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Abstract: Similar to propargylic
carboxylates and  sulphides, 3-
propargylindoles undergo 1,2-indole
migrations under cationic gold(l)-
catalysis. The intermediate  Au-
carbenoid complex may evolve through
different pathways depending on the
substituents at the propargylic and
terminal positions of the alkyne moiety.
Thus, 3-indenylindole derivatives were
easily obtained through formal iso-

Nazarov or Nazarov cyclizations. DFT
computations support the formation of
an alkylidenecyclopropane intermediate
that undergoes aura-iso-Nazarov or

aura-Nazarov cyclizations upon
torquoselective  ring  opening. In
addition, 3-dienylindoles could be

accessed when none of the referred
pathways were accessible and so the
intermediate  Au-carbenoid complex
evolved via a 1,2-C—H insertion

reaction. We have also demonstrated
that the final products can be obtained
in a one-pot protocol from easily
available propargylic alcohols and
indoles.
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Introduction

A great number of novel transformations have appeared in last years
based on the gold-catalyzed activation of alkynes.!! In this field,
one of the most important processes is the 1,2-acyl migration
observed in propargylic esters that generates a metal carbenoid
intermediate, as shown in Scheme 1 (X = OCOR)./? These gold-
carbenoid species can wundergo a variety of subsequent
transformations.l®! Other heteroatomic nucleophiles, such as a thio-
group, are also able to participate in related 1,2-sulfur migration
reactions (X = SR, Scheme 1).! In a recent communication we
reported the first 1,2-migration reaction of a carbon-centered moiety
(in particular a 1,2-indole migration; X = indol-3-yl in Scheme 1).%!
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Scheme 1. Gold-catalyzed 1,2-migration reactions.

By contrast to those similar processes described before, our reaction
implies the rupture and formation of carbon—carbon bonds instead
of rupture and formation of carbon—heteroatom bonds. This idea is
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based on the well established nucleophilic nature of indoles.!® This
characteristic of indoles has already been exploited by several
authors to develop some interesting cascade reactions based on the
ability of this heterocycle to add to gold-activated alkynes or
allenes.l”” Our method was based on the assumption that an indole
group at the propargylic position of an alkyne could trigger a 1,2-
migration reaction similar to that involving propargylic carboxylates
or propargylic sulfides. Taking advantage of our reported procedure
for the synthesis of C3-propargylated indoles,’® we were able to
easily synthesize a great variety of starting materials and to study
the scope of those preliminary reactions. So here, we present a full
experimental and theoretical study on this novel 1,2-indole
migration reaction including some new reaction pathways.

Results and Discussion

Preliminary results: We initially studied the rearrangement of the
indole derivative 1a as a model system. After a brief screening of
different catalysts we realized that complete conversion of the
starting material was achieved in less than 30 minutes at room
temperature in the presence of catalytic amounts of cationic gold(1)
complexes.'® Thus, 3-(1H-inden-2-yl)-1H-indole derivative 3a was
selectively obtained in 79% vyield by using as catalyst the
bis(trifluoromethanesulfonyl)imidate  derivative [AuNTf,(Ph3P)]
(Scheme 2, eq. 1).% The structure of this new indole derivative 3a
was initially established after a series of NMR experiments. An
examination of the structure of compound 3a indicates that the
phenyl group at the propargylic position has been involved in the
rearrangement of la and, more important, that a 1,2-indole
migration has occurred at some point in the catalytic process.
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— Ph (eq. 1)
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Scheme 2. Gold-catalyzed reaction of C-3-propargylated indoles 1a and 2a.

Surprisingly, when the same reaction was performed with the
indole derivative 2a lacking the phenyl-group at the propargylic
position (see the presence of two alkyl substituents at the
propargylic position) we observed the formation of a new 3-(inden-
2-yl)indole 4a in 68% vyield (Scheme 2, eq. 2). In this case the
formation of the indene core involves the reaction of the phenyl
group at the terminal position of the starting alkyne. As before,
formation of indene derivative 4a can only be explained after an
initial 1,2-migration of the indole moiety. The structural assignment
of this new compound 4a, initially determined by NMR studies, was
confirmed by single-crystal X-ray diffraction analysis.*Y! At this
point it should be noted that the starting indole derivative la
possesses a phenyl-group at the propargylic position and another
one at the terminal position of the triple bond. Having in mind the

results above commented, in principle, both phenyl-groups could be
involved in the formation of an indene skeleton. However, in this
case only the phenyl-group at the propargylic position participates in
the cyclization reaction to give exclusively the indene derivative 3a.

Mechanism of the reactions: As previously stated, formation of
compounds 3a and 4a seems to imply a 1,2-migration of the indole
moiety. This suggested to us that the reactions leading to both of
these compounds probably proceeded through the formation of a
common intermediate obtained after the initial indole migration.
Taking this into consideration we believed that the mechanisms
depicted in Scheme 3 might account for the formation of compounds
3a and 4a. Thus, an initial coordination of the gold complex to the
triple bond of the starting materials 1la or 2a would take place to
form intermediate 5. Intramolecular attack of the indole on the
activated alkyne may occur to give the vinyl-gold complex 6, which
would then become the o,B-unsaturated gold carbenoid complex 7
through rearrangement and 1,2-migration of the indole nucleus. At
this point two reaction pathways are possible depending on the
substitution at the B-carbon of the gold carbenoid intermediate 7.
Thus, when a phenyl group is present at this position (path a, R* =
Ph) an intramolecular nucleophilic attack of the phenyl group to the
carbene carbon of 7a would lead to the formation of intermediate 8.
This transformation (7a to 8) can also be seen as a metalla-iso-
Nazarov process.*? After formation of 8, a rearomatization step and
subsequent protodemetalation would render the final product 3a
regenerating the catalytic gold species. The global conversion from
la to 3a may be considered a tandem sequence involving a 1,2-
indole migration followed by a formal metalla-iso-Nazarov reaction.
For simplicity we will call the pathway leading to the indene
derivative 3a the aura-iso-Nazarov mechanism (path a in Scheme 3).

