W) Check for updates .
Chemistry

Europe

European Chemical
Societies Publishing

Research Article

Chemistry—A European Journal doi.org/10.1002/chem.202301650

www.chemeurj.org

& Hot Paper

Photochemical [2 4+ 2] Cycloaddition of Alkynyl Boronates
Oleksandr S. Liashuk,™ "9 Oleksandr O. Grygorenko,™ < Yulian M. Volovenko,” and

Jérome Waser*™

A photochemical [2 + 2] cycloaddition of alkynyl boronates and
maleimides is reported. The developed protocol provided 35—
70% yield of maleimide-derived cyclobutenyl boronates and
demonstrated wide compatibility with various functional
groups. The synthetic utility of the prepared building blocks
was demonstrated for a range of transformations, including
Suzuki cross-coupling, catalytic or metal-hydride reduction,

Introduction

Organoboron compounds are one of the most recognized
reagents of modern organic synthesis."! After the development
of efficient Suzuki-Miyaura cross-coupling protocols, com-
pounds bearing C,,.-B bonds (i.e., (het)aryl or akenyl boronates)
rapidly become highly desirable targets for synthetic organic
chemists. Traditionally, these compounds have been prepared
via hydroboration,” Miyaura borylation,® metalation-
borylation,” boron-Wittig olefination,®® and other methods.”'”
One of the recent trends in the field of organoboron reagents
and the corresponding C—C-bond-forming reactions is related
to shift from aromatic compounds towards saturated and
partially saturated ring systems""'? complying with lead-like-
ness concepts in drug discovery.*"*! In particular, cycloalkenyl
boronic derivatives or their heterocyclic analogs have found
applications in the synthesis of marketed and investigational
drugs.®'® To date, an increasing interest to all-carbon four
membered ring scaffold has emerged due to their abundance
in natural compounds"”'® and unique properties in terms of
possible applications for bioisosteric replacements,"® structural

[a] O.S. Liashuk, Prof. Dr. O. O. Grygorenko, Prof. Dr. Y. M. Volovenko
Chemical Faculty
Taras Shevchenko National University of Kyiv
Kyiv, Volodymyrska Street 60, 01601, Kyiv (Ukraine)

O. S. Liashuk, Prof. Dr. J. Waser

Laboratory of Catalysis and Organic Synthesis
Institut des Sciences et Ingénierie Chimique
Ecole Polytechnique Fédérale de Lausanne
1015, Lausanne (Switzerland)

E-mail: jerome.waser@epfl.ch

Homepage: http://www.epfl.ch/labs/Icso/

[c] O.S. Liashuk, Prof. Dr. O. O. Grygorenko
Enamine Ltd.

Kyiv, Winston Churchill Street 78, 02094, Kyiv (Ukraine)
Homepage: www.enamine.net

=

L Supporting information for this article is available on the WWW under
https://doi.org/10.1002/chem.202301650
© © 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH
GmbH. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and re-
production in any medium, provided the original work is properly cited.

Chem. Eur. J. 2023, €202301650 (1 of 8)

oxidation, and cycloaddition reactions. With aryl-substituted
alkynyl boronates, the products of double [2+ 2] cycloaddition
were obtained predominantly. Using the developed protocol, a
cyclobutene-derived analogue of Thalidomide was prepared in
one step. Mechanistic studies supported the participation of the
triplet-excited state maleimides and ground state alkynyl
boronates in the key step of the process.

[20]

chemical and functionalization

| [18,21,22]

rigidity,
potentia

Cyclobutane-derived boronates and their preparation are
broadly described in the literature**? On the contrary, the
synthesis of cyclobutene-derived boronates and their applica-
tions are very scarce. Thus, lithiation of iodo- (1a)*? or
bromocyclobutene (1b)***! and subsequent treatment with
trialkoxy borates resulted in ionic boronate 2a’ or in
neopentyl-protected boronate 2b after transesterification,***
respectively (Scheme 1, A). The same strategy was used to
prepare the simplest cyclobutene derivative 2¢, albeit with
moderate overall yield.*? Miyaura-type alkenyl triflate boryla-
tion was used for the preparation of boronates 3a and 3b
(Scheme 1, B).'" In addition, formation of the cyclobutenyl
boronate core was observed as a side product in the reaction of
boronate 4a with Fischer carbene complex 5 (Scheme 1, ).l
Surprisingly, the construction of the four-membered ring
through photoinduced or transition metal-catalyzed [2+ 2]
cycloaddition™®>? commonly used in the cyclobutane
series®™¥ has been virtually unexplored for the boronate-
bearing substrates. A unique example of such a transformation
is the reaction of cyclopropylethynyl boronate 4b with ethylene
in the presence of a Co(l)-based catalyst, leading to disubsti-
tuted cyclobutene 6 (Scheme 1, D).

Based on this lack of precedence and our previous
experience on photocycloaddition of alkenylboronates,”*”
alongside with other reports of this transformation,”” we
decided to develop a photomediated [2+2] cycloaddition of
diversely substituted alkynyl boronates and alkenes as a
promising approach for the synthesis of polysubstituted cyclo-
butenyl boronates. Considering the well-established activity of
maleimides  in  photochemical [2+2]  cycloaddition
reactions,***” we choose them as the alkene partner for this
study. Herein, we describe the scope of this transformation and
its tolerance to various functional groups (including unpro-
tected amino, hydroxy, and carboxylic groups), as well as the
scalability of the developed protocol. An effect of the
substituent at the B-atom of the alkynyl boronate on the
reaction outcome, as well as a speculative mechanistic pathway
are also discussed.

stability,
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A. Metallation-borylation Seque';:e M " Table 1. Screening of reaction conditions for the synthesis of cyclobutene-
o+
ev/Me Li e  Me derived boronate 8a.
o o Me o O&Me
R X R' B Rl By’ R' B-g Me Me. Me '\,Ge Me
B(OR); No Me Me BPin O 0 N
_— /( or or o Me ' e} o}
n-BuLi or t-BuLi N —
Me™ “Me B O, oéQso . BPin 4
R = Alkyl, Aryl 2a, 23-96% 2';’- 5473’5 2, ;‘f;ﬁ’ / l,  350nm 07 70
U
X =1 (1a), Br (1b) over2steps '€l 44 ret H 005 M Me 0=\ So O N0
_____________________________ ref43 0.05 mmol  0.06 mmol Mo Me
B. Miyaura borylation Me Me 4c 7a 8a 9a/9'a 10a
Me
Q M Entry Solvent Additive® 8a:9a:10a” Conversion
o] B- e 9
(o] of 4c, %
KHMDS  BaPinz :‘— R? = R® = CO,iPr, 3a,
) PhNTf, PdCly(dppf) 14% over 2 steps 1 CH,CN P (10%) 24:16:13 53
R R? R2 = CO,Me, R® = H, 3b
3 3 3ab 20 T T 2 CH;CN TX (10%) 28:15:16 54
R R f’19 used without isolation
_________________________________________ e . 3 CH,Cl, X (10%) 41:17:14 100
C. Carbene a:ﬂd,'t,'on Me MeM 49 CH,Cl, TX (10%) 78:6:14 31
e e
OJ&M; OMe Me, Me % J e 5 n-hexane  TX (10%) 85:1:11 100
R -
P Beg’“Me * @cmcms Meﬁ 6 CH,Cl, IrdFppy); (5%)  90:0:5 100
Me OMe
Me/ O ph [a] BP =benzophenone, TX =thioxanthone. [b] The ratio was determined
Me 4a 5 73% from 'HNMR spectra using 1,3,5-trimethoxybenzene as the standard.
ref. 46, 47 [c] 3 equiv. of alkyne were used. [d] 440 nm irradiation wavelength.
D. Co(l)-catalyzed [2+2] cycloaddition BAF4
Me
M/egge MeMe Me
o] Me 0 >
P é\o Me Z B-g Me h Féth amount of alkynylboronate 4c to three-fold excess (Entry 4) or
: o— . . .
V/ catalyst F£Ph2 using n-hexane as a reaction solvent (Entry5) the desired
b 6, 92% product 8a was obtained in 78 and 85 % vyield, with only 14 and
777777777777777777777777777777777777 refsa camlst 11% of side product 104, respectively. The observed selectivity
E. This work - photochemial 2+2] oycloadtion, enhancement could be rationalized by the poor solubility of
Me 9 MeMe . X . cyclobutene 8a in n-hexane, preventing the second cyclo-
M - o -
OJ&:ﬂe (?B&Me Me addition to happen. In addition, we have checked the utility of
' = -0 . . . .
B e OAO hY B/OIMG visible light photocatalysts as promotors of the reaction. Using
+ - N . o ge .
o/ N o o Mg"e Ir(dFppy); and 440 nm irradiation the desired product 8a was
o (¢} obtained in o ield wi minimum amounts o
4 7 07 o N btained in 90% NMR yield with ts of
| . . .
byproduct 9a and full conversion of maleimide 7a (Entry 6).
@ and () = H, Alkyl, Aryl 8 9

However, further experiments (Table S14 in Supporting Informa-
Scheme 1. (A-C) Previously reported synthesis of cyclobuteneboronates. (D) tion) revealed slow conversion rate under visible light irradi-
Single reported example of [2+2] cycloaddition of alkynyl boronates. (£) ation and enhanced instability of the alkynyl boronates 4a in
Photochemical [2+2] cycloaddition studied in this work. the presence of metal-based catalysts, so we turn our attention
back to the UV - promoted cycloaddition.
With the optimized conditions in hands, we examined the
Results and Discussion scope of the method (Scheme 2). To our delight, the developed
protocol was effective for a wide series of substituted
Synthesis: We started our study with the model reaction of = maleimides, including unsubstituted (7 b), N-alkyl- (7 a,c) and N-
parent alkynyl boronate 4c with N-methyl maleimide 7a  arylmaleimides (7d,e) to give cyclobutenes 8b, 8a,c and 8d,e.
(Table 1). Initially, we investigated conditions used for analo-  Notably, a N-aryl substituent at the maleimide slowed down the
gous transformation of alkenyl boronates (1:1 molar ratio of  reaction, which is in agreement with the previous studies on
the reagents, benzophenone as the photosensitizer, MeCN as  the [2+2] cycloaddition of maleimides.*’***”) Moreover, the
the solvent, irradiation in a Rayonet® reactor (A, =350 nm), rt,  reaction was successful in the presence of an ester group (8f)
24 h) (Entry 1).*9 |n that case, a mixture of the desired or N-Boc protected amine (8g) and tolerated a free alcohol
cyclobutene 8a (24% NMR yield), double cycloaddition product (8 h), a carboxylic acid (8i), or a protonated amine (8j).
9a (16% NMR yield), and maleimide dimer 10a (13% NMR The scope of alkynyl components of the reaction was
yield) alongside with considerable amounts of starting alkyne  further explored using synthetically valuable N-benzyl malei-
4c (20% of the starting amount) was obtained. Thioxanthone  mide 7c as the model substrate. In this case, the reaction
led to a similar result (Entry 2), but the product purification was  proceeded smoothly with alkyl- (4d,a), cycloalkyl- (4b) and
simplified, as benzophenone was difficult to separate from the  TMS-substituted (4e) alkynyl boronates to give products 8ca-
reaction product. In contrary, changing the solvent to CH,Cl, cd. In addition, the reaction tolerated halogen (8 ce) and nitrile
improved the yield (to 41%, Entry 3). Finally, increasing the  (8cf) groups and also worked for protected propargylic
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(relative configurations

M are shown) Method A:
Me Me 6 Me ' lil alkyne 4: maleimide 7 = 1:1
e>SLMe Me 0§/ =0 O ""~\&=0 n-hexane
—_— Me zF Me 7 Me
QB d Me o 4&0 TX (10%), 350 nm B‘ E;,o Me H B,o Me Method B:
— + N > + . imi -3
h 0.05M o Me o Me alkyne 4: maleimide 7 = 3:1
4 12h Me ia Me CHCl,
(0] [ Ntae}
N N Method C:
alkyne-BF 3K : maleimide 7¢ = 1:1
4a-u 7a-k 8a-k, 8ca—ch, 9a-d 9'a—d acetone
8ab
Maleimide N-substitution Functional group tolerance
BPin BPin BPin ﬂPm ﬂBPm BPin ﬂBPin ﬂBPin BPin BPin
070 O fL N N O 07N O (SN O™ "0 07O
' y
Me
o0 d &/ 5
M o NHB OH NH3*CF3CO,~
e\n/ oc Ho X0 3"CF3CO;
8a, 70%, 8b, 42%, 8¢, 71%, 8d, 40%, 8e, 35%, o 8f, 65%, 89, 50%, 8h, 60%, 8i, 72%, 8j, 51%,
Method A Method A Method A Method B Method B Method A Method A Method A Method B Method B
Me
Alkynyl boronate C-substitution
0]
Me e\ Me XX
BPin BPin BPin 7 Si BPin BPin BPin O BPin 0N BPin
H .
,?‘ (0] (0] ,}l (¢] O ,?‘ O
Bn Bn Bn
8ca, 45%, 8cb, 56%, 8cc, 40%, 8cd, 44%, 8ce, 45%, 8cf, 43%, 8cg, 40%, 8ch, 60% (NMR),
Method A Method A Method A Method A Method A Method A Method A Method B
Maleimide C-substitution Trifluoroborate Aryl-substituted boronates
BPin BPin o Fi‘” *?” R=H, 9 and 9'a, 65%
F\B_,F ov \40 ov =0 4-F, 9b and 9'b, 70%
Mer: Me e L[ Me e K 5 3,5-diF, 9¢ and 9'c, 63%
o 00 o in / \ Bpin 2-Me, 9d and 9'd, 43%
N N O N Bin -+ X 4-OMe, 9e and 9'e, 60%,
Bn Bn Bn o] N (9 P H instead of BPin
8k 8k’ 8m, nr. Me 0/\ Ao 4-NMey, nr. 3,5-diOMe, ..
60% ('H NMR) B” (relative configurations B
- - 8ab, 60%, 9 are shown) 9' A =
3:7 mixture of regioisomers, |
Method C a4 n.r. S nr
Method A 9:9'=1:3 s =

Scheme 2. Scope of the photochemical [2 + 2] cycloaddition (relative configurations are shown, all compounds are racemic mixtures of cis-substituted
cyclobutenes). The yields indicated are for the pure boronate isolated after recrystallization.

hydroxy- (4h) and amino-substituted (4i) boronates to give
products 8cg and 8ch. The reaction of N-benzyl maleimide
with enyne-derived boronate 4k, as well as O-TMS-protected
boronate 41 resulted in complex mixtures of products (see
Table S9 of Supporting Information).

In the case of C-substituted maleimides, the reaction of
methyl-substituted derivative 7k resulted in an inseparable
mixture of cyclobutenylboronates 8k and 8k’, while 1,2-dimeth-
yl-substituted counterpart 71 did not react at all (for more
experiments with mono and di-C-substituted maleimides see
Table S15 in Supporting Information). The reaction was not
limited to boronate esters: thus, cyclobutenyl trifluoroborate
8ab could be prepared from potassium ethynyl trifluoroborate
using slightly modified conditions (see Tables S6-8 of Support-
ing Information for more details). The scalability of the
developed protocol was demonstrated for boronate 8¢, which
gave the target product in 66 % yield on a 10 mmol scale.

Chem. Eur. J. 2023, €202301650 (3 of 8)

Unlike their alkyl-substituted counterparts, the reaction of
aryl-substituted alkynylboronates 4m-u with N-benzyl malei-
mide 7c resulted in double cycloaddition products 9a-e and
9'a-e exclusively. Variation of the reaction conditions (i.e.,
reagent ratio, solvent, photosensitizer) did not affect the
reaction outcome (see Table S11 of Supporting Information).
Furthermore, the efficiency of the cycloaddition and the side
reactions observed (i.e., deboronation or decomposition of the
starting materials) depended strongly on the nature of the
(het)aryl moiety. Thus, electron-withdrawing substituents at the
aryl moiety favored formation of the boron-containing adducts
9a-d and 9'a-d, whereas electron-rich substrates typically
underwent protodeboration or decomposition under the reac-
tion conditions. It should be noted that the second cyclo-
addition step occurred in a diastereoselective manner and gave
ca. 1:3 mixture of exo-endo and exo-exo diastereomers 9a-e
and 9’ a-e, respectively, which were easily separated by normal

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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phase column chromatography. The stereochemistry of the
pure diastereomers was confirmed by 2D NMR experiments.

To demonstrate the synthetic utility of the obtained cyclo-
adducts, several transformations were performed. Firstly, the
Suzuki reaction of boronate 8c with p-tolyl bromide under
relatively mild conditions gave cyclobutene 11a in 60% yield
(Scheme 3). The coupling could be also done in a one-pot
manner with non-purified crude [2+ 2] adducts 8c, 8m, 8cg,
and 8ch to give products 11a-d in 30-51% overall yield (see
the Supporting Information for more details). Catalytic hydro-

7 X (10 BPin (Het)ArBr (i
B-O 35( Pd(PPh3),
NaZCOQ,, o)
g o) N O THF/H,0 N
8 Bn Bn
7c 8¢, 8cg, 8ch, 1Ma-d'
8k+8k’
RF
F
7
\
=N
i (0]
| |
o Bn Bn
’}‘ © 11b, 34% yield 11c, 30% yield
Bn over 2 steps over 3 steps
from 4i from 4h
11a, 60% vyield
(for the Suzuki reaction)
or OMe
51% yield
over 2 steps 11d and 11d',
40% yield
over 2 steps,
ca. 7:3 ratio

Scheme 3. Suzuki reaction of the synthesized cyclobutene boronates.

BPin
H, (1 atm) 36% aq HCI
o) o

10% Pd/C, reflux N
0= >™\""0 MeOH, 50% Bn
|
Bn 92% 15
12
Bn
3 BPin . 2N
1. LiAH,, Bn co3
THF, 50 °C 16 T—=BPin
N 2. KHFy, o o TFA, CHuCl, 0°C 2 g
Bn MeOH/H,0 N 61% 07~ O
. 59% Bn or Bn
HO 8c LiF, DMSO, 120°C
NaBO3+3H,0 55%
o NaH,PO, 4 equiv. KHF, . o
o) N o) MeOH/H.O (relative configurations
) THF/H,O 87% 2 are shown)
Bn °
94%
14 O BFsK
o K F  NaSO,CF; BF3K
>/,, F  t-BuOOH OMDO
MeO y CuCl, NaHCO3 0= S0
07 N\ 0 MeOH/H,O 0= N\~ 0 acetone, rt !
. CH,Cl i 96% Bn
& oGl Bn
n 20% 19 and 19'
18 8cl cis : trans = 3:1

Scheme 4. Other transformations of compound 8c.
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genation of 8c yielded pure endo-isomer 12 that had been
already obtained by [2+ 2] cycloaddition of alkenyl boronates
as a minor product but was never isolated in pure form
(Scheme 4).57

Reduction of the amide groups in 8c with LiAIH, followed
by treatment with KHF, resulted in unsaturated bicyclic
boronate 13 in 59% yield. Oxidation with sodium perborate
gave cyclobutene ring opening product 14 in almost quantita-
tive yield. Refluxing overnight in concentrated hydrochloric acid
generated protodeborylated product 15 in 50% yield. [3+2]
cycloaddition of bicyclic adduct 8c with azomethine yilde
precursor 16 resulted in product 17 in 55-61% yield using
either TFA-®® or LiF-promoted” ylide generation. Treatment of
either pure or non-purified boronate 8c with KHF, provided
trifluoroborate 8cl in 87 and 71% yield (over two steps),
respectively.” The reaction of the obtained trifluoroborate 8cl
with Langlois reagent®*®"” gave product 18 resulting from
cyclobutene ring opening in 20% yield (along with 14 and its
methyl ester as the main by-products). At the same time,
addition of a freshly prepared dimethyl dioxirane (DMDO)
solution® to 8cl resulted in a partially saturated “Dewar furan”
analogue 19" containing a tricyclic system of fused three-,
four, and five-membered rings (ca. 3:1 diastereomeric mixture)
in excellent 96 % vyield.

Physicochemical and structural properties: To further
demonstrate the synthetic utility of the developed approach, a
boronate-containing cyclobutene analogue of Thalidomide
(compound 8n, mixture of diastereomers with ca. 1:1 dr) was
prepared (Figure 1, A, D). Thalidomide was first introduced as a
sedative drug and became infamous due to teratogenic
effects®™ Later, it was approved as an anticancer agent and
recently found wide application in design of proteolysis-
targeting chimeras (PROTACs)."™ Calculated physicochemical
properties®® of Thalidomide, as well as its cyclobutene- and
cyclobutane isosteric analogs showed that the latter replace-
ments should result in a considerable increase of the com-
pound’s hydrophilicity and aqueous solubility (Figure 1, B). To
compare spatial geometry of the discussed bicyclic derivatives,
they were analyzed using an exit vector plotting (EVP) tool.*”5®
This approach is based on the simulation of the substituents
attached to the scaffold as exit vectors (Figure 1, C); four
geometric parameters (distance r between the starting points of
the vectors, as well as angles ¢,, ¢,, and 0) are then introduced
to describe their relative spatial orientation. Based on the X-ray
diffraction studies of compound 8¢, as well as Thalidomide
and saturated bicyclo[3.2.0lheptane-2,4-dione derivative 21,7 it
was found that the 3,6-disubstituted azabicyclo[3.2.0]hept-6-
ene-2,4-dione scaffold and its hydrogenated counterpart (with
endo configuration, as in compound 12) have somewhat smaller
size compared to both Thalidomide derivatives (r=3.21/3.33 A
vs 3.66/4.62 A), with much better fit for the 4-substituted
representative. The angular parameters ¢/, and 6 also
demonstrate reasonable similarity of the bicyclic cyclobutene-
and cyclobutane-derived scaffold studied to 4-substituted
Thalidomide, with the largest deviations being found for the ¢,
angle values (—20° and 23°, respectively). These results show
that the prepared compounds can be considered as sp’

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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NH boft

dr~1:1 w e 8n scaffold Thalidomide
0
8n, 68% VI LogP=-1.41  LogP=-1.05  LogP=0.02
A4 Xray:} TPSA=836 A2 TPSA=83.6A% TPSA =836 A2
S LogS,, =-1.41 LogS,, =-1.41 LogS, =-2.95

C. Exit vectors: definitions

C r P
P2, /n%
(4N Q
\
) \ ny
@;f n \
0

0 - dihedral angle

N N
O (0] (0] O
NH NH NH NH
(o) (o) (e} (o}
) ) r=321A r=3.33A r=3.66A r=462A
Thal/do_mlde ‘ o1 =30° oy =29° ¢y =23° o =9°
family : 0 = 47° 72 = 90° 02 = B7° 0 =21°
0=24° 6=8° 6=18° 0=20°

Figure 1. Thalidomide and its cyclobutane-containing analogues 8 n and 21
(A, D): predicted physicochemical properties (LogP, total polar surface area
(TPSA), aqueous solubility (S,)) (B) and exit vector analysis (C, E).

enriched isosteres of 2,4-disubstituted phthalimide moiety of
Thalidomide and other related molecules.

Mechanistic studies: To propose a possible reaction mech-
anism, we performed several additional experiments. Initially,
we checked the reaction of N-benzylmaleimide 7 c with three
boronates 4¢, 4f, and 4m in the presence of triplet and radical
quenchers (Ni(acac),, oxygen, and TEMPO). In all cases, a
significant drop in the reaction yield was observed (to 0-47 %
depending on the substrate), which is in accordance with
triplet-triplet energy transfer (EnT) process and can be consid-
ered as a support for radical species participation in the reaction
pathway. Next, we tested the same transformation in the
presence of several metal-based photocatalysts. The results
were in a good agreement with triplet energies of the
corresponding catalysts and not with their redox potentials,
which made a single-electron transfer (SET) mechanistic path-
way less probable (See TableS14 and Figure S4 in the
Supporting Information). Additional UV-Vis measurements
showed neither formation of ground state electron donor-
acceptor (EDA) complexes nor exciplexes (see Figures S8 and S9
in the Supporting Information), which in combination with the
previous data suggests that the cycloaddition proceeds via the
triplet-triplet EnT from the catalyst to the substrates.*®*”7'"3

N-Alkyl maleimides are known to have a non-zero triplet
state quantum yield, which allows them to be directly excited

Chem. Eur. J. 2023, €202301650 (5 of 8)

upon irradiation with UVB and to participate in photocycloaddi-
tion reactions.*****"! |ndeed, a control experiment showed
significant conversion of the starting materials into the cyclo-
addition product 8c (46%) in the absence of the photo-
sensitizer. Finally, using a Kessil lamp (440 nm) instead of the
350 nm lamp and thioxanthone as the photosensitizer, cyclo-
butene 8c was obtained in 63% vyield. At this wavelength, no
product was observed in absence of thioxanthone (see
Table S14 in the Supporting Information). Therefore, the studied
cycloaddition starts both via the direct excitation of the
maleimide and the triplet-triplet EnT from the photosensitizer
to maleimide at 350 nm, whereas only the photosensitizer
pathway is active at 440 nm. From the synthetic point of view,
performing the reaction at 350 nm led to higher yields and
shorter reaction times.

The next step in the mechanistic pathway is the reaction of
the triplet excited state of maleimide and the ground state of
alkyne with possible formation of 1,4-biradical intermediates
22c and 22'c (Scheme 5). A TEMPO adduct with one of these
radicals was observed by LCMS during radical quenching
experiments. It is known from the literature data that a-boryl
radicals are significantly more stable as compared to their non-
borylated counterparts;” therefore, predominant formation of
intermediate 22c can be anticipated. Reactions of alkynyl
boronates 4c, 4b, and 4m with C-substituted maleimides 7k
and 7m demonstrated that the attack occurred predominantly
at the unsubstituted carbon atom, which could be attributed to
both steric effect and/or additional stabilization of the corre-
sponding radical intermediates by the methyl substituent (see
Table S14 in the Supporting Information for more details).

Finally, we assume that the different reactivity of aryl-
substituted alkynyl boronates in the photochemical [2+ 2]
cycloaddition with maleimides could be rationalized by a
lowered LUMO energy of the double bond in the corresponding
cyclobutene intermediate due to additional conjugation with
aromatic substituent” or stabilization of the corresponding
1,4-biradical intermediates 23" due to the formation of benzylic
radical species, resulting in an efficient second cycloaddition in
this class of substrates.”®

Based on the aforementioned results, we proposed a
plausible mechanism of the observed transformations which is
summarized in Scheme 6. Firstly, a triplet state of maleimide 7
is formed via triplet-triplet EnT process from the excited-state
photosensitizer to maleimide 7. A direct excitation of substrate
7 is also possible, but less efficient. Next, triplet-state maleimide
[7]* reacts with alkynyl boronate 4 with formation of 1,4-
biradical intermediate 22. The latter intermediate undergoes
intersystem crossing (ISC) and radical recombination giving

7c
22c¢, major

22'c, minor 8c

Scheme 5. Formation of 1,4-biradical intermediates 22 c and 22'c.
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Scheme 6. Plausible reaction mechanism (ISC - intersystem crossing).

cyclobutene boronate 8. In the case of aryl-substituted alkynyl
boronates, product 8 reacts with excited-state maleimide *[7]*
in an analogous manner via 1,4-biradical intermediate 23 and/
or 23’ to give double cycloaddition product 9.

