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A transition-metal-free strategy for the synthesis of 2-(cyclobut-1-
en-1-yl)-1H-indoles under mild conditions is described herein. A
substituted 2-(cyclobut-1-en-1-yl)-1H-indoles
accessed by a one-pot cyclobutenylation/deprotection cascade
from N-Boc protected indoles. Preliminary experimental and
density functional theory calculations suggest that a Boc-group
transfer is involved in the underlying mechanism.
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Introduction

The indole moiety is a privileged structural motif found in a
wide range of natural products, active pharmaceutical agents,
agrochemical products, and even functional materials.'™
Based on its versatile applications and properties, the inven-
tion of protocols for the regioselective direct functionalisation
of indoles has been a long-standing goal in organic
synthesis," "' and C-H alkenylation is among the effective
strategies for the introduction of molecular complexity that
received particular attention.'> Classically, alkenylation of
indoles has been achieved by the hydroarylation of alkynes or
an oxidative Heck reaction between aryl C(sp®)-H bonds and
alkenes.">'*

In contrast with functionalisation of the electron-rich C3-
position of indole, alkenylation of the significantly less acti-
vated C2-position is a more challenging task, and as such, new
methods to overcome this intrinsic selectivity are highly desir-
able. Although other tactics have been reported,'®>*® the use of
metal-chelating directing groups on the indole nitrogen has
been established as a general and broadly adopted strategy. To
this end, a variety of different directing groups, such as
N-carbamoyl,’®**  N-acyl,>>?*  N-pyridyl  sulfonyl,>*?*
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N-pyrimidyl,>*> and others,>**° have successfully enabled

the metal-catalysed C2-selective oxidative Heck reaction
between alkenes and indole (Scheme 1a). Similarly, C2-alkeny-
lation of indole can also be effected by a transition-metal-cata-
lysed C-H addition across alkynes when guided by an appro-

a) Previous work: metal lysed C2-alkenylation of indole with alkenes or alkynes
DG
D onganve - RN @) o oo
\ [Ni], [Co]
R
=/
DG Directed D

<TM >= [Rh], [Re], [Ru],
[Mn], [Co]

N hydroarylation R N
—Gm— — N
@ \1""/ R—R E N

DG = acyl, carbamoyl,

pyridy!, pyrimidy, C2-Alkenylation/

pyridyl sulfonyl, etc. drectinggrow H
removal cascade \ q fr-ul‘= [Rh}, Rul, (€0l
R——R R =
b) Installation of all-carbon four- bered rings - medicinally
F
F
"Cyclobutenylindole" impurity NH
of HIV-drug efavirenz Tubulin polymerisation
/0 inhibitor
CO,Et H
O O \
N
F;C s
MeO
Potent and selective
dual iNOS/nNOS inhibitor MeO

c) This work: transiti tal-free cy ylati P d

Boc H

" o - OO

N \

B Ci 2-(Cyclobut-1-enyl)-1H-indole

P!
indole

y
cyclobutanone

v access to strained cyclobutenes v computational mechanistic studies

v traceless one-pot protecting group removal
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priate directing group, such as N-carbamoy
or N-pyrimidyl**" (Scheme 1a).

Although these elegant C-H functionalisation protocols
enable the regioselective C2-alkenylation of indole, removal of
the directing group poses significant drawbacks when it is no
longer desired in the target molecule. For example, de-
protection strategies can limit functional group compatibility,
as harsh reaction conditions are often required, or lead to
dead ends in multi-step syntheses when the directing group
proves to be non-removable. To avoid the aforementioned
shortcomings, the development of one-pot C2-alkenylation/
directing group-removal cascades is highly desirable, and
seminal studies by Kim,**** Zeng,>* Matsunaga,>® and Zhao>®
have recently established the viability of this approach
(Scheme 1a).

Despite these advances, the direct C2-alkenylation of
indole is still largely limited to the installation of acyclic
alkenes. Strained cyclic alkenes are inaccessible hitherto, and
a direct route to 2-(cyclobut-1-en-1-yl)-1H-indoles remains
unprecedented.’”>® This is surprising given that 2-(cyclobut-1-
en-1-yl)-1H-indole analogues and their saturated counterparts
have shown promising biological activity, such as the
reduction of pain by selective dual iNOS/nNOS inhibition,> or
anticancer activity by tubulin polymerisation inhibition
(Scheme 1b).%°

The use of four-membered ring building blocks in medic-
inal chemistry remains relatively underdeveloped as chemists
depend on a small number of viable protocols towards these
moieties.®>®* Given our laboratory’s interest in the use of four-
membered rings to access biologically relevant scaffolds,®*
we questioned if we could expand the scope of C2-alkenylation
protocols to hitherto virtually inaccessible 2-(cyclobut-1-en-1-
yl)-1H-indole analogues through a transition-metal-free cyclo-
butenylation/deprotection  cascade  (Scheme 1c). Our
implementation of these design criteria and computational
studies on the mechanistic details are described herein.

