7430 J. Am. Chem. Soc. 1991, 113, 7430-7432

Thus, even at =70 °C, the phosphines are fully exchanged. As
the temperature is increased, the rate of exchange becomes com-
petitive on the NMR time scale and broadened resonances are
observed.

trans-1r(CO)(P(p-tolyl);),X + trans-Ir(CO)(PMePh,),X =
2 trans-1r(CO) (P(p-tolyl);(PMePh,) X

Very similar exchanges are observed between complexes with
different X groups. Reaction between trans-Ir(CO)(Me)(P(p-
tolyl)s), and trans-Ir(CO)(Cl)(PMePh,), results in a statistical
mixture of trans-Ir(CO)(Cl)(PMePh,),, trans-Ir(CO)(Me)-
(PMePh,),, trans-Ir(CO)(Cl)(P(p-tolyl);),, trans-Ir(CO)-
(Me)(P(p-tolyl)s),, trans-Ir(CO)(Cl)(PMePh,)(P(p-tolyl);), and
trans-Ir(CO)(Me)(PMePh,)(P(p-tolyl);) at =70 °C. In this re-
action the spectra remain sharp at room temperature. Reaction
of trans-Ir(CO)(OMe)(P(p-tolyl);), with trans-Ir(CO)(Cl)-
(PMePh,), also leads to the full range of exchanged products. In
this reaction, by =30 °C all of the resonances broaden.

The reactions described above show a surprisingly facile in-
termolecular exchange process. Formation of the mixed phosphine
product requires that the phosphine is the group transferred.
Square-planar complexes are known to undergo facile associative
substitution.! Although a phosphine bridging two metals is not
common, an association with bridging X groups leading to
phosphine exchange would be possible. However, a dependence
on the bridging group X might be expected. For X = Me, OMe,
or Cl, the exchange has been completed by =70 °C. An alternate
possibility would be phosphine dissociation from a square-planar
complex producing Ir(CO)LX and L>"!  The L could then
exchange with other iridium complexes leading to effective L
transfer. Dissociation of PPh, from Rh(Cl)(PPh,), was shown
to occur with a rate constant of 0.71 s71,%° although the equilibrium
constant for PPh, dissociation is ~10°7 M.° A very small
equilibrium constant would be consistent with our inability to
observe free L in our reactions. Other examples of phosphine
dissociation from square-planar complexes have not been reported.
When excess PMePh, is added to trans-Ir(CO)(Cl)(P(p-tolyl);),
at =70 °C, the spectrum is invariant as one warms the sample to
room temperature, with free P(tolyl), and a broad resonance at
-16.2 ppm that is probably due to the five-coordinate complex
Ir(CO)(CI)(PMePh,);. The same species is formed by addition
of PMePh, to trans-Ir(CO)(Cl)(PMePh,),. Addition of P(p-
tolyl), to trans-Ir(CO)(CI)(P(p-tolyl);), at a 0.1 molar ratio shows
3P resonances for free P(p-tolyl); and trans-Ir(CO)(C1)(P(p-
tolyl);), at =70 °C, but both are broadened significantly.

We cannot completely exclude exchange caused by reaction
of the square-planar complexes with traces of free phosphine. The
samples used are recrystallized, show no trace of free phosphine
in the 3P spectrum, and show no time- or temperature-dependent
NMR spectra. Thus it is unlikely that free phosphine is responsible
for these reactions.

On the basis of the similarity in the rates to those observed for
addition of free phosphine and the known phosphine dissociation
from Rh(CI1)(PPh,)s, it is probable that the rapid phosphine ex-
change observed between square-planar iridium complexes occurs
through dissociation of phosphine from an iridium and subsequent
associative reactions of the free phosphine with square-planar
complexes.
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The traditional notion that the rates of Diels—Alder reactions
are insensitive to solvent effects! is certainly false in aqueous
media.2® For example, rate accelerations of 741 and 6805 have
been obtained in water for the reactions of cyclopentadiene (CP)
with methyl vinyl ketone (MVK)?® and a quinone.® Suggested
origins of the effects are hydrophobic association,24¢ micellar
catalysis,®® high internal solvent pressure,* solvent polarity,’ and
hydrogen bonding.” In order to probe this phenomenon further,
we have carried out Monte Carlo simulations to compute the
changes in free energy of solvation (AG.;) during the reaction
of CP and MVK in liquid propane, methanol, and water.