On the other hand, when the starting indole derivative bears two
alkyl groups at the propargylic positions (path b, R' = R? = Et), the
carbene intermediate 7b may evolve through a Nazarov-type
cyclization to give 9.! Alternatively, an intramolecular capture of
the gold-stabilized allyl cation by the phenyl group could also be
considered to explain this step.[*¢ Ultimately, after a
rearomatization and protodemetalation, product 4a would be formed.
For simplicity, we will call the pathway leading to indene derivative
4a the aura-Nazarov mechanism (path b in Scheme 3).
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Scheme 3. Proposed mechanism for the formation of 3a and 4a.

Theoretical studies: We sought to provide computational support to
the proposed mechanism for this unprecedented 1,2-indole
migration upon gold activation of the alkyne in the starting C3-
propargylated indoles, in particular concerning the feasibility of the
alkylidenecyclopropane intermediate and its further evolution to a
gold carbocation/carbenoid. The analysis of the transition structure
for the ensuing cyclization from the gold species could help to
determine whether a Nazarov-type or other alternative mechanisms
are operating.' With the computational exploration of the
mechanistic alternatives for these transformations we aimed to
establish the factors governing the switch in product distribution and
also shed light on the specific role of the gold centre and the indole
heterocycle, an uncommon nucleophile for this kind of
rearrangement of propargylic substrates. For the calculations, we
have chosen model systems Va and Vb (Figure 1, the Roman
numerals corresponding to model structures of Scheme 3 will be
used throughout for clarity), with and without a propargylic phenyl
group, respectively, as a compromise structure between the two
simplest models reported. Also for the sake of simplicity and
reduced computational cost, gold’s ligand was chosen to be PHj;.

Computational details: Stationary points along the V to IX
transformation for the two reacting systems have been located using
DFT in its Kohn-Sham approach, with the B3LYPM®! and MO06
functionals,*” and a 6-31G(d) basis set*® for the main group atoms
and the LANL2DZ electron core potential™™® and associated basis
set for gold. Geometry optimization and harmonic analysis of the
frequencies was carried out at both DFT hybrid functional levels of
theory. Solvation effects were taken into consideration when
computing the reaction profiles of Figure 1. The polarizable
continuum model (PCM)®” was employed with dichloromethane
parameters in a single point energy calculation and the molecular
cavity created with the UAKS radii set. The results, qualitatively
similar to those obtained in gas phase, are listed in the Supporting
Information. All calculations have been performed with the
Gaussian09 program suite.?) The calculations with the hybrid meta

exchange correlation functional M06, which has shown good
performance for the study of transition metal-catalyzed reactions,™*"!
provide a comparison with the B3LYP functional (the M06 values
are shown on Figure 1 and listed in Table 1). In general, the
activation barriers are higher with M06, except for the iso-Nazarov
reaction (vide infra), whereas the minima are less stabilized, which
allowed to locate intermediate Vla. Since the interpretation of the
reaction mechanism is similar using both functionals, only the
B3LYP values will be used along the discussion.

Theoretical results: The results of our computational study are
summarized in Figure 1 and the relative and activation free energies
for the proposed paths are collected in Table 1. Gold coordination to
the alkyne in the first step can take place either anti or syn to the
indole heterocycle, which generates two families of isomers for each
system. Only the pathways that start from the anti coordination of
gold and lead to the E olefin in VI will be discussed.?? Although
energy differences are not significant for the minima in these
alternate paths, the equivalent mechanisms starting from syn
coordination (see Supporting Information) and providing a Z gold-
substituted olefin are globally higher in energy (about 5 kcal mol™
for the first transition states).
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Figure 1. General mechanistic proposal for the gold-mediated rearrangement of 3-
propargylindoles with different substituents (Me, Ph) at the internal propargylic position
(one of the enantiomers of Va was arbitrarily chosen). The free energy values (relative
to starting complexes Va and Vb) are given in kcal mol™. All computations have been
carried out at the B3LYP/6-31G(d) level and the MO06/6-31G(d) level (values in
brackets).

Starting from V, the first step involves a capture at C2’ of the
gold-activated alkyne by nucleophilic attack of the indole C3
position, resulting in the formation of a new C—C bond through an
early transition state (see Figure 2). The fate of the system after this
low-energy transition state (4.26 kcal mol™ for tsVa and 6.15 kcal
mol~ for tsVb) however, depends on the substitution pattern at the
propargylic position. The system with alkyl substituents evolves to



an alkylidenecyclopropane intermediate VIb. Worthy of note,
whereas the C1’-C2’ bond is longer (1.58 A) and the formed
C3-C2’ is shorter (1.49 A) than those of cyclopropane (1.51 A), the
C3-C1” bond is elongated to 1.62 A, favouring the ensuing
rearrangement with C3-C1’ scission. Intermediate VIb is then
connected to the “aura-carbenoid”®! VIIb through tsV1b, in the
rate-limiting step of the tandem rearrangement. In this transition
state the alkylidene group on the cyclopropane ring smoothly rotates
to minimize the steric interaction between the phenyl and the indole
rings in VIIb.

Table 1. Relative and activation free energies (in kcal mol™) for the stationary points of
the mechanisms depicted in Figure 1 in gas phase.

