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Gold-Catalyzed Oxidative Rearrangement Involving 1,2-Acyl
Migration: Efficient Synthesis of Functionalized Dihydro-y-Carbolines
from o-(2-Indolyl) Propargylic Alcohols and Imines**

Lu Wang, Xin Xie, and Yuanhong Liu*

In recent years, gold-catalyzed oxidative reactions of alkynes
have received considerable attention, since they provide
efficient access to functionalized carbo- and heterocycles.'™
Usually, the reaction is initiated by the attack of a nucleophilic
oxygen atom of the oxidant on the gold-activated alkyne; this
step is followed by the elimination of a neutral organic
framework with concomitant formation of a-carbonyl gold
carbenoid II/III (Scheme 1). The gold carbenoid generated in
these reactions could undergo further reactions with various
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Scheme 1. Generation of an a-carbonyl gold carbenoid.

nucleophiles owing to its high electrophilicity and could
therefore serve as a promising intermediate in the 1,2-
difunctionalization of alkynes. Although much progress has
been made in this area, most studies have relied on the
intramolecular trapping of the gold carbenoid intermediate,
whereas intermolecular reactions of these highly reactive gold
species with external nucleophiles are quite rare, presumably
as a result of the competitive attack of these nucleophiles on
the alkyne substrate, reaction of the reduced form of the
oxidant with the gold carbenoid, and undesired intramolec-
ular reactions, such as a 1,2-hydride shift. Zhang and co-
workers have reported a gold-catalyzed synthesis of oxazoles
based on the trapping of a-carbonyl gold carbenoids with
nitriles used as the solvent.” They have also shown that a PN
or P,S bidentate ligand can be used to temper the reactivity of
gold carbenoids in gold-catalyzed [3+2] annulations of
terminal alkynes with carboxamides.”! Liu and co-workers
developed a gold-catalyzed 1,2-difunctionalization of amino-
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alkynes by the use of nitrones. In these reactions, the imine
formed as a putative intermediate acted as a nucleophile to
attack the gold carbenoid in a cascade fashion.”! Nevertheless,
the trapping of these active gold carbenoid intermediates with
external nucleophiles derived from readily available starting
materials is still highly challenging.

Indoles are very important building blocks in organic
synthesis and can be viewed as excellent nucleophiles for
electrophilic substitution reactions owing to the m-excessive
nature of the indolyl aromatic ring. During our ongoing
investigations into gold-catalyzed cascade reactions of indole-
alkynes,® we envisioned that the use of indolyl-tethered
alkynes might lead to the a-carbonyl gold carbenoid I'V in the
presence of gold and an oxidant. This carbenoid might react
intermolecularly with nucleophiles, such as imines, to gen-
erate an iminium cation V, which in turn could react with the
indole moiety at its C3 position to form a new ring
(Scheme 2). In this design, the imine also plays an important
role as both the nucleophile and the electrophile. Herein, we
report a gold-catalyzed oxidative rearrangement of a-(2-
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Scheme 2. Strategy for gold-catalyzed alkyne oxidation with external
nucleophiles.

indolyl) propargyl alcohols with imines. This reaction enables
the efficient construction of functionalized dihydro-y-carbo-
lines under mild reaction conditions with high regioselectivity.
Most strikingly, an intriguing gold-assisted 1,2-acyl migration
occurs during the process. To our knowledge, such a migration
is unprecedented.

Initially, reactions of the 1-(N-methyl-2-indolyl)propargyl
alcohol 1a with imine 2a in the presence of various gold
catalysts and quinoline or pyridine N-oxides 3 were inves-
tigated for optimization of the reaction conditions (Table 1).
Gratifyingly, the use of 8-isopropylquinoline N-oxide (3a) as
the oxidant and [JohnPhos(MeCN)Au]SbF, (A) as the
catalyst in 1,2-dichloroethane (DCE) resulted in the forma-
tion of dihydro-y-carboline 4a in 66 % yield after 2 h (Table 1,
entry 1).”! To our surprise, 4a was not the expected 2-acyl
dihydro-y-carboline, but instead the 1-acyl dihydro-y-carbo-
line, according to X-ray crystal-structure analysis of the
analogous products 4c, 4e, 4k, 4v, and 4w (see below).l”) The
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Table 1: Optimization studies for the formation of dihydro-y-carboline 4a.

