, CDCl3) δ 7.68 (dt, J = 8.0, 1.0 Hz, 1H), 7.38 – 7.32 (m, 2H), 7.27 – 7.10 (m, 

6H), 5.83 (s, 2H), 3.06 (t, J = 6.1 Hz, 2H), 2.69 – 2.63 (m, 2H), 2.28 – 2.20 (m, 2H). 

13C NMR (101 MHz, CDCl3) δ 192.1, 139.5, 138.5, 130.1, 130.1, 128.6, 127.3, 127.0, 126.9, 

125.2, 121.5, 120.4, 111.1, 48.0, 40.2, 24.9, 22.0. 

The spectroscopic data are consistent with those reported in the literature.333  

  

                                                      

332 F. Maertens, A. V. den Bogaert, F. Compernolle, G. J. Hoornaert, Eur. J. Org. Chem. 2004, 2004, 4648–4656. 
333 M. C. Hillier, J.-F. Marcoux, D. Zhao, E. J. J. Grabowski, A. E. McKeown, R. D. Tillyer, J. Org. Chem. 2005, 70, 8385–8394. 
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9-(methoxymethyl)-2,3,4,9-tetrahydro-1H-carbazol-1-one (3.2.7c) 

 

This compound was prepared following the general procedure 5.D using substrate 3.2.5c (0.1 

mmol) as starting material and MesAcrMe.BF4 (2.5 mol%) for 17 h. The crude product was 

purified by flash column chromatography (15:1 PE/EtOAc) to give 3.2.7c (13.3 mg, 58%) as an 

orange oil which solidified in the freezer as an orange solid. 

Mp 32-34 °C.  

1H NMR (400 MHz, CDCl3) δ 7.67 (dt, J = 8.2, 1.0 Hz, 1H), 7.53 (dt, J = 8.4, 1.0 Hz, 1H), 7.43 

(ddd, J = 8.3, 6.9, 1.2 Hz, 1H), 7.20 (ddd, J = 8.0, 6.9, 1.0 Hz, 1H), 5.98 (s, 2H), 3.30 (s, 3H), 3.03 

(t, J = 6.2 Hz, 2H), 2.67 (dd, J = 7.2, 5.7 Hz, 2H), 2.24 (app quint, J = 6.2 Hz, 2H). 

13C NMR (101 MHz, CDCl3) δ 192.1, 139.8, 131.4, 130.4, 127.5, 125.6, 121.5, 121.2, 111.4, 75.0, 

56.0, 40.1, 24.7, 21.9. 

IR (Liquid film, cm-1) 2939 (m), 1656 (s), 1456 (m), 1346 (m), 1225 (m), 1118 (m), 1084 (m), 

746 (m). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C14H15NNaO2
+ 252.0995; Found 252.0998. 

2,3,4,9-tetrahydro-1H-carbazol-1-one (3.2.7d) 

 

This compound was prepared following the general procedure 5.D using substrate 3.2.5d (0.2 

mmol) as starting material and MesAcrMe.BF4 (2.5 mol%) for 48 h. The crude product was 

purified by flash column chromatography (7:1 PE/EtOAc) to give 3.2.7d (10.6 mg, 28%) as an 

orange solid.  

1H NMR (400 MHz, CDCl3) δ 9.12 (s, 1H), 7.66 (dd, J = 8.1, 1.1 Hz, 1H), 7.44 (dt, J = 8.4, 1.0 Hz, 

1H), 7.37 (ddd, J = 8.3, 6.8, 1.1 Hz, 1H), 7.16 (ddd, J = 8.1, 6.9, 1.1 Hz, 1H), 3.02 (t, J = 6.1 Hz, 

2H), 2.70 – 2.65 (m, 2H), 2.32 – 2.24 (m, 2H). 

13C NMR (101 MHz, CDCl3) δ 191.6, 138.0, 131.4, 129.7, 127.2, 126.0, 121.5, 120.5, 112.7, 38.4, 

25.1, 21.5. 

The spectroscopic data are consistent with those reported in the literature.334   

                                                      

334 G. A. Tunbridge, J. Oram, L. Caggiano, MedChemComm 2013, 4, 1452. 
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9-phenyl-2,3,4,9-tetrahydro-1H-carbazol-1-one (3.2.7e) 

 

This compound was prepared following the general procedure 5.D using substrate 3.2.5e (0.2 

mmol) as starting material and MesAcrMe.BF4 (5.0 mol%) for 26 h. The crude product was 

purified by flash column chromatography (100:1 toluene/i-PrOH) to give 3.2.7e (36.3 mg, 69%) 

as a white solid.  

Mp 92-95 °C. 

1H NMR (400 MHz, CDCl3) δ 7.72 (dt, J = 8.0, 1.0 Hz, 1H), 7.53 – 7.47 (m, 2H), 7.46 – 7.41 (m, 

1H), 7.36-7.31 (m, 3H), 7.23 – 7.16 (m, 2H), 3.11 (t, J = 6.1 Hz, 2H), 2.64 (dd, J = 7.2, 5.6 Hz, 

2H), 2.32-2.26 (m, 2H). 

13C NMR (101 MHz, CDCl3) δ 190.3, 140.6, 138.4, 131.1, 130.9, 129.0, 127.9, 127.8, 127.2, 

125.4, 121.3, 121.0, 111.7, 40.0, 24.8, 22.1. 

IR (Liquid film, cm-1) 2925 (w), 1666 (s), 1597 (w), 1500 (m), 1452 (m), 1117 (w), 748 (m). 

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + Na]+ Calcd for C18H15NNaO+ 284.1046; Found 

284.1053. 

9-tosyl-1,2,3,9-tetrahydro-4H-carbazol-4-one (3.2.7f’) 

 

This compound was prepared following the general procedure 5.D using substrate 3.2.5f (0.1 

mmol) as starting material and MesAcrMe.BF4 (5.0 mol%) for 48 h. The crude product was 

purified by preparative thin layer chromatography (4:1 PE/EtOAc) to give impure side-product 

3.2.7f’ (<10%). 

1H NMR (400 MHz, CDCl3) δ 8.26 – 8.22 (m, 1H), 8.17 – 8.13 (m, 1H), 7.78 – 7.74 (m, 2H), 7.36 

– 7.32 (m, 2H), 7.29 – 7.26 (m, 2H), 3.33 (t, J = 6.2 Hz, 2H), 2.56 (dd, J = 7.4, 5.7 Hz, 2H), 2.38 

(s, 3H), 2.26 – 2.19 (m, 2H). 

The spectroscopic data are consistent with those reported in the literature.203a 

 

 

 

 

 

 

203a P. Natho, M. Kapun, L. A. T. Allen, P. J. Parsons, Org. Lett. 2018, 20, 8030–8034 
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5,9-dimethyl-2,3,4,9-tetrahydro-1H-carbazol-1-one (3.2.7g) 

 

This compound was prepared following the general procedure 5.D using substrate 3.2.5g (0.1 

mmol) as starting material and MesAcrMe.BF4 (2.5 mol%) for 22 h. The crude product was 

purified by flash column chromatography (10:1 PE/EtOAc) to give 3.2.7g (10.5 mg, 49%) as a 

white solid.  

Mp 107-109 °C. 

1H NMR (400 MHz, CDCl3) δ 7.25 (dd, J = 8.5, 7.0 Hz, 1H), 7.16 (d, J = 8.5 Hz, 1H), 6.86 (dt, J = 

7.0, 1.0 Hz, 1H), 4.06 (s, 3H), 3.27 (t, J = 6.1 Hz, 2H), 2.69 (s, 3H), 2.64 – 2.59 (m, 2H), 2.25 – 

2.17 (m, 2H). 

13C NMR (101 MHz, CDCl3) δ 192.5, 140.2, 134.0, 130.4, 129.7, 126.7, 124.1, 121.4, 108.1, 39.7, 

31.8, 25.0, 24.5, 20.6. 

IR (Liquid film, cm-1) 2943 (w), 1651 (s), 1606 (w), 1466 (m), 1414 (m), 1232 (m), 935 (m), 746 

(m). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C14H16NO+ 214.1226; Found 214.1228. 

5-chloro-9-(methoxymethyl)-2,3,4,9-tetrahydro-1H-carbazol-1-one (3.2.7h) 

 

This compound was prepared following the general procedure 5.D using substrate 3.2.5h (0.2 

mmol) as starting material and MesAcrMe.BF4 (5.0 mol%) for 23 h. The crude product was 

purified by flash column chromatography (20:1 PE/EtOAc) to give 3.2.7h (33.1 mg, 63%) as a 

white solid.  

Mp 93-95 °C. 

1H NMR (400 MHz, CDCl3) δ 7.41 (dd, J = 8.5, 0.9 Hz, 1H), 7.28 (dd, J = 8.5, 7.6 Hz, 1H), 7.14 

(dd, J = 7.6, 0.9 Hz, 1H), 5.97 (s, 2H), 3.39 (t, J = 6.1 Hz, 2H), 3.29 (s, 3H), 2.67 – 2.62 (m, 2H), 

2.26 – 2.19 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 192.4, 140.9, 131.0, 130.9, 129.3, 127.4, 

123.2, 121.9, 110.2, 75.1, 56.1, 39.8, 24.5, 23.7. 

IR (Liquid film, cm-1) 2954 (w), 2855 (w), 1651 (s), 1607 (m), 1438 (m), 1353 (m), 1226 (m), 

1189 (m), 1121 (s), 1086 (s), 1043 (s), 1011 (s), 903 (s), 784 (s), 718 (s). 

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + Na]+ Calcd for C14H14ClNNaO2
+ 286.0605; Found 

286.0613. 
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9-(methoxymethyl)-6-methyl-2,3,4,9-tetrahydro-1H-carbazol-1-one (3.2.7i) 

 

This compound was prepared following the general procedure 5.D using substrate 3.2.5i (0.2 

mmol) as starting material and MesAcrMe.BF4 (2.5 mol%) for 34 h. The crude product was 

purified by flash column chromatography (20:1 PE/EtOAc) to give 3.2.7i (26.8 mg, 55%) as a 

white/yellow solid.  

Mp 84-87 °C. 

1H NMR (400 MHz, CDCl3) δ 7.44 (dt, J = 1.7, 0.9 Hz, 1H), 7.42 (d, J = 8.6 Hz, 1H), 7.26 (dd, J = 

8.6, 1.7 Hz, 1H), 5.95 (s, 2H), 3.29 (s, 3H), 3.00 (t, J = 6.1 Hz, 2H), 2.66 (dd, J = 7.3, 5.7 Hz, 2H), 

2.46 (s, 3H), 2.26 – 2.19 (m, 2H). 

13C NMR (101 MHz, CDCl3) δ 192.1, 138.3, 130.9, 130.6, 130.5, 129.4, 125.8, 120.7, 111.1, 75.0, 

55.9, 40.1, 24.7, 21.9, 21.5. 

IR (Liquid film, cm-1) 2935 (m), 1654 (s), 1537 (m), 1454 (m), 1229 (s), 1116 (s), 909 (s), 867 

(s), 809 (s). 

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + Na]+ Calcd for C15H17NNaO2
+ 266.1151; Found 

266.1158. 

9-methyl-6-phenyl-2,3,4,9-tetrahydro-1H-carbazol-1-one (3.2.7j) 

 

This compound was prepared following the general procedure 5.D using substrate 3.2.5j (0.1 

mmol) as starting material and MesAcrMe.BF4 (2.5 mol%) for 24 h. The crude product was 

purified by flash column chromatography (15:1 PE/EtOAc) to give 3.2.7j (11.9 mg, 43%) as a 

white solid.  

Mp 124-128 °C. 

1H NMR (400 MHz, CDCl3) δ 7.84 (d, J = 1.7 Hz, 1H), 7.69 – 7.63 (m, 3H), 7.46 (t, J = 7.7 Hz, 2H), 

7.41 (d, J = 8.7 Hz, 1H), 7.37 – 7.31 (m, 1H), 4.10 (s, 3H), 3.06 (t, J = 6.1 Hz, 2H), 2.67 (dd, J = 

7.2, 5.6 Hz, 2H), 2.25 (app quint, J = 6.3 Hz, 2H). 

13C NMR (101 MHz, CDCl3) δ 192.5, 141.9, 139.3, 133.7, 131.2, 129.6, 128.9, 127.4, 126.8, 

126.8, 125.3, 119.6, 110.7, 40.2, 31.9, 24.9, 22.0. 

IR (Liquid film, cm-1) 2920 (w), 1653 (s), 1475 (m), 1377 (m), 1259 (m), 1186 (m), 1078 (m), 

762 (s), 698 (s). 
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HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + H]+ Calcd for C19H18NO+ 276.1383; Found 

276.1394. 

6-methoxy-9-methyl-2,3,4,9-tetrahydro-1H-carbazol-1-one (3.2.7k) 

 

This compound was prepared following the general procedure 5.D using substrate 3.2.5k (0.1 

mmol) as starting material and MesAcrMe.BF4 (5.0 mol%) for 48 h. The crude product was 

purified by flash column chromatography (20:1 PE/acetone) to give 3.2.7k (2.5 mg, 11%) as a 

white residue.  

1H NMR (400 MHz, CDCl3) δ 7.25 (d, J = 9.1 Hz, 1H), 7.08 (dd, J = 9.1, 2.4 Hz, 1H), 7.00 (d, J = 

2.4 Hz, 1H), 4.05 (s, 3H), 3.87 (s, 3H), 2.98 (t, J = 6.1 Hz, 2H), 2.66 – 2.61 (m, 2H), 2.25 – 2.18 

(m, 2H). 

13C NMR (101 MHz, CDCl3) δ 192.3, 154.4, 135.5, 130.9, 128.4, 124.8, 118.5, 111.4, 101.2, 55.9, 

40.2, 31.8, 24.9, 22.1. 

IR (Liquid film, cm-1) 2931 (s), 1655 (s), 1495 (s), 1207 (s), 1174 (s), 681 (s) 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C14H16NO2
+ 230.1176; Found 230.1178 

6-bromo-9-(methoxymethyl)-2,3,4,9-tetrahydro-1H-carbazol-1-one (3.2.7l) 

 

This compound was prepared following the general procedure 5.D using substrate 3.2.5l (0.2 

mmol) as starting material and MesAcrMe.BF4 (5.0 mol%) for 24 h. The crude product was 

purified by flash column chromatography (20:1 PE/EtOAc) to give 3.2.7l (31.2 mg, 51%) as a 

thick colorless oil which crystallized in the freezer as a white solid. 

Mp 78-80 °C.  

1H NMR (400 MHz, CDCl3) δ 7.80 (dd, J = 1.9, 0.6 Hz, 1H), 7.49 (dd, J = 8.8, 1.9 Hz, 1H), 7.41 

(dd, J = 8.8, 0.6 Hz, 1H), 5.94 (s, 2H), 3.28 (s, 3H), 2.97 (t, J = 6.1 Hz, 2H), 2.69 – 2.64 (m, 2H), 

2.27 – 2.20 (m, 2H). 

13C NMR (101 MHz, CDCl3) δ 192.1, 138.3, 131.1, 130.2, 130.2, 127.2, 123.9, 114.3, 113.1, 75.1, 

56.1, 40.1, 24.5, 21.8. 

IR (Liquid film, cm-1) 2929 (m), 1651 (s), 1435 (s), 1376 (m), 1281 (m), 1109 (s), 1081 (s), 947 

(s), 840 (s), 801 (s). 

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + Na]+ Calcd for C14H14BrNNaO2
+ 330.0100; Found 

330.0115. 
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6-fluoro-9-(methoxymethyl)-2,3,4,9-tetrahydro-1H-carbazol-1-one (3.2.7m) 

 

This compound was prepared following the general procedure 5.D using substrate 3.2.5m (0.2 

mmol) as starting material and MesAcrMe.BF4 (5.0 mol%) for 24 h. The crude product was 

purified by flash column chromatography (20:1 PE/EtOAc) to give 3.2.7m (35.7 mg, 72%) as a 

white solid.  

Mp 75-78 °C. 

1H NMR (400 MHz, CDCl3) δ 7.47 (dd, J = 8.9, 4.1 Hz, 1H), 7.29 (dd, J = 8.8, 2.5 Hz, 1H), 7.17 

(td, J = 9.1, 2.5 Hz, 1H), 5.95 (s, 2H), 3.29 (s, 3H), 2.98 (t, J = 6.1 Hz, 2H), 2.67 (dd, J = 7.3, 5.7 

Hz, 2H), 2.28 – 2.20 (m, 2H). 

13C NMR (101 MHz, CDCl3) δ 192.2, 158.4 (d, J = 238.5 Hz), 136.3, 131.6, 130.7 (d, J = 5.5 Hz), 

125.8 (d, J = 9.7 Hz), 116.3 (d, J = 26.7 Hz), 112.6 (d, J = 9.2 Hz), 105.8 (d, J = 23.0 Hz), 75.1, 

56.0, 40.1, 24.6, 21.9. 

19F NMR (377 MHz, CDCl3) δ -125.3. 

IR (Liquid film, cm-1) 2939 (w), 1647 (s), 1537 (m), 1446 (m), 1232 (m), 1161 (s), 1111 (s), 1078 

(s), 876 (s), 810 (s), 717 (s). 

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + Na]+ Calcd for C14H14FNNaO2
+ 270.0901; Found 

270.0905. 

9-(methoxymethyl)-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2,3,4,9-tetrahydro-1H-

carbazol-1-one (3.2.7n) 

 

This compound was prepared following the general procedure 5.D using substrate 3.2.5n (0.2 

mmol) as starting material and MesAcrMe.BF4 (2.5 mol%) for 25 h. The crude product was 

purified by flash column chromatography (20:1 PE/acetone) to give 3.2.7n (53.3 mg, 75%) as 

a white solid. 

Mp 109-113 °C.  

1H NMR (400 MHz, CDCl3) δ 8.19 (t, J = 1.0 Hz, 1H), 7.85 (dd, J = 8.5, 1.0 Hz, 1H), 7.51 (dd, J = 

8.5, 1.0 Hz, 1H), 5.97 (s, 2H), 3.28 (s, 3H), 3.05 (t, J = 6.1 Hz, 2H), 2.66 (dd, J = 7.3, 5.6 Hz, 2H), 

2.27 – 2.19 (m, 2H), 1.38 (s, 12H). 
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13C NMR (101 MHz, CDCl3) δ 192.1, 141.7, 133.3, 132.2, 130.6, 129.5, 125.4, 110.7, 83.9, 75.0, 

56.0, 40.1, 25.0, 24.7, 22.0. 

IR (Liquid film, cm-1) 2930 (m), 1655 (s), 1611 (m), 1350 (s), 1140 (s), 1077 (s), 869 (s), 681 (s). 

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + Na]+ Calcd for C20H26BNNaO4
+ 378.1847; Found 

378.1860. 

9-(methoxymethyl)-7-methyl-2,3,4,9-tetrahydro-1H-carbazol-1-one (3.2.7o) 

 

This compound was prepared following the general procedure 5.D using substrate 3.2.5o (0.1 

mmol) as starting material and MesAcrMe.BF4 (2.5 mol%) for 29 h. The crude product was 

purified by flash column chromatography (20:1 to 15:1 PE/EtOAc) to give 3.2.7o (11.6 mg, 

48%) as a beige solid.  

Mp 65.5-67 °C. 

1H NMR (400 MHz, CDCl3) δ 7.54 (d, J = 8.2 Hz, 1H), 7.31 (s, 1H), 7.03 (dd, J = 8.2, 1.4 Hz, 1H), 

5.96 (s, 2H), 3.31 (s, 3H), 3.00 (t, J = 6.1 Hz, 2H), 2.65 (dd, J = 7.2, 5.6 Hz, 2H), 2.50 (s, 3H), 2.26 

– 2.18 (m, 2H). 

13C NMR (101 MHz, CDCl3) δ 191.9, 140.3, 138.1, 131.6, 130.1, 123.6, 123.3, 121.1, 111.1, 74.9, 

55.9, 40.0, 24.7, 22.5, 22.0. 

IR (Liquid film, cm-1) 2920 (w), 1645 (s), 1619 (s), 1452 (m), 1427 (m), 1226 (s), 1171 (s), 1111 

(s), 1084 (s), 912 (m), 802 (s), 718 (s). 

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + Na]+ Calcd for C15H17NNaO2
+ 266.1151; Found 

266.1164. 

