J. Am. Chem. S0d.999,121,169-175 169

Ab Initio and DFT Calculations on the Cope Rearrangement of
1,2,6-Heptatriene

David A. Hrovat, T James A. Duncant and Weston Thatcher Borden*'

Contribution from the Departments of Chemistry, Lbrsity of Washington, Box 351700,
Seattle, Washington 98195-1700, and Lewis & Clark College, Portland, Oregon 97219-7899

Receied August 24, 1998. Rised Manuscript Receéd Naember 5, 1998

Abstract: (8/8)CASSCF, CASPT2, and B3LYP calculations have been performed on the potential surface for
the Cope rearrangement of 1,2,6-heptatridied 3-methylene-1,5-hexadieng) (Although an allylic diradical
intermediate Z) has been located, the transition states connectindliatad3 show little allylic delocalization.

The first of these transition states is higher in energy than the second; and, when the geometries of intermediate
points are constrained so as to prevent allylic delocalization, a pathway from the former to the latter has been
found along which the energy decreases monotonically. The existence of a second pathwhtof8ymhich
bypasseg, is consistent with the experimental results of Roth and co-workers, who found that roughly half
of this rearrangement proceeds without formation of a trappable intermediate. In the absence of appreciable
allylic delocalization in the rate-determining transition state, the relative strengths aflibads broken and

the o bond formed in this transition state explain whyd* for Cope rearrangement is lower farthan for
1,5-hexadiene and more highly unsaturated derivatives.

Calculations on the Cope rearrangement have proven to beresults for the Cope rearrangements of 1,5-hexaéiemel more
unexpectedly challenging-or example, although (6/6)CASSCF  highly unsaturated derivativé$. The magnetic properties,
calculations with the 3-21G basis set gave fairly good redults, computed for the transition states of the Cope rearrangements
improvement of the basis set to 6-31G* gave an activation of 1,5-hexadien€? and semibullvalen& show that these
energy that was much too high and a potential surface with transition states are, indeed, aromatic.
two reaction pathways for the chair Cope rearrangerfent.  However, not all Cope rearrangements are concerted. A
Subsequently, it was found that dynamic electron correlation sufficient number of radical stabilizing grougsor relief of

must be included to obtain reasonable restlts. _ straif214 can favor mechanisms in which bond breaking
Ab initio calculations on the Cope rearrangement that included precedes bond making. Substituents can also favor mechanisms
dynamic correlation, via either the CASPT20or CASMP2 in which bond making precedes bond breaking, so that a

versions of multireference perturbation theory, gave computed derivative of cyclohexane-1,4-diyl is formed as an intermedi-
activation parameters that were in excellent agreement with atel5 |n this paper, we report the results of CASPT2 and B3LYP
those measuretiThese calculatioftsconfirmed that the Cope  calculations on an allenyl Cope rearrangement that involves such
rearrangement is a concerted reaction that proceeds via aran intermediate.
aromatic transition state in which bond making and bond |, 1993, Roth and co-workers found that a diradical inter-
breaking occur synchronously. _ ~ mediate ?) could be trapped by oxygen and sulfur dioxide in
Density functhnal theory (DFT) calculations, pe_rformed with  the Cope rearrangement of 1,2,6-heptatridiéo(3-methylene-
the B3LYP functionaP have also been shown to give excellent 1,5-hexadiened).16 Extrapolation to infinite oxygen concentra-
T University of Washington.
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tion of the ratio of trapping product ®indicated that roughly
half of the rearrangement passes through diradicahd half

of the rearrangement proceeds directly franto 3, without

formation of a trappable intermediate.
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1 2 3

Wessel and Berson adduced stereochemical evidence for theﬁ
formation of a diradical intermediate in the Cope rearrangement

of an optically active dimethyl derivative 4f'” They concluded

bhoet al.

calculations against that of CASPT2 in the Cope rearrangement
of 1, to see whether the intermediacy of diradi@aln this
reaction would compromise the performance of these DFT
methods. In this paper, we report the results of our CASPT2,
B3LYP, and UB3LYP calculations.

Computational Methodology

CASSCEF calculations were performed @r3 and the transition
states connecting them, using an active space consisting of eight
lectrons in eight orbitals. The orbitals consisted of the toandx
onding orbitals involved in this reaction and an antibonding counterpart
to each bonding orbital. (8/8)CASSCF vibrational analyses were used
to characterize stationary points as energy minima or transition states

that at least 16% of the reaction passes through the correspondang to obtain corrections for zero-point energy differences, which were

ing dimethyl derivative of2, but their experimental design
precluded them from drawing any conclusion as to whether all
of the reaction passes through this intermediate.

not scaled. The CASSCF calculations were carried out with the
Gaussian 94 suite of electronic structure progréms.
The effects of dynamic electron correlattowere included by

Prior to both of these studies, Duncan and co-workers had performing single-point CASPT2 calculatiénat all the stationary
examined the stereochemistry of the allenyl Cope rearrange-pOintS- These calculations were carried out with MOLCAZ Zhe

ments of diastereomer and 5.1 Both were found to give

5

predominantly the products expected from concerted Cope

rearrangements, but ca. 5% of the products formed fdom
consisted of the major products formed frénand vice versa.