N-pyridy

Results and discussion

We discovered that treatment of representative N-Boc protected
indole 1a with an equimolar amount of n-butyllithium in
diethyl ether at —78 °C for one hour, followed by one equi-
valent of cyclobutanone at the same temperature, furnished
cyclobutene 2a in 20% yield (Table 1, entry 1). Investigation
into the composition of the crude reaction mixture revealed
the presence of trace quantities of indole and approximately
50% starting material.

We thus questioned if conversion was limited by incom-
plete deprotonation of N-Boc protected indole under our reac-
tion conditions and chose to investigate this hypothesis experi-
mentally. To this end, we treated N-Boc protected indole 1a
with n-butyllithium in diethyl ether at —78 °C and quenched
aliquots of this reaction mixture with deuterium oxide at
different time intervals (0.5 h, 1 h, 1.5 h, 2 h). Analysis of the
resulting "H-NMR spectra confirmed our hypothesis as com-
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Table 1 Optimisation of reaction conditions

Boc i) n-Buli H

N i) cyclobutanone N

@ Et,0, -78 °Cto rt 6 \ O

1a 2a
vield”
Entry Variation from above conditions® (%)
1 None 20
2 Two equivalents of N-Boc indole and n-BuLi with 53 (41)°
respect to cyclobutanone

34 sec-BuLi instead of n-BuLi 23
44 tert-BuLi instead of n-BuLi 15
57 LDA instead of n-BuLi —
67 TMPMg-LiCl instead of n-BuLi —
7¢ Deprotonation at —40 °C instead of —78 °C 16
8? Deprotonation at rt instead of —78 °C —
of Toluene instead of diethyl ether —
107 Pentane instead of diethyl ether —
119 Methyl tert-butyl ether instead of diethyl ether 22
124 N-Tosyl instead of N-Boc —
134 N-Methyl instead of N-Boc —
144 N-Cbz instead of N-Boc —
15Y  N-Ethyloxycarbonyl instead of N-Boc —

“Initial conditions: 1a (1.0 mmol), n-butyllithium (1.1 mmol), Et,O
(4 mL), =78 °C, 1 h, then cyclobutanone (1.0 mmol), —78 °C to rt,
17 h. " "H-NMR yields based on 1,4-dinitrobenzene as internal stan-
dard. “Number in parentheses refers to isolated yield. Isolated yields
of repeat experiments ranged from 35%-41%. ¢ Reagent stoichiometry
was changed to: 1a (1.0 mmol), #-butyllithium (1.1 mmol), cyclobuta-
none (0.5 mmol).

plete C2-deprotonation was not observed even after extended
reaction duration (C2-D vs. C2-H =~ 1.4:1), so from the outset
of this work we recognised the challenge associated with the
deprotonation of N-Boc indole (see ESIf). This observation is
also in line with a report by Wu and co-workers.*

On the basis of these results, we initially chose to adjust
the ratio of 1a and cyclobutanone. Pleasingly, using a two-fold
excess of N-Boc protected indole and n-butyllithium with
respect to cyclobutanone led to a significant improvement and
provided the cyclobutene 2a in 41% yield (Table 1, entry 2).

Encouraged by this result, we next turned our attention to a
screen of additional factors influencing the outcome of the
reaction. First, the choice of base and reaction temperature
were investigated. When n-butyllithium was substituted with
sec-butyllithium, tert-butyllithium, lithium diisopropylamide,
or a Turbo-Hauser base (TMPMg-LiCl), the reaction proceeded
with inferior outcome or was shut down completely (Table 1,
entries 3-6). Equally, raising the temperature during deproto-
nation to —40 °C or room temperature did not improve the
outcome of the reaction, which we attributed to the instability
of the protecting group under these reaction conditions
(Table 1, entries 7 and 8). Next, we decided to screen solvents
with different dielectric constants. The use of polar methyl
tert-butyl ether led to a significant reduction of the reaction
yield, whereas apolar solvents, including toluene and pentane,
proved to be unsuitable reaction mediums, leading to com-
plete cessation of the reaction (Table 1, entries 9-11). Finally,
we questioned whether other common protecting groups
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would be compatible with this tandem reaction. Of the
additional protecting groups that we screened, including sulfo-
nyl- and alkyl-based moieties, none were suitable for this
tandem reaction and no cyclobutene 2a was formed (Table 1,
entries 12-15). In the case of N-tosyl indole and N-methyl
indole, we obtained the corresponding cyclobutanol addition
product, whereas the reaction of N-Cbz indole and
N-ethyloxycarbonyl indole mainly afforded starting material.
This underscored the unique effectiveness of the Boc-protect-
ing group to engage in this tandem reaction. Full disclosure of
our optimisation studies is available in the ESL}

