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Quantum mechanical calculations using restricted and unrestricted B3LYP density functional theory,
CASPT2, and CBS-QB3 methods for the dimerization of 1,3-cyclohexadiene (1) reveal several highly
competitive concerted and stepwise reaction pathways leading to [4 + 2] and [2 + 2] cycloadducts, as
well as a novel [6 + 4] ene product. The transition state for endo-[4 + 2] cycloaddition (endo-2TS,
AH¢BSLYP(OK) = 28.7 kcal/mol and AmCBS-QB3(OK) = 19.0 kcal/mol) is not bis-pericyclic, leading to
nondegenerate primary and secondary orbital interactions. However, the C; symmetric second-order saddle
point on the B3LYP energy surface is only 0.3 kcal/mol above endo-2TS. The activation enthalpy for
the concerted exo-[4 + 2] cycloaddition (exo-2TS, AH¢B3LYP(0K) = 30.1 kcal/mol and AH*CBS_QM(OK) =
21.1 kcal/mol) is 1.4 kcal/mol higher than that of the endo transition state. Stepwise pathways involving
diallyl radicals are formed via two different C—C forming transition states (rac-STS and meso-5TS) and
are predicted to be competitive with the concerted cycloaddition. Transition states were located for
cyclization from intermediate rac-5 leading to the endo-[4 + 2] (endo-2) and exo-[2 + 2] (anti-3)
cycloadducts. Only the endo-[2 + 2] (syn-3) transition state was located for cyclization of intermediate
meso-5. The novel [6 + 4] “concerted” ene transition state (threo-4TS, AH¥ygpsLypok) = 28.3 kcal/mol)
is found to be unstable with respect to an unrestricted calculation. This diradicaloid transition state closely
resembles the cyclohexadiallyl radical rather than the linked cyclohexadienyl radical. Several [3,3]
sigmatropic rearrangement transition states were also located and have activation enthalpies between 27
and 31 kcal/mol.

Introduction

The cycloaddition reaction continues to be a powerful and
versatile carbon—carbon bond-forming reaction to construct natural
products' and materials.”> Also, cycloaddition reactions continue
to provide a source of data with which reactivity and selectivity
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principles can be developed.®> Several recent conceptual break-
throughs in cycloaddition chemistry have stimulated great interest
in Diels—Alder dimerization reactions.* Caramella and co-workers
discovered that endo-cyclopentadiene dimerization occurs via a
single, highly asynchronous, “bis-pericyclic”” Diels— Alder transition
state.** After this bis-pericyclic transition state, the shared reaction
pathway splits (bifurcates), leading to either the [4 + 2] or [2 +
4] cycloadduct. Another important conceptual breakthrough for
pericyclic processes is the idea of “para-intermediates,” intermedi-
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ates with short lifetimes that do not differ greatly in energy from
the transition state, resulting in a plateau-like potential energy
surface.’

Although the dimerization of cyclopentadiene, 1,3-butadiene,
and heterodiene analogs have been extensively investigated,®
the thermal dimerization of 1,3-cyclohexadiene, 1, has not been
explored computationally.” The dimerization of 1 gives primarily
the endo-[4 + 2] cycloadduct (endo-2). However, significant
amounts of exo-[4 + 2] and [2 + 2] cycloadducts as well as a
novel [6 + 4] ene reaction product were also observed (Scheme
1, see Results and Discussion).® Several intriguing questions
about the mechanism of this reaction warranted our computa-
tional exploration: (1) Does endo cycloaddition proceed through
a bis-pericyclic transition state? (2) What is the nature of the
intermediates involved in the stepwise processes and how are
they related on the potential energy surface? (3) Does the [6 +
4] ene reaction product result from a concerted or stepwise
pathway? Here we report our investigation of cyclohexadiene
dimerization using the correlated composite ab initio CBS-QB3,
the multireference CASPT2, and B3LYP density functional
theory (DFT) methods.
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endo-2

