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ABSTRACT: Several alkynylindoles undergo gold(I)-catalyzed
cyclization reactions to form a single isomer in each case.
Density functional theory shows why this reaction is favored
over the many possible regio- and stereoisomeric reaction
pathways. This transformation involves a two-step no-inter-
mediate mechanism with surface bifurcations leading to two or
three products. Such bifurcations could explain reactivity in
many gold(I)-catalyzed enyne cyclization reactions.

AP

B INTRODUCTION

Gold(I) complexes are powerful catalysts for the electrophilic
activation of alkynes toward a wide range of nucleophiles.' These
complexes catalyze enyne cyclizations” and are more reactive
than platinum(1I) and other electrophlhc metal salts and com-
plexes for this transformation.”*™* Gold-catalyzed cyclization
reactions of alkynes have been shown to take place without the
change of gold oxidation state and involve complexes of one or
two golds with the alkyne.”*

Gold(I)-catalyzed cyclizations of enynes, 1, have been found
to give a variety of products, 2—8, depending on the nature of the
substituents on the enyne” and the ligand on the gold (Scheme 1).°
Platinum(1I) catalysts give similar transformations.®

Scheme 2 illustrates how 2 is formed from 1. First, the gold(I) or
platinum(1I) catalyst coordinates and activates the alkyne. Prior
theoretical studies™ "~ %7 guggest that this intermediate can
cyclize to form a cyclopropyl metal carbene. The cyclopropyl metal
carbene, which has cationic character similar to that of the following
structure,™*®'2 can open to form the discrete carbocationic inter-
mediate. Other possibilities for this intermediate are to rearrange, be
deprotonated and protodemetalated, or undergo nucleophilic attack.
Alternatively, the alkyne complex can undergo 6-exo-dig cyclization to
directly form a carbocationic intermediate. Deprotonation and pro-
todemetalation lead to the product, 2, regenerating the catalyst.

Gold-catalyzed cyclizations of alkynylindoles have prewouslfy
been studied, and a variety of regio- and stereoisomers are isolated.”
We have performed a computational study of a very selective reaction
of this type. Liu, Xu, and Wang discovered the gold-catalyzed
cyclization of the alkynylindole, 9, shown in eq 1.* This reaction
could have led to many structural isomers analogous to 2—8, but
only 10 is formed. The mechanism proposed for the formation of
10 is shown in Scheme 3. The coordination of the alkyne by the
phosphine-gold(I) catalyst (11) is followed by nucleophilic attack by
the indole, leading to the cyclized intermediate 12. Intramolecular
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Scheme 1. Products Formed by Transition Metal-Catalyzed
Enyne Cyclizations
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Scheme 2. Proposed Mechanisms for the Formation of 2
from 1
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attack of the alcohol on the iminium and deprotonation leads to the
formation of the ether bridge (13). Protodemetalation gives the
product, 10, and regenerates the catalyst. Prior studies involving
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Scheme 3. Proposed Mechanism from 9 to 10
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enyne cyclizations of alkynylindoles suggest a different mechanism, in
which a spiro intermediate and possibly a cyclopropyl gold carbene
intermediate are formed prior to 1228 This conclusion was based on
the isolation of a spiro product.
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A series of substrates and catalysts were screened for this
transformation. Substitutions at various positions of the indole
and of the alkyne were well tolerated. An electron-withdrawing
group (EWG) on the indole nitrogen is required for the transforma-
tion from 9 to 10.* The EWGs screened include Boc, Ts, and
CO,Me. N-H and N-alkyl systems do not form products analogous
to 10, but instead form a complex mixture of products at higher
temperatures.” To elucidate the effect of the EWG, we modeled
systems with and without EWGs, R = H and CN, respectively. The
best catalyst screened for this reaction is PPh;AuCl with AgSbFs. We
modeled the catalyst as AuPH; "

We have found that this reaction involves a bifurcating
potential energy surface (PES) and is the first example of an
enyne cyclization involving this type of surface. On a bifurcating
PES, a single transition structure leads to two or more products,
because there is a valley-ridge inflection point after the transition
structure. This results in two consecutive transition structures
with no minimum between them. This type of mechanism has
been called a two-step no-intermediate mechanism.” Because the
intermediates share a common transition structure, the shape of
the PES and dynamics control the product distribution.'*
Bifurcations have been shown to be prevalent in many types of
organic reactions and in two other gold(I)-catalyzed processes
(Figure 1).10

B COMPUTATIONAL METHODS

All calculations were performed with Gaussian09'" with a hybrid
density functional (B3LYP) with LANL2DZ and 6-31G(d) basis sets for
gold and for all other atoms, respectively. Single point solvation energies
were calculated by using the CPCM model for dichloromethane. The
possibility that two phosphine—gold(I) catalysts are involved was
considered,™ but was found to be unlikely. The results with a single
phosphine—gold(I) catalyst are presented here. Transition structures 14
and 15, along with the diastereomeric transition structures, were
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Figure 1. Examples of gold-catalyzed reactions with two-step
no-intermediate mechanisms.'*®*
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Figure 2. Optimized geometry of 16, a computational model for 11. A
Chemdraw depiction of the structure is shown to the right.

optimized in the CPCM solution model. Free energy surfaces from 14
and 15 were also computed in the solution model.