o]
Ph cataiye PR sN,F’h Ph
mol%
m/ LN oxcant3 (:EQ/ZZ ( ’3 5 )
| g 1 \
N OH Ph Sgivent N COPh Me
Me Me keto/enol mixture
1a 2a 4a 5
N R S R
(;(*Nj 3a,R = iPr; 3b, R = Et; N” 3d,R=H
R 6_ 3c, R=Me CI)’ 3e,R=Cl
Entry Taj2a/3 Oxidant Catalyst Solvent t[h] Yield [%]"
1 1.3:1:1.4 3a A DCE 2 66
2 1.3:1:1.4 3a A THF 5 55
3 13:1:1.4 3a A CH;CN 3 59
4 1.3:1:1.4 3a A toluene 2 74
5 1.3:1:1.4 3b A toluene 2 71
6 1.3:1:1.4 3c A toluene 6 56
7 13:1:14 3a [JohnPhosAu]SbF® toluene 3 58
8 1.3:1:1.4 3a [PPh;Au]SbF; toluene 6 60
9 1.3:1:1.4 3a [PPh;AUINTH, toluene 2 78
109 13:1:1.4 3a [PPh;Au]NTf, toluene 2 88
116 13:1:1.4 3a [PPh;Au]NTS, toluene 2 84
129 1.1:1:1.2 3a [PPh;Au]NTS, toluene 2 74
139 13:1:1.4 3d [PPh;Au]NTH, toluene 3 76
149 13:1:1.4 3e [PPh;Au]NTH, toluene 24 42
15 1.3:1:1.4 3a [PPh;AuCl] toluene 2 NRH
16 1.3:1:14 3a AgNTH, toluene 6 -
179 13:1:0 - [PPh;Au]NTf, toluene 6

[a] Yield of isolated 4a as based on the imine substrate. All reactions were
carried out on a 0.2 mmol scale. [b] JohnPhos = (2-biphenyl)di-tert-butyl-
phosphine. [c] Molecular sieves (4 A; 50 mg) were added. [d] Product 5 was
isolated in 10% yield based on substrate 1a. [e] The reaction was carried out
at room temperature. [f] No reaction was observed. [g] The reaction was not
clean; 1a was recovered in 47 % yield. [h] The reaction was not clean; 1a was
recovered in 34% yield. Tf=trifluoromethanesulfonyl.

.
tBu 1 SbFg
tBu*p - Au-NCMe

results indicated that an unusual acyl migration occurred
during the reaction process. When the solvent was changed to
THF or CH;CN, lower yields of 55 and 59 % resulted (Table 1,
entries 2 and 3). When toluene was used as the solvent, the
yield of 4a was improved to 74% (Table 1, entry 4). The
replacement of the isopropyl group in the quinoline N-oxide
with an ethyl group led to another efficient oxidant (Table 1,
entry 5). However, sterically less demanding 8-methylquino-
line N-oxide (3¢) was less effective and provided 4a in 56 %
yield (Table 1, entry6). Subsequent catalyst screening
revealed that [PPh;Au]NTf, exhibited the best catalytic
performance (Table 1, entry 9). The addition of 4 A molec-
ular sieves to the reaction mixture led to a further increase in
the yield of 4a to 88% (Table 1, entry 10). Pyridine N-oxide
and 3,5-dichloropyridine N-oxide also acted as oxidants to
afford 4a in 76 and 42% yield, respectively (Tablel1,
entries 13 and 14). In most cases, we observed the formation
of a small amount of the 1,3-diketone 5, which results from
a competitive 1,2-H shift of the gold carbenoid intermediate.
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For example, from the reaction described in Table 1, entry 10,
compound 5, which exists as keto/enol tautomers according to
NMR spectroscopy, was isolated in 10 % yield. The oxidation
of 1a occurred regioselectively at the alkyne position
substituted with the phenyl group. [PPh;AuCl] or AgNTf,
were ineffective as catalysts for the production of 4a (Table 1,
entries 15 and 16). The vy-carboline skeleton has been
identified as a superior scaffold structure in many biologically
active compounds.'!! However, there is no general efficient
route for the synthesis of highly functionalized y-carbolines,
especially those that contain substituents in the 1- and 4-
positions."” Our method provides a straightforward route to
these heterocycles.