7-methoxy-9-methyl-2,3,4,9-tetrahydro-1H-carbazol-1-one (3.2.7p) 

 

This compound was prepared following the general procedure 5.D using substrate 3.2.5p (0.1 

mmol) as starting material and MesAcrMe.BF4 (5.0 mol%) for 24 h. The crude product was 

purified by flash column chromatography (12:1 PE/EtOAc) to give 3.2.7p (5.5 mg, 24%) as a 

slightly orange solid.  

Mp 116-119 °C. 

1H NMR (400 MHz, CDCl3) δ 7.52 (d, J = 8.8 Hz, 1H), 6.80 (dd, J = 8.8, 2.2 Hz, 1H), 6.69 (d, J = 

2.2 Hz, 1H), 4.04 (s, 3H), 3.90 (s, 3H), 2.97 (t, J = 6.1 Hz, 2H), 2.61 (dd, J = 7.2, 5.6 Hz, 2H), 2.23 

– 2.15 (m, 2H). 
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13C NMR (101 MHz, CDCl3) δ 191.4, 160.2, 141.2, 130.2, 130.1, 122.4, 119.3, 111.9, 91.8, 55.7, 

39.8, 31.7, 24.9, 22.1. 

IR (Liquid film, cm-1) 2921 (m), 2847 (w), 1640 (s), 1616 (s), 1530 (m), 1412 (m), 1219 (s), 1182 

(s), 1023 (s), 946 (m), 807 (s). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C14H16NO2
+ 230.1176; Found 230.1178. 

9-(methoxymethyl)-7-((triisopropylsilyl)oxy)-2,3,4,9-tetrahydro-1H-carbazol-1-one (3.2.7q) 

 

This compound was prepared following the general procedure 5.D using substrate 3.2.5q (0.2 

mmol) as starting material and MesAcrMe.BF4 (5.0 mol%) for 42 h. The crude product was 

purified by flash column chromatography (30:1 PE/acetone) to give 3.2.7q (33.1 mg, 41%) as 

an orange/brown oil.  

1H NMR (400 MHz, CDCl3) δ 7.48 (d, J = 8.7 Hz, 1H), 6.95 (d, J = 2.0 Hz, 1H), 6.81 (dd, J = 8.7, 

2.0 Hz, 1H), 5.90 (s, 2H), 3.28 (s, 3H), 2.97 (t, J = 6.1 Hz, 2H), 2.62 (dd, J = 7.3, 5.6 Hz, 2H), 2.25 

– 2.17 (m, 2H), 1.38 – 1.24 (m, 3H), 1.12 (d, J = 7.4 Hz, 18H). 

13C NMR (101 MHz, CDCl3) δ 191.1, 156.7, 141.4, 132.0, 130.1, 122.1, 120.3, 116.4, 101.0, 75.1, 

55.9, 39.8, 24.7, 22.0, 18.1, 12.9. 

IR (Liquid film, cm-1) 2943 (m), 2866 (m), 1655 (s), 1616 (s), 1462 (s), 1217 (s), 1178 (s), 964 

(s), 808 (s), 685 (s). 

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + Na]+ Calcd for C23H35NNaO3Si+ 424.2278; Found 

424.2293. 
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9-(methoxymethyl)-1-oxo-2,3,4,9-tetrahydro-1H-carbazol-7-yl pivalate (3.2.7r) 

 

This compound was prepared following the general procedure 5.D using substrate 3.2.5r (0.2 

mmol) as starting material and MesAcrMe.BF4 (5.0 mol%) for 21 h. The crude product was 

purified by flash column chromatography (8:1 PE/EtOAc) to give 3.2.7r (29.0 mg, 44%) as a 

slightly yellow solid.  

Mp 104-106 °C. 

1H NMR (400 MHz, CDCl3) δ 7.63 (dd, J = 8.6, 0.6 Hz, 1H), 7.22 (dd, J = 2.0, 0.6 Hz, 1H), 6.90 

(dd, J = 8.6, 2.0 Hz, 1H), 5.94 (s, 2H), 3.30 (s, 3H), 3.01 (t, J = 6.1 Hz, 2H), 2.66 (dd, J = 7.2, 5.6 

Hz, 2H), 2.27 – 2.19 (m, 2H), 1.39 (s, 9H). 

13C NMR (101 MHz, CDCl3) δ 191.8, 177.3, 151.0, 140.1, 131.4, 131.1, 123.4, 122.1, 116.2, 

104.3, 75.1, 56.0, 39.9, 39.3, 27.3, 24.6, 21.9. 

IR (Liquid film, cm-1) 2935 (w), 1749 (m), 1657 (s), 1620 (m), 1458 (m), 1163 (s), 1107 (s). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C19H23NNaO4
+ 352.1519; Found 352.1523. 

7-chloro-9-methyl-2,3,4,9-tetrahydro-1H-carbazol-1-one (3.2.7s) 

 

This compound was prepared following the general procedure 5.D using substrate 3.2.5s (0.1 

mmol) as starting material and MesAcrMe.BF4 (2.5 mol%) for 24 h. The crude product was 

purified by flash column chromatography (15:1 PE/EtOAc) to give 3.2.7s (11.8 mg, 50%) as a 

white solid.  

Mp 117-118.5 °C. 

1H NMR (400 MHz, CDCl3) δ 7.55 (d, J = 8.5 Hz, 1H), 7.33 (d, J = 1.8 Hz, 1H), 7.10 (dd, J = 8.5, 

1.8 Hz, 1H), 4.03 (s, 3H), 2.98 (t, J = 6.1 Hz, 2H), 2.64 (dd, J = 7.2, 5.6 Hz, 2H), 2.25 – 2.18 (m, 

2H). 

13C NMR (101 MHz, CDCl3) δ 192.3, 140.1, 132.7, 131.1, 129.3, 123.4, 122.4, 121.2, 110.3, 40.0, 

31.8, 24.8, 21.9. 

IR (Liquid film, cm-1) 2939 (w), 1655 (s), 1608 (m), 1471 (m), 1412 (m), 1232 (m), 1065 (m), 

935 (m), 800 (m). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C13H13ClNO+ 234.0680; Found 234.0681. 
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9-(methoxymethyl)-7-(trifluoromethyl)-2,3,4,9-tetrahydro-1H-carbazol-1-one (3.2.7t) 

 

This compound was prepared following the general procedure 5.D using substrate 3.2.5t 

(0.203 mmol) as starting material and MesAcrMe.BF4 (5.0 mol%) for 45 h. The crude product 

was purified by flash column chromatography (25:1 PE/EtOAc) to give 3.2.7t (28.6 mg, 47%) 

as a slightly yellow solid.  

Mp 85-87 °C. 

1H NMR (400 MHz, CDCl3) δ 7.82 (dt, J = 1.6, 0.9 Hz, 1H), 7.77 (dt, J = 8.4, 0.9 Hz, 1H), 7.42 (dd, 

J = 8.4, 1.6 Hz, 1H), 6.01 (s, 2H), 3.32 (s, 3H), 3.05 (t, J = 6.1 Hz, 2H), 2.73 – 2.67 (m, 2H), 2.31 – 

2.22 (m, 2H). 

13C NMR (101 MHz, CDCl3) δ 192.3, 138.6, 132.2, 130.5, 129.0 (q, J = 32.1 Hz), 127.8, 124.7 (q, 

J = 272.3 Hz), 122.1, 117.7 (q, J = 3.5 Hz), 109.3 (q, J = 4.6 Hz), 75.1, 56.2, 40.2, 24.5, 21.8. 

19F NMR (377 MHz, CDCl3) δ -64.6. 

IR (Liquid film, cm-1) 2937 (w), 1655 (s), 1452 (m), 1336 (m), 1170 (s), 1116 (s), 1071 (m), 823 

(s), 717 (s). 

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + H]+ Calcd for C15H15F3NO2
+ 298.1049; Found 

298.1057. 

11-methyl-7,8,9,11-tetrahydro-10H-benzo[a]carbazol-10-one (3.2.7u) 

 

This compound was prepared following the general procedure 5.D using substrate 3.2.5u (0.1 

mmol) as starting material and MesAcrMe.BF4 (2.5 mol%) for 23 h. The crude product was 

purified by flash column chromatography (20:1 PE/EtOAc) to give 3.2.7u (15.2 mg, 60%) as a 

white solid.  

Mp 183-185 °C. 

1H NMR (400 MHz, CDCl3) δ 8.59 (dd, J = 7.8, 1.7 Hz, 1H), 7.97 – 7.90 (m, 1H), 7.61 (d, J = 8.7 

Hz, 1H), 7.59-7.51 (m, 2H), 7.49 (d, J = 8.7 Hz, 1H), 4.65 (s, 3H), 3.06 (t, J = 6.1 Hz, 2H), 2.68 (dd, 

J = 7.2, 5.6 Hz, 2H), 2.23 (app quint, J = 6.3 Hz, 2H). 

13C NMR (101 MHz, CDCl3) δ 191.6, 135.2, 134.3, 130.4, 129.7, 129.6, 125.8, 125.7, 123.6, 

122.6, 122.1, 121.9, 119.6, 40.5, 36.2, 24.9, 22.1. 

IR (Liquid film, cm-1) 2931 (w), 2871 (w), 1633 (s), 1603 (m), 1460 (m), 1392 (m), 1128 (m), 

806 (s). 
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HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C17H16NO+ 250.1226; Found 250.1233. 

8-ethyl-9-methyl-2,3,4,9-tetrahydro-1H-carbazol-1-one (3.2.7v) 

 

This compound was prepared following the general procedure 5.D using substrate 3.2.5v (0.1 

mmol) as starting material and MesAcrMe.BF4 (2.5 mol%) for 24 h. The crude product was 

purified by flash column chromatography (15:1 PE/EtOAc) to give 3.2.7v  (8.1 mg, 35%) as a 

white solid.  

Mp 74.5-76 °C. 

1H NMR (400 MHz, CDCl3) δ 7.49 (dd, J = 8.0, 1.3 Hz, 1H), 7.15 (dd, J = 7.1, 1.3 Hz, 1H), 7.06 

(dd, J = 8.0, 7.1 Hz, 1H), 4.35 (s, 3H), 3.13 (q, J = 7.5 Hz, 2H), 3.00 (t, J = 6.1 Hz, 2H), 2.65 (dd, J 

= 7.2, 5.7 Hz, 2H), 2.24 – 2.17 (m, 2H), 1.34 (t, J = 7.5 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 192.5, 138.5, 130.9, 130.2, 129.3, 128.0, 126.2, 120.4, 119.3, 40.6, 

34.3, 26.2, 24.8, 22.1, 16.7. 

IR (Liquid film, cm-1) 2931 (w), 1653 (s), 1454 (m), 1425 (m), 1227 (m), 1186 (m), 744 (m). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C15H18NO+ 228.1383; Found 228.1386. 

10-methyl-2,3,6,7,8,10-hexahydrocyclopenta[a]carbazol-9(1H)-one (3.2.7w) 

 

This compound was prepared following the general procedure 5.D using substrate 3.2.5w (0.1 

mmol) as starting material and MesAcrMe.BF4 (2.5 mol%) for 48 h. The crude product was 

purified by flash column chromatography (20:1 PE/EtOAc) to give 3.2.7w (5.3 mg, 22%) as a 

white solid.  

Mp 150-152 °C. 

1H NMR (400 MHz, CDCl3) δ 7.43 (d, J = 8.1 Hz, 1H), 7.04 (d, J = 8.1 Hz, 1H), 4.26 (s, 3H), 3.40 

(t, J = 7.5 Hz, 2H), 3.01 (t, J = 7.5 Hz, 2H), 2.98 (t, J = 6.1 Hz, 2H), 2.62 (dd, J = 7.2, 5.6 Hz, 2H), 

2.24 – 2.15 (m, 4H). 

13C NMR (101 MHz, CDCl3) δ 192.2, 144.4, 137.8, 130.3, 130.1, 126.0, 124.1, 119.6, 117.7, 40.3, 

33.6, 33.3, 31.9, 25.3, 24.9, 22.2. 

IR (Liquid film, cm-1) 2928 (m), 2852 (m), 1647 (s), 1603 (s), 1457 (s), 1410 (s), 1227 (s), 1183 

(s), 957 (s), 757 (s).  
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HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + H]+ Calcd for C16H18NO+ 240.1383; Found 

240.1388. 

9-(methoxymethyl)-5,6,7,9-tetrahydro-8H-pyrido[2,3-b]indol-8-one (3.2.7x) 

 

This compound was prepared following the general procedure 5.D using substrate 3.2.5x (0.2 

mmol) as starting material and MesAcrMe.BF4 (5.0 mol%) for 52 h. The crude product was 

purified by flash column chromatography (6:1 to 4:1 PE/EtOAc, column neutralized with 1% 

Et3N) to give 3.2.7x (30.9 mg, 67%) as a yellow oil.  

1H NMR (400 MHz, CDCl3) δ 8.54 (dd, J = 4.7, 1.6 Hz, 1H), 7.99 (dd, J = 7.9, 1.6 Hz, 1H), 7.16 

(dd, J = 7.9, 4.7 Hz, 1H), 6.06 (s, 2H), 3.36 (s, 3H), 3.00 (t, J = 6.1 Hz, 2H), 2.73 – 2.66 (m, 2H), 

2.29 – 2.22 (m, 2H). 

13C NMR (101 MHz, CDCl3) δ 191.8, 150.1, 148.8, 130.1, 130.0, 129.1, 118.0, 117.4, 73.2, 56.7, 

39.9, 24.5, 21.6. 

IR (Liquid film, cm-1) 2937 (m), 1662 (s), 1597 (m), 1531 (m), 1448 (s), 1120 (s), 1092 (s). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C13H14N2NaO2
+ 253.0947; Found 253.0948. 

4-hexyl-9-methyl-2,3,4,9-tetrahydro-1H-carbazol-1-one (3.2.7y) 

 

This compound was prepared following the general procedure 5.D using substrate 3.2.5y (0.21 

mmol) as starting material and MesAcrMe.BF4 (2.5 mol%) for 23 h. The crude product was 

purified by flash column chromatography (30:1 PE/EtOAc) to give 3.2.7y (39.8 mg, 66%) as a 

thick slightly yellow oil.  

1H NMR (400 MHz, CDCl3) δ 7.70 (dt, J = 8.0, 1.2 Hz, 1H), 7.40 (ddd, J = 8.0, 6.7, 1.2 Hz, 1H), 

7.35 (dt, J = 8.5, 1.2 Hz, 1H), 7.15 (ddd, J = 8.0, 6.7, 1.2 Hz, 1H), 4.07 (s, 3H), 3.30-3.24 (m, 1H), 

2.81 (ddd, J = 17.2, 12.3, 4.6 Hz, 1H), 2.52 (dt, J = 17.2, 4.6 Hz, 1H), 2.36 – 2.25 (m, 1H), 2.19 – 

2.10 (m, 1H), 1.90 – 1.80 (m, 1H), 1.79 – 1.69 (m, 1H), 1.59 – 1.41 (m, 2H), 1.41 – 1.34 (m, 2H), 

1.36 – 1.25 (m, 4H), 0.93 – 0.87 (m, 3H). 

13C NMR (101 MHz, CDCl3) δ 192.3, 139.9, 133.5, 129.7, 126.6, 124.7, 122.0, 120.1, 110.5, 36.2, 

34.1, 32.5, 32.0, 31.6, 29.6, 28.8, 28.3, 22.8, 14.2. 

IR (Liquid film, cm-1) 2925 (m), 2856 (m), 1657 (s), 1469 (m), 1244 (m), 744 (m). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C19H26NO+ 284.2009; Found 284.2007. 
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4-(2-((tert-butyldimethylsilyl)oxy)ethyl)-9-methyl-2,3,4,9-tetrahydro-1H-carbazol-1-one 

(3.2.7z) 

 

This compound was prepared following the general procedure 5.D using substrate 3.2.5z 

(0.201 mmol) as starting material and MesAcrMe.BF4 (2.5 mol%) for 20 h. The crude product 

was purified by flash column chromatography (60:1 to 45:1 PE/acetone) to give 3.2.7z (55.4 

mg, 77%) as a slightly yellow oil which solidified as a beige solid. 

Mp 62-65 °C. 

1H NMR (400 MHz, CDCl3) δ 7.78 (dt, J = 8.1, 1.0 Hz, 1H), 7.40 (ddd, J = 8.5, 6.7, 1.2 Hz, 1H), 

7.34 (dt, J = 8.5, 1.0 Hz, 1H), 7.14 (ddd, J = 8.1, 6.7, 1.2 Hz, 1H), 4.07 (s, 3H), 3.78 (t, J = 6.1 Hz, 

2H), 3.53 (dtd, J = 8.5, 5.4, 3.1 Hz, 1H), 2.81 (ddd, J = 17.4, 13.1, 4.8 Hz, 1H), 2.52 (dt, J = 17.4, 

4.2 Hz, 1H), 2.34 (tt, J = 13.1, 4.8 Hz, 1H), 2.19 – 2.12 (m, 1H), 2.10 – 2.01 (m, 1H), 1.91 (ddt, J 

= 14.1, 8.5, 5.9 Hz, 1H), 0.95 (s, 9H), 0.10 (s, 3H), 0.09 (s, 3H). 

13C NMR (101 MHz, CDCl3) δ 192.3, 139.8, 133.1, 129.8, 126.7, 124.8, 122.0, 120.2, 110.4, 61.3, 

36.8, 36.0, 31.7, 28.9, 28.7, 26.1, 18.5, -5.1, -5.1.  

IR (Liquid film, cm-1) 2926 (s), 2855 (m), 1659 (s), 1471 (s), 1246 (s), 1100 (s), 838 (s). 

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + H]+ Calcd for C21H32NO2Si+ 358.2197; Found 

358.2194. 

9-methyl-4-phenyl-2,3,4,9-tetrahydro-1H-carbazol-1-one (3.2.7aa) 

 

This compound was prepared following the general procedure 5.D using substrate 3.2.5aa (0.2 

mmol) as starting material and MesAcrMe.BF4 (2.5 mol%) for 20 h. The crude product was 

purified by flash column chromatography (30:1 PE/EtOAc) to give 3.2.7aa (21.4 mg, 39%) as a 

colorless oil which crystallized in the freezer as a white/beige solid.  

Mp 90-92 °C 

1H NMR (400 MHz, CDCl3) δ 7.39 – 7.23 (m, 5H), 7.24 – 7.19 (m, 2H), 6.97 – 6.90 (m, 2H), 4.50 

(dd, J = 7.5, 4.9 Hz, 1H), 4.15 (s, 3H), 2.75 – 2.51 (m, 3H), 2.35 – 2.25 (m, 1H). 

13C NMR (101 MHz, CDCl3) δ 192.4, 143.4, 140.1, 130.9, 130.2, 128.7, 128.3, 126.9, 126.6, 

124.6, 122.5, 120.2, 110.4, 40.6, 38.0, 34.7, 31.8. 
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IR (Liquid film, cm-1) 2927 (w), 1657 (s), 1612 (w), 1471 (m), 1412 (w), 1244 (m), 746 (m). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C19H18NO+ 276.1383; Found 276.1384. 

4-(hydroxymethyl)-9-methyl-2,3,4,9-tetrahydro-1H-carbazol-1-one (3.2.7ab) 

 

This compound was prepared following the general procedure 5.D using substrate 3.2.5ab 

(0.2 mmol) as starting material and MesAcrMe.BF4 (2.5 mol%) for 26 h. The crude product was 

purified by flash column chromatography (6:1 to 4:1 PE/acetone) to give 3.2.7ab (22.9 mg, 

50%) as an orange oil and diketone 3.2.70 (5.5 mg, 12%) as an orange solid.  

Note: The starting material and the desired product appeared to have similar Rf on thin layer 

chromatography with different eluents. The progress of the reaction was monitored by 1H 

NMR of an aliquot. 

Characterization of 3.2.7ab:  

1H NMR (400 MHz, CDCl3) δ 7.76 (dt, J = 8.1, 1.0 Hz, 1H), 7.41 (ddd, J = 8.5, 6.6, 1.1 Hz, 1H), 

7.37 (dt, J = 8.5, 1.1 Hz, 1H), 7.17 (ddd, J = 8.1, 6.6, 1.1 Hz, 1H), 4.08 (s, 3H), 4.06 – 3.95 (m, 

2H), 3.54 – 3.47 (m, 1H), 2.92 – 2.80 (m, 1H), 2.56 (dt, J = 17.3, 4.7 Hz, 1H), 2.39 – 2.32 (m, 2H), 

1.71 – 1.60 (m, 1H). 