Conclusions

The photochemical [2 + 2] cycloaddition of the parent and alkyl-
substituted alkynyl boronates is a very efficient synthetic
approach to access cyclobutene-derived boronates, which was
demonstrated for the reactions with various maleimides. The
method shows excellent compatibility with numerous func-
tional groups and is amenable for scale-up (up to 10 mmol in a
single run). The nature of the substituents directly attached to
the reaction centers affects strongly the reaction outcome.
Thus, C-substitution of the maleimide component precludes
initial reaction at this center, and the 3,4-disubstituted
maleimide derivative does not react at all. Meanwhile, switching
to electron-poor aryl-substituted alkynyl boronates results in a
diastereoselective (dr~3:1) double cycloaddition providing the
corresponding tetracyclic derivatives, whereas electron-rich
counterparts undergo decomposition and/or polymerization
upon the reaction conditions. Mechanistic experiments demon-
strate that the [2+2] cycloaddition proceeds through initial
excitation of the maleimide component for both alkyl- or aryl-
substituted alkynyl boronates, either through the triplet-triplet
energy transfer from the photosensitizer or directly.

The bicyclic cyclobutene-derived boronates obtained can
undergo typical reactions of alkenyl boronates, including Suzuki
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reaction (also in one-pot two-step version), catalytic and
hydride reduction, epoxidation, and transformation into trifluor-
oborates. The utility of the method was demonstrated by the
preparation of a cyclobutene-derived analog of Talidomide, an
anticancer drug that recently gained much attention in design
of PROTAGs. Analysis of predicted physicochemical and struc-
tural properties of these derivatives revealed potential of the
azabicyclo[3.2.0]hept-6-ene-2,4-dione scaffold for isosteric re-
placements in medicinal chemistry.

Experimental section

Synthesis of cyclobutenyl boronate 8¢

A suspension of maleimide 7c (18.7 mg, 0.100 mmol, 1 equiv.),
alkynyl boronate 4c (15.2 mg, 0.100 mmol, 1 equiv.), and thioxan-
thone (2.1 mg, 0.010 mmol, 0.1 equiv.) in n-hexane (2 mL) was
placed into a glass tube, closed with rubber septum and degassed
by three vacuum pumping-nitrogen purge cycles. The resulting
solution was irradiated in a Rayonet® reactor (A,.,=350 nm) placed
at a 3 cm distance from the vessel (see Photos S1 and S2 for the
experimental setup) at rt for 12 h. The precipitate (maleimide dimer
10b) was filtered off, and the filtrate was evaporated in vacuo. The
crude material was dissolved in minimal amounts of pentane (1-
2mL) and stored in refrigerator for 24 h. The precipitate was
decanted, washed with cold pentane (3x1 mL) and dried under air
to give product 8c (23.6 mg, 0.0710 mmol, 71% yield) as white
amorphous solid.

'HNMR (400 MHz, CDCly) & 7.33-7.19 (m, 5H, ArH), 6.99 (d, J=
0.8 Hz, 1H, CH), 4.54 (s, 2H, CH,), 3.88-3.57 (m, 2H, 2xCH), 1.20 (s,
12H, CH;). PCNMR (101 MHz, CDCl;) & 174.2, 173.8, 152.4, 135.9,
128.6, 127.8, 84.4, 485, 47.6, 42.2, 24.8, 24.6 (carbon signals of
phenyl ring are not fully resolved). IR (Vpae cm™') 2979 (w), 2930
(w), 1768 (w), 1704 (s), 1601 (w), 1386 (m), 1340 (s), 1163 (m), 1140
(m), 853 (m). HRMS (ESI/QTOF) m/z: [M+Na]* Caled for
CyoH,,BNNaO,* 362.1534; Found 362.1541.

The authors have cited additional references within the Supporting
Information.”’** Raw NMR data is available free of charge from
zenodo.org: https://doi.org/10.5281/zen0d0.8099632.
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General

The solvents were purified according to the standard procedures.M Starting materials were
obtained from commercial sources. UV photochemical transformations were performed using
commercially available Rayonet® RPR-100 photochemical reactor with installed RPR-3500A
lamps. Visible light photochemical transformations were performed using commercially
available Kessil® PR160L-440 nm lamps. *H, 1B, *3C, and °F NMR spectra were recorded on
NMR spectrometers at 600 MHz for protons, 151 MHz for carbon-13 or at 400 MHz for protons,
128 MHz for boron-11, 101 MHz for carbon-13, and 376 MHz for fluorine-19. Chemical shifts
are reported in parts per million (ppm) downfield from tetramethylsilane (TMS) as internal
standards. Coupling constants (J) are given in Hz. Spectra are reported as follows: chemical
shift (5, ppm), multiplicity, integration, and coupling constants (Hz). Preparative flash
chromatography was performed using SiliaFlash® Irregular Silica Gel P60, 40—-63 pum, 60 A
(R12030B) as the stationary phase. High-performance liquid chromatography (HPLC)
purification was performed using XBridge® Prep C18 column (5 um particle size, 130 A pore
size, 150 x 19 column size (length x inner diameter)). High resolution mass spectroscopy
(HRMS) was performed on Waters XEVO G2-S QTOF instrument (electrospray ionization
(ESI) or atmospheric pressure chemical ionization (APCI)) and Orbitrap Exploris™ 240 Mass
Spectrometer (soft ionization by chemical reaction in transfer (SICRIT)). Infrared spectra (IR)
were measured on JASCO (FT/IR-4100) Fourier Transform Infrared Spectrometer.
Fluorescence excitation and emission spectra were collected using a Cary Eclipse
fluorescence spectrometer (Agilent) with a 150 W xenon lamp as excitation source and a 3-
nm bandpass filter for excitation and emission. All fluorescence samples were measured in 4-
mm path-length quartz cuvettes (Starna). CCDC contain the supporting crystallographic data
for this paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre viawww.ccdc.cam.ac.uk/data_request/cif.
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Table S1. Structures of starting materials 4 and 7
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Synthesis of starting materials

Maleimides 7a,b,d were obtained from Sigma-Aldrich and used without additional purification.
Alkynyl boronates 4a—u and maleimides 7c,e—lI were prepared according to literature
procedures. Yields of the obtained products and corresponding spectra are in full accordance
with previously reported data. Previously unknown substrates 4g, 4i, 40 and 4s were obtained
using the following procedure.

Preparation of alkynylboronates 4

To a solution of the corresponding acetylene derivative (1.2 equiv, 6 mmol) in THF (0.6 M) at
—78 °C under an argon atmosphere, n-BuLi was added dropwise (1.2 equiv, 1.6 M in hexanes,
6 mmol). The reaction was stirred for 1 h. Then, the resulting mixture was added using a
cannula to a solution of 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (1 equiv, 5
mmol) in THF (0.5 M) under an argon atmosphere at —78 °C. After being stirred for 2 h, the
reaction mixture was quenched with 2.0 M HCI-Et,O (3.15 mL, 1.26 equiv, 6.3 mmol), and the
mixture was warmed at rt with an additional 1 h of stirring. The solvent was evaporated under
vacuum and pentane (10 mL) was added to the residue to remove the lithium salts by simple
filtration. The solvent was evaporated again, affording the target product.

General note: It is known that carbons linked to the boron atom are difficult to be observed by
3C NMR due to a broadening of the signal caused by the quadrupole moment of *B nuclei.
Therefore, they are not listed in the characterization data.

Me Me
Me

\
B—g Me

Me 47

Me  Me
Me Me
Me

Me

4a. Yellow waxy solid. 0.786 g, 3.78 mmol, 63% vyield. H
NMR (500 MHz, CDCls) 6 = 1.33 (s, 9H, CH3), 1.01 (s, 12H,
CHs). *C NMR (125 MHz, CDCl3) & = 101.9 (br), 84.1, 28.3,
21.9, 19.8. The NMR spectra are consistent with literature
data.”? HRMS (Sicrit plasma/LTQ-Orbitrap) m/z: [M + H]*
Calcd for C12H2,BO,*: 209.1707; Found: 209.1706.

4b. Yellow waxy solid. 0.829 g, 4.32 mmol, 72% vyield. 'H
NMR (400 MHz, CDCl3) & = 1.26 (m, 13H, CHs and CH), 0.79-
0.83 (m, 4H, 2xCH,). *C NMR (101 MHz, CDCls) & = 107.9
(br), 83.8, 24.5, 8.7. The NMR spectra are consistent with
literature data.®! HRMS (Sicrit plasma/LTQ-Orbitrap) m/z: [M
+ H]* Calcd for C11H1BO>*: 193.1394; Found: 193.1392.

4c. Compound was prepared according to a reported
procedure by Miura.™

!H NMR (400 MHz, CDCls) 6 = 1.28 (s, 12H, CHa), 2.48 (s,
1H, CH). 13C NMR (150 MHz, CDCls): d = 24.6, 57.2, 84.5,
90.1 (br). The NMR spectra are consistent with literature
data.®® HRMS (Sicrit plasma/LTQ-Orbitrap) m/z: [M + H]*
Calcd for CgH14BO,*: 153.1081; Found: 153.1080.

4d. Colorless oil. 0.698 g, 3.60 mmol, 60% yield. *H NMR
(400 MHz, CDCl3) 8 =2.20 (t, J=7.1 Hz, 2H, CH,), 1.53 (sept,
J=7.2 Hz, 2H, CHy), 1.24 (s, 12H, CH3), 0.95 (t, J = 7.4 Hz,
3H, CHs). *C NMR (101 MHz, CDCls) & = 104.7 (br), 83.8,
24.5, 21.4, 21.3, 13.3. The NMR spectra are consistent with
literature data.l®! HRMS (Sicrit plasma/LTQ-Orbitrap) m/z: [M
+ HJ* Calcd for C11H20BO,*: 195.1551; Found: 195.1554.
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4e. Yellowish oil. 1.06 g, 4.74 mmol, 79% yield. 'H NMR (400
MHz, CDCls): & = 1.22 (s, 12H, CHs), 0.13 (s, 9H, CHs). 13C
NMR (101 MHz, CDCls): 6 = 111.0 (br), 84.2, 24.5, -0.7. The
NMR spectra are consistent with literature data.®! HRMS
(Sicrit plasma/LTQ-Orbitrap) m/z: [M + H]* Calcd for
C11H22BO,Si*: 225.1477; Found: 225.1478.

4f. Yellow liquid. 0.807 g, 3.54 mmol, 59% yield. *H NMR (500
MHz, CDCls): 6 =3.61 (t, J = 6.5 Hz, 2H, CH,), 2.43 (t, J=6.5
Hz, 2H, CHy), 1.95 (p, J = 6.5 Hz, 2H, CHy), 1.24 (s, 12H,
CHs). 3C NMR (126 MHz, CDCls): & 102.8 (br), 84.3, 43.6,
31.0, 248, 17.1. The NMR spectra are consistent with
literature data.[! HRMS (Sicrit plasma/LTQ-Orbitrap) m/z: [M
+ H]* Calcd for C11H19BCIO,*: 229.1161; Found: 229.1159.

4qg. Yellow oil. 2.73 g, 9.35 mmol, 75% purity (25% starting
alkyne), 78% vyield. Yellow waxy solid. g, mmol, % yield. 'H
NMR (400 MHz, CDCl3) & = 2.50 (t, J = 7.2 Hz, 2H, CH,), 2.44
(t, J = 6.7 Hz, 2H, CHy), 1.88 (quint, J = 7.0 Hz, 2H, CH>), 1.26
(s, 12H Hz, CHs). 3C NMR (101 MHz, CDCls) 6 118.9, 101.4,
84.3, 18.6, 16.2 (signals of BPin carbons could not be
unambiguously extracted due to overlapping with impurities).
IR (Vmax, cmt) 3404 (w), 2981 (m), 2942 (w), 2880 (w), 2251
(w), 2212 (w), 1519 (m), 1477 (s), 1456 (s), 1383 (s), 1341
(s), 1274 (w), 1217 (w), 1145 (s), 1051 (w), 983 (m), 853 (m).
HRMS (Sicrit plasma/LTQ-Orbitrap) m/z: [M + H]* Calcd for
C12H1sBNNaO,* 242.1323; Found 242.1324.

4h. Yellowish viscous oil. 0.845 g, 3.18 mmol, 53% yield. 'H
NMR (400 MHz, CDCl3) 8 =4.81 (t, J = 3.2 Hz, 1H, CH), 4.28
(d, J = 3.2 Hz, 2H, CHy), 3.83-3.77 (m, 1H, CH>), 3.54-3.48
(m, 1H, CHy), 1.84-1.70 (m, 2H, CH>), 1.69-1.48 (m, 2H, CH>),
1.26 (s, 12H, CHgs); 13C NMR (101 MHz, CDCls) 6 = 98.9, 96.5,
84.3,61.8,54.1, 30.1, 25.3, 24.6, 18.9. The NMR spectra are
consistent with literature data.l!l HRMS (Sicrit plasma/LTQ-
Orbitrap) m/z: [M + H]* Calcd for Ci14H24BO4*: 267.1762;
Found: 267.1764.

4i. Yellow waxy solid. 1.20 g, 3.44 mmol, 100% purity
(recrystallization from heptane, 10 mL), 57% vyield. Yellow
waxy solid. g, mmol, % yield. *H NMR (400 MHz, CDCls) 8 =
7.70 (d, J =8.3 Hz, 2H, ArH), 7.30 (d, J = 8.0 Hz, 2H, ArH),
4.05 (s, 2H, CHy), 2.81 (s, 3H, CHs), 2.42 (s, 3H, CHs), 1.23
(s, 12H, CHs). 13C NMR (101 MHz, CDCls) & = 143.6, 133.9,
129.6, 128.0, 84.4, 40.5, 34.6, 24.6, 21.6.IR (Vmax, cm) 2981
(w), 2883 (w), 2216 (w), 1698 (m), 1381 (m), 1337 (s), 1164
(s), 1142 (m), 983 (w), 919 (m), 854 (w), 748 (m). HRMS
(Sicrit plasma/LTQ-Orbitrap) m/z: [M + H]* Calcd for
C17H24BNNaO4S* 372.1411; Found 372.1412.
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4j. Yellow oil. 0.533 g, 2.10 mmol, 35% yield. *H NMR (400
MHz, CDCls) 8 = 5.29 (s, 1H, CH), 3.73 (dg, J = 7.1, 9.5 Hz,
2H, CHy), 3.64 (dg, J = 7.1, 9.5 Hz, 2H, CHy), 1.27 (s, 12H,
CHs), 1.22 (t, J=7.1 Hz, 6H, CHs). 3C NMR (101 MHz,
CDCIz) 6 =96.4 (br), 91.1, 84.5, 83.0, 61.1, 24.6, 24.5, 15.0.
The NMR spectra are consistent with literature data.[®» HRMS
(Sicrit plasma/LTQ-Orbitrap) m/z: [M + H]* Calcd for
Ci3H24BO4*: 255.1762; Found: 255.1763.

4k. Yellow liquid. 0.932 g, 4.02 mmol, 67% yield. *H NMR
(400 MHz, CDCls) & = 6.30 (m, 1H, CH), 2.08-2.13 (m, 4H,
CH2), 1.54-1.62 (m, 4H, CHy), 1.27 (s, 12H, CHzs). 3C NMR
(101 MHz, CDCl3) & = 139.1, 120.3, 104.3 (br), 84.3, 28.8,
26.0, 24.9, 22.3, 21.5. The NMR spectra are consistent with
literature data.l®8 HRMS (Sicrit plasma/LTQ-Orbitrap) m/z: [M
+ HJ* Calcd for C14H22BO,*: 233.1707; Found: 233.1707.

41. Colorless oil. 0.402 g, 1.50 mmol, 25% yield. *H NMR (500
MHz, C¢Dg): & = 3.50 (t, 2H, J = 7.0 Hz, CH>), 2.28 (t, 2H, J =
7.0 Hz, CHy), 0.98 (s, 12H, CHs), 0.01 (s, 9H, CHs). 13C NMR
(126 MHz, C¢Dg): & = 101.4 (br), 83.7, 61.1, 24.7, 24.2, -0.4.
The NMR spectra are consistent with literature data.l’’! HRMS
(Sicrit plasma/LTQ-Orbitrap) m/z: [M + H]* Calcd for
C13H26BO3Si*: 269.1739; Found: 269.1741.

4m. Colorless waxy solid. 0.985 g, 4.32 mmol, 72% vyield. *H
NMR (400 MHz, CDCls) & = 7.52-7.54 (m, 2H, ArH), 7.29-7.38
(m, 3H, ArH), 1.32 (s, 12H, CHs). 3C NMR (101 MHz, CDCl5)
0 = 132.6, 129.4, 128.3, 121.9, 101.8 (br), 84.4, 24.7. The
NMR spectra are consistent with literature data.®! HRMS
(Sicrit plasma/LTQ-Orbitrap) m/z: [M + H]* Calcd for
Ci14H1sBO2*: 229.1324; Found: 229.1325.

4n. Yellow oil. 1.03 g, 4.20 mmol, 70% yield. *H NMR (400
MHz, CDCI3) 6 = 7.51 (m, 2H, ArH), 7.0 (t, J = 8.7 Hz, 2H,
ArH), 1.32 (s, 12H, CHs). 13C NMR (101 MHz, CDCls): & =
24.7,84.5, 100.7 (br), 115.7 (d, J = 22.2 Hz), 118.0, 134.6 (d,
J=8.5Hz), 161.9, 163.2 (d, J = 252.1 Hz). The NMR spectra
are consistent with literature data.®® HRMS (Sicrit
plasma/LTQ-Orbitrap) m/z: [M + H]* Calcd for C14H17BFO;™:
247.1300; Found: 247.1301.

40. Yellow waxy solid. 1.61 g, 3.03 mmol, 70% purity, 71%
yield. g, mmol, % yield. *H NMR (400 MHz, CDCl3) 6 = 7.11
—6.94 (m, 2H, ArH), 6.87 — 6.75 (m, 1H, ArH), 1.31 (s, 12H,
CHj3). 3C NMR (101 MHz, CDCl3) & = 162.6 (d, J = 249.5),
161.2 (d, J =249.1), 124.5 (t, J = 11.6), 115.4 (dd, J =19.5,
7.3), 105.7 (t, J = 25.3), 98.7, 84.7, 24.7. *°F NMR (376 MHz,
CDCl3z) 6 =-109.1 — -109.2 (m). IR (Vmax, cm™*) 2981 (m), 2935
(w), 2207 (m), 1617 (m), 1588 (m), 1476 (m), 1459 (m), 1371
(s), 1325 (s), 1295 (s), 1141 (s), 988 (m), 856 (s). HRMS
(Sicrit plasma/LTQ-Orbitrap) m/z: [M + H]* Calcd for
C14H168F202+ 265.1206; Found 265.1207.
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4p. Yellowish waxy solid. 0.958 g, 3.96 mmol, 66% yield. *H
NMR (400 MHz, CDClz) & = 7.50 (d, J = 7.6 Hz, 1H, ArH),
7.27-7.23 (m, 1H, ArH), 7.19-7.10 (m, 2H, ArH), 2.48 (s, 3H,
CHs), 1.33 (s, 12H, CHas). 3C NMR (101 MHz, CDCls) 6 =
141.1, 132.9, 129.3, 129.2, 125.3, 121.6, 100.5 (br), 84.2,
24.7, 20.7. The NMR spectra are consistent with literature
data.®l HRMS (Sicrit plasma/LTQ-Orbitrap) m/z: [M + H]*
Calcd for C1sH20BO,*: 243.1551; Found: 243.1550.

4q. Orange waxy solid. 0.758 g, 2.94 mmol, 49% yield. H
NMR (400 MHz, CDCls) & = 7.47 (d, J = 8.9 Hz, 2H, ArH), 6.82
(d, J=8.8 Hz, 2H, ArH), 3.80 (s, 3H, CHs), 1.31 (s, 12H, CHj).
13C NMR (101 MHz, CDCls) 6 = 24.8, 55.4, 84.4, 102.3 (br),
114.1, 133.7, 134.4, 160.6. The NMR spectra are consistent
with literature data.?8l HRMS (Sicrit plasma/LTQ-Orbitrap)
m/z: [M + H]* Calcd for CisH20BOs*: 259.1500; Found:
259.1498.

4r. Brownish waxy solid. 0.731 g, 2.70 mmol, 45% vyield. ‘H
NMR (400 MHz, CDCl3z) & = 7.40 (d, J = 9.06 Hz, 2H, ArH),
6.58 (d, J =9.06 Hz, 2H, ArH), 2.96 (s, 6H, CH3), 1.30 (s, 12H,
CHs). 13C NMR (101 MHz, CDCls) & = 150.7, 133.9, 111.3,
108.0, 103.9 (br), 84.0, 39.9, 24.6. The NMR spectra are
consistent with literature data.’! HRMS (Sicrit plasma/LTQ-
Orbitrap) m/z: [M + H]* Calcd for Ci6H23BNO,*: 272.1816;
Found: 272.1818.

4s. Yellow waxy solid. 1.19 g, 2.88 mmol, 80% purity, 60%
yield. g, mmol, % yield. *H NMR (400 MHz, CDCl3) d = 6.72
(d, J=2.3, 2H, ArH), 6.50 (t, J = 2.3, 1H, ArH), 3.78 (s, 6H,
CHj3), 1.35 (s, 12H, CHs). *C NMR (101 MHz, CDCl3) 8 =
160.4, 123.1, 110.2, 103.1, 101.7, 84.5, 55.4, 24.7. IR (Vmax,
cmt) 2979 (m), 2938 (w), 2197 (m), 1591 (s), 1458 (s), 1372
(m), 1323 (s), 1292 (s), 1206 (s), 1141 (s), 1063 (m), 981 (m),
852 (m). HRMS (Sicrit plasma/LTQ-Orbitrap) m/z: [M + H]*
Calcd for C16H22BO4* 269.1606; Found 269.1608.

4t. Brown oil. 0.519 g, 2.22 mmol, 37% yield. *H NMR (400
MHz, CDCls) & = 7.34 (d, J = 3.6 Hz, 1H, ArH), 7.30 (d, J =
5.2 Hz, 1H, ArH), 6.97 (dd, J = 5.2, 3.6 Hz, 1H, ArH), 1.32 (s,
12H, CHa); 3C NMR (101 MHz, CDCls) & = 134.4, 128.8,
126.9,121.7,84.5, 24.7. The NMR spectra are consistent with
literature data.l!l HRMS (Sicrit plasma/LTQ-Orbitrap) m/z: [M
+ H]* Calcd for C12H16B0O,S*: 235.0959; Found: 235.0957.

4u. Yellow oil. 0.576 g, 2.46 mmol, 41% yield. *H NMR (400
MHz, CDCls) 6 = 7.59 (dd, J = 3.2, 1.1 Hz, 1H, ArH), 7.24 (dd,
J=5.0, 3.1 Hz, 1H, ArH), 7.15 (dd, J = 5.1, 1.2 Hz, 1H, ArH),
1.30 (s, 12H, CHj3). 3C NMR (101 MHz, CDCl3) & = 131.7,
130.2, 125.4, 121.1, 103.4 (br), 84.4, 83.2, 24.7. The NMR
spectra are consistent with literature data.l'® HRMS (Sicrit
plasma/LTQ-Orbitrap) m/z: [M + H]* Calcd for C12H16BO,S™:
235.0959; Found: 235.0959.
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Preparation of maleimides 7

To the solution of maleic anhydride (588 mg, 6.00 mmol) in EtOAc (10 mL) corresponding amine
(6.00 mmol) was added in one portion and the reaction mixture was stirred at 80 °C for 6 h. After
cooling the reaction mixture to rt the organic solvent was evaporated under reduced pressure to
dryness. Obtained waxy residue was dissolved in AcOH (30 mL) and acetice anhydride (3 mL) was
added in one portion. The resulting solution was heated to 120 °C and kept at 120 °C for 12 h. After
cooling the reaction mixture to rt the reaction mixture was poured on crushed ice/water mixture,
and the obtained suspension was filtered. Desired product 7 was obtained after drying of the solid
on air overnight without any additional purification.
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7c. White solid. 0.897 g, 4.80 mmol, 80% yield. *H NMR (400
MHz, DMSO) & = 7.41-7.22 (m, 5H, ArH), 7.08 (s, 2H, CH>),
4.61 (s, 2H, CHy). 13C NMR (101 MHz, DMSO[De]) d = 170.5,
136.2,134.2,128.7,128.4, 127.9, 41.4. The NMR spectra are
consistent with literature data.* HRMS (ESI/QTOF) m/z: [M
+ Na]* Calcd for C11H9sNO2Na*: 210.0525; Found: 210.0526.

7e. Beige solid. 0.0.817 g, 3.12 mmol, 52% yield. 'H NMR
(600 MHz, CDCls) 5 = 6.98 (s, 2H, CH). 13C NMR (151 MHz,
CDCl3) 6 =166.9, 146.9 (ddqg, J = 165.12 12.4, 4.1 Hz), 142.3
(dtt, 3 =258.2, 13.2, 4.5 Hz) , 138.0 (br), 135.5, 106.4 (br). *°F
NMR (565 MHz, CDCls) &: -142.8 — -143.1 (m), -151.0 (t, J =
21.3 Hz), -160.6 — -161.3 (m). The NMR spectra are
consistent with literature data.l*2d HRMS (ESI/QTOF) m/z: [M
+ Na]* Calcd for C10H2FsNO2Na*: 285.9898; Found: 286.0000.

7f. Yellowish solid. 0.768 g, 4.20 mmol, 70% yield. *H NMR
(400 MHz, CDCls,) 5 = 6.71 (s, 2 H, CH), 4.22 (t, J = 5.4 Hz,
2H, CHy), 3.77 (t, J = 5.4 Hz, 2H, CH,), 2.01 (s, 3H, CHs). **C
NMR (CDCls, 101 MHz) & = 177.1, 170.9, 60.8, 37.9, 28.1,
20.7. The NMR spectra are consistent with literature data.*®!
HRMS (ESI/QTOF) m/z: [M + Na]* Calcd for CsHgNOsNa*:
206.0424; Found: 206.0423.

7g. Brownish solid. 0.547 g, 2.28 mmol, 38% yield. *H NMR
(400 MHz, CDCl3) & = 6.70 (s, 2H, CH), 4.82 (br s, 1H, NH),
3.59-3.70 (m, 2H, CHy), 2.23-2.37 (m, 2H, CH>), 1.38 (s, 9H,
CHjs), 3C NMR (101 MHz, CDCls) & = 170.8, 134.1, 79.4,
39.3, 37.9, 28.2. The NMR spectra are consistent with
literature data.'* HRMS (ESI/QTOF) m/z: [M + Na]* Calcd for
Ci11H16N204Na*: 263.1002; Found: 263.1002.

7h. Compound was obtained from 0.200 g of 7f by the
reported procedure.® Beige solid. 0.110 g, 0.781 mmol, 71%
yield. 'H NMR (400 MHz, DMSO) & = 7.01(s, 2H, CH), 4.78
(br s, 1H, OH), 3.46 (br s, 4H, CH,). 13C NMR (101 MHz,
DMSO) 6 = 171.1, 134.5, 57.9, 39.9. The NMR spectra are
consistent with literature data. 1511 HRMS (ESI/QTOF) m/z:
[M + NaJ* Calcd for CeéH7NO3sNa*: 164.0318; Found: 164.0317.
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7i. Colorless solid. 1.18 g, 3.72 mmol, 62% yield. *H NMR
(500 MHz, CDClI3) & = 6.69 (s, 2H, CH), 3.53 (t, J = 6.8 Hz,
2H, CHy), 2.37 (t, J = 7.1 Hz, 2H, CH,), 1.69-1.55 (m, 4H,
CH,). *C NMR (125 MHz, CDCl3) & = 179.1, 170.8, 134.0,
37.3, 33.3, 27.8, 21.7. The NMR spectra are consistent with
literature data.*1 HRMS (ESI/QTOF) m/z: [M + Na]* Calcd for
CoH11NO4Na*: 220.0580; Found: 220.0579.