With optimal reaction conditions in hand (Table 1, entry 2),
we sought to define the scope and limitations of our cyclobute-
nylation/deprotection cascade using a variety of differently
substituted Boc-protected indoles 1a-o. These substrates were
readily synthesised by treatment of commercially available
indoles with di-tert-butyl dicarbonate and 4-dimethyl-
aminopyridine in dichloromethane at room temperature (see
ESIt). As shown in Scheme 2, our choice of substituted indoles
was determined by the ambition to cover a range of electronic
properties, while avoiding substrates that are incompatible
with n-butyllithium.

Boc i) n-BuLi H
N N ii) cyclobutanone N N
(3 somoei O
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Scheme 2 Substrate scope of the cyclobutenylation/deprotection
cascade.
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In the event, we were pleased to find that weakly activated
5-halogenated indoles 1b and 1c¢ underwent the tandem alke-
nylation/deprotection sequence in up to 35% isolated yield.
Gratifyingly, more strongly activated substances containing
methoxy- or benzyloxy substituents 1d and 1e successfully par-
ticipated in the desired cyclobutenylation/deprotection
cascade to afford indoles 2d and 2e in 28% and 29% yield,
respectively. The structure of the 5-methoxylated cyclobutenyl
indole 2d was confirmed by X-ray crystallography. It is worth
noting that in the crystalline form, the cyclobutene moiety
resides in-plane with the indole system to extend the conju-
gated system. Next, we turned our attention to studying the
effect of positional isomerism of weakly activated methyl-sub-
stituted indole. Indoles containing a methyl substituent in the
C4-, C5-, C6-, and C7-position (1f-1i) all afforded the corres-
ponding cyclobutenes 2f-2i in 20-51% yield under our stan-
dard reaction conditions. Notably, the best isolated yield was
achieved for the 5-methylated substrate 2g, which furnished
the corresponding cyclobutene in nearly double the yield com-
pared with the other positional isomers. This positional
isomer effect was even more pronounced for strongly electron-
donating methoxy-substituted indole, for which the 4-methoxy-
lated analogue 2j was afforded in significantly reduced 12%
yield in comparison with 28% yield obtained for the 5-meth-
oxylated analogue 2d. In contrast, electron-deficient 4-fluori-
nated indole 1k furnished the desired cyclobutene 2k in
improved 34% yield compared with the 5-fluorinated derivative
2c. Moreover, we were pleased to find that the reaction of
N-Boc protected benzimidazole, a privileged pharmacophore,
delivered the expected cyclobutene 21 in 27% yield. Highly elec-
tron-deficient Boc-protected 4,6-difluoroindole 1m, on the
other hand, afforded the corresponding cyclobutene 2m in
measurable, but low 8% yield, which we attributed in part to
its rapid decomposition during work-up and isolation. In con-
trast with other analogues, indole 2m was found to be unstable
even at low temperatures under an atmosphere of nitrogen.

Nevertheless, there are limitations to the current cyclobute-
nylation/deprotection cascade. We discovered that the success-
ful conversion of Boc-protected indoles to cyclobutenes hinged
on the presence of an unsubstituted 3-position. For example,
when 3-methylated indole 1n was subjected to our standard
conditions, a mixture of starting material and 3-methylindole
was isolated, which we initially attributed to the facile deproto-
nation of the methyl group. Consequently, we hypothesised
that 3-trifluoromethylated indole 10 would deliver the corres-
ponding cyclobutene product when subjected to our standard
conditions. In the event, however, we found that also this ana-
logue was ineffective at participating in the desired cascade. A
similar observation was reported for Kim’s rhodium-catalysed
directed C2-alkenylation, in which C3-substituted indoles also
failed to deliver the desired products.>® Moreover, we found
that other cycloalkanones or acyclic ketones do not undergo
the desired cycloalkenylation/deprotection cascade under
these reaction conditions.