These findings were interpreted in terms of the existence of a

minor reaction pathway, involving the formation of a diradical
intermediate.

We undertook a study of the potential surface for the Cope

rearrangement of to address the question of why concerted

and stepwise reaction pathways apparently compete in its Cop

rearrangement t8 and possibly in the Cope rearrangements of
4 and5 as well. We were also interested in comparing some
calculated energy differences involviggvith those measured

for this diradical. For example, from their experiments, Roth

and co-workers obtained heights of ca. 11 and 8 kcal/mol for

the enthalpic barriers separati@gfrom respectivelyl and 3
and a singlettriplet energy difference of 1.4 kcal/mol ig,
with the triplet being the ground stateFinally, we wanted to

assess to what extent allylic resonance in the transition state(s)R

is responsible for the lower enthalpy of activation for the Cope
rearrangement of (AH¥ = 27.5 kcal/mol9) relative to those
for the Cope rearrangements of 1,5-hexadiexté*(= 33.5 kcal/
mol®) and of more highly unsaturated derivatives of this
hydrocarbon AH* = 31—34 kcal/mot?).

As discussed above, both CASPT2 and B3LYP-DFT calcula-

tions give excellent results for Cope rearrangements that are

6-31G* basis sét was used for the CASSCF and CASPT2 calculations.

The same basis set was used to perform DFT calculations, using
the hybrid, Becke, three-parameter, exchange functidaabl incor-
porating the nonlocal correlation functional of Lee, Yang, and ®arr.
Stationary points were located and vibrational analyses were performed
at the (U)B3LYP/6-31G* level using Gaussian 94.

Results and Discussion

The CASSCF, CASPT2, and B3LYP energieslof 3 and
the two transition states (1S, and TS-—3) connecting them
are given in Table 1. The relative enthalpies at 450 K are shown
schematically in Figure 1, where they are compared with the
experimental value¥:*The C-C bond lengths in each of these
species are given in Table 2. Complete descriptions of their
geometries are available as Supporting Information.

Relative Energies of +3. At both 298 and 450 K,
differences between the heat capacitia€f) of 1 and3 are
calculated to contribute less than 0.3 kcal/mol to the difference

“between the heats of formation of the two trienes. Combining

the smallAC, x 298 K corrections with the differences in
electronic and zero-point energieS4PE) betweerl and3 in
Table 1 yieldsAAH°29s = —15.1 kcal/mol at CASSCF;13.8
kcal/mol at CASPT2, and-11.5 kcal/mol at B3LYP.

Group equivalentd give AAH°,93 = —15.7 kcal/mol, and
Roth’s experiments giveAAH;°29s = —14.5 kcal/mol® The
CASPT2 value ofAAH;°29s = —13.8 kcal/mol is smaller than
oth’s experimental value by only 0.7 kcal/mol. However, the
B3LYP/6-31G* value ofAAH°29g = 11.5 kcal/mol is smaller
than Roth’s value by 3.0 kcal/mol.

B3LYP has previously been found to underestimate the
energy of allene relative to propyne by 4.5 kcal/®foTherefore,
it is not surprising that the enthalpy associated with the
transformation of the allenic double bonds ininto the

(21) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;

concerted; but, because the reference wave functions for DFTJohnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G.

calculations are single determinants of KetBham orbitals,
DFT and its unrestricted variant (UDFT) each have some
problems in dealing with diradicaf8. Therefore, we were
anxious to test the performance of B3LYP and UB3LYP

(17) Wessel, T. E.; Berson, J. A. Am. Chem. S0d.994 116, 495.

(18) Duncan, J. A.; Hendricks, R. T.; Kwong, K. . Am. Chem. Soc.
199Q 112 8433.

(19) Frey, H. M.; Lister, D. HJ. Chem. Soc. A967, 26.

(20) For a review of computational methods that are appropriate for
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Reviews in Computational Chemistrizipowitz, K. B., Boyd, D. B., Eds.;
Wiley: New York, 1999.
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Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
Gordon, M.; Gonzalez, C.; Pople, J. Baussian 94Revision B.3; Gaussian,
Inc.: Pittsburgh, PA, 1995.

(22) Andersson, K.; Blomberg, M. R. A.;"laecher, M. P.; Kellp V,;
Lindh, R.; Malmqvist, P.-A.; Noga, J.; Olsen, J.; Roos, B. O.; Sadlej, A. J.;
Siegbahn, P. E. M.; Urban, M.; Widmark, P.-®OLCAS version 3;
University of Lund: Lund, Sweden, 1994.

(23) Hariharan, P. C.; Pople, J. Aheor. Chim. Actel973 28, 213.