13C NMR (101 MHz, CDCl3) δ 192.1, 139.9, 130.6, 128.2, 126.8, 124.7, 121.8, 120.6, 110.6, 65.0, 

36.5, 35.6, 31.8, 26.6. 

IR (Liquid film, cm-1) 3388 (m), 2931 (m), 2873 (m), 1653 (s), 1614 (m), 1471 (m), 1246 (m), 

1055 (m), 746 (s), 717 (s). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C14H16NO2
+ 230.1176; Found 230.1175. 

Characterization diketone 3.2.70: 

 

Mp 122-124 °C 

1H NMR (400 MHz, CDCl3) δ 8.42 – 8.38 (m, 1H), 7.54 – 7.49 (m, 1H), 7.48 – 7.44 (m, 1H), 7.42 

– 7.37 (m, 1H), 4.16 (s, 3H), 3.11 – 3.01 (m, 4H). 

13C NMR (101 MHz, CDCl3) δ 193.4, 191.7, 139.7, 136.7, 127.7, 124.3, 124.0, 123.1, 121.4, 

110.7, 39.3, 38.4, 31.8. 

IR (Liquid film, cm-1) 2931 (m), 1658 (s), 1514 (m), 1477 (s), 1155 (m), 717 (s) 
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HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C13H12NO2
+ 214.0863; Found 214.0866 

4-(2-hydroxyethyl)-9-methyl-2,3,4,9-tetrahydro-1H-carbazol-1-one (3.2.7ac) 

 

This compound was prepared following the general procedure 5.D using substrate 3.2.5ac 

(0.208 mmol) as starting material and MesAcrMe.BF4 (2.5 mol%) for 24 h. The crude product 

was purified by flash column chromatography (4:1 PE/acetone) to give 3.2.7ac (29.0 mg, 57%) 

as a colorless oil.  

Note: Starting material and product appeared to have similar Rf on thin layer chromatography 

with different eluents. The end of the reaction was monitored by 1H NMR of an aliquot. 

1H NMR (400 MHz, CDCl3) δ 7.78 (dt, J = 8.1, 1.0 Hz, 1H), 7.40 (ddd, J = 7.9, 6.7, 1.2 Hz, 1H), 

7.36 – 7.33 (m, 1H), 7.15 (ddd, J = 8.1, 6.7, 1.2 Hz, 1H), 4.07 (s, 3H), 3.84 (t, J = 6.4 Hz, 2H), 3.57 

– 3.50 (m, 1H), 2.82 (ddd, J = 17.3, 13.0, 4.7 Hz, 1H), 2.55 (dt, J = 17.3, 4.3 Hz, 1H), 2.37 (tt, J = 

13.0, 4.7 Hz, 1H), 2.18 – 2.07 (m, 2H), 2.05 – 1.96 (m, 1H), 1.54 (s, 1H). 

13C NMR (101 MHz, CDCl3) δ 192.1, 139.8, 132.6, 129.8, 126.8, 124.7, 121.8, 120.4, 110.5, 61.3, 

36.9, 36.0, 31.7, 29.3, 28.8. 

IR (Liquid film, cm-1) 3406 (w), 2933 (m), 2875 (w), 1639 (s), 1612 (m), 1471 (m), 1412 (m), 

1245 (m), 1057 (s), 745 (s), 717 (s). 

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M+H]+ Calcd for C15H18NO2
+ 244.1332; Found 

244.1329. 

9-methyl-2,3-dihydrospiro[carbazole-4,1'-cyclohexan]-1(9H)-one (3.2.7ad) 

 

This compound was prepared following the general procedure 5.D using substrate 3.2.5ad 

(0.2 mmol) as starting material and MesAcrMe.BF4 (2.5 mol%) for 21 h. The crude product was 

purified by flash column chromatography (20:1 PE/EtOAc) to give 3.2.7ad (40.2 mg, 74%) as a 

white solid.  

Mp 147-149 °C. 

1H NMR (400 MHz, CDCl3) δ 8.01 (dt, J = 8.4, 1.0 Hz, 1H), 7.40 – 7.34 (m, 2H), 7.12 (ddd, J = 

8.1, 5.4, 2.6 Hz, 1H), 4.07 (s, 3H), 2.62 – 2.57 (m, 2H), 2.35 – 2.22 (m, 4H), 1.90 – 1.68 (m, 5H), 

1.61 (qt, J = 13.8, 3.5 Hz, 2H), 1.43 (qt, J = 12.9, 4.1 Hz, 1H). 
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13C NMR (101 MHz, CDCl3) δ 192.7, 140.3, 136.5, 129.6, 126.0, 123.5, 123.5, 119.8, 110.7, 36.6, 

35.7, 35.6, 31.6, 31.1, 26.3, 22.3. 

IR (Liquid film, cm-1) 2921 (m), 2861 (m), 1653 (s), 1456 (m), 1409 (m), 1247 (m), 926 (m), 733 

(s), 718 (s). 

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + H]+ Calcd for C18H22NO+ 268.1696; Found 

268.1701. 

9-methyl-3-phenyl-2,3,4,9-tetrahydro-1H-carbazol-1-one (3.2.7ae) 

 

This compound was prepared following the general procedure 5.D using substrate 3.2.5ae (0.2 

mmol) as starting material and MesAcrMe.BF4 (5.0 mol%) for 48 h. The crude product was 

purified by preparative thin layer chromatography (10:1 PE/EtOAc) to give 3.2.7ae (17.5 mg, 

32%) as a yellow oil which crystallized in the freezer as a beige solid.  

Mp 146-149 °C. 

1H NMR (400 MHz, CDCl3) δ 7.65 (dt, J = 8.0, 1.0 Hz, 1H), 7.46 – 7.34 (m, 6H), 7.32 – 7.27 (m, 

1H), 7.17 (ddd, J = 8.0, 6.6, 1.2 Hz, 1H), 4.11 (s, 3H), 3.60 (ddt, J = 12.4, 11.4, 4.3 Hz, 1H), 3.40 

(ddd, J = 16.3, 4.6, 1.3 Hz, 1H), 3.14 (dd, J = 16.3, 11.4 Hz, 1H), 2.97 (dd, J = 16.3, 12.4 Hz, 1H), 

2.88 (ddd, J = 16.3, 4.3, 1.3 Hz, 1H). 

13C NMR (101 MHz, CDCl3) δ 191.1, 143.8, 140.2, 130.3, 128.9, 128.4, 127.1, 127.0, 127.0, 

124.7, 121.4, 120.3, 110.5, 46.9, 43.3, 31.6, 30.0. 

IR (Liquid film, cm-1) 3049 (w), 2924 (w), 1655 (s), 1612 (m), 1471 (m), 1431 (m), 1234 (m), 

744 (m), 698 (m). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C19H18NO+ 276.1383; Found 276.1391. 

3-hexyl-9-methyl-2,3,4,9-tetrahydro-1H-carbazol-1-one (3.2.7af) 

 

This compound was prepared following the general procedure 5.D using substrate 3.2.5af (0.2 

mmol) as starting material and MesAcrMe.BF4 (2.5 mol%) for 29 h. The crude product was 

purified by flash column chromatography (20:1 to 15:1 PE/EtOAc) to give 3.2.7af (32.6 mg, 

58%) as a yellow oil which crystallized in the freezer as a white solid. 

Mp 51-53 °C.  
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1H NMR (400 MHz, CDCl3) δ 7.66 (dt, J = 8.1, 1.1 Hz, 1H), 7.40 (ddd, J = 8.1, 6.7, 1.1 Hz, 1H), 

7.34 (dt, J = 8.4, 1.1 Hz, 1H), 7.15 (ddd, J = 8.1, 6.7, 1.1 Hz, 1H), 4.07 (s, 3H), 3.19 (ddd, J = 16.2, 

4.4, 1.3 Hz, 1H), 2.69 (ddd, J = 15.8, 3.3, 1.3 Hz, 1H), 2.60 (dd, J = 16.2, 10.1 Hz, 1H), 2.40 (ddd, 

J = 15.8, 12.0, 1.0 Hz, 1H), 2.36-2.26 (m, 1H), 1.55 – 1.48 (m, 2H), 1.47 – 1.37 (m, 2H), 1.37 – 

1.24 (m, 6H), 0.92 – 0.89 (m, 3H). 

13C NMR (101 MHz, CDCl3) δ 192.3, 140.1, 130.5, 128.8, 126.7, 124.9, 121.4, 120.1, 110.4, 46.7, 

37.7, 36.0, 32.0, 31.5, 29.5, 28.3, 27.0, 22.8, 14.2. 

IR (Liquid film, cm-1) 2958 (m), 2924 (m), 2856 (m), 1657 (s), 1535 (m), 1469 (m), 1431 (m), 

1232 (m), 742 (m). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C19H26NO+ 284.2009; Found 284.2007. 

3-(benzyloxy)-9-methyl-2,3,4,9-tetrahydro-1H-carbazol-1-one (3.2.7ag) 

 

This compound was prepared following the general procedure 5.D using substrate 3.2.5ag (0.2 

mmol) as starting material and MesAcrMe.BF4 (5.0 mol%) for 48 h (90% conversion). The crude 

product was purified by flash column chromatography (1:1 to 2:1 CH2Cl2/PE to pure CH2Cl2 to 

CH2Cl2 1% MeOH) to give 3.2.7ag (15.4 mg, 25%, 35% brsm) as an orange solid.  

Note: Prolonged reaction time to promote full conversion of the starting material resulted in 

lower yield (partial decomposition of product).  

Mp 95-97 °C. 

1H NMR (400 MHz, CDCl3) δ 7.66 (dt, J = 8.1, 1.1 Hz, 1H), 7.41 (ddd, J = 8.1, 6.7, 1.1 Hz, 1H), 

7.39 – 7.32 (m, 5H), 7.31 – 7.27 (m, 1H), 7.17 (ddd, J = 7.9, 6.7, 1.1 Hz, 1H), 4.66 (s, 2H), 4.24 – 

4.16 (m, 1H), 4.07 (s, 3H), 3.45 (ddd, J = 16.0, 4.6, 1.1 Hz, 1H), 3.08 (dd, J = 16.0, 8.1 Hz, 1H), 

3.00 (ddd, J = 16.0, 4.0, 1.1 Hz, 1H), 2.85 (dd, J = 16.0, 9.3 Hz, 1H). 

13C NMR (101 MHz, CDCl3) δ 189.4, 140.5, 138.2, 130.5, 128.6, 127.9, 127.8, 127.0, 125.6, 

125.0, 121.4, 120.4, 110.5, 75.1, 70.8, 46.1, 31.6, 28.6. 

IR (Liquid film, cm-1) 2925 (w), 2866 (w), 1657 (s), 1473 (m), 1433 (m), 1356 (m), 1250 (m), 

1080 (m), 742 (s). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C20H19NNaO2
+ 328.1308; Found 328.1308. 
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5-methyl-1,5-dihydropyrano[4,3-b]indol-4(3H)-one (3.2.7ah) 

 

This compound was prepared following the general procedure 5.D using substrate 3.2.5ah 

(0.1 mmol) as starting material and MesAcrMe.BF4 (5.0 mol%) for 41 h. The crude product was 

purified by flash column chromatography (20:1 PE/EtOAC) to give 3.2.7ah (3.1 mg, 15%) as a 

white solid.  

Mp 122-125 °C. 

1H NMR (400 MHz, CDCl3) δ 7.59 (dt, J = 8.0, 1.1 Hz, 1H), 7.45 (ddd, J = 8.0, 6.8, 1.1 Hz, 1H), 

7.39 (dt, J = 8.6, 1.1 Hz, 1H), 7.18 (ddd, J = 8.0, 6.8, 1.1 Hz, 1H), 5.14 (s, 2H), 4.32 (s, 2H), 4.10 

(s, 3H). 

13C NMR (101 MHz, CDCl3) δ 188.2, 139.9, 127.8, 127.4, 127.0, 122.4, 121.4, 120.9, 110.7, 73.4, 

63.9, 31.7. 

IR (Liquid film, cm-1) 2933 (m), 2850 (w), 1666 (s), 1612 (m), 1475 (m), 1365 (m), 1242 (s), 

1034 (s), 816 (s), 746 (s), 715 (s). 

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + H]+ Calcd for C12H12NO2
+ 202.0863; Found 

202.0867. 

tert-Butyl 9-methyl-1-oxo-1,2,4,9-tetrahydrospiro[carbazole-3,4'-piperidine]-1'-carboxylate 

(3.2.7ai) 

 

This compound was prepared following the general procedure 5.D using substrate 3.2.5ai (0.2 

mmol) as starting material and MesAcrMe.BF4 (5.0 mol%) for 46 h. The crude product was 

purified by flash column chromatography (10:1 to 9:1 PE/acetone, neutralized with 1% Et3N) 

to give 3.2.7ai (12.5 mg, 17%) as a colorless oil.  

1H NMR (400 MHz, CDCl3) δ 7.65 (dt, J = 8.0, 1.1 Hz, 1H), 7.42 (ddd, J = 8.0, 6.7, 1.1 Hz, 1H), 

7.36 (dt, J = 8.6, 1.1 Hz, 1H), 7.16 (ddd, J = 8.0, 6.7, 1.1 Hz, 1H), 4.07 (s, 3H), 3.52 – 3.39 (m, 

4H), 3.02 (s, 2H), 2.63 (s, 2H), 1.62 (t, J = 6.2 Hz, 4H), 1.46 (s, 9H). 

13C NMR (201 MHz, CDCl3) δ 190.7, 155.0, 140.3, 129.8, 126.9, 126.1, 125.3, 121.3, 120.3, 

110.5, 79.7, 50.9, 40.2 (br), 39.3 (br), 37.7, 35.7, 32.4, 31.6, 28.6. 
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IR (Liquid film, cm-1) 2966 (m), 2927 (m), 1687 (s), 1658 (s), 1425 (s), 1238 (m), 1169 (s), 1149 

(m), 719 (m). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C22H28N2NaO3
+ 391.1992; Found 391.1987. 

(3aR*,10cS*)-6-methyl-3a,4,6,10c-tetrahydrocyclopenta[c]carbazol-5(1H)-one (3.2.7aj)  

 

 

This compound was prepared following the general procedure 5.D using substrate 3.2.5aj (0.2 

mmol) as starting material and MesAcrMe.BF4 (2.5 mol%) for 27 h. The crude product was 

purified by flash column chromatography (20:1 PE/EtOAc) to give 3.2.7aj (36.6 mg, 77%) as a 

white solid. (X-ray available) 

Mp 91-93 °C. 

1H NMR (400 MHz, CDCl3) δ 7.69 (dt, J = 8.0, 1.0 Hz, 1H), 7.40 (ddd, J = 8.5, 6.7, 1.2 Hz, 1H), 

7.35 (dt, J = 8.5, 1.0 Hz, 1H), 7.15 (ddd, J = 8.0, 6.7, 1.2 Hz, 1H), 5.83-5.77 (m, 2H), 4.05 (s, 3H), 

3.90 (ddd, J = 8.4, 7.4, 6.0 Hz, 1H), 3.51 (dtt, J = 7.8, 6.2, 1.9 Hz, 1H), 3.03 (ddq, J = 15.7, 8.4, 

1.8 Hz, 1H), 2.78 (dd, J = 16.2, 6.2 Hz, 1H), 2.68 (dd, J = 16.2, 7.8 Hz, 1H), 2.68 – 2.60 (m, 1H). 

 13C NMR (101 MHz, CDCl3) δ 191.2, 140.2, 134.4, 130.7, 129.7, 129.7, 126.5, 125.1, 121.8, 

120.1, 110.5, 45.1, 42.4, 39.0, 35.5, 31.5. 

IR (Liquid film, cm-1) 3051 (w), 2900 (w), 1655 (s), 1612 (m), 1471 (m), 1414 (m), 1230 (m), 

742 (s), 710 (m). 

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + H]+ Calcd for C16H16NO+ 238.1226; Found 

238.1223. 

Reaction with 3.2.5ak  

 

This compound was prepared following the general procedure 5.D using substrate 3.2.5ak (0.2 

mmol) as starting material and MesAcrMe.BF4 (5.0 mol%) for 68 h. The crude product was 

purified by preparative thin layer chromatography (8:1 PE/acetone 1% Et3N) to give side-

product 3.2.48 (18.3 mg, 32%) as a colorless oil. 

1H NMR (400 MHz, CDCl3) δ 9.34 (s, 1H), 7.73 – 7.68 (m, 1H), 7.43 – 7.32 (m, 3H), 7.20 – 7.15 

(m, 1H), 5.04 (s, 2H), 4.06 (s, 3H), 1.53 (s, 9H). 
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13C NMR (101 MHz, CDCl3) δ 185.4, 162.8, 140.2, 132.3, 126.5, 126.0, 123.2, 121.1, 111.3, 

110.5, 84.7, 46.7, 32.2, 28.1. 

IR (Liquid film, cm-1) 2943 (w), 1745 (m), 1680 (s), 1514 (m), 1365 (s), 1153 (s), 752 (m), 723 

(m). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C16H20N2NaO3
+ 311.1366; Found 311.1372. 

Reaction with 3.2.5al 

 

Reaction with 3.2.5am 

 

4-cyclopropyl-4,9-dimethyl-2,3,4,9-tetrahydro-1H-carbazol-1-one (3.2.7an) 

 

This compound was prepared following the general procedure 5.D using substrate 3.2.5an 

(0.2 mmol) as starting material and MesAcrMe.BF4 (2.5 mol%) for 8 h. The crude product was 

purified by flash column chromatography (50:1 PE/acetone) to give 3.2.7an (33.2 mg, 66%) as 

a pink oil.  

1H NMR (400 MHz, CDCl3) δ 7.96 (d, J = 8.3 Hz, 1H), 7.40 – 7.32 (m, 2H), 7.11 (ddd, J = 8.1, 5.9, 

2.1 Hz, 1H), 4.07 (s, 3H), 2.93 (dt, J = 17.3, 7.2 Hz, 1H), 2.60 (dt, J = 17.3, 5.4 Hz, 1H), 2.12 (dd, 

J = 8.0, 5.4 Hz, 2H), 1.48 (s, 3H), 1.15 (tt, J = 8.4, 5.6 Hz, 1H), 0.59 – 0.50 (m, 1H), 0.42 – 0.28 

(m, 2H), 0.19 (dtd, J = 9.2, 5.6, 4.0 Hz, 1H). 

13C NMR (101 MHz, CDCl3) δ 192.8, 139.9, 133.6, 130.0, 126.2, 124.8, 123.8, 120.1, 110.6, 39.7, 

36.5, 36.3, 31.7, 25.3, 21.3, 3.5, 0.1. 

IR (Liquid film, cm-1) 2931 (w), 1657 (s), 1514 (w), 1469 (m), 1410 (w), 1246 (m), 744 (m). 
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HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + H]+ Calcd for C17H20NO+ 254.1539; Found 

254.1539. 

9-methyl-4-(4-methylpent-3-en-1-yl)-2,3,4,9-tetrahydro-1H-carbazol-1-one (3.2.7ao) 

 

This compound was prepared following the general procedure 5.D using substrate 3.2.5ao 

(0.19 mmol) as starting material and MesAcrMe.BF4 (2.5 mol%) for 21 h. The crude product 

was purified by flash column chromatography (30:1 PE/acetone) to give 3.2.7ao (26.4 mg, 

49%) as a colorless oil.  

1H NMR (400 MHz, CDCl3) δ 7.69 (dd, J = 8.1, 1.2 Hz, 1H), 7.39 (ddd, J = 7.9, 6.7, 1.1 Hz, 1H), 

7.36 – 7.32 (m, 1H), 7.14 (ddd, J = 7.9, 6.7, 1.1 Hz, 1H), 5.23 – 5.17 (m, 1H), 4.07 (s, 3H), 3.30 

(dq, J = 9.0, 4.6 Hz, 1H), 2.81 (ddd, J = 17.2, 12.3, 4.7 Hz, 1H), 2.52 (dt, J = 17.2, 4.6 Hz, 1H), 

2.31 (tt, J = 12.7, 4.7 Hz, 1H), 2.25 – 2.09 (m, 3H), 1.95 – 1.85 (m, 1H), 1.85 – 1.75 (m, 1H), 1.72 

(s, 3H), 1.62 (s, 3H). 

13C NMR (101 MHz, CDCl3) δ 192.3, 139.9, 133.3, 132.4, 129.7, 126.6, 124.6, 124.1, 121.9, 

120.2, 110.5, 36.2, 33.9, 32.0, 31.7, 28.6, 26.7, 25.9, 18.0. 