To conclude our study, we sought to elucidate a plausible
mechanism for the one-pot cyclobutenylation/deprotection

This journal is © The Royal Society of Chemistry 2021
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cascade. We found the role of the N-protecting group of par-
ticular interest and again turned to deuterium studies to inves-
tigate its stability (Scheme 3A and ESIY). To our surprise, these
experiments revealed that the N-Boc group was tolerant to
treatment with n-butyllithium even after extended reaction
durations,”® which to us indicated that the observed de-
protection of the Boc-group occurred after the introduction of
cyclobutanone to the reaction mixture. We postulated that the

A. Extent of carbamate deprotection by n-BuLi

Boc Boc D
N n-BuLi N N
then D,O
1a Product ratio >9 : <1
B. Plausible mechanism
Boc H

N N
w0 O~
2a
via
N
(S H®
= CO, +
D BuO

Q( [o) >< (o]
o
0({)‘%' ©p SJ(O ﬁ)\' path a N@
I
Q Hi@
path b
B [+ E
CO, +
BuO"

Scheme 3 Plausible mechanism.
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unique effectiveness of the Boc-protecting group for this
tandem reaction stems from its ideal compromise between
stability to tolerate treatment with n-butyllithium and suscepti-
bility to subsequent deprotection. On this basis, a plausible
reaction mechanism for the described cascade is presented in
Scheme 3B. We hypothesised that in situ generated organo-
lithium A underwent nucleophilic addition to cyclobutanone
to reveal alkoxide B which, facilitated by its spatial proximity
to the Boc-group, added to the carbamate to furnish carbonate
C.”' We postulated that the most likely fate of the carbonate
group was then to undergo an elimination, which was thermo-
dynamically driven by the release of carbon dioxide and tert-
butanol. Two plausible pathways are thus proposed for the
conversion of carbonate C to the final product: (i) an intra-
molecular elimination pathway via 2-cyclobutylidene-2H-indole
D (red, path a); or (ii) an intermolecular process by deprotona-
tion of the neighbouring hydrogen atom (blue, path b).

Given the ambiguity of the elimination step, we further
probed the underlying mechanism with a computational
study. All calculations were performed at the B3LYP/6-311++G
(d,p)/B3LYP/6-31G(d,p)”>’* level in diethyl ether with the
IEF-PCM solvation model”® and N-Boc protected indole 1a as a
representative example (Fig. 1). In line with our experimental
results, the C2-deprotonated indole A undergoes nucleophilic
addition to cyclobutanone to furnish alkoxide B, in which the
anionic charge is mainly located on the oxygen. The calculated
transition state energy barrier to TS1 is 11.4 kcal mol™" and
formation of alkoxide B is exothermic by 12.9 kecal mol™. Next,
an intramolecular Boc-group transfer from indole to the alkox-

? : 29
.35 2000
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114 '
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Fig. 1 Free energy profile for the transformation from A to 2-cyclobutylidene-2H-indole D (path a in Scheme 3).
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ide takes place to yield carbonate C via a late transition state
TS2 with a relative low energy barrier of 5.4 kcal mol™'. The
resulting carbonate C was found to be 11.6 kcal mol™" lower in
energy than carbamate B, which supported our hypothesis that
an in situ Boc-group transfer is indeed energetically favourable.

Finally, in order to differentiate between the two proposed
elimination paths (Scheme 3, path a vs. path b), we compared
the relative acidities of intermediates C and D by quantum
mechanical methods.”® The pK, values of the p-hydrogen of
carbonate C and the allylic hydrogen of D were calculated to
be 50.3 and 40.5, respectively (see ESIt). Therefore, the allylic
hydrogen of D is more readily deprotonated than C, and as
such, we concluded that an intramolecular elimination/iso-
merisation pathway (path a) is possible. We located the tran-
sition state TS3 and our calculations suggest that this elimin-
ation step is plausible as it is exothermic overall (3.2 kcal
mol™") and not rate-determining (AG* = 10.3 kcal mol™};
1.1 kcal mol™ lower than the intermolecular nucleophilic
addition step). Based on our combined experimental results
and computational calculations, we suggest that a mechanism
consisting of intramolecular Boc-group transfer followed by
intramolecular carbonate elimination/isomerisation (path b) is
in operation for the formation of the desired 2-(cyclobut-1-en-
1-yl)-1H-indoles.

Conclusions

In summary, we report the first synthesis of 2-(cyclobut-1-en-1-
yl)-1H-indoles through a one-pot cyclobutenylation/de-
protection cascade. A series of substituted 2-(cyclobut-1-en-1-
yl)-1H-indoles was obtained in up to 51% yield in one step
from readily accessible N-Boc protected indoles by treatment
with n-butyllithium, followed by the addition of cyclobuta-
none. Furthermore, DFT calculations confirmed that a plaus-
ible reaction mechanism involved the transfer of the Boc-
group from indole to the intermediate alkoxide.
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