(24) Benson, S. Wrhermochemical Kinetic2nd ed.; Wiley: New York,
1976; p 272.
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Table 1. Relative Energies, Differences in Zero Point Energy, and Heat Capacity Corrections for the Stationary Points on the Potential
Surface for the Cope Rearrangement of 1,2,6-Heptatright (3-Methylene-1,5-hexadien8)( Computed with the 6-31G* Basis Set

structure AECAssmia AECAspTga AZPP ACA:SO x 450 AEB?,Lypa AZPP chso x 450
1 —270.9086 —271.7388 96.1 18.4 —272.6803 92.1 18.8

12 24.3 13.4 1.4 —0.5 16.9¢ —-0.4 —-0.2

32 25.2 14.9 1.3 -0.5 17.8 —-0.5 -0.1

3 —15.6 —-14.3 0.7 0.0 -11.9 0.5 0.0
TS 40.4 25.9 0.8 -0.8 31.9 -0.2 —-0.5
TS, 3 36.4 22.6 0.8 -0.9 30.8 —0.6 —-0.5
midpoint 33.9 225

2 Absolute energies in hartree€sAbsolute energies in kcal/molRB3LYP. 4 UB3LYP. ¢ Energy for the UB3LYP “singlet” withS = 1. As
discussed in the text, the energy of the actual singfet0) should be 1.0 kcal/mol lowet AC?*® x 298 = —0.2.9 AC>® x 298= —0.1." See

text for a description of this geometry and how it was obtained.

27.5

S\
N -13.8

3 -11.5

Figure 1. Experimenta!°® values for the differences between the

enthalpies ofl—3 and the transition states connecting them. Enthalpy
differences computed at the (8/8)CASPT2/6-31G*//(8/8)CASSCF/6-
31G* level of theory are shown in boldface type, and (U)B3LYP/6-
31G* (% = 0) values are in italics.

-14.5

conjugated diene moiety i3 is also underestimated by a
substantial amount.

Because is a diradical, unrestricted (U)B3LYP calculations
were performetf for this singlet intermediate in the transforma-
tion of 1 to 3. As shown in Table 1, the UB3LYP energy of
16.5 kcal/mol for12 relative tol is 3.1 kcal/mol higher than
that computed at the CASPT2 level of theory.

However, the UB3LYP “singlet” ha& = 1.00; so it is really
a 1:1 mixture of singlet® = 0) and triplet & = 2.00) states.
Since, as shown in Table 1, the UB3LYP energy of the triplet
state £2) is higher in energy than the “singlet” by 1.0 kcal/
mol, a pure (i.e.§ = 0) singlet spin wave function fd should
have a UB3LYP energy that is 15.5 kcal/mol higher than the
B3LYP energy ofl.

It is of some interest that the CASSCF and (U)B3LXEPE
corrections forl versus2 have opposite signs. The 1.8 kcal/

The G—C, and G—Cz bond lengths ir2 (cf. Table 2) show
that this diradical is stabilized by allylic resonance. The allylic
delocalization of the unpaired electron at 6f 2 decreases
significantly the through-bond interacti#rbetween it and the
unpaired electron of opposite spin at Compared to, for
instance, the through-bond interaction between the analogous
pair of electrons in the chair transition state for the Cope
rearrangement of 1,5-hexadiene. Consequently, the CASSCF
geometries of2 and32 are nearly identical.

Roth and co-workers presented evidence, both from the
temperature dependence of the EPR signal that they attributed
to 32 and from oxygen trapping, that the triplet is the ground
state of this diradical® Our CASSCF, CASPT2, and B3LYP
calculations all predict a singletriplet energy difference of
about the same size {2 kcal/mol) as that measured by Roth
et al., but of theopposite signEven though both theory and
experiment agree that the magnitude MEst is small, the
disagreement as to whether the singlet or the triplet is the ground
state is disturbing; and the reason for this discrepancy is not
currently knowre?

CASPT2 Energy and CASSCF Geometry of Tg-,. Our
CASSCF, CASPT2, and B3LYP calculations all find that the
energy ofTS; ., is higher than that of S, 3. Therefore, passage
overTS; -, is the rate-determining step in the Cope rearrange-
ment of1l. Since the reactant is higher in energy than the product,
it is not surprising that the transition state connecting diradical
2to 1is higher in energy than the transition state connec2ing
to 3.

CASPT2 givesAH* = 25.9 kcal/mol for the Cope rearrange-
ment of 1, which is 1.6 kcal/mol lower than the experimental
value of AH* = 27.5 kcal/mol® CASPT2 calculations with the
6-31G* basis set also underestimate the experimental value of
AH* = 33.5 kcal/mol for the Cope rearrangement of 1,5-
hexadiend, in that case by 2.7 kcal/mét Therefore, our
CASPT2/6-31G* calculations find thaAH* for the Cope
rearrangement is ca. 5 kcal/mol smaller fbrthan for 1,5-
hexadiene, in good agreement with the experimental difference
of AAH* = 6 kcal/mol.

