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Mechanism of the N-protecting group dependent annulations of 3-aryloxy
alkynyl indoles under gold catalysis: a computational study†
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The mechanism of the gold-catalyzed annulations of 3-aryloxy alkynyl indoles developed by Tu et al.
was studied by DFT calculations. It was found that both indole derivatives of electron-donating and
electron-withdrawing protective groups would first undergo the 5-exo-dig cyclization simultaneously
upon activation by cationic [PR3Au

+] species. However, divergent reactivity of the resulting spirocyclic
intermediate in competitive 1,2-alkenyl migration and nucleophilic water addition reactions towards C3
was predicted. When protected by electron-donating group, the 1,2-alkenyl migration occurs to generate a
tricyclic intermediate, from which an aromatic Claisen rearrangement/nucleophilic addition sequence
results in the observed 1,2-phenoxy migration. In case of electron-withdrawing group, the 1,2-alkenyl
migration would be unfavorable. Instead, the nucleophilic addition of water oxygen to C3 is more facile,
and leads to the hemiketal intermediate. The possible roles of water-cluster and OTf anion as proton
shuttles in both reactions were also evaluated.

Introduction

The synthesis of carbocycles and heterocycles has been exten-
sively studied, as these structural motifs are broadly represented
in pharmaceuticals and natural products,1 they are also frequently
used as subunits in material sciences.2 Homogenous gold cataly-
sis has emerged as a powerful tool in organic synthesis in the
past decade.3 This strategy is particularly useful for the construc-
tion of ring systems, via the addition of an intramolecular
nucleophile to the gold-activated unsaturated moiety,4 and the
reactivities of carbon,5 oxygen,6 nitrogen,7 and other nucleo-
philes,8 towards the gold-activated C–C triple or double bond
have been well documented.

In this context, recent works from the Tu group disclosed
interesting annulations of 3-phenoxy alkynyl indoles (A and B)
under gold catalysis (Scheme 1).9,10 They found that the syn-
thesis of structurally interesting indole derivatives tetrahydro-
β-carboline (THBC, C)11 and spiro-pseudoindoxyl (D)12 could
be well controlled by the protective group on the indoles.
According to Scheme 1, the electron-donating group-protected
indole A may first undergo 6-exo-dig cyclization via the C3-site
to give intermediate E, which will lead to product C via a rare
1,2-phenoxy group migration step and a Friedel–Crafts

alkylation. Alternatively, the nucleophilic addition of electron-
withdrawing group protected indole B should be more favorable
at the C2-site to give a spirocyclic intermediate G, then the trap-
ping of the oxacarbonium moiety at C3 of G by water in the
reaction system furnishes hemiketal intermediate H. Product D
will be formed by further phenol elimination and protodemetala-
tion steps.

This newly developed method provides a useful synthetic pro-
tocol for natural products with related structures, and also raises
interesting mechanistic questions about the controlling effect of
the protective group during the nucleophilic ring-closure
process, details of the unusual 1,2-phenoxy group migration, and
the water effect in the reaction system.13,14 To gain in depth
understanding of the experimental observations, mechanisms of
the above mentioned reactions were studied by DFT/B3LYP cal-
culations in the current manuscript,15 and insights into the diver-
gent reactivity of indole derivatives of different N-protecting

Scheme 1 Divergent annulation of alkynyl indoles and plausible
mechanisms.
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groups as well as details of the whole catalytic cycles are
provided.

Results and discussion

Mechanism for the reaction of N-benzyl protected indole A

First, the potential energy surface for the reaction of substrate A
is presented in Fig. 1, in which the indole is protected by an elec-
tron-donating benzyl group, and structures for selected transition
states are given in Fig. 2. The cationic [PR3Au

+] ([Au+] in
Fig. 1) is regarded as the catalytically active species in reactions,
with Au(PR3)Cl/AgOTf as the precatalytic system.16 Fig. 1
shows that coordination of the alkynyl moiety of A to [Au+]
would lead to the spirocyclic intermediate A-IN1 simultaneously
from nucleophilic addition of C2 to the internal carbon of the
alkyne. This process is exergonic by 12.2 kcal mol−1 in
dichloromethane solution. The A-IN1 could be transformed into
a tricyclic intermediate A-IN2 via 1,2-migration of the alkenyl
moiety through A-TS1, in which the C2′–C2 and C2′–C3 dis-
tances are 1.905 and 1.908 Å (numbering of the atoms are given
in the schemes and figures), respectively, with an activation free
energy barrier of 17.9 kcal mol−1. We failed to locate a transition
state leading directly to A-IN2 from a C3-site annulation. This
indicates the proposed C3-annulation intermediate actually
results from the ring-expansion of the C2-annulation