Computational Methods

All stationary points (gas phase optimized) were verified as
minima or first-order saddle points by calculation of the full Hessian
at (U)B3LYP/6-31G(d) or RB3LYP/6-311G(d,p) (CBS-QB3 ge-
ometries) using Gaussian03.° All energies presented are B3LYP
AH k) values relative to separated reactants and include zero-point
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energy (unscaled). All AHqs) values include translational, rota-
tional, and vibrational and pV correction terms. AGs, values
include a —298AS term. For diradical species, spin-projected values
(ESP) were calculated using the Yamaguchi and Houk procedure
outlined in eqs 1 and 2 below.'® Reported B3LYP enthalpies using
spin-projected energies include zero-point energy correction.

sifr)lglet = Esinglel + [X(Esinglet - Etriplet)] (1)

(1@2 0332 [D
x 1 — (1@2 0332 D)

All CASPT2(8,8) energy evaluations were performed on UB3LYP/
6-31G(d) structures. This second-order perturbation CASPT2
method provides a balance of dynamical and nondynamical
(multireference) electron correlation.!’ All CASPT2 calculations
were carried out using MOLCAS version 6.2 with an (8,8) active
space and 6-31G(d) basis set. The active space incorporated the
four doubly degenerate s-orbitals of cyclohexadiene and the
corresponding orbitals of the transition states and diradical
intermediates.

The CBS-QB3'? composite method uses an extrapolation
procedure of MP2 pairwise correlation effects designed to remove
basis set truncation error. On a B3LYP/6-311G(d,p) geometry, the
following energy corrections are used to give a final CBS-QB3
energy (ECBS-QB3):

2

EPS(H ) = E(MP2/6-311+G(2df,2p)) —

CBSB7) + E(MP2 CBS extrapolation) +
E(MP4(SDQ)/6-31+G(d,p) — CBSB4) —
E(MP2/6-31G+(d,p) — CBSB4) +
E(CCSD(T)/6-31+G") —
E(MP4(SDQ)/6-31+G") +
E,op(B3LYP/6-311G(d.p)) +

E(int) + E(empirical) (3)

For hydrocarbon pericyclic reactions, CASPT2 and CBS-QB3
have mean absolute deviations of 2.3 and 2.8 kcal/mol, respectively,
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for a set of electrocyclic ring openings, sigmatropic shifts, cyclo-
reversions, and cycloaddition reactions.'® Also, CBS-QB3 has a
maximum error of 2.8 kcal/mol and average and mean absolute
errors of 0.20 and 0.98 kcal/mol, respectively, for the G2 test set.!
The CBS-QB3 energies presented should be taken as the most
accurate.'’

SCHEME 1. Cycloaddition and Ene Reaction Products for
the Dimerization of 1¢

ol S

endo-2 exo-2 syn-3 anti-3

= 5

threo-4 erythro-4

“(a) [4 + 2] cycloadducts, (b) [2 + 2] cycloadducts, and (c) [6 + 4]
ene reaction products.

SCHEME 2. Possible Interactions for Cyclohexadiene and
Cyclopentadiene Dimerization”

a) b)
I b
@ : 2.90 /% 1 96
(4+2) (2+4) (4+2) (2+4) Bis-Pericyclic

TS

“ Possible (4 + 2) and (2 + 4) interactions for (a) cyclohexadiene and
(b) cyclopentadiene dimerization and the resulting B3LYP/6-31G(d) bis-
pericyclic Diels—Alder transition state located by Caramella and co-
workers.**

SCHEME 3. Stepwise Reaction Pathways

e b B T
ol ¥R AE
o F % g

meso-5 exo-2 erythro-4 syn-3

Results and Discussion

The groups of Kldrner and Doering have studied the pressure
and temperature dependency of 1,3-cyclohexadiene dimeriza-
tion.®'® At temperatures above 150 °C, dimerization of 1 leads
exclusively to a mixture of endo- and exo-[4 + 2] cycloadducts,
endo-2 and exo-2 (Scheme la, Table 1). The CBS-QB3 AH(k

(11) (a) Andersson, K.; Malmgqvist, P.; Roos, B. O. J. Chem. Phys. 1992,
96, 1281-1226. (b) Andersson, K.; Roos, B. O. In Modern Electronic Structure
Theory, Yarkony, D. R., Ed.; World Scientific: Singapore, 1995; p 55.
Implemented in Molcas, version 6.2.