We next explored the scope of this gold-catalyzed
oxidative cycloaddition/rearrangement reaction under the
optimized condtions, first with respect to the a-indolyl-
substituted propargylic alcohol substrate. A wide range of
secondary propargylic alcohols were converted into the
desired y-carbolines within a short reaction period (2h;
Scheme 3). Substrates with aryl groups on the alkyne
terminus underwent the cyclization reaction smoothly,
regardless of the electronic nature of the substituent on the
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Scheme 3. Scope of the reaction with respect to the propargylic alcohol
(1/2a/3a 1.3:1:1.4). The yields given are for the isolated product.

[a] The reaction was carried out with catalyst A (5 mol%) and 4 A MS
in DCE at 50°C for 2 h. Bn=benzyl.

aromatic ring (p-CF;, p-MeO), to give 4b and 4¢ in similar
yields of 75 and 74 %, respectively. A thienyl group was also
compatible with this reaction, with the formation of 4d in
80% yield. A cyclohexenyl-substituted alkyne was also
converted into the corresponding product 4e in good yield
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(79 % ). The reactions of alkynes with an alkyl, such as propyl
or cyclopropyl, or benzyl substituent were also satisfactory,
and led to 4 f-h in 51-74 % yield. As for the indole moiety, an
N-benzyl-protected indole as well as a nonprotected indole
were both found to be suitable for this reaction: products 4i
and 4j were obtained in 63 and 53 % yield, respectively.

The scope of the reaction with respect to the imine
component was also examined with 1a as a reaction partner in
most cases (Scheme 4). The reactions of C-(p-trifluorome-
thylphenyl) and C-(p-methoxyphenyl)-substituted imines
with 1a proceeded well to furnish 4k and 41 in 76 and 85 %

N
[PPhzAu]NTHf
// \ (5 mol%) 2 ©\/\§/2
4A MS N COR?

toluene

lPr O'
1 2 3a
p-CF3CgHs PN p- MeOC6H4 P
N
@Q A
COPh COPh N COPh
4k, 2 h, 76% 4l, 2 h, 85% 4m, 2 h, 72%
p-CICgH,
/
N
N,
N COPh N COPh
4n,2h, 78% 40,4 h,79% 4p,2h, 88%
/ A\
P-CF3CeHq ph  P-MeOCeH, N
N N N
N, N, N,
N COPh N COPh N COPh
Me Me
4q,2h, 76% 4r, 2 h, 84% 4s,24h, 64%lal
N
N,
N COPh COPh
Me
4t 2h, 77% 4u, 17 h, 73%] 4v, R= cyclopropyl, 2 h, 68%

4w, R =Bn, 2 h, 64%

Scheme 4. Scope of the reaction with respect to the imine substrate
(1/2/3a 1.3:1:1.4). The yields given are for the isolated product.
[a] [PPh;Au]NTf, (10 mol%) was used.

yield, respectively. The results indicated that the electronic
nature of the C-aryl ring had little influence on the product
yield. Furanyl-, thienyl-, and 2-pyridyl-substituted imines
were also tolerated well and reacted with 1a to give 4m-o in
72-79 % yield. Imines with N-aryl groups bearing p-Cl, p-CF;,
and p-MeO substituents reacted smoothly with 1a to afford
4p-r in 76-88% yield. A reaction with the more sterically
encumbered N-2-(3-methylpyridyl)-substituted imine pro-
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vided 4s in 64 % yield after 24 h. The N substituent can also
be aliphatic. For example, an N-propyl imine underwent
cyclization efficiently to afford 4t in 77 % yield. An imine
bearing alkyl groups at both ends of the C=N bond also
participated in this cycloaddition reaction, albeit with a longer
reaction time (product 4u). Substrates 1 bearing alkyl
substituents reacted well with different imines. Thus, com-
pounds 4v and 4w were produced in 68 and 64 % yield,
respectively, in a reaction with a C-(2-pyridyl)-substituted
imine.

To gain an understanding of the acyl-migration process,
we performed a cross-over experiment. The subjection of
a mixture of two different propargylic alcohols, 1¢ and 11i, to
the catalytic reactions conditions provided 4 ¢ and 4i in 74 and
55% yield, respectively (Scheme 5). No cross-over product
was observed by LC-MS analysis of the crude reaction
mixture. The result indicated that acyl migration occurred
intramolecularly.

