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On the Mechanism of Gold(I)-Catalyzed Ring Expansion of Cyclopropanols:
Theoretical Calculations Uncover a Bottle-Neck 1,4-H Shift and Suggest

Adequate Reaction Conditions
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The mechanism of the one-carbon ring-expansion reactions
of 1-(1-propynyl)cyclopropanol (1; R = Me), (1R*,2R*)-1-eth-
ynyl-2-isopropylcyclopropanol (3), and (1R*,2S*)-1-(phenyl-
ethynyl)-2-isopropylcyclopropanol (4) catalyzed by [AuP-
(Ph)3]+ to yield the corresponding 2-alkylidenecyclobut-
anones was theoretically investigated by B3LYP-PCM calcu-
lations by using the LANL2DZ relativistic effective core po-
tential for Au and the 6-31G(d) basis set for the remaining
atoms. The most favorable route for these rearrangements in
dichloromethane solution is a two-step mechanism involving
as the first step the coordination of the gold(I) complex to the
alkyne moiety with subsequent evolution through a 1,2-alkyl
shift. Activation of the reactive C–C bonds takes place mainly
through hyperconjugative interactions of these bonds with
the oxygen atom and the alkyne moiety; this latter interac-
tion is reinforced by the presence of the cationic gold(I) com-

Introduction

Nucleophilic additions to C–C multiple bonds are the
most common gold-catalyzed organic reactions.[1] Gold cat-
alysts are powerful soft Lewis acids that coordinate to C–
C multiple bonds, which thus activates them for attack of a
nucleophile. Alkynes have been so far the substrates most
frequently activated in this way toward nucleophilic attacks.
A series of nucleophilic additions to alkynes catalyzed by
AuI have been reported: hydroamination,[2] hydroalkoxyl-
ation and hydration,[3–11] hydrocarboxylation,[12–14] and ad-
dition of ketones[15] and C–C double bonds.[16–19]

Toste et al.[20] have shown that [L-Au]+-type cations are
capable of promoting migrations of nucleophilic σ-bonds to
alkynes, which thus catalyzes ring-expansion reactions.
Thus, these authors have reported the catalyzed ring en-
largement of several 1-alkynylcyclopropanols to give the
corresponding 2-alkylidenecyclobutanones (see Scheme 1).
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plex. The second step is the rate-determining one and con-
sists of a 1,4-H shift, which requires the assistance by a sec-
ond molecule of cyclopropanol to become readily accessible.
This second molecule plays a very efficient bifunctional cata-
lytic role, which cannot be played by a dichloromethane
molecule. The use of methanol, water, and HFIP as assisting
molecules was also investigated. Calculations suggest that
the process would run most favorably in water. In agreement
with experimental data, we found that the most favorable
ring expansion of 3 takes place through migration of the sub-
stituted carbon atom. The only product to be expected from
the rearrangement of 4, however, is that corresponding to the
migration of the nonsubstituted carbon atom.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Scheme 1.

Two possible mechanisms have been envisioned for these
kinds of reactions[20] (see Scheme 2). On one hand, mecha-
nism a involves coordination of the cationic gold(I) com-
plex to the alkyne moiety with subsequent evolution into a
four-membered ring cycloalkanone through 1,2-alkyl shift.
On the other hand, in mechanism b the cationic gold(I)
complex activates the cycloalkanol to give an alkyl gold(I)
complex, which then undergoes insertion into the alkyne to
yield the final expanded ring product.

The observed (E)-olefin geometry of the obtained alk-
ylidene cycloalkanones and the migratory selectivity re-
sulting from substituted cycloalkanols are most consistent
with mechanism a. For example, the experimental results
obtained by Markham et al. for the gold(I)-catalyzed re-
arrangements of substituted cyclopropanols 3 and 4 (see
Scheme 3) can be rationalized by means of this mechanism
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Scheme 2.

given that the ring expansion of compound 3 affords exclu-
sively 5, which is in agreement with the expected migratory
aptitude of the substituted carbon atom of the cyclopropa-
nol ring.

Scheme 3.

The rearrangement of 4, however, selectively yields 6 be-
cause of the larger strain in the transition structure for cy-
clization expected in mechanism a owing to the interaction
between the phenyl group and the isopropyl substituent.

