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ABSTRACT: The gas-phase cyclopropanation and apparent
metathesis reactivity of ligand-supported gold arylidenes with
electron-rich olefins is explained by quantum-chemical calcula-
tions. A deep potential minimum corresponding to a metal-
bound cyclopropane adduct is in agreement with the measured
absolute energies of the cyclopropanation and metathesis channels
and is also consistent with previously reported electronic effects
of arylidenes and supporting phosphorus ylid ligands on the
product ratios. In the gas phase, the rate-determining step for
the cyclopropanation is dissociation of the Lewis-acidic metal
fragment, whereas the metathesis pathway features several rate-
limiting transition states that are close in energy to the final
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product dissociation and hence contribute to the overall reaction rate. Importantly, the presented potential energy surface also
accounts for the recently reported gold-catalyzed solution-phase retro-cyclopropanation reactivity.

B INTRODUCTION

Since the acceptance of the Chauvin mechanism" for olefin
metathesis in preference to those originally suggested by
Calderon,” Pettit,> and Grubbs,* no new mechanistic concepts
for this process have appeared in the literature. That being said,
early investigations on tungsten-mediated metathesis reactions
suggested that cyclopropanes might serve as a reservoir species
for active metathesis catalysts.” In this report, we detail our
mechanistic studies on what appeared to be a metathesis reaction
of gold carbene complexes with electron-rich olefins, but which
constitutes another example of a system that does not follow a
Chauvin-type carbene exchange pathway, instead featuring
metal-bound cyclopropane species as progenitors to new carbene
complexes.

Our recent experimental and computational work on gold
carbenes implicated a stepwise process for gold-mediated cyclo-
propanation and apparent metathesis pathways® ™ ® and allowed
us to predict that transcyclopropanation and cyclopropane meta-
thesis reactions may be brought about via catalysis with cationic
d"° coinage metal complexes.”” The potential energy surface
(PES) presented below confirms our previous claims and indi-
cates useful access points to yield such reactivity in solution.

B EXPERIMENTAL AND COMPUTATIONAL DETAILS

Quantum-chemical calculations were performed with the Gaussian09
suite” employing the PW91 density functional in combination with the
cc-pVDZ-PP small-core relativistic correlation-consistent basis set' for
gold and cc-pVDZ for the remaining elements. For all the stationary points
and transition states except TS;;_1,, geometry optimizations were per-
formed with tight SCF and convergence criteria and an ultrafine integration
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grid. The nature of each stationary point was confirmed by a frequency
analysis, which also afforded the zero-point energy (ZPE) correction.

Mass spectrometric measurements were performed on a Finnigan
MAT TSQ-700 instrument, in which the first transfer octopole has been
replaced by a custom-made 24-pole ion guide.'' Energy-resolved reac-
tive cross-section'> measurements were executed as described earlier."*
Species of interest were prepared and thermalized in the first 24-pole
ion guide to a temperature of 343 K using cis-dimethoxyethylene
(ca. 10 mTorr), and mass selected by the first quadrupole. They were
then reacted with xenon in the octopole collision cell while monitoring
the products as a function of collision energy.

The “daughter” mode was used for mass selection, and a retarding
potential measurement of the kinetic energy distribution of the ions was
performed before each experiment, yielding approximately Gaussian
distributions. The resolution for parent-ion selection was always kept
high enough to ensure that fragmentation in the daughter mode occurs
only for the ions of interest. Reactive cross sections were determined at
40—100 uTorr pressure of xenon collision gas and linearly extrapolated
to zero pressure to impose strict single-collision conditions. Three
independent data sets were obtained and the activation energy was
extracted from the reactive cross sections using the program L-CID."
The density-of-states model used by L-CID requires an input specifica-
tion of the number of rotors in the molecule; we assumed a total of 9
rotors. The reported error bounds include the standard deviation
computed from 15 best fits per data set and a 0.15 eV (lab frame)
uncertainty on the absolute energy scale.

