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The degenerate rearrangement of bicyclo[3.1.0]hex-2-Bre ( Scheme 1. Isomerization Pathways Observed with 4x-11 @
three identical products differing only by the position of a D

substituent or isotopic label (Scheme 1) has been called “an ideal 6x-1 9\04”_1
case for theory-based studies of the behavior of diradical structures

launched onto a relatively flat potential surface having alternative 48 % [1f;k [1i17]1 36 %
exit channels™ Three pathways lead to the following products: 5

[1,3] carbon shifts withretention suprafacial(1r,3s) or inversion A [1/,3a] 16 %

antarafacial(1i,3a) stereochemistry, and a two-center epimerization *Ns
(1i,1i). Labeled and substituted versions of this reaction have been 4x1 b\
studied! 3 and, in all cases, there has been found a nonstatistical

ratio of rates (i,3s):(1i,1i):(1i,3a) in the range from 4:2:2 to 4:3:

< \;\ 6n-1
N
D/

1. Most recently, Baldwin and Keliher thermolyze@xed-bicyclo- %9 ,-_Pr,\.
[3.1.0]hex-2-ene (41) and measured the rates of formation of D D
isotopomeric productsxl, 4n-1, and 611, with results shown in D HsC
Scheme 1. 2,4x-1 34,42

This reaction is a degenerate case of the vinylcyclopropane a Percentages reflect relative rates f&4 similar results are found with
cyclopentene rearrangement, thought to proceed by cleavage of thebx-1,* 2,4x-1,2 and 3,4,42.3
three-membered ring to form a diradical intermedfaté.eoretical

findings have fortified and expanded our understanding of the k\v ,« 6(2,6,4,5) = 105° O 9(2,645)—14?;

VCP-CP rearrangement as a diradical-mediated protess. 9(164.3)= 517 i"“ﬁ“e’)' 12'¢
In light of the nonstatistical product distribution, and by analogy 1,50’ \—E:G 6

to the parent VCP, the bicyclo[3.1.0]hex-2-ene automerization is 2 —

likely to involve what has been variously calledtaixtyl,® a -

continuous diradicaf or a caldera’” Such species are diradicals b

that have no deep minima on the potential surface and have a large Jd /_',

flat region where geometrical variations result in very small changes 1 :i’-TS

in energy. We report DFT, CASSCF, and CASPT2 calculations

that detail the potential energy landscape for this reaction and 0(2,6,4,5) = 152° (2,6,4,5) = 180°

provide a qualitative understanding of the product ratios observed o #1849= 0 o #1643 = 00

experimentally. \ e ]ﬁ ‘l\ 1504m /"”
Minima and saddle points were optimized with both (U)B3LYP/ 6 -—55-‘--.;__’_4_]_‘- _ 6?“/‘7’ .

6-31G* and (4,4)CASSCF/6-31G* using Gaussiarf 9ie CASS- "I* <551 S ;tg’—-’ﬂ "5 52 1;

CF structures are shown in Figure 1. The (4,4)CASPT2/6-31G* - S w)/é\ ,

single-point energy was calculated in MOLC®r each CASSCF 1.391 \z\_l T 139 2

structure. Zero-point and thermal corrections for 518 were o

calculated using (U)B3LYP and CASSCF frequencies. The results 1-Cyy

are summarized in Table 1, and the CASSCF surface is plotted in Figure 1. Stationary point structures optimized with (4,4)CASSCF/6-31G*.
Figure 2. ACsminimum (1-Cs) was found for the singlet diradical; 1 and1-Cs are PES minimal-TS and1-Cy, are saddle points. Distances
the planar structuré-C,, was found to be a transition state on the 2'€ indicated in angstroms.

electronic potential surface, but the small energy difference betweenSOMOs of which have different symmetries. Evidence for this
it and theCs structure all but vanishes upon inclusion of thermal comes from triplet single-point energies calculated on the singlet
corrections.1-Cs and 1-C,, are separated from the reactant and stationary point geometries. At the CASPT2 level, the triplet state

productsl by a small barrier present at the transition strucfiies. is 0.6-1.3 kcal/mollowerin energy than the singlet farCs, 1-C,,,

At the CASPT2//CASSCF level, the calculatég = 41.0 kcal/ and1-TS.

mol is reasonably close to the experimental valbg € 43.8- In the thujene %) study, Doering proposed that an “isoconfor-