The approach is an updated version of our efforts on Sy2,
addition, and association reactions.? To begin, ab initio molecular
orbital calculations were used to determine the minimum energy
reaction path (MERP) in the gas phase. Houk and co-workers
previously found only minor variations in transition-state (TS)
structure for the reaction of 1,3-butadiene and acrolein when
optimized at the 3-21G, 6-31G(d), and MP2/6-31G(d) levels.?
Accordingly, we located the four transition states for CP plus
MVK corresponding to MVK being s-cis or s-trans and the ap-
proach being exo or endo with the 3-21G basis set, and 6-31G-
(d)//3-21G calculations were subsequently performed.!® Con-
sistent with the acrolein precedent,’ the endo-cis TS was found
to be lowest in energy. This TS provided a starting point for the
reaction path following procedure in GAUSSIAN 90 that traces the
MERP from TS to reactants and product.!? Essentially, a movie
containing 65 frames was obtained covering reaction coordinate
(7., defined as the average of the lengths of the two forming C—C
bonds) values from 1.5 to 8.2 A. Four frames are condensed in
Figure 1.

The next issue is the intermolecular potential functions for the
fluid simulations. Well-proven potentials for the solvents are
available; the TIP4P model was adopted for water along with the
OPLS potentials for propane and methanol.!* The latter employ
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Figure 1. Structures along the MERP at r, = 8.2, 6.8, 2.2, and 1.6 A.

united-atom CH, and CH, groups; however, an all-atom repre-
sentation was used for the solutes. The intermolecular potential
energy consists of Coulombic and Lennard-Jones (12-6) inter-
actions.)? The Lennard-Jones parameters, o and ¢, are relatively
transferable,! and standard values for hydrocarbons and carbonyl
groups were used;' they were scaled linearly between reactants
and product. Previously, we fit the atomic charges to reproduce
ab initio results on complexes of the reacting system with a water
molecule.? In view of the size of the present system and the modest
anticipated charge shifts, simpler alternatives were considered,
namely, Mulliken charges or charges fit to electrostatic potential
surfaces (EPS).'® Though EPS charges are in vogue,!” a better
correlation (7 = 0.99) exists between 6-31G(d) Mulliken charges
and the OPLS charges for neutral molecules with first-row atoms
than for 6-31G(d) EPS charges (» = 0.93).1% Smaller basis sets
give poorer fits. Since the OPLS charges have been chosen to
reproduce properties of liquids,!*!5 6-31G(d) Mulliken charges
were used for the reacting system. They were obtained from
6-31G(d)//3-21G calculations on the 65 frames. The charge shifts
are small; e.g., the carbonyl O and C progress from —0.56 and
0.53 for the reactants to —0.61 and 0.56 for the TS and to —0.54
and 0.55 for the product, The 6-31G(d) dipole moments for MVK,
the TS, and product are 3.06, 3.44, and 2.89 D.

Finally, the Monte Carlo simulations were executed in the NPT
ensemble at 25 °C and 1 atm with Metropolis sampling and
periodic boundary conditions. The cubic cells contained 500 water,
260 propane, or 260 methanol molecules plus the reacting system.
Forty-three of the 65 frames were used, spaced roughly 0.15 A
apart. The BOss program!® perturbed the system between adjacent
frames and computed the change in AG,y via statistical pertur-
bation theory.8>® Double-wide sampling was used,?! though many
free energy increments were calculated in both directions. Each
simulation involved 106 configurations of equilibration and 4 X
106 configurations of averaging. A solute—solvent molecule in-
teraction was included if any solute atom was within 9, 10, and
12 A of the central atom in water, methanol, and propane.

The key results are in Figure 2, which shows the variation in
AG,, along the reaction path. Solvent effects are negligible in
propane. However, in water there is strong stabilization (4.2
% 0.4 kcal /mol) of the TS, which occurs at the minimum at 2.22
A. Perturbations to 6-31G(d) EPS charges yielded an increased
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Figure 2. Computed changes in free energies of solvation.

effect of 5.4 £ 0.5 kcal/mol. The minimum is followed by a
3.1 kcal/mol uptick to bring the product to —1.1 £ 0.4 kcal/mol.
The gas-phase energy profile for the reaction is flat to 3.3 A, so
the minimum at 6.8 A in Figure 2 predicts a solvent—separated
intermediate. A water molecule is found between the reactants,
with a hydrogen often pointing toward the center of the CP
ring.1*522  The predicted stabilization of the TS in water relative
to propane of 4.2 kcal/mol compares well with the observed rate
data, which give a 3.8 kcal/mol lowering of the free energy of
activation in water relative to isooctane.?2 The situation in
methanol is intermediate; the predicted stabilization of the TS
is 2,4 £ 0.3 kcal/mol, while the rate data indicate a 1.5 kcal/mol
shift,?® These comparisons assume a lack of solvent dynamical
effects on the barrier crossing.2?

