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ABSTRACT: Gold-catalyzed isomerization of propargylic ester to a diketone
derivative is a fascinating example for the generation of the C−C bond in
organoaurate chemistry as it is one of the few reactions that exploit the
nucleophilicity of organoaurates to a migrating acyl group. The proposed
mechanistic pathway, involving the formation of a four-membered intermediate,
has never been substantiated by any theoretical or experimental evidence. Detailed
theoretical calculation suggests that the formation of an alkylideneoxoniumcyclo-
butene intermediate is highly unlikely. Instead, an acyl migration, assisted by the
chlorine ligand in the square planar geometry of metal complex offers an
alternative mechanism that can justify the reasonable activation barrier and the
associated stereochemical feature involved in the reaction. The initial mandatory
steps of the catalytic process such as allene formation (af) and rotamerization of
allene-bound gold complex (ra) are found to be quite facile. However, the final
step, acyl migration (am), that takes place through the formation of an
intermediate with C−Cl bond, acts as the rate-determining step of the reaction. The mechanism also justifies the lack of
sufficient activity of Au(I) salt to catalyze the isomerization process.

■ INTRODUCTION

[1,3] shifting of an acyl group from the oxygen to the carbon
atom in an −O−CC− skeleton is not a common process in
aliphatic organic compounds.1 Such a process was detected in
carboxyallene2 intermediate by Wang and Zhang while studying
the isomerization of propargylic esters in the presence of gold
metal ion to generate a diketone derivative.3

The authors observed that a propargylic ester when heated at
80 °C in the presence of AuCl3 in toluene, smoothly isomerizes
to the α-alkylidene-β-diketone and the process was identified to
be intramolecular in nature.
It is established that under the gold(I) or gold(III) catalytic

conditions,4 the propargylic esters generally undergo an initial
[2,3] or [3,3] sigmatropic rearrangement.5 Though the inter-
conversion between the [2,3] or [3,3] rearranged product is
shown to be reversible,6 the proportion of these species in the
equilibrating mixture largely depends on the steric and electronic
nature of the substituents.7 Literature survey reveals that the
propargylic ester with a terminal alkyne favors the formation of a
gold vinyl carbenoid system through [2,3] sigmatropic mi-
gration,8 whereas alkynes with electron-rich substituents prefer
[3,3] rearrangement to generate a gold-bound allene inter-
mediate.9 Depending on the nature of the substituent present in
the reactant, the intermediates, generated from propargylic ester

derivatives, finally evolve several isomerized cyclic or acyclic
systems.8,10 Though many of the reactions express the
electrophilic nature of the gold allene complex some reports
show that the intermediate has sufficient nucleophilic character
to undergo addition to soft electrophiles.11 However, exper-
imental reports from other sources result some contradictory
conclusion making it difficult to judge the actual role of metal ion
in the reaction.12

Based on the previous facts on structural alteration of
propargylic ester under the catalytic condition of gold salt, a
mechanistic pathway (Scheme 1) for the formation of diketone
from propargylic ester was proposed by the authors.3 In this
mechanism, the initially formed gold complex of the propargylic
ester is converted to carboxyallene intermediate through the
most accepted [3,3] sigmatropic rearrangement. The final acyl
group migration was considered to occur through a tetrahedral
fourmembered species that finally undergoes the ring-opening to
form the isolable diketone derivative as the major product.
Though the hypothetical pathway explains qualitatively the

overall process, it does not have sufficient transparency to explain
several associated facts observed during the critical study of the
rearrangement process. Variation of gold salt reveals that though
Au(III) ion catalyzes smoothly the formation of diketone
derivative, Au(I) complexes were found to be largely ineffective
to catalyze the reaction. Requirement of specific oxidation state
of the metal atom in such reaction is generally difficult to
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explain.13 Moreover, variation of the substrate structure shows a
strong preference for the E selectivity, which decreases with
prolonged reaction time.14 Critical analysis of such stereo-
selectivity suggests that the migrating acyl group requires some
specific orientation relative to the metal bound nucleophile to
produce the E-isomer in major amount. Inability of the existing
mechanism to put forward a clear explanation for the dependence
on the metal oxidation state and the preference for E-selectivity of
the overall reaction caught our attention and tempted us to carry
out a detailed theoretical investigation on a variety of possible
pathways through which the reaction may occur.
Our observation reveals that, although the initial trans-