For the kinetic isotope effect measurements, 3 independent data sets
were collected containing 10 spectra per given experimental conditions
while every spectrum was an average of 120 scans. Peak areas were
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integrated and normalized against the overall ion current. We assumed
that ion intensities are directly proportional to reaction rates.

B RESULTS

Recently, we reported an experimental reactivity study of an
IMes-supported (IMes = 1,3-bis(2,4,6-trimethylphenyl)imidazol-
2-ylidene) cationic gold benzylidene complex, which was pre-
pared inside a mass-spectrometer from the phosphorus ylid
adduct (Scheme 1).°"*'* The fact that metathesis reactivity is
observed only with electron-rich olefins and not with, for
example, 3-hexene’ is not expected from the Chauvin mechanism
and thus indicates that another mechanism might be operative.
Furthermore, collision-induced dissociation (CID) experiments
and DFT calculations on a methoxy-substituted model cyclopro-
pane system demonstrated that a new gold Fischer carbene com-
plex can be obtained from a metal-bound cyclopropane adduct.®
The simultaneously occurring metathesis and cyclopropanation
channels rendered the system information-rich and structure-
sensitive," as was further studied by monitoring intensity changes
of the exit channels as a function of electronic perturbations on the
benzylidene fragment’® or the supporting P-ylid ligand.7b

Threshold CID Experiments. Under suitable electrospray ion-
ization (ESI) conditions the corresponding ylid precursor'
(Scheme 1, Ar = p-CF3CgH,) affords trifluoromethyl-substituted
benzylidene complex 1, which forms an adduct with cis-dimethoxy-
ethylene 2 in the gas phase. Regeneration of the starting arylidene
from this adduct (m/z 747, Figure 1) via collision-induced olefin

Scheme 1. Previously Reported Studies of Gold-Mediated
Cyclopropanation and Metathesis
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loss is substantially suppressed, which renders the system suitable
for two-channel energy-resolved threshold CID (T-CID) mea-
surement of the cyclopropanation and metathesis processes
(Figure 2)"57"7 to afford reference thermochemical information
for the validation of the computational method. Thus, the experi-
mental results presented below are obtained under the assumption
that the presence of the former minor channel does not signifi-
cantly influence the cross sections of the reactions of interest.

Activation energies for cyclopropanation and metathesis were
extracted by fitting the zero-pressure extrapolated reactive cross
section curves with the L-CID program (Figure 2)."* To
correctly account for the kinetic shift that is inherent to T-CID
measurements, the fitting process of L-CID requires an input
assumption of the transition-state model for each channel under
investigation. A “tight” fitting model should be chosen if an
intramolecular rearrangement is rate-determining, whereas a
“loose” model is appropriate when the rate-limiting process is
product dissociation, that is, with merely a centrifugal barrier for
the reverse process.">'® Since electronic perturbation at the
arylidene moiety resulted in different slopes in Hammett plots
for the cyclopropanation and metathesis channels and since the
product ratio depended on the collision energy, one can rule out
a common rate-determining transition state for these processes.7a

Furthermore, the intensity of the LAu" (L = IMes or P-ylid)
signal rapidly increases with collision energy in excess of the
reaction threshold.%” This behavior is characteristic of a simple
ligand dissociation, which was also confirmed by the DFT
calculations (vide infra). Therefore, the fitting of the cross-section
data for the cyclopropanation manifold was conducted with a
loose transition-state model.'® Likewise, the excellent agreement
of the computational results for the metathesis channel with the
fitted values using a tight transition-state model renders the latter
assumption legitimate (vide infra).”® Thus, experimental reaction
barriers of 43.6 £ 1.8 kcal mol ™" for the cyclopropanation and
20.3 £ 0.9 kcal mol " for the apparent metathesis process were
obtained from L-CID using a loose and a tight TS model,
respectively.