This good agreement between the CASPT2 calculations and
the experiments!® indicates that the CASSCF optimized
geometry forTS;—, can, with some confidence, be used to
provide information as to whyxH* for the Cope rearrangement

(26) Reviews: Hoffmann, RAcc. Chem. Resl97] 4, 1. Gleiter, R.
Angew. Chem., Int. Ed. Endl974 13, 696. Paddon-Row, M. NAcc. Chem.

mol difference between these corrections results in the CASPT2Res.1982 15, 245. Gleiter, R.; ScHar, W. Acc. Chem. Resl99Q 23,

and (U)B3LYP enthalpies of respectively 14.3 and 14.9 kcal/ 369

mol for singlet2 relative tol, being more nearly the same than
the CASPT2 and (U)B3LYP = 0) energies. As shown in
Figure 1, the CASPT2 and (U)B3LYP values fAH;°4s50 of
diradical 2 relative to the reactantl) are respectively 2.3 and
1.7 kcal/mol lower than the value reported by Ré#th.

(27) At least one conflict between theory and experiment, regarding the
ground state of a diradical, has eventually been resolved in favor of theory.
See, for example: Reynolds, J. H.; Berson, J. A.; Kumashiro, K. K,
Duchamp, J. C.; Zilm, K. W.; Scaiano, J. C.; Berinstain, A. B.; Rubello,
A.; Vogel, P.J. Am. Chem. Sod993 115 8073. (b) Hrovat, D. A.; Borden,

W. T.J. Am. Chem. Sod.994 116, 6327. (c) Borden, W. T.; lwamura,

H.; Berson, J. AAcc. Chem. Red994 27, 109.
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Table 2. Carbor-Carbon Bond Lengths (A) for the Stationary Points on the Potential Surface for the Cope Rearrangement of
1,2,6-Heptatrienel] to 3-Methylene-1,5-hexadien@)( Obtained with the 6-31G* Basis Set

_6

| Z— I
\3//2/ ~37 N 4\\3/2§1
1 2 3
structure method Q—Cz Cz_Cg C3_C4 C4—C5 C5—Ce, CG_C7 CZ_C7
1 CASSCF 1.316 1.317 1.509 1.565 1.505 1.339
RB3LYP 1.308 1.309 1.513 1.547 1.504 1.333
12 CASSCF 1.398 1.389 1.504 1.562 1.499 1.498 1.552
UB3LYP 1.391 1.390 1.500 1.545 1.492 1.492 1.527
2 CASSCF 1.399 1.389 1.504 1.560 1.499 1.502 1.554
UB3LYP 1.392 1.391 1.501 1.543 1.493 1.497 1.529
3 CASSCF 1.346 1.475 1.344 1.339 1.504 1.550
RB3LYP 1.344 1.470 1.340 1.333 1.504 1.522
TS CASSCF 1.336 1.404 1.477 1.652 1.472 1.413 1.919
RB3LYP 1.333 1.394 1.441 1.755 1.432 1.412 1.841
UB3LYP 1.333 1.394 1.441 1.753 1.432 1.412 1.838
TS, 3 CASSCF 1.340 1.466 1.435 1.843 1.431 1.482 1.612
UB3LYP 1.342 1.437 1.427 1.833 1.418 1.467 1.614
midpoint CASSCF 1.341 1.471 1.489 1.620 1.484 1.490 1.589

Figure 2. (8/8)CASSCF/6-31G* optimized geometry B8, for the
formation of 2-methylenecyclohexane-1,4-diy) (in the Cope re-
arrangement of 1,2,6-heptatrierig {0 3-methylene-1,5-hexadieng)(

of 1 is ca. 6 kcal/mol smaller tham\H* for the Cope

that is computed for the Cope rearrangemertt obmpared to
that of 1,5-hexadiene indicates that allylic resonance cannot be
responsible for the majority of this reduction in the calculated
enthalpy of activation.

Another indication of the relative unimportance of allylic
resonance in stabilizingS;—, is the G—C, bond length. As
shown in Table 2, this bond does lengthen by 0.02 A at the
CASSCEF level on going fromt to this transition state, but in
diradical2, this bond has lengthened by an additional 0.06 A.
Moreover, in the productj, this double bond is 0.03 A longer
than in the reactantlf, suggesting that some or all of the 0.02
A lengthening of this bond iTS;— is due to partial rehybrid-
ization of G from sp to sp.

In addition, the vibrational mode with the imaginary fre-
qguency (i.e., the transition vector) iS;—, consists almost
entirely of motions of G and G that complete the formation
of the C-C bond between them. There is little motion of C
and G in the transition vector; and the4€Cs bond, which is

rearrangement of 1,5-hexadiene. The CASSCF geometry forproken in the productd), has lengthened by only 0.087 A in

TS;—2is shown in Figure 2, and the CASSCF and B3LYPC
bond lengths in this transition state are given in Tabté 2.

