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Synthesis of a Novel Type of 2,3'-BIMs via Platinum-Catalysed
Reaction of Indolylallenes with Indoles
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Maria Paz Mufoz*™

(Abstract: Optimisation, scope and mechanism of the plati-
num-catalysed addition of indoles to indolylallenes is report-
ed here to give 2,3-BIMs with a novel core structure very rel-
evant for pharmaceutical industry. The reaction is modulated
by the electronic properties of the substituents on both in-
doles, with the 2,3"-BIMs favoured when electron donating
groups are present. Although simple at first, a complex
mechanism has been uncovered that explains the different

-

behaviour of these systems with platinum when compared
with other metals (e.g. gold). Detailed labelling studies have
shown Pt-catalysed 6-endo-trig cyclisation of the indollylal-
lene as the first step of the reaction and the involvement of
two cyclic vinyl-platinum intermediates in equilibrium
through a platinum carbene, as the key intermediates of the
catalytic cycle towards the second nucleophilic attack and
formation of the BIMs.

/

Introduction

The indole moiety is regarded as one of the most ubiquitous
compound constituents in nature, for example, as part of the
essential amino acid tryptophan. Consequently, indoles have
become a significant class of heterocycles in biomedical re-
search, and a very important scaffold in organic chemistry."

Bisindolylmethanes (BIMs) are molecules that contain two
indole units bonded to the same carbon.”? Natural products
containing the BIM framework have been found from marine
and terrestrial sources (Figure 1a).”’ Natural and synthetic BIMs
have shown very important biological activities, including anti-
viral, antitumor, antibacterial, antimicrobial, anti-inflammatory,
antibiotic, genotoxicity and DNA-damaging properties.™

There are different classes of BIMs according to the connec-
tivity of the two indoles to the carbon. The most common
structures are the 3,3’-BIMs, where the indoles are connected
through their most reactive position, C3 (Figure 1a).
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a) Examples of natural products containing the 3,3'-BIM core

R = CHj, X = H, vibrindole

R = X = H, DIM or (di-(3-indolyl)methane)

R = CH,0Ac, X = H, streptindole

R = CH,NH,, X = Br, 2,2-bis-(6"-bromo-3"-indolyl)ethylamine

Figure 1. Examples of natural products containing the 3,3~ and 2,3'-BIM
framework.

3,3"-BIMs are usually synthesised by condensation of indoles
and aldehydes in the presence of Lewis acids (Scheme 1a).”
When indoles are substituted in C3 position, 2,2"-BIMS can be
obtained using similar methods. More recently, new methodol-
ogies employing different metal catalysts in the reaction of in-
doles and unsaturated precursors have been reported.® The
most studied reaction is the two-fold addition of indoles to al-
kynes catalysed by Au, Ga, Pd, Ru or Cu (Scheme 1b),™ but

[Au], reflux
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Scheme 1. Different approaches to the synthesis of 3,3-BIMs.
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the Au-catalysed reaction of indoles with cyclopropenes for
the synthesis of 3,3'-BIMs has also been reported (Scheme
1¢).%9 Metal-catalysed reactions of indoles with allenes has
been widely explored in recent years.” The reactivity encoun-
tered in the presence of gold or palladium follows the trend of
the intermolecular reaction of allenes with other nucleophiles,
normally giving addition of one indole to the less substituted
carbon of the allene with formation of E-allylated indoles.®
However, reactions with platinum®®’ and scandium®' have
shown to switch this reactivity, appearing as new methods for
the synthesis of 3,3'-BIMs (Scheme 1d).

Due to the high reactivity of indole through the C3 position,
the synthesis of 2,3"-BIMs is fundamentally a more challenging
target for chemists.”) However, this framework appears in very
interesting alkaloid natural products such as bengacarboline®
or yuehchukene (Figure 1b),"%" and some efforts have been
made towards the synthesis of fused cyclopenta[blindoles con-
taining the 2,3"-BIM scaffold using mainly acid catalysis."

In our previous work, we reported the Pt-catalysed reaction
of allenes with indoles to give 3,3-BIMs (Scheme 1d).' An ex-
ample of 2,2-BIM and a 3,3-BPM (bispyrrolylmethane)''® were
also reported although in lower yields. Using this method, we
reported the first example of platinum-catalysed reaction of a
N-allenylindole (1a)" in the presence of an external indo-
le (2a) to give a tetrahydropyrido[1,2alindole (3 aa) by addition
of the internal and the external indoles to the allene, albeit in
low yield and cycles from the single intramolecular addition as
the main products in the reaction (Scheme 2a). This unique re-
activity observed under platinum catalysis makes this reaction
a potentially powerful new method for the synthesis of substi-
tuted tetrahydropyrido[1,2a]indoles: an original type of 2,3'-
BIM with a framework so far not observed in nature and of in-
terest to the pharmaceutical industry.