formation of propargylic ester to the carboxyallene derivative
takes place under the usual [3,3] sigmatropic rearrangement pro-
cess, the generation of the diketone skeleton requires a specific
conformational orientation of the gold-bound allene intermedi-
ate to make a suitable reaction pathway with the observed
stereoselectivity. We surmised that such spatial orientation can
be achieved through the conformation scrambling of the in situ
generated metal-bound allene complex.15

Previous studies showed that the gold−allene complex may
exist in several geometrical arrangements and can be categorized
broadly in two classes.16 The first category falls under the η2

complex in which any one of the two orthogonal double bonds of
the allene system coordinates to themetal atom and the distances
between themetal and the coordinating carbon atoms depend on
the nature of the substituent present on the allene moiety.17

However, the second category that belongs to the η1 complex
involves the co-ordination between the central carbon atom of
the allenic system and the metal ion.18

Though the first species may express the chiral nature of the
allene system, the second one may exist in the chiral or achiral
conformation. The chirality of the η1 system is developed
from the helical bent structure, which is important for many
asymmetric syntheses to transfer the chirality of allene in the end
product (axis-to-center chirality transfer).15,19 Previous study
reveals that all the species involved in the allene−Au complex
are connected by low-lying transition states, which allow the

conformational scrambling and generate a suitable structure that
may assist the next step of our investigation.
After achieving such a suitable arrangement in the gold−allene

complex, the chlorine ligand of the metal ion then assists the
migration of the acyl group to generate the final skeleton of
the product by forming C−C bond. We observed that the
participation of the chlorine ligand for assisting the process will
not only reduce down the activation barrier but also signify the
importance of the square planar geometry of Au(III) complex,
which is not possible with the linear geometry of Au(I) ion.

■ COMPUTATIONAL METHODS
Guided by our previous experience,20 we have chosen hybrid density
functional PBE021 (equivalent to PBE1PBE) as a method for per-
forming DFT calculations. The basis set double-ζ with the electron core
potential LANL222 was employed to carry out the electronic structure
calculation of Au, while other atoms are computed using the 6-31G(d,p)
basis set.23 Locating transition structures on the potential energy
surfaces of several pathways has been found to be a difficult job when
Au(III) metal is involved. The relatively shallow energy barrier for
many conformational changes of the organoaurate derivatives and the
extended nearly planar surface around the transition structures make it
difficult to guess the trial geometries for locating the saddle points.
Almost all the pathways involved in the conformational change of the
organoaurate species were traced by the relaxed surface scan using
redundant coordinate of the species. In many cases, the final con-
firmation of the transition structure for relating the corresponding
reactant and product were performed by optimizing the geometries
obtained by displacing manually the atoms along the two directions of
the eigenvectors associated with the low imaginary frequency of normal
vibrational modes of the species. Imaginary frequencies with rela-
tively large value respond to the standard IRC procedure to relate the
reactant and product. Solvent effect was approximated by introducing a
polarizable continuum model (PCM),24 and bulk solvent effects were
computed using the gas phase optimized geometries. We have employed
the standard parameters for the solvent toluene as this solvent was used
to carry out the reaction experimentally. Solvation free energies were
calculated by adding the solvation energies to the computed gas-phase
relative free energies (ΔG353K). The relative energies were calculated
with respect to the energy sum of free reactant and catalyst. All these
calculations were performed using Gaussian-09 software.25 While calcu-
lating the activation barrier, we pay special attention to the effect of
dispersion energy of the species that are responsible in determining the
energy barrier of the rate limiting and the overall processes. To include
the dispersion correction factors we have employed the Grimme’s DFT-
D326 procedure with the short-range Becke-Johnson damping scheme.27

Our finding reveals that selection of a favorable pathway from various
mechanisms is not affected by the incorporation of dispersion correction
of energies associated with the structures.

