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ABSTRACT

A mechanistic DFT study of the gold(I)-catalyzed alkenylsilylation reaction of a silyl-tethered 1,6-enyne system is reported. A novel pathway
involving bistriflimide counterion-assisted rearrangements of carbocation and silyl cation intermediates corroborates the experimental
observations. The results suggest the important role of the counterion in modulating the reactivity of cationic intermediates in gold catalysis.

Homogeneous gold catalysis has received considerable
attention during the past decade.1 Among the gold com-
plexes, gold(I) species LAuX (L = neutral ligand; X =
counterion) is the most common precatalyst, which is
typically prepared fromLAuCl and silver saltAgX.2While
the resulting cationic [LAu]þ is assumed to be an active
catalyst,3 the counterion also has a profound influence on

the efficiency and selectivity of many reactions.4 Recent
theoretical studies disclosed the important effect of counter-
ions in catalyzing proton transfer and in forming hydrogen
bonds.5 However, other possible roles for the counterion in
gold(I)-catalyzed reactions are yet to be discovered.
Gold catalysis has been widely employed for the facile

constructions of various hetero- and carbocycles.1 In this
context, recent studies by Murakami et al. showed that
1-silaindene derivative B could be obtained from the gold-
(I)-catalyzed intramolecular alkenylsilylation reaction of
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1,6-enyne A (Scheme 1) under very mild conditions,6a and
the corresponding aryl- and allylsilylation reactions were
also developed with a similar strategy.6

To probe the possible reactionmechanism, a deuterium-
labeling experiment was carried out. The labeling pattern
clearly indicates that the C2 atom bearing the deuterium
label is connected to the silicon (Scheme 1).6a Accordingly,
the authors proposed that the alkenylsilylation reaction of
A could be initiated by the gold-triggered 6-endo-dig
cyclization to generate intermediate C, which evolves to
carbenoid D via an intramolecular bond reorganization.
Finally, a more favorable alkenyl migration over the
hydrogen migration was proposed to selectively deliver
the observed product containing an alkenyl group at C3.
Thus, the reaction of the silicon-containing substrate is

mechanistically different from that of the all-carbon ana-
log (eq 1).7 The latter reaction is believed to proceed via the
well-established mechanism of enyne cycloisomerization
involving a complete cleavage of the carbon�carbon

double bond, generating a 3-alkenyl-1H-indene deriva-
tive.8,9 However, the origin of the above divergence has
not been clarified.6,7

In the current report we studied the mechanism of the
gold(I)-catalyzed alkenylsilylation reaction described in
Scheme 1 by DFT calculations at the M06/6-31G*/
LanL2DZ level of theory10 using theGaussion 09 software
package.11 All energies reported (ΔGsol) are relative free
energies including single-point solvation correction calcu-
lationswith thePCMmodel forCH2Cl2.

12Anewmechanism
involving the bistriflimide counterion-assisted rearrange-
ments of carbocation and silyl cation intermediates was
proposed to account for the experimental observations by
Murakami et al.6

At the outset of this study, the feasibility of the originally
proposed mechanism was evaluated. Calculations show
the direct dissociation of LAuNTf2, in which L is a slightly
simplified phosphine ligand (shown in Figure 1),13 into
charged species (LAuþ and NTf�) is endergonic by 21.9
kcal/mol. Alternatively, the formation of cationic reaction
complex IN1 could be realized by dissociation of the
counterion from alkyne π-complex IN1-X of A and
LAuNTf2 (Figure 1), as the former is 2.8 kcal/mol lower
in energy. The 6-endo-dig cyclization via TS1 requires an
activation barrier of 11.2 kcal/mol, leading to a nonclassi-
cal carbocation intermediate IN2, which is �8.7 kcal/mol

Figure 1. Energetic profiles for the possible 6-endo-dig and 5-exo-dig pathways (values in parentheses are ΔGsol in kcal/mol).

