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ABSTRACT: We demonstrate that the experimentally observed switch in selectivity from S-exo-dig to 6-endo-dig cyclization of
an alkynyl substrate, promoted by Au' and Au™ complexes, is connected to a switch from thermodynamic to kinetic reaction
control. The Au™ center pushes alkyne coordination toward a single Au—C(alkyne) o-bond, conferring carbocationic character

(and reactivity) to the distal alkyne C atom.
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G old-promoted catalysis' has opened the route to a countless
number of new organic transformations, including the
clever synthesis of novel compounds, such as complexes SA and
6B of Scheme 1. The former is the first example of a
diarylcarbene—gold complex, and the latter is the first reported
example of a gold complex featuring a non-nitrogen-containing
six-membered mesoionic carbene.’ The elegance and power
of gold-promoted reactivity allowed achieving the synthesis of
these two novel complexes starting from the same alkynyl

Scheme 1. Selective Cyclization of 1 Induced by Au' and
Au™ Species
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benzothioamide precursor, 1 of Scheme 1, by simply using AuCl,
A; or AuCl;, B.

In addition to the remarkable synthesis of novel compounds,
these results indicated a change in the oxidation state of the
metal center as a route to switch cyclization from the more
common 5-exo-dig route, leading in this case to SA; to the
less frequently encountered 6-endo-dig route,*® leading in this
case to 6B. Understanding the reasons for this behavior can
offer conceptual tools to think of new applications in the field.
With this aim, we offer here a theoretical rationalization’ of
the experimental results.® Interestingly, our results indicate that
the selective S-exo-dig cyclization in the presence of Au' is
thermodynamically controlled, whereas the preference for
6-endo-dig in the presence of Au" is kinetically controlled.

Cyclization of 2 promoted by (tht)AuCl (tht = tetrahy-
drothiofurane) starts with displacement of tht by the thioamide
functionality of 1, leading to the S-coordinated complex 24,
also characterized experimentally. Displacement of tht is
favored by only 0.3 kcal/mol (see Figure 1), which is nicely
consistent with the experimental yield of 65% achieved in the
synthesis of 2A from equimolar amounts of (tht)AuCl and 1.*
We consider this result as a validation of the computational
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Figure 1. Free energy surface of (a) AuCl- and (b) AuCly-promoted
transformation of 1.

recipe used in this work. Because direct cychzatlon from the
S-coordinated intermediates can be excluded,** we started with
the conformational rearrangement of 2A leading to 4A, with
the alkyne functionality coordinated to the Au center, and the
thioamide functionality above the Au center, ready to attack the
alkyne. Intermediate 4A lies 7.6 kcal/mol above 2A, and it is
easily reached through a two-step process consisting of =S§
displacement by the alkyne; through transition state 2A—3A,
lying only 13.8 kcal/mol above 2A, followed by a rotation
of the thioamide-substituted aryl ring; through transition state
3A—4A, lying only 13.2 kcal/mol above 2A; to bring the
thioamide functionality in a position ready for nucleophilic
attack to the alkyne. Cyclization of 4A through the nucleophilic
attack of the S atom to the C2 atom of the activated alkyne
functionality leads to the observed $-exo-dig product SA, and
attack on the C1 atom leads to the nonreported 6-endo-dig
product 6A.

According to calculations, both cyclizations can occur easily,
with barriers around 10 kcal/mol for the last step starting from
4A, and an overall barrier of ~20 kcal/mol from 2A. However,
of relevance here is that transition state 4A—6A is 1.1 kcal/mol
lower in energy than transition state 4A—SA, which indicates
that formation of the nonreported product 6A should be
kinetically favored, although this preference is small.” As for the
thermodynamics of the reaction, the nonreported product 6A is
predicted to be 5.2 kcal/mol above intermediate 2A, and the
observed product 5A is predicted to lie 1.6 kcal/mol below 2A.
Overall, the energy profile shown in Figure 1 offers a clear
explanation for the preferential formation of the observed pro-
duct SA. In fact, 6-endo-dig cyclization can even be kinetically
slightly favored over S-exo-dig cyclization, but the 6-endo-dig
product 6A is unstable so that it reversibly rearranges to 4A,
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which either returns to the thioamide-coordinated species 2A
or collapses into the thermodynamically favored product SA.
The low barrier for the reverse reaction regenerating 4A from
6A, only 12.2 kcal/mol, ensures the reversibility of the 6-endo-
dig cyclization.