AGrel AG AGr AG"
Va 0.00 Vb 0.00
tsVa 4.26 4.26 tsVb 6.15 6.15
(4.26) (4.26) (6.92)  (6.92)
Via —_ Vib 5.33
(1.62) (6.51)
tsVia —_ —_ tsVib 10.49 5.16
(4.20) (2.58) (14.81)  (8.30)
Vila -9.65 Viib -5.47
(-8.22) (-1.74)
tsVlila  -0.23 9.42 tsVilb 5.42 10.88
(0.08) (8.31) (7.74)  (9.47)
Villa -12.08 IXb -7.89
(-17.44) (-8.87)

[a] All computations have been carried out at the B3LYP/6-31G(d) and the MO06/6-
31G(d) level (values in brackets). [b] The missing values (denoted as ---) correspond to
the B3LYP barrierless process tsVa to Vlla illustrated in the Supporting Information
(Figure S1). The free energy values in dichloromethane solution (PCM) can be found in
the Supporting Information.

This picture is somewhat modified for the analog system with a
phenyl group at C1°. The spirocycle Vla and the corresponding
ring-opening transition state ts\VVla, which would connect it to Vlla,
could only be located as stationary points on the potential energy
surface corresponding to Va using the M06 functional.?

9

Figure 2. Gas phase computed (B3LYP/6-31G(d)) geometries of TSVa and Vlla.

Thus, both mechanisms converge in structures VII, formally
cationic gold species within conjugated pentadienyl systems. For the
phenyl-substituted propargylic system we find that the Vla to Vlla
process is also torquoselective and affords intermediate Vlla
(Figure 2) with Z geometry of the olefin due to the minimization of
the steric interactions of the indole and rotating phenyl groups upon
cyclopropane ring opening. The evolution of VIIb to VIlIb via a
gold-stabilized pentadienyl cation cyclization (aura-Nazarov
process)*31%¢8 s expected, given the proximity of the C1’—C2’
olefin and the terminal phenyl group in the conformation adopted by
VIb after the indole migration is complete. As explained, following
the ring opening of VIb, the developing allylic strain between the
terminal Ph and the indole heterocycle results in the rotation of the
C1’—C2’-C3’—Ph dihedral being coupled with the ring opening in
VIb and affording an helical structure VIIb (P from the
configuration of Vb shown in Figure 1). Thus, the following V11b to
IXb concerted electrocyclization benefits from the already enforced
helical conformation resulting in a 10.88 kcal mol™ reaction barrier.

The aromaticity of the transition structures has often been
utilized for the characterization of pericyclic molecular
rearrangements. A useful magnitude to estimate the aromaticity is
the nucleus-independent chemical shift (NICS)? with large
negative NICS values corresponding to diatropic ring currents
related to aromaticity (-9.7 for benzene at the ring centre) and
positive values associated to paratropic ring currents and
antiaromaticity. The NICS at the ring center of tsVIIb (-10.4 ppm)
confirms its aromatic character and therefore the rearrangement can
be considered as a 4ne’-electrocyclic process.



The evolution of VIla would take place by electrocyclic ring
closure involving the phenyl ring cis to the gold-containing carbon
atom. In this alternative aura-iso-Nazarov'? reaction the gold-
stabilized cation is located at the terminus of the cyclizing system.
The initial selectivity of the  gold alkyne coordination (anti to the
indole) leads to a Z double bond (the bulky phenyl group on C1’
tends to rotate outwards in the 4-electron ring opening of Vla, away
from the indole, in order to reduce the steric strain in VVIla) and to
an s-trans conformation of the adjacent bond. This directly results in
a helical pentadienyl cation structure poised to undergo an
electrocyclic ring closure.™®

The computed energy values for these transition states confirm
that the aura-iso-Nazarov is favoured over the alternative aura-
Nazarov reaction channel available from the twisted s-cis
conformation of VIla (see Figure 2 and Supporting Information).
The energy barrier for the favoured cyclization of Vlla, 9.42 kcal
mol~ is 2.29 kcal mol™ lower than the alternative ring-closure that
would involve the external Ph group (11.71 kcal mol™). Moreover,
it is 3.67 kcal mol™ more favourable than yet another aura-iso-
Nazarov reaction available from the initial syn coordination of gold
to the alkyne (Supporting Information).?® The preference for the
cyclization leading to VIlla is also reinforced by the expected high
barrier of bond rotation to the proper s-cis conformation required by
the pentadienyl cation extended to the terminal phenyl group. The
calculated NICS[?™ at the ring center of tsVIla with a value of 9.2
ppm, indicates likewise the electrocyclic nature of the process.

A last step from VIlla and 1Xb, which already exhibit the main
structural motif of the products, to Illa and 1Vb is required to
recover the aromaticity of the systems. Proton abstraction on Vllla
and IXb can be mediated by a soft base resulting in the weakening
of the Au-C bond and formation of the final indenylindole
derivative. The gold catalyst can then be released again to the
solution and reincorporated into the catalytic cycle.

To summarize this section, our computational studies confirm
the anticipated overall mechanistic picture, comprising three major
steps: a) the electrophilic addition of the gold-activated alkyne to the
indole ring with formation of the alkylidenecyclopropane
intermediate, b) its further evolution by indole-induced
torquoselective  4rne™-electrocyclic ring opening to a gold
carbocation/carbenoid, and c) the 4rne’-electrocyclic ring closure of
the gold-stabilized carbocation species in processes that can be
considered as gold variants of the Nazarov or iso-Nazarov reactions.
The analysis of the aromaticity of the transition structures for the
cyclization is consistent with the consideration of the processes as
pericyclic reactions. Whereas the systems with dialkyl groups at the
propargylic position follow the Nazarov manifold, the presence of
an aryl group at this position induces a shift in the mechanism,
which now follows the iso-Nazarov pathway in preference over the
alternative Nazarov, thus explaining the product distribution with
otherwise similar substrates. The lower activation energy for the
rate-limiting aura-iso-Nazarov reaction relative to the aura-Nazarov
explains the higher temperatures required for the rearrangement of
the propargylic substrates substituted with dialkylgroups 2 vis-a-vis
the alkyl-aryl analogue 1.