The origins of the regio- and stereoselectivity have been identified, and a
new mechanism for enyne cyclization involving a single transition structure
that can form multiple products has been discovered. We describe here our
explanation of the selectivity in the transformation from 9 to 10, and describe
surface bifurcations involved in the enyne cyclization step.

B RESULTS AND DISCUSSION

Several conformations of the model for the gold(I)—alkyne
complex, 11, were optimized, and the lowest energy conformation
was used as the zero of energy (16, Figure 2). The complexed C—C
bond is polarized such that the terminal carbon is negatively charged
and the internal carbon along with the gold and ligand are positive.
The triple bond is only moderately lengthened from the uncom-
plexed triple bond (A = 0.03 A). In agreement with prior gold—
alkyne studies,™ the gold center is “slipped” to one side of the 77 bond
with alkynyl carbon—gold bond lengths around 2.2 to 2.4 A.

The gold—alkyne complex can cyclize either by the exo (on
the alkyne) or endo transition structures (14 and 185, Figures 3
and 4) The diastereomers of 14 and 15 are 14’ and 15’ and
involve attack on the opposite face of the indole (Figure S).

In an extensive search of the potential energy surfaces, we were
surprised to find that there are far fewer saddle points than products,
due to bifurcations of reaction gaths. These are examples of two-step
no-intermediate mechanisms.” As shown in Figures 3 and 4, 14
forms 17 and 18 and 15 forms 20, 21, and 22.
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Figure 4. Transition state 15 forms intermediates 20, 21, and 22. C—C distances are in A; energies are in kcal/mol.

Figure 5. Exo (14') and endo (15) transition structures. C—C distances
are in A; energies are in kcal/mol.

As shown in Figure 6, transition structure 14 is a saddle point
on a very flat surface that leads downhill to intermediates 17 and 18,
which are stabilized iminium and benzyl cations, respectively, and to
transition structure 19 between them. Transition structure 19 is only
slightly higher in energy than these intermediates, and involves more
complete formation of both r; and r, than transition structure 14.

The PES from 15 is more complex (Figure 7). In addition to
the iminium and benzylic cations (20 and 22), a gold-coordinated
cyclopropyl carbene intermediate, 21, is a minimum as well. These
structures are shown in Figure 4. This intermediate is not strictly a
cyclopropyl metal carbene, because it has carbocationic and carbene
character. This is consistent with previous studies on the nature of
this type of intermediate. *™%%'

Transition structure 14 and its diastereomer 14’ are 4 to 5 keal/mol
more stable than 15 and 15/, so that 17,17/, 18, and 18’ are all formed
rapidly. The formation of these intermediates is reversible, with a
barrier of 13.4 kcal/mol for the conversion of 17’ back to 16. Also, the
spiro intermediates 18 and 18 will convert to the more stable 17 and
17’ with a barrier of about S kcal/mol.

The cyclization to form the ether bridge is base-promoted. We
have explored the reaction involving chloride as a base. Although
there is not expected to be a high concentration of chloride in
solution due to the addition of AgSbF, chloride is used because the
transition structure for this transformation was not found with other
possible bases such as PH;, H,O, and OH . Because the alcohol
must be deprotonated in order to form product, we accept chloride
as a model for the base in this transformation. In the transition
structures, 23 and 23/, chloride deprotonates the alcohol as the
oxygen attacks C? of the indole ring (Figure 8). This transformation
is highly favored for 17 but disfavored for 17 In structure 17, C*
and O are 2.56 A apart, and in 17/, they are 3.18 A apart. Therefore,
intermediate 17’ must distort more for the oxygen to be close
enough to C? to form the ether bridge, so the barrier is higher, and
leads to a highly strained intermediate, 24’. However, the formation of
the ether-bridged species 24 from 17 is exothermic by 18.8 kcal/mol.
Because transformation from 17 to 24 is highly favored and is
not reversible, only 24 is formed. Protodemetalation of 24 (also
exothermic) leads to 25 and the regeneration of the gold catalyst.
This agrees with experimental data, in which only 10 (which is
analogous to 25) is formed.
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Figure 6. Potential energy surfaces from 16 through transition structure 14 to 17 and 18 calculated with B3LYP/6-31G(d) with the CPCM model in
dichloromethane, smoothed with spline interpolation. Energies are in kcal/mol.

E
AuPH, '+
S OH
D

Figure 7. PES from 16 through transition structure 15 to 20, 21, and 22.

3480 dx.doi.org/10.1021/j0200556f |J. Org. Chem. 2011, 76, 3477-3483



The Journal of Organic Chemistry

-3.5 -10.1

N+

CN
17' 23
-4.8 16.8

-22.3 -51.9

Figure 8. Transformation from 17 and 17’ to the ether-bridged species. Energies are in kcal/mol.