44.8 kcal/mol)t mational” Cs diradical mediates the predominant,3s) path. C5
The structured-Cg, 1-C,,, and1-TS are identified agliradical begins below the C2C6—C4 plane as drawn {41, Figure 2a)

in nature on the basis of a lack of significant interaction between and stays below the plané & 180°) in the isoconformational-Cs
the allyl radical (C+C2—-C3) and the secondary radical (C5), the and in the (1,3s) product &-1. Moving on the plot from west to
east, the isoconformation@k envelope structure flips via a planar
* To whom correspondence should be addressed. E-mail: houk@chem.ucla.edu.transition statel(-C,,) to form the “anticonformational”d > 180°)

8796 m J. AM. CHEM. SOC. 2002, 124, 8796—8797 10.1021/ja020601l CCC: $22.00 © 2002 American Chemical Society



COMMUNICATIONS

\. b l Jls‘ocm.&}m?an'w?&f. S . J
a) - ey ; : 4 b)
SN | i
TN AT R Ny
(48 %) Bx-140 4/ A1 (Ee%) )
-
.l.‘ i
- ]
N w
24
a3 N -
(start) 4x-140 y 0,
l 48_.-9\. \ Y AN PO /"( ,"/ Fri.a & .3 .
1 _/J 124 132 140 148 188 * 172 10 g3 gl 20e 21z 220 228 2'-.-.9\2‘1‘ -3- \- ]
AN A;ﬁ\ i WA
) o R

Figure 2. Two views of the (4,4)CASSCF/6-31G* electronic potential energy surface for automerizatiombé four structures in the central region of
the diagram in (a) are the isoenergetic, isotopome&ficS structures Ee) = 35.6 kcal/mol; exact positions on plot indicated by the location of C2 atoms).

Table 1. Calculated Relative Enthalpies and Free Energies
(kcal/mol at 513 K) of Stationary Points Shown in Figure 1

method 1 1-TS 1-Cs 1-Cyy
(U)B3LYP/6-31G* AH 0.0 34.6 32.6 32.6
AG 0.0 32.6 30.9 31.6
(4,4)CASSCF/6-31G*  AH 0.0 33.1 31.7 31.8
(4,4) CASPT2/6-31G*  AH 0.0 40.0 39.9 39.6
AG 0.0 37.8 38.1 37.6

1-Cs? with C5 above the C2C6—C4 plane. From here, products
4n-1 and -1 are formed. Recognizing that the €C3 axis twists
relative to the C4C6 axis in going from %1 to 6x-1 and from
6n-1to 4n-1, we assigned the GIC6—C4—C3 dihedral §) to the
north—south coordinate. Structures on the equator, includi@y
and1-C,,, have a plane of symmetry. Structures along the central
meridian, for examplel-C,,, have aC, axis through C2 and C5.

The dihedral parameters we have chosen as coordinates respect the %) B

symmetry between reactant and products and correlate well with
very low-frequency vibratior8 calculated forl-TS, 1-Cs, and
1-Cy,.

The barriers separating the intermediateSs from one another
(1-Cy,) and from productsl (1-TS) are extremely small or
nonexistent. Even if it were possible to defimtermediatesand
transition statesn this calderaregion with certainty, this situation
would not be suitable for the statistical approach of transition state

theory. Reactant trajectories have substantial freedom as to how ®)

and where they reach, traverse, and exit the transition region. The
shaded portion of the plot in Figure 2a includes those points whose
energy is more than 0.4 kcal/mol higher than thatlefS at the

CASSCEF level; the unshaded area represents that large portion of

the surface which is easily accessible to molecules that have
sufficient energy to react. As reactants enter the transition region,
about one-half (48%) continue the clockwise motion of-CP—
C3withoutexperiencing a C5 envelope flip; these form®5 The
other half (52%)do pass through a planaf (= 180°) structure
and enter the anticonformational half of the diradical plateau. While

these two paths are clearly not strictly degenerate, there appears to(; 1)

be no major preference for one over the other. Although this is by
no means quantitatively predictable from our calculations, analysis
of the motions involved in the imaginary frequency TS
indicates momentum toward both directions. Of the 52% entering
the anticonformational region, about two-thirds continue the
clockwise C1-C2—C3 motion to form 4-1, while the remaining

minority reverse this motion to fornmél. This unequal partitioning
fits well with Carpenter'sdynamic matchiny hypothesis, which

is to say that the majority of anticonformational-bound trajectories
are inertially predisposed towara-4 upon entering the transition
region.

A quantitative test of this tableau, in the form of quasi-classical
dynamic trajectory simulationd¢12is currently underway?
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