Scheme 1. Gold(I)-Catalyzed Alkenylsilylation of A
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below the starting materials. Prior to the formation of the
carbenoid intermediate IN4, IN2 should be first trans-
formed into IN3 viaTS2. The silyl cation IN3 stabilized by
the CR�Cβ double bond, the original alkenyl moiety in
precursor A, is ∼5.0 kcal/mol higher in energy than IN2.
From IN3, the electrophilic attack of Si toC2 is realized via
TS3 with a barrier of 7.0 kcal/mol, forming carbenoid
IN4 reversibly. In the following step, a 1,2-group migra-
tion from C2 to C3 is highly chemoselective, as the 1,2-H
migration via TS5 is 7.6 kcal/mol lower in energy than the
1,2-alkenyl migration via TS4. Thus, the formation of
σ-complex IN6 is more favorable both kinetically and
thermodynamically, from which the formation of the final
product 2-alkenyl-1- silaindene is predicted. These theore-
tical results contradict the experimental observations, and
thus the rearrangement mechanism involving a carbenoid
intermediate in the 6-endo-dig pathway is discarded.
To gain a more realistic picture of the reaction profile of

A, a 5-exo-dig cyclization from complex IN1 was also
calculated. The cyclization via TS6 requires an activation
barrier of 9.7 kcal/mol, which is 1.5 kcal/mol lower than that
of the cyclization via TS1 (Figure 1).14 Thus, the generation
of nonclassical carbocation IN7 is kineticallymore favorable
than IN2. Notably, the relative energies for the transition
states of the following steps from IN7 are lower than that of
TS6, suggesting the 5-exo-dig cyclization would be irrever-
sible. From IN7, the formation of the 3-alkenyl-1-silaindene
product is possible via a typical metathesis mechanism.8,9

The process to form a new bond betweenCβ andC2 through
TS7 requiresabarrierofonly6.9kcal/moland forms tricyclic
intermediate IN8 exergonically. In the following step, the
ring-opening reactionof IN8viaTS8,with ahigherbarrier of
23.4 kcal/mol, produces product complex IN9. The forma-
tionof the 3-alkenyl-1-silaindene product from this pathway,
however, is constitutionally different from the reported
structure assigned on the basis of the experimentally ob-
served deuterium-labeling pattern.6a

As the above results indicate that the 5-exo-dig cycliza-
tion is more favorable than the 6-endo-dig cyclization, we
assumed that the reaction pathway should be bifurcated
after the formation of nonclassical carbocation IN7, in
which the positive charge on the Cβ is delocalized over the

C2�C3�C4 plane, as evidenced by its geometric structure.12

Similar to the facile transformation between IN2 and IN3,
the flipping of the Cβ moiety via TS9 requires a small
barrier of 5.1 kcal/mol (Figure 2), which is 1.8 kcal/mol
lower than that of the ring closure viaTS7.TS9 then leads
to intermediate IN10, which is an olefin-stabilized silyl
cation with the Si�CR, Si�Cβ, and CR�Cβ distances
being 2.107, 2.550, and 1.391 Å, respectively.15 To form
the C2�Si bond in the product, the shifting of the Si
moiety toward the alkenylgold moiety could be achieved
via TS10 with a barrier of about 20 kcal/mol, which
generates product complex IN90 directly.
While the silyl cation rearrangement mechanism seems

to be the only possible channel that leads to the experi-
mentally observed product, it should be noted that the
relative free energy of the transition state, TS10, lies at a
relatively high value of 16.3 kcal/mol. Actually, this energy is
significantlyhigherthananyofthetransitionstates inFigure1;
thus, the rearrangement via TS10 should not be a favorable
pathway. We reasoned that the relatively high barrier of this
step could be attributed to the fused geometry of TS10