Herein, we report our results in the optimisation and scope
of this reaction and a mechanistic study, which emphasises the
importance of this new reaction in the context of the diver-
gent reactivity encountered with platinum when compared
with other metals (e.g. gold).

a) Reported conditions. 0!

Me PtCl, (5 mol%), \ B l
MeOH (3 equiv.),
3 _THF.70°C.20h °c 20h 2 ta: a2
N

Z 3aa (21%) 23:1
K&' (73%)
1a

/ \
2a (3 equiv.) ©\/\g O
N
12
5aa (2%) ™y

H

b) Optimised conditions.

PtCl5 (5 mol%),
™ MeOH (3 equiv.),
Dioxane (0.2 M),
3 _130°C,mw,1h 2 ta: a2

3aa (61%) 1:03

7 (5%)
1a /

2a (3 equiv.)

Scheme 2. Platinum-catalysed reaction of 3-methyl-N-(2,3-butadienyl)indole
with an external indole: using reported conditions for bisindolylation of al-
lenes (a)*® and optimised conditions (b).
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Results and Discussion

Optimisation of reaction conditions

Reaction of 3-methyl-N-(2,3-butadienyl)indole (1a) in the pres-
ence of external indole (2a) under the reported conditions for
the intermolecular bisindolylation of allenes (70°C in THF over
20 hours, in the presence of 3 equivalents of MeOH) gave tet-
rahydropyrido[1,2alindole (3aa) in low yield (21%) (Scheme
2a).* The reaction was initially limited to indolylallenes bear-
ing a methyl group in the C3 position (such as 1a). Unsubsti-
tuted N-(2,3-butadienyl)indole gave the 6-endo-cyclisation
product (analogous to 4a) in low yield with many impurities,
and the C2-methyl analogue gave mainly the double intermo-
lecular bisindolylation on the terminal carbon of the allene
(analogous to 5aa).

In order to optimise the reaction conditions towards selec-
tive formation of the desired 2,3"-BIM, we carried out a screen-
ing of the reaction of 3-methyl-N-(2,3-butadienyl)indole (1a) in
the presence of external indole (2a), changing all possible vari-
ables: solvent, temperature, method of heating, concentration,
time, equivalents of PtCl,, indole and MeOH (see Supporting
Information for details). Remarkably, the reaction time was de-
creased to 1 hour, and the isolated yield of compound 3aa
was increased to 71% (measured by LCMS; 61% isolated yield)
when using dry dioxane as solvent, 3 equivalents of metha-
nol,™ 3 equivalents of indole at 130°C under microwave heat-
ing (0.2 m), as the optimal conditions (Scheme 2b).

Scope of the reaction

With the optimised conditions for the intra-intermolecular
bisindolylation reaction established, the substitution in the in-
ternal and external indole and the chain length between the
indole and the allene were changed to study the scope and
limitations of the reaction. Substituted indole frameworks are
widely present in natural products™ used in pharmaceutical
industry. This makes them ideal candidates for expanding the
scope of this reaction as substituted 2,3'-BIMs could have en-
hanced potential for biological activity. Additionally, the effect
that substituents with different electronic properties may have
on the reactivity would be a valuable tool to understand the
mechanism of this new transformation.

With the exception of commercially available 5-bromo-3-
methyl indole, all of the other 5-substituted-3-methylindoles
were synthesised from their corresponding 5-substituted
indole by regioselective methylation of the C3-position using
reported procedures,'® followed by N-propargylation and
Crabbé homologation under microwave conditions” to form
the corresponding 5-substituted-3-methylindolyl allenes 1 x.