(12) (a) Montgomery, J. A.; Frisch, M. J.; Ochterski, J. W.; Petersson, G. A.
J. Chem. Phys. 2000, 112, 6532-6542. (b) Petersson, G. A.; Malick, D. K.;
Wilson, W. G.; Ochterski, J. W.; Montgomery, J. A.; Frisch, M. J. J. Chem.
Phys. 1998, 109, 10570-10579.

(13) (a) Guner, V.; Khuong, K. S.; Leach, A. G.; Lee, P. S.; Bartberger,
M. D.; Houk, K. N. J. Phys. Chem. A 2003, 107, 11445-11459. (b) Ess, D. H.;
Houk, K. N. J. Phys. Chem. A 2005, 109, 9542-9553.

(14) Curtiss, L. A.; Raghavachari, K.; Trucks, G. W.; Pople, J. A. J. Chem.
Phys. 1991, 94, 7221-7230.

(15) (a) Grimme, S. Angew. Chem., Int. Ed. 2006, 45, 4460-4464. (b)
Wodrich, M. D.; Corminboeuf, C.; Schleyer, P. v. R. Org. Lett. 2006, 8, 3631—
3634. (c) Schreiner, P. R.; Fokin, A. A.; Pascal, R. A.; de Meijere, A. Org. Lett.
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TABLE 1. Experimental Product Ratios, Activation Energies (E,,
kcal/mol), and Activation Volumes (AV*, cm3/mol) for the
Dimerization of 1,3-Cyclohexadiene®

species ratio E, AV*
endo-2 74 22.6 —28
exo-2 11 24.2 22
threo-4 8 21.5 -32
syn-3 4 24.3 —22
anti-3 3 25.3 —18
TABLE 2. B3LYP/6-31G(d), CASPT2(8,8)/6-31G(d), and

CBS-QB3 Activation and Reaction Energies for Concerted [4 + 2]
Cycloaddition (kcal/mol)

B3LYP CBS-QB3 CASPT2
AE AHok AG 25k AHogk  AGoosk AE
endo-2TS 27.2 28.7 41.7 19.0 32.0 17.9
endo-2“ =219 -169 —2.7 —304 —16.2
2-Cope TS 22.1 25.0 39.6 10.4 24.8 5.1
ex0-2TS 284 30.1 43.6 21.1 34.5 19.5
exo-2 —21.5 -—16.6 —2.4 —29.7 —15.6

“There is also an alternative ring-flipped conformation 1.1 kcal/mol
lower in energy.

TABLE 3. B3LYP/6-31G(d), CASPT2(8,8)/6-31G(d) Activation
and Reaction Energies for [2 + 2] Cycloadditions (kcal/mol)
UB3LYP CASPT2
AE AHok AGygk  AE
rac-5TS 30.2 (25.5)*" 30.1 (25.4)%" 423 22.3
rac-5 17.6 (17.7)*< 18.5 (18.6)*¢ 30.4 10.3
meso-5TS 26.2 (21.8)%¢ 26.4 (22.00¢  38.7 17.5
meso-5 16.8 (16.0)“° 17.8 (17.0)“  30.3 8.9
anti-3TSstep 19.4 (14.3)%/ 20.4 (15.3)%  33.8

anti-3 —13.3 —9.4 4.1

endo-2TSstep  22.2 (17.6)*¢ 23.5(19.1)*¢  37.2
exo-2TSstep  24.7(19.7)“" 26.2 (21.2)*"  40.0
syn-3 —9.4 —52 8.6

“ Spin-projected values. ” §? = 0.65. ©§* = 1.05. 482 = 0.52. * §* =
1.03.78% = 0.64. £ §2 = 0.66. " 2 = 0.65.