Theoretical studies have been shown to be useful for elu-
cidating the mechanism of different nucleophilic attacks on
AuI activated C–C triple bonds.[21–23] The aim of the present
work is to learn about the two mechanistic proposals for
the [AuP(Ph)3]+-catalyzed one carbon ring-expansion reac-
tion of 1-(1-alkynyl)cyclopropanols through nucleophilic at-
tack of a σ bond to the C–C triple bond activated by AuI

and to understand the role played by substituents in these
processes. To this end, we present a theoretical analysis of
mechanisms a and b for the [AuP(Ph)3]+-catalyzed ring-ex-
pansion reaction of 1-(1-propynyl)cyclopropanol to yield
(E)-2-ethylylidenecyclobutanone, and a theoretical study of
the different possible rearrangements of 3 and 4 along
mechanism a.

Computational Methodology

Quantum chemical computations were carried out with
the Gaussian 03 series of programs[24] by employing the hy-
brid density functional B3LYP.[25–27] Full geometry optimi-
zations of stable species and transition states (TS) were per-
formed in the gas phase by using Schlegel’s algorithm[28]

with the LANL2DZ relativistic effective core potential
(ECP) for Au[29] and the 6-31G(d) basis set[30] for the re-
maining atoms. Harmonic vibrational frequencies were also
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calculated at the same theory level to characterize the criti-
cal points and to evaluate the zero-point vibrational energy
(ZPVE). Intrinsic reaction coordinate (IRC) calculations by
using the Gonzalez and Schlegel methods were employed
to check the two minimum energy structures connected by
every TS.[31–32]

∆G values were computed in the gas phase within the
ideal gas, rigid rotor, and harmonic oscillator approxi-
mations. A pressure of 1 atm and a temperature of 300 K
were assumed in the calculations to simulate experimental
conditions. To take into account condensed-phase effects,
we performed single-point calculations of the Gibbs energy
in solution on all the gas-phase optimized structures by
using the polarizable continuum model (PCM) of Tomasi
et al.[33,34] with the united atom Hartree–Fock (UAHF) pa-
rametrization.[35] Relative permittivities of 8.93, 32.63, 17.8,
and 78.39 were used to simulate, respectively, dichlorometh-
ane, methanol, 1,1,1,3,3,3-hexafluoropropanol (HFIP), and
H2O as solvents. A natural bond orbital (NBO) analysis
was performed on the most important critical structures lo-
cated along the reaction coordinates.[36,37]

In the text we will discuss the variation of Gibbs energy
in solution along the different reaction coordinates.

Results and Discussion

First, we will present the results obtained for the two
mechanistic proposals for the [AuP(Ph)3]+-catalyzed ring
expansion of 1-(1-propynyl)cyclopropanol into (E)-2-ethyl-
idene cyclobutanone, and second, we will analyze the re-
arrangements of 3 and 4 in Scheme 3 through the migration
of both substituted and nonsubstituted carbon atoms of the
cyclopropanol ring along mechanism a.

[AuP(Ph)3]+-Catalyzed Ring Expansion of 1-(1-Propynyl)-
cyclopropanol into (E)-2-Ethylidenecyclobutanone along
Mechanisms a and b

Figure 1 displays the Gibbs energy profile for the re-
arrangement of 1-(1-propynyl)cyclopropanol along mecha-
nism b (see Scheme 2) in CH2Cl2. Table S1 (Supporting In-
formation) collects the relative electronic energy, ZPVE,
and Gibbs energy in both the gas phase and in solution for
all the critical structures located along the reaction coordi-
nate. The [AuP(Ph)3]+ activation of 1-(1-propynyl)cyclopro-
panol yields an initial open-chain complex, RC-me-b, which
is 7.8 kcal/mol more stable than the separate reactants. The
subsequent insertion into the propyne moiety takes place
through the TSRC1-me-b TS with a Gibbs energy barrier
of 42.1 kcal/mol to render the intermediate M1-me-b, which
is 31.1 kcal/mol less stable than the separate reactants. In
the final stage, a 1,4-H shift takes place from the oxygen
atom to the ethylidene carbon atom to form the [AuP-
(Ph)3]+-cyclobutanone complex, PC-me-b, which is
36.1 kcal/mol more stable than the reactants through
the TS1PC-me-b TS (32.0 kcal/mol). Finally, PC-me-b



T. L. Sordo, D. ArduraFULL PAPER

Figure 1. Gibbs energy profile in CH2Cl2 solution for [AuP(Ph)3]+-catalyzed rearrangement of 1-(1-propynyl)cyclopropanol into (E)-2-
ethylidenecyclobutanone along mechanism b.