7j. Compound was obtained from 0.200 g of 7g by the
reported procedure. 4 Beige solid. 0.165 g, 0.65 mmol, 78%
yield. *H NMR (400 MHz, DMSO) & = 8.04 (br s, 3H, CHs),
7.05 (s, 2H, CH), 3.66 (t, J = 5.9 Hz, 2H, CH,), 2.99 (t, J =5.8
Hz, 2H, CHy). 3C NMR (101 MHz, DMSO0) & = 171.0, 134.8,
37.5, 35.0. The NMR spectra are consistent with literature
data.*¥ HRMS (ESI/QTOF) m/z: [M]* Calcd for CsHgN2.O2*:
141.0659; Found: 141.0660.

7k. Orange oil. 0.446 g, 2.22 mmol, 37% yield. *H NMR (400
MHz, CDCI3) & = 7.35-7.24 (m, 5H, ArH), 6.33 (q, J = 1.8 Hz,
1H, CH), 4.65 (s, 2H, CH), 2.07 (d, J = 1.8 Hz, 3H, CHj3). 13C
NMR (400 MHz, CDCl3) 6=171.5,170.5, 145.7, 136.4, 128.6,
128.4, 127.7, 127.4, 41.5, 11.0. The NMR spectra are
consistent with literature data.l*®l HRMS (ESI/QTOF) m/z: [M
+ Na]* Calcd for C12H1:NO2Na*: 224.0682; Found: 224.0680.

7m. Orange oil. 0.658 g, 3.06 mmol, 51% yield. *H NMR (400
MHz, CDCls) & = 7.25-7.35 (m, 5H, ArH), 4.66 (s, 2H, CH>),
1.97 (s, 6H, CHg). ¥3C NMR (101 MHz, CDCl3) & = 171.8,
137.3,136.7, 129.3, 128.6, 128.4, 127.7, 41.5, 8.7. The NMR
spectra are consistent with literature data.*y HRMS
(ESI/QTOF) m/z: [M + Na]* Calcd for CisHisNO:Na*:
238.0838; Found: 238.0839.

7n. White solid. 0.524 g, 2.52 mmol, 42% yield. *H NMR (400
MHz, DMSO) & = 11.07 (s, 1H, NH), 7.12 (s, 2H, CH), 4.93-
4.98 (m, 1H, CH), 2.79- 2.88 (m, 1H, CH,), 2.53- 2.58 (m, 1H,
CHy), 2.36- 2.46 (M, 1H, CHy), 1.94- 1.99 (m, 1H, CHy). The
NMR spectra are consistent with literature data.? HRMS
(ESIIQTOF) m/z: [M + Na]* Calcd for CgHgN2OsNa*:
231.0376; Found: 231.0376.

General Procedure for the Preparation of Products 8 and 9

Method A. Reaction in n-hexane.

A suspension of corresponding maleimide (0.100 mmol, 1 equiv.), alkynyl boronate (0.100
mmol, 1 equiv.), and thioxanthone (2.1 mg, 0.010 mmol, 0.1 equiv.) in n-hexane (2 mL) was
placed into a glass tube, closed with rubber septum and degassed by three vacuum pumping-
nitrogen purge cycles. The resulting solution was irradiated in a Rayonet® reactor (Amax = 350
nm) placed at a 3 cm distance from the vessel (see Photos S1 and S2 for the experimental
setup) at rt for 12 h. The precipitate (maleimide dimer 10) was filtered off, and the filtrate was
evaporated in vacuo. The crude material was dissolved in minimal amounts of pentane (1-2
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mL) and stored in refrigerator for 24 h. The precipitate was decanted, washed with cold
pentane (3x1 mL) and dried under air to give product 8.

Method B.* Reaction in CH.Cl,.

A solution of the corresponding maleimide (0.100 mmol, 1 equiv.), alkynyl boronate la—o
(0.300 mmol, 3 equiv.), and thioxanthone (2.1 mg, 0.010 mmol, 0.1 equiv.) in CH2Cl; (2 mL)
was placed in a glass tube, closed with a rubber septum and degassed by three vacuum
pumping-nitrogen purge cycles. The resulting solution was irradiated in a Rayonet® reactor
(Amax = 350 nm) placed at a 3 cm distance from the vessel (see Photos S1 and S2 for the
experimental setup) at rt for 12 h. After the reaction was complete, the organic solvent was
evaporated under reduced pressure to dryness. The obtained semi-solid material was
triturated with n-hexane (5 mL), the precipitate (maleimide dimer 10) was filtered off, and the
filtrate was evaporated in vacuo. The crude product was dissolved in minimal amounts of
pentane (1-2 mL) and stored in refrigerator for 24 hrs. The precipitate was decanted, washed
with cold pentane (3x1 mL) and dried under air to give product 8.

*Method B was used for the substrates, insoluble in n-hexane, i.e., maleimides 7d,e,l,j,n and
alkynyl boronate 4i.

Method C.*

A solution of the corresponding maleimide (0.300 mmol, 3 equiv.), arylalkynyl boronate (0.100
mmol, 1 equiv.), and thioxanthone (2.1 mg, 0.010 mmol, 0.1 equiv.) in CHxCl, (6 mL) was
placed in a glass tube, closed with a rubber septum and degassed by three vacuum pumping-
nitrogen purge cycles. The resulting solution was irradiated in a Rayonet® reactor (Amax = 350
nm) placed at a 3 cm distance from the vessel (see Photos S1 and S2 for the experimental
setup) at rt for 12 h. After the reaction was complete, the organic solvent was evaporated
under reduced pressure to dryness. The obtained crude material was purified by column
chromatography using pentane/Et,O gradient (90/10 — 50/50) following by CH»Cl,/acetonitrile
gradient (100/0 — 70/30).

*Method C was used for aryl-substituted alkynyl boronates 4m-—u.

Product characterization

8a. Method A. White fluffy solid. 18.4 mg, 0.070 mmol, 70%
yield. H NMR (400 MHz, CDCls) & 7.07 (d, J = 0.8 Hz, 1H,
CH), 3.86 (d, J = 3.1 Hz, 1H, CH), 3.84 (dd, J = 3.1, 0.8 Hz,
1H, CH), 2.96 (s, 3H, CHs), 1.28 (s, 12H, CHj3). **C NMR (101
MHz, CDCI3) & 174.6, 174.3, 152.4, 84.4, 48.5, 47.5, 24.9,
24.8, 24.6. 1B NMR (128 MHz, CDCls) 6 27.20. IR (Vmax, cm™?)
2895 (w), 1768 (w), 1698 (m), 1603 (w), 1429 (w), 1377 (m),
1346 (m), 1278 (w), 1142 (w), 964 (w), 855 (w), 771 (m). HRMS
| (ESIVQTOF) m/z: [M + Na]* Calcd for CisHisBNNaOs*

Me Me

286.1221; Found 286.1229.

8b. Method A. Beige amorphous solid. 10.4 mg, 0.042 mmol,
42% vyield. *H NMR (400 MHz, CDCl3) 6 = 7.55 (s, 1H), 7.07
(s, 1H, CH), 3.96 — 3.83 (m, 1H, 2xCH), 1.28 (s, 12H, CH3).
BBC NMR (151 MHz, CDCl3) 5 =174.1,173.7,152.0, 84.5, 49.9,
48.9, 24.8, 24.6. IR (Vmax, cm™) 2979 (w), 1768 (w), 1715 (m),
1375 (w), 1341 (m), 1142 (w), 964 (w), 852 (w), 767 (w). HRMS
(ESI/QTOF) m/z: [M + Na]* Calcd for CizHisBNNaOs*
272.1065; Found 272.1071.
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8c. Method A. White amorphous solid. 23.6 mg, 0.071 mmol,
71% vyield. *H NMR (400 MHz, CDCl3) 6 7.33 — 7.19 (m, 5H,
ArH), 6.99 (d, J = 0.8 Hz, 1H. CH), 4.54 (s, 2H, CH,), 3.88 —
3.57 (m, 2H, 2xCH), 1.20 (s, 12H, CHz). 13C NMR (101 MHz,
CDCl3) 6 174.2, 173.8, 152.4, 135.9, 128.6, 127.8, 84.4, 48.5,
47.6, 42.2, 24.8, 24.6 (carbon signals of phenyl ring are not
fully resolved). IR (Vmax, cm™?) 2979 (w), 2930 (w), 1768 (w),
1704 (s), 1601 (w), 1386 (m), 1340 (s), 1163 (m), 1140 (m),
853 (m). HRMS (ESI/IQTOF) m/z: [M + Na]* Calcd for
C19H22BNNaO4* 362.1534; Found 362.1541.

Scale-up for 10 mmol of maleimide 7c. Pure product 7c was
obtained by a modified procedure. The suspension obtained
after irradiation was filtered, washed with additional amounts
of n-hexane (3x15 mL). The obtained solid was washed with
Et,O (4x15 mL). The combined ethereal solutions were
evaporated under reduced pressure and dried under air to give
pure product (2.24 g, 6.61 mmol, 66% vyield). The hexane
washings contained still some impure product. After a second
recrystallization additional amounts of 8c (0.25 g, 90% purity)
were obtained.

8ca. Method A. Beige amorphous solid. 17.1 mg, 0.045 mmaol,
45% vyield. *H NMR (400 MHz, CDCl3) & = 7.34 — 7.27 (m, 5H,
ArH), 4.62 (d, J = 14.2 Hz, 1H, HCH), 4.58 (d, J = 14.1 Hz, 1H,
HCH), 3.73 (d, J = 3.1 Hz, 1H, CH), 3.68 — 3.63 (m, 1H, CH),
2.31 (hept, J = 7.3 Hz, 2H, CH2), 1.55-1.43 (m, 2H, CH>), 1.25
(s, 12H, CHs), 0.84 (t, J=7.4 Hz, 3H, CHg). 3C NMR (101
MHz, CDCl3) 8 175.3,174.2, 168.6, 136.1, 128.6, 128.5, 127.7,
83.8,49.4,43.7,42.0, 33.2, 24.9, 24.5, 20.0, 13.7. IR (Vmax, CmM"
1) 2957 (m), 2922 (m), 2852 (w), 1744 (w), 1462 (w), 1379 (w),
1216 (w), 768 (w). HRMS (ESI/QTOF) m/z: [M + Na]* Calcd for
C22H23BNNaO4* 404.2004; Found 404.1999.

8ch. Method A. White amorphous solid. 21.2 mg, 0.056 mmol,
56% yield. *H NMR (400 MHz, CDCl3) 6 = 7.35 - 7.27 (m, 3H,
ArH), 7.24 - 7.21 (m, 2H, ArH), 4.61 (d, J = 14.2 Hz, 1H, HCH),
4.57 (d, J = 14.3, 1H, HCH), 3.60 (d, J = 3.3 Hz, 1H, CH), 3.55
(d, J=3.0 Hz, 1H, CH), 1.94 — 1.83 (m, 1H), 1.27 (s, 12H),
1.19-1.10 (m, 1H), 0.98 — 0.88 (m, 1H), 0.87 — 0.74 (m, 2H).
13C NMR (101 MHz, CDCl3) & = 175.2, 174.3, 169.5, 136.1,
128.6, 128.5, 127.7, 83.7, 47.4, 42.8, 42.1, 24.9, 24.6, 13.5,
8.0, 7.2. IR (Vmax, cmt) 2986 (w), 2959 (w), 1767 (w), 1704 (s),
1636 (w), 1427 (w), 1388 (m), 1335 (m), 1310 (w), 1170 (m),
1142 (m), 968 (w), 854 (w). HRMS (ESI/QTOF) m/z: [M +
Na]* Calcd for C2H26BNNaO4* 402.1847; Found 402.1847.
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8cc. Method A. White amorphous solid.15.8 mg, 0.040 mmol,
40% yield. *H NMR (400 MHz, CDClz) & = 7.41 — 7.10 (m, 5H,
ArH), 4.66 (d, J = 14.3 Hz, 1H, HCH), 4.61 (d, J = 14.3 Hz, 1H,
HCH), 3.78 (d, J =3.2 Hz, 1H, CH), 3.58 (d, J =3.2 Hz, 1H,
CH), 1.29 (s, 12H, CHs), 1.13 (s, 9H). 3C NMR (101 MHz,
CDCl;) 6 = 175.4, 174.8, 174.4, 136.2, 128.6, 128.5, 127.7,
84.2, 47.9, 42.8, 42.05, 35.8, 28.5, 25.0, 24.5. 'B NMR (128
MHz, CDCl3) & = 28.35 — 27.35 (m). IR (Vmax, cm™) 3022 (w),
2979 (m), 1767 (w), 1703 (s), 1630 (w), 1386 (m), 1350 (s),
1314 (m), 1216 (m), 1141 (s), 855 (m), 754 (s). HRMS
(ESI/IQTOF) m/z: [M + Na]* Calcd for CazsHzBNNaOs*
418.2160; Found 418.2165.

8cd. Method A. Yellowish glassy solid. 18.1 mg, 0.044 mmol,
44% yield. *H NMR (400 MHz, CDCl3) & = 7.33 — 7.14 (m, 5H,
ArH), 4.61 (s, 2H, CHy), 3.86 (d, J = 3.1 Hz, 1H, CH), 3.75 (d,
J =3.1Hz, 1H, CH), 1.26 (s, 12H, CH3), 0.14 (s, 9H, CHa). 13C
NMR (101 MHz, CDCls) 6 = 177.4, 176.5 (2xC), 137.9, 130.3,
130.1, 129.4, 85.9, 51.6, 50.2, 43.7, 26.7, 26.3, 0.0. IR (Vmax,
cm™) 2979 (m), 1766 (w), 1701 (s), 1580 (w), 1385 (m), 1341
(s), 1142 (m), 845 (s), 755 (m). HRMS (ESI/QTOF) m/z: [M +
Na]* Calcd for C22H30BNNaO4Si* 434.1929; Found 434.1937.

8ce. Method A. White amorphous solid. 18.7 mg, 0.045 mmol,
45% yield. *H NMR (400 MHz, CDCl3) 6 = 7.36 — 7.27 (m, 5H,
ArH), 4.63 (d, J = 14.2 Hz, 1H, HCH), 4.57 (d, J = 14.2 Hz, 1H,
HCH), 3.77 —3.70 (m, 1H), 3.67 (dd, J = 3.1, 1.5 Hz, 1H, CHy),
3.41 (id, J=6.6, 1.7 Hz, 2H, CHy), 2.50 (t, J=7.4 Hz, 2H,
CHy), 1.97 (p, J=6.9 Hz, 2H, CH,), 1.26 (s, 12H, CHs). 3C
NMR (101 MHz, CDCl3) 8 =175.0, 174.0, 166.5, 136.0, 128.6,
127.8, 84.0, 49.5, 44.1, 43.9, 42.1, 29.4, 28.7, 24.9, 24.6
(carbon signals of phenyl ring are not fully resolved). IR (Vmax,
cm) 2979 (m), 1767 (w), 1701 (s), 1642 (m), 1371 (s), 1338
(m), 1141 (s). HRMS (ESI/QTOF) m/z: [M + Na]* Calcd for
C22H27BCINNaO,4* 438.1614; Found 438.1621.

8cf. Method A. White amorphous solid. 17.4 mg, 0.043 mmol,
43% vyield. *H NMR (400 MHz, CDCls) 8 = 7.39 — 7.26 (m, 5H,
ArH), 4.66 (d, J = 14.1 Hz, 1H, HCH), 4.55 (d, J = 14.1 Hz, 1H,
HCH), 3.77 — 3.72 (m, 1H, CH), 3.69 (dd, J = 3.0, 1.5 Hz, 1H,
CH), 2.47 (h, J=8.2 Hz, 2H, CHy), 2.11 (t, J=7.2 Hz, 2H,
CHy), 1.95 — 1.73 (m, 2H, CHy), 1.27 (s, 12H, CHs). 3C NMR
(151 MHz, CDCl3)5=174.8,174.1, 165.5, 136.1, 128.8, 128.8,
128.1, 119.3, 84.3, 49.7, 44.1, 42.2, 30.3, 25.0, 24.7, 22.5,
16.5. IR (Vmax, €M) 2956 (W), 2929 (w), 2870 (W), 2211 (w),
1702 (m), 1456 (w), 1343 (m), 1170 (w), 1145 (w), 853 (w), 769
(w). HRMS (ESI/QTOF) m/z: [M + Na]* Calcd for
C23H27BN2NaO4+ 429.1956; Found 429.1963.
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8cg. Method A. White amorphous solid. 18.1 mg, 0.040
mmol, 40% yield, mixture of diastereomers. *H NMR (400
MHz, CDCls) d = 7.39 — 7.13 (m, 5H, ArH), 4.71 (t, J = 3.1 Hz,
0.5H, CH), 4.65 (t, J = 3.3 Hz, 0.5H, CH), 4.60 (s, 2H, benzylic
CHy), 4.43 (d, J = 14.3 Hz, 0.5H, HCH), 4.35 (d, J = 14.3 Hz,
0.5H,HCH), 4.19(d,J =14.1Hz,0.5H, HCH), 4.13(d,J =14.4
Hz, 0.5H, HCH), 3.92 — 3.78 (m, 2H, CH.), 3.77 — 3.69 (m, 1H,
CH), 3.56 — 3.35 (m, 1H, CH), 1.96 — 1.76 (m, 1H, aliphatic
CHy), 1.73 — 1.44 (m, 5H, aliphatic CHy), 1.26 (s, 12H, CHj3).
3C NMR (101 MHz, CDCI3) 6 =174.6,173.4 and 173.3, 163.1
and 162.8, 136.1, 128.6 and 128.5, 127.7, 98.5 and 97.9, 84.1,
63.3 and 63.0, 61.8 and 61.5, 48.5, 44.6 and 44.5, 42.1, 30.2,
25.4, 24.9, 24.6, 18.9 and 18.7. IR (Vmax, cm™) 2979 (w), 2950
(W), 1768 (w), 1704 (s), 1651 (w), 1364 (m), 1141 (m), 1033
(m), 766 (w). HRMS (ESI/QTOF) m/z: [M + Na]* Calcd for
C2sH32BNNaOs* 476.2215; Found 476.2227.

8d. Method B. White amorphous solid. 13.0 mg, 0.040 mmol,
40% vyield. *H NMR (400 MHz, CDCls) 8 = 7.58 — 7.28 (m, 5H,
ArH), 7.17 (s, 1H, CH), 4.14 — 3.82 (m, 2H, 2xCH), 1.29 (s, 6H,
CHj3), 1.28 (s, 6H, CHs). 13C NMR (101 MHz, CDCl3) 6 = 173.5,
173.3, 152.3, 132.0, 129.1, 128.6, 126.6, 84.5, 48.4, 47.4,
24.9, 24.6. IR (Vmax, cmt) 2958 (w), 2921 (w), 1717 (w), 1599
(w), 1375 (w), 1141 (w), 853 (W), 770 (w). HRMS (ESI/QTOF)
m/z: [M + Na]* Calcd for CisH20BNNaO,+ 348.1378; Found
348.1366.

8e. Method B. Beige amorphous solid. 14.6 mg, 0.035 mmol,
35% vyield. 'H NMR (400 MHz, CDCls) & = 7.14 (s, 1H, CH),
4.15 — 4.10 (m, 2H, CH), 1.29 (s, 6H, CHa), 1.28 (s, 6H, CHs)
13C NMR (151 MHz, CDCls) d = 171.4, 171.2, 152.1, 145.5 —
144.1 (m), 143.6 — 142.0 (m), 141.3 (t, J = 13.4), 137.9 (dq,
J=256.2, 12.8), 108.11 — 106.75 (m), 84.6, 48.8, 47.9, 24.8,
24.6. 1°F NMR (565 MHz, CDCl3) 6 = -142.6 (d, J = 22.5), -
143.6 (dt, J=22.3, 5.4), -151.2 (t, J=21.4), -160.83 (td,
J=22.0, 6.5), -160.94 (td, J = 22.0, 6.5). IR (Vmax, cm) 2982
(W), 1732 (s), 1522 (s), 1351 (m), 1141 (m), 1062 (w), 990 (m),
766 (m). HRMS (ESI/QTOF) m/z: [M + H]* Calcd for
C18H158F5N04+ 416.1087; Found 416.1069.

8f. Method A. Yellowish amorphous solid. 21.8 mg, 0.065
mmol, 65% yield. '"H NMR (400 MHz, CDCl;) & = 7.07 (d,
J=0.8 Hz, 1H, ArH), 4.51 — 4.07 (m, 2H, CHy), 3.92 — 3.82 (m,
2H, 2xCH), 3.74 (t, J = 5.3 Hz, 2H, CHy), 2.00 (s, 3H, CHa),
1.28 (s, 12H, 4xCHs). 3C NMR (101 MHz, CDCls) & = 174.3,
174.0, 170.8, 152.2, 84.4, 60.7, 48.4, 47.4, 37.7, 24.8, 24.6,
20.8. IR (Vmax, cMY) 2980 (w), 1703 (s), 1387 (m), 1346 (m),
1232 (m), 1141 (m), 767 (w). HRMS (ESI/QTOF) m/z: [M +
Na]* Calcd for C16H22BNNaOe*™ 358.1432; Found 358.1444.
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8g. Method A. Yellowish amorphous solid. 19.6 mg, 0.050
mmol, 50% yield. *H NMR (400 MHz, CDCl3) & = 7.06 (s, 1H,
CH), 4.79 (s, 1H, NH), 3.87 — 3.84 (m, 2H, 2xCH), 3.61 (t,
J=5.6 Hz, 2H, CHy), 3.42 — 3.23 (m, 2H, CHy), 1.41 (s, 9H,
3xCHs), 1.28 (s, 12H, 4xCHs). 13C NMR (151 MHz, CDCl3) 8 =
180.8, 174.7,174.3, 155.9, 152.3, 84.3, 79.3, 48.4, 47.4, 39.1,
38.5, 28.3, 24.8, 24.5. IR (Vimax, cm'Y) 2979 (W), 2942 (w), 1700
(s), 1393 (m), 1342 (m), 1167 (m), 752 (s). HRMS (ESI/QTOF)
m/z: [M + Na]* Calcd for CigH290BN2NaOs* 415.2011; Found
415.2018.

8h. Method A. Yellowish glassy solid. 17.6 mg, 0.060 mmol,
60% vyield. *H NMR (400 MHz, CDCl3) 6 = 7.07 (s, 1H, CH),
3.89 — 3.85 (m, 2H, 2xCH), 3.82 — 3.72 (m, 2H, CH,), 3.72 —
3.62 (M, 2H, CH>), 1.27 (s, 13H, 4xCHs + OH). 3C NMR (101
MHz, CDCls) & = 175.3, 174.9, 152.4, 84.5, 60.8, 48.4, 47.5,
41.7, 24.8, 24.6. IR (Vmax, cm) 2986 (w), 1768 (w), 1701 (m),
1602 (w), 1389 (w), 1342 (m), 1166 (w), 1142 (w), 853 (w).
HRMS (ESI/QTOF) m/zz [M + Na]*Calcd for
C14H20BNNaOs* 316.1327; Found 316.1317

8i. Method B. White amorphous solid. 26.1 mg, 0.072 mmol,
72% yield. *H NMR (400 MHz, CDCls) & = 7.07 (d, J = 0.9 Hz,
1H, CH), 3.98 — 3.75 (m, 2H, 2xCH), 3.46 (t, J = 7.2 Hz, 2H,
CHy), 2.32 (t, J = 7.4 Hz, 2H, CH), 1.78 — 1.62 (m, 2H, CH>),
1.62 — 1.50 (m, 2H, CHy), 1.36 — 1.30 (m, 2H, CHy), 1.28 (s,
12H, 4xCHs). 13C NMR (101 MHz, CDCls) & = 177.7, 174.6,
174.3, 152.6, 84.5, 48.4, 47.4, 38.3, 33.5, 27.1, 26.0, 24.9,
24.5, 24.2. IR (Vmax, cm™t) 2986 (w), 2944 (w), 1765 (w), 1731
(m), 1701 (s), 1602 (w), 1346 (m), 1216 (w), 1142 (m), 856 (w),
768 (w). HRMS (ESI/QTOF) m/z: [M — CH,COO]* Calcd for
C1sH27BNOg* 304.0956; Found 304.0955.

8j. Method B (pure product was obtained by trituration with
Et,0). Beige amorphous solid. 20.1 mg, 0.051 mmol, 51%
yield. *H NMR (400 MHz, CDsCN) & = 8.19 — 7.30 (br s, 3H,
NHs), 6.99 (d, J =1.1 Hz, 1H, CH), 3.85 (dd, J =3.1, 1.1 Hz,
1H, CH), 3.79 (d, J=3.2 Hz, 1H, CH), 3.73 — 3.63 (m, 2H,
CHy), 3.14 (d, J = 5.7 Hz, 2H, CHy), 1.24 (s, 12H, 4xCHg). 13C
NMR (101 MHz, CDsCN) 6 = 175.8, 175.3, 152.7, 84.7, 49.3,
48.3, 38.8, 36.7, 24.6, 24.6 (TFA peaks omitted). 1°F NMR (376
MHz, CD3CN) & = -75.84. IR (Vmax, cm™) 2990 (w), 2887 (w),
1699 (s), 1390 (m), 1220 (m). HRMS (ESI/QTOF) m/z: [M]*
Calcd for (.:14H225N204+ 293.1667; Found 293.1671.
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8n. Mixture of isomers. Method B. Beige amorphous solid. 24.5
mg, 0.068 mmol, 68% yield. 'H NMR (400 MHz, CDCl3) d =
8.03 (s, 1H, NH), 7.09 (s, 1H, CH), 4.90 — 4.71 (m, 1H, CH),
4.09 - 3.85 (m, 2H, CHy), 3.05-2.75 (m, 1H, CH), 2.72 - 2.53
(m, 2H, CHy), 2.09 — 1.92 (m, 1H, CH), 1.28 (s, 12H, 4xCH5).
13C NMR (101 MHz, CDCl3) 6 = 173.5 and 173.1, 173.3 and
173.2,170.7, 167.2, 152.2, 84.6 and 84.5, 49.4 and 49.3, 48.4
and 48.2, 47.6 and 47.3, 31.12 and 31.08, 24.8, 24.6, 21.3. IR
(Vmax, cmt) 2958 (w), 2925 (w), 2867 (w), 1715 (m), 1460 (w),
1378 (w), 1329 (w), 1267 (w), 1202 (w), 1141 (w), 767 (w).
HRMS (ESI/QTOF) m/zz [M + Na]*Calcd for
C17H218N2N8.O(5+ 383.1385; Found 383.1375.

Double cycloaddition products

9a. Method C. Beige amorphous solid. Rf = 0.45
(pentane/Et20). 9.8 mg, 0.016 mmol, 16% yield. *H NMR
(400 MHz, CDCl3) 6 = 7.56 — 7.44 (m, 2H, ArH), 7.33 - 7.19
(m, 8H, ArH), 7.19 — 7.10 (m, 3H, ArH), 7.09 — 7.02 (m, 2H,
ArH), 4.76 (s, 2H, CHy), 4.54 (d, J = 13.9 Hz, 1H, HCH), 4.40
(d, 3 =13.9 Hz, 1H, HCH), 3.84 (d, J = 8.8 Hz, 1H, CH), 3.78
(d, J=8.9 Hz, 1H, CH), 3.09 (d, J =6.1 Hz, 1H, CH), 2.80
(d, J=6.1 Hz, 1H, CH), 1.13 (s, 6H, 2xCHs), 1.11 (s, 6H,
2xCHj3). 13C NMR (101 MHz, CDCl3) 8 = 176.3, 176.0, 175.2,
174.2, 139.2, 136.0, 135.4, 129.8, 129.4, 128.8, 128.5,
128.3, 128.2, 127.8, 127.6, 126.2, 85.2, 54.1, 48.4, 47.8,
43.0, 42.7, 40.5, 39.7, 24.9, 24.8. IR (Vmax, cm™) 2982 (w),
1772 (w), 1708 (s), 1392 (m), 1342 (m), 1165 (w), 746 (m),
701 (m). HRMS (ESI/QTOF) m/z: [M + Na]* Calcd for
C36H35BN2NaOe+ 625.2480; Found 625.2495.