Scheme 1
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■ RESULTS AND DISCUSSION

Designed Pathways and the Comparison of Energetic.
Selected model structures of the methyl-substituted propargylic

esters D (1-methyl-but-2-ynyl acetate) and T (1,1-dimethyl-but-

2-ynyl acetate) have been used for finding out the mechanism of

the reaction.

Figure 1. Overview of the possible mechanistic pathways.

Table 1. Comparison of Energy Barrier of the Several Segments of Different Pathways and the Global Activation Energy (kcal mol−1)

maximum activation barrier in several segments in
each pathway

pathway
rel energy of the initially
formed Au complex

allene
formation

(af)
rotamerization of

allene (ra)
acyl migration

(am)
global activation

barrier
rel energy of the highest transition

structure

dimethyl derivative (D)
path 1 (Figure 2)
(monodentate)

−39.78 12.63 10.47 20.08 (18.87)a 25.50 (22.58) −32.09 (−41.52)

path 1 (Figure.SI-3)
(bidentate)

−39.78 12.63 10.47 42.30 (43.07) 47.72 (46.78) −9.87 (−17.32)

path 2 (Figure.SI-4)
(monodendate)

−37.41 32.71 25.60 (25.91) 32.71 (30.29) −4.70 (−11.76)

path 3 (Figure.SI-5)
(monodentate)

−26.47 18.87 30.99 (29.86) 30.99 (29.86) −7.60 (−14.21)

path 3(Figure.SI-6)
(bidentate)

−26.47 18.87 38.86 (34.63) 38.86 (34.63) −2.52 (−9.44)

trimethyl derivative (T)
path 1 (Figure 3) −44.18 6.88 0.57 19.81 (18.23) 26.20 (23.57) −35.45 (−45.21)
path 1 (Figure.SI-8)
(bidentate)

−44.18 6.88 0.57 37.20 (37.54) 43.59 (42.88) −18.06 (−25.10)

path 2 (Figure.SI-9) −41.17 21.29 (20.96) not less than
30.20 (28.65)

not less than −10.97 (−16.94)

path 3 (Figure.SI-10)
(monodentate)

−32.80 27.04 (27.31) not less than
27.04 (27.31)

not less than −15.99 (−21.95)

path 3 (Figure.SI-11)
(bidentate)

−32.80 37.05 (35.51) not less than
37.05 (35.51)

not less than −17.90 (−26.88)

aActivation barriers shown in parentheses are calculated after incorporation of the dispersion correction terms.
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All the pathways catalyzed by a Au(III) complex were studied
using AuCl3 [Au]. The overview of all the studied pathways is
shown in Figure 1.
The pathways were considered to start with the formation of

the coordinate complex of the reactantD orTwith gold salt [Au]
(deep yellow portion of Figure 1). Three possible sites in the
substrate, viz. the CC π system (indicated by 1 in blue color),
the carbonyl oxygen (2 shown by green color), and the alcoholic
oxygen (3 shown by red color) of the propargylic ester were
considered as the possible points for co-ordination. The result-
ing complexes undergo a [3,3] sigmatropic shift to generate the
intermediate gold-bound allene system through the allene
formation step (af) (yellow region of Figure 1). In pathway 1
(indicated by blue color), the isomerized allene from the metal
bound propergylic ester in its triple bond undergoes a configu-
rational change to juxtapose suitably the migrating acyl group
and is designated as rotamerization of allene (ra). The nearly
planar structure of the isomerized product further undergoes an
acyl migration (am) (light yellow portion in Figure 1) in the form