The geometry forTS;—, in Figure 2 confirms Roth’s
conclusion® that allylic resonance in the transition state cannot
be responsible for much of the 6 kcal/mol lower valueAb{*
for the Cope rearrangement bfrelative to AH* for the Cope
rearrangement of 1,5-hexadiene. T8, ,, the psr AO at G
remains nearly orthogonal to thebond between Cand G.
The dihedral angle between the-€C, and G—H bonds is 79.6
in this transition state, compared #60.9° in 12 and —2.2 in
32, both of which are allylically delocalized.

If allylic resonance stabilization were assumed to vary with
the cosine of this dihedral angle, at most, ca. 2 kcal/mol of the
allylic resonance energymight be available to stabiliZES;—.,.
However, the factor of 2.5 greater reduction in the valua &f

(28) (6/6)CASSCF/6-31G* calculations give transition state geometries
for the Cope rearrangements of 1,5-hexadiérand of semibullvaleri@
that have too much diradical character, as shown by partial CASPT2

geometry reoptimizations. In contrast, B3LYP calculations are biased against

giving transition state geometries with large amounts of diradical chafécter.

TS1— (cf. Table 2).

Of particular significance is that the transition vector con-
tains little or none of the rotation about the breaking-Cs &
bond which is necessary to achieve the allylic delocalization
that is present in diradic&. The absence of this rotation from
the transition vector is additional evidence against allylic
stabilization ofTS;—, providing much of the lowering oAH*
for the Cope rearrangement tfrelative to that of 1,5-hexa-
diene.

We believe that most of the-% kcal/mol lowering of the
calculated and experimental values oH* between 1,5-
hexadiene and is due to the difference between the types of
C—C o bonds that are being formed in the transition states for
these two Cope rearrangements. In the Cope rearrangement of
1 to 3, an sp—sp® C—C o bond is being formed imS;—,,
whereas in the degenerate Cope rearrangement of 1,5-hexa-
diene, an sp-sp® C—C o bond is being formed in the transition
state.

(29) Based on an allyl resonance energy of 13.5 kcal/mol. See: (a) Roth,

This difference between CASSCF and B3LYP is seen in the lengths of the W. R.; Bauer, F.; Beitat, A.; Ebbrecht, T.; Wiefeld, M.Chem. Ber1991,

o bonds being broken (£ Cs) and formed (G—Cy) in TS;—». These bond

124, 1453. (b) Doering, W. v. E.; Roth, W. R.; Bauer, F.; Boenke, M.;

lengths, which are given in Table 2, are closer to being the same in the Breuckmann, R.; Ruhkamp, J.; Wortmann,&hem. Ber1991 124, 1461.
B3LYP than in the CASSCF transition state geometry. The CASPT2 energy (c) Berkowitz, J.; Ellison, G. B.; Gutman, OJ. Phys. Chem1994 98,

is lower at the former than at the latter geometry T@:—,, but only by
0.5 kcal/mol.

2744. (d) Hrovat, D. A.; Borden, W. T. Phys. Chem1994 98, 10460
and references therein.
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Bonds to spcarbons are stronger than bonds t& cgrbons.

For example, the strength of the?sp—H bond formed at the
central carbon of allene in its hydrogenation to propene makes
the heat of this reaction larger than the heat of hydrogenation
of propene to propar®.in the latter reaction, an $&—H bond

is formed at this carbon; and the difference of 10.7 kcal/mol
between the two heats of hydrogenaffbis about the same
size as the difference between the i@ BDEs at an spcarbon

in ethylene and an Sgarbon in ethané*

The experimental difference dfAH;°,93 = —14.5 kcal/mol
betweenl and 3% is comprised of the difference between the
strengths of the gp-sp* C—C bond in3 and the sp—sp? C—C
bond in1 plus the diene conjugation energy3nThe latter is
known to be 4-5 kcal/mol?! so that 9.5-10.5 kcal/mol also
represents the difference between the strengths of thesgp
C—C bond that is formed in the Cope rearrangemertt ahd
the sg—sp® C—C bond that is broken.

Only about half of the difference between the strengths of
sp—sp* and sg—sp® C—C bonds is apparently available to
stabilizeTS; - relative to the transition state for the parent Cope
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Figure 3. (8/8)CASSCF/6-31G* optimized geometry 8,3, con-
necting 2-methylenecyclohexane-1,4-dig) fo 3-methylene-1,5-hexa-
diene @), in the Cope rearrangement of 1,2,6-heptatriei)e (

In the cyclizations of botlé and8, an sp—sp? C—C bond is
made, but one of the bonds that is brokemiis thex part of
a double bond, whereas bathbonds broken ir6 are in triple

rearrangement. In each of these reactions, the transition statd?onds. Since an acetylenicbond is 12 kcal/mol stronger than

geometry shows that the new—C bond is only partially
formed; so only a fraction of the difference between the strengths
of these two types of €C bonds is manifested in these two
Cope transition states.

