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Gold-mediated homogeneous catalysis is rapidly growing in
popularity, with a variety of applications described in recent
reviews.[1] Alkynes are among the most versatile substrates,
and the potential of easily accessible propargylic esters is
currently being investigated by several groups.[2] However,
this chemistry is still in its infancy, and results are often
surprising and in some cases difficult to explain. It is known
that under Au catalysis, gold propargylic esters species such as
1 undergo 1,2- and 1,3-acyl migration,[3–6] leading to the
formation of gold vinyl carbenoid species such as 2 and gold
allene species such as 3 (Scheme 1). Of course, the Au-

activated species 1–3 are the starting points for further
reactions, leading to a great diversity of products.[7] Unfortu-
nately, the thermodynamics and the sequence of reactions
connecting the three key intermediates are not yet clear, and
theoretical studies related to this topic are scarce.[4e,8–9] In this
communication we propose, on the basis of DFT calculations,

that the three species can interconvert easily, forming a
“golden carousel”. Specifically, we focused on cationic AuIL
catalytic systems with L=PMe3 and 2,3-dimethylimidazol-2-
ylidene (IMe), that is, the basic skeletons of phosphines and
N-heterocyclic carbene (NHC) ligands, the latter of which
have emerged as alternatives to phosphines.[10–12] We first
briefly discuss the structural features of the three key
intermediates in the case of L=NHC and then describe the
reaction pathways interconnecting these intermediates with
both L=PMe3 and IMe. All results are based on DFT
calculations and include solvent effects.
The structures of the key intermediates 1–3 in the case of

L= IMe are depicted in Figure 1. The propargylic ester is
slightly asymmetrically coordinated to the Au center in 1, with
the terminal alkynyl C1 atom closer to the metal. The C�C
triple bond is only 0.03 = longer than in the free ester, while
the substituents on the C�C triple bond deviate from linearity

Scheme 1. Key intermediates along the catalytic cycle.

Figure 1. Structures of the [(IMe)Au]-coordinated propargylic ester 1,
the gold vinyl carbenoid species 2, and the gold allene type species 3a
and 3b. Distances in ,.
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by roughly 158 only. The gold vinyl carbenoid 2 is charac-
terized by almost equally long C1�C2 and C2�C3 bonds.[13]
This suggests that the positive charge is highly delocalized in p

orbitals of the conjugated system involving the Au, C1, C2,
C3, and O atoms. Finally, in the gold allene species the Au is
coordinated to either the C1�C2 or C2�C3 double bond
(structures 3a and 3b, respectively, in Figure 1). In both
structures the coordinated double bond is only 0.04–0.05 =
longer than the uncoordinated double bond, and the C1-C2-
C3 allene skeleton deviates roughly 258 from linearity.
Calculations indicated that the two structures are at the
same energy for L= IMe, with 3b only 0.1 kcalmol�1 lower in
energy than 3a, while for L=PMe3 this preference for 3b is
slightly higher, 0.6 kcalmol�1. After this brief structural
characterization, we now consider how these key intermedi-
ates interconvert in a merry-go-round fashion.

1,2-shifts. The 5-exo-dig attack of the carboxylic O atom of
1 to the C2 atom of the alkynyl group leads to the five-
membered cyclic intermediate 1-2, which presents a single
Au�C s bond (see Figure 2). With L= IMe this cyclization
step presents a rather low barrier, only 2.4 kcalmol�1

(Figure 2), while replacing the IMe ligand with PMe3 lowers
this cyclization barrier to 0.7 kcalmol�1 only. No ligand effect
is detected for the reverse ring-opening step, which presents a
very similar barrier for both systems, about 9 kcalmol�1.[14]