9a'. Method C. Beige glassy solid. R = 0.15
(DCM/acetonitrile). 29.4 mg, 0.048 mmol, 48% vyield. 'H
NMR (400 MHz, CDCl3) 6 = 7.24 — 7.10 (m, 11H, ArH), 7.10
—6.96 (m, 4H, ArH), 4.49 (s, 4H, 2xCHy), 3.81 (d, J = 6.0 Hz,
2H, CH,), 3.45 (d, J=6.0 Hz, 2H, CH), 1.08 (s, 12H,
4xCHs). 3C NMR (101 MHz, CDCl3) 6 =175.4,174.2, 135.5,
134.6, 129.2, 128.5, 127.9, 127.8, 127.6, 127.2, 84.9, 57.1,
51.4, 46.3, 42.6, 25.0. IR (Vmax, cm™?) 2958 (w), 2924 (w),
2853 (w), 1769 (w), 1706 (s), 1430 (w), 1394 (m), 1346 (m),
1172 (m). HRMS (ESI/QTOF) m/z: [M + Na]* Calcd for
C35H358N2Na06+ 625.2480; Found 625.2494.
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9b. Method C. Beige amorphous solid. Ry = 0.41
(pentane/Et;0). 10.9 mg, 0.017 mmol, 17% yield. *H NMR
(400 MHz, CDCl3) 8 = 7.50 — 7.42 (m, 2H, ArH), 7.34 — 7.19
(m, 8H, ArH), 7.08 — 6.99 (m, 2H, ArH), 6.70 — 6.50 (m, 2H,
ArH), 4.72 (s, 2H, CHy), 4.53 (d, J = 13.8 Hz, 1H, CH), 4.34
(d, J =13.8 Hz, 1H, CH), 3.79 (d, J = 8.9 Hz, 1H, CH), 3.69
(d, J=8.9 Hz, 1H, CH), 3.01 (d, J =6.1 Hz, 1H, CH), 2.77
(d, J=6.1 Hz, 1H, CH), 1.10 (s, 6H, 2xCHzs), 1.09 (s, 6H,
2XCHg). 1*C NMR (101 MHz, CDCls) 6 =176.2, 175.9, 175.1,
174.1, 161.9 (d, J=247.3 Hz), 136.0, 135.3, 135.0 (d,
J=3.1 Hz), 129.9, 129.4, 128.8, 128.5, 128.3, 128.2 (d,
J=8.3 Hz), 127.9, 115.1 (d, J = 21.5 Hz), 85.3, 53.6, 48.3,
47.8, 43.0, 42.8, 40.5, 39.6, 24.9, 24.8. F NMR (376 MHz,
CDCl3) 6 =-112.9—--115.6 (m). IR (Vmax, cm) 3029 (w), 2981
(w), 1704 (s), 1388 (m), 1343 (m), 1162 (m), 852 (w), 755
(s). HRMS (ESI/QTOF) m/z: [M + Na]* Calcd for
CssH3sBFN2NaOg* 643.2386; Found 643.2395.

9b'. Method C. Yellow glassy sold. R = 0.18
(DCM/acetonitrile). 33.8 mg, 0.053 mmol, 53% vyield. 'H
NMR (400 MHz, CDCls) & = 7.25 — 7.11 (m, 10H, ArH), 7.06
—6.97 (m, 2H, ArH), 6.67 (t, J = 8.7 Hz, 2H, ArH), 4.51 (d,
J=14.0 Hz, 2H, CHy), 4.47 (d, J =14.0 Hz, 2H, CHy), 3.78
(d, J=6.0 Hz, 2H, CHy), 3.46 (d, J = 6.0 Hz, 2H, CH>), 1.09
(s, 12H, 4xCHs). *C NMR (101 MHz, CDCl3) 6 = 175.2,
174.0, 161.9 (d, J = 247.1 Hz), 135.3, 130.3 (d, J = 3.2 Hz),
129.1 (d, J = 7.6 Hz), 129.1, 128.4, 127.9, 114.5 (d, J = 21.6
Hz), 84.8, 56.5, 51.2, 46.1, 42.5, 24.9. *F NMR (376 MHz,
CDCl3) 6 =-113.6 —-115.5 (m). IR (Vmax, cm) 3027 (w), 2986
(w), 2946 (w), 1700 (s), 1391 (s), 1342 (s), 1227 (m), 1166
(m), 748 (s). HRMS (ESI/QTOF) m/z: [M + Na]* Calcd for
CasH34BFN2NaOg* 643.2386; Found 643.2408.

9c. Method C. Beige amorphous solid. Ri = 0.44
(pentane/Et;0). 10.0 mg, 0.016 mmol, 16% yield. *H NMR
(400 MHz, CDCl3) & = 7.54 — 7.47 (m, 4H, ArH), 7.33 — 7.27
(m, 3H, ArH), 7.25 - 7.20 (m, 3H, ArH), 6.87 (dd, J = 8.2, 2.1
Hz, 2H, ArH), 6.63 (tt, J = 8.7, 2.2 Hz, 1H, ArH), 4.77 (s, 2H,
CHy), 4.49 (s, 2H, CH>), 3.84 (d, J =8.9 Hz, 1H, CH), 3.70
(d, J=8.9 Hz, 1H, CH), 3.12 (d, J = 6.1 Hz, 1H, CH), 2.76
(d, J=6.1 Hz, 1H, CH), 1.15 (s, 6H, 2xCHg3), 1.12 (s, 6H,
2XCHjs). 13C NMR (101 MHz, CDCls) 8 =175.8, 175.4, 174.9,
173.8, 162.9 (dd, J = 250.1, 12.7 Hz), 143.3 (t, J = 9.0 Hz),
135.9,135.1,129.4,129.2,128.9, 128.6, 128.5, 127.9, 109.7
(dd, J =18.9,7.2Hz), 103.4 (t,J = 25.1 Hz), 85.6, 53.3, 48.5,
47.6, 43.1, 42.9, 40.5, 39.5, 24.8, 24.7. °F NMR (376 MHz,
CDCl3) 5 =-108.1—--108.2 (m). IR (Vmax, cm) 2958 (w), 2923
(w), 2853 (w), 1772 (w), 1710 (m), 1624 (w), 1597 (w), 1458
(w), 1435 (w), 1384 (w), 1343 (w), 1166 (w), 1142 (w), 852
(w), 764 (w). HRMS (ESI/QTOF) m/z: [M + Na]* Calcd for
CssH33BF2N2NaOg* 661.2292; Found 661.2306.
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9c'. Method C. Yellow glassy solid. Rf = 0.17
(DCM/acetonitrile). 30.1 mg, 0.048 mmol, 48% vyield. 'H
NMR (400 MHz, CDCls) & = 7.24 — 7.16 (m, 6H, ArH), 7.15
—7.08 (m, 4H, ArH), 6.81 (dd, J = 8.4, 2.2 Hz, 2H, ArH), 6.65
(tt, J = 8.7, 2.2 Hz, 1H, ArH), 4.55 (d, J = 14.1 Hz, 2H, CH,),
4.47 (d, J=14.1 Hz, 2H, CHy), 3.79 (d, J=5.9 Hz, 2H,
2xCH), 3.46 (d, J = 5.9 Hz, 2H, 2xCH), 1.05 (s, 12H, CHb).
13C NMR (151 MHz, CDCl3) & = 174.8, 173.6, 162.3 (d,
J =249.0 Hz), 162.2 (d, J = 248.6 Hz), 138.3 (t, J = 9.0 Hz),
135.1, 128.7, 128.5, 128.0, 110.8 (dd, J=26.0, 5.2 Hz),
103.4,85.1,56.6,51.2, 46.1, 42.6, 24.8. °F NMR (376 MHz,
CDCls) & = -109.1 (t, J = 8.0 Hz). IR (Vmax, M) 2958 (w),
2926 (W), 2870 (w), 1769 (W), 1704 (s), 1514 (w), 1394 (w),
1343 (w), 1249 (w), 1170 (w), 766 (m). HRMS (ESI/QTOF)
m/z: [M + Na]+ Calcd for C3sH33BF2NoNaOg* 661.2292;
Found 661.2314.

9d. Method C. Beige amorphous solid. Reaction was
performed on 0.5 mmol scale. Rs = 0.46 (pentane/Et;0). 33.0
mg, 0.054 mmol, 11% yield. *H NMR (400 MHz, CDCl3) 6 =
7.61 —7.54 (m, 2H, ArH), 7.42 — 7.28 (m, 5H, ArH), 7.23 (dd,
J=8.0, 2.5 Hz, 3H, ArH), 7.20 — 7.12 (m, 3H, ArH), 7.02 —
6.95 (m, 1H, ArH), 4.87 (d, J =13.6 Hz, 1H, CH>), 4.83 (d,
J =13.6 Hz, 1H, CH>), 4.50 (s, 2H, CH,), 3.98 (d, J = 8.7 Hz,
1H, CH), 3.57 (d, J = 8.7 Hz, 1H, CH), 3.56 (d, J = 6.0 Hz,
1H, CH), 2.81 (d, J = 6.0 Hz, 1H, CH), 2.61 (s, 3H, CH3), 1.30
(s, 6H, 2x CHs), 1.28 (s, 6H, 2xCHj3). 13C NMR (101 MHz,
CDCl3) 6 = 176.0, 175.3, 175.3, 174.2, 136.9, 136.9, 136.0,
135.5, 131.6, 129.4, 128.9, 128.8, 128.5, 128.2, 128.2,
127.5, 126.3, 124.6, 85.4, 56.2, 49.0, 45.9, 43.0, 42.6, 40.5,
39.9, 24.9, 24.6, 20.4. IR (Vmax, cm?1) 2979 (w), 2885 (w),
1711 (m), 1394 (w), 1343 (w), 1048 (w), 773 (w), 745 (w).
HRMS (ESI/IQTOF) m/zz. [M + Na]*Calcd for
Cs7H37BN2NaOg* 639.2637; Found 639.2635.

9d'. Method C. Yellow glassy solid. Reaction was performed
on 0.5 mmol scale. Ry = 0.20 (DCM/acetonitrile). 97.1 mg,
0.157 mmol, 32% yield. *H NMR (400 MHz, CDCl3) 6 = 7.16
— 7.09 (m, 7H, ArH), 7.09 — 6.99 (m, 5H, ArH), 6.81 (d,
J=7.5 Hz, 1H, ArH), 6.70 — 6.49 (m, 1H, ArH), 4.41 (d,
J=14.1 Hz, 2H, CHy), 4.33 (d, J =14.1 Hz, 2H, CH), 3.88
(d, J=6.0 Hz, 2H, 2xCH), 3.36 (d, J =5.9 Hz, 2H, 2xCH),
2.49 (s, 3H, CHs), 1.05 (s, 12H, 4xCHs). **C NMR (101 MHz,
CDCl3) 6 = 175.3, 173.8, 137.4, 135.4, 133.5, 130.6, 128.9,
128.4, 128.1, 127.7, 127.2, 124.5, 84.8, 59.1, 50.2, 46.2,
42.4,24.9, 21.0. IR (Vmax, cm™) 2958 (w), 1770 (m), 1712 (s),
1393 (m), 1361 (m), 1341 (m), 1173 (m), 854 (m), 741 (m).
HRMS (ESI/QTOF) m/zz [M + NaJ*Calcd for
Cs7H37BN2NaOg* 639.2637; Found 639.2637.
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9e. Method C. Beige amorphous solid. Rf = 0.40
(pentane/Et,0). 12.6 mg, 0.015 mmol, 15% vyield. *H NMR
(400 MHz, CDCl3) 6 = 7.59 — 7.47 (m, 2H, ArH), 7.35 - 7.27
(m, 4H, ArH), 7.25 - 7.20 (m, 2H, ArH), 7.17 — 7.08 (m, 2H,

ArH), 6.77 (d, J = 8.7 Hz, 2H, ArH), 6.63 (d, J = 8.8 Hz, 2H,

O N\ 0 ArH), 4.79 (s, 2H, CHy), 4.42 (s, 2H, CHy), 3.76 (s, 3H, CHs),
3.67 (d, J = 8.7 Hz, 1H, CH), 3.60 (dd, J = 8.5, 0.8 Hz, 1H,
MeO CH), 3.53 (d, J = 8.8 Hz, 1H, CH), 3.11 (d, J = 5.6 Hz, 1H,

CH), 2.83 (dd, J = 5.6, 1.4 Hz, 1H, CH). 13C NMR (101 MHz,
S CDCl3) 8 =176.5, 175.5, 175.4, 173.9, 158.9, 135.9, 135.3,
OAN&O 129.6, 129.4, 129.2, 128.9, 128.6, 128.5, 128.0, 126.8,
114.2,55.2,52.6, 48.8, 46.8, 43.0, 42.7, 41.1, 39.0, 37.9. IR
(Vmax, cm1) 2961 (w), 2925 (w), 2858 (w), 1707 (w), 1512 (w),
1460 (w), 1382 (w), 1253 (w). HRMS (ESI/QTOF) m/z: [M +

Na]* Calcd for C31H26N2NaOs* 529.1734; Found 529.1732.

9e'. Method C. Yellow glassy solid. R = 0.25
(DCM/acetonitrile). 37.8 mg, 0.045 mmol, 45% vyield. 1H
NMR (400 MHz, CDCI3) 6 = 7.31 — 7.21 (m, 2H, ArH), 7.17
—7.02 (m, 6H, ArH), 6.97 — 6.91 (m, 4H, ArH), 6.60 — 6.36
(m, 2H, ArH), 4.41 (d, J=14.0 Hz, 2H, CH,), 4.31 (d,
J=14.0Hz, 2H, CHy), 3.70 (s, 3H, CH3), 3.67 (d, J = 5.5 Hz,
2H, 2xCH), 3.38 (dd, J=5.5, 1.0 Hz, 2H, 2xCH), 3.26 (t,
J=1.1Hz, 1H, CH). ¥*C NMR (101 MHz, CDCl3) = 176.3,
— 174.1, 158.9,135.2, 128.7, 128.5, 127.8, 125.1, 113.7, 55.6,
o= /:QO 55.1,50.5, 42.9, 42.5 (carbon signals of NBn phenyl ring and
N aliphatic region are not fully resolved). IR (Vmax, cm*) 2972

©) (w), 2903 (w), 1701 (s), 1516 (w), 1393 (m), 1343 (m), 1251

O N o0

\\\/<

MeO

S

(w), 1169 (m), 910 (w), 733 (m). HRMS (ESI/QTOF) m/z: [M
+ Na]* Calcd for Cz1H26N2NaOs* 529.1734; Found 529.1737.

Cycloadduct transformations

Suzuki reaction.

Method D. Using pure cyclobutenyl boronate.

Alkenyl boronate 8 (0.147 mmol), het(aryl) halogenide (0.150 mmol), and Na>.COs (31.8 mg,
0.300 mmol) were dissolved in THF/H,O mixture (9/1 v/v, 3 mL) and the obtained solution was
thoroughly degassed by three vacuum pumping-nitrogen purge cycles. Pd(PPhs)4 (8.5 mg,
0.0073 mmol) was added in one portion and the resulting reaction mixture was heated to
50 °C. After stirring overnight at the same temperature, the organic solvent was evaporated
under reduced pressure, and the crude material was partitioned between EtOAc (5 mL) and
water (3 mL). The organic layer was washed with brine (3 mL), dried over Na:SO, and
evaporated to dryness under reduced pressure. The crude product was purified by column
chromatography (n-pentane/Et,O gradient elution, 100/0 — 50/50) to give the desired product.

Method E. One-pot protocol.

A solution of corresponding maleimide 7 (0.150 mmol), alkynyl boronate 4 (0.450 mmol), and
thioxanthone (3.1 mg, 0.015 mmol) in appropriate solvent (3 mL) was placed into a glass tube,
closed with rubber septum and degassed by three vacuum pumping-nitrogen purge cycles.
The resulting solution was irradiated in a Rayonet® reactor (Amax = 350 nm) placed at a 3 cm
distance from the vessel (see Figure for the experimental setup) at rt for 12 h. After the reaction
was complete, the organic solvent was evaporated under reduced pressure to dryness. The
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obtained semi-solid material was triturated with n-Hexane/Et.O (5 mL, 1:1), the precipitate
(maleimide dimer 10) was filtered off, and the filtrate was evaporated in vacuo. The residue
was subjected to drying in vacuo (0.1 mmHg) upon heating to 160 °C on a sand bath for 2 h.
After cooling to rt, het(aryl) halogenide (0.15 mmol) and Na,COs; (31.8 mg, 0.300 mmol) was
added and the mixture was suspended in a THF/H>O mixture (9/1 v/v, 3 mL). The obtained
suspension was thoroughly degassed, Pd(PPhs)4 (8.5 mg, 0.0073 mmol) was added in one
portion and the resulting reaction mixture was heated to 50°C. After stirring overnight at the
same temperature, the organic solvent was evaporated under reduced pressure, and the
crude material was partitioned between EtOAc (5 mL) and water (3 mL). The organic layer
was washed with brine (3 mL), dried over NaxSO4 and evaporated to dryness under reduced
pressure. The crude product was purified by column chromatography (pentane/Et,O gradient

elution, 100/0 — 50/50) to give the desired product.

Me

1la. Method D. Slightly orange film. R; = 0.45 (pentane/Et;0).
26.7 mg, 0.088 mmol, 60% vyield. Method E: 22.7 mg, 0.075
mmol, 51% yield. *H NMR (400 MHz, CDCl3) §=7.39(d,J=8.1
Hz, 2H, ArH), 7.23 (ddd, J =18.1, 7.9, 1.8 Hz, 4H, ArH), 7.19 -
7.14 (m, 1H, ArH), 7.11 (d, J = 7.9 Hz, 2H, ArH), 6.41 (d, J = 1.1
Hz, 1H, CH), 4.57 (d, J = 14.3 Hz, 1H, HCH), 4.51 (d, J = 14.2

i Hz, 1H, HCH), 4.06 (d, J = 3.3 Hz, 1H, CH), 3.77 — 3.63 (m, 1H,
CH), 2.29 (s, 3H, CHs). 3C NMR (101 MHz, CDCls) & = 175.0,
07N 174.3, 149.1, 139.7, 135.8, 129.4 128.9, 128.6, 128.6, 127.8,

125.5, 125.5, 47.2, 43.7, 42.3, 21.5. IR (Vmax, cM™) 2979 (w),
1703 (m), 1522 (w), 1390 (w), 1343 (w), 1168 (w), 770 (w).
HRMS (ES|/QTOF) m/z: [M + H]* Calcd for CyoHisNO2*
304.1332; Found 304.1332.

11b. Method E. Slightly yellow film. Rt = 0.34 (pentane/Et.0).
26.7 mg, 0.049 mmol, 34% yield. *H NMR (400 MHz, CDCls) &
=7.72-7.60 (m, 3H, ArH), 7.35-7.20 (m, 7H, ArH), 6.95 (tdd,
J=8.7,25, 0.7 Hz, 1H, ArH), 6.83 (ddd, J =11.0, 8.7, 2.5 Hz,
1H, ArH), 4.64 (d, J = 14.1 Hz, 1H, HCH), 4.57 (d, J = 14.1 Hz,
1H, HCH), 4.11 (d, J = 16.2 Hz, 1H, CH), 4.02 — 3.93 (m, 1H,
CH), 3.78 (d, J = 16.2 Hz, 1H, CH), 3.73 (d, J = 3.3 Hz, 1H, CH),
2.71 (s, 3H, CHg), 2.44 (s, 3H, CHs). 3C NMR (151 MHz, CDCls)
06 =174.0, 173.4, 143.7, 139.3, 137.2, 135.7, 134.1, 130.9 (d,
J=4.3 Hz), 129.8, 128.8, 128.7, 128.0, 127.6, 112.2 (dd,
J=21.4,3.3Hz),104.5,48.2,48.1,45.2,45.1, 42.3, 36.3, 29.7,
21.6. °F NMR (376 MHz, CDClz) 6 = -105.8 (g, J = 9.4), -106.5
(p, J =8.6). IR (Vmax, cm™) 2977 (w), 2896 (w), 1703 (m), 1505
(w), 1392 (w), 1343 (w), 1165 (w), 914 (w), 772 (w), 736 (W).
HRMS (ESI/QTOF) m/z: [M + Na]* Calcd for CgH24F2N2NaO4S*
545.1317; Found 545.1313.
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11c. Method E. Colorless film (purple after standing overnight).
17.5 mg, 0.045 mmol, 30% vyield. The crude material was
purified using HPLC (gradient 5 — 95% CHsCN/H20/0.1% TFA,
R: =15.5 min). During purification, complete removal of the THP
protecting group occured. The compound was found to be
unstable at rt after 8 h. *H NMR (400 MHz, CDCl3) & = 8.88 —
8.68 (m, 1H, ArH), 8.06 (dd, J = 8.2, 1.7 Hz, 1H, ArH), 7.83 (d,
J=8.2Hz, 1H, ArH), 7.42 - 7.27 (m, 5H, ArH), 4.64 (d, J = 14.2
Hz, 1H, HCH), 4.60 (d, J = 14.2 Hz, 1H, HCH), 4.58 (s, 2H, CH,),
4.10 (g, J = 2.7 Hz, 1H, CH), 3.89 — 3.85 (m, 1H, CH). 3C NMR
(101 MHz, CDCl3) & = 173.8, 172.6, 153.2, 152.4, 145.9 (q,
J=3.8 Hz), 138.5, 135.6 (g, J = 3.5 Hz), 135.4, 128.8, 128.7,
128.1, 125.7 (g, J = 33.3 Hz), 123.0 (q, J = 273.2 Hz), 121.7,
60.7, 45.4, 44.2, 42.6. °F NMR (376 MHz, CDCls3) & = -62.5, -
75.9. HRMS (ESI/QTOF) m/z: [M + H]* Calcd for C2oH16F3N2O3*
389.1108; Found 389.1101

11d and 11d'. Method E. Slightly yellow film. R; = 0.29
(pentane/Et20). 19.9 mg, 0.060 mmol, 40% vyield, 11d : 11d' =
2.15: 1. Signals of individual isomers were assigned by
HNMR, HSQC and HMBC spectra. 1 isomer 11d: ‘*H NMR
(400 MHz, CDCl3) & = 7.36 — 7.20 (m, 6H, ArH), 7.18 — 7.13
(m, 1H, ArH), 7.08 (s, 1H, ArH), 6.89 (dd, J = 8.2, 2.3 Hz, 1H,
ArH), 6.51 (d, J = 1.2 Hz, 1H, CH), 4.62 (s, 2H, CH>), 3.84 (s,
3H, CHs), 3.43 (d, J = 1.1 Hz, 1H, CH), 1.69 (s, 3H, CHs). 13C
NMR (101 MHz, CDCl3) 6 = 177.4, 174.8, 160.0, 153.0, 136.0,
132.5, 130.0, 128.8, 128.5, 127.9, 125.7, 118.6, 115.5, 111.1,
55.4, 53.8, 50.6, 42.4, 15.8. 2 isomer 11d". *H NMR (400 MHz,
CDClz) & = 7.36 — 7.20 (m, 6H, ArH), 7.18 — 7.13 (m, 1H, ArH),
7.08 (s, 1H, ArH), 6.89 (dd, J = 8.2, 2.3 Hz, 1H, CH), 6.57 (s,
1H, CH), 4.66 (d, J = 14.1 Hz, 1H, HCH), 4.57 (d, J = 14.2 Hz,
1H, HCH), 3.84 (s, 3H, CHg), 3.76 (s, 1H. CH), 1.59 (s, 3H,
CHs). 13C NMR (101 MHz, CDCl3) 6 = 177.9, 174.1, 147.2,
136.0, 133.0, 132.5, 132.1, 129.9, 128.8, 128.5, 127.9, 118.2,
115.7, 110.6, 55.4, 52.8, 49.7, 42.4, 16.2 (carbon signals of
NBn phenyl ring are not fully resolved). IR (Vmax, cm) 2977
(w), 2903 (w), 1703 (m), 1393 (w), 1343 (w), 1224 (w), 772
(m). HRMS (ESI/QTOF) m/z: [M + H]* Calcd for

C21H20NO3* 334.1438; Found 334.1438.

Alkenyl boronate 8c (50.0 mg, 0.147 mmol) was dissolved in MeOH and
10% Pd/C (5 mg, 10% weight) was added under N, atmosphere. The
obtained suspension was stirred overnight under H, atmosphere, then
filtered through a pad of celite, and the solvent was evaporated under
reduced pressure. Drying of the product under high vacuum (0.01
mmHg) resulted in solid product 12 (46.2 mg, 0.135 mmol, 92% vyield)
with minor impurities.

IH NMR (400 MHz, CDCl3) 8 = 7.46 — 7.27 (m, 5H, ArH), 4.72 (d, J = 14.2
Hz, 1H, HCH), 4.65 (d, J = 14.3 Hz, 1H, HCH), 3.42 — 3.26 (m, 2H,
2XCH), 2.76 — 2.61 (m, 1H, CH), 2.54 (ddt, J = 14.7, 10.3, 5.9 Hz, 1H,
CH), 2.25 -2.12 (m, 1H, CH), 1.20 (s, 6H, 2xCH3), 1.17 (s, 6H, 2xCHj5).

13C NMR (101 MHz, CDCls) & = 179.7, 178.8, 136.1, 128.6, 128.5, 127.7, 84.0, 42.4, 39.7,
38.2, 25.0, 24.7, 24.3. IR (Vmax, cmL) 2981 (W), 2946 (w), 2875 (w), 1769 (w), 1704 (s), 1381
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(m), 1341 (m), 1221 (w), 1170 (w), 1145 (w), 852 (w). HRMS (ESI/QTOF) m/z: [M + NaJ* Calcd
for C1sH24BNNaO4* 364.1691; Found 364.1677

Reduction of the carbonyl groups

R g To the pre-cooled to 0 °C stock solution of LiAIHs (1 M in THF, 1.2 mL) under

B-’\F N, atmosphere, a solution of alkenyl boronate 8c (100 mg, 0.294 mmol) in

THF (5 mL) was added in a dropwise manner. After complete addition of the

FE reagent, the reaction mixture was slowly heated to gentle reflux and stirred

at the same temperature overnight. The obtained thick suspension was

NtH cooled to 0 °C with an ice-water bath and the excess of the reagent was

guenched with 5% ag NaOH (2 mL). The obtained precipitate was filtered,

washed with THF (2x5 mL) and suspended in a MeOH/H,0O mixture (10 mL,

7:3), followed by the addition of solid KHF. (188 mg, 2.40 mmol) in one

portion. After additional stirring for 4 h, the solvents were evaporated to dryness in vacuo and

the obtained solid material was suspended in refluxing acetone (10 mL). The suspension was

filtered, the precipitate was washed with additional amounts of hot acetone (3x5 mL) and the

combined organic solutions were evaporated in vacuo to approximately 1 mL volume. The

obtained cloudy solution was triturated with Et,O (5 mL) and chilled in the fridge for 2 hrs. The

obtained suspension was filtered, washed with additional amounts of Et,O (2x5 mL) and dried

subsequently under air (2 hrs) and high vacuum (0.01 mmHg, 2 hrs) to give the desired product

13 (51.1 mg, 0.173 mmol, 59% vyield) as a white solid.