reaction enthalpies for the formation of endo-2 and exo-2 are
—30.4 and —29.7 kcal/mol, respectively (Table 2). B3LYP
predicts much less exothermic reaction enthalpies of —16.9 and
—16.6 kcal/mol. Below 150 °C, a mixture of endo-2, exo-2,
and the syn- and anti-[2 + 2] cycloadducts (syn-3 and anti-3),
as well as an unprecedented [6 + 4] ene reaction product (threo-
4) were found in a ratio of 74:11:4:3:8 (Table 1 and Scheme
Ib,c). The alternative [6 + 4] ene reaction product erythro-4
was not observed (Scheme Ic). The B3ALYP AHyk enthalpies
for syn-3 and anti-3 are —5.2 and —9.4 kcal/mol (Table 3).
The CBS-QB3 AH k) for syn-3 and anti-3 are —13.9 and —17.5
kcal/mol and the AGosk) values are —0.2 and —4.0 kcal/mol.
These reaction enthalpies indicate that at temperatures above
150 °C, it is likely that syn-3 and anti-3 isomerize to give the
more thermodynamically stable [4 + 2] cycloadducts and
threo-4 disproportionates via a retro-ene reaction (AHokB3Lyp)
= —11.6 kcal/mol).®

(16) (a) Schutte, R.; Freeman, G. R. J. Am. Chem. Soc. 1969, 91, 3715—
3720. (b) Nakata, T.; Choumei, N. J. J. Macromol. Sci., Pure Appl. Chem. 1967,
Al (8), 1433-1442. (c) Stroebel, G. G.; Myers, D. Y.; Grabbe, R. R.; Gardner,
P. D. J. Phys. Chem. 1978, 82, 1121-1125. (d) Asaoka, S.; Ooi, M.; Jian, P.;
Wada, T.; Inoue, Y. J. Chem. Soc., Perkin Trans. 2 2000, 77-84. (e) Amerik,
A. B.; Vdovin, V. H. Ser. Khim. 1979, 4, 907-910. (f) Takeshita, H.; Sugiyama,
S.; Hatsui, T. J. Chem. Soc., Perkin Trans. 2 1986, 1491-1494. (g) Calhoun,
G. C.; Schuster, G. B. Tetrahedron Lett. 1986, 27, 911-914. (h) Lin, C.-H.;
Lee, C.-Y.; Liu, C.-S. J. Am. Chem. Soc. 1986, 108, 1323-1325. (i) Calhoun,
G. C.; Schuster, G. B. J. Am. Chem. Soc. 1984, 106, 6870-6871. (j) Valentine,
D.; Turro, N. J.; Hammond, G. S. J. Am. Chem. Soc. 1964, 86, 5202-5208.
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2-CopeTS exo-2TS

FIGURE 1. Concerted endo-[4 + 2], second-order, Cope, and exo-[4
+ 2] transition states for cyclohexadiene dimerization.

meso-5TS meso-5

FIGURE 2. Diradical transition states leading to rac-5 and meso-5
intermediates.

Table 1 also gives the experimentally measured activation
energies (E,) over the temperature range of 70—150 °C, and
the activation volumes (AV¥), the difference in partial molar
volume of the transition state and the reactants, measured over
a pressure range of 1—7000 bar at 70 °C.

[4 + 2] Cycloaddition Transition States. Figure 1 shows
the concerted B3LYP [4 + 2] cycloaddition transition, endo-
2TS." This transition state is moderately asynchronous with
forming partial bond lengths of 2.09 A and 2.57 A.
Surprisingly, endo-2TS lacks the expected C; symmetry that
is found for cyclopentadiene, butadiene, and several other
endo diene cycloaddition transition states. Scheme 2 shows
that a superficial analysis of possible orbital interactions of
cyclohexadiene dimerization (Scheme 2a) would involve the
same interactions that occur in cyclopentadiene dimerization
(Scheme 2b). C; symmetry in the cyclopentadiene transition
state simultaneously maximizes primary and secondary
interactions (which are equally involved in a bis-pericyclic
transition state). Contrary to expectation, two equivalent

(17) The alternative ring-flipped Diels—Alder transition state is 0.9 kcal/
mol higher in energy.
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exo-2TSstep exo-2

FIGURE 3. Ring-closing diradical transition states and cycloadducts
resulting from (a) rac-5 and (b) meso-5.

Diels—Alder [4 + 2] and [2 + 4] transition states exist for
endo cyclohexadiene dimerization, rather than a single bis-
pericyclic transition state.'®'? Therefore, one cyclohexadiene
formally acts as the diene fragment while the other acts as
the dienophile.