of a monodentate (blue path) or bidentate (deep blue path)
complex for generating the diketone. In path 2 (shown by green
color in Figure 1), the reactant ester, bonded to the metal in its
carbonyl oxygen, undergoes the catalytic rearrangement in two
steps; first is the formation of allene (af) followed by the second
step of acyl migration (am). Pathway 3 (indicated by red color)
utilizes the alcoholic oxygen of the propargylic ester to coordi-
nate with the metal atom and generates the diketone through
successive steps such as allene formation (af), rotamerization of
allene (ra), and acyl migration (am). Acyl migration may proceed
through a monodentate (violet) or bidentate (red) complex of
gold. A summary of the activation energies associated with the
individual steps and overall processes for all pathways using the
substrates D and T are shown in Table 1. PESs of the ener-
getically most favorable pathway (path 1) for the substrates D
and T are shown in Figures 2 and 3, respectively. Figures with
detailed thermodynamic parameters of all the favorable and
unfavorable pathways are shown in the Supporting Information.
We have used the letters “I” and “TS” to designate the stationary
points for minima and the saddle point, respectively. The sub-
script on the left side of I or TS indicates the pathway number
followed by the model compound used, while the subscripts in
the right side designate the subpath (cf, af, ra, or am), under
which it belongs, and the species number.

Analysis of the Investigated Pathways. The propargylic
ester D or T coordinated by the gold in its triple bond starts the
reaction through an internal nucleophilic attack by the carboxylic

Figure 2. PES along with the thermodynamic parameters and structures of the stationary points of path 1 for reactant D.
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Figure 3. PES along with the thermodynamic parameters and structures of the stationary points of path 1 for reactant T.

Scheme 2

Figure 4. Frontier molecular orbitals of 1TIra1 intermediate.
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oxygen atom resulting a six-membered ring intermediate, 1DIaf1
and 1TIaf1 (activation energy is about 0.3 kcal mol−1; Figure 2 and
Figure 3 forD andT, respectively). The subsequent ring opening
to generate the gold-bound allene system occurs by crossing a
barrier of 12.6 and 6.9 kcal mol−1 (through 1DTSaf2 and 1TTSaf2)
for D and T ,respectively. The allene intermediates (1DIaf2 and
1TIaf2), generated by this process, are in the η2 form where the
gold atom is attached to the proximal double bond of the carboxy
allene intermediate. In view to generate the diketone skeleton we
have made several attempts to dislocate the acyl group from the
acetate oxygen to the central carbon atom of the allenic system;
however we failed to get the proper TS that corresponds to the
pathway from the reactant allene to product diketone. We
observed that some TSs lead to the migration of the acyl group
from the oxygen of carboxyallene to one of the chlorine ligand of
the metal complex with very low activation barrier. However, the
reactant, corresponding to these TSs, needs some extra con-
formational rearrangement to correlate with the allene, generated
from [3,3] rearrangement of propargylic ester. It appeared to us
that, the species generated in the allene formation step undergoes
a conformational scrambling to attain geometry suitable for
further migration of acyl group. Hence, an investigation for path-
ways to explore the rotamerization of the gold bound allene (ra)
has been undertaken before the final step of acyl migration.
We have already mentioned that the metal bound allene

complex was reported to be conformationally labile and can
readily racemises through planar carbocationic intermediate.28

The conformational change of gold bound allene complex from

its nonplanar allene geometry to the planar one may be looked
upon as presented in Scheme 2.
Our observation from the geometry scan revealed that, the