dissociates into the final product P-me-b + [AuP(Ph)3]+

(–45.4 kcal/mol).
According to our theoretical results, the [AuP(Ph)3]+-cat-

alyzed rearrangement of 1-(1-propynyl)cyclopropanol along
mechanism a is a two-step process. The first step consists
of a 1,2-alkyl shift induced by coordination of [AuP(Ph)3]+

to the triple bond. NBO analysis shows that in mechanism
a the activation of the reactive C–C σ bonds is due to the
stabilizing hyperconjugation interactions of their antibond-
ing MOs with one of the lone pairs of electrons on the
oxygen atom and of their bonding MOs with the π anti-
bonding MOs of the alkyne moiety (see Scheme 4). This
second interaction is strongly favored by the stabilization of
the MOs of the alkyne moiety by the presence of the cat-
ionic gold(I) complex.[38]

Scheme 4.

In the second step, a 1,4-H shift takes place from the
oxygen atom to the ethylidene carbon atom. This 1,4-H
shift implies a TS with a Gibbs energy barrier of 32.2 kcal/
mol, which makes this an unfavorable route. However, we
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found that this mechanism, which rationalizes the experi-
mental observations, becomes easily accessible through as-
sistance by a second molecule of cyclopropanol, which in
turn plays a crucial catalytic role in the 1,4-H shift. Theoret-
ical calculations have already made it possible to suggest
that solvent-assisted hydrogen migration might be crucial
for the addition of an alcohol to an AuI activated C–C tri-
ple bond[22] and very recently have revealed the important
role played by water in the catalysis of a 1,2-H shift in the
Nazarov reaction.[23]

Figure 2 and Table S2 (Supporting Information) present
the results corresponding to the assisted mechanism a. The
second reactant molecule coordinates to the gold(I) acti-
vated one through an OH(assisting cyclopropanol)···
O(activated cyclopropanol) interaction to form initial com-
plex RC-me-a, which becomes a transient structure
(0.8 kcal/mol) when taking into account solvent effects. RC-
me-a evolves through TSRC1-me-a, with a Gibbs energy
barrier of 12.3 kcal/mol to give intermediate M1-me-a
(–16.7 kcal/mol). It must be remarked here that although
the energy barrier for the first step is not practically sensi-
tive to the presence of the second assisting reactant mole-
cule, it is necessary to include this assisting molecule from
the very beginning of the process to avoid a high energy
barrier for the second step because of the formation of a
very stable intermediate. M1-me-a evolves into the
[AuP(Ph)3]+–(E)-2-ethylidenecyclobutanone complex PC-
me-a (–30.1 kcal/mol) through TS1PC-me-a for the assisted
1,4-H shift with a Gibbs energy barrier of 18.2 kcal/mol,
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Figure 2. Gibbs energy profile in CH2Cl2 solution for [AuP(Ph)3]+-catalyzed rearrangement of 1-(1-propynyl)cyclopropanol into (E)-2-
ethylidenecyclobutanone along mechanism a assisted by a second molecule of 1-(1-propynyl)cyclopropanol.

which is much lower than that for the process without as-
sistance. The assisting cyclopropanol molecule then plays a
very efficient bifunctional catalytic role by accepting the H
atom from the oxygen atom of the cyclobutanone formed
and simultaneously transferring its hydroxy hydrogen atom
to the ethylidene carbon atom. No analogous catalytic role
was shown by a dichloromethane molecule when including
it explicitly in the calculations. Anyway, the second step of
the reaction remains the rate-determining one. Finally, PC-
me-a dissociates into P-me-a + R-me + [AuP(Ph)3]+

(–39.6 kcal/mol).

Efficiency of Different Assisting Molecules to the 1,4-H
Shift

Our theoretical calculations showed that assistance to the
1,4-H shift is necessary to make this process readily viable,
and that this assistance can only come from a second reac-
tant molecule when the reaction is run in CH2Cl2.solution.
Now the question could be raised of whether an adequate
solvent or additive could play the necessary bifunctional
catalytic role more effectively than a second reactant mole-
cule.

To investigate this point, we studied the [AuP(Ph)3]+-cat-
alyzed rearrangement of 1-(1-propynyl)cyclopropanol along
mechanism a by using as assisting molecules alternatively
CH3OH, H2O, and HFIP, which present with quite dif-
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ferent acidities. As a solvent (polarizable continuum), we
tested in each case both the assisting substance and
CH2Cl2.

