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ortho-Heterosubstituted aryl alkynes are excellent substrates
for Au- and Pt-catalyzed cycloisomerization."! Substituted
benzofurans, indoles, and benzothiophenes have been syn-
thesized by intramolecular carboalkoxylation,”! carboamin-
ation,” acylamination,* sulfonylamination, ! carbothiol-
ation,[ and silylthiolation®! of the C—C triple bond. A
common feature of this versatile chemistry is that the
substituent (allyl, benzyl, a-alkoxyalkyl, acyl, sulfonyl, or
silyl) on the heteroatom undergoes selective 1,3-migration in
the forming heteroaromatic ring via an alkenyl metal
intermediate A (Scheme 1). A salient feature of gold and
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Scheme 1. Pt/Au-catalyzed reactions of ortho-heterosubstituted aryl alkynes.

platinum chemistry is that alkenyl gold and alkenyl platinum
species can react with electrophiles at the distal end of the
C—C double bond to form metallocarbenoids.”) We were
surprised that no electrophilic migration of R? in A to the 2-
position had been reported, although a metallocarbenoid
species B would be a plausible intermediate. Herein, we
report the synthesis of substituted indoles fused to cyclic
ketones by a Pt-catalyzed 1,2-acyl migration of this type.

We speculated that steric interactions may play a role in
these highly selective 1,3-migrations, as internal alkynes had
always been used (i.e., R' #H). Indeed, the treatment of 2-
ethynyl-N-benzyl-N-methylaniline (R'=H) with IPrAuNTf,
(5 mol %; Tf = trifluoromethanesulfonyl) led to the formation
of an inseparable mixture of 3-benzyl-1-methylindole and 2-
benzyl-1-methylindole in a combined yield of 50% [Eq. (1);
Bn =benzyl] .l Although this initial result did suggest that
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the 1,2-migration process could compete with 1,3-migration, it
was apparent that controlling elements other than steric
factors would be needed to favor substantially the desired 1,2-
migration. We reasoned that, in the case of 2-alkynyl anilines,
appropriate tethering of the two substituents on the
nitrogen atom should abolish the 1,3-migration and
promote the 1,2-migration. We selected lactams 1°! as
substrates and envisaged that Au/Pt-catalyzed sequen-
tial cyclization, 1,2-acyl migration, and 1,2-migration
of R to the metallocarbenoid moiety!”! would result in
the formation of highly substituted cyclic-ketone-fused

R indoles 2 (Scheme 2).®l Alternatively, the 1,2-acyl
: R migration could proceed stepwise via the acylium

intermediate C (route b). Interestingly, this reaction

can be viewed as an intramolecular insertion of one

end of the C—C triple bond into the lactam amide bond

with concurrent 1,2-migration of the substituent on the
triple bond.

We examined the reaction of y-lactam 3 in the presence of
Au/Pt catalysts under a variety of conditions (Table 1). The
anticipated cyclic-ketone-fused indole 4 was formed upon the
treatment of 3 with IPrAuNTf, (5mol%) in 1,2-dichloro-
ethane at reflux (Table 1, entry 1). Two major side products
were identified, one of which was inseparable from compound
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Scheme 2. Proposed Pt/Au-catalyzed formation of highly substituted
indoles fused to cyclic ketones.
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Table 1: Optimization of the reaction conditions for the Pt/Au-catalyzed

synthesis of indoles fused to cyclic ketones.
0

I\T c(;?\tdallt\{s:vs I N N/' ?
@K Y nBu ©/\%n8u

3 nBu 6
Entry® Catalyst® Reaction conditions t Yield 4/5/6

[h] of
4[%]4

1 IPrAuNTf, DCE, 80°C 15 62 1:0.24:0.06
2 Au" DCE, 80°C 15 0l -
3 PtCl, toluene, 80°Ct 15 28 1:0.29:1
4 PtCl, DCE, 80°CHl 6 73 1:0.07:0.07
5 PtCl, anisole, 80°CH 4 338 1:0.03:0.08
6 PtCl, DCE, reflux, MS (4 A), N, 15 20" 1:0:0
7 PtCl, DCE, reflux, CO (1 atm) 9 37 1:0.22:0.31
8 PtCl, toluene, cod, 80°C, N, 15 0ff -
9 PtCl, DCE, reflux, N, 15 100 -
10 PtCl, DCE, reflux!! 42 82M 1:0.03:0.02
11 PtCl, DCE, refluxl! 1 72 1:0.04:0.05
12 PtCl,im DCE, reflux!! 1 83K 1:0.03:0.02