an ethylenicr bond?® the weakerr bond being broken i@
contributes to its cyclizing faster thaf33c.36

CASPT2 Energy and CASSCF Geometry of T$-3. Our
CASPT2 calculations find that the transition state which

Replacement of a terminal acetylene by an allene also lowersconnects diradica2 to the productg) lies 8.3 kcal/mol above

the activation energy for the Myers$aito cyclization of 1,2,4-
heptatrien-6-yne§) to -dehydrotoluene9), relative to that
for the Bergman cyclization of 3-hexene-1,5-diy& {0 1,4-
dehydrobenzene?).32 Here too, ab initio calculations suggest
that there is little benzylic stabilization of the transition state
for cyclization of the hydrocarbon containing the allene
moiety33ab|n addition, transannular bond formation in a cyclic
derivative of8 is also very fast, and the geometry of the resulting
bicyclic diradical precludes its stabilization by benzylic reso-
nance*

(30) Cox, J. P.; Pilcher, GThermochemistry of Organic and Organo-
metallic CompoundsAcademic Press: New York, 1970.

(31) (a) Kistiakowski, G. B.; Ruhoff, J. R.; Smith, H. A.; Vaughn, W.
E.J. Am. Chem. Sod936 58, 146. (b) Fort, R. C.; Hrovat, D. A.; Borden,

W. T. J. Org. Chem1993 58, 211.

(32) (a) Myers, A. G.; Kuo, E. Y.; Finney, N. §. Am. Chem. Soc
1989 111, 8057. (b) Nagata, R.; Yamanaka, H.; Okazaki, E.; Saito, I.
Tetrahedron Lett1989 30, 4995. (c) Myers, A. G.; Dragovich, P. S.; Kuo,
E. Y.J. Am. Chem. S0od 992 114, 9369.

(33) (a) Koga, N.; Morokuma, KJ. Am. Chem. Sod 991 113 1907.
(b) Engels, B.; Hanrath, Ml. Am. Chem. S0d 998 120, 6356. (c) Koga
and Morokuma suggested that the faster rat® -of 9 compared to that of
6 — 7 is due to the formation of &ransoid-,4-diradical in the former
reaction and a&isoid-1,4-diradical in the latter. They obtained a value of
12 kcal/mol for this energy difference by computing the relative energies
of anti and syn transition structures for formation af hond between two
acetylene molecules. However, their model does not contain the effects of
some steric interactions that are present in the transition structure for the
transformation o to 9. We find that an alternative model, consisting of
the transition structures for formation cifoid- andtransoid1,4-diradicals

2, which is in excellent agreement with Roth’s experimental
value of 8.2 kcal/mot8 The CASPT2 difference of 3.3 kcal/
mol between the energies of the two transition states is about
the same size as Roth’s estimated value.

As shown in Figure 3, the geometry @S, .3 bears some
superficial resemblance to that®8; ... INn TSy .3, as inTS; -y,
the allylic conjugation, which stabilizes diradical intermediate
2, is almost absent. In fact, the;€C,—C3;—H dihedral angle
of 85.8 in TS,-3 indicates that there is even less allylic
stabilization in this transition state than T5;—p. In TS;—3,
this dihedral angle is 6°2farther from the values of0° that
are found in the lowest singlet and triplet states of allylically
stabilized diradicaP.

In TS,.3, the transition vector consists almost entirely of the
motions of G and G that are necessary to break the bond
between these two carbons. AsliB; ., in TS, .3 there is little,
if any, of the motion that would promote the allylic conjugation
that is present i2 were TS, .3 to be traversed in the direction
from the product §) to this diradical intermediate.

Since, by definition, each transition state has only one
vibrational mode with a negative force constant, the modes that
would flatten the chair geometries 81S;—.,, and TS, -3 and
thus develop the allylic conjugation that is presenRimust
have positive force constants. Therefore, it must only be at
geometries that are intermediate between the two CASSCF
transition states that molecular motions which lead to formation
of 2 become energetically favorable.

Calculations at Geometries between TS.; and TS; 3. To
explore this region of the potential surface more thoroughly,
we created a nine-point linear synchronous transit (LST)