The endo-2TS transition state breaks symmetry due to
intramolecular methylene group eclipsing interactions and
intermolecular methylene group repulsions. However, the
expected C; symmetry structure is a second-order saddle point
(SOSP, Figure 1) that is only 0.3 kcal/mol higher in energy
than endo-2TS and connects equivalent forms of endo-2TS.*°
The SOSP begins a ridge region that divides the [4 + 2]
and the [2 + 4] addition reaction pathways until they merge
at the Cope transition state, 2-CopeTS, which also has C;
symmetry with degenerate partial bond lengths of 2.54 A
(Figure 1). The significant change in geometry between endo-

(18) (a) Carpenter, B. K. In Reactive Intermediate Chemistry; Moss, R. A,
Platz, M. S., Jones, M., Eds.; Wiley-Interscience: Hoboken, NJ, 2004; pp 925—
960. (b) Kraka, E. In Encyclopedia of Computational Chemistry; Schleyer, P. v.
R., Ed.; Wiley: New York, 1998; Vol. 4, p 2445. (c) Valtazanos, P.; Elbert,
S. T.; Ruedenberg, K. J. Am. Chem. Soc. 1986, 108, 3147-3149. (d) Valtazanos,
P.; Ruedenberg, K. Theor. Chim. Acta 1986, 69, 281-307. (e) Quapp, W.; Hirsch,
M.; Heidrich, D. Theor. Chem. Acc. 1998, 100, 285-299.

(19) Singleton, D. A.; Hang, C.; Szymanski, M. J.; Meyer, M. P.; Leach,
A. G.; Kuwata, K. T.; Chen, J. S.; Greer, A.; Foote, C. S.; Houk, K. N. J. Am.
Chem. Soc. 2003, 125, 1319-1328.
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SCHEME 4. Comparison of Concerted and Stepwise Potential Energy Surfaces (AHok®3Lyp), kcal/mol)
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SCHEME 5. More O’Ferrall—Jencks Structure Comparison
to the Concerted B3LYP Ene Transition State for
cis-Butadiene with cis-Methylbutadiene
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2TS and SOSP with a small energy change indicates a very
flat energy surface. In fact, the barrier between these first-
and second-order saddle points is so low that this reaction is
best described as quasi bis-pericyclic, because zero-point
energy effects may be larger than the SOSP energy.?'** The
transition state region effectively acts like a bis-pericyclic
transition state. We speculate that a similar type of potential
energy surface may exist for several other endo dimeriza-
tions.®

The lack of strong secondary orbital interactions combined
with larger geometric distortion required in endo-2TS results
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SCHEME 6. Possible Sigmatropic [3,3] Sigmatropic
Rearrangements
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syn-3 6

in a ~10 kcal/mol larger activation barrier when compared
with other cyclic and acyclic endo dimerizations. B3LYP
overestimates the activation barrier (AH¥ox = 28.7 kcal/mol,
Table 2) by ~6 kcal/mol when compared with the experi-
mental values reported by Klirner et al. and Huybrechts et
al., 22.6 & 0.5 and 23.2 kcal/mol, respectively.®*** CBS-QB3

(20) (a) The UB3LYP energy solution to SOSP is 0.1 kcal/mol below the
RB3LYP solution and §? = 0.005. (b) The negative eigenvalues for SOSP are
—421 and —71 cm™'. (¢) Larger 6-31+G(d,p) and 6-311G(d,p) basis sets also
give unsymmetrical Diels—Alder transition states. (d) Hartree-Fock and density
functional methods (pure and hybrid) converged on non bis-pericyclic transition
state geometries. Hartree-Fock/6-31G(d) gave the most asynchronous structure
with partial bond lengths of 2.149, 2.312, and 3.716 A, whereas the bp86/6-
31G(d) method gave a nearly symmetrical structure with bond lengths of 2.064,
3.028, and 3.034 A. Only the MP2/6-31G(d) method gave a C; symmetric Diels—
Alder structure with bond lengths of 2.131, 2.850, and 2.850 A. The MP2 Cope
structure has bond lengths of 1.583, 2.278, and 2.279 A (see Supporting
Information and ref 22).