For L= IMe, intermediate 1-2 is 5.9 kcalmol�1 more
stable than the starting structure 1, and can further evolve,
through a ring-opening reaction, into the gold vinyl carbenoid

intermediate 2, which is 0.4 kcalmol�1 less stable than the
starting Au-coordinated ester 1. This ring-opening step
presents a barrier of 9.4 kcalmol�1, while the reverse 5-exo-
trig reaction is very facile, with a barrier of only 3.1 kcalmol�1.
Replacing the NHC ligand with PMe3 improves the stability
of 1-2 and particularly of 2, which are 8.6 and 1.1 kcalmol�1

more stable than 1. The ring opening and the reverse 5-exo-
trig steps that connect 1-2 and 2 present barriers comparable
to those calculated with the NHC ligand. The overall skeletal
rearrangement 1!2 corresponds to the 1,2-shift of the
carboxylic group from the propargylic position to the internal
C2 atom of the alkynyl group.
The 5-exo-trig attack of the carboxylic O atom of 2 at the

C1 atom leads to the five-membered cyclic intermediate 2-3.
This cyclization step has also a rather low barrier, around
4 kcalmol�1, for both L= IMe and PMe3. The reverse ring-
opening step requires crossing a higher energetic barrier for
both systems, 8.6 and 10.0 kcalmol�1 for L= IMe and PMe3,
respectively. Intermediate 2-3 is more stable than 1 by 4.1 and
6.7 kcalmol�1 with the IMe and PMe3 ligands, respectively.
The Au shift toward the nearby C2(sp2) atom causes the

ring opening of 2-3 and leads to the formation of the gold
allene species 3a, which is in rapid equilibrium with the
slightly more stable species 3b (by 0.1 and 0.6 kcalmol�1 with
IMe and PMe3, respectively). Intermediates 3a and 3b are
8 kcalmol�1 more stable than intermediate 1 for L= IMe, and
roughly 9 kcalmol�1 more stable for L=PMe3. In the case of
the IMe ligand, ring-opening of 2-3 to yield 3 costs 10.4 kcal

mol�1, while the reverse 5-exo-dig step presents the
slightly higher barrier of 14.4 kcalmol�1. Replacing the
NHC ligand with PMe3 has no substantial effect on the
barriers between 2-3 and 3. As in the case of the 1!2
rearrangement, the 2!3 skeletal rearrangement corre-
sponds to a 1,2-shift of the carboxylic group. With the
model NHC and PR3 ligands, and with the basic
propargylic ester considered, the double 1,2-shift
sequence is an energetically downhill path from the
Au-coordinated propargylic ester 1 to the substantially
isoenergetic gold vinyl carbenoid species 2, and finally to
the most stable gold allene species 3.

1,3-shift. However, the gold allene 3 can be reached
from the Au-coordinated propargylic ester 1 through a
shorter reaction pathway. Indeed, 6-endo-dig attack of
the carboxylic O atom of 1 to the C1 atom of the alkynyl
group leads to the six-membered cyclic intermediate 1-3.
This cyclization step is characterized by an energy
barrier of 8.5 kcalmol�1 for L= IMe, and it is roughly
2 kcalmol�1 lower for L=PMe3. The reverse ring-open-
ing step presents the highest barrier we calculated, about
15–16 kcalmol�1 for both systems, which nevertheless
remains a modest energy barrier. Intermediate 1-3 is
more stable than 1 by 6.9 and 9.3 kcalmol�1 for L= IMe
and PMe3, respectively.
Intermediate 1-3 can further evolve, through a ring-

opening step, into the gold allene species 3, with the very
low barrier of about 3 kcalmol�1 with both the NHC and
PMe3 ligands. The reverse 6-endo-trig reaction is ener-
getically easily accessible as well, with a barrier of some
3 kcalmol�1 for both L= IMe and PMe3. The overall

Figure 2. Schematic representation of the thermodynamics associated with
the 1Q2Q3Q1 equilibrium. Energies in kcalmol�1 (in round/square brackets
for L= IMe and PMe3, respectively) are calculated relative to 1. Numbers
close to the arrows represent the energy of the transition state associated
with that reaction step.
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skeletal rearrangement 1!3 corresponds to the 1,3-shift of
the carboxylic group from the propargylic position to the
terminal C atom of the alkynyl group.