intermediate. Instead of undergoing the proposed 1,2-phenoxy
migration/Friedel–Crafts alkylation sequence to form the benzo
[b]dihydrofuran subunit,17 the [3,3]-sigmatropic rearrangement
of A-IN2 via A-TS2 requires an activation barrier of only
10.2 kcal mol−1.18 The O–C3 and C2′′–C2′ distances in this aro-
matic Claisen rearrangement step are 2.532 and 2.574 Å, respect-
ively. By this route the C3–OPhenoxy bond is cleaved and the
phenoxy moiety is transformed into the cyclohexa-2,4-dienone
subunit, and intermediate A-IN3 is formed irreversibly with a
relative free energy of 31.7 kcal mol−1 below separated A and
[Au+]. In the following step, the nucleophilic addition of the car-
bonyl oxygen to C2′ via A-TS3 forms spirocyclic intermediate
A-IN4, which requires a barrier of 13.3 kcal mol−1 and is ender-
gonic by 12.4 kcal mol−1. Although the rearomatization of car-
bonyl intermediate A-IN3 into a phenol derivative is possible,19

the direct 1,3-H migration for such keto–enol tautomerism is
energy demanding.20 The concerted water-catalyzed tautomeri-
zation requires an activation barrier of 35.6 kcal mol−1 from
A-IN3, and the activation barriers for water-cluster- or OTf
anion-catalyzed deprotonation of C2′′ are 20.6 and 26.0 kcal
mol−1, respectively.17 Thus, the existence of a phenol intermedi-
ate from A-IN3 was ruled out.

A last protodemetalation step from A-IN4 will furnish the
THBC product. Calculations indicate the direct 1,2-H shift via
A-TS4 is very energy demanding as the activation energy is as
high as 36.6 kcal mol−1 from A-IN3. In light of the previous

Fig. 1 Energy profile for the reaction of N-benzyl indole derivative A ([Au+] = AuPH3).
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findings of Ujaque, Yu, and others that the OTf anion21 and
water13 may play important roles as proton shuttles in gold cata-
lysis, we calculated the possible OTf anion and water-catalyzed
H-migrations of A-IN4. Fig. 1 shows that the energies of the
stepwise deprotonation and protonation in both cases are lower
than the direct 1,2-H shift transition state A-TS4, and the cataly-
sis of a two-water cluster is more efficient than that of the OTf.
When OTf is involved, the coordination of OTf to A-IN4 forms
A-IN6, and from this complex the hydrogen on C2′′ is abstracted
by OTf via A-TS5, leading to A-IN7 with the concurrent forma-
tion of HOTf exergonically. Then the protonation of C1′ by
HOTf proceeds via A-TS6, which has a relative energy of
30.1 kcal mol−1 above A-IN7 and HOTf, implying limited
ability of the OTf anion to act as a proton shuttle in the current
system.

In the water-catalyzed H-migrations, incorporation of two
water molecules was found to be the most favorable.13a,17 In this
process, H-bonding complex A-IN8 is first formed from A-IN4
and two molecules of water. Then the deprotonation of C2′′
occurs via A-TS7, leading endergonically to intermediate A-IN9
with a small barrier of 1.3 kcal mol−1. The protonation of C1′ is
completed via A-TS8, which is 20.2 kcal mol−1 above the rela-
tive energy of A-IN3. The protodemetalation via A-TS8 has the
highest activation barrier in the potential energy surface, thus
limiting the rate of the annulation of indole A. The geometries of

A-TS7 and A-TS8 (Fig. 2) show strong H-bonding networks
between the water molecules and between water and the carbo-
nyl oxygen of the Ts moiety, making the H-migrations catalyzed
by a two-water cluster the most favorable.

The above results show the formation of THBC derivative C
from A starts with a barrierless 5-exo-dig cyclization to generate
spirocyclic intermediate A-IN1. According to Tu et al.,9 this
type of species is the key intermediate in the reaction of B,
which could be quenched by water in the system and is trans-
formed into a pseudoindoxyl intermediate by lost a molecule of
phenol. Thus, the possible reaction between A-IN1 and water is
estimated. Theoretically, the nucleophilic addition of water to
C3 may be realized by one water or water clusters.13a Calcu-
lations indicate the involvement of two molecules of water is the
most favorable,17 which is shown in Scheme 2. The formation of
H-bonding complex A-IN1′ is slightly endergonic by 3.8 kcal

Fig. 2 Geometries for selected transition states in the reaction of substrate A, distances are Å.

