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1,3-Dipolar dearomatizing cycloadditions
stabilized azomethine ylide and 3-cyanoindoles or benzofuran
afford the corresponding 3D-heterocycles bearing a quaternary
carbon centre at the ring junction. While 6 equivalents of ylide

between a non-

precursor 1 are required for full conversion in a classical flask,
working under flow conditions limits the excess (3 equiv., =1
min) and leads to a cleaner process, affording cycloadducts that
are easier to isolate.

Dearomative processes have turned into a hot topic for their
ability to metamorphose trivial aromatic compounds into
valuable functionalized polycyclic compounds in one single
operation.1 Different types of cycloadditions have shown their
efficiency in dearomatizing electron-poor arenes, in concerted
or stepwise reactions. This includes (2+1),2 (4+2),3 (3+2)4 or
combined (4+2)/(3+2) cycloadditions.5 In most of the cases
considered, the aromatic ring is substituted by a nitro group
owing to its high electron-withdrawing power. Hence,
nitroarenes, in particular 3-nitroindoles, have been recently
efficiently reacted with different 1,3-dipoles in (3+2) (formal)
cycloadditions,"b’6
enamines in (4+2) (formal) cycloaddition processes among
other processes.a’b’7 The situation becomes more complex
when the nitro substituent on the aromatic ring is replaced by
a cyano group, a motive much less attracting and possibly
sensitive to the reaction conditions. The Mayr scale indeed

or with electron-rich 1,3-dienes, enolates or

shows a huge difference between the electrophilicities of
nitrostyrene (E(Ph-C=C-NO,) = -13.85) and cinnamonitrile
(E(Ph-C=C-CN) —24.60) for instance.® This dissimilarity
translates into a different reactivity toward nucleophiles and

we have shown that cycloadditions between electron-poor
benzonitriles and a non-stabilized azomethine ylide derails the
dearomatization process observed with nitrobenzenes, since
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another (3+2) reaction takes place between the C=N and the
dipole in this case (Scheme 1).9 With the less aromatic indole
ring, we show herein that 3-cyanoindoles behave again as C=C
dipolarophiles10 and undergo fast dearomatization through
1,3-dipolar cycloaddition to afford original 3D-scaffolds within
a single minute reaction time (Scheme 1).
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Scheme 1 (3+2) (hetero)cycloadditions involving electron-poor
derivatives with a non-stabilized azomethine ylide.

benzenic

Our previous works prompted us to launch this study on
cyanoindole 2a, bearing an activating/protecting tosyl group
on the nitrogen atom. Reacting 2a with a large 9 equiv excess
of hemiaminal 1 and a catalytic amount of trifluoroacetic acid
(TFA), added over 30 min at 0 °C, resulted in the conversion of
most of the starting material (84%) and formation of a single
adduct (Table 1, entry 1). The dearomatized indoline 3a was
isolated in 58% yieId.11 In order to enhance the conversion, we
explored the influence of the nitrogen protecting group, as this
was shown to have a great impact on the reactivity in
cycloadditions of indolic derivatives.'” In particular, carbonyl
based protecting groups (amide, carbamate) were found to be
more reactive than their sulfonyl based counterparts, in some
cases. However, the benzoylated indole 2c did not lead to the
desired cycloadduct (entry 2) while carbamate 2d furnished 3d
in a lower yield under the same conditions (entry 3). We thus
turned our attention toward the trifluoromethylsulfonyl (Tf)
group having a stronger electron-withdrawing inductive effect.
The N-Tf-indole 2d was found to fulfil the desired criteria of
the reaction, leading to a full conversion of the starting
material and affording the dearomatized cycloadduct 3d in an
increased 78% vyield (entry 4). Further optimization of the
reaction was achieved by studying the influence of the



reaction time and of the hemiaminal excess. The best result
was observed in the presence of a 6-fold excess of 1 (entry 5).
With 4 equiv. of 1 only 73% conversion was observed (entry 6).
With 6 equiv, the reaction time could even be reduced (entries
7 and 8) and we noticed that the conversion was nearly
complete just after the end of the catalyst dropwise addition
(30 minutes), furnishing the cycloadduct in a similar 88%
isolated yield (entry 8).

Table 1.0Optimization of reaction conditions.?

o cN
TFA (cat.
LT'“ added ov(e?ragt)) min N-Bn
)+ MeO __N__SiMe; ————————————=
N 0°C toRT NN,
| |
R
2aaR=Ts 1 3aR=Ts
2b:R =Bz 3b:R=Bz
2¢! R = COEt 3c: R = COEt
2d:R=Tf 3d:R="Tf
) Equiv. of Conv. (%) 9
Entr R Time™ (h
y ® 1 (Yield (%))"
1 Ts 18 9 84 (58)
2 Bz 18 9 100 (0)*
3 CO,Et 18 9 70 (41)
4 T 18 9 100 (78)
5 Tf 24 6 100
6 Tf 24 4 73
7 Tf 2 6 100 (80)
8 Tf 0 6 97 (88)

?Reactions were carried out in DCM (0.25 M) with 1 equiv of 2 and 4 to 9 equiv of
1. The TFA catalyst (7 mol% in relation to 1, 0.18 M solution in DCM) was added
dropwise at 0°C over 30 min. The mixture was warmed up and stirred at r.t. for
the requisite time. PReaction time after the end of the dropwise TFA addition;
‘conversion of 2, determined by *H NMR on the crude mixture (considering the
indole/indoline H2 shifting, from 7.92 to 5.15 ppm on the triflated compounds for
instance); disolated yield; °degradation of the product.