IR (Liquid film, cm-1) 2920 (w), 2858 (w), 1657 (s), 1612 (w), 1471 (m), 1244 (m), 744 (m). 

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + H]+ Calcd for C19H24NO+ 282.1852; Found 

282.1859. 

9-methyl-4-(5-methylhex-4-en-1-yl)-2,3,4,9-tetrahydro-1H-carbazol-1-one (3.2.7ap) 

 

This compound was prepared following the general procedure 5.D using substrate 3.2.5ap 

(0.204 mmol) as starting material and MesAcrMe.BF4 (2.5 mol%) for 24 h. The crude product 

was purified by flash column chromatography (23:1 PE/EtOAc) to give 3.2.7ap (35.5 mg, 59%) 

as a colorless oil.  
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1H NMR (400 MHz, CDCl3) δ δ 7.70 (br d, J = 8.0 Hz, 1H), 7.40 (ddd, J = 8.0, 6.7, 1.1 Hz, 1H), 

7.35 (br d, J = 8.4 Hz, 1H), 7.15 (ddd, J = 8.0, 6.7, 1.2 Hz, 1H), 5.16 – 5.09 (m, 1H), 4.07 (s, 3H), 

3.27 (dq, J = 9.2, 4.7 Hz, 1H), 2.81 (ddd, J = 17.2, 12.2, 4.7 Hz, 1H), 2.52 (dt, J = 17.2, 4.6 Hz, 

1H), 2.30 (tt, J = 12.5, 4.7 Hz, 1H), 2.14 (dq, J = 13.5, 4.5 Hz, 1H), 2.06 (q, J = 7.5 Hz, 2H), 1.86 

(ddt, J = 13.5, 11.2, 5.8 Hz, 1H), 1.77 (ddd, J = 10.3, 8.5, 4.9 Hz, 1H), 1.70 (s, 3H), 1.61 (s, 3H), 

1.66 – 1.53 (m, 1H), 1.54 – 1.42 (m, 1H). 

13C NMR (101 MHz, CDCl3) δ 192.3, 139.9, 133.3, 131.9, 129.7, 126.6, 124.7, 124.5, 122.0, 

120.1, 110.5, 36.2, 33.6, 32.5, 31.7, 28.9, 28.4, 28.2, 25.9, 17.9. 

IR (Liquid film, cm-1) 2925 (m), 2868 (m), 1657 (s), 1472 (m), 1245 (m), 742 (m), 717 (m). 

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + H]+ Calcd for C20H26NO+ 296.2009; Found 

296.2006. 

2,3-dihydrodibenzo[b,d]thiophen-4(1H)-one (3.2.17a) 

 

This compound was prepared following the general procedure 5.D using substrate 3.2.16a 

(0.1 mmol) as starting material and MesAcrMe.BF4 (5.0 mol%) for 20 h. The crude product was 

purified by flash column chromatography (10:1 PE/acetone) to give 3.2.17a (12 mg, 59%) as a 

white solid. 

1H NMR (400 MHz, CDCl3) δ 7.88 (dt, J = 8.2, 1.0 Hz, 1H), 7.82 (dt, J = 8.0, 1.0 Hz, 1H), 7.49 

(ddd, J = 8.0, 7.1, 1.3 Hz, 1H), 7.43 (ddd, J = 8.2, 7.1, 1.3 Hz, 1H), 3.07 (t, J = 6.1 Hz, 2H), 2.74 

(dd, J = 7.3, 5.8 Hz, 2H), 2.36 – 2.28 (m, 2H). 

13C NMR (101 MHz, CDCl3) δ 193.8, 148.0, 142.7, 138.4, 136.4, 128.2, 124.9, 124.0, 123.7, 38.7, 

24.2, 24.1. 

The spectroscopic data are consistent with those reported in the literature.202  

8-methyl-2,3-dihydrodibenzo[b,d]thiophen-4(1H)-one (3.2.17b) 

 

This compound was prepared following the general procedure 5.D using substrate 3.2.16b 

(0.2 mmol) as starting material and MesAcrMe.BF4 (5.0 mol%) for 31 h. The crude product was 

purified by flash column chromatography (30:1 PE/acetone) to give 3.2.17b (33.1 mg, 75%) as 

a white solid. 

 

 

202 J. Fang, L. Li, C. Yang, J. Chen, G.-J. Deng, H. Gong, Org. Lett. 2018, 20, 7308–7311 
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Mp 116-119 °C. 

1H NMR (400 MHz, CDCl3) δ 7.75 (d, J = 8.4 Hz, 1H), 7.59 (dt, J = 1.7, 0.9 Hz, 1H), 7.32 (dd, J = 

8.4, 1.7 Hz, 1H), 3.03 (t, J = 6.1 Hz, 2H), 2.72 (dd, J = 7.3, 5.8 Hz, 2H), 2.49 (s, 3H), 2.34 – 2.26 

(m, 2H). 

13C NMR (101 MHz, CDCl3) δ 193.8, 147.7, 139.9, 138.7, 136.5, 134.7, 130.1, 123.7, 123.2, 38.7, 

24.2, 24.1, 21.6. 

IR (Liquid film, cm-1) 2928 (m), 1644 (s), 1526 (m), 1286 (m), 1085 (m), 807 (s), 717 (s). 

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + H]+ Calcd for C13H13OS+ 217.0682; Found 

217.0689. 

8-bromo-2,3-dihydrodibenzo[b,d]thiophen-4(1H)-one (3.2.17c) 

 

This compound was prepared following the general procedure 5.D using substrate 3.2.16c (0.2 

mmol) as starting material and MesAcrMe.BF4 (5.0 mol%) for 31 h. The crude product was 

purified by flash column chromatography (40:1 PE/acetone) to give 3.2.17c (16.2 mg, 29%) as 

a white solid. 

Mp 138-140 °C. 

1H NMR (400 MHz, CDCl3) δ 7.95 (d, J = 1.9 Hz, 1H), 7.74 (d, J = 8.6 Hz, 1H), 7.57 (dd, J = 8.6, 

1.9 Hz, 1H), 3.02 (t, J = 6.1 Hz, 2H), 2.74 (dd, J = 7.3, 5.8 Hz, 2H), 2.36 – 2.28 (m, 2H). 

13C NMR (101 MHz, CDCl3) δ 193.5, 146.8, 141.1, 140.1, 137.9, 131.1, 126.6, 125.0, 118.9, 38.6, 

24.1, 24.0. 

IR (Liquid film, cm-1) 2945 (m), 1657 (s), 1519 (m), 1430 (m), 1360 (m), 1281 (s), 1083 (m), 805 

(s), 717 (s). 

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + H]+ Calcd for C12H10BrOS+ 280.9630; Found 

280.9636. 

7-chloro-2,3-dihydrodibenzo[b,d]thiophen-4(1H)-one (3.2.17d) 

 

This compound was prepared following the general procedure 5.D using substrate 3.2.16d 

(0.2 mmol) as starting material and MesAcrMe.BF4 (5.0 mol%) for 44 h. The crude product was 

purified by flash column chromatography (40:1 PE/acetone) to give 3.2.17d (15.7 mg, 33%) as 

a white solid. 
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Mp 132-135 °C. 

1H NMR (400 MHz, CDCl3) δ 7.76 (dd, J = 7.6, 1.4 Hz, 1H), 7.40 – 7.31 (m, 2H), 3.51 (t, J = 6.1 

Hz, 2H), 2.74 – 2.68 (m, 2H), 2.34 – 2.26 (m, 2H). 

13C NMR (101 MHz, CDCl3) δ 193.9, 147.7, 144.6, 137.8, 135.2, 131.6, 128.0, 126.7, 122.4, 38.1, 

27.6, 24.2. 

IR (Liquid film, cm-1) 2922 (m), 1654 (s), 1516 (m), 1445 (m), 1293 (m), 1260 (m), 1192 (m), 

777 (s), 717 (s). 

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + H]+ Calcd for C12H10ClOS+ 237.0135; Found 

237.0145. 

(3aR*,10cS*)-9-methyl-1,3a,4,10c-tetrahydro-5H-benzo[b]indeno[4,5-d]thiophen-5-one 

(3.2.17e) 

 

This compound was prepared following the general procedure 5.D using substrate 3.2.16e 

(0.2 mmol) as starting material and MesAcrMe.BF4 (5.0 mol%) for 24 h. The crude product was 

purified by flash column chromatography (30:1 PE/EtOAc) to give 3.2.17e (34.6 mg, 68%) as a 

white solid. 

Mp 80-82 °C. 

1H NMR (400 MHz, CDCl3) δ 7.76 (br d, J = 8.3 Hz, 1H), 7.64 – 7.62 (m, 1H), 7.31 (dd, J = 8.3, 

1.7 Hz, 1H), 5.90 (dq, J = 6.0, 2.1 Hz, 1H), 5.85 (dq, J = 6.0, 2.1 Hz, 1H), 3.85 (dt, J = 8.8, 7.5 Hz, 

1H), 3.61 – 3.53 (m, 1H), 3.16 – 3.07 (m, 1H), 2.82 (dd, J = 16.4, 6.0 Hz, 1H), 2.64 (dd, J = 16.4, 

9.4 Hz, 1H), 2.62 – 2.52 (m, 1H), 2.50 (s, 3H). 

13C NMR (101 MHz, CDCl3) δ 193.0, 147.9, 140.2, 139.1, 135.5, 134.8, 134.7, 130.6, 129.9, 

124.1, 123.4, 45.0, 41.2, 37.9, 37.9, 21.7. 

IR (Liquid film, cm-1) 2908 (w), 2848 (w), 1666 (s), 1525 (m), 1442 (w), 1369 (m), 1288 (m), 804 

(w). 

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + H]+ Calcd for C16H15OS+ 255.0838; Found 

255.0839. 

Reaction with S3.2.29: 
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Reaction with S3.2.30 

 

Gram-scale experiment 

 

A 500 mL flame-dried round-bottom flask equipped with a magnetic stir bar was charged with 

N-methyl indole 3.2.5aj (1.7 g, 7.1 mmol, 1.0 equiv), 9-mesityl-10-methylacridinium 

tetrafluoroborate (70 mg, 0.175 mmol, 2.5 mol%) and anhydrous 1,4-dioxane (280 mL, 0.025 

M). The flask was capped with a septum and was topped with a balloon filled with compressed 

air. The reaction was irradiated with blue LED strips under ventilation (T < 30 °C) for 48 h then 

extra 9-mesityl-10-methylacridinium tetrafluoroborate (70 mg, 0.175 mmol, 2.5 mol%) was 

added and the reaction continued for an extra 24 h. After 72 h, the substrate was fully 

converted (monitored by TLC 10:1 PE/EtOAc). The solvent was partially concentrated, diluted 

with EtOAc and washed with a satd. aq. Na2S2O3 solution. The aqueous layer was extracted 

five times with EtOAc. The combined organic layers were washed with a satd. aq. Na2CO3 

solution, brine, dried over Na2SO4, filtered and concentrated under reduced pressure. The 

crude product was purified by flash column chromatography (30:1 to 20:1 PE/EtOAc) to give 

3.2.7aj (1.42 g, 84%) as a beige powder. 

The spectroscopic data are in accordance with the one obtained on 0.2 mmol scale. 

Reaction with 3.2.49  

 

This compound was prepared following the general procedure 5.D using substrate 3.2.49 (0.1 

mmol) as starting material and MesAcrMe.BF4 (2.5 mol%) for 26 h. The crude product was 

purified by preparative thin layer chromatography (30:1 PE/EtOAc) to give side-product 3.2.51 

(6.3 mg, 33%) as a colorless oil. 
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1H NMR (400 MHz, CDCl3) δ 7.69 (dt, J = 8.0, 1.0 Hz, 1H), 7.41 – 7.35 (m, 2H), 7.30 (s, 1H), 7.16 

(ddd, J = 8.0, 5.3, 2.5 Hz, 1H), 4.09 (s, 3H), 3.02 (q, J = 7.4 Hz, 2H), 1.25 (t, J = 7.4 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 195.3, 140.1, 134.8, 126.0, 125.9, 123.0, 120.8, 111.0, 110.5, 33.2, 

32.3, 9.0. 

The spectroscopic data are consistent with those reported in the literature.335  

Reaction with 3.2.55  

 

Reaction with 3.2.56 

  

  

                                                      

335 J. Li, L. Ackermann, Angew. Chem. Int. Ed. 2015, 54, 3635–3638. 
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  Derivatization 

Diol (3.2.59a) 

 

To a solution of 3.2.7aj (712 mg, 3.0 mmol, 1.0 equiv) in a mixture of acetone:H2O (20:1 v/v, 

30 mL, 0.1 M) was added K2OsO4.2H2O (22.6 mg, 0.06 mmol, 2 mol%) and NMO.H2O (1.0 g, 

7.5 mmol, 2.5 equiv) at room temperature. The reaction mixture was stirred at room 

temperature for 3 h. The reaction mixture was quenched with a satd. aq. Na2S2O3 solution. 

The reaction mixture was extracted three times with EtOAc. The combined organic layers were 

washed with a satd. aq. Na2S2O3 solution, brine, dried over Na2SO4, filtered and concentrated 

under reduced pressure. The crude product was purified by flash column chromatography (1:1 

PE/acetone) to give 3.2.59a (746 mg, 92%) as a white/beige solid. 

Mixture of diastereoisomers (5:1).  

Mp 136-139 °C. 

1H NMR (400 MHz, CDCl3) δ 7.67 – 7.64 (m, 1H), 7.63 – 7.59 (m, 1/5H), 7.43 – 7.37 (m, 1H + 

1/5H), 7.37 – 7.31 (m, 1H + 1/5H), 7.18 – 7.10 (m, 1H + 1/5H), 4.37-4.30 (m, 1/5H), 4.19 – 4.13 

(m, 1H + 1/5H), 4.04 (s, 3/5H), 4.03 (s, 3H), 3.98 – 3.88 (m, 2H), 3.70 – 3.59 (m, 1/5H), 2.99 – 

2.74 (m, 4H + 4/5 H), 2.69 (br s, 1H, OH), 2.63 (br s, 1/5 H, OH), 2.53 (ddd, J = 14.4, 9.4, 2.8 Hz, 

1H), 2.45 (d, J = 6.3 Hz, 1/5H), 2.33 (ddd, J = 14.4, 6.3, 5.3 Hz, 1H), 1.93 – 1.85 (m, 1/5H). 

13C NMR (101 MHz, CDCl3) δ 191.7, 191.1, 140.4, 140.1, 131.2, 130.8, 129.4, 129.0, 126.9, 

126.6, 124.5, 124.4, 122.0, 121.7, 120.4, 120.3, 110.6, 110.6, 76.4, 75.9, 73.1, 72.7, 43.6, 42.3, 

39.6, 39.5, 39.3, 38.2, 31.9, 31.6, 31.6, 31.6. 

IR (Liquid film, cm-1) 3406 (m), 2925 (m), 1649 (s), 1471 (m), 1234 (m), 1105 (m), 1045 (m), 

744 (s), 719 (s). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C16H17NNaO3
+ 294.1101; Found 294.1099. 
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Piperidine (3.2.59b) 

 

To a solution of diol 3.2.59a (54.3 mg, 0.2 mmol, 1.0 equiv) in THF:H2O (2.8 mL, 4:3 v/v, 0.07 

M) was added NaIO4 (59.9 mg, 0.28 mmol, 1.4 equiv) at 0 °C under a flow of N2. The reaction 

mixture was warmed up to room temperature and stirred for 2 h. The reaction mixture was 

diluted with water and extracted three times with EtOAc. The combined organic layers were 

washed with brine, dried over Na2SO4, filtered and concentrated under reduced pressure 

(water bath 35 °C) to afford a mixture of dialdehyde and cyclic hemiacetal which was used 

directly in the next step without purification. 

To a solution of the crude dialdehyde/cyclic hemiacetal (0.2 mmol max., 1.0 equiv) in 1,2-DCE 

(3 mL, 0.07 M) was added benzylamine (23 µL, 0.21 mmol, 1.05 equiv), sodium 

tri(acetoxy)borohydride (93.3 mg, 0.44 mmol, 2.2 equiv) and four drops of glacial AcOH (cat.). 

The reaction was stirred at room temperature under N2 atmosphere for 24 h. The reaction 

was quenched with water and diluted with CH2Cl2. A satd. aq. Na2CO3 solution was added and 

the layers were separated. The aqueous layer was extracted with CH2Cl2 until no orange color 

persisted in the aqueous layer. The combined organic layers were dried over Na2SO4, filtered 

and concentrated under reduced pressure. The crude product was purified by flash column 

chromatography (10:1 PE/acetone) to give 3.2.59b (51.2 mg, 74% over 2 steps) as a white 

solid. 

Mp 118-120 °C. 

1H NMR (400 MHz, CDCl3) δ 7.67 (dt, J = 8.1, 1.0 Hz, 1H), 7.43 – 7.38 (m, 1H), 7.38 – 7.30 (m, 

5H), 7.28 – 7.23 (m, 1H), 7.15 (ddd, J = 8.1, 6.5, 1.4 Hz, 1H), 4.08 (s, 3H), 3.64 (d, J = 13.4 Hz, 

1H), 3.50 – 3.35 (m, 2H), 3.21 (dt, J = 12.0, 4.9 Hz, 1H), 2.97 – 2.90 (m, 1H), 2.85 – 2.77 (m, 1H), 

2.56 – 2.46 (m, 1H), 2.41 (dd, J = 17.2, 4.3 Hz, 1H), 2.32 (dd, J = 12.0, 3.4 Hz, 1H), 2.26 – 2.16 

(m, 1H), 2.07 – 1.99 (m, 1H), 1.93 – 1.80 (m, 1H). 

13C NMR (101 MHz, CDCl3) δ 193.0, 140.2, 139.0, 133.1, 129.7, 128.8, 128.4, 127.1, 126.7, 

124.2, 121.3, 120.2, 110.6, 63.0, 58.0, 53.7, 41.1, 36.8, 32.8, 31.6, 30.0. 

IR (Liquid film, cm-1) 2933 (w), 2798 (w), 1655 (s), 1469 (m), 1234 (m), 1065 (m), 744 (s). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C23H25N2O+ 345.1961; Found 345.1958. 
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Pyridine (3.2.59c) 

 

To a solution of diol 3.2.59a (27.1 mg, 0.1 mmol, 1.0 equiv) in THF:H2O (1.4 mL, 4:3 v/v, 0.07 

M) was added NaIO4 (30.0 mg, 0.14 mmol, 1.4 equiv) at 0 °C under a flow of N2. The reaction 

was warmed up to room temperature and stirred for 2 h. The reaction mixture was diluted 

with water and extracted three times with EtOAc. The combined organic layers were washed 

with brine, dried over Na2SO4, filtered and concentrated under reduced pressure (water bath 

35 °C) to afford a mixture of dialdehyde and cyclic hemiacetal which was used directly in the 

next step without purification. 

This compound was synthesized according to a modified reported procedure.[445] 

To a solution of the crude dialdehyde/cyclic hemiacetal (0.1 mmol max., 1.0 equiv) in glacial 

acetic acid (0.7 mL, 0.15 M) was added NH2OH.HCl (7.0 mg, 0.1 mmol, 1.0 equiv) and the 

reaction was heated at 100 °C (metallic plate) for 1 h. The reaction mixture was cooled to room 

temperature and diluted with EtOAc and water. The reaction mixture was carefully neutralized 

with a satd. aq. NaHCO3 solution. The aqueous layer was extracted five times with EtOAc. The 

combined organic layers were washed with a satd. aq. NaHCO3 solution, brine, dried over 

Na2SO4, filtered and concentrated under reduced pressure to give pyridine 3.2.59c (23.1 mg, 

93%) as a beige/brown solid in excellent purity. 

Mp >240 °C (sublimation). 

1H NMR (400 MHz, DMSO-d6) δ 10.87 (s, 1H), 9.12 (s, 1H), 8.62 (d, J = 8.0 Hz, 1H), 8.50 (d, J = 

5.8 Hz, 1H), 8.46 (d, J = 5.8 Hz, 1H), 7.78 (d, J = 8.3 Hz, 1H), 7.55 (ddd, J = 8.3, 7.1, 1.1 Hz, 1H), 

7.40 (t, J = 7.5 Hz, 1H), 7.29 (s, 1H), 4.34 (s, 3H). 

13C NMR (101 MHz, DMSO-d6) δ 149.7, 146.3, 141.4, 140.2, 132.1, 127.4, 125.2, 124.8, 122.6, 

121.5, 120.5, 116.0, 114.7, 110.3, 105.9, 32.2. 