Scope of the gold-catalyzed tandem reactions: After having
established the mechanisms and conditions for the transformation of
C3-propargylated indoles l1la and 2a to 3-(inden-2-yl)indole
derivatives 3a and 4a, the scope and limitations of these novel

catalytic tandem processes have been explored. Most of the
reactions were performed in the presence of [AuNTf,(PhsP)] that
was the catalyst of choice due to its availability and ease of handling.

Synthesis of 3-(1H-inden-2-yl)-1H-indoles 3 by tandem 1,2-
indole migration/aura-iso-Nazarov reaction: Reaction of a series
of indole derivatives 1 possessing both an aromatic and an aliphatic
substituent at the propargylic positions and either aromatic or
aliphatic groups at the alkyne terminus were conducted under the
optimized conditions. The results are summarized in Table 2. These
data show that the process is efficient with alkynes 1 having indole-
groups with a wide range of substitution patterns. Thus, substrates
bearing N-methylindole (Table 2, entries 1-5), indole (Table 2,
entries 6—7), 2-methylindole (Table 2, entry 11), 1,2-dimethylindole
(Table 2, entries 12-14) as well as 1-methyl-2-phenylindole and
1,2-diphenylindole (Table 2, entries 15-17) efficiently furnished the
indenyl adducts 3. Interestingly, starting materials 1h-j containing
less nucleophilic indole moieties (those with electron-withdrawing
substituents at C-5 of the indole ring) also underwent the
migration/iso-Nazarov tandem sequence to finally afford the
corresponding indenes 3h-j in good yields (Table 2, entries 8-10).
Moreover, various aromatic and linear or branched aliphatic
substituents were also well tolerated at both the propargylic (R* in
scheme of Table 2) and the terminal position of the triple bond (R®
in scheme of Table 2). The isomerization of indole derivatives 1r-u
having a terminal alkyne moiety was also investigated (Table 2,
entries 18-21). Reactions of these substrates in the presence of
catalytic amounts of [AuNTf,(PhsP)] under the optimized conditions
followed the same reaction pathway previously observed for internal
alkynes to furnish the observed compounds 3r-u. However, it
should be noted that in accordance with the observations of other
authors,™ in these cases the reaction initially furnishes a mixture of
two regioisomeric indenes which could be converted into the desired
indene derivatives 3r-u by simple treatment of the crude of the
reaction with 5 mol% of p-toluenesulfonic acid. Interestingly,
functionalized alkynes 1v and 1w, bearing a phenylthio- and an
ester-group respectively at the triple bond, also gave the expected
indene derivatives 3v-w in high yield (Table 2, entries 22 and 23).
Moreover, reaction of starting material 1x, which contains a free
alcohol in the alkyl chain of the substituent at the triple bond,
occurred in the same fashion to give the indenyl adduct 3x in high
yield (Table 2, entry 24). It should be noted that in this particular
case we did not observe the formation of products coming from an
also  possible  5-endo-hydroalkoxylation  reaction of the
carbon—carbon triple bond.B®¥ Structural assignments of all new
compounds were based on a series of NMR studies or established by
analogy. Additionally, the structures of 3c and 3e were confirmed by
single-crystal X-ray diffraction analysis.!*!

Table 2. Preparation of 3-(1H-inden-2-yl)-1H-indoles 3 by gold-catalyzed tandem 1,2-
indole migration/iso-Nazarov reactions of C3-propargylated indole derivatives 1.9

RG
O [AUNTF,(Ph,P)]
R (5 mol%)
RS = CH,Cl,, RT
gat
N
1
L R
Yield
Enry 1 R' R*> R® R* R® R® 3 [o4]"
1 la Me H H Et Ph H 3a 79



2 ib Me H H nPr Ph H 3b 75
3 1c Me H H iPr Ph H 3c 76
4 id Me H H iPr nBu H 3d 73
5 le Me H H Me nBu Cl 3e 794
6 1f H H H nPr Ph H 3f 60
7 1g H H H Me nBu H 3g 66
8 ith H H COMe Me nBu H 3h 75
9 i H H COMe Et nBu H 3i 70
10 1j H H Br Me nBu H 3j 69
11 1k H Me H Me Ph H 3k 68
12 1l Me Me H Me Ph H 3 68"
13 1m Me Me H Et Ph H 3m 70
14 1n Me Me H nPr nBu H 3n 67
15 1o Me Ph H Me Ph H 30 734
16 1p Me Ph H Et Ph H 3p 78
17 1g Ph Ph H cCeHi: Ph H 3q 86
18 1r Me H H cCsHs H H 3r 83
191 15 H Ph H Et H H 3s 71
20 1t H Ph H Et H Cl 3t 70
21® 1y H Ph H cCsHs H H 3u 84
22 1v Me H H cCsHs SPh H 3v 84
23 lw Me H H cCsHs CO3Et H 3w 75
24 1x Me H H CC3H5 (CHz)on H 3x 76

[a] Reactions stirred at room temperature till consumption of the starting material
(0.5-7 h), as judged by GC-MS analysis. [b] Yield of isolated product based on the
corresponding starting indole 1. [c] Reaction performed with [AuCI(PhsP)]/AgSbFs as
catalyst. [d] Reaction performed with [AuNTf,(SPhos)] as catalyst (SPhos= 2-
dicyclohexylphosphino-2’,6’-dimethoxybiphenyl). [e] The crude reaction mixture was
treated with PTSA (5 mol%) in acetonitrile at reflux after the complete consumption of
the corresponding starting indole 1.