(Figure 2), in which the migrating Si atom has strong inter-
actions with both CR and C3 (Si�CR = 2.469 and Si�C3 =
2.270 Å). We further assumed that if the silyl cation is
stabilized by a possible nucleophile in the system, such as
the bistriflimide counterion released fromcomplex IN1-X, the
transition statewould bemore flexible and the rearrangement
could be facilitated. In fact, calculations with a counterion
found that even though the N�Si bond was first fixed at a
long distance of 3.5 Å, theNTf2 anion would bound to the Si
atom of IN10 simultaneously to form IN10-X with an
exergonicity of 7.3 kcal/mol (Figure 2), implying the stronger
abilityof thecounterion to stabilize thepositive charges thanπ
electrons.15Upon the nucleophilic addition of theNTf2 anion
to the silyl cation, a gold-containing 1,3-diene moiety is
formed in IN10-X. Finally, the C2�Si bond required for the
silaindene product could be formed by an SN1-type reaction
via TS10-X (C2�Si = 2.372 and Si�N = 2.232 Å).16 This
process requires a barrier of 7.1 kcal/mol and leads directly to
cationic product complex IN11.17 Thus, the counterion-in-
volved silyl cation rearrangement mechanism in Figure 2
represents amore favorable pathway and correlates well with
the experimental results.
Theoretically, the counterion may also be involved in

other steps of the reaction. Hence, the possible effects of the
bistriflimide on the whole reaction were evaluated in detail.
When the counterion is involved, the activation energies for
the 6-endo-dig and 5-exo-dig cyclizations are 18.3 and 18.1
kcal/mol, respectively.12 These are∼4.0 kcal/mol higher than
those via TS1 and TS6, indicating the initial cyclization
favors the cationic form. Following the cationic 5-exo-dig
cyclization, carbocation IN7 will be generated accord-
ingly (Figure 1).While the direct rearrangement of IN7 to
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the silyl cation IN10 is very facile, the inclusion of the
counterion makes this rearrangement an almost barrier-
less scenario (eq 2).18 In this process, the combination of
IN7 with the NTf2 anion is exergonic by 4.3 kcal/mol
upon the formation of ion pair IN7-X, which contains an
open carbocation at Cβ that is stabilized by both Si andN
atoms (N�Cβ=2.926 and Si�Cβ =2.617 Å). Then, only a
very small barrier of 1.5 kcal/mol is required to transform
this ion pair into intermediate IN12-X via TS9-X. In
intermediate IN12-X the Si atom is connected to Cβ while
the positively charged CR atom has interactions with both
Si andNatoms (Si�CR=2.528 andN�CR=2.893 Å). In
the next step, the dissociation of the NTf2 anion from
IN12-X to generate the silyl cation IN10 is endergonic by
only 0.6 kcal/mol, which will be followed by the NTf2-
assisted rearrangement shown in Figure 2.18

Accordingly, the lowest energy pathway for the Au(I)-
catalyzed alkenylsilylation of A could be depicted as in
Figure 3. The 5-exo-dig cyclization (TS6) from the cationic
complex IN1 is more kinetically favorable. This step also
represents the rate-determing step of the whole reaction,
and the small activation barrier of 13 kcal/mol correlates
well with the very mild experimental conditions.19 The
generated nonclassical carbocation IN7 undergoes re-
arrangement facilely with the incorporation of the NTf2

counterion, which generates an olefin-stabilized silyl
cation IN10. Finally, the counterion-assisted silyl cation
rearrangement was disclosed as the key step to form the
1-silaindene product that is regiochemically different
from the reaction of the all carbon analog.7�9

In summary, the mechanism of the gold(I)-catalyzed
alkenylsilylation reaction of a silyl-tethered enyne system
was better understood by DFT calculations. The results
highlight an overlooked effect of the counterion on the
reactivity and selectivity in gold catalysis and should have
an important implication in themechanistic understanding
of related reactions.15,16,20
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Figure 2. Energies and structures of key transition states for the silyl cation rearrangement pathways (groups attached to the P atom of
the phosphine ligand are omitted for clarity; distances in Å).

Figure 3. Energy profile for the overall catalytic cycle.
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