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Thermal stereomutations of isotopically labeled cyclopropanes,
structural isomerizations of 2,3,2′-d3-labeled vinylcyclopropanes to
3,4,5-d3-labeled cyclopentenes, and degenerate isomerizations of
4- and 6-d-bicyclo[3.1.0]hex-2-enes have been probed in great detail
through kinetic and stereochemical investigations,1-3 computational
efforts to define potential energy surfaces,4-6 and quasiclassical
dynamic trajectory simulations.7-9 In all three cases, fair agreements
between experimentally defined reaction stereochemistry and ster-
eochemical inferences from the trajectory simulations have been
attained. The mechanistic model for all three of these families of
reactions features short-lived diradical intermediates. Inertial effects
are reflected in product ratios, to some degree, for completely
random stereochemical outcomes are not observed.10 During passage
from entry onto a nearly flat energy plateau, a caldera,11 to one of
several possible exit channels leading to stereochemically distinct
products, conformational changes of diradical intermediates are
dictated by distributions of energy among various vibrational modes
and their phase relationships. Initial conditions in individual
molecules as they enter a transition region may give different
stereochemical outcomes; observable outcomes may be matched
by the statistical composite of many hundred or thousand compu-
tationally followed individual trajectories.

The stereochemical characteristics of thermal isomerizations
shown by two sets ofcis- andtrans-2-substituted-1-(E)-propenyl-
cyclobutanes have recently been determined.12,13 In all four
instances, all four possible stereochemically distinct [1,3] carbon
shift products were formed under kinetic control. Balances between
isomeric 4-substituted-3-methylcyclohexene products advantaged
the more thermochemically stable trans diastereomers in every case.
When “allowed” (si + ar) products were trans, they were favored;
when (si + ar) paths led to cis products, the “forbidden” (sr + ai)
outcomes, affording trans products, were dominant.12,13Rationaliza-
tions based on orbital symmetry theory and concerted reaction
profiles cannot account for these experimental findings, nor are
these mechanistic assumptions consistent with the best theory
currently available for stationary point structures and energies on
the potential energy surface for vinylcyclobutane thermal reac-
tions.14

Before experimentally based stereochemical findings, a calcu-
lationally defined and analytically expressed potential energy
surface, and quasiclassical dynamic trajectory simulations may be
brought to bear on vinylcyclobutane-to-cyclohexene isomerizations,
much needs to be done. A system without an intrinsic thermo-
chemical bias for some products needs to be prepared and its
thermal stereochemistry uncovered. For such a system, the sym-
metry characteristics of the high-energy plateau on the potential
energy surface, the caldera, would lead to a relatively simple
analytical definition of the surface and more tractable dynamics
calculations.

We have initiated stereochemical studies on the thermal reactions
of racemic 2-d-1-(E)-propenylcyclobutanes and are preparing for

related work starting with (1R,2R)-2-d-1-(E)-propenylcyclobutane
and (1R,2R)-2-d-1-(2′-(E)-d-ethenyl)cyclobutane. The experimental
challenges posed by such systems are substantially more daunting
than those encountered with the 2-methyl-1-(E)-propenylcyclopro-
panes, for neither capillary GC nor “chiral” GC, analytical mainstays
in the earlier work,12 can serve similar functions. All determinations
of diastereomeric and enantiomeric relationships in starting materials
and [1,3] carbon shift products would need to be secured spectro-
scopically. Only one complete stereochemical study of [1,3] carbon
shifts in vinylcycloalkanes2 has uncovered stereochemical outcomes
when the migrating carbon was substituted with one H and one
D.15

When trans-2-d-1-(E)-propenylcyclobutane (1-t) is heated, it
interconverts with its cis form (1-c); both diastereomers givecis-
and trans-4-d-3-methylcyclohexenes andcis- and trans-6-d-3-
methylcyclohexenes (Scheme 1), as well as various fragmentation
products. Reliable analytical data for the time evolution of isomeric
racemic 2-d-1-(E)-propenylcyclobutanes and 4-d-3-methylcyclo-
hexenes could be used to deconvolute the data to secure rate
constantsk(tc) ) k(ct), k(si + ar), and k(sr + ai). These rate
constants involve reactions initiated by C1-C2 bond cleavages;
when C1-C4 is broken and3-t and 3-c are eventually formed,
k′(ar + ai) andk′(sr + si) reflect the product ratio.