Kinetic Isotope Effect Study. Our group has previously
reported k'/k" values in the range of 0.68 to 0.8 and 0.92 for
acyclic metathesis with Ru benzylidenes and olefins such as ethyl
vinyl ether or 1-butene.*" This inverse secondary kinetic isotope
effect is characteristic for the sp” — sp” rehybridization occurring
upon formation of a metallacyclobutane from the ruthenium
carbene and the olefin. In order to examine whether similar
effects occur for gold carbenes, we compared relative product
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Figure 1. Daughter-ion spectrum obtained by mass selection of the adduct at m/z 747, formed by gas-phase reaction of 1 with cis-dimethoxyethylene
(2), and subsequent collision with 40 #Torr xenon at —50.0 V collision offset (lab frame), featuring the cyclopropanation and metathesis exit channels.
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Figure 2. Linearly zero-pressure extrapolated, energy-resolved reactive cross sections as measured for the appearance of IMesAu" (m/z 501, blue
circles) and IMesAuCHOMe" (m/z 545, red circles), and L-CID fits (black lines), assuming a loose transition-state model for the cyclopropanation and

a tight one for the metathesis, respectively.
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Figure 3. Overlay daughter-ion mass spectra obtained by separate CID of the adducts of 2 with benzylidenes 1-H (red) and 1-D (blue) at 40 uTorr
xenon pressure and —60.0 V collision offset (Lab frame). Only ionic CID products are shown.

intensities for CID of cis-dimethoxyethylene adducts with un-
substituted benzylidene complexes 1-H and 1-D under various
experimental conditions. Species 1-H and 1-D were prepared in
analogy with the aforementioned method (Figure 1). As pre-
sented in Figure 3 and Table 1, the corresponding integrated
intensities indicate very modest rate differences between the
fragmentation reactions of adducts of 2 with benzylidene com-
plex 1-H versus its deuterated analogue 1-D.

To check the robustness of the results, we compared the
intensities at various collision gas pressures and collision offsets
(Table 1). Interestingly, the experimental data suggests that when
more excess energy is available to the gold benzylidene-olefin
adduct, the minor isotope effect for cyclopropanation disappears
while that for the metathesis becomes more pronounced.

DFT Calculations. Keeping in mind the experimental refer-
ence data, we now turn to the presentation and interpretation of
the computational results, which were obtained for the complete
IMes system. In general, because of the transient nature of gold
species implicated in catalysis, theoretical studies have proven
very useful in clarifying mechanistic aspects of the involved
transformations.”>?

Table 1. Kinetic Isotope Effects with Error Bars, As
Determined from the Intensity Ratios for the Competing
Cyclopropanation, Metathesis, and Olefin Loss Channels

secondary isotope effect k™'/k"

Xe pressure, uTorr/

collision offset, V' cyclopropanation metathesis olefin loss
40/—40 1.07 £ 0.06 0.96 +0.04 0.90 +0.05
40/—60 1.06 £0.05 0.96 +0.04 0.94 +0.04
60/—40 1.02 +0.03 0.92 +0.02 0.94 £0.03
60/—60 0.99 £0.03 0.94 £+ 0.03 0.88 £0.03
80/—40 0.99 +0.03 0.9140.02 0.95+0.03

The attractive interaction between starting electrophilic
benzylidene* 1 and olefin 2 can give rise to three initial adducts
3A—C (Figure 4), of which only the 7*-bound adduct 3A is a
productive intermediate leading to a global minimum on the
potential energy surface (PES) in question. It is worth noting that
17" adduct 3B with a C;—O contact of 2.523 A is destabilized by
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Figure 5. Located intermediates and transition states along the cyclopropanation pathway. Selected bond lengths [A] and angles (deg): TS34 4,
Au—C, 2.125; C,—C, 1.664; C,—Cs 1.450; C3— O, 1.302; 4, Au—C, 2.155; C;—C, 1.597; C,—Cs 1.462; C,—C5 2.209; C3—0, 1.298; £ C;—C,r—Cs
92.4; TS, s, Au—C, 2.462; Au—C, 2.442; C,—C, 1.593; C,—C; 1.628; C;—O; 1.364; 5, Au—Cs 2.289; Au—Cg 2.369; TSs_e Au—Cy 2.284; Au—Cs
2.586; Au—C, 2.614; 6, Au—C,, 2.272; Au—Cg 2.404; Au—0, 3.234; TSq_, Au—0, 2.387; Au—C, 2.660; Au—Cyg 3.241; 7, Au—0, 2.155.