The scope of the reaction under the optimised platinum-cat-
alysed conditions is shown in Table 1. Results in Table 1 high-
light an interesting trend for the selective formation of 4x:4x’
or 3xy depending on the nucleophilicity of the indolylallene
and the external indole."® The desired 2,3-BIM 3xy was
formed preferentially when position 5 was substituted with an
electron-donating group (entries 2 and 3, Table 1), while forma-
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Table 1. Reaction of substituted-3-methylindolylallenes 1x with substitut-
ed indoles 2y.
X Me
PtCl, (5 mol%), /\\ A\
MeOH iv. =
xeN Mo M e R i
S N 130°C (mw), th - N/ \\ H |l #
wraER At
= Y 3xy
Y 2y (3 equiv.)
Entry 1x, X 2y, Y 3xy [%]®  4x:4x [%],”
ratio
1 1a, X=H 2a,Y=H,R=H 3aa, 61™ 4a:4a), 5(1:0.3)
29 1b, X=5- 2a, Y=H,R=H 3ba, 48 4b:4b, 0
OMe
3 1¢, X=5-Me 2a,Y=H,R=H 3ca, 21 4c:4c, 0
1d, X=5-Br 2a, Y=H,R=H 3da, 20 4d:4d’, 53,
(1:0.95)
5 1e, X=5-CN 2a,Y=H,R=H 3ea, 0 4e:4¢e, 47,
(0.78:1)
6 1f X=5-Cl 2a,Y=H,R=H 3fa, 0 4f:4f, 35, (0.8:1)
79 1a,X=H 2b, Y=5-OMe, R=H 3ab, 58 4a:4a,0
8¢ 1a,X=H 2¢,Y=2-Me,R=H 3ac, 57 4a:#4a,0
9 1a,X=H 2d, Y=2-Ph,R=H 3ad, 35 4a:4a traces
10" 1a,X=H 2e,Y=5CN,R=H 3ae, 4a, 74
traces
119 1a,X=H 2f, Y=5CN,R=Me 3af,0 4a, 71
12% 1a,X=H 29, Y=5-Cl,R=H 3ag, 4a, 74
traces
13 1a, X=H 2h, Y=5-Br, R=H 3ah, 4a’, 33
traces
14" 1a,X=H 2i,Y=H,R=Me 3ai, 61 4a:4a, 0
15 1a,X=H 2j, Y=4-OMe, R=H 3aj, 62 4a:4a’, 0
16" 1a, X=H 2k, Y =5-OMe, 3ak, 59 4a:4a,0
R=Me
17 1a,X=H 21, Y=4-OMe, 3al,60  4a:4a,0
R=Me
187 1a, X=H 2m, Y=H, R=Et 3am, 63 4a:4a, traces
19 1b, X=5- 2b, Y=5-OMe, R=H 3bb, 40 4b:4b’ traces
OMe
[a] Isolated Yields. [b] 71% by LCMS ELSD. [c] 6% of 3ba and 51% of 4a
with wet MeOH. [d] Reaction carried out during 3 h; at 1 h: 3ab, 37%,
4a:4a’, 17% (0.35:1), 3-10% of dimer 7 a. [e] Reaction carried out during
3h;at 1h:3ac, 46%, 4a:4a’, 19% (0.2:1). [f] 3-10% of dimer 7a. [g] Re-
action carried out during 3 h; at 1 h: 4a, 8%, 4a’ 67 %. [h] Reaction car-
ried out during 3 h; at 1 h: 3ai, 22%, 4a’, 44%. [il Reaction carried out
during 3 h.

tion of the 6-endo cyclised products 4x:4x’, in ~1:1 in all
cases (entries 4-6, Table 1), was favoured when position 5 con-
tained an electron-withdrawing group.

A similar trend was observed for the reaction with substitut-
ed external indoles, where more nucleophilic indoles bearing
an electron-donating group favour the formation of the de-
sired 2,3-BIM 3xy, whereas electron-withdrawing groups
favour the formation of the 6-endo cycle product4a’ (en-
tries 7-19, Table 1).

Interestingly, carrying out the reaction at longer times im-
proved yields of the 2,3"-BIMs in cases where electron-donating
groups were used in either component (entries 7, 8, 14-18,
Table 1).

To further understand the effect of substituents in the indo-
lylallene on the selectivity of the reaction, investigations were
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carried out with various substituents in position 3 of the indo-
lylallene (Table 2). The starting indoles, either commercially
available or synthesised using known procedures,™ were
propargylated and homologated to the corresponding al-

Table 2. Reaction of 3-substituted indolylallenes 1x with indole 2a.
\
PICI, (5 mol%), N2
R MeOH (3 equiv.)
Dioxane,
\ 130°C (mw), 1 R R
N —
e ©Q
Entry 1x, Rin C3 3xa [%]? 4x:4x [%]? 5xa [%]® 6xa [%]°
1 1a, R=Me 3aa, 61 4a:4a’'5(1:03) O 0
2P 1g,R=Et 3ga, 41 4g' traces 0 0
3 1h, R=jPr 3ha, 7 4h' 27 0 0
4 1i, R=tBu 3ia, 19 4i' 25 0 0
5 1j, R=Ph 3ja, 11 4j:4j traces (1:1) 0 0
6 1k, R=CN 0 0 5ka, 41 6ka, 15
7 1, R=CO,Me 0 0 5la, 32 6la, 13
8 Tm,R=CHO 0 0 5ma, 5 6ma, 5
9 1n,R=COMe 0 0 5na, 23 6na, 11
[a] LCMS ratio, full conversion observed. [b] 7% of dimer 7g.

lenes.'”” The subsequent reactions were carried out using the
optimised platinum conditions in the presence of indole 2a.
Substitution and steric bulk in this position had a dramatic
effect on the reaction. Table 2 shows the results from the reac-
tion with alkyl groups of different sizes (entries 1-5), where for-
mation of both the conjugated 6-endo cycle 4x:4x’ and the
2,3-BIM 3xa is observed. However, the selectivity for 4x vs. 4x’
is dependent on the size of the substituent in position 3. If po-
sition 3 bears a methyl group, formation of 3aa is favoured
(entry 1, Table 2), whereas when the iPr group is present 4h’ is
preferentially formed (entry 3, Table 2). It is worth noting that
substitution at C3-position is essential to obtain the 2,3'-BIMs.
Unsubstituted N-(2,3-butadienyl)indole (R=H) decomposed
under the optimised conditions using microwave heating and
gave cycles 4:4 (R=H) as 1:1.6 mixture in 17% as the only
products of the reaction under the original reaction conditions
(THF 70°C, 20 h).*"!