Scheme 2 Possible addition of water to A-IN1.

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 4417–4423 | 4419
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mol−1. Then the nucleophilic addition of the oxygen of one
water molecule to C3 proceeds via A-TS1, with an activation
barrier of 19.2 kcal mol−1. However, in comparison with the 1,2-
alkenyl migration via A-TS1, this nucleophilic addition step is
1.3 kcal mol−1 higher in activation energy, and the generated
intermediate A-IN2′ is 12.6 kcal mol−1 higher in energy than
A-IN2, indicating the quenching of the C2 annulation intermedi-
ate of benzyl protected indole A by water is unfavorable both
kinetically and thermodynamically. Thus, the water-cluster may
act as a proton shuttle in the A system, but no trapping of the cat-
ionic intermediate A-IN1 occurs, and only the THBC derivative
C could be observed as a result of the irreversible 1,2-alkenyl
migration.

Mechanism for the reaction of N–CO2Me protected indole B

We next discuss the mechanism for the formation of spiro-pseu-
doindoxyl derivative from N–CO2Me protected indole precursor
B, with the potential energy surface given in Fig. 3 and the geo-
metric structures for selected intermediates and transition states
depicted in Fig. 4. The initiation of the reaction is similar to that
given in Fig. 2, that the 5-exo-dig cyclization of substrate B into
spirocyclic intermediate B-IN1 is a barrierless process upon the
coordination of the alkynyl moiety to [Au+]. Then from B-IN1,
two types of reaction, the 1,2-alkenyl migration from C2 to C3
(B-TS1) and the nucleophilic addition of water to C3 (B-TS2),
are possible. Fig. 3 indicates the activation energy for the former
process is about 21.8 kcal mol−1, being about 5.1 kcal mol−1

higher that of the nucleophilic water addition step. It is also
found that the resulting intermediate (B-IN2) of the 1,2-alkenyl
migration is 17.1 kcal mol−1 less stable as relative to B-IN1.

This outcome should be attributed to the fact that the positive
charge populated on C2 of intermediate B-IN2 could not be well
stabilized by the neighboring nitrogen atom, which is substituted
by an electron-withdrawing CO2Me group. Actually, the N–Bn
containing intermediate A-IN2 is only 4.2 kcal mol−1 higher in
energy than A-IN1, demonstrating the dramatic influence of the
protective group on the stability of the 1,2-alkenyl migration
intermediate. Geometric structure shows the B-TS1 resembles
more to B-IN2 with the C2′–C2 and C2′–C3 distances being
1.893 and 1.786 Å, respectively, thus higher activation barrier is
required, as predicted by the Hammond postulate.23 The 5.1 kcal
mol−1 energy difference between B-TS1 and B-TS2 is in good
agreement with the experimental observations,9 that only the
spiro-pseudoindoxyl product D from the water addition and
further transformations was obtained in the reaction of indole B.

In the nucleophilic water addition process, the lowest acti-
vation energy pathway requires two water molecules,17 which
could form H-bonding networks for stabilization of the positive
charges. First of all, complex B-IN3 is formed from B-IN1 and
two water molecules with the free energy increased by 4.0 kcal
mol−1. Then the nucleophilic attack of oxygen of one water to
C3 is completed via B-TS2 with the O1–C3 distance being
1.878 Å. This step leads endergonically to intermediate B-IN4,
in which the positive charge on O1 is stabilized by the other
water molecule by forming O2⋯H1–O1 hydrogen bonding with
the O2–H1 and H1–O1 distances being 1.376 and 1.101 Å,
respectively. B-IN4 could isomerize to the slightly more stable
cation B-IN5 by transferring the proton H1 to O2, changing the
O2–H1 and H1–O1 distances to 1.046 and 1.516 Å, respectively.

After the water addition, the reaction would undergo phenol
elimination step to generate the C3 ketone moiety. Calculations

Fig. 3 Energy profile for the reaction of N–CO2Me indole derivative B ([Au+] = AuPH3).