3.1 keal mol ™" with respect to 77°-bound adduct 3A. Adduct 3C is
yet 7.3 kcal mol " higher in energy than 3A and features a ~0.6 A
elongation of the average C;-2 distance in 3A as compared to the
Au—2 contacts in 3C.

Figure S shows the intermediates and transition states that are
involved in the relaxation of initial adduct 3A to cyclopropane
adduct 6, which we identified as the global energy minimum and
hence postulate as the key parent species at m/z 747 in the gas-
phase experiments. The choice for a cis arrangement of the
substituents in 6 is based on reports of cis-selective gold-mediated
cyclopropanation,®*®** 28 but the stereoselectivity of the cyclo-
propanation should not affect the basic topology of the PES.
Adduct 3A is connected to an open-chain, resonance-stabilized
intermediate 4 via a very low-lying transition state TSz, 4, involv-
ing an activation energy of merely 0.8 kcal mol . In accord with
our previous report,8 the acute central C; —C,—C5 angle 0f 92.4°
in 4 is indicative of a stabilizing interaction between the back lobe
of the Au—C 0 bond and the vacant p orbital of the partially
carbocationic C; atom.”® As a measure of the extent of charge

delocalization, it is instructive to compare the C3—O; distances
in the intermediates and transition states on the PES under
consideration. Thus, the C;—O; bond distance is gradually
shortening from 1.385 A in 3A to 1.364 A in TS;, 4 and
1.298 A in 4, in accord with the formation of an oxenium-type
intermediate. Due to the aforementioned orbital stabilization, the
cyclopropane ring closure requires only minor geometrical
changes and occurs via transition state TS, 5 with a barrier of
only 6 kcal mol ™" The formation of the three-membered ring is
accompanied by transfer of the s7-acidic gold fragment to the aryl
moiety, forming a low-energy nz-coordinated adduct 5.%° In turn,
TSs_6 leads to the global energy minimum 6 via a very shallow
barrier for a “walking” of IMesAu to the other side of the aryl
ring. The extra oxygen—gold interaction present in 6 accounts
for 1.3 kcal mol ' stabilization and provides the thermodynamic
driving force for this side switching. We have additionally
checked if an alternative pathway exists where rotation of the
cyclopropyl ring around the C;—C, bond could connect 5 and 6.
Alinear transit calculation shows that it requires higher activation
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Figure 6. Located intermediates and transition states along the metathesis pathway. ZPE-corrected energies (kcal mol ") are given relative to the global
minimum 6. Selected bond lengths [A] and angles (deg): TSy 10, Au—C; 2.248; Au—C, 2.936; C,—C, 1.659; C,—C; 1.450; C,—C; 1.723; C;—O,
1.349; 10, Au—C, 2.161; Au—C, 2.318; C,—Cs 1.510; C,—Cs 1.538; C,—C, 2.286; C3—0; 1.335; £C,—Au—C, 61.3; TS1o_11, Au—C, 2.322;
Au—C, 2.835; C,—C, 1.652; C,—Cs 1.483; C,—C; 1.577; C3—0, 1.373; 11, Au—C, 2.104; C;—C, 1.759; C,—C; 1.428; C3—0, 1.307; C,—Cj
2298; £ Cy—Cy—Cs 91.7; TSyy 12, Au—C, 2.087; Cy—C, 1.875; C;—Cy 1.413; C3—0; 1.313; 12, Au—C, 1.998; C,—C, 3.881; C,—C, 3.436;