Interestingly we observed a switch in reactivity with forma-
tion of tris-indole 5xa and allyl indole 6xa derivatives as the
only products of the reaction with allenylindoles bearing elec-
tron-withdrawing groups in position 3 (entries 6-9). These two
compounds arise from the intermolecular addition of the ex-
ternal indole to the terminal carbon of the allene. Removal of
electron density from position 2 of the indolylallene encourag-
es the nucleophilic addition of the indole to the terminal
carbon of the allene instead of carbocyclisation, as in the previ-
ously reported reactions with platinum and gold. The greater

© 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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the electron-withdrawing properties of the substituent, the
better the selectivity for the tris-indole product 5xa, for exam-
ple, CN versus CHO (entries 6 and 8, Table 2).

Similar reactivity was observed in the reaction of the indoly-
lallene with a shorter chain (n=0) and a CN-group in C3 posi-
tion 10 that only gave tris-indole 50a and allyl indole deriva-
tive 60a under the same conditions (Scheme 3).

PtCly (5 mol%)
cN MeOH (3 equiv.)
Dioxane,
@E\g 130°C (mw), th / NH
N
10 50a,41% HN 6oa, 27%
2a (3 equiv.)

Scheme 3. Reaction of indolylallene 10 with a shorter chain.

Attempts to synthesise the 3-methyl indolylallenes with
other chain lengths (e.g. n=0 or n=2) failed.*™ The reaction
of the 3-methyl indolylallene 1p, with n=3, under optimised
platinum-catalysis gave only the product from the 6-exo-trig
cyclisation 4p’, by reaction with the internal carbon of the
allene and double bond isomerisation (Scheme 4). The same
product 4p’ was obtained in similar yield when the reaction
was carried out with 1,3-disubstituted allene 1q (by 6-endo-trig
cyclisation and isomerisation of the double bond), which sug-
gests that substitution at that position hinders the second nu-
cleophilic attack. Traces of isomer heterocycle 4p were ob-
tained in both cases. Similar results were obtained in the reac-
tions of these derivatives when no external indole was present,
with only cyclisation products observed as expected.

To further show the scope and expand the structural diversi-
ty of the products obtained in this reaction, we carried out the
reaction of indolylallene 1a in the presence of pyrrole 8 as the
external nucleophile (Scheme 5).2" Remarkably, the reaction
gives only the product of the intra-intermolecular attack 3an

PtCI, (5 mol%), PtCI, (5 mol%),

Me MeOH (3 equiv.) Me MeOH (3 equiv.) Me
Dioxane, Dioxane,
\ 130°C (mw), 1h \ 130°C (mw), 1h \
N T N
L7 H N H P
W N N &
1p,n=3 ©/\/) 4p', 47% form 1p (4p, 5%) ©/\/) 1q
. 4p', 42% from 1q (4p, 8%)
2a (3 equiv.) 2a (3 equiv.)
Me
\
N
p

Scheme 4. Reaction of indolylallenes 1p and 1q under optimised condi-
tions.

Me PtCl, (5 mol%), Me
MeOH (3 equiv.) H

@’\S THF,70°C,240.h Y H
N N "‘Q
Sy
1a H

8 (3 equiv.)

3an, 65%

Scheme 5. Further scope with pyrrole.
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in 65% yield, emphasising the importance of this reaction as a
new method to obtain novel polyheterocyclic structures not
tested so far as potential drugs.

Mechanistic investigations

A preliminary mechanism for the intermolecular platinum-cata-
lysed bis-indolylation®®” and the analogous dihydroalkoxyla-
tion® of allenes proposed that coordination of the platinum
to the terminal carbon of the allene favours the first nucleo-
philic attack of one of the indoles to give a vinyl-platinum in-
termediate, as proposed in analogous gold-catalysed reactions.
The divergent reactivity of platinum versus gold and other
metals arises from the possibility of protonation of the internal
carbon instead of the most common protonolysis of the C—
metal bond, to form a platinum carbene that evolves by 1,2-H
shift and second nucleophilic attack.”? Within the context of
the synthesis of BIMs, we speculated that the reaction could
follow a similar pathway, where the first nucleophilic attack
could occur intermolecularly with the external indole and the
intramolecular reaction would happen in the final step. Alter-
natively, the cyclisation would occur first and the external
indole would be added in the final step.?* Here we report our
efforts to understand this mechanism and the implications on
the reaction.