IR (Liquid film, cm-1) IR (νmax, cm-1) 3523 (m), 2922 (s), 1576 (m), 1473 (m), 1292 (m), 906 (m), 

825 (m), 719 (s) 

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + H]+ Calcd for C16H13N2O+ 249.1022; Found 

249.1022. 
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  Application to the total synthesis of (±)-uleine 

3-Ethylcyclobutan-1-one (3.2.69) 

 

This compound was prepared according to a modification of a literature procedure.214 

A flame-dried two-neck flask equipped with an addition funnel was charged with Zn° powder 

(3.3 g, 50 mmol, 2.0 equiv). The reaction set-up was inertized with N2 (vacuum/N2 cycles with 

a four-layer balloon) then anhydrous Et2O (125 mL, 0.2 M) followed by 1-butene solution (10% 

w/w solution in n-hexane, 14.0 g, 25 mmol, 1.0 equiv) were added. The reaction was placed 

in a sonicator at a temperature below 10 °C (water bath cooled with ice). The reaction was put 

under sonication and a solution of trichloroacetyl chloride (4.3 mL, 37.5 mmol, 1.5 equiv) in 

anhydrous Et2O (37.5 mL, 1.0 M) was added dropwise with the addition funnel over 2 h. The 

reaction was continued for 1 h after the end of the addition (T° < 10 °C). Water (5 mL) was 

added slowly and the reaction was sonicated for 5 min before being filtered over a plug of 

Celite® with Et2O. The combined ethereal layers were successively washed with water twice, 

a satd. aq. NaHCO3 solution, brine, dried over Na2SO4, filtered and the solvents were carefully 

removed under reduced pressure (bath temperature 30 °C). This compound was obtained in 

excellent purity and used in the next step without purification.  

To a strongly stirred suspension of Zn° powder (10.5 g, 160 mmol, 6.4 equiv) in glacial AcOH 

(10 mL) was added dropwise at 0 °C a solution of the crude dichlorocyclobutanone (max 25 

mmol, 1.0 equiv) in glacial AcOH (10 mL). The reaction mixture was heated at 80 °C (oil bath) 

for 2 h. The reaction mixture was quenched with water (6 mL) and stirred strongly for 10 min. 

The reaction mixture was filtered over a pad of Celite® with Et2O. The combined organic layers 

were carefully washed with water, a satd. aq. NaHCO3 solution, brine, dried over Na2SO4, 

filtered and the solvents were carefully removed under reduced pressure (bath temperature 

25 °C) to yield 3.2.69 (2.4 g, 96% over 2 steps) as a slightly yellow oil. This compound was 

obtained in excellent purity and used in the next step without purification.  

Note: On the thin layer chromatography, the desired product was not visible under UV light 

and KMnO4 stain was required to visualize the product. The product was also found to be 

volatile and care should be taken during the solvent evaporation. 

 

 

 
214 Z. Du, M. J. Haglund, L. A. Pratt, K. L. Erickson, J. Org. Chem. 1998, 63, 8880–8887. 
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1H NMR (400 MHz, CDCl3) δ 3.18 – 3.08 (m, 2H), 2.70 – 2.61 (m, 2H), 2.35 – 2.23 (m, 1H), 1.60 

(p, J = 7.4 Hz, 2H), 0.96 (t, J = 7.4 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 208.9, 52.3, 29.4, 25.7, 12.6. 

The spectroscopic data are consistent with those from commercial available source.  

3-Ethyl-1-(1-(methoxymethyl)-1H-indol-2-yl)cyclobutan-1-ol (3.2.67) 

  

This compound was prepared following the general procedure 5.C using 1-

(methoxymethyl)indole 3.2.68 (14.3 mmol) and 3-ethylcyclobutan-1-one (9.5 mmol) as 

starting materials. The crude product was purified by flash column chromatography (30:1 to 

5:1 PE/EtOAc) to give 3.2.67 (1.4 g, 57%) as a thick orange oil. 

Mixture of diastereoisomers (6:1). 

1H NMR (400 MHz, CDCl3) δ 7.61 (dt, J = 7.8, 1.0 Hz, 1H), 7.59 (dt, J = 7.8, 1.0 Hz, 1/6H), 7.45 

(br d, J = 8.3 Hz, 1H), 7.43 (br d, J = 8.3 Hz, 1/6H), 7.28 – 7.22 (m, 1H + 1/6H), 7.18 – 7.12 (m, 

1H + 1/6H), 6.59 (d, J = 0.8 Hz, 1H), 6.46 (d, J = 0.8 Hz, 1/6H), 5.57 (s, 2H), 5.52 (s, 2/6H), 3.63 

(br s, 1H, OH), 3.41 (br s, 1/6H, OH), 3.32 (s, 3H), 3.30 (s, 3/6H), 2.85 – 2.76 (m, 2H), 2.63 – 

2.55 (m, 3/6H), 2.34 – 2.23 (m, 2/6H), 2.12 – 2.04 (m, 2H), 1.91 - 1.78 (m, 1H), 1.54 (quint, 7.4 

Hz, 2H), 1.44 (q, 7.4 Hz, 2/6H), 0.89 (t, J = 7.4 Hz, 3H + 3/6H). 

13C NMR (101 MHz, CDCl3) δ 145.0, 143.2, 139.0, 138.6, 127.4, 127.3, 122.7, 122.6, 121.1, 

121.1, 120.6, 120.5, 109.5, 109.4, 101.8, 101.1, 74.7(2), 70.4, 68.8, 56.1, 56.1, 42.1, 41.0, 30.8, 

29.9, 29.7, 28.0, 11.7, 11.6. 

IR (Liquid film, cm-1) 3404 (w), 2954 (m), 2927 (w), 1460 (m), 1392 (m), 1308 (m), 1167 (m), 

1078 (s), 737 (s). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C16H21NNaO2
+ 282.1464; Found 282.1472. 

3-Ethyl-9-(methoxymethyl)-2,3,4,9-tetrahydro-1H-carbazol-1-one (3.2.66) 

 

This compound was prepared following the general procedure 5.D using substrate 3.2.67 (0.2 

mmol) as starting material and MesAcrMe.BF4 (2.5 mol%) for 28 h (94% conversion). The crude 

product was purified by flash column chromatography (20:1 to 15:1 PE/EtOAc) to give 3.2.66 

(27.8 mg, 54%) as a slightly yellow oil. On 4 mmol scale, 3.2.66 (618 mg, 60%) was obtained 

after 24 h. 
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1H NMR (400 MHz, CDCl3) δ 7.67 (dt, J = 8.0, 1.1 Hz, 1H), 7.52 (dt, J = 8.4, 1.0 Hz, 1H), 7.42 

(ddd, J = 8.4, 6.9, 1.1 Hz, 1H), 7.20 (ddd, J = 8.0, 6.9, 1.0 Hz, 1H), 5.97 (AB, J = 2.3 Hz, 2H), 3.29 

(s, 3H), 3.20 (ddd, J = 16.4, 4.6, 1.3 Hz, 1H), 2.72 (ddd, J = 16.2, 3.7, 1.3 Hz, 1H), 2.62 (dd, J = 

16.4, 10.4 Hz, 1H), 2.43 (dd, J = 16.2, 12.0 Hz, 1H), 2.33 – 2.21 (m, 1H), 1.63 – 1.51 (m, 2H), 

1.03 (t, J = 7.4 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 191.9, 140.1, 130.9, 130.4, 127.4, 125.7, 121.4, 121.1, 111.5, 74.9, 

56.0, 46.3, 39.2, 28.7, 27.9, 11.6. 

IR (Liquid film, cm-1) 2958 (w), 2924 (w), 1657 (s), 1460 (m), 1342 (m), 1219 (m), 1119 (m), 

1086 (m), 746 (m). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C16H19NNaO2
+ 280.1308; Found 280.1315. 

(2S*,3R*)-2-allyl-3-ethyl-2,3,4,9-tetrahydro-1H-carbazol-1-one (3.2.63) 

 

To a solution of iPr2NH (0.10 mL, 0.71 mmol, 2.1 equiv) in anhydrous THF (1.8 mL, 0.4 M, 

flushed with N2 for 10 min) cooled at -78 °C was added dropwise n-BuLi (0.28 mL, 0.67 mmol, 

2.4 M, 2.0 equiv) and the reaction mixture was stirred at -78 °C for 10 min. A solution of 3.2.66 

(86 mg, 0.335 mmol, 1.0 equiv) in anhydrous THF (0.67 mL) was added dropwise and the 

stirring was continued at -78 °C for 1.5 h then 30 min at 0 °C. The reaction mixture was cooled 

down to -78 °C and a solution of allyl iodide (0.12 mL, 4.0 mmol, 4.0 equiv) in anhydrous THF 

(0.67 mL) was added dropwise. The reaction mixture was prolonged at -78 °C for 5 h then 

warmed to -20 °C for 1 h. The reaction was quenched with a satd. aq. NH4Cl solution and 

extracted three times with EtOAc. The combined organic layers were washed with brine, dried 

over Na2SO4, filtered and the solvents were removed under reduced pressure.  

The crude product was dissolved in a 1:1 mixture of MeOH (1.7 mL) and a 3 M aq. HCl solution 

(1.7 mL) and the reaction mixture was heated at 55 °C (oil bath) for 28 h. The reaction mixture 

was quenched with a satd. aq. NaHCO3 solution. The aqueous layer was extracted three times 

with EtOAc. The combined organic layers were washed with brine, dried over Na2SO4, filtered 

and the solvents were removed under reduced pressure. The crude product was purified by 

flash column chromatography (15:1 to 10:1 PE/EtOAc) to give 3.2.63 (49.8 mg, 59% over 2 

steps) as a beige/yellow solid and 4:1 mixture of diastereoisomers. 

Mp 135-138 °C (mixture of diastereoisomers). 
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1H NMR (500 MHz, CDCl3) δ 8.87 (s, 1H), 7.67 (dq, J = 8.1, 1.0 Hz, 1H), 7.66 (dq, J = 8.1, 1.0 Hz, 

1/4H), 7.42 (dt, J = 8.2, 1.0 Hz, 1H + 1/4H), 7.37 (ddd, J = 8.3, 6.9, 1.2 Hz, 1H + 1/4H), 7.16 (ddd, 

J = 8.0, 6.9, 1.1 Hz, 1H + 1/4H), 5.92 – 5.77 (m, 1H + 1/4H), 5.16 – 5.01 (m, 2H + 2/4H), 3.19 

(dd, J = 16.9, 5.0 Hz, 1H), 3.05 (dd, J = 16.8, 4.8 Hz, 1/4H), 2.91 (dd, J = 16.8, 8.5 Hz, 1/4H), 2.83 

(dd, J = 16.9, 5.8 Hz, 1H), 2.78 – 2.73 (m, 1/4H), 2.69 (dtt, J = 13.9, 6.8, 1.4 Hz, 1H), 2.57 (q, J = 

6.2 Hz, 1H), 2.47 (dddt, J = 14.1, 7.1, 5.8, 1.3 Hz, 1H + 1/4H), 2.44 – 2.37 (m, 2/4H), 2.29 – 2.23 

(m, 1H), 1.66 – 1.55 (m, 1H + 1/4H), 1.54 – 1.44 (m, 1H + 1/4H), 0.98 (t, J = 7.4 Hz, 3/4H), 0.98 

(t, J = 7.4 Hz, 3H). 

13C NMR (126 MHz, CDCl3) δ 193.5, 192.9, 138.3, 138.2, 136.5, 135.9, 130.8, 130.4, 127.1, 126.9, 

126.8, 126.4, 126.2, 121.4, 121.4, 120.5, 120.5, 117.0, 116.5, 112.6, 112.6, 51.7, 51.3, 42.4, 40.8, 

33.4, 30.2, 26.0 (2), 24.6, 23.5, 12.2, 11.7. 

IR (Liquid film, cm-1) 3284 (m), 2958 (m), 2933 (m), 1641 (s), 1475 (m), 1331 (m), 744 (m). 

HRMS (APCI/QTOF) m/z: [M + H]+ Calcd for C17H20NO+ 254.1539; Found 254.1534. 

(2S*,3R*)-3-ethyl-2-(2-(hydroxy(methyl)amino)ethyl)-2,3,4,9-tetrahydro-1H-carbazol-1-one 

(3.2.62)  

 

To a solution of 3.2.63 (120.4 mg, 0.475 mmol, 1.0 equiv) in acetone/H2O (20:1 ratio, 4.75 mL, 

0.1 M) was added K2OsO4.2H2O (7.0 mg, 0.019 mmol, 4 mol%) and NMO.H2O (257 mg, 1.9 

mmol, 4.0 equiv). The reaction was stirred at room temperature under N2 atmosphere for 17 

h and quenched with a satd. aq. Na2S2O3 solution. The reaction mixture was partially 

concentrated under reduced pressure to remove most of the acetone then was extracted 

three times with EtOAc. The combined organic layers were washed with a satd. aq. NH4Cl 

solution and brine, dried over Na2SO4, filtered and concentrated under reduced pressure. The 

crude diol was obtained in excellent purity and was used directly in the next step without 

purification.  

To a solution of crude alcohol (max 0.475 mmol) in THF:H2O (4:3 ratio, 4.75 mL, 0.1 M) was 

added at 0 °C NaIO4 (142 mg, 0.665 mmol, 1.4 equiv) in one portion. The reaction mixture was 

warmed to room temperature and stirred for 2 h under N2 atmosphere. The reaction mixture 
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was quenched with water and diluted with EtOAc and a satd. aq. NaHCO3 solution. The 

aqueous layer was extracted three times with EtOAc. The combined organic layers were 

washed with brine, dried over Na2SO4, filtered and concentrated under reduced pressure. The 

crude aldehyde was obtained in excellent purity and was used directly in the next step without 

purification.  

To a solution of crude aldehyde (max 0.475 mmol) in i-PrOH (4.75 mL, 0.1 M) was added 

dropwise a solution of MeNHOH.HCl (41.7 mg, 0.50 mmol, 1.05 equiv) in water (0.4 mL) at 

room temperature followed by a 1 M aq. citric acid buffer solution at pH 6 (adjusted with 1 M 

NaOH, 4.4 mL). NaBH3CN (89.5 mg, 1.43 mmol, 3.0 equiv) was added in two portions and the 

reaction mixture was stirred at room temperature for 1.5 h under N2 atmosphere. The 

reaction mixture was partially concentrated under reduced pressure then diluted with EtOAc 

and a satd. aq. Na2CO3 solution. The aqueous layer was extracted four times with EtOAc. The 

combined organic layers were washed with brine, dried over Na2SO4, filtered and 

concentrated under reduced pressure. The crude product was purified by flash column 

chromatography (4:1 to 10:1 Et2O/PE, neutralized with Et3N) to give 3.2.62 (100.5 mg, 74% 

over 3 steps) as a white/beige solid and 4.5/1 mixture of diastereoisomers. 

Mp 148-150 °C (mixture of diastereoisomers). 

1H NMR (600 MHz, CDCl3) δ 9.43 (s, 1H, NH), 7.62 (d, J = 8.1 Hz, 1H), 7.59 (d, J = 8.1 Hz, 1/4.5 

H), 7.39 – 7.31 (m, 2H + 2/4.5H), 7.16 – 7.11 (m, 1H + 1/4.5H), 6.72 (br s, 1H, OH), 3.15 (dd, J 

= 16.7, 4.8 Hz, 1H), 2.95 (dd, J = 16.7, 4.6 Hz, 1/4.5H), 2.81 – 2.67 (m, 3H + 3/4.5H), 2.67 (s, 

3/4.5H), 2.63 (s, 3H), 2.53 – 2.49 (m, 1H), 2.33 – 2.27 (m, 1/4.5H), 2.21 (br s, 1/4.5H) 2.20 – 

2.13 (m, 1H), 1.93 (br s, 1H + 1/4.5H), 1.79 (br s, 1H + 1/4.5H), 1.67 – 1.60 (m, 1H), 1.59 – 1.55 

(m, 1/4.5H), 1.55 – 1.49 (m, 1/4.5H), 1.49 – 1.40 (m, 1H), 0.98 (t, J = 7.4 Hz, 3H), 0.94 (t, J = 7.5 

Hz, 3/4.5H). 

13C NMR (101 MHz, CDCl3) δ 194.8, 194.0, 138.4, 138.3, 130.6, 130.5, 127.3, 127.1, 127.0, 

126.1, 126.1, 125.7, 121.5, 121.4, 120.5, 120.4, 112.6, 112.6, 60.7, 59.3, 49.7, 48.8, 48.4, 43.5, 

41.3, 30.5, 29.9, 26.0 (2), 24.6, 24.5, 12.3, 11.4. 

IR (Liquid film, cm-1) 3275 (w), 2958 (w), 2864 (w), 1635 (s), 1473 (m), 1329 (m), 1232 (w), 906 

(m), 721 (s).  

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C17H23N2O2
+ 287.1754; Found 287.1760. 
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(±)-Uleine (3.2.60)  

 

(±)-Uleine 3.2.60 was synthesized according to a reported reference.213 

To a stirred solution of 3.2.62 (28.6 mg, 0.1 mmol, 1.0 equiv, 4.5/1 dr) in anhydrous THF (0.5 

mL, 0.2 M) cooled at -20 °C was added dropwise MeLi (0.3 mL in Et2O, 1.68 M, 0.5 mmol, 5.0 

equiv). The reaction was stirred 20 min at -20 °C then warmed to room temperature and 

stirred for 3 h. The reaction mixture was cooled to 0 °C, quenched with H2O and diluted with 

brine. The aqueous layers was extracted four times with EtOAC. The combined organic layers 

were washed with brine, dried over Na2SO4, filtered and concentrated under reduced pressure 

(water bath temperature 35 °C).  

The crude product was dissolved in pyridine (0.2 M) and Ac2O (18.9 µL, 0.2 mmol, 2.0 equiv) 

was added dropwise at room temperature. The reaction mixture was stirred at room 

temperature for 1.5 h, cooled to 0 °C, diluted with EtOAc and quenched with a satd. aq. 

NaHCO3 solution. The aqueous layer was extracted three times with EtOAc. The combined 

organic layers were washed with brine, dried over Na2SO4, filtered and concentrated under 

reduced pressure (water bath temperature 35 °C). The crude product was purified by flash 

column chromatography (1:1 PE/EtOAC with 1% Et3N) to give 3.2.61 (18.7 mg, 54%). The cis 

and trans isomers of 3.2.61 (2 diastereoisomers) could be separated at this stage by 

preparative thin layer chromatography (11:9 EtOAc/PE with 1% Et3N, 2 elutions) although with 

strong decrease of the yield due to the instability of the intermediate on silica gel.  

Mixture 2.2:1 of diastereoisomers. 

 

 

 

 

 

 

213 M. H. Schmitt, S. Blechert, Angew. Chem. Int. Ed. Engl. 1997, 36, 1474–1476. 
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1H NMR (400 MHz, CDCl3) δ 8.23 (s, 1H), 8.13 (s, 1/2.2H), 7.50 (dd, J = 7.7, 1.1 Hz, 1/2.2H), 7.45 

(dd, J = 7.8, 1.1 Hz, 1H), 7.34 – 7.28 (m, 1H + 1/2.2H), 7.19 – 7.11 (m, 1H + 1/2.2H), 7.11 – 7.04 

(m, 1H + 1/2.2H), 3.40 (br s, 1/2.2H H, OH) 3.17 (dt, J = 11.8, 5.8 Hz, 1H), 3.12 – 3.05 (m, 

1/2.2H), 3.02 (dd, J = 15.8, 4.7 Hz, 1/2.2H), 2.97 – 2.84 (m, 1H, OH) 2.89 (dd, J = 15.7, 5.0 Hz, 

1H), 2.78 (s, 3H + 3/2.2H), 2.35 – 2.18 (m, 1H + 1/2.2H), 2.07 (s, 3/2.2H), 2.05 (s, 3H), 1.91 – 

1.81 (m, 2H + 2/2.2H), 1.81 – 1.67 (m, 3H + 3/2.2H), 1.61 (s, 3/2.2H), 1.41 (s, 3H), 1.39 – 1.23 

(m, 2H + 2/2.2H, overlap with traces of grease), 1.05 (t, J = 7.3 Hz, 3/2.2H), 1.00 (t, J = 7.3 Hz, 

3H). 