This last observation was supported by in-line infrared
analysis of the reaction mixture. 2d is characterized by
absorption bands at 1429 cm™ and 977 cm?, probably
corresponding to the reactive olefinic c*=C? double bond. On
the other hand, 1 features signals at 1067 cm ™ and 1249 cm'l,
possibly corresponding to the CH3-O-CH, and Si-CH; fragments.
These latters disappear while adding TFA to the reaction
mixture. Alongside, bands at 1406 cm™ and 1200 cm'l,
illustrating the formation of cycloadduct 3d, appear once the
TFA is added dropwise. The intensity of these signals is almost
at its maximum at the end of the TFA addition, suggesting that
the desired product 3d was nearly entirely formed.

The reaction was extended to other 3-cyanoindole
derivatives (Scheme 2).13 We first turned our attention to
cyanoindoles bearing a bromine atom on the aromatic 6-
membered ring. Thus the 5- and 6-bromoindole derivatives
nicely furnished the corresponding dearomatized indolines 3e
and 3f in 92 and 79 % vyield, respectively, within 2h.™ Addition
of an electron-withdrawing group on positions 4 or 5 of the
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aromatic ring had no undesirable effect on the reaction yields
and the desired product 3g and 3h were isolated in 93% and
73% vyield, respectively. No competition of other aromatic or
C=N bonds was observed. Different 3-cyanoindoles bearing an
extra aromatic substituent in position 5 were also well-
tolerated, furnishing the aryl substituted cycloadducts 3i-3p in
good yields. The aromatic can be a simple phenyl group (3i), a
phenyl bearing an electron-withdrawing (3j-3k) or an electron-
donating group (3I-3m), an electron-rich heteroaromatic (3n-
30) or an electron-poor pyridine (3p), showing the broad
diversity of the possible aromatic substitution. The indole
derivative bearing a silylalkynyl group in position 5 could also
be used in this reaction, leading to the exclusive formation of
3q, isolated in 92% vyield. No competitive cycloaddition
involving the triple bond was observed in this case, as
expected with the electron-rich azomethine ylide dipole
engaged in the reaction. The 3-cyano-2-methyl-N-
trifluoromethylsulfonylindole however proved inert in this
process, as anticipated for an aromatic tetrasusbstituted
dipolarophile. Note that different aromatic substrates can also
react efficiently, as demonstrated with 3-cyanobenzofuran
furnishing the dearomatized tetrahydrobenzofuropyrrole 3r in
a good 90% vyield.

Despite, the large scope of substrates that can be used
under these conditions, the use of a large excess of the ylide
precursor (6 equiv) remains a drawback. This dipole is
generated by the slow addition of TFA on a mixture of
hemiaminal and dipolarophile in dichloromethane. The slow
addition intends to avoid the competitive self-condensation of
the reactive dipole. However, the TFA concentration increases
along the addition, which may speed up the ylide consumption
in the competitive process. In this perspective, miniaturized
reactors in continuous flow have been shown to be a
remarkable tool for organic synthesis.15 Due-to-excellent-heat
and—mass—transter—as—wel-as-This is notably due to precise
control of reaction time in flow microreactors (residence time
tR), allowing highly reactive compounds to be formed and
trapped before further adverse transformation can occur.***¢
Whereas a slow addition of a reagent cannot be achieved in an
integrated flow set-up, it is worth to note that each point of a
simple tubular reactor describes a specific state of the reaction
progress without accumulation of reagents, by contrast with
the previous discontinuous batch reactor. Hence, Ley reported
the flow synthesis of 3-nitropyrrolidines from an in situ
generated ylide and nitroalkenes as dipolarophiles (tR = 30-90
min at 60-120 °C).17 In this context, we decided to transpose
our dearomative (3+2) cycloaddition of cyanoindoles from
batch to flow conditions and implemented the new process
described on Scheme 3.

This journal is © The Royal Society of Chemistry 20xx
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Scheme 2 Scope of the (3+2) dearomatizing cycloaddition. Comparison of batch (6 equiv of 1, 0.72 eq of TFA over 30 min then 2 h, 0 °C to RT) and flow (3 eq of 1, 0.24
eq of TFA, 1 min, 36 °C) conditions.

