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The DFT study of the mechanism of the rearrangement of H,C=CHC(CH,;)OCOCH; to (CH3)(H)C=CHCH,0COCH, catalyzed by [(NHC)Au]"
(NHC = N-heterocyclic carbene) shows that a low energy path exists, with a barrier of 14.2 kcal-mol~', going through a six-membered ring
acetoxonium intermediate and where gold coordinates one of the carbon atoms in the alkene system. The qualitative features of the mechanism
are not affected by the introduction of other NHC ligands, counterions, or solvation effects.

The use of gold complexes as carbophilic m-acids in
homogeneous catalysis is currently the subject of intense
research.> As asubset of substrates, propargylic esters, which
undergo intramolecular 1,2- or 1,3-ester migration, have
attracted increasing attention.? Recently, their allylic coun-
terparts have also appeared as an interesting class of
compounds in the context of gold catalysis.® The alylic
rearrangement provides an efficient and atom-economical

" Ingtitute of Chemical Research of Catalonia.

* Universitat Autonoma de Barcelona.

(1) For recent genera reviews, see: (8) Li, Z.; Brouwer, C.; He, C. Chem.
Rev. 2008, 108, 3239. (b) Arcadi, A. Chem. Rev. 2008, 108, 3266. (c) Gorin,
D. J; Toste, F. D. Nature 2007, 446, 395. (d) Hashmi, A. S. K. Chem.
Rev. 2007, 107, 3180. (e) Furstner, A.; Davies, P. W. Angew. Chem,, Int.
Ed. 2007, 46, 3410. (f) Skouta, R.; Li, C.-J. Tetrahedron 2008, 64, 4917.

(2) For reviews, see: (a) Marion, N.; Nolan, S. P. Angew. Chem.,, Int.
Ed. 2007, 46, 2750. (b) Marco-Contelles, J.; Soriano, E. Chem.—Eur. J.
2007, 13, 1350.

10.1021/01802430m CCC: $40.75
Published on Web 12/02/2008

[J 2009 American Chemical Society

access to primary oxo derivatives. We notably reported the
[3,3] sigmatropic rearrangement of allylic esters catalyzed
by [(NHC)AuU'T compounds.®*# The mechanism we proposed
for this transformation involves an alkene sr-activation/oxo-
cyclization sequence (Figure 1), following the lines of a
cyclization-induced rearrangement as defined by Overman.>®
Nevertheless, other hypotheses could be envisaged, such as
oxygen activation, ionization of the acetate, and the formation
of an alyl cation.”
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Figure 1. Genera scheme of the Au-catalyzed allylic rearrangement
reaction.

In order to clarify these mechanistic aspects, we set out
to conduct a computational study® using the systems
presented in Figure 2.° Additionally, we envisioned, with
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Figure 2. Structures of the catalyst (Ieft) and of the reactant along
with atoms numbering (right).

this study, to gain important insights into the observed
dependence of the reaction as afunction of the nature of the
NHC substituents.*®

First, we investigated the uncatalyzed rearrangement
reaction. The process takes place in one step with atransition
state uncatTS1 displaying a 6-membered ring in a boat
conformation (Figure 3) with arelatively high barrier of 31.7
kcal-mol 1. The transition state corresponds, as expected, to
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Figure 3. Computed transition state uncatT S1 for the uncatalyzed
reaction.

the simultaneous breaking of the C>—0? bond and formation
of the C*~O! bond. The C>—0? and C*—O! distances are
amost identical at 2.082 and 2.092 A, respectively. These
distances are quite long and suggest that the transition state
can be viewed as an anionic acetate fragment (Mulliken
charge —0.48 au; NBO charge, —0.51 au) interacting with a
positive carbocation (+0.48 au; +0.51 au). The geometry is
relatively similar to those previously computed for intramo-
lecular nucleophilic substitution by the groups of Zipse!* and
Birney,*? who showed the reaction to be pseudopericyclic.™®