We now turn to describing cyclization of 1 promoted by
Au", initially considered as (tht)AuCl,. Displacement of tht by
the thioamide functionality of 1, leading to the S-coordinated
intermediate 2B, is favored by 4.6 kcal/mol. Two-step
rearrangement of 2B leads to 4B, with the alkyne functionality
coordinated to the Au center and the substrate ready to undergo
cyclization. Intermediate 4B lies 13.2 kcal/mol above 2B, and it
is reached through transition states 2B—3B and 3B—4B, lying
21.1 and 19.0 kcal/mol, respectively, above 2B.

Cyclization of 4B through a nucleophilic attack of the S atom
to the C2 atom of the activated alkyne functionality leads to the
nonreported S-exo-dig product 5B, whereas attack on the C1
atom leads to the observed 6-endo-dig product 6B. Although
a transition state corresponding to formation of 5B could be
located easily, at 7.2 kcal/mol above 4B, it was impossible to
locate a transition state corresponding to formation of 6B."°
This suggests that 4B is a metastable intermediate of scarce
kinetic relevance that directly collapses into 6B. The barrierless
6-endo-dig cyclization from intermediate 4B, together with a
sizable barrier for the S-exo-dig cyclization, suggests a bifurca-
tion of the potential energy surface after 4B."" To have a better
understanding of this point, we investigate the evolution of
transition state 3B—4B from a dynamic point of view.'> To this
end, we evolved molecular dynamics trajectories backward and
forward in time from 3B—4B, until we harvested 25 reactive
trajectories (a trajectory is considered reactive if it connects
reactants and products, see the SI for further details). The
time evolution of the S—C1 and S—C2 distances along the
25 trajectories starting from 3B—4B is shown in Figure 2a.
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Figure 2. Time evolution of the S—CI and S—C2 distances along 25
reactive trajectories started from transition states 3B—4B (a) and 6B—
SB (b). Transition states 3B—4B and 6B—S5B, are located at t = 0.
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Inspection of the Figure clearly shows that in all the 2§
trajectories examined, the S—C1 distance collapses to values
around 1.8 A moving forward in time from 3B—4B, indicative
of 6-endo cyclization, within 1.5 ps. This confirms that
transition state 3B—4B evolves effortlessly to 6B, passing
quickly over the flat valley corresponding to the intermediate
4B. On the other side, moving 3B—4B backward in time
precipitates the system back to the alkyne-coordinated
intermediate 3B, with rather large S—C1 and S—C2 distances.

To have an overall view of the energy surface and to better
characterize the transition state corresponding to S-exo
cyclization, we harvested 25 reactive dynamic trajectories
starting from the transition state for S-exo-dig cyclization (see
Figure 2b). The time evolution of the S—C1 and S—C2
distances indicates that in the forward trajectories, the S—C2
distance that collapses to values around 1.8 A, indicative of the
expected S-exo cyclization. Interestingly, all the backward
trajectories do not stop at intermediate 4B, but after some
longer time precipitate into the 6-endo-dig product 6B, as
indicated by the S—C1 distance collapsing to values around
1.8 A. This indicates that the located transition state connects
6B and SB, and thus, it is better indicated as transition state
6B—5B."

The overall potential energy surface derived from combining
the reactive trajectories (see Figure 3) shows the rather flat
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Figure 3. Potential energy profile of 3B—4B as a function of the S—Cl1
and S—C2 distances from the 25 reactive trajectories reported in
Figure 2. Isocontours separation is of 5 kcal/mol.

valley, with no energy barrier, connecting almost straightfor-
wardly transition state 3B—4B to the 6-endo-dig product 6B.
This broad energy plateau is also consistent with the plots of
Figure 2, both showing that the system somehow oscillates
before collapsing into 6B. Differently, the extremely fast
collapse of transition state 6B—SB into the S-exo-dig product
5B of Figure 2b is consistent with the narrow and steep groove
connecting 6B—S5B to 5B.

The above molecular dynamics analysis allows one to
properly build the energy profile of Figure 1b, with a two
intermediate and no transition state profile'' connecting 4B to
6B and with the transition state for S-exo-dig cyclization
connecting the two products, SB and 6B. Focusing on the
thermodynamics of the reaction, the static calculations reported
in Figure 1b indicate that the nonreported product SB is
predicted to be 7.3 kcal/mol below intermediate 2B, whereas
the observed product 6B is predicted to lie 4.3 kcal/mol below
2B and 3.0 kcal/mol above the product SB. In other words, also
in the case of cyclization promoted by AuCl;, the 6-endo-dig
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pathway is favored kinetically but unfavored thermodynami-
cally. However, there is one remarkable difference between the
two energy profiles: with AuCl, the two cyclization products are
not directly connected and are reached from the common open
cycle intermediate 4A, whereas with AuCl, the five-membered
product 5B is formed from isomerization of the six-membered
product 6B. The energy barrier for the reaction converting
6B into 5B (through transition state 6B—SB) amounts to
24.7 kcal/mol, which is at the limit of what can be considered
feasible at room temperature. To sum up, our results indicate
that cyclization in the presence of Au' is thermodynamically
controlled, but for Au", it is kinetically controlled.