C,—Cs 3.227; 13, Au—C, 1.984; C,—O, 1.293.

energy (~4 kcal mol ') and is thus slightly disfavored than
isomerization through TSs_g. As all steps in the rearrangement
of initial adduct 3A to 6 are exothermic with barriers well below
the energy of 1+2, one should assume that thermalization of 1
with 2 affords 6 as the key parent ion. Subsequent decoordination
of neutral cyclopropane 9 to form observed species 8 (1/z 501 in
Figure 1) may occur either from the global minimum 6 or via
oxygen-bound intermediate 7, which is connected with 6 through
aryl-to-alkoxy ligand exchange (TS¢_~). The dissociation step is
rate determining in the gas phase and overall endothermic by
47.2 keal mol ™, including zero-point energy correction, which
is in good agreement with the experimental threshold of 43.6 &
1.8 kcal mol .

Figure 6 presents a mechanistic rationale for the apparent
metathesis channel that competes with the cyclopropanation
reaction. Upon collisional activation, key intermediate 6 can
revert to open-chain species 4, from which a branching can occur
between the olefin dissociation and metathesis pathways. Speci-
fically, alternative ring closure of 4 furnishes metallacyclobutane
10,>" and subsequent productive cycloreversion via transition
state TS;o_1; produces resonance-stabilized open-chain cation
11. Transition states TS4_ ;o and TS;¢_; are reminiscent of the
conventional [2 + 2] cycloaddition that is operative with olefins
and ruthenium carbenes, for instance.** The C;—O bond length
in both transition states is slightly longer than in 10 while in 11
this bond is again nearly as short as in 4 (1.307 A). The central
C,—C;—C; angle of 91.7° in intermediate 11 is indicative of a
stabilizing overlap as discussed above for species 4. Subsequent
lengthening of the C;—C, bond in 11 affords the carbene aryl
adduct 12 that finally loses the olefin (14) to provide the
experimentally observed cationic Fischer carbene 13 (m/z 545
in Figure 1). Transition state TS;; ;5 is extremely shallow, as

12166

reflected in its 0.3 kcal mol ' lower relative energy than that of
intermediate 11. We were not able to optimize this transition
state with tight SCF convergence criteria and thus attribute the
latter discrepancy to an integration error. Interestingly, the
C,—O0 bond length in methoxymethylidene complex 13 is the
shortest among all related C—O contacts presented in this work
(1.293 A), thus demonstrating a strong resonance stabilization.

While the final olefin dissociation to form 13 is endothermic
by 20.7 kecal mol " relative to 6, the preceding transition state
TS ;011 is only 2.6 kcal mol ' lower in energy. Recalling that the
computed surface depicts potential energy and not Gibbs free
energy (which would not be defined for reactions under micro-
canonical conditions), and recalling RRKM theory,'® the density
of states and hence the rate constant increase more rapidly with
excess energy for a “loose” dissociation than for a “tight” re-
arrangement. Accordingly, we find it appropriate to assign
traversal of TS;o_;; to be the rate-determining step in the
metathesis pathway, especially when the data fitting includes
the T-CID curve well above threshold, as is the case in the present
instance. Previously our group had found a similar situation in the
case of treatment of an overall reductive elimination."* Thus, the
experimental cross section for the metathesis should be fitted
with a tight transition state model, which will afford the barrier
for dissociation of products 13 and 14. Indeed, we find excellent
agreement of the computed dissociation energy of 20.7 kcal
mol ' with the experimental threshold of 20.3 & 0.9 kcal mol .