13C NMR (101 MHz, CDCl3) δ 169.95, 169.67, 140.29, 137.82, 136.50, 136.45, 127.14, 127.01, 

122.39, 121.76, 119.38, 119.18, 118.87, 118.61, 111.21, 111.11, 110.34, 108.45, 72.10, 69.73, 

60.88, 59.66, 49.18, 48.57, 46.85, 46.77, 45.94, 39.88, 26.82, 26.58, 26.28, 26.26, 26.14, 24.60, 

24.38, 23.97, 19.76, 19.72, 11.76, 11.19. 

IR (Liquid film, cm-1) 3307 (s), 2929 (m), 2875 (m), 1749 (s), 1456 (m), 1365 (m), 1230 (s), 1186 

(m), 908 (m), 741 (s), 719 (s). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C20H28N2NaO3
+ 367.1992; Found 367.1989. 

To the acetylated hydroxylamine 3.2.61 (4.95 mg, 14.4 µmol, 1.0 equiv) was added formic acid 

(0.36 mL, 0.04 M) and the reaction mixture was stirred for 15 min at room temperature. The 

reaction was diluted with CH2Cl2 and carefully added to a satd. aq. Na2CO3 solution. The 

aqueous layer was extracted three times with a mixture 5:1 CH2Cl2/MeOH. The combined 

organic layers were dried over Na2SO4, filtered and concentrated under reduced pressure. The 

crude product was purified by preparative thin layer chromatography (1/1 PE/EtOAc with 4% 

MeOH with 4% NH3) to give (±)-uleine 3.2.60 (2.19 mg, 57%) as a beige solid. Alternatively, 

acetylated hydroxylamine 3.2.61 (4.95 mg, 14.4 µmol, 1.0 equiv) in anhydrous CH2Cl2 (0.28 

mL, 0.05 M) could be treated with TFA (55 µL, 0.72 mmol, 50 equiv) for 15 min, affording after 

basic work-up and purification (±)-uleine 3.2.60 (2.28 mg, 59%). 

One-pot sequence:  

(±)-Uleine could also be synthesized without intermediate purification following a reported 

procedure.[299] 

The crude acetylated hydroxylamine 3.2.61 (max. 0.1 mmol) was dissolved in formic acid (2.5 

mL, 0.04 M) and reacted for 15 min at room temperature. Right upon addition of formic acid 

the reaction mixture turned red. The reaction mixture was diluted with toluene and 

concentrated under reduced pressure (water bath temperature 35 °C, repeated 2 times to 

fully remove HCOOH). The crude product was purified by preparative thin layer 

chromatography (95:5 DCM/MeOH with 4% NH3) to give (±)-uleine 3.2.60 (7.5 mg, 28% over 

3 steps, 34% excluding the unproductive diastereoisomer) as a beige solid. 
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1H NMR (400 MHz, CDCl3) δ 8.21 (s, 1H), 7.56 (dt, J = 8.0, 1.1 Hz, 1H), 7.34 (dt, J = 8.2, 1.1 Hz, 

1H), 7.18 (ddd, J = 8.2, 7.0, 1.1 Hz, 1H), 7.10 (ddd, J = 8.0, 7.0, 1.1 Hz, 1H), 5.25 (s, 1H), 4.99 (s, 

1H), 4.08 (d, J = 2.7 Hz, 1H), 2.69 (q, J = 3.1 Hz, 1H), 2.49 – 2.44 (m, 1H), 2.29 (s, 3H), 2.11 – 

2.02 (m, 3H), 1.71 – 1.66 (m, 1H), 1.12 (p, J = 7.4 Hz, 2H), 0.85 (t, J = 7.4 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 139.0, 136.8, 135.3, 129.6, 122.9, 120.0, 119.8, 110.9, 108.1, 

106.8, 56.7, 46.5, 46.4, 44.6, 39.8, 35.0, 24.5, 12.0. 

IR (Liquid film, cm-1) 2958 (m), 2927 (s), 2333 (w), 1630 (w), 1612 (w), 1450 (m), 1319 (m), 

1242 (w), 876 (w), 741 (s). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C18H23N2
+ 267.1856; Found 267.1854. 
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  Electrochemical experiments 

Cyclic Voltammetry measures were performed using an Autolab potentiostat with a standard 

three electrode set-up (working electrode: glassy carbon, reference: Ag/AgCl in aq. 3 M KCl, 

counter: Pt wire). All measurements were done using a 0.1 M solution of tetra-n-

butylammonium hexafluorophosphate (n-Bu4NPF6, supporting electrolyte) in anhydrous 

MeCN (purged with nitrogen). The substrate (0.01 mmol) was dissolved in a stock solution of 

n-Bu4NPF6 (10 mL, 0.1 M in MeCN) and was degassed by bubbling nitrogen directly before 

measure. The potential was scanned from 0 V to 1.5-2.4 V in the forward direction at a scan 

rate of 100 mV/s, and the reverse scan showed in all cases no indication of a reversible 

electrochemical event. The redox potential E(indole+●/indole) is estimated at Ep/2, the 

potential measured when the current is equal to half the peak current of the oxidation 

event.336 The Ep/2 values determined are referenced to Ag/AgCl in 3 M KCl. Values referenced 

to SCE can be calculated by subtracting 0.032 V337 to the potential referenced to Ag/AgCl in 3 

M KCl. 

 

 

Figure 18. Cyclic voltammogram of substrate 3.2.5a; Ep/2 = 1.23 V vs. Ag/AgCl 3 M KCl = 1.20 V vs. SCE. 

 

                                                      

336 H. G. Roth, N. A. Romero, D. A. Nicewicz, Synlett 2016, 27, 714–723 
337 T. J. Smith, K. J. Stevenson, in Handb. Electrochem., Elsevier, 2007, 73–110. 
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Figure 19. Cyclic voltammogram of product 3.2.7a; Ep/2 = 1.42 V vs. Ag/AgCl 3 M KCl = 1.39 V vs. SCE. 

 

 

 

Figure 20. Cyclic voltammogram of substrate 3.2.5p; Ep/2 = 0.96 V vs. Ag/AgCl 3 M KCl = 0.93 V vs. SCE. 
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Figure 21. Cyclic voltammogram of substrate 3.2.5d; Ep/2 = 0.96 V vs. Ag/AgCl 3 M KCl = 0.93 V vs. SCE. 

 

 

Figure 22. Cyclic voltammogram of substrate 3.2.5x; Ep/2 = 1.58 V vs. Ag/AgCl 3 M KCl = 1.55 V vs. SCE. 
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Figure 23. Cyclic voltammogram of substrate 3.2.5aj; Ep/2 = 1.16 V vs. Ag/AgCl 3 M KCl = 1.13 V vs. SCE. 

 

 

Figure 24. Cyclic voltammogram of substrate 3.2.16a; Ep/2 = 1.59 V vs. Ag/AgCl 3 M KCl = 1.56 V vs. SCE. 
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Figure 25. Cyclic voltammogram of substrate 3.2.5f; Ep/2 = 1.72 V vs. Ag/AgCl 3 M KCl = 1.69 V vs. SCE. 
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  UV-Vis spectra and Stern-Volmer fluorescence quenching 

experiments 

 UV-Vis spectroscopy 

UV-Vis absorption spectra were recorded at room temperature on an Agilent Technologies 

Cary 60 UV-Vis spectrophotometer over a scan range of 700 nm  235 nm and a resolution 

of 1 nm using a 1 mL quartz cuvette with a 1 cm path. Solutions were prepared in volumetric 

flasks by dilution and mixing of freshly prepared stock solutions of MesAcrMe.BF4 (7.98 mg, 

20 µmol, 100 mL, 200 µM) and substrate 3.2.5a (40.3 mg, 0.2 mmol, 10 mL, 20 mM) in 

anhydrous 1,4-dioxane.  

 Stern-Volmer fluorescence quenching experiments 

Fluorescence spectra were recorded at room temperature on a Varian Cary Eclipse fluorimeter 

using a 0.5 mL fluorimeter quartz cuvette (5 x 10 mm) with an excitation split of 5 nm and an 

emission split of 10 nm.  

The excitation length was set at 422 nm and the emission spectra were recorded over a scan 

range of 600 nm  432 nm. Background fluorescence emission of the solvent is subtracted 

from the reported spectra. 

Procedure: 

 Stock solution MesAcrMe.BF4 (3.99 mg, 10 µmol, 100 mL, 100 µM) in anhydrous 

degassed 1,4-dioxane. 

 Stock solution substrate 3.2.5a (40.25 mg, 0.2 mmol, 10 mL, 20 mM) in anhydrous 

degassed 1,4-dioxane. 

Solutions with 0-6 mM of substrate 3.2.5a: The solutions were prepared in 10 mL volumetric 

flasks by dilution and mixing of the freshly prepared stock solution of MesAcrMe.BF4 (2 mL, 

0.2 µmol, 20 µM), increased volume of the freshly prepared stock solution of substrate 3.2.5a 

(0-3 mL, 0-6 mM) and anhydrous degassed 1,4-dioxane to complete to 10 mL. 

Solutions with 12 and 15 mM of substrate 3.2.5a: the substrate 3.2.5a was directly weighted 

(respectively 24.15 mg and 30.19 mg) in a 10 mL volumetric flask, dissolved with a freshly 

prepared stock solution of MesAcrMe.BF4 (2 mL, 0.2 µmol, 20 µM) and anhydrous degassed 

1,4-dioxane (4 mL) under magnetic stirring. The stir bar was removed from the solution and 

rinsed with 1,4-dioxane. The volumetric flask was completed to the graduation with the 

solvent.  

The solutions were purged with N2 for 5 min, completed again to the graduation with degassed 

anhydrous 1,4-dioxane and mixed right before every measure.  
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Stern-Volmer analysis was performed according to the following equation:  

Eq. 1. If
0/If = 1 + KSV[Q] 

Where:  

• If
0 and If, intensity of fluorescence in absence and presence of quencher Q (here 

substrate 3.2.5a) 

• KSV, Stern-Volmer quenching constant 

• [Q], concentration of quencher (here substrate 3.2.5a) 

The emission maxima of MesAcrMe.BF4 in 1,4-dioxane was determined to be at 495 nm. 

Emission intensities of the different solutions at 495 nm were used to build the Stern-Volmer 

plot.  
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  Radical-trapping experiment with BHT 

 

A test tube equipped with a magnetic stir bar was charged with substrate 3.2.5a (10.1 mg, 

0.05 mmol, 1.0 equiv), MesAcrMe.BF4 (0.5 mg, 1.25 µmol, 2.5 mol%), 2,6-di-tert-butyl-4-

methylphenol (= BHT, 22.0 mg, 0.1 mmol, 2.0 equiv) and anhydrous 1,4-dioxane (2 mL, 0.025 

M). The vial was capped with a septum topped with a needle and the reaction was irradiated 

with blue LED strips under ventilation (T < 30 °C). The reaction was monitored by injection and 

analysis of aliquot in electrospray-mass spectrometry.  

Note: The reaction was partially inhibited in the presence of BHT (48% conv. after 24 h, 22% 

of 3.2.7a in presence of 1 equiv of BHT). The photocatalyst was progressively degraded by 

demethylation during the course of the reaction.  

BHT trapping products:  

Main BHT product:  

 Oxygen trapping 

 

 Dioxane hydroperoxide trapping 

 

Reaction intermediates trapped with BHT: 

 Molecule + BHT (1% relative intensity after 4 h). 
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 Molecule + OOBHT (2.4% relative intensity after 4 h). 

 

Main side-product 3.2.29 (≈ 12% relative abundance after 4 h). 

  

Traces detected (<0.1% relative abundance after 4h). 
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Figure 26. Mass spectrum of the reaction mixture after 4 h (Electrospray-MS) – A. Overview of the 

identified peaks – B. Zoom on the trapped intermediates. 
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6. Synthetic studies toward the total synthesis of (±)-decursivine 

  Synthesis of Boc-protected precursor 3.3.41 

2-(5-((tert-Butyldimethylsilyl)oxy)-1H-indol-3-yl)ethanamine (3.3.38) 

 

It was prepared according to a literature procedure.338  

 (E)-3-(Benzo[d][1,3]dioxol-5-yl)-N-(2-(5-((tert-butyldimethylsilyl)oxy)-1H-indol-3-

yl)ethyl)acrylamide (3.3.39) 

 

To a solution of O-TBS protected serotonin 3.3.38 (3.0 g, 10.3 mmol, 1.0 equiv) and (2E)-3-

(1,3-benzodioxol-5-yl)-2-propenoic acid (2.2 g, 11.4 mmol, 1.1 equiv) in DCM (115 mL, 0.09 M) 

was added N,N-diisopropylethylamine (3.6 mL, 20.6 mmol, 2.0 equiv) followed by HATU (4.7 

g, 12.4 mmol, 1.2 equiv) portionwise. The reaction mixture was stirred at room temperature 

for 16 h. The reaction was quenched with 1 M HCl. The aqueous layer was extracted three 

times with DCM. The combined organic layers were washed with 1 M HCl and water, dried 

over Na2SO4, filtered and concentrated under reduced pressure. The crude product was 

purified by flash column chromatography (2:1 to 1:1 PE/EtOAc) to give 3.3.39 (4.5 g, 93%) as 

a white solid. 

Mp: 79-82 °C decomposition.  

1H NMR (400 MHz, CDCl3) δ 7.96 (br s, 1H), 7.51 (d, J = 15.5 Hz, 1H), 7.22 (d, J = 8.6 Hz, 1H), 

7.03 (d, J = 2.4 Hz, 1H), 7.01 (d, J = 2.4 Hz, 1H), 6.98 – 6.91 (m, 2H), 6.78 (dt, J = 8.6, 1.2 Hz, 

2H), 6.11 (d, J = 15.5 Hz, 1H), 5.97 (s, 2H), 5.63 (t, J = 6.1 Hz, 1H), 3.71 (app. q, J = 6.4 Hz, 2H), 

2.98 (t, J = 6.6 Hz, 2H), 0.99 (s, 9H), 0.19 (s, 6H). 

                                                      

338 E. I. Silva-Lopez, A. O. Barden, J. A. Brozik, Bioorg. Med. Chem. Lett. 2013, 23, 773–775. 
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13C NMR (101 MHz, CDCl3) δ 166.1, 149.4, 149.1, 148.3, 140.7, 132.1, 129.4, 128.2, 123.9, 

123.1, 119.0, 116.6, 112.8, 111.7, 108.6, 108.3, 106.5, 101.5, 39.9, 25.9, 25.5, 18.4, -4.2. 

IR (Liquid film, cm-1) 3288 (w), 2951 (w), 2931 (w), 2889 (w), 2858 (w), 1657 (m), 1608 (m), 

1502 (m), 1473 (s), 1446 (s), 1248 (s), 1207 (m), 1038 (m), 957 (m), 879 (s), 806 (s). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C26H33N2O4Si+ 465.2204; Found 465.2206. 

(E)-tert-Butyl 3-(2-(3-(benzo[d][1,3]dioxol-5-yl)-N-(tert-butoxycarbonyl)acrylamido)ethyl)-

5-((tert-butyldimethylsilyl)oxy)-1H-indole-1-carboxylate (3.3.40) 

 

To a solution of amide 3.3.39 (3.8 g, 8.2 mmol, 1.0 equiv) in DCM (70 mL, 0.12 M) was 

successively added DMAP (100 mg, 0.82 mmol, 0.1 equiv) followed by Boc2O (8.9 g, 41 mmol, 

5 equiv) portionwise. The reaction was inertized and stirred at room temperature. Extra Boc2O 

(5.4 g, 24.7 mmol, 3 equiv) and DMAP (200 mg, 1.64 mmol, 0.2 equiv) were added after 2 days 

to accelerate the reaction. The reaction was completed after 75 h. The reaction mixture was 

diluted with DCM, washed with a saturated aqueous solution of NH4Cl. The aqueous layer was 

extracted with DCM (3x). The combined organic layers were washed with water and brine, 

dried over Na2SO4, filtered and concentrated under reduced pressure. The crude product was 

purified by flash column chromatography (pure PE to 30:1 PE/EtOAc to 3:1 PE/EtOAc) to yield 

3.3.40 (5.2 g, 96%) as a white solid. 

Mp 61-65 °C. 

1H NMR (400 MHz, CDCl3) δ 7.96 (br s, 1H), 7.64 (d, J = 15.5 Hz, 1H), 7.38 (br s, 1H), 7.34 (d, J 

= 15.5 Hz, 1H), 7.13-7.08 (m, 2H), 7.05 (dd, J = 8.1, 1.7 Hz, 1H), 6.84 (dd, 8.8, 2.4 Hz 1H), 6.81 

(d, J = 8.1 Hz, 1H), 6.00 (s, 2H), 4.06 – 3.97 (m, 2H), 2.97 – 2.89 (m, 2H), 1.64 (s, 9H), 1.49 (s, 

9H), 1.01 (s, 9H), 0.22 (s, 6H). 

13C NMR (101 MHz, CDCl3) δ 168.8, 153.4, 151.5, 149.8, 149.4, 148.4, 143.2, 131.7, 130.8, 

129.8, 124.5, 124.0, 119.8, 117.7 (2), 115.8, 109.5, 108.6, 106.9, 101.6, 83.3, 83.2, 45.00, 28.3, 

28.2, 25.9, 24.7, 18.4, -4.3. 

IR (Liquid film, cm-1) 2976 (w), 2931 (w), 2858 (w), 1724 (s), 1670 (w), 1599 (m), 1468 (m), 

1371 (s), 1250 (s), 1142 (s), 1041 (s), 957 (m), 843 (s), 731 (s). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C36H48N2NaO8Si+ 687.3072; Found 687.3078. 
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(E)-tert-Butyl 3-(2-(3-(benzo[d][1,3]dioxol-5-yl)-N-(tert-butoxycarbonyl)acrylamido)ethyl)-

5-hydroxy-1H-indole-1-carboxylate (3.3.41) 

 

To a stirred solution of 3.3.40 (3.9 g, 5.9 mmol, 1.0 equiv) in THF (59 mL, 0.1 M) was added 

dropwise at room temperature TBAF (6.2 mL, 1 M in THF, 6.2 mmol, 1.05 equiv). The reaction 

mixture was stirred at room temperature for 20 min, quenched with a satd. aq. NH4Cl solution 

and diluted with EtOAc. The aqueous layer was extracted three times with EtOAc. The 

combined organic layers were washed with brine, dried over Na2SO4, filtered and 

concentrated under reduced pressure. The crude product was purified by flash column 

chromatography (4:1 PE/EtOAc) to yield 3.3.41 (3.0 g, 92%) as white flakes. 

Mp 77-80 °C. 

1H NMR (400 MHz, CDCl3) δ 7.93 (s, 1H), 7.63 (d, J = 15.5 Hz, 1H), 7.37 (s, 1H), 7.34 (d, J = 15.5 

Hz, 1H), 7.20 (d, J = 2.5 Hz, 1H), 7.06 (d, J = 1.7 Hz, 1H), 7.00 (dd, J = 8.1, 1.7 Hz, 1H), 6.88 (dd, 

J = 8.9, 2.5 Hz, 1H), 6.78 (d, J = 8.1 Hz, 1H), 6.31 (s, 1H), 5.98 (s, 2H), 4.03 – 3.95 (m, 2H), 2.94 

– 2.86 (m, 2H), 1.64 (s, 9H), 1.49 (s, 9H). 

13C NMR (101 MHz, CDCl3) δ 169.2, 153.3, 152.1, 149.8, 149.5, 148.4, 143.5, 131.8, 130.3, 

129.6, 124.6, 124.1, 119.6, 117.4, 116.2, 113.4, 108.6, 106.8, 104.7, 101.6, 83.5, 83.4, 45.0, 

28.3, 28.1, 24.7. 

IR (Liquid film, cm-1) 3446 (w), 2979 (w), 1724 (s), 1658 (w), 1599 (m), 1491 (m), 1450 (m), 

1367 (s), 1250 (s), 1140 (s), 1039 (s), 850 (m), 733 (m). 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C30H34N2NaO8
+ 573.2207; Found 573.2211.   