(21) On the electronic BLYP/6-31G(d) energy surface, the second-order
saddle point (bond lengths = 1.96, 3.11, 3.11 A) is only 0.1 kcal/mol above the
Diels-Alder transition state (bond lengths = 2.01, 2.82, 3.46 A). With zero-
point corrections, the second-order saddle is then 0.1 kcal/mol below the Diels—
Alder transition state.



Transition States for the Dimerization of 1,3-Cyclohexadiene
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FIGURE 4. [6 + 4] Ene reaction transition state and products.
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FIGURE 5. (a) [3,3] Sigmatropic rearrangement transition structures
for threo-4 and erythro-4. (b) Minima and transition structure for
rearrangement of syn-3 to 6.

and CASPT2(8,8)/6-31G(d) give reasonable agreement with
experiment and predict barriers of 19.0 and 17.9 kcal/mol
(Table 2). B3LYP, CBS-QB3, and CASPT?2 all predict endo-
2TS to be the lowest energy transition state for all concerted
processes.

The exo concerted [4 + 2] cycloaddition transition
structure, exo-2TS, is nearly as synchronous as endo-2TS
with partial bond lengths of 2.36 and 2.56 A, but it is 1.4
kcal/mol higher in energy (AH%ox = 30.1 kcal/mol) due to
repulsive methylene-methylene group interactions and no
stabilizing secondary orbital interactions. Although CBS-QB3
and CASPT2 both predict a similar energy difference between
ex0-2TS and endo-2TS, the predicted barrier heights are
substantially lower than the B3LYP value (see Table 2).

[2 + 2] Cycloaddition Transition States. As a result of
orbital symmetry constraints, the [2 + 2] cycloadducts, syn-3
and anti-3, are formed via diradical transition states.?*
Domingo and co-workers have previously studied part of the
photochemical triplet reaction surface.?” Scheme 3 shows the
two possible diallyl diradical intermediates, as well as the

(22) Yaghmaei, S.; Khodagholian, S.; Kaiser, J. M.; Mueller, L. J.; Morton,
T. H. J. Am. Chem. Soc. 2008, 130, 7836-7838.

(23) The reported values are activation energies, E, = H + nRT. We have
not corrected for this minor change.

(24) Intermolecular hydrogen abstraction is unlikely because the bond
dissociation enthalpy is 78.6 kcal/mol. Also see: (a) Agapito, F.; Nunes, P. M.;
Cabral, B. J. C.; Borges dos Santos, R. M.; Simdes, J. A. M. J. Org. Chem.
2007, 72, 8770-8779. (b) Nunes, P. M.; Agapito, F.; Cabral, B. J. C.; Borges
dos Santos, R. M.; Simdes, J. A. M. J. Phys. Chem A 2006, 110, 5130-5134.

(25) Domingo, L. R.; Pérez-Prieto, J. Chem. Phys. Chem. 2006, 7, 614-618.
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cycloaddition and ene products, that are possible from each
intermediate after C—C bond rotation followed by ring
closure or hydrogen abstraction.

Figure 2 shows the stepwise transition states rac-STS and
meso-5TS along with their corresponding intermediates, rac-5
and meso-5. The B3LYP AH¥yk for meso-5TS is 26.4 kcal/
mol, and spin-projection lowers the barrier to 22.0 kcal/mol
(Table 3), which is close to the barrier of 24.3 kcal/mol
measured for syn-3. The activation enthalpy for rac-5TS is
3.7 kcal/mol higher in energy (25.4 kcal/mol with spin-
projection) due to gauche methylene-methylene group inter-
actions between cyclohexadiene ring fragments, while meso-
5TS has an ideal anti conformation about the newly forming
C—C bond. CASPT?2 gives barriers of 17.5 and 22.3 kcal/
mol for meso-5TS and rac-5TS, respectively. The barrier
measured for anti-3 is 25.3 kcal/mol, only 1.0 kcal/mol higher
than the barrier for syn-3. B3LYP and CASPT2 agree that
there is a substantial barrier difference meso-5TS and rac-
5TS. The discrepancy between theory and experiment remains
unclear. However, it should be noted that the activation
volumes for syn-3 and exo-2 are measured to be 4 cm3/mol
more negative than for anti-3, which arises from rac-5TS,
even though qualitatively meso-STS should have a less
negative activation volume. The rac-5 and meso-5 intermedi-
ates are nearly equi-energetic (AHog ~ 18 kcal/mol).