The cationic Au(I) species described in this work are isoelec-
tronic to Hg(II) salts that react with cyclopropane derivatives by
corner opening of the 3-membered ring to give cationic open-
chain intermediates.>> Hence, we have investigated if analogous
intermediates and transition states also exist on the current PES,
and located corresponding corner- and edge-aurated cyclopropane

dx.doi.org/10.1021/ja2041699 |J. Am. Chem. Soc. 2011, 133, 12162-12171
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Figure 8. Schematic representation of the PES for cyclopropanation and formal metathesis of olefin 2 with gold benzylidene 1.

adducts (Figure 7). Transition state TS;;_ 54 resides 6.1 kcal mol
above the open-chain intermediate 11 and connects it with an
interesting corner-aurated species 15A. Interconversion between
corner- and edge-aurated cyclopropane species proceeds via a
very shallow transition state TS;s4_16 and requires very little
geometrical change. Because of this large structural similarity, the
part of the PES connecting TS;;_154 with 16 is rather flat. As
compared to agostic complex 15A, characteristic geometrical
perturbations for edge-aurated intermediate 16 involve a length-
ening of the central C,—C, bond by 0.1 A and expectedly a
similar shortening of the C,—H bond. Detachment of the gold
fragment could occur from either adduct 15A or 16 to produce
the experimentally observed species 8. However, since the latter
process requires an overall activation energy of 47.2 kcal mol '
while the metathesis is endothermic by only 20.7 kcal mol ™',
partitioning after 11 should predominantly favor the apparent
metathesis manifold. Lastly, we point out that metathesis pro-
ducts 13 and 14 are also accessible in a concerted fashion from
a conformer of 15A via transition state TS;sp 13,14 (shown
in the Supporting Information). The associated barrier lies
22.7 keal mol " above the global minimum 6 and is thus dis-
favored relative to the ring-opening via open-chain intermediate
11, as presented in Figure 6.

H DISCUSSION

Figure 8 summarizes the PES presented herein, which allows a
rationalization of our previous observations on the reactivity of
gold benzylidenes with electron-rich alkenes.’® First, the lack of
metathesis-type reactivity of gold benzylidenes with cis-3-hexene,
as opposed to cis-1,2-dimethoxyethylene or other vinyl ethers,
can be understood by the fact that the charge delocalization in
transition states analogous to TS, ;0 and TS;o_1; (see also
Figure 6) is less efficient for simple olefins.

Our previous linear free-energy relationship (LFER) studies
on substituted gold arylidenes include two series of precursor
P-ylid adducts. The findings with IMes-supported gold ylid
complexes, such as that used in this work (Figure 1), demon-
strated that depletion of the electron density on the arylidene
fragment of 1 via variation of the para-substituent (R, as shown in
Scheme 1 and Figure 9, left structure) results in higher rates of
cyclopropanation. In contrast, the metathesis pathway was hardly
affected by the electronic effects, whereas electron—donatin7g
groups facilitated the regeneration of the starting carbene 1.
When heteroleptic bis-ylid adducts (Ph;PCHAr),Au” were used
as precursors to complexes with the same arylidene moiety,
depletion of the electron density on the supporting P-ylid
ligand resulted in a lower rate for cyclopropanation while both
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metathesis and regeneration of the starting species were accel-
erated with the same magnitudes of p (Figure 9).7°

The PES presented in this work confirms our previously
proposed rationale”® for these observations. Namely, the height
of the final dissociation barrier is responsible for the trends for the
cyclopropanation channel, as electron-releasing substituents R on
the arylidene will stabilize adduct 6-R while raising the dissociation
threshold and thus diminishing the rate to form 8 and 9-R
(Figure S). In contrast, donating substituents R on the supporting
ligand in 6-Y" increase the cyclopropanation rate by stabilizing the
cationic gold fragment after the dissociation (Figure 9, left).