6-endo Cyclisation products 4x:4x’ as intermediates

In order to clarify the involvement of cycles 4x and 4x’ as in-
termediates in the formation of the 2,3-BIMs and to get more
evidence on the pathways involved in the reaction, we syn-
thesised the non-conjugated cycle 4a via gold-catalysed cycli-
sation of 3-methyl-N-(2,3-butadienyl)indole 1a as reported by
Barluenga et al."* This molecule was submitted to platinum
catalysis in the absence and presence of external indole.”>2

The reaction of 4a in the absence of indole confirmed full
isomerisation to 4a’ with an isolated yield of 96% (Scheme 6).
Interestingly, this isomerisation in the absence of methanol
does not go to completion, and a mixture of the two isomers
4a:4a’ with a ratio of 0.7:1 was observed. The reaction of 4a
under optimised conditions for platinum catalysis with the ex-
ternal indole 2i gave the 2,3'-BIM 3ai with >99% conversion
and 70% yield (Scheme 5).

Finally, the conjugated cycle 4a’” was reacted under opti-
mised platinum catalysis with the external indole 2i, giving
>99% conversion to the desired 2,3-BIM 3ai (Scheme 6). It is
worth emphasising here that gold was neither able to promote
isomerisation of 4a to 4a’ nor catalyse the addition of indole
to any of the cycles. Monitoring the reaction of isolated 4a by
'H NMR over time, under optimised platinum catalysis, using
dimethyl sulfone as internal reference and C3-d-indole d-2i
(90% D), showed that the concentration of 4a’ increases
during the first 20 minutes, followed by a first order decay,
with formation of the 2,3’-BIM 3ai (see Supporting Information
for full details). Loss of deuterium in C3 of the external indole
was also observed from early on in the reaction, with an over-
all loss of 41% D. Analysis of the 'H NMR spectra showed deu-

© 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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PtCl; (5 mol%),
N p MeOH (3 equiv.)
PTI AUNTEO(meT :) 1a Dioxane, 1 h,
oluene. oo /918 X=D (%) mw, 130 °C
>
(>89% d-1a, Y = D (90%) (> 99%)
Me Me Me
PLCl, (5 mol%), N\ 4 X \
X MeOH (3 equiv.), N N
Dioxane, 1 h, mw, 130 °C
\f o 5 4 el Ay
dp-4a, X =D (90%) (> 99% conversion, 96%)

dp-4a’, X = D (40%-d; 26%-c)
d-4a', Y =D (16%) 51 d4a,Y =D (8%)

d-4a,Y =D (50%)

PtCl, (5 mol%), PtCl, (5 mol%),
MeOH (3 equiv.) MeOH (3 equiv.)
Dioxane, 1 h, Dioxane, 1 h,
mw, 130 °C Me Me mw, 130 °C
N Me 4 .
2i (3 equiv.) Y, N\ of N i (3 equiv.)
&2i,Z =D (90%) , N o Me

c
3ai

(3ai, > 99% conversion, 70%) @ (3ai, > 99% conversion, 38%)

Scheme 6. Reactions with cycles 4a/4a’ as intermediates.

terium incorporation at position d of cycle 4a’ and position d
of 3ai within the first 10 minutes of the reaction, with 31% D
incorporated in the final compound 3 ai.

Furthermore, similar reactions were carried out with d,-3-
methyl-N-(2,3-butadien-1-yl) indole d,-1a, synthesised via
Crabbé homologation of 3-methyl-1-(2-propyn-1-yl)-1H-indole
with deuterated paraformaldehyde, and with d-3-methyl-N-
(2,3-butadienyl)indole d-1a, bearing deuterium in the C2 posi-
tion of the indole, synthesised following reported proce-
dures.”” The deuterated indolylallenes were reacted independ-
ently under gold catalysis to form the non-conjugated cycles
d,-4a and d-4a, respectively. These were reacted separately
under platinum conditions in the absence of indole to study
the deuterium transfer in the isomerisation to d-4a’, and in the

(27-67%D)
Me ,

PtCl, (5 mol%),
Dioxane, mw, 130 °C, 1h
CH3;0H/CD30D/no methanol

e v
= N
1a /
@2i (3 equiv.) D (90%)

Me

3ai

PtCl, (5 mol%),
Dioxane, mw, 130 °C, 1h

D CH30H/CD3;0D/no methanol

‘\/ )\ D) Me
Z (>90%D N B Go%n)
d-1a Y/ N
2i (3 equiv.) (50%D) ~ 3ai
(Only with CH30H)
Me PLCl, (5 mol%), (10-30%D) 10
Dioxane, mw, 130 °C, 1h Me, N
©) \ (>90%D) CH30H/CD30D/no methanol
D
'L// e
=z N c
d1a P 0-50%D)
b 3ai
2i (3 equiv.) (0-50%D)
Scheme 7. Deuteration experiments.
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presence of indole to investigate the deuteration pattern in
the 2,3'-BIM 3ai (see the Supporting Information for full de-
tails). All of these experiments support a mechanism where
cyclisation occurs first, followed by isomerisation of 4a to 4a’,
with subsequent intermolecular addition of the external
indole. However, the loss of deuterium when d-2i was used,
the inefficient deuterium transfers and the deuterium incorpo-
ration patterns observed in all these experiments suggest a
complex exchange of protons in the reaction media, which
prompted us to perform further labelling studies.