The synthetic prerequisites posed by this projected investigation
have been addressed successfully through a reaction sequence
starting with racemictrans-1,2-cyclobutanedicarboxylic acid. Its
monoethyl ester16 acid chloride17 was reduced usingn-Bu3SnD and
(Ph3P)4Pd);18 the deuterioaldehyde formed was decarbonylated19

to give ethyltrans-2-d-cyclobutanecarboxylate. Utilizing a stereo-
chemically controlled Horner-Wittig protocol,20 thed-labeled ester
was converted to a 1:1 mixture of crystalline diastereomericsyn-
2-diphenylphosphinoyl-1-cyclobutylpropane-1-ols (2H NMR δ 1.89
and 1.66). A hydride-promoted elimination of diphenylphosphinic
acid at 50°C afforded1-t, together with some1-c (1-t:1-c ≈
88:12).21

Gas-phase kinetic runs at 276.1°C with methylcyclohexane as
an internal standard and pentane as a bath gas were followed by
capillary GC. They provided mol % concentration versus time
profiles for (1-t + 1-c) and all d-labeled 3-methylcyclohexene
products. The rate constant for disappearance of starting material,
k(f) + k(1,3), was 1.03× 10-5 s-1. Herek(f) is the rate constant
for fragmentation to ethylenes and 1,3-pentadienes;k(1,3) is k(si
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+ ar + sr + ai) + k′(si + ar + sr + ai), the sum of all rate
constants for [1,3] carbon shifts shown in Scheme 1. The value for
k(1,3) was 3.36× 10-6 s-1, and thusk(f) ) 6.9 × 10-6 s-1.

The thermal reaction product mixtures were separated by
preparative GC, and2H NMR spectra were obtained. The3-t and
3-c isomers could not be distinguished (δ 1.945), but the other pairs
of diastereomers were readily quantified (1-t, δ 2.08;1-c, δ 1.82;
2-t, δ 1.78;2-c, δ 1.18). The first-order decay of the difference in
mol % concentrations of1-t and 1-c, corresponding to 2k(tc) +
k(f) + k(1,3), was 1.87× 10-5 s-1, and hencek(tc) ) 0.42× 10-5

s-1. The time-dependent mol % concentrations of1-t and1-c depend
on the rate constantsk(f) + k(1,3) and 2k(tc) + k(f) + k(1,3), and
on the initial concentrations of1-t and 1-c, 88.35 and 11.65,
respectively. The integrated solutions of the pair of differential
equations appropriate to the kinetic situation are [1-t (t)] ) 38.35
exp(-λ1t) + 50 exp(-λ2t) and [1-c (t)] ) -38.35 exp(-λ1t) + 50
exp(-λ2t), whereλ1 ) 1.87× 10-5 s-1 andλ2 ) 1.03× 10-5 s-1.

From these equations, one can easily calculate the weighted
average concentrations of1-t and 1-c over any time period and
then derive the relative importance of the rate constantsk(si + ar)
versusk(sr + ai) using the2H NMR data. The data analysis based
on three kinetic runs revealed a significantkH/kD effect on ring
cleavage leading to methylcyclohexene products,k′(si + ar + sr
+ ai)/k(si + ar + sr + ai) ) 1.16( 0.02, and to ak(si + ar):k(sr
+ ai) proportion of (72(1):(28(1). Figure 1 shows kinetic plots
for the formation of2-t, 2-c, and (3-c + 3-t) based on the eqs 1
and 2 and the rate constantsk(1,3) ) 3.36× 10-6 s-1, k′(si + ar
+ sr + ai) ) 1.81× 10-6 s-1, k(si + ar) ) 1.12× 10-6 s-1, and
k(sr + ai) ) 4.3 × 10-7 s-1.