The system was composed of two inlets, inlet 1 containing TFA

Table 2 Optimization of reaction conditions between 1 and 2d in flow process.[a]

and inlet 2 containing a mixture of hemiaminal 1 and -
. X Flow Reactor Equi
cyanonidole 2d (set-up A). The influence of several parameters ] t* . [TFA]  Conv
i X Entry rate volume . v of T°C o
was investigated (Table 2). (mUmin)  (mL) (min) 1 (M) (%)
1 2 10 5 6 20 0.18 97
NC N'B“ 2 10 10 1 6 20 018 98
R—: A 3 20 10 0.5 6 20 0.18 100
inlet 1 4 20 10 0.5 4 20 0.18 73
s 5 20 10 0.5 2 20 018 40
E \2 6 20 10 0.5 4 20 0.12 95
in CH,Cl, | (OF 7 20 10 0.5 4 20 008 75
L ; 8 20 20 1 4 50 008 100
_ temp.-control, 9 20 20 1 4 36 006 100
inlet 2 bath 10 20 20 1 3 3 006 100
11 20 20 1 2 36 0.06 40

TFA

Hemiaminal 1, Cyanoindole 2d

Scheme 3 Flow set-up for the (3+2) dearomatization of cyanoindoles.

Set-up B el Reaction conditions: DCM (0.25 M), quench: EtsN (1.5 mmol). ® Total flow rate.
TFA, Cyanoindole 2d

Hemiaminal 1

First experiments were assessed with a 10 mL-microreactor
tube, immersed in a 20 °C bath, with 6 equivalents of 1 and

This journal is © The Royal Society of Chemistry 20xx

[TFA] = 0.18 M (0.72 equiv), at a total flow rate of 2 mL/min
(entry 1). The result was encouraging since 97% conversion
into 3d was attained within only 5 min reaction.
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Increasing the flow rate to 10 then 20 mL/min
reduced the residence time to 1 min and 30 s respectively
(entries 2 and 3). Delightfully, at both these tf a nearly
complete conversion of the substrate into cycloadduct was
observed.

It was then assessed if the quantity of 1 could be reduced.
Unfortunately, conversion dropped significantly (entries 4 and
5). It was next noticed that the TFA loading was essential and
that decreasing its quantity increased the conversion of the
substrate (entry 6). Parameters were then tuned in order to
get the highest yield at the shortest t* with the lowest quantity
of TFA and ylide precursor 1 (entries 7-11). An optimum result
was found at a flow rate of 20 mL/min in a 20 mL-reactor
heated at 36 °C (t" = 1 min) with 3 equiv of 1 and 0.24 equiv of
TFA (C = 0.06 M; entry 10). For comparison, a reaction run in 1
minute (TFA addition) in classical batch conditions led to 44%
conversion into 3d, confirming the positive effect of the flow
conditions on this transformation.

The scope of the reaction was then evaluated with the
same flow set-up and compared to batch conditions (Scheme
2). Results were in line with the first experiment and all the
twelve substrates involved gave excellent yields (75-97%)
within only 1 min and 3 equiv of 1. It is worth noting that the
setup had to be adapted for the substrate 2j which was
insoluble in CH,Cl,. However when adding the proper amount
of TFA in the same syringe (inlet 1), the solution turned
homogeneous and the syringe pumps could be triggered to
start the reaction which took place nicely (set-up B).

The heterocyclic dearomatized compounds resulting from
this transformation represent interesting scaffolds that could
easily undergo further functionalization in an effort to further
increase their molecular diversity (Scheme 4). For instance, 3e
reacted nicely under classical Suzuki coupling conditions to
furnish the expected product 4e. The cyano group could then
be reduced into the corresponding amine by LiAlH,.
Simultaneously, this led to the deprotection of the triflyl
group, affording 5e in 95% vyield. Noteworthy, 5e bears three
differently substituted amino functional groups. These
transformations illustrate the vast potential of these
dearomatized cycloadducts, that can easily be derivatized into
differently substituted polyamino-indolines, structures of
interest as bioactive molecules, organocatalysts or
coordinating ligands for instance.’® Efforts directed toward
further derivatizations of these tricyclic indolines are currently
under way.

4| J. Name., 2012, 00, 1-3
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Scheme 4 Further functionalizations of product 3e. Suzuki coupling: PhB(OH),,
XPhos-Pd-G2 (1.5 mol%), K3PO,, dioxane/H,0, A; Reduction: LiAlH,4, THF, reflux.

In short, we have shown that 3-cyanoindoles behave as
C=C dipolarophiles when reacted with an electron-rich
azomethine ylide 1,3-dipole. The dearomatization of these
heterocycles takes place smoothly, in the absence of any metal
catalyst. The (3+2) cycloaddition affords novel and highly
functionalized tricyclic indolines bearing a quaternary centre at
the ring junction, from easily available substrates. This reaction
is very simple to set up and allows an efficient dearomatization
process to take place under classical batch conditions using a
6-fold excess of reagent, in 30 to 150 minutes. When
transposed to flow conditions, the reaction rate is accelerated
to only 1 min, with a lesser excess of reagents. These results
pave the way to fast dearomatizing processes for the access to
a large family of structurally sophisticated 3D molecules in a
very simple way.
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