In Figure 3 and Table S3 (Supporting Information) we
present the results corresponding to the process assisted by
a CH3OH molecule. We will comment first on the results
obtained by using CH2Cl2 as a solvent (figures without pa-
rentheses in Figure 3). The reaction is a two-step process
with initial formation of complex RC-me-MeOH (–5.0 kcal/
mol), which evolves through TSRC1-me-MeOH with a
Gibbs energy barrier of 11.9 kcal/mol to yield intermediate
M1-me-MeOH (–24.3 kcal/mol).

This intermediate transforms into complex PC-me-
MeOH (–34.2 kcal/mol) through TS1PC-me-MeOH for the
CH3OH-assisted 1,4-H shift with an energy barrier of
15.9 kcal/mol. Finally, PC-me-MeOH directly dissociates
into P-me-H2O + H2O + [AuP(Ph)3]+ (–37.5 kcal/mol).
Then, by using CH3OH as the assisting molecule instead of
a second reactant molecule in CH2Cl2 solvent, the Gibbs
energy barrier for the two steps of the mechanism dimin-
ishes, particularly that for the second step, which continues
to be the rate-determining one. In Figure 3 the figures in
round and square parentheses correspond, respectively, to
the use of CH3OH and H2O as continuum solvents. We see
that, except for the final products, the higher the permit-
tivity of the continuum the lower the relative stability of all
the species along the reaction coordinate. The Gibbs energy
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Figure 3. Gibbs energy profile in solution for [AuP(Ph)3]+-catalyzed rearrangement of 1-(1-propynyl)cyclopropanol into (E)-2-ethylidene-
cyclobutanone along mechanism a assisted by a molecule of methanol. Both CH2Cl2 (figures without parentheses), CH3OH (figures in
round parentheses), and H2O (figures in square parentheses) were used as continuum solvents.

Figure 4. Gibbs energy profile in solution for [AuP(Ph)3]+-catalyzed rearrangement of 1-(1-propynyl)cyclopropanol into (E)-2-ethylidene-
cyclobutanone along mechanism a assisted by a molecule of water. Both CH2Cl2 (figures without parentheses) and H2O (figures in
parentheses) were used as continuum solvents.
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Figure 5. Gibbs energy profile in solution for [AuP(Ph)3]+-catalyzed rearrangement of 1-(1-propynyl)cyclopropanol into (E)-2-ethylidene-
cyclobutanone along mechanism a assisted by a molecule of HFIP. CH2Cl2 (figures without parentheses), HFIP (figures in round paren-
theses), and H2O (figures in square parentheses) were used as continuum solvents.

barriers for the first TS increase with the permittivity of the
continuum; the rate-determining barrier for the 1,4-H shift
presents its maximum value (17.1 kcal/mol) with CH3OH
as a continuum and is larger (16.7 kcal/mol) with H2O than
with CH2Cl2 as a continuum.

Figure 4 and Table S4 (Supporting Information) display
the results obtained when H2O is used as the assisting mole-
cule both with the use of CH2Cl2 and H2O as continuum
solvents. The energy profile obtained by using CH2Cl2 as a
continuum is more stable relative to separate reactants than
when the process is assisted by CH3OH. However, when
H2O is taken as a continuum, all the intermediates and TSs
appreciably destabilize relative to the separate reactants.
H2O is a slightly better assisting molecule than CH3OH and
reduces the rate-determining Gibbs energy barrier for the
1,4-H shift to 15.4 kcal/mol when using CH2Cl2 as a sol-
vent; it is also by far the best assisting molecule when it is
also used as a continuum, as it renders a Gibbs energy bar-
rier of only 11.1 kcal/mol for the H shift, which remains the
rate-determining step by only 0.4 kcal/mol.

Figure 5 and Table S5 (Supporting Information) display
the results obtained when HFIP is used as the assisting
molecule with CH2Cl2, HFIP, and H2O as continuum sol-
vents. We see that HFIP is an excellent assisting molecule

Eur. J. Org. Chem. 2008, 3004–3013 © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org 3009

that allows the 1,4-H shift to proceed without any Gibbs
energy barrier by transforming the reaction into a con-
certed process. However, the coordination of HFIP to the
activated cyclopropanol molecule considerably hinders the
1,2-alkyl shift that presents Gibbs energy barriers of 18.9,
19.4, and 25.9 kcal/mol when using CH2Cl2, HFIP, and
H2O as solvents, respectively.