To test the capability of heteroaromatic substituents to partake in
the iso-Nazarov cyclization of the tandem process we turned our
attention to the rearrangement of compounds 10a-b possessing a
thiophene group at the propargylic position. Pleasantly, reactions of
these substrates under the optimized conditions occurred in high
yields to provide exclusively the corresponding  5-
indolylcyclopenta[b]thiophene derivatives 1la-b (Scheme 4).
Moreover, these experiments demonstrate that the method here
described is appropriate not only for the synthesis of indene
derivatives but also for the synthesis of other fused-bicyclic
compounds.

S
S
[AUNTH,(Ph3P)]
== Ph (5 mol%) Ph

N_r CH,Cl, RT A\

N N

Me Me
10a:R=H 11a (82%)

b: R=Ph b (74%)

Scheme 4. Gold-catalyzed tandem 1,2-indole migration/iso-Nazarov reactions of indole
derivatives 10a-b.

Synthesis of 3-(inden-2-yl)indoles 4 by tandem 1,2-indole
migration/aura-Nazarov reaction: Having studied the scope of the
gold-catalyzed isomerization reactions of substrates 1, we turned our
attention to the tandem 1,2-indole migration/Nazarov cyclization
process. The reaction of a series of representative alkynes 2, having
all of them a phenyl group at the alkyne terminus and two aliphatic

substituents at the propargylic position, was conducted to evaluate
the scope of this transformation (Table 3). The results revealed that
the tandem process occurs with several C3-propargylated indoles 2
bearing indole moieties such as N-methylindole (Table 3, entries
1-3), indole (Table 3, entry 4), 2-methylindole (Table 3, entry 5), 2-
phenylindole (Table 3, entry 6) and 1,2-dimethylindole (Table 3,
entries 7-8). Moreover, both linear and branched aliphatic
substituents were also well tolerated at the propargylic carbon (R®
and R* in scheme of Table 3). Structural assignments of all
cycloadducts 4 were based on a series of NMR experiments.
Additionally, the structure of 4b was confirmed by single-crystal X-
ray diffraction analysis.[*!!

Table 3. Preparation of 3-(inden-2-yl)indoles 4 by gold-catalyzed tandem 1,2-indole
migration/Nazarov-type cyclization of C3-propargylated indole derivatives 2.

RS Re [AUNTf,(Ph3P)]
= O (5 mol%)
O MH—R2 CH,Cl,, reflux
N
Rl
2
Entry 2 RW R R R 4 [T)/'OB]ES
1 2a Me H Et Et 4a 68
2 2b Me H Me Me 4b 82
3 2c Me H Me cCsHs 4c 87
4 2d H H Me cCsHs 4d 75
5 2e H Me Me cCsHs 4e 80
6 2f H Ph CC3H5 CC3H5 4f 77
7 29 Me Me Me Me 49 72
8 2h Me Me Me cCsHs 4h 81

[a] Reactions stirred at reflux till consumption of the starting material (1-24 h), as
judged by GC-MS analysis. [b] Yield of isolated product based on the corresponding
starting indole 2.

To further test the scope of the process we explored the reaction
with starting materials where the substituent at the terminal position
of the alkyne was different from a simple phenyl-group. We were
pleased to find that indole derivatives 12a-b, bearing a 3-thienyl
group at the alkyne terminus, afforded the corresponding 5-
indolylcyclopenta[b]thiophene derivatives 13a-b in high vyields
(Scheme 5, eq. 1). The structure of compound 13b and so, the
regioselectivity of the cyclization regarding the thiophene ring, was
confirmed by single-crystal X-ray diffraction analysis.*! Not only
heteroaromatic groups but also simple olefins can partake in the
tandem process as demonstrated in the isomerization of 14. In this
case, a tetrahydroindene cycloadduct 15 was formed in excellent
yield (Scheme 5, eq. 2). Again, these reactions demonstrate that a
range of fused bicyclic skeletons can be accessed by this tandem
1,2-indole migration/Nazarov cyclization reaction.

We were also intrigued about the mechanism that would follow
an intermediate 7 (see Scheme 3) in which both mechanisms, the
metalla-iso-Nazarov and the Nazarov mechanisms, are possible. So,
we designed an experiment by using the biphenyl-substituted
starting materials 16a-b (Scheme 5, eq. 3). After the initial 1,2-
migration of the indole moiety an intermediate 18 (analogous to 7 in
Scheme 3) should be formed. This intermediate could evolve
through an aura-iso-Nazarov mechanism (path a in Scheme 3) or



through an aura-Nazarov mechanism (path b in Scheme 3). However,

we only observed the formation of compounds 17a-b indicating the
preference of the Nazarov mechanism in this highly congested case.

Me [AuNTf,(Ph;P)]
= N (5 mol%)
\N- \ < CH,Cl, RT
N
Me
12a:R=H 13a (93%)
b: R =Me b (87%)
Me [AUNTf,(PhP)]
= (5 mol%) Me
Q TCH,Cl, reflux (ea.2)
,, reflux
N
Me
14 15 (88%)

[AUNTf,(Ph;P)]
(5 mol%)
_—
CH.Cl, RT R

R!
16a: R = Me, R? = H 17a (87%)
b: R = H, R? = CO,Me b (69%)

Scheme 5. Gold-catalyzed tandem 1,2-indole migration/Nazarov cyclization reactions
of indole derivatives 12, 14 and 16.