This vinylcyclobutane-to-cyclohexene isomerization is less com-
plicated by kinetically competitive stereomutations of starting
material than reactions ofd-labeled vinylcyclopropanes.15 Once a
C1-C2 bond is cleaved, there is a much higher likelihood of
fragmentation or a [1,3] shift outcome than reformation of a
vinylcyclobutane structure. The kinetic advantage of (si + ar) over
(sr + ai) outcomes is more pronounced than is the case for
vinylcyclopropane, where the balance is 53:47.15 It is slightly larger
than the preference found in [1,3] shifts from the trans isomer of
2-methyl-1-(E)-propenylcyclobutane, 63:37.12

A detailed understanding of the fundamental determinants of
reaction stereochemistry for the isomerizations of 2-d-1-(E)-
propenylcyclobutanes to 4-d-3-methylcyclohexenes must await a
full stereochemical dissection of the [1,3] shift outcomes, and
theoretical work, including dynamics calculations, to model reaction
trajectories across the caldera. The work required will be demand-
ing, but it is surely feasible.

Acknowledgment. We thank Professor Richard Holder and Dr.
Jordan Bloomfield for extremely helpful provisions oftrans-1,2-
cyclobutanedicarboxylic acid andcis-1,2-cyclobutanedicarboxylic
acid anhydride, and the National Science Foundation for support
of this work through CHE-0211120 and CHE-0514376.

Supporting Information Available: Synthetic scheme,1H chemical
shift assignments for 3-methylcyclohexene, tables of kinetic data, kinetic
plots, and selected NMR spectra. This material is available free of
charge via the Internet at http://pubs.acs.org.

References

(1) Baldwin, J. E. InChemistry of the Cyclopropyl Group; Rappoport, Z.,
Ed.; Wiley: Chichester, UK, 1995; Vol. 2; pp 469-494.

(2) Baldwin, J. E.Chem. ReV. 2003, 103, 1197-1212.
(3) (a) Doering, W. v. E.; Roth, W. R.Angew. Chem., Int. Ed. Engl.1963, 2,

115-122. (b) Cooke, R. S.; Andrews, U. H.J. Am. Chem. Soc.1974, 96,
2974-2980. (c) Baldwin, J. E.; Keliher, E. J.J. Am. Chem. Soc.2002,
124, 380-381.

(4) (a) Yamaguchi, Y.; Schaefer, H. F., III; Baldwin, J. E.Chem. Phys. Lett.
1991, 185, 143-150. (b) Getty, S. J.; Davidson, E. R.; Borden, W. T.J.
Am. Chem. Soc.1992, 114, 2085-2093. (c) Baldwin, J. E.; Yamaguchi,
Y.; Schaefer, H. F., III.J. Phys. Chem.1994, 98, 7513-7522. (d)
Doubleday, C., Jr.J. Phys. Chem.1996, 100, 3520-3526.

(5) (a) Davidson, E. R.; Gajewski, J. J.J. Am. Chem. Soc.1997, 119, 10543-
10543. (b) Houk, K. N.; Nendel, M.; Wiest, O.; Storer, J. W.J. Am. Chem.
Soc.1997, 119, 10545-10546. (c) Baldwin, J. E.J. Comput. Chem.1998,
19, 222-231.

(6) Suhrada, C. P.; Houk, K. N.J. Am. Chem. Soc.2002, 124, 8796-8797.
(7) (a) Doubleday, C., Jr.; Bolton, K.; Peslherbe, G. H.; Hase, W. L.J. Am.