(35) Nicolaides, A.; Borden, W. T1. Am. Chem. S0d.991, 113 6750.
(36) The three Cope rearrangements, studied by Houk and co-wétkers,

by attack of acetylene on the central carbon of allene, gives an (8/8)- which show “kinetic monotony” with the Cope rearrangement of 1,5-
CASSCF/6-31G* energy difference of only 3.8 kcal/mol. Nevertheless, our hexadiene, involve formation of a bond between one or two acetylenic
calculations leave little doubt that the effect postulated by Koga and carbons. In these three Cope rearrangements, the greater strength of the
Morokuma does contribute to the faster cyclization rat&-ef 9 compared forming C—C bond at each carbon that become3 Isgbridized in the
to that of6 — 7. product is almost exactly balanced by the greater strength of each acetylenic
(34) (a) Meyers, A. GTetrahedron Lett1987 28, 4493. (b) Meyers, st bond in the reactant that is broken. It is for this reason that these reactions
A. G.; Proteau, P. J.; Handel, T. M. Am. Chem. S0d.988 110, 7212. are nearly or exactly thermoneutral and that they also have nearly the same
Meyers, A. G.; Proteau, P. J. Am. Chem. S0d.989 111, 1146. activation enthalpies as the Cope rearrangement of 1,5-hexadiene.
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pathway’2betweenTS;—., andTS,-.3.37P At each point, we then Starting from what appears to be, at least superficially, the
froze the lengths of the bond between &nd G, which is B3LYP geometry forTS; ., and following the IRC does not
formed inTS;—,, and the bond between,@nd G, which is lead t02, as in our CASSCF calculations. Instead, the B3LYP
broken inTS,-3, and fully optimized all of the remaining IRC leads directly to3. The problem is that, sincg is a
geometrical parameters at the CASSCF level. The CASSCFdiradical, restricted B3LYP calculations, in which orbitals are
energy decreased smoothly and monotonically in going from either doubly occupied or empty, cannot describe this species,
TS;-2t0o TS, .3 along this pathway; and no indication of allylic  in which two orbitals are each singly occupied. For such an
conjugation, involving @ C,, and G, was found in any of the  orbital occupancy, unrestricted (U)B3LYP calculations are
optimized geometries. required.

SinceTS;—, and TS,—3 must be connected by at least one To find a reaction path froni to 2, we tried to locate a
intermediate and since neither of these transition states hasUB3LYP transition state that connects the reactant and inter-
appreciable allylic conjugation, it should be possible to find an mediate. However, all our attempts led to the same transition
intermediate betweenS; ., andTS; .3 that differs from2 by state geometry that was found by our B3LYP calculations. In
being constrained to have no allylic conjugation. To confirm this region of the potential surface, a singlet UB3LYP initial
the existence of such a constrained intermediate, we froze theguess converges to & = 0 B3LYP solution.

C1—C>—Cs—H dihedral angle at 8171the value at the midpoint It appears that only in regions of the potential surface beyond
along the LST pathway between the two transition states; and, TS;—., do UB3LYP calculations give a lower energy than
starting at the midpoint geometry, we performed a CASSCF RB3LYP calculations and eventually connect this transition state
geometry optimization. to diradical2. To confirm that this was the case, UB3LYP

The C-C bond lengths at the midpoint geometry that resulted calculations were performed along an LST path¥ayom
from this partially constrained geometry optimization are given TS, ., to diradical2. Although the UB3LYP energy of one of
in Table 2. The data in Table 1 show that the CASSCF and the early points along thiarbitrary pathway was 2.2 kcal/mol
CASPT2 energies at this geometry are, in fact, below those of higher in energy thaitS;—», beyond that point the energy fell
bothTS:—, andTS;s but are 9.6 and 9.1 kcal/mol, respectively, monotonically until the geometry ¢ was reached.

above the energy & When the G—C,—Cz—H dihedral angle We were able to find a UB3LYP transition state that connects
constraint at the midpoint geometry was released, the geometry? to the productg). As shown in Table 2, the-€C bond lengths

of this intermediate optimized to that of diradicalFollowing in TS,—3 are very similar to those in the CASSCEF transition
the intrinsic reaction coordinate (IRC) from eith&€6;., or state?® The UB3LYP value of$2 = 0.30 shows thafS, .3 has
TSz-3 does, in fact, also lead @ only a modest amount of diradical character, compared to a

Nevertheless, the existence of an LST pathway fiic8p-- true UB3LYP “singlet” diradical, which would hav@ = 1.002°
to TS,-3, along which the CASSCF energy decreases mono-  |nspection of Table 1 reveals that the UB3LYP energy of

tonically, means that molecules @fwhich crossTS;—; can TS,3 is slightly below that of the geometry that appears to
also pass oveFS,—3, without ever developing allylic conjuga-  serve as both the UB3LYHA'S;—, and the B3LYPTS;3.
tion. The existence of direct trajectories from reactai)tto Consequently, like our ab initio calculations, (U)B3LYP predicts

product @) that do not pass through intermedideexplains  that, after passage ov&B,,, formation of3 can occur, without
the experimental finding that a sizable fraction of the molecules the mandatory intermediacy @af

which undergo the allenyl Cope rearrangement apparently do

so without forming2.16.38 Conclusions
The B3LYP Potential Energy Surface.At the B3LYP level,

after correction forAC.*° x 450 K = —0.5 kcal/mol, AH* =

31.2 kcal/mol is obtained for the step connecting the reactant

to TS;—,. Since the allenic moiety, present in causes the

relative energy of the reactant to be underestimated by 4.5 kcal

mol, it is not surprising that B3LYP gives a value AH* that

is too high by about this amount of energy.