Synthesis of 3-dienylindoles 20 by tandem 1,2-indole
migration/1,2-C—H insertion reactions: Finally, we wondered if
the proposed gold-carbene intermediate 7 (Scheme 3) could evolve
trough new reaction pathways when the aura-iso-Nazarov and the
aura-Nazarov cyclization were not possible. To this end, indole 19a
that contains a 2,6-disubstitued phenyl group at the propargylic
position and an alkyl group at terminal position of the triple bond, as
well as indoles 19b-e, bearing only alkyl substituents at those
positions, were tested under the standard conditions (Scheme 6 and
Table 4). With all these substrates a new evolution of the
intermediate gold-carbenoid complex 21 (analogous to 7 in Scheme
3) was observed consisting on a 1,2-C—H insertion reaction to
finally furnish 3-dienylindole derivatives 20 as mixtures of
geometric isomers.® It should be noted that this kind of evolution
of the gold-carbenoid intermediate could also be possible with
indoles 1 possessing an alkyl group at the terminal position of the
triple bond (see Table 2, entries 4-5, 7-10, and 14). However, in
those cases the more favoured aura-iso-Nazarov operates to give the
corresponding products 3 and we did not observe the formation of
the alternative products 20.

[AUNTE,(PhaP)] (5 mol%s)

R4
R* 3 5
RS R R

= R® A\ 7

A\ 2 H
R \y_R2

N N

RL

CH,Cl, RT
Rt H R?
19 3 5 20
R R
L ) 1
[Aul*
N _R2
N
RY
21

Scheme 6. Gold-catalyzed tandem 1,2-indole migration/1,2-C—H insertion reactions of
indole derivatives 19.

Table 4. Synthesis of 3-(1,3-dien-2-yl)indoles 20 by gold-catalyzed tandem 1,2-indole
migration/1,2-C—H insertion reactions of C-3-propargylated indole derivatives 19.

Enry 19 R' R? R® R R® 20 ;/';}g
1 19a Me H Me 2,6-F,CsH;  nPr 20a 89
2 19b Me Ph Me cCsHs nPr 20b 85
3 19c Me Ph cCsHs cCsHs nPr 20c 91
4 19d Me Ph Me Me nBu 20d 64
5 19e Me Me cCsHs cCzHs nPr 20e 56

[a] Reactions stirred at RT till consumption of the starting material (7-16 h), as judged
by GC-MS analysis. [b] Yield of isolated product based on the corresponding starting
indole 19. [c] 36 h at reflux.

One-pot procedure for the synthesis of compounds 3, 4, 11 and
20 from indoles and propargylic alcohols: Taking into account
that all the starting indole-containing alkyne derivatives were
synthesized from the corresponding propargylic alcohols by our
reported Bransted acid-catalyzed procedure,® we wondered if it
would be possible to access indene derivatives 3 (aura-iso-Nazarov
products) or 4 (aura-Nazarov products) from readily available
starting materials, such as alkynols 23, by using a concurrent tandem
catalysis protocol.®® Thus, as shown in Table 5, the consecutive
reaction of indoles 22 and propargylic alcohols 23 with PTSA (5
mol%) and [AuNTf,(PhsP)] (5 mol%) in CH,Cl, at room
temperature, led to the formation of 3-indenylindoles 3 or 4 in good
yields. Notably, this one-pot procedure does not require any solvent
change or removal of PTSA prior to the addition of the gold
catalyst.® By following this strategy the isolation of starting
alkynes 1 or 2 is avoided, and the reaction can be performed from
readily available propargylic alcohols and indoles in a
straightforward manner. By using this one-pot protocol, some of the
previously prepared 3-indenylindoles 3 or 4 have been synthesized
and in addition, two new derivatives 3 (compounds 3y-z in Table 5,
entries 4 and 5) have been obtained.

Table 5. One-pot preparation of 3-indenylindoles 3 and 4 from indoles 22 and
propargylic alcohols 23.



2+2 1. PTSA (5 mol%)
2. [AUNTf,(PhgP)]
OH (5 mol%) N g2
R3 R4§ =5 CH.Cl, RT Nhl
23 4
Yield
Entry 22 R' R? 23 R® R R® Product
[%]"
1 22a MeH 23 iPr Ph Ph 3¢ 70
2 22a MeH 23b cCsHs Ph H 3r 70
3 22b H H 23 Me Ph nBu 3g 501
4 22c H Me23d cCsHs Ph Ph 3y 68
5 22d Me Me 23e Et Ph nBu 3z 51
6 22a MeH 23f cCsHs Me Ph  4c 69
7 22c H Me23f cCsHs Me Ph  4e 72
8 22d MeMe23f cCsHs Me Ph  4h 70

[a] All reactions were conducted by stirring at RT an equimolecular mixture of indole
22 and alkynol 23 in the presence of the appropriate catalyst till consumption of the
starting material as judged by GC-MS analysis (global reaction time: 2-24 h. See
Supporting Information). [b] Yield of isolated product based on the corresponding
starting indole 22. [c] After the addition of the gold catalyst, the mixture was stirred at
reflux for 48 h.

As shown in Scheme 7, this method is also convenient for the
synthesis of fused-bicyclic compounds such as 13b and dienyl
derivatives such as 20c from easily available starting materials.

N

1. PTSA (5 mol%)

Me
OH 2. [AUNTE(PhsP)]
22d TS AL (5 mol%)
\_d CH,Cl, RT
239 13b (73%)
Iy
N
f\Ae OH / nPr
1. PTSA (5 mol%) A
22e + ~ _
T"nBu 2. [AuNTf,(PhsP)] N
(5 mol%) \ Ph
23h CH,Cl, RT Me

20c (55%)

Scheme 7. One-pot synthesis of compounds 13b and 20c.