Interestingly, for the ylid-supported complexes we found the
same magnitude p for metathesis and olefin loss to regenerate
starting carbene species, which at first glance sugg7ests an identical
rate-limiting transition state for these processes. ® However, the
most likely candidate would be the P-ylid analogue of the
relatively low-lying TS, s (Figures 5,8) and it appears improb-
able that a change of the supporting ligand from IMes to P-ylid
would result in a substantial elevation of this activation barrier.
Instead, we explain the experimental observation from the point
of view of complementary pairs of intermediates and transition
states for productive and unproductive carbene exchange. Given
the very close similarity between the pathways to regenerate 1
and 2 from 4 or to productively form 13 and 14 from 11, varying
the electronic properties of the supporting ligand is expected to
alter the energy levels of the corresponding points on PES in a
very similar fashion. Moreover, the relative energy of the transi-
tion states connecting intermediates 4 and 11 (Figure 6) would
change in a similar manner as well. The comparable, small positive
p values for the aforementioned processes are then due to the
suppression of the cyclopropane dissociation from 6-Y* upon
increasing the electron-accepting properties of the substituent

R. Lastly, the suppression of olefin loss from 6-R by electron-
withdrawing substituents on the aryl group is explained by a
greater energetic destabilization of the resulting electrophilic
arylidenes 1-R, which outweighs the destabilizing effect of lower
m-electron density in 6-R.

The secondary kinetic isotope effects reported herein are also
consistent with the metal-bound cyclopropane species 6 being
the global minimum on the PES. Namely, since breaking of the
Au—aryl coordination in 6 does not affect the hybridization of
the C;-carbon atom, no obvious secondary KIE is expected,
which is consistent with experiment (Table 1). Small but
detectable k'/kP ratios of about 0.9 for the formation of gold
carbene species are due to a difference in C—H bond bending
ability in the cyclopropane adduct versus 1 and 13.

Alternative Pathways for Cyclopropane Ring-Opening to
Form Gold Carbene Species. The pathway presented in
Figure 7 is intimately related to our results communicated earlier
on the ring-opening of 1,2-dimethoxycyclopropane with Lewis
acidic IMesAu™ cation.® Also here we find that the open-chain
intermediate 11 that provides the experimentally observed Fischer-
type carbene 13 can be formed either via a metallacyclobutane
pathway (Figure 6) or through direct auration of the three-
membered ring (Figure 7). The isolobal relationship®* between
H" and IMesAu" offers a direct analogy of the latter process with
the well-studied literature example of ring-opening of the proto-
nated cyclopropane.®® However, in the present case of a trisub-
stituted cyclopropane ring, not only are the last steps of the direct
auration (15A — 11) energetically disfavored, also the anticipated”®
connection between 7 and 15A does not appear to exist at the
PW91/cc-pVDZ(-PP) level of theory. We explain this by the
increased steric demands in a trisubstituted cyclopropane ring
versus the previously studied disubstituted system.® Indeed, since

12168 dx.doi.org/10.1021/ja2041699 |J. Am. Chem. Soc. 2011, 133, 12162-12171



Journal of the American Chemical Society

Scheme 3. (Left) Stereochemical Model of Toste (TS) for
the Cyclopropanation of Olefins with Gold Carbenoids Ori-
ginating from Propargyl Pivaloate and (Right) Cation 22,
Calculated by Echavarren As an Intermediate in the Stereo-
selective Cyclopropanation of Styrene