Further labelling experiments

Reactions were carried out using deuterated and non-deuterat-
ed starting materials (1a, d,-1a, d-1a, 2i, d-2i) or a combina-
tion of them in the absence and presence of methanol, either
CH;OH or CD;0OD. The crude reaction mixtures were analysed
by '"H NMR and the purified products were analysed when pos-
sible by '"H NMR and HSQC to confirm deuterium incorporation
(see the Supporting Information for full details). Scheme 7
summarises the deuterium incorporation patterns observed in
the experiments carried out.

From the experiments shown in Scheme 7 it can be seen
that deuterium is scrambled from any position in the starting
materials to all positions b, ¢ and d in the three products in all
conditions tested. When deuterated d,-1a, d-1a or d-2i were
used, the yields of BIM were similar to the obtained in the re-
action with the non-deuterated analogues, as long as MeOH
was used as additive in the reaction. This suggests that there
is no KIE in the steps involving the C2-position of the indole in
the indolylallene (6-endo-cyclisation, A to D, Scheme 9 vide
infra), the terminal position of the allene (1,2-H-shift, E to H,
Scheme 9 vide infra) or the C3-position of the external indole

Me  (s%D) Me
\ 4 N
N /
Y c
o D
B S (27-62%D)
4a
(Only with CD;0D)
Me  (30-31%D) Me  c4.76%D) Me
. H N
‘ Y,
H ‘H)c
H(g-w%o) @A T (34-68%D) D
H » HH» )
42 (0.10%D) 4a'  (5.22%D)

(with CD30D and no methanol)

Me (15-89%D) .
p “ %47 %D) Me
N
c c /
(0-73%D) (16-62%D) b
b

. .
& (042%D) ? (10-33%D) (13-32%D)

© 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

:@2 ChemPubSoc
e Europe

(intermolecular nucleophilic attack, H to I, Scheme 9 vide
infra).

In all cases, formation of the BIM was less favoured in the
absence of methanol or when CD,;0D was used in the process,
suggesting that the methanol is somehow involved in the
rate-limiting step of the reaction. Interestingly, when d,-1a
was used in combination with d-2i no BIM was formed even in
the presence of methanol. This could be explained by the in-
creased deuterium scramble with the methanol.

Deuterium incorporation was in general slightly higher
when CD;0D was used as additive, in the cases when the BIM
was formed. Nevertheless, the deuterium incorporation in the
three products is not maintained. Loss of deuterium is ob-
served when d,-1a, with deuterium in the terminal position of
the allene, is used. Similarly, deuterium loss was observed in
the recovered excess indole d-2i in the reaction in equation a,
Scheme 7. Deuterium gain in C3 of the non-labelled indole 2i
was observed in the reaction where deuterated indolylallenes
were used, even in the absence of methanol (equations b and
¢, Scheme 7).

All these results suggest that the protons at the deuterated
positions in the different compounds can be washed out into
the solution and exchanged with methanol protons to reproto-
nate the three compounds at positions b, ¢ and d. Deuterium
incorporation in position d in BIM 3ai was in all cases higher
than expected, and also different before and after purification
by column chromatography. This suggests further exchange of
those protons in an acid or platinum catalysed out-of-cycle
equilibrium. To support this, the isolated non-labelled 2,3’-BIM
3ai was reacted under platinum conditions in the presence of
deuterated methanol. After 1 hour, we observed 42% deuteri-
um incorporation only at position d in 3 ai, confirming our hy-
pothesis. To gain more evidence, we performed an experiment
with ®C-1a in the presence of d-2i, monitoring the reaction
by 'H and *C NMR under the optimised conditions using di-
methyl sulfone as the internal standard (Figure 2). Interestingly,
high deuterium incorporation was observed in position d from
the beginning of the reaction, suggesting that although fur-
ther proton exchange in that position is possible, it is not the
main pathway for deuterium incorporation (see full details in
the Supporting Information).

Reaction with TEMPO

Platinum hydrides (Pt-H) have been reported in reactions with
platinum complexes and alcohols.”® This could have implica-
tions in the role of methanol in the reaction as Pt-H species
could be involved in several steps of the catalytic cycle. This
was investigated by adding TEMPO as a Pt-H trap® to the re-
action under optimised conditions in the presence and ab-
sence of methanol (Scheme 8). Analysis of these two reactions
showed product 4a’ as the major product, with compounds
4a’ and 3aa present in a 4:1 ratio, in the reaction containing
methanol. Formation of products 4a’ and 3aa in a 1:1 ratio
was observed in the reaction with no methanol present
(Scheme 8). The different results obtained with and without
methanol in the presence of TEMPO and in comparison, with
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the model reaction suggest that indeed Pt-H might be in-
volved in the catalytic cycle. The fact that formation of the
2,3-BIM 3aa is more inhibited in the presence of methanol
with TEMPO present could point to Pt-H species involved in
the final demetalation step (vide infra).