Conclusion

In conclusion, we have shown for the first time that a carbon-
centered nucleophile such as the indole nucleus is able to participate
in gold-catalyzed 1,2-migration reactions of propargylic systems.
The gold-carbenoid intermediates selectively undergo further
cyclizations to give 3-(inden-2-yl)indoles. Depending on the
substituents at the propargylic and terminal positions of the starting
3-propargylindole two different reaction pathways may operate, an
iso-Nazarov or a Nazarov-type pentadienyl cyclization. In addition,
DFT calculations reveal that after the initial indole attack on the
activated alkyne, the alkylidenecyclopropane derivative obtained
rearranges through a torqueselective electrocyclic ring opening to

furnish a gold carbocation/carbenoid. The subsequent electrocyclic
ring closures can be considered as gold variants of the Nazarov or
iso-Nazarov reactions. Interestingly, we found that it is also possible
to perform these reactions following a concurrent tandem catalysis
protocol starting from readily available propargylic alcohols and
indoles, thus avoiding the isolation of the C3-propargylindoles. Also,
a new evolution of the gold-carbene intermediate through a 1,2-C-H
insertion reaction to give 3-dienylindoles has been observed in those
cases where the favoured Nazarov or iso-Nazarov reactions are not
possible. Many of the 3-functionalized indole derivatives are novel
compounds that combine two common drug scaffolds, the indole
and the indene moieties, and therefore hold considerable potential as
biologically active products thus justifying the further development
of this powerful complexity-generating reaction.

Experimental Section

General: All reactions were carried out under nitrogen atmosphere in oven-dried
glassware with magnetic stirring. CH,Cl, was analytical grade, diethyl ether, ethyl
acetate and hexane, were obtained from commercial suppliers and used without further
purification. TLC was performed on aluminium-backed plates coated with silica gel 60
(230—-240 mesh) with Fas,4 indicator. The spots were visualized with UV light (254 nm)
and/or staining with Ce/Mo reagent or phosphomolybdic acid solution and subsequent
heating. *H and 3C NMR spectra were recorded at 300 (or 400) and 75.4 (or 100.6)
MHz, respectively, and measured at room temperature or at 50 °C as specified.
Chemical shifts in *H NMR spectra are reported in ppm using residual solvent peak as
reference (CHCls: §7.16). Data are reported as follows: chemical shift, multiplicity (s:
singlet, br s: broad singlet, d: doublet, t: triplet, g: quartet, gt: quintuplet, m: multiplet,
dd: double doublet, dt: double triplet, td: triple doublet, ABqg: AB quartet), coupling
constant (J in Hz) and integration. *C NMR spectra were recorded using broadband
proton decoupling and chemical shifts are reported in ppm using residual solvent peaks
as reference (CDCl3: 6 77.16). High resolution mass spectra (HRMS) were recorded on
a Micromass Autospec spectrometer using El at 70eV. Melting points were measured
using open capillary rubes and are uncorrected. GC-MS and low resolution mass
spectra (LRMS) measurements were recorded on a Agilent 6890N/5973 Network GC
System, equipped with a HP-5MS column.

Typical procedure for the gold(l)-catalyzed tandem 1,2-indole migration/iso-
Nazarov reactions of alkynes 1 and 10. Synthesis of 3-(3-Ethyl-1-phenyl-1H-inden-
2-yl)-1-methyl-1H-indole (3a): To a solution of 3-(1,1-diethyl-3-phenyl-prop-2-ynyl)-
1-methyl-1H-indole (1a) (175 mg, 0.5 mmol) in analytical grade CH,Cl, (1 mL) was
added [AuNTf,(Ph3P)] (18.5 mg, 0.025 mmol, 5 mol%) at room temperature under a
nitrogen atmosphere. The resulting mixture was stirred at room temperature for 1 h
(complete conversion was monitored by GC-MS and/or TLC). After removing of the
solvent, the crude was purified by column chromatography on silica gel using
hexane:diethyl ether (7:1) as eluent to afford compound 3a (138 mg, 79%) as a white
solid; m.p. 134-136 °C; R¢ = 0.35 (hexane:diethyl ether, 5:1); H NMR (300 MHz,
CDCl3, 25°C): §=1.41 (dt, J = 7.5 Hz, 3H; CHj3), 2.88 (q, J = 7.5 Hz, 2H; CHy), 3.67 (s,
3H; NCHj), 5.10 (s, 1H; CHPh), 6.72 (s, 1H; NCH), 7.05-7.33 (m, 10H; ArH), 7.43 (td,
J=75,12Hz, 1H; ArH), 7.56 (d, J = 7.5 Hz, 1H; ArH), 7.77 ppm (d, J = 7.5 Hz, 1H;
ArH); *C NMR (75.4 MHz, CDCl;, 25 °C): & = 14.1, 20.0, 32.8, 58.9, 109.4, 111.1,
119.2, 119.4, 120.5, 121.6, 123.9, 124.7, 126.5, 126.7, 127.6, 127.8, 128.3, 128.4, 136.8,
138.9, 140.6, 141.1, 145.4, 148.9 ppm; LRMS(EI): m/z (%): 349 (M*, 8), 320 (100);
HRMS (EI) calcd for CysH,3N: 349.1830; found: 349.1830; elemental analysis calcd
(%) for CsHa3N: C 89.36, H 6.63, N 4.01; found: C 89.15, H 6.65, N 3.98.