Scheme 4. Free Energy Diagram for the Formation of 25 and Competing Paths®
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“ Only the intermediates that lead to ether-bridged products are shown. Higher energy species 18, 18',21, 21/, 22, and 22 are not shown for simplicity
since they do not lead to cyclized product. The dashed line indicates that no transition state was located for this transformation.

The free energy diagram (Scheme 4) shows the overall
transformation from 16 to 25 and potential competing processes.
The spiro and cyclopropyl carbene intermediates are not shown, as
they do not directly lead to ether-bridged species. The diagram shows
that exo transition structures 14 and 14’ are lower in energy than the
endo transition structures 15 and 15’ by about 4 to 5 kcal/mol. Also,
the exo intermediates formed, 17 and 17/, are lower in energy than
the endo intermediates, 20 and 20'. Intermediate 17" would form
ether-bridged species 24’ through transition structure 23'. The
barrier from 17’ to 24 (through 23') is 21.6 kcal/mol, while the

barrier from 17’ back to starting material, 16, is only 13.4 kcal /mol, so
17 will revert back to 16. However, 17 forms the ether-bridged
species 24 with no barrier. Because intermediate 17 is cationic and
transition state 23 is neutral and our solvation model (CPCM)
underestimates the solvation energy of charged species," we expect
this barrier to be higher than indicated by our calculations. From 24,
protodemetalation is exothermic and gives the product, 25.

As indicated above, the competing endo cyclizations through
15 and 15’ forming 20 and 20’ are highly disfavored compared to
the exo cyclizations. The transition structure between 20 and 28
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Figure 9. Transition structure 27,

was not located, since 20 should not be formed. Interestingly,
transition structure 27’ leads to another bifurcation point, such
that in 27’ the chloride is positioned to deprotonate the alcohol,
or the CH at C* (Figure 9). Similar to the comparison between 24
and 24/, intermediate 28 is lower in energy than 28'. From 28 and
28’ protodemetalation would lead to 29 and 29'. Ether-bridged
species 29 is the lowest energy species overall but is not formed
because of the inaccessibility of 15.

We also modeled the system with an unsubstituted indole
nitrogen (R = H) in order to determine why an EWG is required
for the transformation. The model system in which R = H is
comparable to the one discussed above, R = CN (Scheme S). The
first cyclization step is more favorable with lower barriers (4 to
9 kcal/mol) and lower energy intermediates (—$ to —20 kcal /mol).
This is because the unsubstituted indole is more nucleophilic than
the cyano-substituted one and the carbocationic intermediate is
more stable due to the absence of the EWG. The second step,
in which the alcohol attacks C?, is greatly disfavored compared
to that step in the cyano-substituted system. Here the barrier
to cyclization is larger by 7 to 15 kcal/mol; the reactions are
now endothermic in all cases except for formation of the ether
bridge 28y. Specifically, the cyclization to form the ether

bridge from 17 is barrierless (AGjF = —6.6 kcal/mol) for the
cyano-substituted system, while the analogous transformation
from 174 is 8.0 kecal/mol (AAG" = 14.6 kcal/mol). It is clear
that an EWG is required because it makes C* much more
electrophilic, thus promoting the second cyclization step. Without
the EWG the barrier to cyclization is high and competing
processes occur.

Il CONCLUSION

The regio- and stereoselectivities of the gold-catalyzed indole—
alkyne cyclizations of 9 and its analogues have been elucidated,
and the effect of the EWG on the indole nitrogen has been
determined. The first step of the reaction is selective in that it
only allows for the formation of products that go through an exo
transition structure. Of the intermediates produced, only 17 and
17" can undergo a second cyclization step to form an ether
bridge. In this step the formation of 24 from 17 is far more
favorable than the formation of 24’ from 17’. Thus, due to the
trapping of 17 by the second cyclization step, 25 is the only
product formed, as found experimentally. The EWG on nitrogen
is essential in this reaction, because the formation of the ether
bridge is disfavored without it.

For the first time a two-step no-intermediate mechanism has
been identified for a transition metal-catalyzed enyne cyclization.
This mechanism involves one transition structure that can form
up to three products: two different carbocationic species or the
gold-coordinated cyclopropyl carbene. This is also the first time a
single transition state has been found to lead to three products.
Contrary to several other publications®* 7™’ on enyne cycli-
zations, we find that it is not necessary to form the cyclopropyl
intermediate in order to obtain the carbocationic species. This

Scheme S. Free Energy Diagram for the Formation of 25y and Competing Paths”
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“ Only the intermediates that lead to ether-bridged products are shown. Species 18, 18'y, 215, 21"y, 22y, and 22y are not shown for simplicity since
they do not lead to cyclized product. The dashed line indicates that no transition state was located for this transformation.
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result could have mechanistic implications for a wide range of
gold- and platinum-catalyzed reactions.
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