Rotation about the newly formed C—C bond in rac-5 by
~35° leads to anti-3 though transition state anti-3TSstep
with a barrier of 1.9 kcal/mol (Figure 3a). Further rotation
of rac-5 allows endo-2 to be formed via endo-2TSstep with
an enthalpic barrier of 5.0 kcal/mol (Figure 3a). This
alternative stepwise pathway (compared to the concerted
pathway) is likely controlled by the dynamic influences of
bypassing anti-3 formation. Rotation by a total of ~215° in
rac-5 (or 100° in the opposite direction) would result in a
geometry similar to that of threo-4TS. However, rotation this
far may be unlikely.

The barrier to form the intermediate meso-5 is computed
to be the lowest of all transition states and likely gives rise
to much of the polymerization product observed experimen-
tally after disproportionation.® Scheme 3 shows that meso-5
can hypothetically lead to exo-2, syn-3, and erythro-4.
However, no transition state for the hydrogen abstraction
leading to erythro-4 was found (nor was a concerted transition
state found) as a result of severe methylene-methylene group
repulsive interactions between the two cyclohexadiene frag-
ments.?® All attempts to find a transition structure leading to
syn-3 resulted in a transition state for dyotropic hydrogen
group transfer between cyclohexadienes. A possible alternate
route for formation of syn-3 is via stepwise formation of the
[4 + 4] cycloadduct 6 followed by a [3,3] sigmatropic shift
(see later discussion). Rotation of the newly formed C—C

J. Org. Chem. Vol. 73, No. 19, 2008 7591



JOC Article

bond in meso-5 by ~136° leads to exo-2TSstep that has an
enthalpic barrier of 8.4 kcal/mol (Figure 3b).

Scheme 4 shows a composite potential energy surface
comparing concerted and stepwise processes. The activation
volumes measured for endo-2 (AV¥ = —28 cm3/mol) and
ex0-2 (AVF = —22 cm’/mol) suggest that the endo-[4 + 2]
cycloadduct is formed via a highly ordered, concerted
transition state, while the exo-[4 + 2] cycloadduct is formed
via a much less ordered, diradical transition state. This is
consistent with the concerted exo-2TS being higher in energy
than the alternative stepwise pathway that proceeds through
meso-5TS and subsequently though exo-2TSstep. Cycload-
duct endo-2 is formed only via the concerted transition state
endo-2TS.

[6 + 4] Ene Reaction. The [6 + 4] ene reaction product,
threo-4, observed by Klirner, is an unprecedented 10-electron
ene reaction involving two 4-electron s-systems and a C—H
o-bond. Ene reaction transition state geometries generally
differ greatly depending on reactants and substitution.?’
Scheme 5 shows the More O’Ferrall—Jencks structures for
the model acyclic system reaction of cis-butadiene with cis-
methylbutadiene as the enophile. In the RB3LYP transition
structure, the forming C—C bond is nearly complete with a
bond length of 1.71A, while the breaking C—H bond is
lengthened to 1.15A. The ene transition state for cyclohexa-
diene, threo-4TS (Figure 4), has a slightly shorter C—C bond
distance (1.67 A) and a longer breaking C—H bond (1.20
A).?® Both of these transition states closely resemble the
diallyl diradical species in Scheme 5a. Although the model
transition state has a stable closed-shell RB3LYP solution,
threo-4TS is more stable when computed with unrestricted
theory. Reoptimization with UB3LYP gives an even shorter
C—C (1.65 A) and forming C—H (1.62 A) bond lengths and
an even longer C—H cleavage bond length (1.23 A, see Figure
4). The UB3LYP activation enthalpy at 0 K is 28.3 kcal/
mol, 0.3 kcal/mol below the RB3LYP solution, with a §?
value is 0.17, indicating a slight mixture of singlet and triplet
states. Spin-projection lowers the activation enthalpy to 26.5
kcal/mol. The compact endo nature of threo-4TS fits with
the observed activation volume measurement of —32 cm?/
mol and is the primary reaction pathway for threo-4
formation, rather than via the rac-5 intermediate followed

(26) The barrier for hydrogen abstraction at the alternative y-carbon has a
AH*ox = 45.2 kcal/mol. threo-4 hydrogen abstraction at the y radical also requires
a much larger activation enthalpy, and abstraction at the -carbon does not occur
because this would result in the formation of a high energy triradical.