Therefore, the best reaction conditions for the [AuP-
(Ph)3]+-catalyzed ring expansion of 1-(1-propynyl)cyclo-
propanol into (E)-2-ethylidenecyclobutanone would be
using H2O both as the assisting molecule and as the contin-
uum (i.e., running the reaction in water). The frequent
practice of using a low acidity alcohol (CH3OH) as an addi-
tive and a low permittivity solvent (CH2Cl2) is more
favorable than using CH2Cl2 alone but gives rise to a rate-
determining barrier larger than that in water by over 4 kcal/
mol.

Selectivity and Migratory Aptitude in Substituted
Cyclopropanols

To investigate the migratory competition between substi-
tuted and nonsubstituted carbon atoms in the AuI-assisted
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Figure 6. Gibbs energy profiles in CH2Cl2 solution for the [AuP(Ph)3]+-catalyzed rearrangements of 3 along mechanism a assisted by a
second molecule of 3. Primed structures correspond to the migration of the nonsubstituted carbon atom.

ring expansion of substituted cyclopropanols, we studied
the evolution of 3 and 4 (see Scheme 3) along mechanism a
to yield the corresponding 2-methylene-3-isobutylcyclobut-
anones and 2-methylene-4-isobutylcyclobutanones. Fig-
ures 6 and 7 and Tables S6 and S7 (Supporting Infor-
mation) display the data corresponding to these processes.
Let us analyze first the evolution of 3 and then that of 4.

In the first step for the rearrangement of 3 in CH2Cl2
solution the migration of the substituted carbon atom takes
place through the initial complex RC-h, which becomes a
transient species (4.3 kcal/mol) after taking into account the
effect of solvent, and TSRC1-h with a Gibbs energy barrier
of 11.2 kcal/mol to yield intermediate M1-h (–12.4 kcal/
mol; see Figure 6). The migration of the nonsubstituted car-
bon atom proceeds through RC-h� (2.3 kcal/mol) and
TSRC1-h� with an energy barrier of 13.0 kcal/mol to form
intermediate M1-h� (–15.3 kcal/mol). The second step pres-
ents quite similar Gibbs energy barriers (about 15 kcal/mol)
for the evolution of the two intermediates M1-h (through
TS1PC-h) and M1-h� (through TS1PC-h�) into the product
complexes PC-h (–24.2 kcal/mol) and PC-h� (–29.9 kcal/
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mol), respectively. In both cases, the above-mentioned bi-
functional catalysis by a second cyclopropanol molecule is
again necessary for making readily viable the 1,4-H shift.
Finally, PC-h and PC-h� dissociate into products P-h + R-
h + [AuP(Ph)3]+ (–39.9 kcal/mol) and P-h� + R-h� +
[AuP(Ph)3]+ (–42.8 kcal/mol), respectively.

Therefore, according to our theoretical results the two
ring expansions of 3, through migration of the substituted
or the nonsubstituted carbon atom, are two-step processes.
The regiochemistry of the process results from the first step
of the reaction, whereas the second step is the rate-de-
termining one. Theoretical calculations render a Gibbs en-
ergy barrier for the migration of the substituted carbon
atom, which is 1.8 kcal/mol lower than that for the nonsub-
stituted carbon atom, which thus predicts that the product
expected from this rearrangement is 5 (see Scheme 3) in
agreement with experiment.[8] NBO analysis shows that this
preference is the result of an electronic effect. The two stabi-
lizing hyperconjugation interactions above mentioned are
more important for the C1–C2 bond (for atom numbering
see Scheme 3) because the presence of the substituent di-



On the Mechanism of Gold(I)-Catalyzed Ring Expansion of Cyclopropanols

Figure 7. Gibbs energy profiles in CH2Cl2 solution for [AuP(Ph)3]+-catalyzed rearrangements of 4 along mechanism a assisted by a
CH3OH molecule. Primed structures correspond to the migration of the nonsubstituted carbon atom.

minishes the energy gap between the C1–C2 bonding MO
and the alkyne π antibonding MOs and between the C1–
C2 antibonding MO and the oxygen lone pair. As a conse-
quence, C1–C2 is more reactive than C1–C3.