Typical procedure for the gold(l)-catalyzed tandem 1,2-indole migration/Nazarov
reactions of alkynes 2, 12, 14, and 16. Synthesis of 3-(1,1-Diethyl-1H-inden-2-yl)-1-
methyl-1H-indole (4a): To a solution of 3-(1,1-diethyl-3-phenyl-prop-2-ynyl)-1-
methyl-1H-indole (2a) (151 mg, 0.5 mmol) in analytical grade CH,Cl, (1 mL) was
added [AuNTf,(PhsP)] (18.5 mg, 0.025 mmol, 5 mol%) at room temperature under a
nitrogen atmosphere. The resulting mixture was stirred at reflux for 24 h (complete
conversion monitored by GC-MS and/or TLC). After removing of the solvent, the
crude was purified by column chromatography on silica gel using hexane:diethyl ether
(10:1) as eluent to afford 4a (102 mg, 68%) as a white solid; m.p. 133-135 °C; R¢ =
0.33 (hexane:diethyl ether, 9:1); *H NMR (300 MHz, CDCl,, 25 °C): §=0.37 (t, J=7.3
Hz, 6H; 2 x CH3CH,), 2.05 (q, J = 7.3 Hz, 2H; CH3CH,), 2.06 (q, J = 7.3 Hz, 2H;
CH3CHy), 3.86 (s, 3H; NCHj), 7.14-7.41 (m, 9H; =CH and ArH), 8.09 ppm (dd, J = 4.5,
4.0 Hz, 1H; ArH); *C NMR (75.4 MHz, CDCls, 25 °C): 5= 8.4, 32.0, 31.2, 60.8, 109.5,
111.2, 119.9, 120.2, 121.0, 121.3, 122.3, 124.0, 126.2, 126.4, 126.6, 127.4, 137.2, 145.7,
145.9, 149.9 ppm; LRMS (EI): m/z (%): 301 (M*, 94), 286 (10), 272 (100), 256 (33),
241 (10). HRMS (EI) calcd for CyH,3N: 301.1830; found: 301.1829.



Typical procedure for the gold(l)-catalyzed tandem 1,2-indole migration/1,2-C—-H
insertion reactions of alkynes 19. Synthesis of 3-(1,1-Dicyclopropylhepta-1,3-dien-
2-yl)-1-methyl-2-phenyl-1H-indole (20c): To a solution of 3-(1,1-dicyclopropyl-hept-
2-ynyl)-1-methyl-2-phenyl-1H-indole (19c) (191 mg, 0.5 mmol) in analytical grade
CH,CI, (1 mL) was added [AuNTf,(PhsP)] (18.5 mg, 0.025 mmol, 5 mol%) at room
temperature under a nitrogen atmosphere. The resulting mixture was stirred at room
temperature for 16 h (complete conversion monitored by GC—MS and/or TLC). After
removing of the solvent, the crude was purified by column chromatography on silica gel
using hexane:diethyl ether (50:1) as eluent to afford 20c (174 mg, 91%) as a colourless
oil (mixture of isomers E:Z, ~2:1); Ry = 0.15 (hexane); *H NMR (300 MHz, CDCls, 25
°C): §=10.08-1.33 (m, 12H maj + 12H min), 0.75 (t, J = 7.4 Hz, 3H min; CH3(CH,),),
0.84 (t, J = 7.4 Hz, 3H maj; CH3(CH,),), 1.62-1.74 (m, 1H min; CH3;CH,CHH),
1.78-1.95 (m, 1H min; CH3CH,CHH), 1.99-2.11 (m, 2H maj; CH3CH,CH,), 3.74 (s,
3H min; NCH3), 3.78 (s, 3H maj; NCHs), 5.22-5.34 (m, 1H maj + 1H min;
CH3(CHy),CH), 6.13 (d, J = 11.5 Hz, 1H min; =CCH), 6.94 (dt, J = 15.4, 1.3 Hz, 1H
maj; =CCH), 7.09-7.18 (m, 1H maj + 1H min; ArH), 7.23-7.61 ppm (m, 8H maj + 8H
min; ArH); *C NMR (75.4 MHz, CDCls, 25 °C): & = 5.5 (maj), 5.8 (min), 6.0 (min),
6.08 (min), 6.13 (maj), 6.4 (maj), 11.5 (maj), 12.9 (min), 13.8 (maj), 14.2 (min), 15.3
(min), 16.2 (maj), 22.7 (min), 22.8 (maj), 30.9 (min), 31.4 (min), 31.5 (maj), 35.4 (maj),
109.27 (maj), 109. 31 (min), 114.2 (maj), 116.0 (min), 119.27 (maj), 119.33 (min),
120.6 (min), 120.8 (maj), 121.5 (maj), 121.6 (min), 127.37 (maj), 127.40 (min), 127.7
(min), 127.9 (maj), 128.0 (min), 128.3 (maj), 130.0 (maj), 130.1 (maj), 130.3 (min),
130.5 (maj), 130.7 (min), 130.8 (min), 131.5 (maj), 132.7 (maj), 132.8 (min), 137.5
(min), 137.7 (maj), 137.9 (min), 138.8 (maj), 139.3 (maj), 140.9 (min) ppm; LRMS
(EI): m/z (%): 381 (M*, 15), 338 (100), 207 (94).

General procedure for the one-pot protocol from indoles 22 and alkynols 23: To a
solution of the appropriate indole 22 (0.5 mmol) and alkynol 23 (0.5 mmol) in
analytical grade CH,Cl, (1 mL), PTSA (4.8 mg, 0.025 mmol, 5 mol%) was added at
room temperature under a nitrogen atmosphere. The resulting mixture was stirred at
room temperature until complete conversion (monitored by GC-MS and/or TLC). Then
[AuNTf,(PhsP)] (18.5 mg, 0.025 mmol, 5 mol%) was added and the resulting slurry was
stirred at room temperature until complete conversion (monitored by GC-MS and/or
TLC). After removing of the solvent, the crude was purified by column chromatography
on silica gel or neutral aluminum oxide using the appropriate mixture of hexane and
diethyl ether or ethyl acetate as eluent to afford compounds 3, 4, 13 or 20 in the yields
reported in Table 5 and Scheme 7.
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1,2-indole migration
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3-Propargylindoles are able to
participate in 1,2-migrations under
gold-catalysis. Computational
methods support a gold-carbenoid
species as intermediate that
undergoes different transformations
depending on the substituents at the
propargylic and terminal positions.
3-(Inden-2-yl)indoles could be
accessed through aura-iso-Nazarov

aura-Nazarov 1,2-C—H insertion

R3R%4R®# Ar
or aura-Nazarov cyclizations,
whereas 3-(1,3-dien-2-yl)indoles are
generated when none of these
pathways are accessible.
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