the ring-opening auration requires a stabilizing agostic interaction
between the O-bound Au fragment and an adjacent C—H bond,
replacement of that hydrogen atom by an aryl group renders this
step energetically inaccessible. However, the possible existence of
such alternative pathways is relevant for the following mecha-
nistic discussion of selected solution-phase transformations.
Analogies with literature. As was already mentioned in the
Introduction, the early work by Gassman® set up a precedent for
“Retrocyclopropanation” reactivity with tungsten, but the observa-
tion was not followed up. Only very recently Echavarren has
provided another interesting example of related solution-phase
transcyclopropanation reactivity (Scheme 2).>* Namely, in the
presence of an electrophilic gold catalyst, 1,6-enynes such as 17 are
converted to naphthalene derivatives (19) and free benzylidene
gold carbene (20), presumably via retro-cyclopropanation of the
intermediate tricyclic adduct 18. The existence of reactive species
20 was confirmed by trapping with an external olefin to give the
corresponding cyclopropane (21). Thus, the solution-phase
transformation 18 — 19 + 20 is analogous to the reactivity ob-
served in our gas-phase studies (vide supra and refs 6—38).
From the mechanistic standpoint, olefin cyclopropanation
with a gold carbene species was originally proposed to follow a
concerted pathway. In 2005, Toste and co-workers have sug-
gested a transition state model (TS, Scheme 3, left) to account
for the high level of stereocontrol found in cyclopropanated
electron-rich olefins such as styrenes*® and, closely related to the
work described herein, the vinyl ether 3,4-dihydro-2H-pyran.
First indications that electrophilic gold cyclopropanation might
alternatively follow a stepwise process appeared shortly there-
after, when Echavarren et al. computationally found both path-
ways for related gold carbenes species, nonetheless favoring a
concerted manifold on thermodynamic grounds.27b However,
recent computational studies from the same group”® established
a stepwise mechanism for the cyclopropanation of styrene with
gold carbenes, and the experimentally observed stereoselectivity
was explained by the barrier for ring closure being lower than
that for rotation around the central PhCH—CH, bond in inter-
mediate 22 (Scheme 3, right). For simple aliphatic olefins such as
propene and ethylene, the authors did locate transition states for
a concerted carbene transfer computationally.”® On the basis of
our current results, we argue that cycloadditions of gold carbene
or carbenoid complexes with polar olefins such as vinyl ethers are
likely to occur in a stepwise fashion via resonance-stabilized oxe-
nium-type cations. For electrophilic gold carbene species, selec-
tivity arguments alone should not be taken as sufficient proof for
a concerted process when substrates capable of positive charge
stabilization are involved, as also suggested by Fiirstner et al.*** ¢

We also wish to point out that, while computational studies on
avariety of transition metals catalyzing cyclopropanation reactions
have been reported,*®* the surface presented above features
cationic open-chain intermediates that are rather reminiscent of
cycloadditions of Fischer carbenes to electron-rich dienes.*” Our
calculations demonstrate that in the case of gold(I) both corner-
and edge-metalated complexes can arise (15 and 16 in Figure 7;
also see ref 8) and it appears that the ring-opening occurs only via
corner-aurated species, which is in agreement with the more
general corner activation for cationic or ionizable complexes.>®

B CONCLUSIONS

We described herein a combined experimental and compre-
hensive computational study at the PW91/cc-pVDZ(-PP) level
of the gold-mediated cyclopropanation and metathesis reactivity
of metal-bound cyclopropane adduct 6. The reaction surface is in
agreement with all available experimental data, demonstrating
that the pathways leading to products involve several intermedi-
ates. In the gas phase, the rate-limiting process for cyclopropana-
tion is product dissociation from the cationic metal fragment,
whereas the metathesis pathway involves a few internal rearrange-
ments with similar activation energies. Alternatively, both step-
wise and concerted corner attack on the cyclopropane by the
Lewis acidic gold fragment connect to the metathesis products.

As for phenomenological considerations, the use of the term
“olefin metathesis” for our apparent metathesis channel does not
appear appropriate. Gassman suggested to call the structurally
related process brought about by a tungsten catalyst a “retro-
carbene addition”. We prefer “cyclopropane metathesis” which
suggests a potentially useful reaction sequence. Although our
results were obtained neglecting solvent effects and free energy
contributions, the data suggest that cationic complexes of gold
or isoelectronic d'® complexes could provide such a reactivity
pattern.’® On the practical side, this process implies that the
action of a catalyst would lead to scrambling of the cyclopropyl
substituents when two cyclopropanes are reacted. Experimental
confirmation of the aforementioned inferences is yet to be
observed.
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