Efforts were made to unravel the origin of the acceleration in
water. Clearly, micelles are not required. To try to gauge
electrostatic effects, the charges for the TS were perturbed to the
reactant and product values while the TS geometry was main-
tained. In going to the product charges, AGy,4 increases by 2.7
% 0.1 kcal/mol, which accounts for most ot‘v the 3.1 kcal/mol
uptick. The increase is smaller (0.8 £ 0.1 kcal/mol) in going to
the reactant charges, though the significant geometrical change
is a complication. Further analysis found that although the
number of hydrogen bonds to the carbonyl O remains at 2-2.5
during the reaction, the strength of each bond is 1-2 kcal/mol
greater at the TS. This reflects the sensitivity of hydrogen bonding
to small charge variations.2! The contribution of hydrophobic
effects was approached by computing a full free energy profile
with all the partial charges set to O for the reacting system. AGyq
declines smoothly from reactants to product by 4.4 £ 0.4 kcal/mol.
This could account for the rate acceleration; however, the
chargeless model undoubtedly overestimates the hydrophobic
component. An overlooked experimental estimate of this comes
from solubility data. The changes in AGyy, for the reactions of
1,3-butadiene + ethylene — cyclohexene and isoprene + ethylene
-+ 1-methylcyclohexene are —1,5 and -1,3 kcal/mol.2* These
values agree well with the overall change of —1.1 kcal/mol in
Figure 2. The TS and product are close in geometry; a significant
difference in hydrophobicity seems unlikely. Consequently, the
present results support the idea that the aqueous acceleration for
the CP + MVK reaction contains a significant nonhydrophobic
component stemming from enhanced polarization of the TS that
leads to stronger hydrogen bonds at the carbonyl oxygen. The
variations for the accelerations of aqueous Diels—Alder reactions
with cyclopentadiene?® can then be ascribed to variations in the
polarization of the dienophile at the TS with the hydrophobic
component contributing about a factor of 10 to the rates.
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All previous studies of the thermal, unimolecular isomerization
of vinylcyclopropane to cyclopentene! demonstrated dominant
suprafacial-inversion stereochemistry in this 1,3-sigmatropic shift,
but relied on trans-2-methyl substitution at the migrating carbon
to reveal the pathway?? (Scheme I).

Concern that steric effects may be responsible for the stereo-
selectivity by forcing outward rotation of the trans-methyl group
as the C-1,C-2 bond breaks, which might present the back side
of the migrating carbon to the end of the allylic moiety for a least
motion closure,* prompted examination of the pyrolysis of r-
1,t-2,t-3-2,3-dideuterio-1-[(Z)-1’-tert-butyl-2’-deuteriovinyl}-
cyclopropane (1). A complication is the geometric isomerization
of starting vinylcyclopropane, which in the parent case occurs ca.
20 times faster than the 1,3-shift! and gives a nearly statistical
distribution of diastereomers at all three ring centers.’

Vinylcyclopropane 1 was chosen for study in the anticipation
that the tert-butyl group would retard formation upon pyrolysis
of a transoid allylic species which could only reclose to starting
material and compromise its stereochemistry. Indeed, it was found
that, upon pyrolysis at 290 °C, 1 (for synthesis, see supplementary
material) undergoes formation of a random mixture of cyclo-
propane ring diastereomers® only 4.5 times faster than 1,3-shift.

Fortunately, all of the ring protons of the epoxide of protio
1-tert-butylcyclopentene were found to be separately visible in
the 500-MHz 'H NMR spectrum and are assignable on the basis
of a low-energy boat conformation.® Molecular mechanics found
the same low-energy conformation of the product epoxide,” and
the coupling constant calculation protocol of Haasnoot® produced
coupling constants similar to those observed. Of particular note
is that there are two trans coupling systems on the ring, with one
() having J,p,, = 0 Hz, which corresponds to the endo C-2 and
endo C-4 protons interacting with the exo C-3 proton, and the
other (8) corresponding to exo C-2 and exo C-4 protons interacting
with the endo C-3 proton with J,.,,, = 9 Hz. The cis coupling

(1) (a) Neureiter, N. P. J. Org. Chem. 1959, 24, 2044. (b) Marshall, D.
C.; Frey, H. M. J. Chem. Soc. 1962, 3981.