oxygen substituent on the allene system stabilizes the planar
allyl cation intermediate to a great extent and results a shallow
potential energy surface comprising of various configurational
arrangement of the structure.29 Thus, the metal-bound allene
system (1DIaf2 in Figure 2) for reactant D undergoes a confor-
mational change to rotate its acetyl group from its syn to anti
conformation and produces a nearly planar η1 complex inter-
mediate (1DIra1). Successive conformational change through a
helical intermediate, 1DIra2, results the displacement of the metal
atom to the distal double bond on the allenic system, generating
an η2 complex 1DIra3. Further conformational movement of the
terminal methyl group leads to another planar η1 complex 1DIra4
in which the two methyl groups at the terminal position of the
allenic system are far apart from each other. This geometry then
undergoes another conformational change that positions the
acetoxy group syn with respect to the allenic system (1DIra5) and
makes it suitable for the final intramolecular acyl migration.
Conformational change in trimethyl derivative of allene inter-
mediate (1TIaf2 in Figure 3) requires only one TS (1TTSra1) and
does not undergo any syn to anti or anti to syn movement of the
acetyl group. The resulting conformer, 1TIra1 juxtaposes suitably
the acetoxy group in proper orientation.
After achieving a proper conformation, the acyl migration

could take place with the assistance of the chlorine ligand. The
participation of the chlorine ligand in the acyl transfer process
was first suspected while searching for the TS to dislocate the acyl

Figure 5. Transition structures for the acyl migration step in reactant D and T.
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group to generate the diketone skeleton. However, it can be
justified by the analysis of the frontierMOs associated with any of

the intermediate, 1DIra5 and 1TIra1 (Figure 4 shows only the
frontier MOs of 1TIra1).
As evident from Figure 4, the vacant LUMO+1 orbital of 1TIra1

is associated with the carbon atom of the carbonyl group in
migrating acyl unit, while the occupied MOs (HOMO or
HOMO−1) in the outer sphere of the system are associated with
the chlorine atoms that acts as the ligand of the metal ion. This
arrangement of the orbitals suggests that themigrating acyl group
prefers to attach itself to the chlorine in the first step; in the
next step, it migrates to its final destination of the carbon atom
bonded to the gold ion. Hence, the chlorine, placed at the vicinity
of the acyl group (in 1DIra5 and 1TIra1), mediates the shifting
process by acting as a platform atom during the journey of acyl

Figure 6. PES and the relative energies of the stationary points for the diketone formation from reactant T catalyzed by Au(I).

Table 2. Comparison of Activation Energy (kcal mol−1)
Required for Au(III)- and Au(I)-Catalyzed Isomerization
of Propargylic Esters

substrate
used

activation barrier
for

catalyzed by Au(III)
chloride

catalyzed by Au(I)
PMe3

+

D acyl migration
(am)

20.08 (Figure 2) 26.55

overall reaction 25.50 (Figure 2) 33.83
T acyl migration

(am)
19.81 (Figure 3) 25.44 (Figure 6)

overall reaction 26.20 (Figure 3) 32.64 (Figure 6)

Scheme 3
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group from the oxygen to the carbon atom. This process results
two TSs for the overall migration of acyl group; the first one
results from the migration of acyl group to the chlorine, while the
second TS corresponds to the migration from chlorine to the
middle carbon of the allene system.
The allene-bound gold complexes 1DIra5 and 1TIra1 (for reac-

tant D and T respectively, Figure 2 and 3) undergo the first
step of acyl migration to form 1DIam1 and 1TIam1 through the TSs
1DTSam1 and 1TTSam1 with an activation barrier of 8.30 and
10.33 kcal mol−1, respectively. While forming the TSs, the dis-
tance of the carbonyl carbon of the migrating acyl group from the
detached oxygen atom is 2.07 Å in both 1DTSam1 and 1TTSam1
(Figure 5). However, the distance of the same one from the
chlorine ligand varies slightly (2.79 Å in 1DTSam1 and 2.41 Å in
1TTSam1). The resultant intermediates (1DIam1 in Figure 2 and

1TIam1 in Figure 3) show a new bond between the chlorine ligand
and carbon atom of the migrated acyl group. Further migration of
the acyl group in the second step of the movement in reactant T
forms a new C−C bond (through 1TTSam2; activation barrier
13.54 kcal mol−1) and generates the skeleton of the product
diketone (Figure 3). The last step that involves the formation of
carbon−carbon bond is the energetically most costly step (and
hence the rate limiting step) in the overall rearrangement pro-
cess. Reactant D requires an additional step, in between the two
acyl migration processes, that makes a conformational change in
the intermediate 1DIam1 to generate 1DIam2 (through 1DTSam2
with activation energy 7.61 kcal mol−1, Figure 2). Intermediate
1DIam2 finally rearranges through a rate-limiting step to 1DIam3