(27) (a) Loncharich, R. J.; Houk, K. N. J. Am. Chem. Soc. 1987, 109, 6947—
6952. (b) Deng, Q.; Thomas, B. E.; Houk, K. N.; Dowd, P. J. Am. Chem. Soc.
1997, 119, 6902-6908. (c) Typical B3LYP transition structure bond lengths:
forming the C-C boncL, 2.11 A; forming the C—H bond, 1.48 A; and breaking
the C—H bond, 1.32 A.

(28) Yamabe, S.; Tsuchida, N.; Yamazaki, S. J. Chem. Theory Comput. 2005,
1, 944-952.

(29) Chen, Y.; Ye, S.; Jiao, L.; Liang, Y.; Sinha-Mahapatra, S.; Hendron,
J. W.; Yu, Z.-X. J. Am. Chem. Soc. 2007, 129, 10773-10784.

(30) (a) Beno, B. R.; Fennen, J.; Houk, K. N.; Lindner, H. J.; Hafner, K.
J. Am. Chem. Soc. 1998, 120, 10490-10493. (b) Leach, A. G.; Houk, K. N.
J. Am. Chem. Soc. 2002, 124, 14820-14821.
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by C—C bond rotation and hydrogen abstraction. Transition
state threo-4TS leads to the gauche conformation of threo-4
and there a 7 kcal/mol barrier is required for rotation to the
more stable anti conformation (Figure 4).

Similar diradicaloid transition states have also been identi-
fied in other 10-electron pericyclic reactions®® and in the ene
reaction of cyclopropene dimerization.®® Houk and co-
workers have shown that the propensity toward diradical ene
transition structures is related to the heats of formation for
the diradical species and the degree of strain required for a
concerted transition state.'?

[3,3] Sigmatropic Rearrangement Transition States. Sev-
eral [3,3] sigmatropic shift transition states were located that
have activation barriers similar in magnitude to cycloaddition
and ene reaction barriers. Scheme 6 shows three rearrange-
ment pathways. The first two (Scheme 6a,b) interconvert
equivalent forms of threo-4 and erythro-4, while the third
(Scheme 6c¢) converts syn-3 into the formal [4 + 4]
cycloadduct, 6. The transition structures for each of these
processes are shown in Figure 5. The rearrangement of
threo-4 has an activation enthalpy of 27.1 kcal/mol, making
this process likely to occur under reaction conditions. The
barrier for erythro-4 rearrangement is 31.1 kcal/mol and has
significantly longer partial bond lengths in the transition state.
Although not observed experimentally, there is a relatively
low barrier (29.3 kcal/mol) for conversion of syn-3 to 6 via
transition state 6TS. However, it is possible that 6 was not
observed experimentally because syn-3 is significantly more
thermodynamically stable (AAHg3Lypok) = —7.7 kcal/mol).

Conclusion

B3LYP, CASPT2, and CBS-QB3 methods have been used
to explore concerted and stepwise processes involved in
cyclohexadiene dimerization. The endo-[4 + 2] cycloadduct
is formed through a concerted, non-bis-pericyclic transition
state, while the exo-[4 + 2] cycloadduct is formed through
a diradical stepwise pathway. The novel [6 + 4] ene reaction
product is the result of a highly asynchronous, although
concerted, diradicaloid transition state.

Acknowledgment. We are grateful to the National Science
Foundation for financial and supercomputer support. The
computations were performed using National Center for
Supercomputing Applications (NCSA) resources and the
UCLA Academic Technology Services (ATS) Hoffman
Beowulf cluster. Thanks to Lai Xu for help with supercom-
puter time.

Supporting Information Available: Absolute energies and
Cartesian coordinates of stationary points. This material is free
of charge via the Internet at http://pubs.acs.org.

JO8011804