[a] Substrate concentration: entries 1-9, 0.03 m; entries 10-12, 0.01 m.
[b] Catalyst loading: 5 mol %. [c] Yield determined by NMR spectroscopy
with diethyl phthalate as the internal reference. [d] The reaction was
carried out in a capped vial. [e] Decomposition of the catalyst was
observed. [f] The starting material remained unchanged. [g] No starting
material remained. [h] Much of substrate 3 (80%) remained. [ Much of
substrate 3 (77 %) remained. [j] The reaction was carried out under O,
(1 atm). [Kk] Yield of the isolated product. [I] A drying tube was mounted
on the top of the condenser. [m] Catalyst loading: 10 mol %. DCE=1,2-
dichloroethane, MS =molecular sieves, cod =1,5-cyclooctadiene.
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4. A singlet at § =6.39 ppm and an aromatic doublet at 6 =
7.95 ppm (shifted downfield relative to the aromatic signals
for 4) in the 'H NMR spectrum of the mixture led to the
assignment of this by-product as the Friedel-Crafts product
5.°1 The other was the uncyclized carboxylic acid 6. The
formation of 5 and 6 indicates that the 1,2-acyl migration is a
stepwise process via the acylium intermediate C. In an
attempt to limit the side reactions, we screened quickly
various conditions in capped vials. Although the results with
other Au catalysts, such as dichloro(pyridine-2-
carboxylato)gold(IIT)!""! (Table 1, entry 2), were disappoint-
ing, we observed much better selectivities for 4 over § with
PtCl, in 1,2-dichloroethane (Table 1, entry 4) or anisolel’!
(Table 1, entry5). The result in 1,2-dichloroethane was
difficult to reproduce on a larger scale. Nevertheless, we
continued our study with reactions in flasks, which allowed
better control of the reaction conditions. The presence of
additives known to improve PtCl, catalysis (e.g., CO
(1 atm),M" 1,5-cyclooctadiene™) led to either low yield and
selectivity (Table 1, entry 7) or no reaction (Table 1, entry 8).
Surprisingly, compound 5 was not observed when the reaction
was carried out in the presence of 4-A molecular sieves under
nitrogen (Table 1, entry 6), and the conversion of the
substrate was low."’!
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These studies led us to suspect that O, might play a role in
the catalytic process.'*! Indeed, the reaction in the presence of
PtCl, (5mol%) was very slow under nitrogen: After 15 h,
77% of 3 remained (Table 1, entry9). When this PtCl,-
catalyzed reaction was carried out under an atmosphere of O,
with a substrate concentration of 0.01Mm, the yield of 4
increased to 82 % (Table 1, entry 10). However, the reaction
took 42 h. The need to shorten the reaction time and the
observed benefit of O, led us to test PtCl,."> To our delight,
the desired indole 4 was formed in 72 % yield in 1 h, and the
excellent selectivity was preserved (Table 1, entry 11). This
observation suggests that Pt" may be the real catalytic species
even when PtCl, is used. Finally, the yield of 4 was increased
to 83 % with 10 mol % of PtCl, (Table 1, entry 12).

We set out to probe the scope of this chemistry under the
optimized conditions described in Table 1, entry 12. The
reaction worked well when alkyl groups were present at the
alkyne terminus. For example, substrates with a methyl group
(Table 2, entry 1) or a functionalized propyl group, such as 3-
bromopropyl (Table 2, entry3) or 3-benzyloxypropyl
(Table 2, entry 4), were transformed into the corresponding
highly substituted indoles 8 in excellent yields. Surprisingly,
the bromide product 8¢ was contaminated with the corre-
sponding chloride in about 20% yield.!'’ The chlorine atom

Table 2: Scope of the reaction with y-lactam substrates.

D mmmasgm Sl

\R‘ R e

7 8 9
Entry® 7 R R t[h] Yield of 8/91

8 [%]"
1 7a H Me 15 83 28:1
2 7b  H D> 14 759 18:1
3 7¢ H Br TS 1 88kl 29:1
4 7d H BnO” " 2 8l 19:1
5 7e H Ph 23 70 14:1
o
6 7f H O 1 73 8:1
MeO
%
7 7g¢ H 0Y© 34 70 10:1
H

8 7h H ©/\ 14 60 >30:1
9 7i H NNy 48 5211 >30:1
10 7j H H 22 73/95® 10
1 7k 6-MeO"  nBu 1 89 1:0
12 71 4B/ nBu 1 71 >30:1
13 7m  4-EtO,C" nBu 1 65 >30:10