H NMR (400 MHz, acetone-dg) & = 7.59 — 7.46 (m, 2H, ArH), 7.44 — 7.33 (m, 3H, ArH), 5.80

(s, 1H, CH), 4.26 (d, J = 13.3 Hz, 1H, HCH), 4.22 (d, J = 13.4 Hz, 1H, HCH), 3.35 (d, J = 10.3

Hz, 1H, HCH), 3.33 — 3.29 (m, 1H, CH), 3.29 — 3.25 (m, 1H, CH), 3.22 (d, J = 10.6 Hz, 1H,

HCH), 2.57 (dd, J = 10.2, 6.6 Hz, 2H, HCH). 3C NMR (101 MHz, acetone-dg) 6 = 134.0, 133.8

(g, J=4.5 Hz), 58.0, 54.2, 54.1, 45.9, 44.5 (carbon signals of phenyl ring are not fully

resolved). *°F NMR (376 MHz, acetone-dg) & = -142.5. 1B NMR (128 MHz, acetone-dgs) 0 =

2.61 — -2.15 (m). IR (Vmax, cm?t) 2958 (w), 1207 (w), 1062 (w), 1000 (w), 770 (w). HRMS
(ESI/QTOF) m/z: [M + Na]* Calcd for C13H1sBFsNNa* 276.1142; Found 276.1138.

Oxidation at the C-B bond
o) Alkenyl boronate 8c (50.0 mg, 0.147 mmol) was dissolved in THF (2 mL),
OH followed by the subsequent addition of H,O (1 mL), NaH,PO4 (52.9 mg, 0.441
mmol), and NaBOs-4H,O (67.8 mg, 0.441 mmol). After the reaction was
complete, the solvents were evaporated to dryness and re-evaporated with
07Ny 0 distilled water (3 mL) 2 times. The crude material was triturated with water,
obtained precipitate was filtered, washed with additional amounts of water
(2x2mL) and dried on air to give pure 14 (34.1 mg, 0.138 mmol, 94% yield)
as a white amorphous solid.
'H NMR (400 MHz, DMSO) & = 12.52 (s, 1H, OH), 7.65 — 6.94 (m, 5H, ArH),
4.59 (d, J =15.2 Hz, 1H, HCH), 4.52 (d, J = 15.2 Hz, 1H, HCH), 3.15 (dqg, J = 10.1, 5.4 Hz,
1H, CH), 2.87 (dd, J = 17.9, 9.3 Hz, 1H, HCH), 2.80 — 2.62 (m, 2H, 2xHCH), 2.57 — 2.50 (m,
1H, HCH). 'H NMR (400 MHz, CDCl3) 6 = 7.46 — 7.29 (m, 5H, ArH), 4.73 (d, J = 14.1 Hz, 1H,
HCH), 4.68 (d, J = 14.2 Hz, 1H, HCH), 3.13 (dddd, J =9.6, 7.2, 4.1, 2.7 Hz, 1H, CH), 3.03 -
2.81 (m, 3H, 3xHCH), 2.55 (dd, J = 18.1, 5.5 Hz, 1H, HCH). 3C NMR (101 MHz, DMSO) & =
179.8, 177.1, 173.1, 136.7, 128.8, 127.7, 127.7, 41.9, 36.3, 34.5, 34.0. IR (Vmax, cm™) 2986
(w), 2889 (w), 1739 (m), 1523 (m), 1351 (w), 1144 (w), 993 (w), 770 (m). HRMS (ESI/QTOF)
m/z: [M — H*]- Calcd for C13H14NO4 246.0772; Found 246.0771.
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Protodeborylation
Alkenyl boronate 8c (20.0 mg, 0.0600 mmol) was suspended in 37% aq HCI
ﬂ and stirred at gentle reflux overnight. Evaporation of the solvent and
O NI ®) purification of the crude material with HPLC (gradient 5 — 95% CAN/H,0/0.1%

TFA, Rt = 12.3 min).results in product 15 (6.4 mg, 0.030 mmol, 50% vyield) as
a thin colorless film.

H NMR (400 MHz, CDCls) & = 7.29 — 7.20 (m, 5H, ArH), 6.37 (d, J = 0.5 Hz,
2H, 2xCH), 4.55 (s, 2H), 3.74 (d, J = 0.5 Hz, 2H, 2xCH). 13C NMR (201 MHz, CDClz) 6 = 174.3,
139.4, 135.7, 128.6, 128.5, 127.9, 47.7, 42.2. IR (Vmax, cM™) 2982 (w), 2892 (w), 1702 (m),
1388 (w), 1343 (w), 1145 (w), 1062 (w), 777 (w). HRMS (APCI/QTOF) m/z: [M + H]* Calcd for
Ci13H12NO>* 214.0863; Found 214.0861.

[3+2] cycloaddition

Method F. Alkenyl boronate 8c (50.0 mg, 0.147 mmol), N-benzyl-1-
@ methoxy-N-((trimethylsilyl)methyl)methanamine 16 (42 mg, 0.17
Me mmol), and LiF (11.4 mg, 0.438 mmol) were mixed in DMSO (1 mL),
’/N\\ ) Me and the reaction mixture was placed into pre-heated to 110 °C oil bath.
S B/\iMe The reaction progress was monitored by 'H NMR. Upon the
0" 'Me completion of the reaction, the precipitate was filtered off through a
o paper filter, and the DMSO filtrate was extracted with hexanes (2x5
N mL). The combined extracts were washed with H20 (2x5 mL), brine
(2x5 mL), dried over Na>SOQy, filtered, and evaporated in vacuo. The
residue was subjected to drying in vacuo (0.1 mmHg) upon heating to
160°C on a sand bath for 2 h. Purification with column
chromatography (pentane/Et,O 100/0 — 50/50) results in 17 (38.9 mg, 0.081 mmol, 55% yield)

as a slightly orange oil.

Method G. Alkenyl boronate 8c (50.0 mg, 0.147 mmol) and N-benzyl-1-methoxy-N-
((trimethylsilyl)methyl)methanamine 16 (42 mg, 0.17 mmol) were mixed in CH,Cl, (1 mL) and
cooled with ice/water bath. Trifluoroacetic acid (1.1 yL, 0.015 mmol) was added in one portion
and the reaction was stirred for 2 h. After the reaction was complete, the organic solvents were
evaporated in vacuo. The residue was subjected to drying in vacuo (0.1 mmHg) upon heating
to 160 °C on a sand bath for 2 h.

Purification with column chromatography (pentane/Et,O 100/0 — 50/50) results in 17 (43.2 mg,
0.089 mmol, 61% yield) as a slightly orange oil.

'H NMR (400 MHz, CDCl3) 6 = 7.44 — 7.27 (m, 9H, ArH), 7.25 — 7.21 (m, 1H, ArH), 4.69 (d,
J=14.2 Hz, 1H, HCH), 4.63 (d, J = 14.2 Hz, 1H, HCH), 3.75 (d, J = 13.2 Hz, 1H, HCH), 3.64
(d, J =13.1 Hz, 1H, HCH), 3.09 (d, J = 10.3 Hz, 1H, HCH), 3.05 (d, J = 9.8 Hz, 1H, HCH), 3.02
—2.96 (m, 2H, 2xCH), 2.84 (dd, J = 5.3, 1.9 Hz, 1H, CH), 2.19 (d, J = 10.3 Hz, 1H, HCH), 2.17
(dd, J =9.4,5.9 Hz, 1H, HCH), 1.17 (s, 6H, 2xCHj3), 1.15 (s, 6H, 2xCH3). 3C NMR (101 MHz,
CDClI3) 6 = 179.5, 178.9, 139.3, 136.1, 128.7, 128.5, 128.4, 128.3, 127.7, 127.0, 84.0, 61.3,
59.5, 58.9, 45.1, 43.1, 43.0, 42.5, 24.9, 24.7. IR (Vmax, cm?) 2957 (w), 2923 (w), 2791 (w),
1699 (w), 1394 (w), 1338 (w), 1215 (w), 1145 (w), 762 (w). HRMS (ESI/QTOF) m/z: [M + H]*
Calcd for C28H34BN204+ 473.2606; Found 473.2608.
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Preparation of potassium trifluoroborate 8cl
FF kK* Method H. Alkenyl boronate 8c (100.0 mg, 0.294 mmol) was dissolved
/_\F in MeOH (10 mL) and an aqueous solution of KHF2 (94 mg, 1.2 mmol, 5
mL HO) was added in one portion. After additional stirring for 4 h, the
solvents were evaporated to dryness in vacuo and the obtained solid
07 N~ S0 material was suspended in refluxing acetone (10 mL). The suspension
was filtered, the precipitate was washed with additional amounts of hot
acetone (3x5 mL) and the combined organic solutions were evaporated
in vacuo to approximately 1 mL volume. The obtained cloudy solution
was triturated with Et,O (5 mL) and chilled in the fridge for 2 h. The
obtained suspension was filtered, washed with additional amounts of Et,O (2x5 mL) and dried

subsequently under air (2 h) and high vacuum (0.01 mmHg, 2 h) to give the desired product
8cl (81.6 mg, 0.256 mmol, 87% yield) as a white solid.

Method I. One pot. The crude reaction mixture from Method A (0.294 mmol of maleimide)
after UV irradiation was filtered and the precipitate was suspended in MeOH/H,0 (15 mL, 2:1)
mixture. The suspension was filtered, and solid KHF; (94 mg, 1.2 mmol) was added to the
filtrate in one portion. After analogous work up the desired product 8cl (66.6 mg, 0.208 mmol,
71% yield) was obtained as a beige solid.

1H NMR (400 MHz, DMSO) & = 7.45 — 7.13 (m, 5H, ArH), 6.10 (s, 1H, CH), 4.51 (d, J = 15.1
Hz, 1H, HCH), 4.44 (d, J = 15.1 Hz, 1H, HCH), 3.60 (s, 1H, CH), 3.51 (d, J = 2.7 Hz, 1H, CH).
1H NMR (400 MHz, CDsCN) & = 7.41 — 7.02 (m, 5H, ArH), 6.15 (s, 1H, CH), 4.52 (d, J = 15.0
Hz, 1H, HCH), 4.44 (d, J = 15.0 Hz, 1H, HCH), 3.67 — 3.44 (m, 2H, 2xCH). 13C NMR (101
MHz, CDsCN) & = 177.8, 177.2, 137.5, 135.8 (g, J = 4.6 Hz), 129.0, 128.0, 127.9, 48.5, 47.0,
41.6. °F NMR (376 MHz, DMSO) & = -138.4 — -142.8 (M). IR (Vmax, cm'}) 2361 (w), 2337 (W),
1762 (w), 1696 (s), 1602 (w), 1498 (w), 1429 (w), 1396 (m), 1355 (m), 1255 (w), 1189 (m),
972 (m). HRMS (ESI/QTOF) m/z: [M] Calcd for C1sH10BFsNO, 280.0762; Found 280.0769.

Reaction with Langlois reagent
0 K F In air, potassium organotrifluoroborate (100 mg, 0.313 mmol), NaSO,CF3
2 F (146 mg, 0.939 mmol), and CuCl (31 mg, 0.313 mmol) were weighed in a
2-5 mL MW vial equipped with a stirrring bar. MeOH (1 mL), CH.Cl, (1 mL),
0=\~ 0 and distilled H2O (0.8 mL) were subsequently added, and the tube was
sealed with a tap open to air by a needle. This solution was cooled to 0 °C,
and TBHP (0.22 mL, 70% in H>O, 1.6 mmol) was slowly added. The
reaction was allowed to warm to rt and stirred at rt for 12 h. The reaction
mixture was diluted with Et,O (10 mL), and this solution was washed
subsequently with saturated NaHCO3 (aq) (5 mL) and 5% Na.S,0s (aq) (5 mL). The organic
layer was dried (MgSO.), filtered, evaporated under reduced and purified by flash column
chromatography (pentane/Et;O 100/0 — 50/50) to afford pure product 18 (21.6 mg, 0.063
mmol, 20% yield) as s colorless thin film.
1H NMR (400 MHz, CDCl3) & = 7.49 — 7.28 (m, 5H, ArH), 4.72 (d, J = 14.3 Hz, 1H, HCH), 4.69
(d, J = 14.1 Hz, 1H, HCH), 4.03 (qd, J = 9.2, 3.1 Hz, 1H, CH), 3.53 (s, 3H, CHs), 3.27 (ddd,
J=09.4,6.7,3.1 Hz, 1H, CH), 2.97 - 2.72 (m, 2H, CH,). 13C NMR (151 MHz, CDCls) 6 = 176.1,
174.9, 1735, 135.4, 128.9, 128.7, 128.1, 125.9, 53.1, 48.5, 42.9, 37.4, 31.4. °F NMR (376
MHz, CDCl3) 6 = -65.51 (d, J =9.2). IR (Vmax, cm™) 2957 (w), 2925 (w), 2856 (w), 1746 (w),
1702 (w), 1458 (w), 1220 (w), 772 (w). HRMS (ESI/QTOF) m/z: [M + Na]* Calcd for
Ci7H16FsNNaO.+ 352.0767; Found 352.0775.
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Epoxidation

F ||= To the pre-cooled to 0 °C solution of potassium cyclobutenyl
O é:—F O B F trifluoroborate 8c (100 mg, 0.313 mmol) in acetone (10 mL),
ﬁ F —1 F a freshly prepared solution of DMDO (8.5 mL, ca. 0.5

— — mmol)i2 was added in a dropwise manner. The obtained
02N A0 O;"\N/”Qo solution was left overnight in an open flask and with intensive
stirring. Trituration of the colorless solution with Et,O (10 mL)
with subsequent filtration and drying of the precipitate on air
19 19' results in mixture of compounds 19 and 19' (100.7 mg, 0.301
mmol, 96% yield, ca. 1:3) as a white solid.
trans-lsomer 19: *H NMR (400 MHz, DMSO) & = 7.46 — 7.00 (m, 5H, ArH), 4.51 (s, 2H, CH,),
3.83(d, J =1.4 Hz, 1H, CH), 3.29 (dd, J = 7.3, 1.5 Hz, 1H, CH), 2.99 (d, J = 7.3 Hz, 1H, CH).
cis-Isomer 19': *H NMR (400 MHz, DMSO) 6 = 7.54 — 7.00 (m, 5H, ArH), 4.63 (d, J = 15.1 Hz,
1H, HCH), 4.45 (d, J = 15.1 Hz, 1H, HCH), 3.67 (d, J = 2.8 Hz, 1H, CH), 3.16 (d, J = 3.4 Hz,
1H, CH), 2.82 (t, J = 3.1 Hz, 1H, CH).
Isomers mixture (signals not resolved). ¥*C NMR (101 MHz, DMSO) & = 175.5, 174.7, 136.9
and 136.7, 128.8, 127.7, 127.6, 127.5 and 127.5, 55.6 and 53.0, 51.0, 50.3, 42.1 and 41.7.
19F NMR (376 MHz, DMSO) & = -142.4 —-142.9 (m), -143.5 — -144.1 (m). 1B NMR (128 MHz,
DMSO) 6 = 2.2 —-1.1 (m). IR (Vmax, cm™) 2974 (w), 2881 (w), 1696 (s), 1398 (m), 1352 (m),
1164 (m), 1020 (m), 1001 (m), 772 (w). HRMS (ESI/QTOF) m/z: [M] Calcd for
C13HloBF3N03' 296.0711; Found 296.0716.
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Reaction condition optimization studies

Me. Me Me Me '\rge Me
M |
Me o e O 0} o N 0
Q Me — . Me
B-O 4& Irradiation H B-0 0
+ 07O —— > + H B, +
// l\lll Sensitizer 0
e
Solvent o) o)
H Concentration © N o O NI ®) N
Me Me Me
4c 7a 8a 9a 10c

0.05 mmol
Scheme S1. The reaction studied

General Procedure for the Optimization studies

A solution of the corresponding maleimide (0.050 mmol, 1 equiv.), alkynyl boronate (0.050
mmol, 1 equiv.), and photosensitizer (0.010 mmol, 0.1 equiv.) in investigated solvent (2 mL)
was placed in a glass tube, closed with a rubber septum and degassed by three vacuum
pumping-nitrogen purge cycles. The resulting mixture was irradiated in a Rayonet® reactor
(Amax = 350 nm) or with a Kessil lamp (440 or 467 nm) placed at a 3 cm distance from the
vessel (see Photos S1 and S2 for the experimental setup) at rt for 12 h. After the reaction was
complete, the organic solvent was evaporated under reduced pressure to dryness and the
crude mixture was analysed by gNMR using 1,3,5-trimethoxybenzene as internal standard.

Table S2. Influence of irradiation wavelength

Additive 8a, 10c, Conversion

0
Entry A, nm solvent C, M (%) ol 9a, % % of 4c, %
BP
1 350 CHsCN 0.05 (10%)® 24 16 13 53
X
2 350 CHs:CN 0.05 (10%6) 28 15 16 54Lc]
Nolight ~ eN 005 (O 0 0 0 0
source
4 350 CHsCN  0.05 =) 27 19 15 571
5 440 CHs:CN 0.05 ) 0 0 0 0
6 467 CHsCN  0.05 =) 0 0 0 0

&l Here and below: *H NMR vyield is given; standard — 1,3,5-trimethoxybenzene
bl Here and below: BP — benzophenone, TX — thioxanthone, (-) — no sensitizer
(€18 h; 148 h
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Table S3. Influence of sensitizer amount

Entry A, nm solvent c, M Ad((g/i:)ive %2 9a, % 18:’ C((J)?\:lir,soi/(())n
1 350 CHsCN 005  TX (%) 22 19 16 57
2 350 CH3:CN 0.05 TX (10%) 24 16 13 53
3 350 CHsCN 005 TX(25%) 22 17 15 53
4 350 CHsCN 0.05 TX (50%) 24 16 14 53
5 350 CH:CN 0.05 TX(100%) 24 14 15 52
Table S4. Concentration effect
Entry A, nm solvent C,M Ad((g/i:)ive 8a,% 9a, % 1&?’ C%r;\;ir’soi/(())n
1 350 CH:CN 0.01 TX (10%) 39 27 22 83
2 350 CH3:CN 0.05 TX(10%) 24 16 13 53
3 350 CHsCN 0.5 TX (10%) 30 40 30 100
4 350  CHsCN 1 TX (10%) 11 0 11 100
Table S5. Solvent effect
Entry A, nm solvent c, M Adg/iot)ive 8a, % 9a, % C%?\:liiscj/:))n
1 350 CH3CN 0.05 TX (10%) 13 10 54
21l 350 CHs:CN 0.05 TX (10%) 42 6 51
3 350 Acetone 0.05 TX (10%) 30 27 78
4 350 MeOH 0.05 TX (10%) decomposition
5 350 DMSO 0.05 TX (10%) decomposition
6 350 DCM 0.05 TX (10%) 51 31 100
7@ 350 DCM 0.05 TX (10%) 78 6 100
8 350 EtOAC 0.05 TX (10%) 21 34 100
9 350 Toluene 0.05 TX (10%)  100f[! 0 100/
10 350 He;‘;me 0.05 TX (10%) 85 <1 100

[ 3 eq. of alkynyl boronate; P! Complex mixture was formed probably due to reaction of
intermediates with the solvent.
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Influence of the boronate protection group on the reaction outcome

M
i e
R B % o 0 N 0
> AN
/ +O N O —_— + R B +
I
M 0) (0]
R © N 0= "0
Me 0= ™\" "0 h
1 Me
Me

4 7a 8 9 10a
L - 0
0 N Me Me, Q
LI or V) o™ w
B—NH
/ / B-0” Y0 y
H Fi/ 4 ’ /%
4c 4v H 4w Mé 4x Ph 4y

Table S6. The reaction studied and alkynyl boronate substrates

Table S7. Studies on the boron protection group-dependent reactivity

Alkynyl A, Additive 0 o. 10a, Conversion
Entry boronate  nm solvent ¢, M (%) 8,% 9,% % of 4. %
1 4c 350 CHsCN 0.05 X 24 16 13 53
’ ' (10%)
2 4v 350 Acetone 0.05 X 29 20 7 56
' (10%)
3 4w 350 CHsCN 0.05 X 20 22 22 50
3 ' (10%)
4 ax 350 CHsCN 0.05 X decomposition 100
3 ' (10%) P
5 4 350 CHsCN 0.05 X 0 0 100 0
y 3 ' (10%)

Initially, alkynyl trifluoroborates has been considered as more attractive substrates for [2+2]
cycloaddition studies due to relatively higher synthetic accessibility, improved the C-B bond
stability, and more robust purification procedures. Test experiment utilizing simplest potassium
ethynyl trifluoroborate 4v and N-methylmaleimide 7a (See Table S6, Entry 2) strengthened
our confidence — target cyclobutene 8ab almost completely precipitated from the reaction
mixture in 60% vyield and excellent 97% purity. More complex substrates show almost the
same reactivity, comparable or even superior to corresponding alkynyl boropinacolates (See
the Main Text). However, all attempts to separate the desired cyclobutenyl trifluoroborates
from their mixture with double addition products or remaining starting alkynyl trifluoroborates
were unsuccessful, so we had turned our attention back to the reactivity of alkynyl
boropinacolates.
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Me

are given in parentheses

Cl
RF g RF K+Q RF
K+
0N~ S0 0 o 0 0
|
Me

\F \F ;
B'\F B~f :
K* K* :
o) o] o o) o) o) 2
N > > ; Ve
Me Me Me ' o N o
0.5 mmol scale 67% by NMR 16% by NMR E
65% by NMR (33%) (42%) ' F
(19%) i R B -F
Isolated yield 60% ; F
. K*
! o) N o)
E Me
E NMR yields of
. double addition
E products
N \ ?
Me Me E
67% by NMR 75% by NMR 67% by NMR 3
(33%) (15%) (31%) '

Table S8. Examples of the products obtained by the direct photochemical reaction of
corresponding alkynyltrifluoroborates and N-methylmaleimide 7a

Characterization of potassium trifluoro(3-methyl-2,4-dioxo-3-azabicyclo[3.2.0]hept-6-en-6-
yl)borate, 8ab

F A solution of N-methyl maleimide 7a (11.1 mg, 0.100 mmol, 1 equiv.),
:\F K* potassium ethynyl trifluoroborate (13.2 mg, 0.100 mmol, 1 equiv.), and
thioxanthone (2.1 mg, 0.01 mmol) in acetone (2 mL) was placed in a

glass tube, closed with rubber septum and degassed by three vacuum

0FN~ 0 pumping-nitrogen purge cycles. Resulting solution was irradiated in

I Rayonet® reactor (Amax = 350 nm) placed at a 3 ¢cm distance from the

vessel (see Photo S1 and Photo S2 for the experimental setup) at rt for
12 h. The precipitate was filtered, washed with Et,O (3x1 mL) and dried on air to give product
8ab as a white fluffy solid (14.7 mg, 0.060 mmol, 60% yield). *H NMR (400 MHz, DMSO) & =
6.12 — 6.04 (m, 1H, CH), 3.57 — 3.52 (m, 1H, CH), 3.44 (d, J = 2.6 Hz, 1H, CH), 2.75 (s, 3H,
CHs). 13C NMR (101 MHz, DMSO) 6 = 177.1, 176.2, 135.1, 48.0, 46.4, 24.5. °F NMR (376
MHz, DMSO) & = -138.2 - -141.8 (br). HRMS (ESI/IQTOF) m/z: [M] Calcd for
C7HeBF3NO2> 204.0449; Found 204.0443.

F
\
B
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Spectrum 1. Potassium trifluoro(3-methyl-2,4-dioxo-3-azabicyclo[3.2.0]hept-6-en-6-yl)borate 8ab, *H NMR (400 MHz, DMSO-de)
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Spectrum 2. Potassium trifluoro(3-methyl-2,4-dioxo-3-azabicyclo[3.2.0]hept-6-en-6-yl)borate 8ab, **C NMR (101 MHz, DMSO-ds)
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Spectrum 3. Potassium trifluoro(3-methyl-2,4-dioxo-3-azabicyclo[3.2.0]hept-6-en-6-yl)borate 8ab, *°F NMR (376 MHz, DMSO-ds)
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Reaction limitations

Me
OJ Me,_
o BPin BPin Me~5i™° BPin BPin
Me
MeJ Meﬁﬂe
0PSO 0PSO 0P N0 0PN 70
Bn Bn

I |
Bn Bn

8ci, 25% (NMR) 8¢cj, 0% 8ck, 0% 8m, 0%
unstable

Table S9. Unsuccesfull experiments

Non-maleimide scope of the reaction

With optimized conditions in hand, the applicability of the developed protocol was tested on a
range of electron-deficient and electron-donor alkenes (Table S9). Unfortunately, no desired
product was formed in any case.

Me Me Me Me
&Me Me
Q Me 350 nm 0
h Me
B-0 TX (10%) H Bg
— E—
/ CH,Cl, o)jo

H 0.05 M
4c
| 0
0__0
-
J=o %% 9@
S N
(0] X e
0> 0" o]

Table S10. Substrates, that do not undergo the photochemical [2+2] cycloaddition with
alkynyl boronate 4c under the developed conditions
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Studies on the [2+2] cycloaddition of aryl flanked ethynyl boronates

@ FeURLEY

Me Me o o o\/ o
O&Me §/ ¥ ¥ o

B-O TX (10%), 350

p + o o " i Q—H‘ i
CH,Cl,
0.05M oA /‘*0

N

b b 0 b

4m e *relative 10

configuration is shown

Scheme 2. The reaction studied

Table S11. Optimization studies for the reaction of aryl substituted ethynylboronate 4m and
N-benzylmaleimide 7c

7c, A, Additive , .. 9a/9'a, 10b, Conversion
Entry equiv. nm solvent ¢, M (%) 8, % % % of 4m, %
1 1 350 CHsCN 005 X <1 35 19 50
3 ' (10%)
2 1 350 CH.Cl 005 X <1 40 13 56
i Hh (10%)
3 1M 350 CH.Ch 005 , X <1 38 25 80
: (10%)
n- X
3 130 . 005 o 0 0 20 15
T
4 03 30 CHCL 005 . <l 10 8 25
5 3 350 CH.Cl, 005 X <5 65 95 100
: (10%)
6 1 350 CH.Cl, 0.05 i 0 0 7 20
7 1 350 CH.ChL 001 , X <1 43 7 60
: (10%)
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0.3 mmol reaction setup visualization

AwarNinGA

Do NOT look at lighted lamps.