(2) Andrews, G. D.; Baldwin, J. E. J. Am. Chem. Soc. 1976, 98, 6705.
Note Added in Proof: Baldwin and Ghatlia (Baldwin, J. E.; Ghatlia, N. D.
J. Am. Chem. Soc. 1991, 113, 6273) found similar behavior for the case with
Ry=Dand R; = H.

(3) Gajewski, J. J.; Squiciarini, M. P. J. Am. Chem. Soc. 1989, 111, 6717.

(4) W.von E. Doering, suggestion made at the 1988 Reaction Mechanisms
Conference, University of Pittsburgh.

(5) Willcott, M. R,, 111; Cargle, V. H. J. Am. Chem. Soc. 1969, 91, 4310.
A doublet superimposed on a doublet of doublets is observed for anti 'H(s);
this spectrum does not change with pyrolysis time.

(6) (a) Lafferty, W. J. J. Mol. Spectrosc. 1970, 36, 84. (b) Steyn, R,;
Sable, H. Z. Tetrahedron 1971, 27, 4429.

(7) Gajewski, J. J.; Gilbert, K. E.; McKelvey, J. In Advances in Molecular
Modeling, Liotta, D., Ed.; JAl Press: Greenwich, CT, 1990; Vol. 2.

(8) Haasnoot, C. A. G.; deLeeuw, F. A. A. M.; Altona, C. Tetrahedron
1980, 36, 2783.
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R, = Me, R; = H (ref ~ R, = D, R; = t-Bu (ref 3).

constants are not inconsequential (Jy, = 8-9 Hz) and lead to
doubling of the C-2 and C-4 protons and tripling of the C-3
protons, all in addition to the doubling by geminal coupling (Jgem
= 12-14 Hz).

Observation of the 'TH NMR spectra (500 MHz; unlocked,
deuterium decoupled) of the epoxidized, GC-purified cyclopentene
product resulting from the rearrangement of 1 over varying py-
rolysis times showed that the rearrangement is not random.
Samples of 1 (90% C-2 and C-3 deuterium incorporation trans
to C-1 substituent; >98% deuterium incorporation cis to tert-butyl)
were pyrolyzed to 60%, 6.4%, and 4.5% conversion to 2. The

D D

0
290 ﬂ; : m-CPBA
D

shorter the pyrolysis time, the more closely the 'H NMR spectrum
of the product epoxide resembles that predicted for a purely
suprafacial inversion process, and the less it resembles that pre-
dicted for a random mixture. In particular, the multiplets asso-
ciated with the exo C-2 and C-4 and endo C-3 protons from the
sr, ar, and ai components in the mixture decrease in intensity,
leaving the singlets predicted for a, which is the si product.’

It is not possible to calculate the stereospecificity in the 1,3-shift
to high accuracy, but it appears to be in excess of 85%. Regardless
of the exact value, it is clear that the 55-80% suprafacial-inversion
stereochemistry observed with 2-trans-alkyl-substituted vinyl-
cyclopropanes is not a result of steric effects.

Demonstration of suprafacial-inversion stereochemistry is
consistent with concert in the rearrangement with a competing,
entropically more favorable, biradical pathway which randomizes
the stereochemistry of starting material. The stereochemistry is
also consistent with disrotatory ring opening followed by rapid
(relative to bond rotation) closure of the biradical resulting from
inward rotation of the vinyl group; the biradical resulting from
outward rotation of the vinyl group might be responsible for the
loss of stereointegrity of the starting material. The origin of the
disrotatory ring opening stereomode is not obvious. The obser-
vation of a substantial normal deuterium kinetic isotope effect
at the exomethylene carbon in the rearrangement of vinylcyclo-
propane itself1® and of 2-methyl-1-vinylcyclopropanes,® which is

(9) One epoxide of the suprafacial-inversion product from 1 should have
only endo C-2 and endo C-4 protons with an exo C-3 proton for the a coupling
system (Jy., = O Hz), and since there should be no cis protons in the si
product (and no Jy,, regardless of stereochemistry), only three ring singlets
should be observed for this epoxide. The other epoxide has protons only at
exo C-2, exo C-4, and endo C-3, so the 8 system doublet—doublet-triplet
pattern, respectively, is expected.

(10) Chickos, J. Abstracts of Papers, 187th National Meeting of the
American Chemical Society, St. Louis, MO; American Chemical Society:
Washington, DC, 1984; ORGN 228.
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