We then analyzed the reaction with the simplest NHC
catalyst, where R is methyl (Figure 2). The reaction corre-
sponds to the general scheme we previously proposed as
illustrated in Figure 1. The gold moiety coordinates to the
m-electrons of the alkene producing a first adduct ADD1,
29.0 kcal.mol~* below the energy of the individual reactants.
This is a large stabilization energy but reasonable for the
gas phase estimate of coordination of an olefin to a cationic
gold center.8® We will use this point as origin for relative
energies (see Table 1). Then the intramolecular nucleophilic

Table 1. Relative Gibbs Free Energies (kcal'mol~?) of the Key
Structures for the Different Models Considered

R = CH; R =t-Bu R = CH; R=CH; +
gas gas solvent BF, gas
ADD1 0.0 0.0 0.0 0.0
TS1 14.2 15.5 17.3 14.3
INT 9.9 10.6 14.4 11.2
TS2 10.7 11.3 14.9 12.8
ADD2 -1.0 —-2.7 -0.3 -0.6

attack of the carbonyl on the alkene takes place, leading to
TSI, 14.2 kcal-mol ! above ADD1. T S1 leads to intermediate
INT, which isa6-membered stabilized 1,3-acetoxonium, 9.9
kcal'mol ! above ADD1. INT evolves through TS2 to a
second adduct ADD2, where the gold catalyst is coordinated
to the rearranged product. The relative energies of TS2 and
ADD2 are 10.7 and —1.0 kcal'mol %, respectively. INT is
in a quite shallow well, in agreement with related mecha-
nisms.®
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The structures for complexes TS1 and INT are shown in
Figure 4. The O'-C* and C>—0O? distances of 1.575 and

TS INT
Figure 4. Computed structures of TS1 and INT.

1534 A are much shorter than in the midpoint of the
uncatalyzed process uncatTS1. Gold coordination to the
central carbon C2 stabilizes the negative charge of this moiety
of the molecule, and greatly facilitates the process. It isworth
noting that gold occupies an equatorial position in the
cyclohexane-like 6-membered ring formed in these structures.
It is also possible to compute another structure with gold
coordination in the axial position at the same carbon C3, but
the energy is much higher. The corresponding transition state
axT Sl has arelative energy of 26.7 kcal-mol ~* above ADDL1.
This large preference is likely associated to a combination
of steric crowding in the axial position and the desire for
the C—0O and C—Au bonds to be aligned.

We considered next the possibility that the catalyst
coordinates to one of the oxygen centers. In fact, one of the
possible adducts was more stable than ADD1, but the
corresponding transition states O1TS and O2TS had rela
tive energies of 25.1 and 22.9 kcal‘mol 2, above ADD1, and
are thus unable to compete with TS1. These results, taken
together with the short O'—C* and C?>—0? bond distances
in INT, seem to exclude the possibility of an ionized acetate
in this transformation. All mentioned structures are in the
Supporting Information.

We aso analyzed on this model system the E/Z selectivity
of the process. Experimental data indicate that the E isomer
is preferred but that the Z isomer al so exists as minor product
in some cases. The profile presented above leads to the E
isomer. If one wants to go to the Z isomer, the initial
conformer has to be different and islabeled asZADD1. The
structure of ZADD1 and the corresponding transition state
ZTS1 are presented in Figure 5.

These differ from the previously discussed structures in
the arrangement around the C>—C2 bond. ZADD1 and ZTS1
have relative energies of 2.7 and 16.4 kca*mol~! above
ADDL1. The critical comparison here is between ZTS1 and
TS1, which had a relative energy of 14.2 kcal'mol~. The
difference of 2.2 kcal'mol™* is fully compatible with the
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Figure 5. Computed structures of ZADD1 and ZTS1.

experimental observation of a preference for the E product,
with some presence of the Z isomer.