Photo S1. Top view Photo S2. Side view
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10 mmol scale-up reaction setup visualization

<
)
<
@

N
m%

+
//B\o Me 0™\
4c 7c ©)

Photo S3. Reaction mixture before Photo S4. Irradiation process
irradiation; partly insoluble N-
benzylmaleimide could be observed on the

bottom of the bulb

Photo S5. Reaction mixture after 24 hrs of
irradiation
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Mechanistic investigations
Triplet quenching

Me Me O 0
0 — -0
Me , A —> +
//B\O M 0PN 0
(@) (6]
7c

Scheme S4. The reaction studied

o

()

Table S12. Triplet and radical quenching for the reaction of alkynyl boronate 4c and N-
benzyl maleimide 7c

Entr Condition Alkyne conversion, Maleimide conversion, Product 8c yield,

y S % % %
1 Typical 100.0 100.0 76.3
2 Air [@ 44.3 100.0 45.3
3 O, @ 40.2 100.0 38.1
4 TEMPOQO b 100.0 100.0 41.2
5 Ni(acac), 100.0 7.0 0

[@l instead of N atmosphere in classic conditions I 1 eq TEMPO was used, other
conditions remain unchanged

B Alkyne conv.
[ ]Miconv.
B VR yield
100
80
(=)
&, 60
S
2
>
40
20
0+
Normal conditions Air Oxygen TEMPO

Figure S1. Dependence of the yield and SM conversions from the presence of quenchers for
alkynyl boronate 4c
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3%
O-B
or 0= N0
Chemical Formula: CgH41BN,O5
Exact Mass: 496.3109

Figure S2 . Possible TEMPO adduct of the 1,4-biradical intermediate
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Scheme S5. The reaction studied

Table S13. Triplet and radical quenching for the reaction of alkynyl boronate 4m and
N-benzyl maleimide 7c

Entr Conditio Alkyne Maleimide Product 9a/9’a

y ns conversion, % conversion, % yield, %

L pieE 343 100.0 57.2

cond

2 Air @ 58.8 100.0 18.9

3 O, [@ 100.0 100.0 17.9

4 TEMPOQ [l 49.6 49.7 10.2

5 Ni(acac), 100.0 5.0 0

[@ instead of N, atmosphere in classic conditions 1 1 eq TEMPO was used, other
conditions remain unchanged

B Alkyne conv.
[ IMiconv.
100 - - NMR vyield
80
o
S 60
o
Q
>_
40
20
0 -
Normal conditions Air Oxygen TEMPO

Figure S3. Dependence of the yield and SM conversions from the presence of quenchers for
alkynyl boronate 4m
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Visible light experimentation

Me " Me Me [ (©
o ;I O&Me o-_N_o (
e
8 440 nm Bag M o Me O ©
/ ~0° Me ﬂ Kessil lamp / Me
2 B
R +0ANSO ———— o-—Me *
Additive (5%), Me
DCM (6] O
0.05M |
4c,R=H 1eq. for 4c ©) ©)
4m, R =Ph 3 eq.for 4m ° 100

Scheme 6. The reaction studied

Table S14. Visible-light promoted examples of [2+2] cycloaddition of alkynylboronates 4c
and 4m with N-benzylmaleimide 7c

E Conver-

En- . b Eip Eip 8, 9, sion of

ry SM  Additive kcg'l/ MMM,V (MEM), V. % % alkyne 4,
%
1 4c - - - - 0 0 0
20l 4c - - - - 46 0 a0
3 4c ™ 65.5 -1.61 1.77 63 <5 80
4  4c  Ir(dFppy)s  63.5 -1.46 0.75 90 0 100
5 4c 3CzClIIPn 60.1 1.49 -1.24 5 0 80
6 4c fac-lrf(ppy)s  58.1 -1.73 0.31 15 0 80
7 4c  Ru(bpy)s 49 -0.81 0.77 0 o0 100
8 4m Ir(dFppy)s  63.5 -1.46 0.75 0 20 55
okl 4c  Ir(dFppy)s 63.5 -1.46 0.75 30 2 40

Reaction conditions: 0.1 mmol of alkyne, CH2Cl,, 0.05 M, 44 W Kessil lamp, 2 cm from the
reaction vessel, 12 hrs.

@ 360 nm instead of 440 nm irradiation wavelength
bl 2 mmol of 4c was used
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Yield, %
o E, kcal/mol

— E, (MIM), eV

1/2

1.77 — E,, (M/M), eV
965.5 149
9635
960.1 0.31
958.1
0.81
-1.24
-1.46 -
-1.61 :
.73 949
I I Y I Y I Y I
TX Ir(dFppy)3 3CzClIPn  fac-Ir(ppy)3 Ru(bpy)3

Figure S4 . Graphical representation of the observed correlation between reaction yield,
triplet energy and redox potentials of the used photocatalysts
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Intensity (a.U.)
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5 —— PhCCBPIn
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. —— H_Prod + BnMI
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T | |
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Wavelength(nm)

Figure S5. Absorption spectra of the investigated compounds and their mixtures
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Figure S6. Emission spectra of the investigated compounds and their mixtures

S42



Regioselectivity studies

Table S15. Regioselectivity studies

# Alkyne, R

2 4c, H

5 4b, c-CsHs

8 4m, Ph

9

7c

7k

m

7c

Tk

m

7c

7k

m

or

8 Compounds 9a and 9'a were obtained

Maleimide

Rt R2
H H
H Me

Me Me
H H
H Me

Me Me
H H
H Me

Me Me

R
. Me Me -B R
2 \ B/o Me ° 1
R \ R R?
or R' O Me —
Me
0 N (6) N (0]

(6}
©/l Int. 2

R M
. e
\ /o Me
R, B,
or R2 O—\~Me
Me
©) Int. 4

Scheme S7. The reaction studied

Product 8 (9)
NMR vyield, %
80

18

80

12

650

Me Me
Me O
/
Mg’ O/B R
R2 R1
—

Product 8’

NMR vyield, %

42

33
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Cross-cycloaddition experiment

To check the possibility of
photoexcitation of arylcyclobute-
nyl boronate double bond, a
cross-cycloaddition experiment
was performed. Based on
previous results, N-phenyl malei-
mide has low reactivity towards
the triple bond as compared to
the double bond of unsaturated
boronates and reacts significa-
ntly slower in comparison with N-
benzyl substituted maleimide. In
that case, a reaction of alkynyl
boronate 4m with the mixture of
N-benzyl and N-phenyl
maleimide will unambiguously
starts from the formation of N-
benzyl maleimide-derived cyclo-
butenyl boronate. If the cyclo-
butene double bond was excita-
ted upon irradiation, the second
addition would occur in a non-
selective manner with N-phenyl
or N-benzyl maleimide.

The obtained results disprove
the proposed hypothesis and
revealed unusual selectivity of
aryl- and alkyl-substituted male-
imides towards double and triple
bonds (See Scheme S10 and
Table S16).

4m or 21

Me Me
LDome ) Ly e
Bn Bn M
' i ' © Me
1st reaction
(0] l}l (0]
Bn
Me Me
Lome ) A
); 0]
(@] [}l (0] Me O/B (0] [}j Me
Ph i Ph Me
B%@ > > Me
2" reaction 0FNy~ 0 Me
I
Ph
Me Me

3" reaction
Scheme S8. Hypothetical products in cross-cycloaddition experiments
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Table S16. Results of cross-cycloaddition experiments

(]
. k=
s £
< ()
L T
=
oA <o
1 én
3 eq.
044:%0
2 Ph

3 eq.
and 3 eq.

(N-Ph)2:

Me
O\

B

4

(0]
Me 9al/a’

|
NMR yleld 54%

Decomposed 30%
SM 15%

O N0
Me
Me O\
B
Me O/
Me
0] N- (0]

NMR yield <5%
Decomposed 37%
SM 55%

Bn or.

Conversion 100%

(N-Bn);=0:6: 1
(by LCMS)

(N-Bn)(N-Ph) :

Me Me
O

|
/B\
O
/
f

NMR yield 80%
Decomposed 0%
SM 18%

Me
NMR vyield 84%

Decomposed 0%
SM 0%

Me
Bn or .

Conversion 100%
N-Ph: N-Bn=10:1
(by *H NMR)

24

Alkyne 4m +
alkene 21
mixture

Conversion
80%
alkene 9a/9'a:
alkane 24 =
1:1

Alkyne 4m
conversion 0%
Alkene 21
conversion
100%

Yield 79%
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Plausible mechanism

Me Me

Me—l

M O’B
€ \O

N (0]
Bn
3[ TX ]*
360 nm T'
X
Bn
7c

Me 1 Me 1
o, o_ /
Me \ Me N
’B 4 ISC ’B
Me (0] — 27 » Me (0]
Me o=\y~~o 0=y
1
Bn

radical

recombination

N

l|3n
O N0
Me
Me O\
B
Me o
Me
[¢) ,}j (0]
Bn
9
Q=Aryl

Scheme S9. Proposed general mechanism.
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Spectra table
Spectrum 1. Potassium trifluoro(3-methyl-2,4-dioxo-3-azabicyclo[3.2.0]hept-6-en-6-yl)borate 8ab, *H NMR

(A00 MHZ, DMSO-AB) .. e eveevereeruirieieieieieieeestestestestesteseeseeseesestessessessensenseneeseasessessessessensenseneeneasessessessensensensenseneenessesses 29
Spectrum 2. Potassium trifluoro(3-methyl-2,4-dioxo-3-azabicyclo[3.2.0]hept-6-en-6-yl)borate 8ab, *C NMR
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YL 2 O 1O ) TSRS 123
Spectrum 77. (1r,2R,6S,7r,8R,12S)-4,10-dibenzyl-1-(4-fluorophenyl)-7-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-4,10-diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9b', *°F NMR (376
IMTHZ, CDCI3) ittt ettt ettt e bt et e st et eebe e te e beebeeasesbeeaseabesbeeabanbeessenbeabseasasbeeasentesbsenbasteeseentesssensetenasaneas 124
Spectrum 78. (1r,2R,6S,7r,8R,12S)-4,10-dibenzyl-1-(4-fluorophenyl)-7-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-4,10-diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9b', COSY (400 MHz,
O 101 1 SRR 125
Spectrum 79. (1r,2R,6S,7r,8R,12S)-4,10-dibenzyl-1-(4-fluorophenyl)-7-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-4,10-diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9b', NOESY (400 MHz,
OB 101 1 RS SRPSRRST 126
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Spectrum 80. (2S,6R,8R,12S)-4,10-dibenzyl-1-(3,5-difluorophenyl)-7-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-4,10-diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9¢, *H NMR (400 MHz,

Spectrum 81. (2S,6R,8R,12S)-4,10-dibenzyl-1-(3,5-difluorophenyl)-7-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-4,10-diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9c, 13C NMR (101
IMIHZ, CDCI3) ittt sttt ettt ettt sttt e st et e st e e be e st e sbeeaa e beessesbesbeessasteebaensesbeessesseessensesbaensasteesaentesssensentennsaneas 128
Spectrum 82. (2S,6R,8R,12S)-4,10-dibenzyl-1-(3,5-difluorophenyl)-7-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-4,10-diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9c, °F NMR (376 MHz,

Spectrum 83. (2S,6R,8R,12S)-4,10-dibenzyl-1-(3,5-difluorophenyl)-7-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-4,10-diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9¢, COSY (400 MHz,
(OB 101 1 SRS 130
Spectrum 84. (2S,6R,8R,12S)-4,10-dibenzyl-1-(3,5-difluorophenyl)-7-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-4,10-diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9¢, HSQC (400/101

AV 2 I 1O 1 ) SO STR 131
Spectrum 85. (2S,6R,8R,12S)-4,10-dibenzyl-1-(3,5-difluorophenyl)-7-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-4,10-diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9¢, NOESY (400 MHz,
(O3 T 1< ) OO OO OSSOSO SRRSO 132
Spectrum 86. (1r,2R,6S,7r,8R,12S)-4,10-dibenzyl-1-(3,5-difluorophenyl)-7-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-4,10-diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9¢', *H NMR (400 MHz,

Spectrum 87. (1r,2R,6S,7r,8R,12S)-4,10-dibenzyl-1-(3,5-difluorophenyl)-7-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-4,10-diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9c', 13*C NMR (101
IMIHZ, CDCI3) .ttt ettt sttt sttt h e bt s bt e b e s b et e e et e st e st e bt s bt e b e et et e s e ne e st e bt ebesbe st et et et eneeneeneeneee 134
Spectrum 88. (1r,2R,6S,7r,8R,12S)-4,10-dibenzyl-1-(3,5-difluorophenyl)-7-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-4,10-diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9c', 1°F NMR (376
IMIHZ, CDCl3) .ttt ettt st sttt a s bt e b e s b et e e et e st e st e bt sbe e b e s b et en e ene e st ebeebeebe et et et et enteneeneeneee 135
Spectrum 89. . (1r,2R,6S,7r,8R,12S)-4,10-dibenzyl-1-(3,5-difluorophenyl)-7-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-4,10-diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9c', COSY (400 MHz,
O 101 1 SRS 136
Spectrum 90. (1r,2R,6S,7r,8R,12S)-4,10-dibenzyl-1-(3,5-difluorophenyl)-7-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-4,10-diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9¢', HSQC (400/101

1Y 2 B 101 ) ISR 137
Spectrum 91. (1r,2R,6S,7r,8R,12S)-4,10-dibenzyl-1-(3,5-difluorophenyl)-7-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-4,10-diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9c', NOESY (400 MHz,
OB 101 1 SRS 138
Spectrum 92. (2S,6R,8R,12S)-4,10-dibenzyl-1-(2-methylphenyl)-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-
2-yl)-4,10-diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9d, *H NMR (400 MHz, CDCls) ....140
Spectrum 93. (2S,6R,8R,12S)-4,10-dibenzyl-1-(2-methylphenyl)-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-
2-yl)-4,10-diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9d, *C NMR (101 MHz, CDCls)...141
Spectrum 94. (2S,6R,8R,12S)-4,10-dibenzyl-1-(2-methylphenyl)-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-
2-yl)-4,10-diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9d, COSY (400 MHz, CDCI3)....... 142
Spectrum 95. (2S,6R,8R,12S)-4,10-dibenzyl-1-(2-methylphenyl)-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-
2-yl)-4,10-diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9d, HSQC (400/101 MHz, CDCI3)

Spectrum 96. (2S,6R,8R,12S)-4,10-dibenzyl-1-(2-methylphenyl)-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-
2-yl)-4,10-diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9d, HMBC (400/101 MHz, CDCI3)

Spectrum 97. (2S,6R,8R,12S)-4,10-dibenzyl-1-(2-methylphenyl)-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-
2-yl)-4,10-diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9d, NOESY (400 MHz, CDCI3)....145
Spectrum 98. (2S,6R,8R,12S)-4,10-dibenzyl-1-(2-methylphenyl)-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-
2-yl)-4,10-diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9d, NOESY (400 MHz, CDCI3),
21T o] =Y i ol = To 0] o S SRS 146
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Spectrum 99. (1r,2R,6S,7r,8R,12S)-4,10-dibenzyl-1-(2-methylphenyl)-7-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-4,10-diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9d', *H NMR (400 MHz,

Spectrum 100. (1r,2R,6S,7r,8R,12S)-4,10-dibenzyl-1-(2-methylphenyl)-7-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-4,10-diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9d'. 33C NMR (101

1Y A O B 11 ) OSSR 148
Spectrum 101. (1r,2R,6S,7r,8R,12S)-4,10-dibenzyl-1-(2-methylphenyl)-7-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-4,10-diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9d', COSY (400 MHz,
(OB 101 1 SRS 149
Spectrum 102. (1r,2R,6S,7r,8R,12S)-4,10-dibenzyl-1-(2-methylphenyl)-7-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-4,10-diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9d', HSQC (400/101

AV 2 O B 1O 1 ) IS STSSR 150
Spectrum 103. (1r,2R,6S,7r,8R,12S)-4,10-dibenzyl-1-(2-methylphenyl)-7-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-4,10-diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9d', HMBC (400/101

AV 2 I 1O 1 ) SO STR 151
Spectrum 104. (1r,2R,6S,7r,8R,12S)-4,10-dibenzyl-1-(2-methylphenyl)-7-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-4,10-diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9d', NOESY (400 MHz,

CDCUB) ittt b h bt h e h b £ a Rt h ekt h btk h e bt e e e Rt e st eh e bt b e ebe st et et et eneenenaeeaes 152
Spectrum 105.(2S,6S,8S,12S)-4,10-dibenzyl-1-(4-methoxyphenyl)-4,10-
diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9¢e, H NMR (400 MHz, CDCl3).......ccccveuvueee. 153
Spectrum 106. (2S,6S,8S,12S)-4,10-dibenzyl-1-(4-methoxyphenyl)-4,10-
diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9e, *C NMR (101 MHz, CDCl3) ..................... 154
Spectrum 107. (2S,6S,8S,12S)-4,10-dibenzyl-1-(4-methoxyphenyl)-4,10-
diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9e, COSY (400 MHz, CDCI3) ......ccceevvruernenne. 155

Spectrum 108. (2S,6S,8S,12S)-4,10-dibenzyl-1-(4-methoxyphenyl)-4,10-
diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9e, COSY (400 MHz, CDCI3), aliphatic region

...................................................................................................................................................................................... 156
Spectrum 109. (2S,6S,8S,12S)-4,10-dibenzyl-1-(4-methoxyphenyl)-4,10-
diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9e, NOESY (400 MHz, CDCI3).......cccccuevuenee. 157
Spectrum 110. (1r,2R,6R,8S,12S)-4,10-dibenzyl-1-(4-methoxyphenyl)-4,10-
diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9¢’, 'H NMR (400 MHz, CDCl3).........ccocuvu.e.. 158
Spectrum 111. (1r,2R,6R,8S,12S)-4,10-dibenzyl-1-(4-methoxyphenyl)-4,10-
diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9¢', 13C NMR (101 MHz, CDCl3)..................... 159
Spectrum 112. (1r,2R,6R,8S,12S)-4,10-dibenzyl-1-(4-methoxyphenyl)-4,10-
diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9e', COSY (400 MHz, CDCI3) .......cceevruvennne. 160

Spectrum 113. (1r,2R,6R,8S,12S)-4,10-dibenzyl-1-(4-methoxyphenyl)-4,10-
diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9e', aliphatic region COSY (400 MHz, CDCI3)
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Spectrum 114. (1r,2R,6R,8S,12S)-4,10-dibenzyl-1-(4-methoxyphenyl)-4,10-
diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9e', HSQC (400/101 MHz, CDCI3) ................ 162
Spectrum 115. (1r,2R,6R,8S,12S)-4,10-dibenzyl-1-(4-methoxyphenyl)-4,10-
diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9¢e', NOESY (400 MHz, CDCI3)......cccccveuuun..e. 163
Spectrum 116. (1r,2R,6R,8S,12S)-4,10-dibenzyl-1-(4-methoxyphenyl)-4,10-
diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9e', NOESY (400 MHz, CDCI3), aliphatic
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Spectrum 117. 3-benzyl-6-(p-tolyl)-3-azabicyclo[3.2.0]hept-6-ene-2,4-dione 11a, *H NMR (400 MHz, CDCls)
...................................................................................................................................................................................... 165
Spectrum 118. 3-benzyl-6-(p-tolyl)-3-azabicyclo[3.2.0]hept-6-ene-2,4-dione 11a, **C NMR (101 MHz,
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Spectrum 119. N-((3-benzyl-7-(2,4-difluorophenyl)-2,4-dioxo-3-azabicyclo[3.2.0]hept-6-en-6-yl)methyl)-N,4-
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Spectrum 121. N-((3-benzyl-7-(2,4-difluorophenyl)-2,4-dioxo-3-azabicyclo[3.2.0]hept-6-en-6-yl) methyl)-N,4-
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Spectrum 124. 3-benzyl-6-(hydroxymethyl)-7-(5-(trifluoromethyl)pyridin-2-yl)-3-azabicyclo[3.2.0]hept-6-ene-
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Spectrum 125. 3-benzyl-6-(hydroxymethyl)-7-(5-(trifluoromethyl)pyridin-2-yl)-3-azabicyclo[3.2.0]hept-6-ene-
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Spectrum 126. 3-benzyl-7-(3-methoxyphenyl)-1-methyl-3-azabicyclo[3.2.0]hept-6-ene-2,4-dione and 3-
benzyl-6-(3-methoxyphenyl)-1-methyl-3-azabicyclo[3.2.0]hept-6-ene-2,4-dione 11d and 11d', *H NMR (400
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Spectrum 127. 3-benzyl-7-(3-methoxyphenyl)-1-methyl-3-azabicyclo[3.2.0]hept-6-ene-2,4-dione and 3-
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Spectrum 128. 3-benzyl-7-(3-methoxyphenyl)-1-methyl-3-azabicyclo[3.2.0]hept-6-ene-2,4-dione and 3-
benzyl-6-(3-methoxyphenyl)-1-methyl-3-azabicyclo[3.2.0]hept-6-ene-2,4-dione 11d and 11d', COSY (400
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Spectrum 129. 3-benzyl-7-(3-methoxyphenyl)-1-methyl-3-azabicyclo[3.2.0]hept-6-ene-2,4-dione and 3-
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Spectrum 5. 6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)hex-5-ynenitrile 4g, *H NMR (400 MHz, CDCls)
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Spectrum 7. N,4-dimethyl-N-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)prop-2-yn-1-yl)benzenesulfonamide 4i, *H NMR (400 MHz, CDCls)
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Spectrum 8. N,4-dimethyl-N-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)prop-2-yn-1-yl)benzenesulfonamide 4i, **C NMR (101 MHz, CDCl,)
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Spectrum 9. 2-((3,5-difluorophenyl)ethynyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 40, *H NMR (400 MHz, CDCls)
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Spectrum 10. 2-((3,5-difluorophenyl)ethynyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 40, *3C NMR (101 MHz, CDCls)
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Spectrum 11. 2-((3,5-difluorophenyl)ethynyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 40, *°F NMR (376 MHz, CDCls)
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Spectrum 13. 2-((3,5-dimethoxyphenyl)ethynyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 4q, **C NMR (101 MHz, CDCls)
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Spectrum 14. 3-methyl-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-azabicyclo[3.2.0]hept-6-ene-2,4-dione 8a, *H NMR (400 MHz, CDCls)
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Spectrum 15. 3-methyl-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-azabicyclo[3.2.0]hept-6-ene-2,4-dione 8a, 13C NMR (101 MHz, CDCls)
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Spectrum 16. 3-methyl-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-azabicyclo[3.2.0]hept-6-ene-2,4-dione 8a, 1'B NMR (128 MHz, CDCls)
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Spectrum 18. 6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-azabicyclo[3.2.0]hept-6-ene-2,4-dione 8b, 13C NMR (151 MHz, CDCls)
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Spectrum 19. 3-benzyl-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-azabicyclo[3.2.0]hept-6-ene-2,4-dione 8c, *H NMR (400 MHz, CDCls)
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Spectrum 20. 3-benzyl-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-azabicyclo[3.2.0]hept-6-ene-2,4-dione 8c, **C NMR (101 MHz, CDCls)
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Spectrum 21. 3-benzyl-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-azabicyclo[3.2.0]hept-6-ene-2,4-dione 8c, **C APT (101 MHz, CDCls)

S71



Oct06-2022-liashuk_Propyl.1.fid — refe_1H_zg (D3 fopt/ liashuk 32

oA EER IZSE DPHNEEI RUDSASROSNRTSOS3o
[ S S S S o = W oW oMo e~ S~ ooo |
e a B SV Ve 2800
-2600
HC  ch,
CH B
o 2 2400
H.C \ CHy
B—o 2200
— |
I |
| i f
;s:fi\ ,:x=a: ) J I ,f f J 2000
O N 0 -1800
1600
1400
1200
-1000
, 800
600
-400
! 200
]
_ _,_J._J_/- S _l "
i .y LA e oy ¥
2 = == 2 MR —-200

S lam

T T T
15 110 105 100 95 90 &5 80 75 70 65 60 55 50 45 40 35 3.0 25 2.0
f1 (ppm)

Spectrum 22. 3-benzyl-6-propyl-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-azabicyclo[3.2.0]hept-6-ene-2,4-dione 8ca, *H NMR (400 MHz, CDCls)
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Spectrum 23. 3-benzyl-6-propyl-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-azabicyclo[3.2.0]hept-6-ene-2,4-dione 8ca, *C NMR (101 MHz, CDCls)
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Spectrum 24. 3-benzyl-6-cyclopropyl-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-azabicyclo[3.2.0]hept-6-ene-2,4-dione 8cb, *H NMR (400 MHz, CDCls)
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Spectrum 25. 3-benzyl-6-cyclopropyl-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-azabicyclo[3.2.0]hept-6-ene-2,4-dione 8cb, **C NMR (101 MHz, CDCls)
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Spectrum 26. 3-benzyl-6-(tert-butyl)-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-azabicyclo[3.2.0]hept-6-ene-2,4-dione 8cc, *H NMR (400 MHz, CDCls)
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Spectrum 27. 3-benzyl-6-(tert-butyl)-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-azabicyclo[3.2.0]hept-6-ene-2,4-dione 8cc, **C NMR (101 MHz, CDCls)
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Spectrum 28. 3-benzyl-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-7-(trimethylsilyl)-3-azabicyclo[3.2.0]hept-6-ene-2,4-dione 8cd, *H NMR (400 MHz,

CDCls)
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Spectrum 29. 3-benzyl-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-7-(trimethylsilyl)-3-azabicyclo[3.2.0]hept-6-ene-2,4-dione 8cd, **C NMR (101 MHz,
CDCls)
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Spectrum 30. 3-benzyl-6-(3-chloropropyl)-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-azabicyclo[3.2.0]hept-6-ene-2,4-dione 8ce, *H NMR (400 MHz,

CDCls)
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Spectrum 31. 3-benzyl-6-(3-chloropropyl)-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-azabicyclo[3.2.0]hept-6-ene-2,4-dione 8ce, 1*C NMR (101 MHz,
CDCls)
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Spectrum 32. 4-(3-benzyl-2,4-dioxo-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-azabicyclo[3.2.0]hept-6-en-6-yl)butanenitrile 8cf, '"H NMR (400 MHz,

CDCly)
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Spectrum 33. 4-(3-benzyl-2,4-dioxo-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-azabicyclo[3.2.0]hept-6-en-6-yl)butanenitrile 8cf, 13C NMR (151 MHz,

CDCls)
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Spectrum 34. 3-benzyl-6-(((tetrahydro-2H-pyran-2-yl)oxy)methyl)-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-azabicyclo[3.2.0]hept-6-ene-2,4-dione 8cg,
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Spectrum 35. 3-benzyl-6-(((tetrahydro-2H-pyran-2-yl)oxy)methyl)-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-azabicyclo[3.2.0]hept-6-ene-2,4-dione 8cg,

13C NMR (101 MHz, CDCls)
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Spectrum 36. 3-phenyl-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-azabicyclo[3.2.0]hept-6-ene-2,4-dione 8d, *H NMR (400 MHz, CDCls)

LI L B
15 11.0 10,5 100 95 90 85 80 Y5 70 6.5

6.0

I T T
2.2 2.0
f1 (ppm)

4.5

— 2.00

4.0

3.5

3.0

2.3

2.0

1.5

1.0

0.5

0.0

R B
-0.53

-1.0

S86



Mov30-2022-liashuk_MPh_final.2.fid — refe_13C_cpd CDCIE fopt/ liashuk 3

173.45
173.25 |
—152.35 |
g84.49
4841
47 44
{24.39
2462

~1000

0 CH, 000
| CH, _

~800

0 ] ~700
—600
~200
—400
=300
| —200

=100

T — b ;

00 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
f1 (ppm)
Spectrum 37. 3-phenyl-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-azabicyclo[3.2.0]hept-6-ene-2,4-dione 8d, **C NMR (101 MHz, CDCls)
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Spectrum 38. 3-(perfluorophenyl)-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-azabicyclo[3.2.0]hept-6-ene-2,4-dione 8e, *H NMR (400 MHz, CDCls)
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Spectrum 39. 3-(perfluorophenyl)-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-azabicyclo[3.2.0]hept-6-ene-2,4-dione 8e, *C NMR (151 MHz, CDCls)

S89



C6F5_F.1.fid — 19F no 1H decoupling on this probe

-142.60
-142.64
-143.62
-143.63
-143.64
=143.66
-143.67
-143.68
-151.13

HC o,
CH
[i 2
CH
B—n 2
0 N%o
F F
F F
F

Mo

-151.17
-151.21
-160.79
=160.80
-160.83
-160.84
-160.87
=160, 88
=160.89
=160.90
-160.93
-160.94
-160.97
=160, 98

ml ;

~13000

—12000

-11000

~10000

~9000

—8000

—7000

=6000

~2000

—4000

~3000

~2000

-1000

—0

-t -~ 1 - 1~ r -~ fr - T+ 7717111~ 1 fr 1 1 1 1 1 1 1 1~ 1 * 1 * 1 * T " 1 = 1 1
-/5 -80 -85 -90 -85 -100 -105 -110 -115 -120 -125 -130 -135 -140 -145 -130 -155 -160 -165 -170 -175 -180 -185 -190 -195 -200 -205 -210 -215

f1 (ppm)