4420 | Org. Biomol. Chem., 2012, 10, 4417–4423 This journal is © The Royal Society of Chemistry 2012
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indicate the breaking of C3–OPhenoxy bond of B-IN5 could be
realized by passing B-TS3 with a breaking C3–O distance of
1.772 Å. This step requires an activation barrier of only 5.2 kcal
mol−1 from B-IN5 and leads irreversibly to a protonated carbo-
nyl intermediate B-IN6 that is stabilized by the residual water.22

However, if OTf counterion is involved, the transformation of
cationic B-IN5 into a neutral system of hemiketal B-IN7, H2O,
and HOTf is thermodynamically more favorable. Then the
phenol elimination from B-IN7 occurs via B-TS4 with the HOTf
as a proton shuttle, which donates the proton to the phenoxy
group (O4OTf–H = 1.176 and H–OPhenoxy = 1.256 Å) and
abstracts the proton of the C3 hydroxyl group (O5OTf–H3Hydroxyl
= 1.711 Å) in a single step. The energy of B-TS4 is 3.0 kcal
mol−1 lower than B-TS3, thus the HOTf involved phenol elimin-
ation is more favorable. This step leads to ketone intermediate
B-IN8, from which the final protodemetalation occurs via
B-TS5. In this step the alkenyl gold moiety is protonated by
HOTf (O5OTf–H3 = 1.283, H3–C1′ = 1.364, and C1′–Au =
2.118 Å) with an activation free energy of 16.9 kcal mol−1. The
dissociation of π complex B-IN9 is exergonic and product D is
51.0 kcal mol−1 lower in energy than the starting material.

Conclusions

In conclusion, the divergent annulations of alkynyl indoles
under gold catalysis were studied by DFT/B3LYP calculations.
The results reveal that in both reactions of indole derivatives pro-
tected by electron-donating and electron-withdrawing groups,
the 5-exo-dig cyclization will occur simultaneously upon acti-
vation of the alkynyl moiety by cationic [PR3Au

+]. Then differ-
ent reactivity of the resulted spirocyclic intermediates was

calculated. When the indole is protected by an electron-donating
benzyl group, the 1,2-migration of the alkenyl moiety leads to a
tricyclic intermediate, from which the cleavage of the C3–OPhenoxy

bond occurs by an aromatic Claisen rearrangement. Then the
benzo[b]dihydrofuran subunit is formed by addition of the car-
bonyl oxygen to construct an oxaquaternary carbon center. The
final protodemetalation to form the spiro-THBC product is rea-
lized via a two-water cluster catalyzed H-migrations, and is the
rate-determining step of the whole reaction. On the other hand,
the spirocyclic intermediate from the 5-exo-dig cyclization of
electron-withdrawing group protected indole substrate could be
trapped more easily by a two-water cluster than the 1,2-alkenyl
migration, as the positive charge on C2 of the resulted intermedi-
ate from the latter step could not be well stabilized in this case.
After the addition of water to C3, the hemiketal intermediate is
formed with the OTf counterion involved as a proton acceptor.
The generated HOTf could participate in the following phenol
elimination step as a proton shuttle, and it is also the hydrogen
donor for the final protodemetalation of the alkenyl gold moiety.
These results provide mechanistic insights for the experimental
observations of Tu et al.,9 and should have application in the
future design of new reactions.

Computational section

All of the calculations were carried out with the Gaussian 0924

computational program suite. All stationary points along the
reaction coordinate were fully optimized at the DFT level using
B3LYP hybrid functional.25 The standard 6-31G* basis set26 was
applied for all the atoms except Au, which was described by the
LANL2DZ basis set.27 Frequencies were analytically computed

Fig. 4 Geometric structures for selected intermediates and transition states in the reaction of substrate B, distances are Å.

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 4417–4423 | 4421
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at the same level of theory to obtain the gas phase free energies
and to confirm whether the structures are minima (no imaginary
frequency) or transition states (only one imaginary frequency).
Intrinsic reaction coordinate (IRC) calculations28 were carried
out to conform that all transition state structures connect the pro-
posed reactants and products. The solvation effect was examined
by performing single-point self-consistent reaction field (SCRF)
calculations based on the polarizable continuum model (PCM)
for gas-phase optimized structures. Dichloromethane (DCM, ε =
8.9) were used as the solvent, corresponding to the experimental
conditions. Solvation free energies (ΔGDCM) were calculated by
adding the solvation energies to the computed gas phase relative
free energies (ΔG298). Unless stated otherwise, all the energies in
the results and discussion section are the solvation-corrected free
energies, and all the energies are relative to energy sum of
[PH3Au

+] and the corresponding indole precursor.
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