Moving to the difference in the energy barrier for cyclization
from the alkyne coordinated complexes 4A and 4B, this can be
rationalized considering that the more electrophilic AuCly
fragment'* activates more the alkyne functionality, as evidenced
by the geometries reported in Figure 4. The binding of the
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Figure 4. Effect of the Au oxidation state on the Au—alkyne bonding.
Au—C1 and Au—C2 distances in A.

alkyne moiety in 4A is more symmetric, with the Au—Cl
distance only 0.08 A longer than the Au—C2 distance, whereas
alkyne coordination in 4B is clearly more asymmetric, with the
Au—C1 distance 0.42 A longer. Further, the C1—C(mesityl)
distance is 1.44 A in 4A, and it is shortened to 1.40 A in 4B.
Finally, natural population analysis, NPA,"* indicates a greater
polarization of the alkyne bond in 4B, with localization of
a +0.26 NPA charge on the Cl atom, compared with NPA
charges of —0.10e and +0.03¢ on the C2 and C1 atoms of 4A
(see Figure Sa,b).

All together, this is a clear indication that the Au—alkyne
bond has a strong 7 character in 4A, and the Au' center shifts

HOMO = -4.80 eV
LUMO =-2.84 eV

gap
1.96 eV

a)

HOMO = -4.87 eV
LUMO =-4.74 eV

b)

gap
0.13eV

9L

-0.10e 0.26e
4B

Figure 5. NPA charges and frontier molecular orbitals of intermediates
4A and 4B, parts a and b. H atoms have been omitted for clarity. MOs
surface plotted at 0.08 au.
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the Au—alkyne interaction toward o-bonding in 4B, with the
Cl atom assuming a carbocationic character, as shown in
Figure S. This is confirmed by the Mayer bond order of the
Au—C1 and Au—C2 bonds, which are 0.50 and 0.56 in 4A,
whereas in 4B, they are 0.19 and 0.52.

The rather similar NPA charge on the C2 atom in 4A and 4B
is consistent with rather similar barriers for S-exo-dig cyclization
in the Au' and Au™ systems, but the carbocationic character
of the C1 atom of 4B explains the barrierless 6-endo-dig
cyclization in the Au™ system. Analysis of the frontier
molecular orbitals indicates that the HOMO corresponds to a
lone pair in a p orbital of the S atom in both 4A and 4B, but
the LUMO is essentially a #* orbital located on the alkyne
functionality, equally distributed on C2 and C1 atoms (11%
and 16%, respectively) in 4A. It is essentially an empty p orbital
located only on the Cl atom in 4B, 15%. Further, the
HOMO-LUMO gap is 1.96 €V in 4A, but it reduces to 0.13 eV
only in 4B, consistent with the barrierless cyclization from 4B.

Having rationalized the behavior of the systems proposed in
the literature, we explored the effect of manipulating the
substrate electronics to induce 6-endo-dig cyclization with
Aul'® To this end, we calculated the relative stability of the
cyclization products SA and 6A relative to the starting species
2A for a series of substrates, with the aim of finding one that
could lead to a six-membered mesoionic carbene with a Au'
center. Although a detailed discussion of these hypothetical
substrates 1a—1j is reported in the SI, we only note here that 1i
could, indeed, allow this synthesis, since 6-endo-dig cyclization
is favored kinetically, and the corresponding six-membered
mesoionic carbene product is thermodynamically more stable
than the starting thioamide-coordinated species.

Me,N

In summary, we have demonstrated that the switch in
selectivity observed in the cyclization of alkynes benzothioa-
mide substrates is due to a switch in the bonding between the
Au center and the substrate. Specifically, the more electron-rich
Au' center favors a classic symmetric 7-binding of the alkyne,
whereas the Au"" center pushes the alkyne toward o-bonding,
resulting in the C-alkyne atom away from the Au center
assuming a carbocationic character. This asymmetric bonding
of the alkyne induces nonstandard reactivity, including
bifurcation events.'' We believe that this understanding can
be used to think of novel reactivity, especially in the emerging
field of Au™ catalysis.**'%'7
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Computational details, Cartesian coordinates, PES scan around
4B, energy decomposition analysis of 3A and 4A, dynamic
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