Spectrum 40. 3-(perfluorophenyl)-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-azabicyclo[3.2.0]hept-6-ene-2,4-dione 8¢, *°F NMR (565 MHz, CDCls)
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Spectrum 41. 2-(2,4-dioxo-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-azabicyclo[3.2.0]hept-6-en-3-yl)ethyl acetate 8f, 'H NMR (400 MHz, CDCls)
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Spectrum 42. 2-(2,4-dioxo-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-azabicyclo[3.2.0]hept-6-en-3-yl)ethyl acetate 8f, 13C NMR (101 MHz, CDCls)
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Spectrum 43. tert-butyl (2-(2,4-dioxo-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-azabicyclo[3.2.0]hept-6-en-3-yl)ethyl)carbamate 8g, *H NMR (400 MHz,
CDCls)
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Spectrum 44. tert-butyl (2-(2,4-dioxo-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-azabicyclo[3.2.0]hept-6-en-3-yl)ethyl)carbamate 8g, **C NMR (151
MHz, CDCls)
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Spectrum 45. 3-(2-hydroxyethyl)-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-azabicyclo[3.2.0]hept-6-ene-2,4-dione 8h, *H NMR (400 MHz, CDCls)
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Spectrum 46. 3-(2-hydroxyethyl)-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-azabicyclo[3.2.0]hept-6-ene-2,4-dione 8h, 13C NMR (101 MHz, CDCls)
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Spectrum 47. 6-(2,4-dioxo-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-azabicyclo[3.2.0]hept-6-en-3-yl)hexanoic acid 8i, *H NMR (400 MHz, CDCls)
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Spectrum 48. 6-(2,4-dioxo-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-azabicyclo[3.2.0]hept-6-en-3-yl)hexanoic acid 8i, **C NMR (101 MHz, CDCl,)
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Spectrum 49. 2-(2,4-dioxo-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-azabicyclo[3.2.0]hept-6-en-3-yl)ethan-1-aminium trifluoroacetate 8j, *H NMR (400

MHz, CDsCN)
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Spectrum 50. 2-(2,4-dioxo-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-azabicyclo[3.2.0]hept-6-en-3-yl)ethan-1-aminium trifluoroacetate 8j, 13C NMR (101
MHz, CD3;CN)
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Spectrum 51. 2-(2,4-dioxo-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-azabicyclo[3.2.0]hept-6-en-3-yl)ethan-1-aminium trifluoroacetate 8j, *°F NMR (376
MHz, CDsCN)
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Spectrum 52. 3-(2,6-dioxopiperidin-3-yl)-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-azabicyclo[3.2.0]hept-6-ene-2,4-dione 8n, *H NMR (400 MHz,
CDCls)
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Spectrum 53. 3-(2,6-dioxopiperidin-3-yl)-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-azabicyclo[3.2.0]hept-6-ene-2,4-dione 8n, *C NMR (101 MHz,
CDCls)
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Spectrum 54. (2S,6R,8R,12S)-4,10-dibenzyl-1-phenyl-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4,10-diazatetracyclo[5.5.0.02,6.08,12]dodecane-
3,5,9,11-tetrone 9a, *H NMR (400 MHz, CDCls)
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Spectrum 55. (2S,6R,8R,12S)-4,10-dibenzyl-1-phenyl-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4,10-diazatetracyclo[5.5.0.02,6.08,12]dodecane-
3,5,9,11-tetrone 9a, *C NMR (101 MHz, CDCls)
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Spectrum 56. (2S,6R,8R,12S)-4,10-dibenzyl-1-phenyl-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4,10-diazatetracyclo[5.5.0.02,6.08,12]dodecane-
3,5,9,11-tetrone 9a, HSQC (400/101 MHz, CDCls), full spectrum
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Spectrum 57. (2S,6R,8R,12S)-4,10-dibenzyl-1-phenyl-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4,10-diazatetracyclo[5.5.0.02,6.08,12]dodecane-
3,5,9,11-tetrone 9a, HSQC (400/101 MHz, CDCls), aliphatic region
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Spectrum 58. (2S,6R,8R,12S)-4,10-dibenzyl-1-phenyl-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4,10-diazatetracyclo[5.5.0.02,6.08,12]dodecane-
3,5,9,11-tetrone 9a, NOESY (400 MHz, CDCls)
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Spectrum 59. (2S,6R,8R,12S)-4,10-dibenzyl-1-phenyl-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4,10-diazatetracyclo[5.5.0.02,6.08,12]dodecane-
3,5,9,11-tetrone 9a, NOESY (400 MHz, CDCIs), aliphatic region
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Spectrum 60. (1R,2R,6S,7R,8R,12S)-4,10-dibenzyl-1-phenyl-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4,10-diazatetracyclo[5.5.0.02,6.08,12]dodecane-
3,5,9,11-tetrone 9'a, 'H NMR (400 MHz, CDCls)

4.0 3. 3.0 25 2.0 1.5 1.0 0.5 0.0 -0.5

e L

i

S110



Oct18-2022-liashuk_Ph_DA_2 dia.2.fid — refe_13C_cpd CD3 fopt/ liashuk 8

i e

46,28
42.59
24497

84.87
—51.42

-‘\—5?.11

=7000

~6500

N -6000

~5500

/ \ | p CH,
- % cH, -5000

% 4500
0= =

~4000

~3500
~3000
~2500
~2000
~1500
~1000

. | ol -500
I
u | il

I - L | I

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 6 S0 40 30 20 10 0 -0
f1 (ppm)
Spectrum 61. (1r,2R,6S,7r,8R,12S)-4,10-dibenzyl-1-phenyl-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4,10-diazatetracyclo[5.5.0.02,6.08,12]dodecane-

3,5,9,11-tetrone 9a', *C NMR (101 MHz, CDCly)

S111



Oct18-2022-liashuk_Ph_DA_2 dia.3.ser — refe_COSY CDCIB fopt/ liashuk 8

U J )

s
f1 (ppm)

~2.0

-3.5

~6.0

7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0
f2 (ppm)
Spectrum 62. (1r,2R,6S,7r,8R,12S)-4,10-dibenzyl-1-phenyl-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4,10-diazatetracyclo[5.5.0.02,6.08,12]dodecane-
3,5,9,11-tetrone 9a', COSY (400 MHz, CDCI3)
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Spectrum 63. (1r,2R,6S,7r,8R,12S)-4,10-dibenzyl-1-phenyl-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4,10-diazatetracyclo[5.5.0.02,6.08,12]dodecane-
3,5,9,11-tetrone 9a', HSQC (400/101 MHz, CDCI3)
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Spectrum 64. (1r,2R,6S,7r,8R,12S)-4,10-dibenzyl-1-phenyl-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4,10-diazatetracyclo[5.5.0.02,6.08,12]dodecane-
3,5,9,11-tetrone 9a', HMBC (400/101 MHz, CDCI3)
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Spectrum 65. (1R,2R,6S,7R,8R,12S)-4,10-dibenzyl-1-phenyl-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4,10-diazatetracyclo[5.5.0.02,6.08,12]dodecane-
3,5,9,11-tetrone 9a', NOESY (400 MHz, CDCI3)
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Spectrum 66. (2S,6R,8R,12S)-4,10-dibenzyl-1-(4-fluorophenyl)-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4,10-
diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9b, *H NMR (400 MHz, CDCls)
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Spectrum 67. (2S,6R,8R,12S)-4,10-dibenzyl-1-(4-fluorophenyl)-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4,10-
diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9b, **C NMR (101 MHz, CDCls)
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Spectrum 68. (2S,6R,8R,12S)-4,10-dibenzyl-1-(4-fluorophenyl)-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4,10-
diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9b, *°F NMR (376 MHz, CDCls)

S118



Dec24-2022-liashuk4FPh_1 dia.3.ser — refe_COSY CD3 /opt/ liashuk 18

N TR B

! @@
= il
0 0
7T5 - 7.r0 ) 6:5 ' 6?0 ) 515 . STO ) 4.I5 ' 4:0 ' 3?5 B 3?0 ZTS ) 2.r0 ' 1.'5 ' 1.10 Y 0.r5

f2 (ppm)
Spectrum 69. (2S,6R,8R,12S)-4,10-dibenzyl-1-(4-fluorophenyl)-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4,10-
diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9b, COSY (400 MHz, CDCI3)
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Spectrum 70. (2S,6R,8R,12S)-4,10-dibenzyl-1-(4-fluorophenyl)-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4,10-
diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9b, HSQC (400/101 MHz, CDCI3)
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Spectrum 71. (2S,6R,8R,12S)-4,10-dibenzyl-1-(4-fluorophenyl)-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4,10-
diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9b, NOESY (400 MHz, CDCI3)
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Spectrum 72. (1r,2R,6S,7r,8R,12S)-4,10-dibenzyl-1-(4-fluorophenyl)-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4,10-
diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9b', *H NMR (400 MHz, CDCly)
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Spectrum 73. (1r,2R,6S,7r,8R,12S)-4,10-dibenzyl-1-(4-fluorophenyl)-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4,10-

diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9b', 13C NMR (101 MHz, CDCls)
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Spectrum 74. (1r,2R,6S,7r,8R,12S)-4,10-dibenzyl-1-(4-fluorophenyl)-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4,10-

diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9b', *°F NMR (376 MHz, CDCl3)
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Spectrum 75. (1r,2R,6S,7r,8R,12S)-4,10-dibenzyl-1-(4-fluorophenyl)-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4,10-
diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9b', COSY (400 MHz, CDCI3)
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Spectrum 76. (1r,2R,6S,7r,8R,12S)-4,10-dibenzyl-1-(4-fluorophenyl)-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4,10-
diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9b', NOESY (400 MHz, CDCI3)

f1 (ppm)
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Spectrum 77. (2S,6R,8R,12S)-4,10-dibenzyl-1-(3,5-difluorophenyl)-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4,10-
diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9¢, *H NMR (400 MHz, CDCls)
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Spectrum 78. (2S,6R,8R,12S)-4,10-dibenzyl-1-(3,5-difluorophenyl)-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4,10-
diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9c, **C NMR (101 MHz, CDCls)
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Spectrum 79. (2S,6R,8R,12S)-4,10-dibenzyl-1-(3,5-difluorophenyl)-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4,10-
diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9c, °F NMR (376 MHz, CDCls)
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Spectrum 80. (2S,6R,8R,12S)-4,10-dibenzyl-1-(3,5-difluorophenyl)-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4,10-
diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9c, COSY (400 MHz, CDCI3)
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Spectrum 81. (2S,6R,8R,12S)-4,10-dibenzyl-1-(3,5-difluorophenyl)-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4,10-
diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9¢c, HSQC (400/101 MHz, CDCI3)

S131



Nov02-2022-liashuk_3,5-F_1 dia.5.ser — refe_NOESY CDCI3 fopt/ liashuk 8

A i

B -
= slt |
: R

—2

3

-4

5 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 0.0
f2 (ppm)
Spectrum 82. (2S,6R,8R,12S)-4,10-dibenzyl-1-(3,5-difluorophenyl)-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4,10-
diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9¢, NOESY (400 MHz, CDCI3)

f1 {ppm)
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Spectrum 83. (1r,2R,6S,7r,8R,12S)-4,10-dibenzyl-1-(3,5-difluorophenyl)-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4,10-
diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9¢', *H NMR (400 MHz, CDCls)
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Spectrum 84. (1r,2R,6S,7r,8R,12S)-4,10-dibenzyl-1-(3,5-difluorophenyl)-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4,10-

diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9¢', $3C NMR (101 MHz, CDCly)
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Spectrum 85. (1r,2R,6S,7r,8R,12S)-4,10-dibenzyl-1-(3,5-difluorophenyl)-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4,10-
diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9c¢', *°F NMR (376 MHz, CDClz)
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Spectrum 86. . (1r,2R,6S,7r,8R,12S)-4,10-dibenzyl-1-(3,5-difluorophenyl)-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4,10-
diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9¢c', COSY (400 MHz, CDCI3)

S136



Nov02-2022-liashuk_3,5-F_2 dia.4.ser — refe_HSQC D3 foptf liashuk 7

-
__ 2

-60

-70

-80

-90

0 -100

@ 110

-120

Cm ' -130

-140

-150

-160

-170

180

T
8.0 7.5 7.0 6.5 6.0 5.5 5.0 45 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
2 (ppm)

Spectrum 87. (1r,2R,6S,7r,8R,12S)-4,10-dibenzyl-1-(3,5-difluorophenyl)-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4,10-
diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9¢', HSQC (400/101 MHz, CDCI3)

f1 (ppm)
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Spectrum 88. (1r,2R,6S,7r,8R,12S)-4,10-dibenzyl-1-(3,5-difluorophenyl)-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4,10-
diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9c', NOESY (400 MHz, CDCI3)
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Scheme S10. Representative illustration of nOe correlations for exo-endo and endo-endo isomers (on example of 9¢ and 9c¢')
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Spectrum 89. (2S,6R,8R,12S)-4,10-dibenzyl-1-(2-methylphenyl)-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4,10-
diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9d, *H NMR (400 MHz, CDCls)
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Spectrum 90. (2S,6R,8R,12S)-4,10-dibenzyl-1-(2-methylphenyl)-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4,10-
diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9d, *3C NMR (101 MHz, CDCls)
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Spectrum 91. (2S,6R,8R,12S)-4,10-dibenzyl-1-(2-methylphenyl)-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4,10-
diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9d, COSY (400 MHz, CDCI3)
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Spectrum 92. (2S,6R,8R,12S)-4,10-dibenzyl-1-(2-methylphenyl)-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4,10-
diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9d, HSQC (400/101 MHz, CDCI3)

f1 (ppm)
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Spectrum 93. (2S,6R,8R,12S)-4,10-dibenzyl-1-(2-methylphenyl)-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4,10-
diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9d, HMBC (400/101 MHz, CDCI3)
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Spectrum 94. (2S,6R,8R,12S)-4,10-dibenzyl-1-(2-methylphenyl)-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4,10-
diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9d, NOESY (400 MHz, CDCI3)
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Spectrum 95. (2S,6R,8R,12S)-4,10-dibenzyl-1-(2-methylphenyl)-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4,10-
diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9d, NOESY (400 MHz, CDCI3), aliphatic region
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Spectrum 96. (1r,2R,6S,7r,8R,12S)-4,10-dibenzyl-1-(2-methylphenyl)-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4,10-
diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9d', *H NMR (400 MHz, CDCl5)
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Spectrum 97. (1r,2R,6S,7r,8R,12S)-4,10-dibenzyl-1-(2-methylphenyl)-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4,10-

diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9d". 13C NMR (101 MHz, CDCls)
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Spectrum 98. (1r,2R,6S,7r,8R,12S)-4,10-dibenzyl-1-(2-methylphenyl)-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4,10-
diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9d', COSY (400 MHz, CDCI3)
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Spectrum 99. (1r,2R,6S,7r,8R,12S)-4,10-dibenzyl-1-(2-methylphenyl)-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4,10-
diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9d', HSQC (400/101 MHz, CDCI3)
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Spectrum 100. (1r,2R,6S,7r,8R,12S)-4,10-dibenzyl-1-(2-methylphenyl)-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4,10-
diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9d', HMBC (400/101 MHz, CDCI3)
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Spectrum 101. (1r,2R,6S,7r,8R,12S)-4,10-dibenzyl-1-(2-methylphenyl)-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4,10-
diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9d', NOESY (400 MHz, CDCI3)
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Spectrum 102.(2S,6S,8S,12S)-4,10-dibenzyl-1-(4-methoxyphenyl)-4,10-diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9¢e, *H NMR (400 MHz,

CDCls)
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Spectrum 103. (2S,6S,8S,12S)-4,10-dibenzyl-1-(4-methoxyphenyl)-4,10-diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9e, **C NMR (101 MHz,
CDCls)
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Spectrum 104. (2S,6S,8S,12S)-4,10-dibenzyl-1-(4-methoxyphenyl)-4,10-diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9e, COSY (400 MHz,
CDCI3)
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Spectrum 105. (2S,6S,8S,12S)-4,10-dibenzyl-1-(4-methoxyphenyl)-4,10-diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9¢, COSY (400 MHz,
CDCI3), aliphatic region
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Spectrum 106. (2S,6S,8S,12S)-4,10-dibenzyl-1-(4-methoxyphenyl)-4,10-diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9e, NOESY (400 MHz,

CDCI3)
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Spectrum 107. (1r,2R,6R,8S,12S)-4,10-dibenzyl-1-(4-methoxyphenyl)-4,10-diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9¢', *H NMR (400
MHz, CDCls)
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Spectrum 108. (1R,2R,6R,8S,12S)-4,10-dibenzyl-1-(4-methoxyphenyl)-4,10-diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9e', 13C NMR (101
MHz, CDCls)
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Spectrum 109. (1r,2R,6R,8S,12S)-4,10-dibenzyl-1-(4-methoxyphenyl)-4,10-diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9e', COSY (400 MHz,
CDCI3)
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Spectrum 110. (1r,2R,6R,8S,12S)-4,10-dibenzyl-1-(4-methoxyphenyl)-4,10-diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9¢e', aliphatic region
COSY (400 MHz, CDCI?3)
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Spectrum 111. (1r,2R,6R,8S,12S)-4,10-dibenzyl-1-(4-methoxyphenyl)-4,10-diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9e', HSQC (400/101
MHz, CDCI3)
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Spectrum 112. (1r,2R,6R,8S,125)-4,10-dibenzyl-1-(4-methoxyphenyl)-4,10-diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9e', NOESY (400
MHz, CDCI3)
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Spectrum 113. (1r,2R,6R,8S,12S)-4,10-dibenzyl-1-(4-methoxyphenyl)-4,10-diazatetracyclo[5.5.0.02,6.08,12]dodecane-3,5,9,11-tetrone 9e', NOESY (400

MHz, CDCI3), aliphatic region

S164



PRNSSSARNSIRREEASUS ANy ZumET SRR ER %
r\-:.r\-::Hrﬁrﬁh;ih;h;ririﬁhhﬁﬁﬁﬁhhm@ ¢R:\j;vmw [
i
-13000
| f
CHy | -12000
2 \ |
] 11000
e |||I"
— . P
‘ || ' I | -10000
X | ..||I J aJ .-| J -
-9000
0
. 0
-8000
7000
-6000
|
-5000
-4000
3000
! , -2000
I |
i
I -1000
I
UM —— | D Y 0
q_r_lﬂlfrl]hl‘ e ‘lflq o b
$¥3% 8 2 % 8 B 1000
T T T T T T T T T T T T T T T T T T T T L T T T T
11.5 11.0 105 100 95 90 85 80 75 7.0 65 60 55 50 45 40 35 30 25 20 15 10 05 0.0 -05

f1 (ppm)
Spectrum 114. 3-benzyl-6-(p-tolyl)-3-azabicyclo[3.2.0]hept-6-ene-2,4-dione 11a, *H NMR (400 MHz, CDCls)
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Spectrum 115. 3-benzyl-6-(p-tolyl)-3-azabicyclo[3.2.0]hept-6-ene-2,4-dione 11a, **C NMR (101 MHz, CDCls)
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Spectrum 116. N-((3-benzyl-7-(2,4-difluorophenyl)-2,4-dioxo-3-azabicyclo[3.2.0]hept-6-en-6-yl)methyl)-N,4-dimethylbenzenesulfonamide 11b, *H NMR (400

MHz, CDCls)
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Spectrum 117. N-((3-benzyl-7-(2,4-difluorophenyl)-2,4-dioxo-3-azabicyclo[3.2.0]hept-6-en-6-yl)methyl)-N,4-dimethylbenzenesulfonamide 11b, **C NMR (151
MHz, CDCls)
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Spectrum 118. N-((3-benzyl-7-(2,4-difluorophenyl)-2,4-dioxo-3-azabicyclo[3.2.0]hept-6-en-6-yl)methyl)-N,4-dimethylbenzenesulfonamide 11b, °F NMR (376
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Spectrum 119. 3-benzyl-6-(hydroxymethyl)-7-(5-(trifluoromethyl)pyridin-2-yl)-3-azabicyclo[3.2.0]hept-6-ene-2,4-dione 11c, *H NMR (400 MHz, CDCls)
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Spectrum 120. 3-benzyl-6-(hydroxymethyl)-7-(5-(trifluoromethyl)pyridin-2-yl)-3-azabicyclo[3.2.0]hept-6-ene-2,4-dione 11c, 3C NMR (101 MHz, CDCls)
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Spectrum 121. 3-benzyl-6-(hydroxymethyl)-7-(5-(trifluoromethyl)pyridin-2-yl)-3-azabicyclo[3.2.0]hept-6-ene-2,4-dione 11c, 1°F NMR (376 MHz, CDCls), full
spectrum
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Spectrum 122. 3-benzyl-6-(hydroxymethyl)-7-(5-(trifluoromethyl)pyridin-2-yl)-3-azabicyclo[3.2.0]hept-6-ene-2,4-dione 11c, °F NMR (376 MHz, CDCls),
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Spectrum 123. 3-benzyl-7-(3-methoxyphenyl)-1-methyl-3-azabicyclo[3.2.0]hept-6-ene-2,4-dione and 3-benzyl-6-(3-methoxyphenyl)-1-methyl-3-
azabicyclo[3.2.0]hept-6-ene-2,4-dione 11d and 11d', *H NMR (400 MHz, CDCls)
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Spectrum 124. 3-benzyl-7-(3-methoxyphenyl)-1-methyl-3-azabicyclo[3.2.0]hept-6-ene-2,4-dione and 3-benzyl-6-(3-methoxyphenyl)-1-methyl-3-
azabicyclo[3.2.0]hept-6-ene-2,4-dione 11d and 11d', 13C NMR (101 MHz, CDCls)
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Spectrum 125. 3-benzyl-7-(3-methoxyphenyl)-1-methyl-3-azabicyclo[3.2.0]hept-6-ene-2,4-dione and 3-benzyl-6-(3-methoxyphenyl)-1-methyl-3-
azabicyclo[3.2.0]hept-6-ene-2,4-dione 11d and 11d', COSY (400 MHz, CDCI3)
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Spectrum 126. 3-benzyl-7-(3-methoxyphenyl)-1-methyl-3-azabicyclo[3.2.0]hept-6-ene-2,4-dione and 3-benzyl-6-(3-methoxyphenyl)-1-methyl-3-

azabicyclo[3.2.0]hept-6-ene-2,4-dione 11d and 11d', HSQC (400/101 MHz, CDCI3)
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Spectrum 128. 3-benzyl-7-(3-methoxyphenyl)-1-methyl-3-azabicyclo[3.2.0]hept-6-ene-2,4-dione and 3-benzyl-6-(3-methoxyphenyl)-1-methyl-3-
azabicyclo[3.2.0]hept-6-ene-2,4-dione 11d and 11d', HSQC (400/101 MHz, CDCI3), aliphatic region
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Spectrum 129. 3-benzyl-7-(3-methoxyphenyl)-1-methyl-3-azabicyclo[3.2.0]hept-6-ene-2,4-dione and 3-benzyl-6-(3-methoxyphenyl)-1-methyl-3-
azabicyclo[3.2.0]hept-6-ene-2,4-dione 11d and 11d', HMBC (400/101 MHz, CDCI3)
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Spectrum 130. 3-benzyl-7-(3-methoxyphenyl)-1-methyl-3-azabicyclo[3.2.0]hept-6-ene-2,4-dione and 3-benzyl-6-(3-methoxyphenyl)-1-methyl-3-

azabicyclo[3.2.0]hept-6-ene-2,4-dione 11d and 11d', HMBC (400/101 MHz, CDCI3), central region
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Spectrum 131. rac-(1R,5S,6S)-3-benzyl-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-azabicyclo[3.2.0]heptane-2,4-dione 12, *H NMR (400 MHz, CDCls)
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Spectrum 132. rac-(1R,5S,6S)-3-benzyl-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-azabicyclo[3.2.0]heptane-2,4-dione 12, *3C NMR (101 MHz, CDCls)
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Spectrum 133. rac-(1R,5S,6S)-3-benzyl-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-azabicyclo[3.2.0]heptane-2,4-dione 12, NOESY (400 MHz, CDCI3)
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Spectrum 134. rac-(1R,5S,6S)-3-benzyl-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-azabicyclo[3.2.0]heptane-2,4-dione 12, NOESY (400 MHz, CDCI3),
aliphatic region
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Spectrum 135. rac-(1R,5S,6S)-3-benzyl-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-azabicyclo[3.2.0]heptane-2,4-dione 12, SelINOE (400 MHz, CDCI3),
aliphatic region
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Spectrum 136. (3-benzyl-3-azabicyclo[3.2.0]hept-6-en-3-ium-6-yl)trifluoroborate 13, *H NMR (400 MHz, Acetone-de)
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Spectrum 137.(3-benzyl-3-azabicyclo[3.2.0]hept-6-en-3-ium-6-yl)trifluoroborate 13, 3C NMR (101 MHz, Acetone-de)
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Spectrum 138. (3-benzyl-3-azabicyclo[3.2.0]hept-6-en-3-ium-6-yl)trifluoroborate 13, 1°F NMR (376 MHz, Acetone-ds)
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Spectrum 139. (3-benzyl-3-azabicyclo[3.2.0]hept-6-en-3-ium-6-yl)trifluoroborate 13, **F NMR (376 MHz, Acetone-ds), full spectrum
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Spectrum 140. (3-benzyl-3-azabicyclo[3.2.0]hept-6-en-3-ium-6-yl)trifluoroborate 13, !B NMR (128 MHz, Acetone-ds)

S191



Mov14-2022-liashuk_Ox_DMS0.1.fid — refe_1H_zg DMSO fopt/ liashuk 1

=h o R R N e
e e e s e e e e Rl R R R R R R R =3400

— 12,52

3200
;3000
;2800
( ;2500

.J| J fJ f ;2400

M ;2200
lzuun
;1800
;1600
~1400
1200
1000
:auu
;ﬁUU

! —400

—200

>,_
——
—

-T
¥

0.497-%

—200

103~
481 —
103

15 14 13 12 1 10 9 8 7 6 5 4
f1 (ppm)
Spectrum 141. 2-(1-benzyl-2,5-dioxopyrrolidin-3-yl)acetic acid 14, H NMR (400 MHz, DMSO-ds)
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Spectrum 142. 2-(1-benzyl-2,5-dioxopyrrolidin-3-yl)acetic acid 14,