Given the size of the system, we studied the rearrange-
ments of 4 by using CH3OH as the assisting molecule (see
Figure 7). The initial complexes RC-ph (2.9 kcal/mol) and
RC-ph� (5.2 kcal/mol), in which the cyclopropanol molecule
is activated by [AuP(Ph)3]+ and a CH3OH molecule is coor-
dinated to it become transient species after including the
effect of solvent. The migrations of the substituted and
nonsubstituted carbon atoms take place through TSs
TSRC1-ph and TSRC1-ph� with Gibbs energy barriers in
CH2Cl2 solution of 16.2 kcal/mol and 13.4 kcal/mol,
respectively, to yield intermediates M1-ph (–12.2 kcal/mol)
and M1-ph� (–18.2 kcal/mol). The assisted 1,4-H shifts
through TSs TS1PC-ph and TS1PC-ph� present, respec-
tively, Gibbs energy barriers of 14.1 and 17.2 kcal/mol to
yield final complexes PC-ph (–25.1 kcal/mol) and PC-ph�
(–30.2 kcal/mol). Finally, PC-ph and PC-ph� dissociate,
respectively, into P-ph + MeOH + [AuP(Ph)3]+ (–35.0 kcal/
mol) and P-ph� + MeOH + [AuP(Ph)3]+ (–44.6 kcal/mol).
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Thus, in agreement with experimental findings,[8] calcula-
tions render the Gibbs energy barrier for the migration of
the nonsubstituted carbon atom 2.8 kcal/mol lower than
that for the substituted one, which thus predicts that the
only product obtained from the rearrangement of 4 will be
6. As predicted by Toste and collaborators,[8] the reason for
this reverse preference with respect to 3 is the repulsion be-
tween the isopropyl and the phenyl substituents in the TSs
corresponding to the first step of the rearrangement. In ef-
fect, the same stabilizing hyperconjugative interactions of
C1–C2 and C1–C3 bonds with one of the lone pairs of O
and the alkyne π antibonding MOs exist now and for the
same reason as above the interactions involving the C1–C2
bond are more important. However, in TSRC1-ph the rela-
tive position of the isopropyl and the phenyl substituents
determines H–H distances as short as 2.2 Å, whereas in
TSRC1-ph� the average H–H distance is about 2.8 Å. By
using these geometrical parameters we evaluated the cou-
lombic interaction between the implied hydrogen atoms and
checked that this interaction accounts for the reversion of
the relative stability of the two TSs dictated by hyperconju-
gative interactions.
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Conclusions
Theoretical calculations show that the most favorable

mechanistic route for the [AuP(Ph)3]+-catalyzed rearrange-
ment of 1-(1-propynyl)cyclopropanol into (E)-2-ethylidene-
cyclobutanone in CH2Cl2 solution is a two-step one. In the
first step, the cationic gold(I) complex coordinates to the
alkyne moiety with subsequent evolution into a four-mem-
bered ring cycloalkanone through 1,2-alkyl shift. Activation
of the reactive C–C bonds takes place through their stabiliz-
ing hyperconjugation interactions with one of the lone pairs
on the oxygen atom and with the π antibonding MOs of
the alkyne moiety. This second interaction is favored by the
presence of the cationic gold(I) complex. The second step
consists of a 1,4-H shift, which requires the assistance of a
second molecule of cyclopropanol to be easily accessible.
The assisting cyclopropanol molecule plays a very efficient
bifunctional catalytic role by accepting the H atom from
the oxygen atom of the cyclobutanone formed and simulta-
neously transferring its hydroxy hydrogen atom to the ethyl-
idene carbon atom. This catalytic role cannot be played by
a CH2Cl2 molecule. We also investigated the efficiency of
CH3OH, H2O, and HFIP both as assisting molecules and
as continuum solvents. According to our calculations, the
best assisting molecule would be H2O in a high permittivity
solvent (water).

In agreement with experiment, we found that the most
favorable ring expansion of 3 takes place along a two-step
mechanism to yield 5 through migration of the substituted
carbon atom and an assisted 1,4-H shift. The second step
is the rate-determining one. This preference is due to the
reinforcement of the hyperconjugative interactions of C1–
C2 with the oxygen atom and the alkyne moiety by the iso-
propyl substituent. Theoretical calculations also confirm
that the reason why experiments yield 6 as the only product
from the rearrangement of 4 is the lower steric repulsion
between the isopropyl and the phenyl substituents in the TS
for the migration of the nonsubstituted carbon atom, which
thus reverses the relative stability of the TSs for migration
of the substituted and nonsubstituted carbon atoms deter-
mined by the hyperconjugative interactions.
Supporting Information (see footnote on the first page of this arti-
cle): Absolute electronic energies, ZPVEs, relative electronic ener-
gies, relative Gibbs free energies in the gas phase and in solution for
all the critical structures located; imaginary vibrational frequencies
corresponding to all the TSs; cartesian coordinates of all the critical
structures.
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