Chapter 4: Experimental section 

354 

 

  Synthesis of Bn/Ts-protected precursor 3.3.45 

N-Benzyl-2-(5-((tert-butyldimethylsilyl)oxy)-1H-indol-3-yl)ethanamine (3.3.42) 

 

3.3.42 was synthesized using a modification of a reported procedure.252 

To a solution of O-TBS protected serotonin 3.3.38 (4.8 g, 16.4 mmol, 1.0 equiv) in dry EtOH 

(81 mL, 0.2 M) was added slowly at 0 °C benzaldehyde (3.3 mL, 32.7 mmol, 2.0 equiv) followed 

by dry Na2SO4 (11.6 g, 81.8 mmol, 5.0 equiv). The reaction mixture was warmed to room 

temperature and stirred for 18 h. The reaction mixture was cooled down to -10/-20 °C (ice/salt 

bath) before adding NaBH4 portionwise (0.65 g, 17.2 mmol, 1.05 equiv). The reaction was 

prolonged at -20 °C for 2 h. The reaction was quench with ice-cold water (80 mL) and the bath 

was removed. The boron salt were destroyed using a satd. aq. NH4Cl solution. The reaction 

mixture was diluted with EtOAc (100 mL) and basified using 1 M NaOH solution. The aqueous 

layer was extracted with EtOAc (4x). The combined organic layers were washed with brine, 

dried over Na2SO4, filtered and concentrated under reduced pressure. The crude product was 

purified by flash column chromatography (2:1 PE/EtOAc with 1% Et3N to 1:4 PE/EtOAc with 

1% Et3N) to give 3.3.42 (6.0 g, 96%) as a white/beige solid. 

Mp 78-81 °C. 

1H NMR (400 MHz, CDCl3) δ 8.07 – 8.02 (m, 1H), 7.32 – 7.21 (m, 4H), 7.25 – 7.16 (m, 1H), 7.12 

(d, J = 8.7 Hz, 1H), 7.00 (d, J = 2.2 Hz, 1H), 6.90 (d, J = 2.2 Hz, 1H), 6.73 (dd, J = 8.7, 2.2 Hz, 1H), 

3.79 (s, 2H), 3.00 – 2.87 (m, 4H), 1.00 (s, 9H), 0.17 (s, 6H). 

13C NMR (101 MHz, CDCl3) δ 148.8, 140.2, 131.8, 128.4, 128.2, 128.0, 127.9, 126.7, 122.5, 

116.1, 113.4, 111.2, 108.3, 53.8, 49.2, 25.7, 25.6, 18.1, -4.6. 

IR (Liquid film, cm-1) 3425 (w), 2952 (m), 2927 (m), 2856 (m), 1471 (s), 1252 (s), 1207 (s), 957 

(s), 879 (s), 837 (s), 779 (s). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C23H33N2OSi+ 381.2357; Found 381.2361. 

 

 

 

 

252 C. R. Edwankar, R. V. Edwankar, O. A. Namjoshi, X. Liao, J. M. Cook, J. Org. Chem. 2013, 78, 6471–6487. 
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(E)-3-(Benzo[d][1,3]dioxol-5-yl)-N-benzyl-N-(2-(5-((tert-butyldimethylsilyl)oxy)-1H-indol-3-

yl)ethyl)acrylamide (3.3.43) 

 

To a solution of protected serotonin 3.3.42 (5.7 g, 15.0 mmol, 1.0 equiv) and (2E)-3-(1,3-

benzodioxol-5-yl)-2-propenoic acid (3.2 g, 16.6 mmol, 1.1 equiv) in DCM (150 mL, 0.1 M) was 

added N,N-diisopropylethylamine (5.2 mL, 30.1 mmol, 2.0 equiv) followed by HATU (6.3 g, 

16.6 mmol, 1.1 equiv) portionwise. The reaction mixture was stirred at room temperature for 

16 h. The reaction was evaporated to dryness then the residue was dissolved in EtOAc (200 

mL). The organic layer was washed successively with water, 1 M aqueous HCl (2x), saturated 

aqueous NaHCO3 (2x) and brine (3x), dried over Na2SO4, filtered and concentrated under 

reduced pressure. The crude product was purified by flash column chromatography (7:2 

PE/EtOAc to 2:1 PE/EtOAc) to give 3.3.43 (7.9 g, 95%, ratio 2:1 of rotamers) as a white/slightly 

yellow solid. 

Mp 56-60 °C. 

1H NMR (400 MHz, CDCl3) δ 8.13 (s, 1H), 8.07 (s, 1/2H), 7.72 (d, J = 15.3 Hz, 1/2H), 7.51 (d, J = 

15.2 Hz, 1H), 7.38 – 7.22 (m, 8H), 7.20 – 7.13 (m, 2H +2/2H), 6.98 (d, J = 2.3 Hz, 2H), 6.93 (d, J 

= 9.2 Hz, 1H), 6.85 (d, J = 2.4 Hz, 1H), 6.82 – 6.72 (m, 2H), 6.69 (d, J = 7.7 Hz, 1H), 6.66 (d, 15.3 

Hz, 1/2H), 6.60 (dd, J = 8.0, 1.7 Hz, 1H), 6.44 (d, J = 1.7 Hz, 1H), 6.19 (d, J = 15.2 Hz, 1H,), 5.95 

(br s, 2H +2/2H), 4.74 (s, 2H), 4.56 (s, 2/2H), 3.77 (t, J = 7.5 Hz, 2/2H), 3.67 (t, J = 6.6 Hz, 2H), 

3.05 (t, J = 7.5 Hz, 2/2H), 2.96 (t, J = 6.6 Hz, 2H), 1.02 (s, 9H), 1.00 (s, 9/2H), 0.20 (s, 6H), 0.18 

(s, 6/2H). 

13C NMR (101 MHz, CDCl3) δ 167.4, 167.2, 149.6, 149.2, 149.1, 148.8, 148.3, 148.1, 143.0, 

142.5, 138.1, 137.4, 132.1, 132.0, 129.8, 129.8, 129.0, 128.7, 128.3, 128.2, 127.8, 127.7, 127.5, 

126.6, 124.0, 123.7, 123.6, 123.1, 116.7, 116.3, 115.8, 115.4, 113.0, 112.1, 111.6, 111.6, 108.6, 

108.5, 108.3, 107.6, 106.9, 106.6, 101.5, 101.4, 52.1, 49.3, 48.0, 47.3, 25.9, 25.0, 23.8, 18.4, -

4.3. 

IR (Liquid film, cm-1) 3280 (w), 2952 (w), 2929 (w), 2856 (w), 1643 (m), 1597 (m), 1489 (m), 

1446 (s), 1244 (s), 1205 (m), 1038 (s), 957 (s), 879 (s), 837 (s), 806 (s), 731 (s). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C33H39N2O4Si+ 555.2674; Found 555.2677. 
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(E)-3-(Benzo[d][1,3]dioxol-5-yl)-N-benzyl-N-(2-(5-((tert-butyldimethylsilyl)oxy)-1-tosyl-1H-

indol-3-yl)ethyl)acrylamide (3.3.44) 

 

3.3.44 was synthesized using a modification of a reported procedure.  

To a solution of indole 3.3.43 (3.0 g, 5.4 mmol, 1.0 equiv) in DCM (68 mL, 0.08 M) was added 

nBu4NHSO4 (183 mg, 0.54 mmol, 0.10 equiv) and freshly powdered NaOHs (1.1 g, 27 mmol, 

5.0 equiv). The reaction mixture was stirred for 15 min at room temperature then p-

toluenesulfonyl chloride (2.6 g, 13.5 mmol, 2.5 equiv) was added in two portions. The reaction 

mixture was inertized and stirred at room temperature for 2.5 h. The reaction mixture was 

quenched with water. The aqueous layer was extracted with DCM. The combined organic 

layers were washed with brine, dried over Na2SO4, filtered and concentrated under reduced 

pressure. The crude product was purified by flash column chromatography (SiO2, 5:1 

PE/EtOAc) to yield 3.3.44 (3.6 g, 95%, ratio 1:1 of rotamers) as a white foam. 

Mp 51-53 °C. 

1H NMR (400 MHz, CDCl3) δ 7.83 (dd, J = 8.9, 3.1 Hz, 2H), 7.75 – 7.67 (m, 3H), 7.64 (d, J = 8.0 

Hz, 2H), 7.37 – 7.26 (m, 9H), 7.21 (s, 1H), 7.16 (d, J = 8.0 Hz, 2H), 7.09 (d, J = 7.3 Hz, 2H), 7.06 

(d, J = 8.0 Hz, 2H), 6.99 – 6.94 (m, 1H), 6.92 (d, J = 1.6 Hz, 1H), 6.89 (dd, J = 8.9, 2.3 Hz, 1H), 

6.86 (d, J = 2.3 Hz, 1H), 6.84 – 6.80 (m, 2H), 6.78 (d, J = 8.0 Hz, 1H), 6.65 (d, J = 7.9 Hz, 1H), 6.60 

(d, J = 15.3 Hz, 1H), 6.45 (dd, J = 8.0, 1.7 Hz, 1H), 6.12 (d, J = 1.7 Hz, 1H), 5.98 (d, J = 5.7 Hz, 2H), 

5.95 (d, J = 5.5 Hz, 3H), 4.66 (s, 2H), 4.41 (s, 2H), 3.70 (t, J = 7.4 Hz, 2H), 3.62 (t, J = 6.5 Hz, 2H), 

2.92 (t, J = 7.4 Hz, 2H), 2.85 (t, J = 6.4 Hz, 2H), 2.30 (s, 3H), 2.21 (s, 3H), 0.96 (d, J = 2.5 Hz, 18H), 

0.15 (d, J = 1.9 Hz, 12H). 

13C NMR (101 MHz, CDCl3) δ 167.2, 167.0, 152.4, 152.1, 149.2, 148.9, 148.3, 148.0, 144.8, 

144.7, 143.2, 142.8, 137.9, 137.1, 135.4, 135.0, 132.1, 131.6, 130.5, 130.3, 129.9, 129.8, 129.7, 

129.5, 129.0, 128.7, 128.3, 127.8, 127.6, 126.8, 126.7, 126.5, 125.1, 124.2, 124.1, 123.5, 120.4, 

118.6, 118.4, 118.2, 115.4, 115.0, 114.9, 114.6, 109.5, 108.7, 108.6, 108.3, 106.5, 101.5, 101.4, 

52.2, 49.3, 47.1, 46.3, 25.8, 25.8, 24.8, 23.5, 21.6, 18.3, -4.3. 

IR (Liquid film, cm-1) 2954 (w), 2929 (w), 2858 (w), 1647 (m), 1599 (m), 1491 (m), 1462 (s), 

1446 (s), 1367 (m), 1244 (s), 1171 (s), 1039 (m), 937 (s), 908 (s), 837 (s), 731 (s), 667 (s). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C40H45N2O6SSi+ 709.2762; Found 709.2761. 
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(E)-3-(Benzo[d][1,3]dioxol-5-yl)-N-benzyl-N-(2-(5-hydroxy-1-tosyl-1H-indol-3-

yl)ethyl)acrylamide (3.3.45) 

 

To a stirred solution of 3.3.44 (1.0 g, 1.4 mmol, 1.0 equiv) in THF (14 mL, 0.1 M) was added 

dropwise at room temperature TBAF (1.5 mL, 1.5 mmol, 1 M in THF, 1.05 equiv). The reaction 

mixture was stirred at room temperature for 20 min, quenched with a saturated aqueous 

solution of NH4Cl and diluted with EtOAc. The aqueous layer was extracted with EtOAc (3x). 

The combined organic layers were washed with brine, dried over Na2SO4, filtered and 

concentrated under reduced pressure. The crude product was purified by flash column 

chromatography (SiO2, DCM  DCM with 1.5% v/v MeOH) to yield 3.3.45 (0.8 g, 98%, ratio 

1:1 of rotamers) as beige flakes. 

Mp 98-102 °C. 

1H NMR (400 MHz, CDCl3) δ 7.80 (dd, J = 8.9, 1.8 Hz, 2H), 7.72 – 7.63 (m, 3H), 7.59 (d, J = 8.3 

Hz, 2H), 7.36 – 7.20 (m, 11H), 7.18 – 7.08 (m, 6H), 7.03 (d, J = 8.0 Hz, 2H), 6.96 (dd, J = 8.9, 2.4 

Hz, 1H), 6.93 – 6.83 (m, 4H), 6.71 (d, J = 8.4 Hz, 1H), 6.62 (d, J = 1.5 Hz, 1H), 6.59 (d, J = 5.7 Hz, 

1H), 6.38 (dd, J = 8.0, 1.7 Hz, 1H), 6.11 (d, J = 1.7 Hz, 1H), 5.95 (s, 2H), 5.95 (d, J = 15.2 Hz, 1H), 

5.89 (s, 2H), 4.61 (s, 2H), 4.49 (s, 2H), 3.68 – 3.60 (m, 2H), 3.53 (t, J = 6.3 Hz, 2H), 2.90 – 2.82 

(m, 2H), 2.76 (t, J = 6.3 Hz, 2H), 2.28 (s, 3H), 2.20 (s, 3H). 

13C NMR (101 MHz, CDCl3) δ 167.6, 167.4, 153.4, 153.1, 149.4, 149.0, 148.3, 148.0, 144.8, 

144.8, 143.7, 142.9, 137.7, 136.8, 135.3, 134.9, 132.2, 131.8, 130.0, 129.9, 129.8, 129.4, 129.3, 

129.1, 128.8, 128.3, 128.0, 127.7, 126.8, 126.6, 126.5, 125.3, 124.3, 124.2, 123.7, 120.0, 118.4, 

115.3, 115.1, 114.9, 114.8, 114.1, 108.6, 108.3, 106.5, 106.4, 105.0, 104.2, 101.6, 101.5, 52.3, 

49.4, 47.5, 46.5, 24.7, 23.8, 21.6 (2). 

IR (Liquid film, cm-1) 3271 (w), 2924 (w), 1641 (m), 1585 (m), 1489 (m), 1446 (s), 1361 (s), 1240 

(s), 1169 (s), 1119 (s), 1038 (s), 808 (s), 733 (s), 665 (s). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C34H31N2O6S+ 595.1897; Found 595.1907.  
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  Synthesis of the Bn/Cbz precursor 3.3.47 

Benzyl-(E)-3-(2-(3-(benzo[d][1,3]dioxol-5-yl)-N-benzylacrylamido)ethyl)-5-((tert-

butyldimethylsilyl)oxy)-1H-indole-1-carboxylate (3.3.46) 

 

3.3.46 was synthesized using a modification of a reported procedure.339  

To a solution of indole 3.3.43 (3.0 g, 5.4 mmol, 1.0 equiv) in DCM (68 mL, 0.08 M) was added 

nBu4NHSO4 (183 mg, 0.54 mmol, 0.1 equiv) and freshly powdered NaOHs (1.1 g, 27 mmol, 5.0 

equiv). The reaction mixture was stirred for 15 min at room temperature then CbzCl (2.3 mL, 

16.2 mmol, 3.0 equiv) was added in three portions dropwise. The reaction mixture was 

inertized and stirred at room temperature for 2.5 h. The reaction mixture was quenched with 

water. The aqueous layer was extracted with DCM (2x). The combined organic layer was 

washed with brine, dried over Na2SO4, filtered and concentrated under reduced pressure. The 

crude product was purified by flash column chromatography (SiO2, 5:1 PE/EtOAc) to yield the 

3.3.46 (3.5 g, 95%, ratio 1:1 of rotamers) as a white solid. 

Mp 64-67 °C. 

1H NMR (400 MHz, CDCl3) δ 7.98 (s, 2H), 7.73 (d, J = 15.2 Hz, 1H), 7.57 (d, J = 15.2 Hz, 1H), 7.50 

– 7.22 (m, 18H), 7.18 (d, J = 6.7 Hz, 2H), 7.00 – 6.91 (m, 3H), 6.91 – 6.81 (m, 3H), 6.78 (d, J = 

8.0 Hz, 1H), 6.75 – 6.69 (m, 2H), 6.66 (d, J = 15.3 Hz, 1H), 6.60 (s, 1H), 6.37 (d, J = 15.2 Hz, 1H), 

5.96 (s, 4H), 5.40 (d, J = 7.0 Hz, 4H), 4.75 (s, 2H), 4.59 (s, 2H), 3.75 (t, J = 7.5 Hz, 2H), 3.70 (t, J 

= 6.9 Hz, 2H), 2.97 (t, J = 7.5 Hz, 2H), 2.88 (t, J = 6.9 Hz, 2H), 1.01 (s, 9H), 1.00 (s, 9H), 0.20 (s, 

12H). 

13C NMR (101 MHz, CDCl3) δ 167.2, 167.1, 152.1, 151.8, 150.8, 150.6, 149.2, 149.0, 148.3, 

148.2, 143.2, 143.1, 138.0, 137.2, 135.3, 135.2, 131.6, 131.2, 129.7, 129.6, 129.0, 128.9, 128.8, 

128.7, 128.6, 128.5, 128.3, 127.8, 127.5, 127.1, 126.6, 124.1, 123.9, 123.7, 123.4, 118.9, 118.4, 

118.0, 117.5, 116.3, 115.9, 115.5, 115.0, 109.4, 108.7, 108.6, 108.5, 106.7, 106.6, 101.5, 101.4, 

68.7, 68.6, 52.3, 49.5, 47.4, 46.7, 25.9, 25.9, 25.0, 23.6, 18.3, -4.3. 

IR (Liquid film, cm-1) 2954 (w), 2929 (w), 2893 (w), 2856 (w), 1732 (m), 1647 (m), 1601 (m), 

1466 (s), 1446 (s), 1400 (s), 1254 (s), 1074 (m), 837 (s), 731 (s). 

                                                      

339 M. Toumi, F. Couty, J. Marrot, G. Evano, Org. Lett. 2008, 10, 5027–5030. 



Chapter 4: Experimental section 

359 

 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C41H45N2O6Si+ 689.3041; Found 689.3044. 

(E)-benzyl 3-(2-(3-(benzo[d][1,3]dioxol-5-yl)-N-benzylacrylamido)ethyl)-5-hydroxy-1H-

indole-1-carboxylate (3.3.47) 

 

To a stirred solution of 3.3.46 (3.4 g, 4.9 mmol, 1.0 equiv) in THF (50 mL, 0.1 M) was added 

dropwise at room temperature TBAF (5.2 mL, 5.2 mmol, 1 M in THF, 1.05 equiv). The reaction 

mixture was stirred at room temperature for 30 min, quenched with a saturated aqueous 

solution of NH4Cl and diluted with EtOAc. The aqueous layer was extracted with EtOAc (3x). 

The combined organic layer was washed with brine, dried over Na2SO4, filtered and 

concentrated under reduced pressure. The crude product was purified by flash column 

chromatography (7:2 PE/EtOAc  3:1 PE/EtOAc) to yield 3.3.47 (2.5 g, 89%, ratio 1:1 of 

rotamers) as white flakes. 

Mp 73-75 °C. 

Ratio 1:1 of rotamers 

1H NMR (400 MHz, CDCl3) δ 7.95 (s, 2H), 7.72 (d, J = 15.3 Hz, 1H), 7.51 (d, J = 15.3 Hz, 1H), 7.48 

– 7.35 (m, 9H), 7.39 – 7.27 (m, 3H), 7.31 – 7.20 (m, 7H), 7.17 (d, J = 6.7 Hz, 1H), 7.00 – 6.86 (m, 

5H), 6.72 (d, J = 8.0 Hz, 1H), 6.66 (d, J = 15.4 Hz, 3H), 6.55 (s, 1H), 6.35 (d, J = 15.3 Hz, 1H), 5.94 

(s, 2H), 5.89 (s, 2H), 5.39 (s, 2H), 5.37 (s, 2H), 4.69 (s, 2H), 4.61 (s, 2H), 3.75 – 3.66 (m, 2H), 3.60 

(t, J = 6.8 Hz, 2H), 2.90 (dd, J = 9.4, 6.1 Hz, 2H), 2.79 (t, J = 6.7 Hz, 2H). 

13C NMR (101 MHz, CDCl3) δ 167.6, 167.5, 153.0, 152.8, 149.3, 149.1, 148.3, 148.1, 143.7, 

143.2, 137.7, 136.9, 135.4, 135.2, 131.7, 131.3, 129.4, 129.1, 128.8, 128.8, 128.7, 128.6, 128.5, 

128.3, 127.9, 127.6, 126.6, 124.3, 124.1, 123.9, 123.2, 118.5, 117.4, 116.6, 116.1, 115.2, 115.0, 

114.4, 113.8, 108.6, 108.5, 106.6, 106.5, 104.8, 104.0, 101.6, 101.5, 77.5, 77.2, 76.8, 68.7, 68.5, 

52.3, 49.6, 47.6, 46.9, 24.8, 23.8. 