Proposed catalytic cycle

Our proposal starts with n?-coordination of platinum to the ter-
minal double bond of indolylallene 1 to give complex A
(Scheme 9).B% At this stage, the electronic properties of the
group present in position 3 of the internal indole play an im-
portant role as to which pathway is taken. If position 3 of the
indolylallene 1 contains an electron-withdrawing group, inter-
molecular addition of the external indole to the terminal
carbon of the activated allene would be the preferred pathway.
This would form a vinyl-platinum intermediate B, from which
protodemetalation would give allyl indoles 6. Alternatively,
protonation on the internal carbon of the allene forms a plati-
num carbene intermediate C, which undergoes 1,2-H shift and
subsequent attack of the second external indole. Subsequent
protodemetalation of the Pt—C,,;; bond (via Pt-H or directly)
would result in the tris-indole product 5.1

However, when position 3 of indolylallene 1 contains an
alkyl mild electron-donating group, the complex undergoes 6-
endo-trig cyclisation with formation of the cyclic vinyl-platinum
intermediate D. Protodemetalation of these species would ex-
plain the formation of the non-conjugated cyclic allyl indole 4,
analogous to that proposed by Barluenga et al.*@ in the gold-
catalysed cyclisation. The proton used for this step could be
that lost from position 2 of the indolylallene to regain aroma-
ticity (red proton in Scheme 9) or from the MeOH present
(green proton in Scheme 9). Platinum-catalysed C—H activation
of position 3 of the external indole would give Pt"-indole inter-
mediates, unproductive compounds in our catalytic cycle, and
HCI (blue proton in Scheme 9), which could also be involved in
the protodemetalation of D to form 4 and would explain the
loss or gain of deuterium in position C3 of the external indole
during the reaction.

The isomerisation of 4 to 4’ could be explained by protona-
tion of the internal carbon of the vinyl-platinum intermediate
D, aided by the methanol acting as a proton shuttle, to form a
platinum-carbene complex E—a key intermediate in the reac-
tion with platinum but not observed with other metals in simi-
lar systems. From this platinum-carbene E, the 1,2-H shift of
the protons in position b would generate cationic intermedia-
tes F that after loss of PtCl,, would generate cycle 4 with the
observed deuteration pattern and scramble of deuterium.

Alternatively, loss of one of the protons in position d (orange
protons in Scheme 9) on the platinum-carbene E would form
the isomer cyclic vinyl-platinum intermediate G, which can un-
dergo protodemetalation (with any proton source in the
media) to form the conjugated cycle 4. Our studies involving
the cycles as intermediates in the reaction have highlighted
that the non-conjugated cycle 4 can return to the reaction
without the external indole with successful isomerisation to
4' B Therefore it is likely that platinum can re-coordinate and

© 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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add to the cycle to form intermediate F that can regenerate
the cyclic vinyl-platinum intermediates D and G. These are in
equilibrium with the platinum-carbene E, which is further sup-
ported by the deuterium scramble in position d. Involvement
of Pt-H in this isomerisation can not be completely ruled out.
However, in the experiments with TEMPO in the presence of
MeOH, complete isomerisation of 4 to 4’ was observed, sup-
porting the equilibrium via the platinum-carbene shown in
Scheme 9 as the main pathway for the isomerisation.
Coordination and insertion of platinum to cycle 4 would
give a cationic intermediate H, which can also come from 1,2-
H shift in the platinum-carbene. These Pt-coordinated 4’ and
cationic intermediate H could be seen as resonance structures
that are ready to undergo the intermolecular nucleophilic addi-
tion by the external indole to form the platinum complex |

Me PtCI, (5 mol%),
Q_\S MeOH (3 equiv.)
—
dioxane,
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Me PLCI, (5 mol%).
TEMPO (5 mol%)

\ ‘Dioxane, mw, 130°C, 1h_ \ o I
N
7
127

2 3equw MeOH (3 equiv.) ---> 3aa: 4a',1:4

No MeOH --> 3aa: 4a', 1:1

Scheme 8. Experiments in the presence of TEMPO.

that already possess the BIM structure. The electronic proper-
ties of the internal and external indoles are also crucial in this
step. EDG-substituted indoles would stabilise the positive
charge in intermediate H, favouring the second nucleophilic
attack of the external indole.”? Similarly, external indoles with
EDGs would be better nucleophiles favouring the formation of

| Oy Oy

N
A 130°C (mw), 90 min
13C-1a P(20%D) °C.q-4a 13, g 42’ 13, g)-3ai
\
N
a-2i Me
13C NMR of pure 3C-3ai
N
90 min 13C-d,-3ai
M
SR A, A AN AN LA AN A r e NN AN AN N e et
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WWMMMM N A A AN N A N P SN o AN AN AN Nt et NS N NN N AP
e AN
W’MWMWWM’WMMM‘WW’W
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WWMMWAWWW« At NN I A NN A b PA AN NANAA po A porbs
o JAWWWWWWWWWMWWMWW
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T T T