Our UB3LYP and CASPT2//CASSCF calculations provide
very similar pictures of the potential energy surface for the Cope
rearrangement of to 3. Both computational methods predict
/that this rearrangement can occur by two different types of
pathways which diverge only after passage over a common
transition staté€® One type of pathway leads to formation of

diradical 2; the other leads directly to the product, without
(37) (a) Halgren, T. A.; Lipscomb, W. NChem. Phys. Lettl977, 49,

: : . ! _formation of this intermediate.
225. (b) The geometries and energies of three of the intermediate points . .
along this LST pathway are available as Supporting Information. The existence of these two types of pathways on the potential
(38) Roth and co-workers found a 0.8 kcal/mol higher activation enthalpy energy surface provides a qualitative explanation for the results
for forming the oxygen-trappable diradical intermediate in the transformation of the oxygen-trapping experiments of Roth and co-workers.

of 1 to 316 than Frey and Lister found for the overall transformatioriof Si find th h h both i |
to 3.19 Although the combined uncertainties in the two values\bf are ince we find that these pathways both involve passage over

large enough to account for the small difference between them, Roth the same transition state, reaction dynamics calculations would
apparently believed that this differenceAir® is real; and he interpreted it~ pg necessary to compute the partitioning between these two

in terms of the existence of two different transition statese that leads . :
directly from 1 to 3 and one with slightly higheAH* that passes through pathways. Such calculations are planned, since the results can

2. However, this interpretation of the kinetic data was based on the be compared with the nearly equal partitioning found by Roth’s
assumption that trapping &2 by oxygen is diffusion controlled; and it is oxygen-trapping experiments.

known experimentally that, at least for singlet diradicals in which the singlet : ; ;
lies well below the triplet in energy, oxygen trapping occurs at rates that For reactions of organic molecules on potential energy

are much slower than the diffusion-controlled liffConsistent with both surfaces that are qualitatively similar to the surface which we
this experimental fact and with the results of our calculations is the compute for the Cope rearrangementlofo 3, Carpenter’s

interpretation of Roth’s kinetic data in terms of a single rate-determining ; ; i ; ;
transition state both for direct transformationlab 3 and for formation of quasiclassical dynamics calculations support the existence of

2 and a small but finite activation enthalpy for trapping!@foy oxygen. two qua_‘“tat'\{e|y dlffer(_ent types of pathwa%.Carpenter s
(39) (a) Heath, R. B.; Bush, L. C.; Feng, X.-W.; Berson, J. A.; Scaiano, calculations find short-lived, direct trajectories from the transi-

J. C.; Berinstain, A. BJ. Phys. Chem1993 97, 13355. (b) Adam, W_;

Borden, W. T.; Burda, C.; Foster, H.; Heidenfelder, T.; Heubes, M.; Hrovat, (40) As in the case 0T S;,28 the CASPT2 energy fof S,z is 0.5

D. A Kita, F.; Lewis, S. B.; Scheutzow, D.; Wirz, J. Am. Chem. Soc. kcal/mol lower at the UB3LYP than at the CASSCF geometry for this

1998 120, 593. transition state.
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tion state to the product and much longer-lived trajectories, Myers—Saito cyclization o8 compared to that in the Bergman
which exhibit the statistical behavior expected from a classical cyclization of6.32:33

diradical intermediate. Carpenter and Reyes have provided In general, the greater strengths of smmpared to sho
experimental evidence for the existence of these two different bonds, combined with the lower BDEs of ethylenic compared

types of reactive trajectories. to acetylenict bonds, make formation of@bond at the central
Allylic stabilization of the rate-determining transition state carbon of an allene more thermodynamically favorable than

does not appear to be responsible for the fact Atdt for the formation of ac bond at an ethylenic or acetylenic carlrit

Cope rearrangement is lower by ca. 6 kcal/mol¥ttthan for is these differences in bond strengths that provide the thermo-

1,5-hexadierfeand other more highly unsaturated hydrocar- dynamic driving force for reactions such as~ 3, 8 — 9, and

bons!! Instead, the lowering of the activation enthalpy appears other rearrangements that result in the “decumulation” of an

to reside in the strength of the bond being formed at £in allene®3

the transition state. Since,®ecomes an ggarbon in3, this

bond is stronger than the comparable bond, involving two sp  Acknowledgment. We thank the National Science Founda-
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bond3® This explains the lower values of bofsH andAH* in
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involving terminal acetylene’s.We believe that the same factor geometries for all the species whose energies are given in Table

is also responsible, at least in p&itfor the lowerAH* in the 1 and for three of the intermediate points on the LST pathway
(41) (@) Carpenter, B. KJ. Am. Chem. Socl995 117, 6336. (b) from TS;—, to TS, -3 (PDF). See any current masthead page
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