IR (Liquid film, cm-1) 3242 (w), 2900 (w), 1728 (m), 1641 (m), 1587 (m), 1489 (m), 1448 (s), 

1400 (s), 1358 (m), 1242 (s), 1076 (s), 1038 (s), 733 (s), 698 (s). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C35H31N2O6
+ 575.2177; Found 575.2187.  
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  Products  

NMR references for the corresponding protected decursivine analogues were synthesized 

following a literature procedure.240 

Boc-protected decursivine (3.3.49)-decursivine (3.3.1) 

 

To a solution of 3.3.41 (50.9 mg, 0.09 mmol, 1.0 equiv) and K2CO3 (25.4 mg, 0.18 mmol, 2.0 

equiv) in HFIP (9.2 mL, 0.01 M) was added in one portion PIFA (47.3 mg, 0.11 mmol, 1.2 equiv). 

The reaction was inertized and stirred at room temperature for 3 h. The reaction mixture was 

quenched with a satd. aq. NaHCO3 solution and extracted three times with EtOAc. The 

combined organic layers were dried over Na2SO4, filtered and concentrated under reduced 

pressure. The crude product was purified by flash column chromatography (10:1 PE/EtOAc) to 

give 3.3.41 (40.4 mg, 80%) as a mixture of Boc-protected and unprotected decursivine 3.3.1. 

The Boc-protected decursivine 3.3.41 was found to be unstable on silica, in CDCl3 and upon 

storage. Attempt of repurification led to partial decomposition. Treatment of 3.3.41 with 

DCM/TFA afforded decursivine 3.3.1.  

Decursivine 3.3.1 

1H NMR (400 MHz, d5-Pyr) δ 12.07 (s, 1H), 8.85 (dd, J = 10.1, 4.7 Hz, 1H), 7.49 (dd, J = 8.6, 1.1 

Hz, 1H), 7.40 (d, J = 1.6 Hz, 1H), 7.33 – 7.28 (m, 2H), 7.10 (d, J = 7.1 Hz, 1H), 7.07 (d, J = 8.0 Hz, 

1H), 6.94 (d, J = 8.0 Hz, 1H), 6.02 – 5.92 (AB, 2H), 5.06 (d, J = 9.6 Hz, 1H), 4.26 – 4.13 (m, 1H), 

3.60 (dq, J = 15.0, 4.0 Hz, 1H), 3.20 (dd, J = 7.6, 3.0 Hz, 2H). 

The spectroscopic data are consistent with those reported in the literature. 240 

 

 

 

 

 

 

 

 

 

 

 

240 D. Sun, Q. Zhao, C. Li, Org. Lett. 2011, 13, 5302–5305. 
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Bn/Ts-protected decursivine (3.3.48) 

 

To a solution of 3.3.45 (59.5 mg, 0.1 mmol, 1.0 equiv) and K2CO3 (27.6 mg, 0.2 mmol, 2.0 equiv) 

in HFIP (10 mL, 0.01 M) was added in one portion PIFA (51.6 mg, 0.12 mmol, 1.2 equiv). The 

reaction was inertized and stirred at room temperature for 7.5 h. The reaction mixture was 

quenched with a satd. aq. NaHCO3 solution and extracted three times with EtOAc. The 

combined organic layers were dried over Na2SO4, filtered and concentrated under reduced 

pressure. The crude product was purified by flash column chromatography (4:1 PE/EtOAc) to 

give 3.3.48 (33.1 mg, 56%) as a yellow solid. 

1H NMR (400 MHz, CDCl3) δ 7.91 (d, J = 8.9 Hz, 1H), 7.76 – 7.69 (m, 2H), 7.36 (s, 1H), 7.26 (q, J 

= 4.6, 4.1 Hz, 5H), 7.22 – 7.15 (m, 2H), 6.99 (dd, J = 7.8, 1.7 Hz, 1H), 6.97 (br s, 1H), 6.92 (d, J = 

8.9 Hz, 1H), 6.81 (d, J = 7.8 Hz, 1H), 6.52 (d, J = 8.9 Hz, 1H), 5.96 (s, 2H), 5.20 (d, J = 15.0 Hz, 

1H), 4.66 (d, J = 8.9Hz, 1H), 4.24 – 4.15 (m, 2H), 3.41 (dt, J = 15.7, 3.5 Hz, 1H), 3.21 – 3.11 (m, 

1H), 3.01 – 2.93 (m, 1H), 2.38 (s, 3H). 

13C NMR (101 MHz, CDCl3) δ 169.3, 148.1, 145.1, 137.0, 135.4, 135.0, 130.0, 128.8, 128.1, 

127.7, 126.9, 125.9, 119.7, 118.2, 115.5, 114.5, 108.5, 107.7, 106.5, 101.2, 85.6, 55.6, 48.8, 

44.5, 25.5, 21.7. 

IR (Liquid film, cm-1) 2924 (w), 1647 (s), 1491 (m), 1446 (m), 1421 (s), 1365 (m), 1244 (s), 1173 

(s), 1039 (m), 750 (s), 669 (s) 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C34H29N2O6S+ 593.1741; Found 593.1750 
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Bn/Cbz-protected decursivine (3.3.53) 

 

To a solution of 3.3.47 (57.5 mg, 0.1 mmol, 1.0 equiv) and K2CO3 (27.6 mg, 0.2 mmol, 2.0 equiv) 

in HFIP (10 mL, 0.01 M) was added in one portion PIFA (51.6 mg, 0.12 mmol, 1.2 equiv). The 

reaction was inertized and stirred at room temperature for 7.5 h. The reaction mixture was 

quenched with a satd. aq. NaHCO3 solution and extracted three times with EtOAc. The 

combined organic layers were dried over Na2SO4, filtered and concentrated under reduced 

pressure. The crude product was purified by flash column chromatography (5:1 PE/EtOAc) to 

give 3.3.53 (46.1 mg, 81%) as an orange residue. 

1H NMR (400 MHz, CDCl3) δ 8.06 (d, J = 8.7 Hz, 1H), 7.52 – 7.48 (m, 1H), 7.40 – 7.26 (m, 6H), 

7.23 – 7.16 (m, 3H), 7.14 – 7.11 (m, 2H), 6.94 (dd, J = 7.8, 1.8 Hz, 1H), 6.91 (br s, 1H), 6.84 (d, J 

= 9.0 Hz, 1H), 6.74 – 6.71 (m, 1H), 6.47 (d, J = 8.9 Hz, 1H), 5.86 (s, 2H), 5.34 (s, 2H), 5.14 (d, J = 

15.0 Hz, 1H), 4.63 (d, J = 8.9 Hz, 1H), 4.18 – 4.08 (m, 1H), 4.09 (d, J = 15.0 Hz, 1H), 3.33 (ddd, J 

= 15.7, 4.4, 2.8 Hz, 1H), 3.12 – 3.02 (m, 1H), 2.91 – 2.83 (m, 1H). 

13C NMR (101 MHz, CDCl3) δ 169.5, 155.9, 150.5, 148.1, 147.5, 137.0, 135.6, 135.2, 131.3, 

128.9, 128.9, 128.8, 128.6, 128.1, 127.7, 126.5, 125.3, 119.8, 117.0, 116.0, 115.3, 108.5, 107.4, 

106.6, 101.2, 85.5, 68.8, 55.7, 48.9, 44.6, 25.5.  

IR (Liquid film, cm-1) 2925 (w), 1732 (m), 1645 (m), 1431 (s), 1240 (s), 1090 (m), 1039 (m), 964 

(m), 750 (m), 698 (m). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C35H29N2O6
+ 573.2020; Found 573.2021.  
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Boc-protected dimer (3.3.50) 

 

Dimer 3.3.50 was observed as a side-product for the reaction of precursor 3.3.41 in toluene 

and isolated as beige flakes. 

Mp >85 °C (decomposition)  

1H NMR (400 MHz, C6D6) δ 8.51 (s, 1H), 7.54 (d, J = 15.5 Hz, 1H), 7.51 (br s, 1H), 7.33 (d, J = 

15.5 Hz, 1H), 7.30 (d, J = 9.0 Hz, 1H), 6.90 (d, J = 1.7 Hz, 1H), 6.65 (dd, J = 8.1, 1.7 Hz, 1H), 6.44 

(d, J = 8.0 Hz, 1H), 6.16 (br s, 1H, OH), 5.20 (s, 2H), 3.92 (ddd, J = 13.5, 9.0, 5.8 Hz, 1H), 3.66 

(ddd, J = 13.5, 6.3, 4.2 Hz, 1H), 2.63 (ddd, J = 15.1, 9.0, 6.3 Hz, 1H), 2.42 (app dt, J = 15.1, 5.0 

Hz, 1H), 1.35 (s, 9H), 1.19 (s, 9H). 

13C NMR (101 MHz, C6D6) δ 168.5, 153.4, 151.6, 149.6, 149.5, 148.6, 142.8, 131.5, 131.2, 130.2, 

125.6, 124.5, 120.4, 118.7, 117.6, 114.8, 112.4, 108.6, 107.0, 101.3, 82.8, 82.3, 44.0, 27.9, 27.8, 

25.4. 

IR (Liquid film, cm-1) 3444 (w), 2979 (w), 2360 (w), 1722 (s), 1664 (w), 1599 (m), 1491 (m), 

1446 (m), 1367 (s), 1250 (s), 1142 (s), 1038 (s), 754 (s). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C60H67N4O16
+ 1099.4547; Found 1099.4554.  
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7. Photocatalyst synthesis 

MesAcrMe.BF4, [Ir(dF(CF3)ppy)2(dtbbpy)]PF6), Rose bengal, 2,4,6-triphenylpyrylium 

tetrafluoroborate, Ir(ppy)3, [Ir(dtbbpy)(ppy)2]PF6 were purchased from Sigma-Aldrich. Eosin Y 

was purchased from TCI. Tris(2,2′-bipyrazine)ruthenium(II) hexafluorophosphate (= 

Ru(bpz)3(PF6)2) was purchased from Sigma-Aldrich and abcr GmbH. 

Tris(2,2′-bipyridine)ruthenium(II) hexafluorophosphate (Ru(bpy)3(PF6)2) 

 

It was prepared according to a literature procedure.340  

2,4,6-tris(4-methoxyphenyl)pyrylium tetrafluoroborate (p-OMe-TPT) 

 

It was prepared according to a literature procedure.341  

 

 

 

 

 

 

 

 

 

                                                      

340 C. B. Kelly, N. R. Patel, D. N. Primer, M. Jouffroy, J. C. Tellis, G. A. Molander, Nat. Protoc. 2017, 12, 472–492. 
341 M. Martiny, E. Steckhan, T. Esch, Chem. Ber. 1993, 126, 1671–1682. 
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10-(3,5-dimethoxyphenyl)-9-mesityl-1,3,6,8-tetramethoxyacridinium tetrafluoroborate 

(3,5-diOMe-MesAcr.BF4) 

 

Tris(3,5-dimethoxyphenyl)amine and  10-(3,5-dimethoxyphenyl)-9-mesityl-1,3,6,8-

tetramethoxyacridinium tetrafluoroborate (=3,5-diOMe-MesAcr.BF4) were prepared 

according to a literature procedure.342  

 

 

 

 

 

 

 

 

 

 

 

                                                      

342 F. Lima, L. Grunenberg, H. B. A. Rahman, R. Labes, J. Sedelmeier, S. V. Ley, Chem. Commun. 2018, 54, 5606–5609. 
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2,4,5,6-tetra(9H-carbazol-9-yl)isophthalonitrile (4CzIPN) 

 

It was prepared according to a literature procedure.343  

Sodium tetrakis(3,5-bis(trifluoromethyl)phenyl)borate (NaBArF
4) 

 

It was prepared according to a literature procedure.344  

Tris(2,2′-bipyridine)ruthenium(II) tetrakis(3,5-bis(trifluoromethyl)phenyl)borate 

(Ru(bpy)3(BArF
4)2) 

 

It was prepared according to a literature procedure.345  

 

 

 

 

                                                      

343 M. Garreau, F. Le Vaillant, J. Waser, Angew. Chem. Int. Ed. 2019, 58, 8182–8186. 
344 N. A. Yakelis, R. G. Bergman, Organometallics 2005, 24, 3579–3581. 
345 D. Lenhart, A. Bauer, A. Pöthig, T. Bach, Chem. - Eur. J. 2016, 22, 6519–6523. 
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2,2'-Bipyrazine 

 

It was prepared according to a literature procedure.346  

Tris(2,2′-bipyrazine)ruthenium(II) chloride (Ru(bpy)3Cl2) 

 

It was prepared according to a literature procedure.347  

 

 

Tris(2,2′-bipyrazine)ruthenium(II) tetrakis(3,5-bis(trifluoromethyl)phenyl)borate 

(Ru(bpz)3(BArF
4)2) 

 

It was prepared according to a literature procedure.346 

9-mesityl-10-methyl-9,10-dihydroacridin-9-ol (3.2.37) 

 

                                                      

346 D. M. Schultz, J. W. Sawicki, T. P. Yoon, Beilstein J. Org. Chem. 2015, 11, 61–65. 
347 S. Lies, Org. Synth. 2016, 93, 178–199. 
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3.2.37 was synthesized according to a literature procedure348 and used directly for the next 

step without purification. 

9-Mesityl-10-methylacridin-10-ium trifluoromethanesulfonate (3.2.38) 

 

To a stirred solution of 9-mesityl-10-methyl-9,10-dihydroacridin-9-ol 3.2.37 (576.5 mg, 1.75 

mmol, 1.0 equiv) in anhydrous DCM (5 mL, 0.35 M) was added dropwise at room temperature 

under inert atmosphere trifluoromethanesulfonic acid (0.19 mL, 2.1 mmol, 1.2 equiv). The 

reaction was stirred at room temperature for 1.5 h then Et2O was added slowly to the stirred 

solution and the wall of the flask were scratched with a glass rod. The resulting solid was 

filtered on a sintered glass funnel and washed twice with Et2O. The solid was further dried 

under high vacuum to give 3.2.38 (609.4 mg, 75%) as shiny yellow flakes.  

1H NMR (400 MHz, CDCl3) δ 8.80 (dd, J = 9.3, 0.8 Hz, 2H), 8.40 (ddd, J = 9.3, 6.7, 1.6 Hz, 2H), 

7.86 (dd, J = 8.7, 1.6 Hz, 2H), 7.79 (ddd, J = 8.7, 6.7, 0.8 Hz, 2H), 7.16 (s, 2H), 5.11 (s, 3H), 2.49 

(s, 3H), 1.73 (s, 6H). 

The spectroscopic data are consistent with those reported in the literature.349  

9-Mesityl-10-methylacridin-10-ium chloride (3.2.39) 

 

To a stirred solution of 9-mesityl-10-methyl-9,10-dihydroacridin-9-ol 3.2.37 (1.73 g, 5.25 

mmol, 1.0 equiv) in anhydrous DCM (15 mL, 0.35 M) was added dropwise at room 

temperature under inert atmosphere 4 N HCl in 1,4-dioxane (6.6 mL, 26.3 mmol, 5.0 equiv). 

The reaction was stirred at room temperature for 3 h then was concentrated under reduced 

pressure. The crude product was purified by flash column chromatography (pure DCM to 10:1 

DCM/MeOH to 5:1 DCM/MeOH) to give an oil which was crystallized from DCM/Et2O to give 

3.2.39 (1.69 g, 92%) as a yellow/golden powder. 

Note: the product appeared to be hygroscopic. 

Mp >116 °C (decomposition). 

                                                      

348 X.-Y. Huang, R. Ding, Z.-Y. Mo, Y.-L. Xu, H.-T. Tang, H.-S. Wang, Y.-Y. Chen, Y.-M. Pan, Org. Lett. 2018, 20, 4819–4823. 
349 Y. Hirao, N. Nagamachi, K. Hosoi, T. Kubo, Chem. Asian J. 2018, 13, 510–514. 
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1H NMR (400 MHz, CDCl3) δ 9.13 (d, J = 9.2 Hz, 2H), 8.44 (ddd, J = 8.7, 6.5, 1.7 Hz, 2H), 7.84 

(dd, J = 8.7, 1.7 Hz, 2H), 7.78 (dd, J = 8.7, 6.5 Hz, 2H), 7.16 (s, 2H), 5.41 (s, 3H), 2.48 (s, 3H), 1.71 

(s, 6H). 

13C NMR (101 MHz, CDCl3) δ 162.6, 141.7, 140.6, 139.6, 135.9, 129.4, 129.3, 128.9, 128.6, 

126.0, 120.4, 41.0, 21.4, 20.2. 

IR (Liquid film, cm-1) 3373 (m, hydrate), 1608 (s), 1579 (m), 1547 (s), 1442 (m), 1385 (m), 764 

(s), 719 (s). 

HRMS (ESI/QTOF) m/z: [M]+ Calcd for C23H22N+ 312.1747; Found 312.1749. 

9-Mesityl-10-methylacridin-10-ium hexafluorophosphate (3.2.40) 

 

To a stirred solution of 9-mesityl-10-methylacridin-10-ium chloride 3.2.39 (500 mg, 1.44 

mmol, 1.0 equiv) in CH3CN/H2O mixture (10 mL, 2:1 v/v ratio) was added dropwise an aqueous 

solution of KPF6 (1.32 g, 7.2 mmol, 5.0 equiv, dissolved in 20 mL H2O). The reaction mixture 

was stirred at room temperature for 20 min then was filtered over a sintered glass funnel. The 

solid was successively washed with water and Et2O twice. The solid was further dried under 

high vacuum to give 3.2.40 (490 mg, 74%) as a yellow powder.  

Mp >275 °C (decomposition). 

1H NMR (400 MHz, CDCl3) δ 8.69 (d, J = 9.1 Hz, 2H), 8.38 (ddd, J = 9.1, 6.6, 1.6 Hz, 2H), 7.87 (d, 

J = 8.4 Hz, 1H), 7.78 (dd, J = 8.7, 6.6 Hz, 2H), 7.16 (s, 2H), 5.01 (s, 3H), 2.48 (s, 3H), 1.73 (s, 6H). 

13C NMR (101 MHz, CDCl3) δ 163.1, 141.7, 140.5, 139.5, 136.1, 129.5, 129.2, 129.2, 128.5, 

126.1, 119.2, 38.9, 21.4, 20.1. 

IR (Liquid film, cm-1) 2918 (w), 1610 (w), 1581 (w), 1549 (w), 1444 (w), 1387 (w), 1277 (w), 833 

(s), 762 (m). 

HRMS (ESI/QTOF) m/z: [M]+ Calcd for C23H22N+ 312.1747; Found 312.1746. 

9-Mesityl-10-methylacridin-10-ium tetrakis(3,5-bis(trifluoromethyl)phenyl)borate (3.2.41) 

 

A solution of 9-mesityl-10-methylacridin-10-ium chloride 3.2.39 (500 mg, 1.44 mmol, 1.0 

equiv) and sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (=NaBArF
4, 1.28 g, 1.44 
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mmol, 1.0 equiv) in DCM (16 mL) was stirred at room temperature for 30 min. The reaction 

mixture was diluted with water. The aqueous layer was extracted three times with DCM. The 

combined organic layers were dried over Na2SO4, filtered and concentrated under reduced 

pressure. The crude product was purified by flash column chromatography (small pad of silica, 

1:1 PE/DCM to pure DCM) to give 3.2.41 (1.29 g, 76%) as shiny yellow flakes.  

Mp 158-160 °C. 

1H NMR (400 MHz, CDCl3) δ 8.22 – 8.15 (m, 4H), 7.94 (dd, J = 8.7, 1.1 Hz, 2H), 7.77 (ddd, J = 

8.7, 4.9, 2.8 Hz, 2H), 7.74 – 7.70 (m, 8H), 7.47 (br s, 4H), 7.17 (s, 2H), 4.57 (s, 3H), 2.47 (s, 3H), 

1.65 (s, 6H). 

13C NMR (101 MHz, CDCl3) δ 165.3, 161.8 (q, 1J(C-11B) = 49.8 Hz), 141.3, 141.1, 140.0, 135.6, 

134.9 (br s), 130.2, 129.4, 129.7 – 128.5 (m), 128.8, 128.7, 126.2, 124.6 (q, 1J(C-F) = 272.6 Hz), 

117.6 (sept, 3J(C-F) = 4.1 Hz), 117.3, 37.7, 21.3, 19.8. 

19F NMR (377 MHz, CDCl3) δ -65.6. 

IR (Liquid film, cm-1) 2925 (w), 1612 (w), 1581 (w), 1550 (w), 1354 (m), 1273 (s), 1117 (s), 889 

(w), 758 (s), 715 (m), 669 (m). 

HRMS (ESI/QTOF) m/z: [M]+ Calcd for C23H22N+ 312.1747; Found 312.1742. 
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