1,2- vs. 1,3-shift. Comparison of the reaction pathways
corresponding to a double 1,2-shift and to a direct 1,3-shift
suggests that the double 1,2-shift is preferred for both systems,
since the highest energy transition state along this pathway
(2-3!3) is lower in energy than the highest energy transition
state along the pathway of the direct 1,3-shift (1!1-3).
Nevertheless, the preference for the double 1,2-shift pathway
(roughly 2–3 kcalmol�1) is not particularly strong, which
indicates that different NHC or PR3 ligands and/or substrates
could influence this preference for the double 1,2-shift.[15] This
could explain the experimentally observed preference for 1,2-
or 1,3-shift as a function of structural features of the
substrate.[3c,5a,9a,b,16]

Indeed, it is more correct to claim that the two reaction
paths are competitive, and that the three key species 1, 2, and
3 are in rapid equilibrium, with interconversion running fast
both clockwise and counterclockwise in the cycle of
Figure 2.[17] The exact way off this merry-go-round depends
on the energy barriers associated with reactions involving
intermediates 1, 2, and 3 and leading to products irreversibly.
Of course, the reactivity of these intermediates also depends
on other functional groups (typically, C�C double bonds and
heteronucleophiles) on the substrate, on the nature of the
NHC or phosphine ligand, and on the reaction conditions as
well.
A potentially relevant difference between the L= IMe

and PMe3 systems is related to the most stable intermediate in
the cycle. In the case of L= IMe the most stable intermediate
clearly is 3 while, considering the level of accuracy of this kind
of calculations, around 1–2 kcalmol�1, in the case of L=PMe3
intermediate 1-2 at the antipodes is comparable in energy to
3. This could imply that in the case of NHC ligands,
intermediate 3 acts as reservoir of active species and that it
could be the preferential way to exit the cycle, with an allene-
based reactivity. In contrast, for the phosphine case there is no
preferential way out of the cycle. Indeed, it could be 3 as in the
case of the NHCs, but it could also be the almost isoenergetic
intermediates 1 and 2, with their specific reactivity, which are
easily accessible from the relatively stable 1-2 intermediate.
Again, the nature of the L ligand and/or of the substrate can
influence this conclusion.
This reaction pathway manifold explains the variety of

products that can be achieved by this kind of catalysis. The
results we have presented here indicate that understanding
the mechanistic details and the effect of the different
variables (substrate, Au ligand, solvent, etc.) is the challenge
to be addressed in order to control this powerful catalysis, and
to direct the outcome of the reaction toward the selective
synthesis of a desired product. We are currently working in
this direction, using a combined experimental and theoretical
approach.
Finally, we remark that entry points into the catalytic cycle

are coordination of propargylic ester to the [AuL]+[BF4]
�

species to displace the [BF4]
� counterion to give 1, with an

energy gain of 7.7 and 4.7 kcalmol�1 for L= IMe and PMe3,
respectively, or allene coordination to give 3, with an energy

gain of 5.7 and 4.3 kcalmol�1 for L= IMe and PMe3,
respectively. Using these different entry points in gold
catalysis is another way to address the selective formation
of products.

Experimental Section
All the density functional theory (DFT) calculations were performed
using the Gaussian03 package.[18] The BP86 GGA functional of Becke
and Perdew was used.[19] The TZVP triple-z basis set with one
polarization function was used for main-group atoms,[20] while the
relativistic SDD effective core potential in combination with a triple-z
basis set was used for the Au atom.[21] All geometries were verified by
frequency calculations that resulted in 0 and 1 imaginary frequency
for intermediates and transition states, respectively. The reported
energies include the vibrational gas-phase zero-point energy term.
Solvent effects have been obtained through single-point calculations
on the gas-phase optimized geometries. The polarizable continuous
solvation model IEF-PCM as implemented in the Gaussian03 pack-
age has been used.[22] CH2Cl2 was chosen as model solvent, with a
dielectric constant e = 8.93. Standard non-electrostatic terms were
also included.
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