[a] Substrate concentration: 0.01 M. [b] Yield of the isolated product.
[c] The product ratio was determined by 'H NMR spectroscopy or
separation of the products by column chromatography. The uncyclized
acid was present in less than 5% yield. [d] Value includes a 4% yield of
the corresponding by-product 9. [e] Value includes a 20% yield of the
corresponding chloride. [f] Some of substrate 7i (20%) remained.
[g] PtCl, (5 mol %) was used as the catalyst (reaction time: 22 h). [h] The
methoxy substituent is ortho to the nitrogen atom. [i] The substituent is
para to the nitrogen atom. [j] The uncyclized acid was formed in 13%
yield.
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probably comes from PtCl,, as the reaction of 7 ¢ catalyzed by
IPrAuNTTf, (5 mol %) did not provide a detectable amount of
the chloride. Remarkably, lactam 7b with a cyclopropyl
substituent underwent smooth cyclopropyl migration to yield
the 3-cyclopropylindole product 8b in 71% yield. The
reactions of substrates with aryl groups having different
electronic characteristics at the alkyne terminus led to the
corresponding 3-aryl indoles in good yields (Table 2,
entries 5-7). Even an aldehyde substituent on the aromatic
ring was tolerated (Table 2, entry 7). Moreover, alkenyl
groups, such as trans-f3-styryl (Table 2, entry 8) and trans-
hex-1-en-1-yl (Table 2, entry 9), were also suitable: the 3-
alkenyl indoles 8h and 8i were isolated in fairly good yields
with retention of the frans geometry. The reaction of 7i was
rather sluggish; 20% of the substrate remained after 2 days.
Somewhat surprisingly, PtCl, was a better catalyst than PtCl,
for the reaction of the ethynyl substrate 7j. The 3-unsub-
stituted indole 8j was formed in 95 % yield in the presence of
PtCl, (5 mol %; Table 2, entry 10).

Further studies revealed that substitution of the benzene
ring of the substrate was generally allowed, regardless of the
electronic nature of the substituent (Table 2, entries 11-13),
and that the reaction was more efficient with an electron-
donating substituent (Table 2, entry 11). The uncyclized acid
was isolated from the reaction of 7m in 13 % yield (Table 2,
entry 13), which is much higher than the yield of the acid in all
other cases (<5%). Good to excellent selectivities were
observed for the formation of the desired product 8 over the
Friedel-Crafts acylation (i.e., the formation of compound 9)
in most reactions described in Table 2. Moreover, in the case
of substrate 7j (R'=H; Table 2, entry 10) the by-product 9j
was not detected, which indicates that the cyclization of the
acylium species to the 2-position of 3-platinoindole C (M =
Pt) is much faster than its cyclization to the 7-position when
the steric environments of the two positions are similar. Not
surprisingly, the formation of 9 was not observed when the 7-
position was substituted (Table 2, entry 11).

We attempted to extend this chemistry to lactams with
different lactam-ring sizes. The f-lactam 10 with an ethynyl
substituent on the aromatic ring reacted efficiently to yield
selectively the benzene-fused pyrrolizinone 11 in 85 % yield;
the corresponding Friedel-Crafts acylation product was not
observed [Eq. (2)]. PtCl, catalyzed this reaction better than

>\\ I~ PtCl, (10 mol %), O, (1 atm) 85%
N/ N L\ (CICH,),, reflux, 8 h 2
‘ A~ O PICl, (5 mol %), O, (1atm) ggo,
S (CICH,),, reflux, 24 h
10 H 11

PtCl,, as observed for the y-lactam substrate 7j, to provide 11
in 99 % yield. p-Lactams with either a phenyl or a cyclohexyl
substituent at the alkyne terminus underwent smooth PtCl,-
catalyzed transformations. Although the combined yield of
the desired product and the Friedels—Craft product was close
to quantitative in each case, the desired products were
favored only slightly [Eq. (3)]. In these cases the cyclization
of the acylium species to the benzene ring becomes more
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»\7 PtCI, (10 mol %), O, (1 atm) /S~
N~/ (CICH,),, reflux N L .
\ P /o
\
XR L
R=Ph,4h 67%

R = cyclohexyl, 2h 67%

competitive, as it results in the formation of a 6-membered
ring. Interestingly, the d-lactam 12 also underwent the desired
reaction to afford the indole 13 with a fused seven-membered
cyclic ketone, albeit in only 45 % yield [Eq. (4)].

o
PtCI, (5 mol %), O, (1 atm) Y
N )
. (CICH,),, reflux, 36 h N ( 4)
. 45% P
N o
12 H 13

These experimental results support the general mecha-
nism via a Pt-containing acylium intermediate C that is
outlined in Scheme 2.'”! Our attempt to trap the Pt carbenoid
(D in Scheme2) with either Ph,SO" or styrene failed,
presumably because the migration of R in D and subsequent
rearomatization is facile.l"’]

In conclusion, we have developed a PtCl,/PtCl,-catalyzed
cycloisomerization of N-(2-alkynylphenyl)lactams to form
substituted indoles fused to cyclic ketones. Various substitu-
ents at the alkyne terminus and on the benzene ring are
tolerated, and lactams with different ring sizes are accom-
modated. This transformation, which is a net intramolecular
insertion of one end of the alkyne into the lactam amide bond
with concurrent migration of the substituent at the alkyne
terminus, offers efficient access to ring-fused, highly substi-
tuted indoles.

Experimental Section

PtCl, (10 mol%) or PtCl, (if specified; 10 mol %) was added to a
0.01M solution of the lactam in anhydrous 1,2-dichloroethane under
an atmosphere of O,, and the resulting mixture was refluxed for the
time indicated. Upon the completion of the reaction, the solvent was
removed under vacuum, and the residue was purified by flash column
chromatography on silica gel (eluent: hexanes/ethyl acetate 3:1) to
yield the desired product.
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