(activation barrier 11.83 kcal mol−1) in which the Au atom is
coordinated to the CC double bond. During the migration of
the acyl group, the conformation of the newly formed carbonyl
group at the terminal of allene skeleton changes from the syn
periplanar position to the anti one with respect to the Au atom
(Figure 5). Species 1DIam3 and 1TIam2 (Figure 2 and 3) are further
stabilized after transferring the Au atom from the CC double
bond to the lone pair of oxygen atom of one ketone group. The
activation barrier, summarized in Table-1, shows that the energy
required for overall acyl migration process in D and T are nearly
equal (20.08 and 19.81 kcal mol−1). Incorporation of the disper-
sion correction lowers this activation barrier to a small extent
(18.87 and 18.23 kcal mol−1). During analysis of the energies of
the pathway we calculated the solvent effect; however, no
appreciable change has been noticed, which indicates the solvent
has little effect on the reaction rate.
The possibility of the formation of bidentate complex in the

rotamerized allene before the acyl migration step has also been
examined. However, our computation reveals that the formation
of chelate complex by replacing one chlorine atom in the Au
complex requires a high activation energy and appears to be a
highly unfavorable process (the energy of the TS correspond-
ing to the chelate formation step is shown in the Supporting
Information). Further investigation on paths 2 and 3 (mono-
dentate and bidentate complex formation) reveals that the
activation energies associated with these paths are relatively high
(Table 1). Detailed PES, analysis, and scheme are shown in the
Supporting Information.

Figure 7. PES along with the thermodynamic parameters and structures of the stationary points of diastereomeric path 1 (without any rotamerization)
for reactant D.
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Comparison of the reaction pathways corresponding to the
three coordinated complexes of the propargylic ester with gold
salt (Figure 1 and Table 1) suggests that path 1 (through mono-
dentate complex formation of the metal ion) is the most pre-
ferred for both D and T since the highest energy transition state
along this pathway is much lower in energy than the highest
energy transition state along the other pathways. Based on the
energy values shown in Table 1, we have considered path 1 as the
plausible mechanism and employed it for our all successive
discussions to rationalize the other consequences associated with
the reaction.
Catalysis under Au(I) Metal Ion. The effectiveness of the

Au(I) salt as a catalyst to carry out the isomerization of pro-
pargylic ester to diketone has also been investigated. A qualitative
explanation of its reduced activity, as observed in the experi-
mental report,3 may be put forward if we consider the critical
role of the chlorine ligand in the most favorable pathway (path 1)
for Au(III)-catalyzed conditions as discussed in the previous
sections. In its linear geometry, the Au(I) metal complex is
unable to place the assisting ligand in suitable orientation which
can participate in the catalytic process for migration of the acyl
group. We have verified the energetically costly direct migration
of acyl group from the oxygen to the central sp2-hybridized
carbon atom in Au(I) catalyzed isomerization of T as shown in
Figure 6.
The Au(I)-bound complex 1TI(I)cf1 undergoes the formation

of the six-membered intermediate 1TI(I)af1, through the internal

nucleophilic attack of the carbonyl oxygen to the terminal alkyne
carbon atom (1TTS(I)af1). Ring-opening and rotamerization of
the allene complex occur in a single step through 1TTS(I)af2 and
generate the intermediate 1TI(I)af2. The latter intermediate, with-
out any further conformational change, rearranges to 1TI(I)am1

by a single-step acyl migration process through 1TTS(I)am1.
Without a detailed similar study for substrate D, we have cal-
culated only the activation barrier of the rate-limiting step of
the overall pathway for Au(I)-catalyzed isomerization of the
substrate D and compared them with that of he reaction cata-
lyzed by Au(III) salt (Table 2). In all cases, the activation barrier
required for Au(I)-catalyzed processes shows a higher value than
that observed for Au(III)-catalyzed processes and thus justifies
the experimental facts for the reduced activity of lower oxidation
state of the metal ion again.