Chem. Soc.1996, 118, 9922-9931. (b) Hrovat, D. A.; Fang, S.; Borden,
W. T.; Carpenter, B. K.J. Am. Chem. Soc.1997, 119, 5253-5254;1998,
120, 5603. (c) Goldfield, E. M.Faraday Discuss.1998, 110, 185-205.
(d) Bolton, K.; Hase, W. L.; Doubleday, C., Jr.J. Phys. Chem. B1999,
103, 3691-3698.

(8) (a) Doubleday, C.; Nendel, M.; Houk, K. N.; Thweatt, D.; Page, M.J.
Am. Chem. Soc.1999, 121, 4720-4721. (b) Doubleday, C.J. Phys. Chem.
A 2001, 105, 6333-6341. (c) Doubleday, C.; Li, G.; Hase, W. L.Phys.
Chem. Chem. Phys.2002, 4, 304-312.

(9) Doubleday, C.; Suhrada, C. P.; Houk, K. N.J. Am. Chem. Soc.2006,
128, 90-94.

(10) Carpenter, B. K. InReactiVe Intermediate Chemistry; Moss, R. A., Platz,
M., Jones, M., Jr., Eds.; Wiley: Hoboken, NJ, 2004; pp 925-960.

(11) (a) Doering, W. v. E.; Ekmanis, J. L.; Belfield, K. D.; Kla¨rner, F.-G.;
Krawczyk, B. J. Am. Chem. Soc.2001, 123, 5532-5541. (b) Doering,
W. v. E.; Barsa, E. A.J. Am. Chem.Soc.2004, 126, 12353-12362.

(12) (a) Baldwin, J. E.; Burrell, R. C.J. Am. Chem. Soc.2001, 123, 6718-
6719. (b) Baldwin, J. E.; Burrell, R. C.J. Am. Chem. Soc.2003, 125,
15869-15877.

(13) Doering, W. v. E.; Cheng, X.; Lee, K.; Lin, Z.J. Am. Chem. Soc.2002,
124, 11642-11652.

(14) Northrup, B. H.; Houk, K. N.J. Org. Chem. 2006, 71, 3-13.
(15) Baldwin, J. E.; Villarica, K. A.; Freedberg, D. I.; Anet, F. A. L.J. Am.

Chem. Soc. 1994, 116, 10845-10846.
(16) Hart, R. W.; Gibson, R. E.; Chapman, J. D.; Reuvers, A. P.; Sinha, B.

K.; Griffith, R. K.; Witiak, D. T. J. Med. Chem.1975, 18, 323-331.
(17) Wheeler, J. W.; Shroff, C. C.; Stewart, W. S.; Uhm, S. J.J. Org. Chem.

1971, 36, 3356-3361.
(18) (a) Four, P.; Guibe, F.J. Org. Chem. 1981, 46, 4439-4445. (b) Leibner,

J. E.; Jacobus, J.J. Org. Chem.1979, 44, 449-450.
(19) Baldwin, J. E.; Barden, T. C.; Pugh, R. L.; Widdison, W. C.J. Org. Chem.

1987, 52, 3303-3307.
(20) (a) Buss, A. D.; Warren, S.Chem. Commun.1981, 100-101. (b) Buss,

A. D.; Greeves, N.; Mason, R.; Warren, S.J. Chem. Soc., Perkin Trans.
1 1987, 2569-2577.

(21) (E)-Propenylcyclobutane has not been obtained previously in homogeneous
form; see: (a) Cannell, L. G.Ann. N.Y. Acad. Sci.1973, 214, 143-149.
(b) Vdovin, V. M.; Amerik, A. B.; Poletaev, V. A.Bull. Acad. Sci. USSR,
DiV. Chem. Sci. (Engl. Transl.)1978, 27, 2781-2783.

JA0586586

Figure 1. Formation of (3-c + 3-t), 2-t, and2-c from 1-t (t) and1-c (t).
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