1H NMR (400 MHz, CDCls)
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Spectrum 143. 2-(1-benzyl-2,5-dioxopyrrolidin-3-yl)acetic acid 14, *3C NMR (101 MHz, DMSO-ds)
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Spectrum 144. 2-(1-benzyl-2,5-dioxopyrrolidin-3-yl)acetic acid 14, DEPT135 (101 MHz, DMSO-ds)
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Spectrum 145. 3-benzyl-3-azabicyclo[3.2.0]hept-6-ene-2,4-dione 15, *H NMR (400 MHz, CDCls)
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Spectrum 146. 3-benzyl-3-azabicyclo[3.2.0]hept-6-ene-2,4-dione 15, *3*C NMR (151 MHz, CDCls)
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Spectrum 147. 3-benzyl-3-azabicyclo[3.2.0]hept-6-ene-2,4-dione 15, 3C APT NMR (151 MHz, CDCls)
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Spectrum 148. rac-(3aR,3bR,6aR,6bR)-2,5-dibenzyl-3b-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)hexahydrocyclobuta[1,2-c:3,4-c']dipyrrole-1,3(2H,3aH)-
dione 17, *H NMR (400 MHz, CDCls)
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Spectrum 149. rac-(3aR,3bR,6aR,6bR)-2,5-dibenzyl-3b-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)hexahydrocyclobuta[1,2-c:3,4-c[dipyrrole-1,3(2H,3aH)-
dione 17, 13C NMR (101 MHz, CDCls)
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Spectrum 150. rac-(3aR,3bR,6aR,6bR)-2,5-dibenzyl-3b-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)hexahydrocyclobuta[1,2-c:3,4-c']dipyrrole-1,3(2H,3aH)-
dione 17, COSY (400 MHz, CDCI3)
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Spectrum 151. rac-(3aR,3bR,6aR,6bR)-2,5-dibenzyl-3b-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)hexahydrocyclobuta[1,2-c:3,4-c']dipyrrole-1,3(2H,3aH)-
dione 17, COSY (400 MHz, CDCI3), aliphatic region
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Spectrum 152. rac-(3aR,3bR,6aR,6bR)-2,5-dibenzyl-3b-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)hexahydrocyclobuta[1,2-c:3,4-c']dipyrrole-1,3(2H,3aH)-
dione 17, NOESY (400 MHz, CDCI3)
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Spectrum 153. rac-(3aR,3bR,6aR,6bR)-2,5-dibenzyl-3b-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)hexahydrocyclobuta[1,2-c:3,4-c']dipyrrole-1,3(2H,3aH)-
dione 17, NOESY (400 MHz, CDCI3), aliphatic region
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Spectrum 154. Potassium (3-benzyl-2,4-dioxo-3-azabicyclo[3.2.0]hept-6-en-6-yl)trifluoroborate 8cl, *H NMR (400 MHz, CD3sCN)
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Spectrum 155. Potassium (3-benzyl-2,4-dioxo-3-azabicyclo[3.2.0]hept-6-en-6-yl)trifluoroborate 8cl, 13C NMR (101 MHz, CDsCN)
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Spectrum 156.Potassium (3-benzyl-2,4-dioxo-3-azabicyclo[3.2.0]hept-6-en-6-yl)trifluoroborate 8cl, *H NMR (400 MHz, DMSO-ds)
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Spectrum 157. Potassium (3-benzyl-2,4-dioxo-3-azabicyclo[3.2.0]hept-6-en-6-yl)trifluoroborate 8cl, 1°F NMR (376 MHz, DMSO-d)
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Spectrum 158. rac-methyl 2-((3R,4R)-1-benzyl-2,5-dioxo-4-(trifluoromethyl)pyrrolidin-3-yl)acetate 18, *H NMR (400 MHz, CDCls)
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Spectrum 159. rac-methyl 2-((3R,4R)-1-benzyl-2,5-dioxo-4-(trifluoromethyl)pyrrolidin-3-yl)acetate 18, 3*C NMR (151 MHz, CDCls)
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Spectrum 160. rac-methyl 2-((3R,4R)-1-benzyl-2,5-dioxo-4-(trifluoromethyl)pyrrolidin-3-yl)acetate 18, 1°F NMR (376 MHz, CDCls)
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Spectrum 161. rac-methyl 2-((3R,4R)-1-benzyl-2,5-dioxo-4-(trifluoromethyl)pyrrolidin-3-yl)acetate 18, COSY (400 MHz, CDCI3)
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Spectrum 162. rac-methyl 2-((3R,4R)-1-benzyl-2,5-dioxo-4-(trifluoromethyl)pyrrolidin-3-yl)acetate 18, COSY (400 MHz, CDCI3), aliphatic region
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Spectrum 163. rac-methyl 2-((3R,4R)-1-benzyl-2,5-dioxo-4-(trifluoromethyl)pyrrolidin-3-yl)acetate 18, NOESY (400 MHz, CDCI3)
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Spectrum 164. rac-methyl 2-((3R,4R)-1-benzyl-2,5-dioxo-4-(trifluoromethyl)pyrrolidin-3-yl)acetate 18, NOESY (400 MHz, CDCI3), aliphatic region
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Spectrum 165. Potassium rac-((1R,2S,4R,5S)-7-benzyl-6,8-dioxo-3-0xa-7-azatricyclo[3.3.0.02,4]octan-2-ytrifluoroborate and potassium rac-((1R,2R,4S,5S)-
7-benzyl-6,8-dioxo-3-oxa-7-azatricyclo[3.3.0.02,4]octan-2-yltrifluoroborate 19 and 19', *H NMR (400 MHz, DMSO-ds)
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Spectrum 166. Potassium rac-((1R,2S,4R,5S)-7-benzyl-6,8-dioxo-3-oxa-7-azatricyclo[3.3.0.02,4]octan-2-ytrifluoroborate and potassium rac-((1R,2R,4S,5S)-
7-benzyl-6,8-dioxo-3-oxa-7-azatricyclo[3.3.0.02,4]octan-2-yl)trifluoroborate 19 and 19', 3C NMR (101 MHz, DMSO-ds)
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Spectrum 167. Potassium rac-((1R,2S,4R,5S)-7-benzyl-6,8-dioxo-3-oxa-7-azatricyclo[3.3.0.02,4]octan-2-yDtrifluoroborate and potassium rac-((1R,2R,4S,5S)-
7-benzyl-6,8-dioxo-3-oxa-7-azatricyclo[3.3.0.02,4]octan-2-yl)trifluoroborate 19 and 19', *°F NMR (376 MHz, DMSO-ds)
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Spectrum 168. Potassium rac-((1R,2S,4R,5S)-7-benzyl-6,8-dioxo-3-oxa-7-azatricyclo[3.3.0.02,4]octan-2-yl)trifluoroborate and potassium rac-((1R,2R,4S,5S)-

7-benzyl-6,8-dioxo-3-oxa-7-azatricyclo[3.3.0.02,4]octan-2-yl)trifluoroborate 19 and 19', !B NMR (128 MHz, DMSO-ds)
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Spectrum 169. Potassium rac-((1R,2S,4R,5S)-7-benzyl-6,8-dioxo-3-oxa-7-azatricyclo[3.3.0.02,4]octan-2-yl)trifluoroborate and potassium rac-((1R,2R,4S,5S)-
7-benzyl-6,8-dioxo-3-oxa-7-azatricyclo[3.3.0.02,4]octan-2-yl)trifluoroborate 19 and 19', COSY (400 MHz, DMSO-ds)
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Spectrum 170. Potassium rac-((1R,2S,4R,5S)-7-benzyl-6,8-dioxo-3-0xa-7-azatricyclo[3.3.0.02,4]octan-2-yl)trifluoroborate and potassium rac-((1R,2R,4S,5S)-

7-benzyl-6,8-dioxo-3-oxa-7-azatricyclo[3.3.0.02,4]octan-2-yl)trifluoroborate 19 and 19', COSY (400 MHz, DMSO-ds), aliphatic region
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Spectrum 171. Potassium rac-((1R,2S,4R,5S)-7-benzyl-6,8-dioxo-3-oxa-7-azatricyclo[3.3.0.02,4]octan-2-yl)trifluoroborate and potassium rac-((1R,2R,4S,5S)-

7-benzyl-6,8-dioxo-3-oxa-7-azatricyclo[3.3.0.02,4]octan-2-yl)trifluoroborate 19 and 19', NOESY (400 MHz, DMSO-ds)
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Spectrum 172. Potassium rac-((1R,2S,4R,5S)-7-benzyl-6,8-dioxo-3-0xa-7-azatricyclo[3.3.0.02,4]octan-2-ytrifluoroborate and potassium rac-((1R,2R,4S,5S)-
7-benzyl-6,8-dioxo-3-oxa-7-azatricyclo[3.3.0.02,4]octan-2-yl)trifluoroborate 19 and 19', NOESY (400 MHz, DMSO-ds), aliphatic region
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£, MsS-analysis of diastereomers mixture 19 and
‘ ‘ 19

2: HD TOF MSe (100-1000) -6eV ESI-

Sample was analyzed using Waters
| Acquity-I-UPLC Classsystem (Waters
Corporation, Milford, MA, USA) coupled
with a Waters Vion IMS-QTof Mass
Spectrometer equipped with LockSpray
(Leucine-enkephalin (200 pg/uL). The
instrument was controlled by Waters
UNIFI 1.9.4 (3.1.0, Waters Corporation,
Milford, MA, USA). Injection volume was
5uL. The instrument was operated
in positive polarity, sensitivity mode
(33,000 FWHM at 556.2766 m/z). Data
was acquired in HDMSe mode with a
scan time of 0.072 s. The recorded mass
range was from 100 to 1000 m/z for both
low and high energy spectra. The
collision energy was ramped from 20 to
s 40 V. The cone voltage was set to 30 V,

capillary voltage was set to 2 kV and
source offset was set to 50 V. Source
temperature was set to 120 °C and
desolvation temperature set to 500 °C.
Cone gas flow rate was set to 50 L/h and
desolvation gas flow rate was set to 1000
L/h.

Spectrum 173. Potassium rac-((1R,2S,4R,5S)-7-benzyl-6,8-dioxo-3-o0xa-7-azatricyclo[3.3.0.02,4]octan-2-yDtrifluoroborate and potassium rac-((1R,2R,4S,5S)-
7-benzyl-6,8-dioxo-3-oxa-7-azatricyclo[3.3.0.02,4]octan-2-yl)trifluoroborate 19 and 19', LC-lon mobility (TWIMS)-QTOF
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Crystal Data and Experimental Information. CCDC 2235657

Experimental. Single colourless prism-shaped crystals
of 8cwere used as supplied. A suitable crystal with
dimensions 0.38 x 0.12 x 0.07 mm? was selected and
mounted on an XtaLAB Synergy R, DW system, HyPix-
Arc 150 diffractometer. The crystal was kept at a steady
T = 140.00(10) K during data collection. The structure
was solved with the ShelXT 2018/2[?% solution program
using dual methods and by using Olex2 1.51%2 as the
graphical interface. The model was refined with ShelXL
2018/3121 using full-matrix least-squares minimisation on
F2.

Crystal Data. Ci9H22BNOQa4, Mr = 339.18, orthorhombic,
Pna2: (No. 33), a = 12.71258(16) A, b = 20.8247(3) A,
c=6.65667(7)A, =11= =90, V=1762.26(4) A3,
T =140.00(10) K, Z=4,Z"'=1, U(CuKu) =0.716, 33598
reflections measured, 3389 unique (Rint = 0.0205) which
were used in all calculations. The final wR2 was 0.0655
(all data) and R1 was 0.0250 (I=211(1)).

Compound 8c
Formula C19H22BNO4
Decaic/ g cm® 1.278

/mm-? 0.716
Formula Weight 339.18
Colour colourless
Shape prism-shaped
Size/mm?3 0.38x0.12x0.07
TIK 140.00(10)
Crystal System orthorhombic
Flack Parameter -0.01(4)
Space Group Pna2;
a/lA 12.71258(16)
b/A 20.8247(3)
c/A 6.65667(7)

r 90

r 90

r 90
VIA3 1762.26(4)
Z 4
z 1
Wavelength/A 1.54184
Radiation type CuKlJ

min/o 4.074

max/ 75.551
Measured Refl's. 33598
Indep't Refl's 3389
Refl's 12211(1) 3316
Rint 0.0205
Parameters 230
Restraints 1
Largest Peak/e A®  0.170
Deepest Hole/e A3 -0.174
GooF 1.054
wR:2 (all data) 0.0655
WR2 0.0651
R: (all data) 0.0256
R1 0.0250
CCDC number 2235657
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Structure Quality Indicators

Reflections: rl:/‘?(l) 90.1 ?liFnt 2.05% mm

Refinement: itllft 0-000 ?"\Faxpeak 0-2 [\‘T;n Peak _0-2 gtF)DF 1-054 t‘l‘goﬁ

A colourless prism-shaped crystal with dimensions 0.38 x 0.12 x 0.07 mm? was mounted. Data were
collected using an XtaLAB Synergy R, DW system, HyPix-Arc 150 diffractometer operating at T =
140.00(10) K.

Data were measured using [J scans with Cu K radiation. The diffraction pattern was indexed, and the
total number of runs and images was based on the strategy calculation from the program CrysAlisPro
1.171.42.75a.123 The maximum resolution achieved was — = 75.551° (0.80 A).

The unit cell was refined using CrysAlisPro 1.171.42.75a (Rigaku OD, 2022) on 24827 reflections,
74% of the observed reflections.

Data reduction, scaling and absorption corrections were performed using CrysAlisPro 1.171.42.75a.[23]
The final completeness is 100.00 % out to 75.551° in _. A Gaussian absorption correction was
performed using CrysAlisPro 1.171.42.75a.?81 Numerical absorption correction based on Gaussian
integration over a multifaceted crystal model. Empirical absorption correction using spherical
harmonics as implemented in SCALE3 ABSPACK scaling algorithm. The absorption coefficient — of
this material is 0.716 mm at this wavelength (_ = 1.54184A), and the minimum and maximum
transmissions are 0.659 and 1.000.

The structure was solved in the space group Pna2: (# 33) by the ShelXT 2018/2[2% structure solution
program using dual methods and refined by full-matrix least-squares minimisation on F? using version
2018/3 of ShelXL 2018/3?4. All non-hydrogen atoms were refined anisotropically. Hydrogen atom
positions were calculated geometrically and refined using the riding model.

There is a single molecule in the asymmetric unit, which is represented by the reported sum formula.
In other words: Zis 4 and Z'is 1.

The Flack parameter was refined to -0.01(4). Determination of absolute structure using Bayesian
statistics on Bijvoet differences using the Olex2 results in None. Note: The Flack parameter is used to
determine the chirality of the crystal studied, the value should be near 0, a value of 1 means that the
stereochemistry is wrong and the model should be inverted. A value of 0.5 means that the crystal
consists of a racemic mixture of the two enantiomers.

Citations

CrysAlisPr Software System, Rigaku Oxford Diffraction, (2022).
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Figure S7: Image of the Crystal on the Diffractometer.

Figure S8: Image of the Crystal on the Diffractometer.
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Figure S9: Image of the Crystal on the Diffractometer.

Figure S10: Image of the Crystal on the Diffractometer.
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Figure S11: Image of the Crystal on the Diffractometer.

Figure S12: Image of the Crystal on the Diffractometer.
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Data Plots: Diffraction Data

Wilson Plot
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Data Plots: Refinement and Data

Fobs vs Feale Normal Probability Plot
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Reflection Statistics
Total reflections (after 35443 Unique reflections 3389
filtering)
Completeness 0.929 Mean I/ 60.1
hklmax collected (15, 25, 7) hkImin collected (-15, -25, -8)
hklmax used (15, 25, 7) hKklmin used (0,0, -8)
Lim dmax collected 100.0 Lim dmin collected 0.77
dmax used 12.71 dmin used 0.8
Friedel pairs 3941 Friedel pairs merged 0
Inconsistent equivalents 0 Rint 0.0205
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Rsigma

Omitted reflections

Multiplicity

Removed systematic

absences

0.0111

Intensity transformed

0

Omitted by user (OMIT hkl) 0

Filtered off (Shel/OMIT)

(2606, 3022, 2169, 991, 690, Maximum multiplicity
456, 266, 174, 125, 99, 74,
60, 58, 44, 28, 29, 12, 13,
11,9,4,2,0,1)
1845

66

0

Table 17: Fractional Atomic Coordinates (x10%) and Equivalent Isotropic Displacement
Parameters (A2x103) for 8c. Ueq is defined as 1/3 of the trace of the orthogonalised U;;.

Atom X y z Ueq
o1 5843.0(9) 2787.3(5) 8190.2(19)  30.2(3)
02 5033.6(10) 4054.9(5) 2823.9(18)  31.2(3)
03 6853.6(8) 5468.1(5) 3912.1(18)  25.1(2)
04 8089.2(8) 5307.0(5) 6361.3(18)  25.9(2)
N1 5423.9(9) 3309.1(6) 5255.2(19)  19.2(3)
c1 5607.1(11) 3276.1(7) 7313(2) 21.2(3)
c2 5498.8(12) 3944.7(7) 8162(2) 22.0(3)
c3 6554.1(12) 4283.5(7) 8319(2) 24.5(3)
ca 6409.9(11) 4651.8(6) 6691(2) 21.4(3)
C5 5296.0(11) 4380.9(7) 6314(2) 19.5(3)
Ccé 5214.9(11) 3930.2(7) 4561(2) 20.3(3)
c7 5580.3(12) 2763.8(7) 3889(3) 22.4(3)
c8 4632.5(11) 2329.7(7) 3686(2) 22.0(3)
C9 4389.1(14) 1888.3(9) 5170(3) 34.9(4)
c10 3559.1(15) 1463.6(9) 4920(3) 40.4(4)
c11 2959.8(12) 1479.6(8) 3193(3) 33.6(4)
c12 3188.7(13) 1920.3(8) 1712(3) 33.6(4)
c13 4029.8(13) 2341.7(7) 1951(3) 28.2(3)
Cl4 7790.5(12) 5822.5(7) 3254(2) 23.0(3)
C15 8440.9(12) 5872.1(7) 5243(2) 24.4(3)
C16 8317.2(14) 5416.0(8) 1655(3) 34.7(4)
c17 7434.0(14) 6459.9(8) 2387(3) 31.7(4)
c18 8144.6(15) 6451.7(8) 6505(3) 35.6(4)
c19 9623.1(13) 5833.8(10) 4993(3) 39.9(5)
B1 7119.2(13) 5152.8(7) 5627(3) 21.2(3)

Table 18: Anisotropic Displacement Parameters (x10%) for 8c. The anisotropic displacement
factor exponent takes the form: -2 2[h?a*? x U1+ ... +2hka* x b* x Uj]

Atom U1 U2z Uss Uzs Uis U1z
o1 40.3(6) 23.4(5) 26.8(6) 7.8(5) -3.2(5) 0.1(5)
02 49.9(7) 26.1(5) 17.5(6) 1.6(5) -4.2(5) 2.3(5)
(OK] 23.9(5) 27.9(5) 23.5(6) 4.7(5) -3.4(4) -6.4(4)
O4 29.1(5) 23.2(5) 25.3(6) 5.6(4) -6.3(4) -4.8(4)
N1 23.1(5) 16.4(6) 18.0(6) -0.5(5) 2.1(5) -0.8(4)
C1 22.3(7) 21.1(7) 20.2(8) 2.6(6) 1.8(6) -3.1(5)
C2 27.7(7) 22.3(7) 16.0(7) 0.6(6) 2.2(5) -1.3(5)
C3 29.2(7) 23.6(7) 20.6(8) -1.9(6) -3.2(6) -1.0(6)
C4 25.8(7) 17.5(6) 21.0(8) -2.8(6) 0.1(6) 1.0(5)
C5 23.2(6) 17.9(6) 17.3(7) 0.4(6) 2.2(5) 1.4(5)
C6 21.3(7) 20.3(7) 19.2(7) 1.0(5) 1.9(5) -0.8(5)
c7 25.1(7) 18.7(7) 23.4(8) -3.2(6) 3.9(6) -1.3(5)
Cc8 22.6(7) 18.0(6) 25.4(8) -3.4(6) 3.8(6) 0.4(5)
(01°] 38.8(9) 35.2(9) 30.7(9) 5.9(8) -3.2(7) -11.1(7)
C10 41.5(10) 36.6(9) 43.1(12) 7.8(8) 4.6(8) -15.4(8)
Ci11 23.1(7) 28.8(8) 48.8(12) -10.6(8) 6.1(7) -6.2(6)
C12 26.3(8) 34.6(9) 39.8(10) -5.9(8) -5.7(7) 0.7(6)
C13 29.4(8) 25.8(8) 29.4(9) 1.2(7) -0.5(6) 0.4(6)
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Atom U1 U2 Uss U2s Ui U

C14 24.4(7) 23.5(7) 21.2(8) 2.6(6) -1.8(6) -5.1(5)
C15 28.8(8) 22.2(7) 22.3(8) 4.3(6) -4.1(6) -5.5(6)
C16 43.4(9) 35.3(9) 25.6(9) -2.4(7) 6.7(7) -6.5(7)
c17 33.2(8) 31.4(8) 30.5(9) 10.1(7) -4.1(7) -4.8(6)
c18 52.7(10) 26.6(8) 27.4(9) -2.3(7) -3.8(8) -9.9(7)
C19 27.3(8) 48.1(11) 44.2(12) 12.0(9) -8.4(8) -8.8(7)
B1 24.5(8) 17.3(7) 21.6(9) -3.0(6) -0.1(6) 1.2(6)

Table 19: Bond Lengths in A for 8c.

Atom Atom Length/A Atom Atom Length/A
o1 C1 1.2111(19) ca B1 1.550(2)
02 C6 1.2073(19) C5 C6 1.501(2)
03 Cil4 1.4680(17) Cc7 C8 1.512(2)
03 Bl 1.359(2) C8 C9 1.384(2)
04 C15 1.4624(18) C8 C13 1.386(2)
04 B1 1.365(2) o) C10 1.387(2)
N1 c1 1.3914(19) C10 c11 1.380(3)
N1 c6 1.3990(18) c11 C12 1.378(3)
N1 c7 1.4684(18) C12 C13 1.392(2)
c1 c2 1.509(2) C14 C15 1.565(2)
c2 c3 1.519(2) c14 C16 1.516(2)
c2 Cc5 1.551(2) c14 C17 1.517(2)
Cc3 c4 1.340(2) C15 C18 1.518(2)
ca C5 1.5447(19) c15 C19 1.514(2)

Table 20: Bond Angles in ° for 8c.

Atom Atom Atom Angle/’ Atom Atom Atom Angle/’

Bl 03 Cl4 106.97(12) C9 C8 C13 118.89(14)
B1 04 C15  106.45(12) C13 cC8 c7 120.26(14)
c1 N1 C6 113.75(12) cs C9 C10  120.52(17)
c1 N1 c7 123.31(13) Cil Cl10  C9 120.31(17)
C6 N1 Cc7 122.41(13) C12 Cl1 C10 119.71(15)
o1 C1 N1 123.88(14) Cl1 C12 C13 120.02(17)
o1 c1 c2 128.16(14) c8 C13 Cl2  120.54(16)
N1 C1 Cc2 107.92(12) 03 C14 C15 102.08(12)
Ci1 Cc2 C3 111.94(12) 03 Ci14 C16 106.69(12)
Ci1 Cc2 C5 105.01(12) 03 C14 C17 108.12(12)
C3 Cc2 C5 85.95(11) C16 C14 C15 113.44(14)
Cc4 C3 Cc2 95.11(13) C16 C14 C17 110.72(14)
c3 c4 C5 92.73(12) Cl7 Cl4 C15  114.96(13)
C3 C4 B1 132.45(14) 04 C15 Cl4  102.47(11)
C5 c4 B1 134.81(14) 04 C15 Cl18  106.41(13)
C4 c5 c2 86.15(11) 04 C15 C19  108.47(13)
C6 c5 c2 105.17(11) C18 C15 Cl4  112.94(13)
C6 c5 c4 114.67(12) C19 C15 Cl4  115.34(15)
02 C6 N1 123.48(14) C19 C15 C18 110.43(14)
02 Cc6 Cc5 128.55(14) 03 B1 04 114.31(14)
N1 C6 C5 107.94(12) 03 Bl C4 124.35(14)
N1 Cc7 C8 114.18(12) 04 Bl Cca 121.34(14)

C9 C8 C7 120.75(15)

Table 21: Torsion Angles in ° for 8c.

Atom Atom Atom Atom Angle/’
o1 Ci Cc2 C3 82.72(19)
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Atom Atom Atom Atom Angle/’

o1 C1 C2 C5 174.40(14)
03 Cl4 C15 04 27.14(14)
03 c14 C15 c18 -86.92(15)
03 c14 C15 C19 144.77(13)
N1 c1 c2 C3 -95.05(15)
N1 C1 C2 C5 -3.37(15)
N1 C7 C8 C9 -77.59(19)
N1 c7 cs C13 106.28(17)
C1 N1 C6 02 -179.76(14)
c1 N1 C6 c5 2.02(16)
c1 N1 c7 c8 87.50(17)
C1 C2 C3 C4 102.79(14)
C1 C2 C5 C4 -110.11(12)
C1l C2 C5 C6 4.41(14)
C2 C3 C4 C5 1.78(12)
C2 C3 C4 B1 -177.89(16)
C2 C5 C6 02 177.92(15)
c2 c5 C6 N1 -3.99(15)
C3 c2 C5 C4 1.53(10)
c3 c2 c5 C6 116.06(12)
c3 c4 c5 c2 -1.74(12)
c3 c4 c5 C6 -106.67(14)
C3 C4 Bl O3 177.26(16)
C3 C4 B1 04 -2.03)

C4 C5 C6 02 -89.34(19)
C4 C5 C6 N1 88.76(14)
C5 c2 c3 C4 -1.77(12)
C5 C4 B1 03 -2.33)

C5 C4 B1 04 178.46(15)
C6 N1 c1 o1 -176.94(13)
C6 N1 c1 C2 0.95(17)
C6 N1 c7 c8 -101.41(16)
c7 N1 c1 o1 -5.1(2)

C7 N1 C1 Cc2 172.74(12)
c7 N1 C6 02 8.4(2)

C7 N1 C6 C5 -169.85(12)
C7 C8 C9 C10 -175.89(17)
C7 cs C13 C12 176.69(14)
cs c9 C10 c11 -0.5(3)

C9 cs C13 c12 0.5(2)

C9 C10 c11 C12 0.0(3)

C10 Cl1 C12 C13 0.8(3)

c11 C12 C13 c8 -1.1(2)

C13 C8 C9 C10 0.3(3)

c14 03 B1 04 7.36(17)
C14 03 Bl C4 -171.95(13)
C15 04 Bl 03 11.47(17)
C15 04 Bl C4 -169.19(13)
C16 c14 C15 04 -87.25(15)
C16 c14 C15 c18 158.68(14)
C16 c14 C15 C19 30.38(19)
c17 C14 C15 04 143.92(13)
c17 C14 C15 c18 29.85(19)
c17 C14 C15 C19 -98.45(17)
Bl 03 Cl4 C15 -21.34(15)
B1 03 Cl4 C16 97.92(15)
B1 03 Cl4 C17 -142.95(13)
Bl 04 C15 C14 -23.71(15)
Bl 04 C15 C18 95.06(14)
Bl 04 C15 C19 -146.13(15)
B1 C4 C5 C2 177.92(16)
B1 C4 C5 C6 73.0(2)
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Table 22: Hydrogen Fractional Atomic Coordinates (x10%) and Equivalent Isotropic
Displacement Parameters (A2x103) for 8c. Ueq is defined as 1/3 of the trace of the

orthogonalised Uj.

Atom X y z

H2 5008.3 3996.76 9324.98 26

H3 7118.76 4246.99 9247.12 29

H5 4706.34 4695.46 6458.24 23

H7A 6182.34 2505.86 4377.27 27

H7B 5767.13 2931.16 2543.11 27

H9 4793.87 1876.34 6369.39 42

H10 3402.5 1160.17 5943.35 49

H11 2391.82 1187.98 3025.23 40

H12 2772.52 1936.61 527.73 40

H13 4191.94 2639.91 915.97 34

H16A 8509.02 4998.28 2225.75 52

H16B 8952.2 5634.41 1175.5 52

H16C 7831 5352.42 529.98 52

H17A 7054.83 6385.09 1127.17 48

H17B 8048.94 6731.32 2128.29 48

H17C 6967.74 6675.25 3347.09 48

H18A 7378.34 6469.57 6655.54 53

H18B 8391.96 6843.7 5841.57 53

H18C 8472.35 6416.01 7833.03 53

H19A 9960.27 5852.68 6316.07 60

H19B 9865.75 6194.85 4171.01 60

H19C 9808.35 5428.89 4331.67 60
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