T T T T T T T i T T
320 315 31.0 30.5 30.0 295 29.0 28.5 28.0 27.5 27.0 265
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26.0 255 25.0 24.5 24.0 235 23.0 225 22.0 215 21.0 20.5
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Figure 2. Expansion of the *C NMR of the reaction of *C-1a and d-2i over time showing deuterium incorporation in the labelled carbon in 3ai and 4a. See

Supporting Information for the signal of labelled carbon in 4a’.
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Scheme 9. Mechanistic proposal highlighting the observed deuteration patterns.

BIMs." However, when bulky groups are present in position  rectly in an S;2 mechanism with other protons present in the
(3 of the indole or EWGs are present in either of the indole  media.

moieties, the intermolecular attack is less favoured, explaining Finally, platinum- or acid-catalysed out-of-cycle equilibrium
the formation of the cycles as the major products of the reac-  would explain further deuterium scramble into position d of
tion. the 2,3’-BIMs 3.

It has been reported that 3,3'-BIMS can be obtained as by-
products in the reversible acid-catalysed reaction of indoles

with aldehydes, where 3-vinyl indoles are the major products Conclusion

at low acid-catalyst loading and at low temperatures.®® Simi-  In summary, we have optimised the platinum-catalysed reac-
larly, gold-catalysed/acid-assisted addition of indoles to 3-vinyl  tion of indolylallenes with external indoles to give substituted
indoles also gives BIMs.® In order to investigate the reversibili-  2,3"-BIMs with a novel tetrahydropyrido[1,2alindole framework
ty of the nucleophilic addition of the external indole to the that has strong potential for biological activity.

cycle 2-vinyl indole 4', the isolated BIM 3ai was reacted under The reaction is unique to platinum catalysis and has shown

platinum conditions with methanol and the external indole 2a. to be very sensitive to the nucleophilicity of both indoles,
Indole exchange on position d of the BIM would imply that the  giving divergent reactivity depending on the ability of the in-
BIM is able to go back into the catalytic cycle to reform the  dolylallene to undergo 6-endo-trig cyclisation as the preferred
platinum-coordinated vinyl indole 4’ or intermediate H, and a  pathway in the first step of the reaction.
mixture of two different BIMs with different external indoles Detailed labelling and other mechanistic studies have al-
would be expected. However, after 1 hour of microwave irradi- lowed us to propose a complex mechanism in which proton
ation, only starting material 3ai and the excess indole 2a were  scramble from all positions would account for the deuterium
observed, with no traces or formation of the other 2,3-BIM  patterns observed. The reaction seems to proceed through
3aa. This therefore supports that the second nucleophilic  cyclic vinyl-platinum intermediates (D and G in Scheme 9) that
attack is not reversible. are in equilibrium through a platinum carbene (E in Scheme 9)
The final demetalation step is proposed to occur via two  a key intermediate of the catalytic cycle and main difference in
pathways depending on the presence or absence of metha- the reactivity with other metals in which the reaction stops at
nol.®Y In the presence of methanol, the protodemetalation the cyclic allyl indole after cyclisation.
could occur via SgOx mechanism, by protonation of the plati- The significance of the new methodology and the use of the
num centre with formation of Pt'—H species that can be new structures obtained in pharmaceutical industry are high-
trapped by TEMPO, explaining the poor conversion to the BIM.  lighted by the constant need of novel chemical scaffolds for
Reductive elimination would form BIMs 3. In contrast, when no  testing to fight resistance and new diseases.

methanol is present, generation of Pt-H species would be less Further investigations into expanding the scope of the reac-
favoured and conventional protodemetalation could occur di-  tion to other nucleophiles and other allenic systems using this
Chem. Eur. J. 2018, 24, 1-11 www.chemeurj.org 8 © 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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methodology are under investigation and will be reported in
due course.

Experimental Section

General procedure for platinum-catalysed reaction of indolylal-
lenes with external nucleophile under optimised conditions:
PtCl, (5 mol%) and the appropriate nucleophile (3 equiv) were
added to a microwave vial, capped and flashed with N, atmos-
phere. The solids were dissolved in a small amount of dry 1,4-diox-
ane and the appropriate indolylallene (1 equiv) dissolved in dry
1,4-dioxane (0.2 M) was added. Dry methanol (3 equiv) was added
and the vial was heated under microwave irradiation at 130°C for
1 hour. The resulting reaction mixture was filtered through Celite
and washed with DCM and compounds purified via column chro-
matography in silica gel with Pet/EtOAc.
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