2a (2 equiv)
p-OMeCgH, Ph  3a (2.8 equiv)
[PPhsAUNTT,
\ 4 \ 4 (5 mol%)
= 4c + 4i
N OH * N OH 4A M§, toluene
Me Bn 50°C.2h 74%  55%
1c (1.3 equiv) 1i (1.3 equiv)

Scheme 5. Cross-over experiment.

We also prepared the deuterium-labeled propargylic
alcohol [D]1a to probe the reaction mechanism. The treat-
ment of [D]1a with 2a under the standard reaction conditions
in the presence of the gold catalyst provided [D]4a in 86 %
yield without significant loss of deuterium (Scheme 6). This
result indicated that a concerted 1,2-H shift occurred during
the reaction process.

Ph Ph Ph
3a (1.4 equiv) N
V4 Ph [PPhsAUINTF, (5 mol%) )P
N—Lp o+ \=n N
N OH Ph 4A MS, toluene N Ph
Me 2a 50°C,2h Me O
[D]1a (1.3 equiv) [D]4a, 86%; D = 96%

Scheme 6. Deuterium-labeling experiment.

A mechanistic proposal for the formation of dihydro-y-
carbolines 4 is depicted in Scheme 7. Initially, highly regio-
selective nucleophilic attack of the quinoline N-oxide on the
gold-activated alkyne, followed by fragmentation, leads to an
a-carbonyl gold carbenoid 7. The regioselectivity is consistent
with that reported by Hashmi et al. for the gold-catalyzed
oxidative rearrangement of propargylic alcohols to 1,3-
diketones.’™ They also suggested that gold carbenoid species
might be formed by the syn addition of a gold N-oxide
complex to the alkyne, followed by fragmentation.’™ Sub-
sequent nucleophilic attack of the imine nitrogen atom on the
highly electrophilic gold carbenoid 7 generates an iminium
intermediate 9. Alternatively, 9 might also be formed by
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Scheme 7. Possible reaction mechanism.

direct addition of the imine to the vinyl gold species 6. Next,
intramolecular nucleophilic addition of the indolyl moiety to
the iminium ion in 9 delivers an alkyl gold intermediate 10.
This step is followed by gold-assisted 1,2-acyl migration!'*!’!
and a subsequent 1,2-H shift to furnish the final product 4.1°!
The formation of a gold carbenoid 12 or gold-stabilized
carbocation might serve as a driving force for this rearrange-
ment. Intermediate 12 might also be stabilized by the nitrogen
atom adjacent to the gold carbenoid. Lewis acid catalyzed 1,2-
carbonyl migrations in pinacol-type rearrangements have
been observed for chlorohydrins,"” a.B-epoxyketones," and
esters;!"! for these processes, a concerted mechanism involv-
ing neighboring-group participation by the carbonyl group
was suggested.['5

In summary, we have developed a gold-catalyzed syn-
thesis of highly functionalized dihydro-y-carbolines by the
cyclization of a-(2-indolyl) propargylic alcohols with imines
in the presence of 8-isopropylquinoline N-oxide as the
oxidant. This method offers several advantages, such as mild
reaction conditions, high regioselectivity, and readily acces-
sible starting materials. The reaction most likely proceeds
through the intermolecular trapping of an oa-carbonyl gold
carbenoid intermediate by the imine, followed by cyclization
and a novel gold-assisted 1,2-acyl migration, and is one of the
few examples of a gold-catalyzed intermolecular annulation
reaction involving a-carbonyl gold carbenoid species. Clarifi-
cation of the reaction mechanism and further application of
this chemistry are in progress.”*”!

Experimental Section

General procedure: An o-(2-indolyl) propargylic alcohol
1 (0.26 mmol), an imine 2 (0.2 mmol), 8-isopropylquinoline N-oxide
(3a; 52.4mg, 0.28 mmol), toluene (2mL), 4 A MS (50 mg), and
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[PPh;Au|NTE, (7.4 mg, 0.01 mmol) were added successively to
a Schlenk tube at room temperature. The resulting solution was
stirred at 50 °C until the reaction was complete, as monitored by thin-
layer chromatography. The reaction mixture was quenched with two
drops of Et;N. The solvent was evaporated under reduced pressure,
and the residue was purified by column chromatography on silica gel
to afford the desired dihydro-y-carboline product 4.
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