We shifted then our attention to more elaborate models
of the experimental system. The resulting computed energies
are summarized in Table 1. First, we considered the reaction
with a different catalyst, bearing bulky t-Bu groups on the
NHC (Figure 2). The effect of this change on the computed
mechanism is negligible; the energy profile is amost the
same as with a NHC with R = Me (Table 1). For example,
the first energy barrier is 15.5 kcal-mol~* with R = t-Bu
compared to 14.2 kcal'mol ~* with R = Me. Thisresult isin
fact consistent with the structure in Figure 4 where it can be
seen that, even with methyl substituents, the NHC planeis
orthogonal to the plane of the 1,3-acetoxonium moiety in
order to minimize steric congestion. Without surprise, the
bulkier t-Bu groups go thus to the same region with no steric
hindrance, hence affecting only dightly the overall energetics
of the reaction. We therefore believe that the lower conver-
sions to rearranged product observed with less hindered NHC
ligands on gold are more likely explained by the lower
stability with respect to decomposition of the corresponding
catalytically active [(NHC)Au]X cationic adducts.**

Table 1 presents results highlighting the role of two other
parameters on the energy profile: solvation and counterions.
The reaction is performed in aweakly polar solvent such as
dichloromethane or 1,2-dichloroethane. Solvation was found
to play a minor role in the energy profile, with an increase
of only 3.1 kcal*mol~! in the barrier from ADD1 to TS1.
The solvent favors charge separation, but no strong changes
occur due to this effect throughout the reaction. The relative
energy of the adduct with respect to the separate reactants
is significantly reduced (from 29.0 to 7.2 kcal*mol 1), which
is the reason why we chose ADD1 as origin of energies, but
this has no effect on the reaction mechanism.

The gold catalyst is introduced in the reaction media in
the form of a chloride salt that then reacts with silver
tetrafluoroborate. The positive charge of the catalyst and the

(14) For astudy on several [(NHC)AUL]X cationic complexes, see: de
Frémont, P.; Marion, N.; Nolan, S. P. J. Organomet. Chem. DOI: 10.1016/
j.jorganchem.2008.10.047.
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low polarity of the solvent means that the reacting system is
likely associated to a tetrafluoroborate anion after the
precipitation of silver chloride. Counteranions have been
found to critically affect organometallic processesin selected
cases.® The anion interacts with the cationic systems by
making hydrogen bonds with the organic substrate. This
interaction can be illustrated by structure BF4INT (Figure
6). Considering this effect, the energy profile remains

Figure 6. Computed structure of BF4INT.

practically unchanged (Table 1). The barrier is amost
identical with (14.3 kcal*mol~! in BF4TS1) or without the
anion (14.2 kca'mol~! in TS1). It seems that the anion is
always able to find an appropriate position in the environment

(15) (a) Appelhans, L. N.; Zucaccia, D.; Kovacevic, A.; Chianese, A. R;;
Miecznikowski, J. R.; Macchioni, A.; Clot, E.; Eisenstein, O.; Crabtree,
R. H. J. Am. Chem. Soc. 2005, 127, 16299. (b) Basallote, M. G.; Besora,
M.; Castillo, C. E.; Fernandez-Trujillo, M. J;; Lledos, A.; Maseras, F,;
Manez, M. A. J. Am. Chem. Soc. 2007, 129, 6608.
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of the cationic system and results in similar electrostatic
interactions. The energetics involved in Table 1 show a
reaction feasible under the experimental conditions for this
process, oil bath reflux for 12 h or microwave heating at 80
°C for 12 min.

In summary, we have computationally investigated the
pathways leading to the gold-catalyzed sigmatropic rear-
rangement of allylic esters. Severa pathways, which are
produced by different initial coordination modes, were found
to be possible, but only one exhibited catalytic activity when
compared to the uncatalyzed process. In this mechanism, the
catalyst hinds the organic substrate through the olefinic
bonds, and the reaction proceeds through a 6-membered ring
acetoxonium intermediate. Overall, it can be stated that the
catalytic effect of gold in thisreaction liesin its high ability
to stabilize developing charge in the transition states along
the rearrangement path.
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