Stereoselectivity. The experimental report3 shows that the
E-selectivity is the initial outcome of the propargylic ester
rearrangement process, though lengthening the reaction time
results in an erosion of the stereoselectivity. A closer look at the
product selectivity reveals that the mechanistic path 1 (most
favorable pathway) can produce the same selectivity and it is due
to the electrophilic attack on the Z-configuration of the Au(III)
vinyl complex (1DIra5 in Figure 2 and Scheme 3). This isomer of
gold-bound allene complex is generated from the diastereomeric
1DIaf2 intermediate through rotamerization (Figure 2). Without
going through such a rotamerization step, the acyl migration gen-
erates the product by electrophilic attack on the diastereomeric

Figure 8. Possible conformers of the transition state associated with the rate-limiting process.
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E-configuration of the Au(III) vinyl complex (Scheme-3), and
the PES is presented in Figure 7.
Comparison of PES of Figure 7 with Figure 2 reveals that the

intermediate 1DIaf2 generated after [3,3] shift of the acetate unit
undergoes an acyl migration through two successive movement
of the acyl group; first from O to Cl with activation barrier of
9.95 kcal mol−1 (through 1DTSam1a) and then fromCl to allenic C
carbon with a barrier of 26.22 kcal mol−1 (though 1DTSam2a). The
overall high energy barrier in acyl migration step (1DTSam2a with
activation barrier 30.96 kcal mol−1) clearly shows that this
diastereomeric pathway (Figure 7) is unfavorable and supports
the stereoselectivity as indicated in the experimental result. To
ascertain about the involvement of other possible isomeric TS in
contributing the overall diastereoselectivity we have made an
exhaustive search on the possible conformational geometries
(Figure 8) of the rate-limiting transition structure, 1DTSam3. The
relative energy values of the optimized geometries with their
conformations are shown in Table 3. We failed to get the
optimized geometry corresponding to the conformer B, C, and
F; however, relative energy (Table 3) of other conformers reveals
thatG (which is the same species as 1DTSam3) represent the most
stable member. All the species that lead to the Z product (A−D)
show the antiperiplanar conformation of the C2−C3 bond. On
the other hand, the E selectivity is produced by the syn periplanar
arrangement of the methyl group with respect to metal atom in
C2−C3 bond (E−H). It is apparent from the energy values that
the syn conformations that lead to the E-isomer are more
favorable than the conformer having anti arrangement. The steric
interaction between the methyl group at C3 and the groups
connected to C1 in an anti arrangement (A−D in Figure 8) are
probably the reason behind the instability of such conformers.
Involvement of a more sophisticated catalyst has also been

examined as the experimental report shows a better selectivity by
using the catalyst PicAuCl2. While examining the transition
structure involving the species PicAuCl+, we identified two
possible orientations SP-4-2 and SP-4-3 (the descriptors30 have
been chosen to designate the orientation of the pyridinium ring
and carboxylate oxygen with respect to the chlorine ligand) of the
catalyst in each conformer of Figure 8.

As shown in Table 3, conformer A and B in SP-4-3 metal
complex optimize to the same minima. The relative energy of all
these species reveals that catalyst prefers the SP-4-2 isomeric
orientation relative to the substrate and the isomer G represents
the most stable species among all.

■ CONCLUSION
In summary, our DFT study establishes that the isomerization of
propargylic ester to a diketone derivative under the catalysis of
Au(III) metal salt takes place in three tandem rearrangement
steps (Figure 9). The first step involves the [3,3] sigmatropic
rearrangement of the metal-bound propargylic ester to a metal-
bound allene intermediate. In the next step, the generated
carboxyallene derivative undergoes a conformational scrambling

Table 3. Relative Energies of Different Configurations of the Optimized Geometries of the Rate Determining Transition Structure
(Figure 8)

configurations leading to acyl migration anti to the
substituent

configurations leading to acyl migration syn to the
substituent

A B C D E F G H

AuCl3 (Z = Z′ = Cl in Figure 8)
C1−C2 ±sp ±ap ±ap ±sp ±sp ±ap ±ap −ac
C2−C3 ±ap ±ap ±ap ±ap ±sp ±sp ±sp ±sp
C2−C4 +ac +ac −sc −sc +ac +ac −sc −sc

1DTSam2a 1DTSam3

ΔGtoluene
⧧ 9.58 12.26 6.16 0.00 3.68

ΔG353
⧧ 10.34 12.72 7.53 0.00 3.66

ΔH353
⧧ 10.59 13.36 7.25 0.00 4.74

ΔE0⧧ 10.57 13.31 7.28 0.00 4.54
PicAuCl+ (Z, Z′ = Pic in Figure 8)
C1−C2 ±sp ±ap ±ap ±sp ±sp ±ap ±ap -ac
C2−C3 ±ap ±ap ±ap ±ap ±sp ±sp ±sp ±sp
C2−C4 +ac +ac −sc −sc +ac +ac −sc −sc
complex in configuration SP-4-2 ΔGtoluene

⧧ 6.20 2.35 1.27 7.86 3.24 2.13 0.00 3.06
ΔG353

⧧ 8.02 3.73 1.24 9.45 4.89 3.18 0.00 3.55
ΔH353

⧧ 9.67 5.21 1.83 10.83 5.62 3.51 0.00 4.87
ΔE0⧧ 9.36 4.86 1.71 10.59 5.42 3.44 0.00 4.67

C1−C2 +ac +ac ±ap ±sp ±sp ±ap ±ap ±sp
C2−C3 ±ap ±ap ±ap ±ap ±sp ±sp ±sp ±sp
C2−C4 +ac +ac -ac -ac +ac +ac −sc -ac
complex in configuration SP-4-3 ΔGtoluene

⧧ 13.32 13.32 18.16 16.24 13.49 11.85 11.67 12.95
ΔG353

⧧ 17.37 17.37 22.27 19.67 18.20 16.63 15.81 16.74
ΔH353

⧧ 16.93 16.93 22.35 21.45 18.84 16.68 15.49 17.06
ΔE0⧧ 17.05 17.05 22.35 21.20 18.70 16.75 15.62 16.99
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that orients the acyl group, to be migrated, in a proper position
close to a metal ligand chlorine atom. After attaining at a suitable
conformational state, the species, in the third step, rearranges by
an intramolecular acyl migration from the acetate oxygen to the
chlorine ligand. The resulting species on further movement of
acyl group from chlorine to the central carbon of the allene
system results in the diketone skeleton.
The movement of the acyl group from ligand chlorine to the

carbon atom has been identified as the rate-limiting step and
necessarily occurs through a specific low energy TS that dictates
the final stereoselectivity of the reaction. Being a linear structure,
the Au(I) metal salt cannot assist the migration in a similar
fashion. This fact justifies the reduced effectiveness of Au(I) salt
to carry out the isomerization reaction under similar conditions.
While analyzing the diastereoselectivity, it appeared to us that the
best conformational arrangement of the transition structure that
dictates the final diastereoselectivity of the products is suffering
from minimal steric interaction between the substituent methyl
groups present in the substrate of propargylic ester. The chang-
ing of the steric and electronic nature of these substituents may
alter the stereoselectivity as observed experimentally by other
group while examining the same reaction with a different sub-
strate under several metal catalytic conditions.31 Study on the
alternation of diastereoselectivity with the variation of substitu-
ents present in the propargylic ester is our future objective. It is
our belief that the outcome of this study, i.e., involvement of a
ligand to catalyze the isomerization process, will further promote
the experimentalists to design suitable catalyst for increasing its
efficiency and selectivity.
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