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4-Vinylcyclohexene (1), the Dieis-Alder and major product of the dimerization of butadiene,
undergoes two degenerate thermal rearrangements which have been made visible by labelling with optical
activity and deuterium. ] In terms of the three processes of automerization, k,, k, and k,, shown n
the figure, that work has revealed rearrangement of the vinyl group into the ZB{&D = 1:: + k) to be
faster than loss of optical activity (kg =k, +k;). Simce neither k, nor k, was evaluated, it followed only
that k, >k, and that k, and k, could have any value lying between (k; +k;)and O

Were the product of an incomplete automerization of optically pure 1 to be resolved into 1ts opti-
cal antipodes and were each of these tobe analyzed separately for the extent of 1sotope transposition, the
three rate constants could be evaluated. These three processes bear on the role of concert and diradicals
n bond-breaking and bond-remaking mn 4-vinylcyclohexene

Optically active I, labelled in the C, methylene group with MC, 18 prepared by an unexceptional
sequence beginning with optically pure cyclohexene-4-carboxylic acid (II) [CHN,, LiAlH,, MsCl, LiBr,
NaMCN , LiAlH,, CHJI, Ag0O] Analysis mvolves the degradation of I to Il [hydropyridinium perbromide
i CH, CL, 5% EtOH at —=86°, RuO, and NalO, 1 acetone, Zn, CH,COOH (overall yeld 64%), resolution
of II into R-(+)-1I [brucine mn CHBCOOEt] and S-(-)-II [(+)-e-phenylethylamine 1n acetone], and esterifica-
tion [CH, N, ] to the methyl ester (III) which 1s purified by glpc In this degradation, 140 15 Tetained m
rearranged products and lost from unrearranged products

Heatmg 14C—labelledl [[0.1365 -342 3 ] at 380.2° for 2.0 hr yields I [[a] 365 =273 2°, Q0 3667
+ 0 0010 ,uc/mmol] from which 11 [0 799 + 0 006 opucal purity, 0 0888 + 0 0005 uc/mmol (measured as
I, Aé i the sequel)] and S-(-)-II1 [> 99% optical punity, O 0865 £ 0 005 pc/mmol (A )] are obtained.
Attempts to recover R-(+)-II by resolution afforded a sample of S-(-)-III [0 391 + 0 003 optical purity,
0 0926 + 0 0004 pc/mmol (measured as III, A, 1n the sequel}], enriched m R-{H)-11I

The specific rate constants are derived by a two-step procedure First, the rate constants for
enantiomerization, kq =k, +k,, and transposition of label, ky =k, + k;, are calculated from the experi-
mental data at t = 7200 sec by the equations in the earher work! and are found to agree with that work
within experimental error

The specific radiocactivity of (+)-1II (A+) (0 1065 pc/mmol) 1s calculated from Ao and A_ by the
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equation AO =unA_+ (1 —n)A_, m which 2n — 11s the optical purity of II (0 799). Relative concentrations of
y products are calculated as percentages of I from the optical purity of II and the specific activities, A, and A_

Second, the trisection of k, and k. into k,, k; and k, 15 accomplished by optiruzauon of k, with res-
pect to the experimental ratio, [R]/[R,], the most sensitive measure of k,, by iterative integration of the four
differential equatlons2 defining the three reversible reactions This procedure leads to the values, k, =1 7%
0 9 & 20, the 95% confidence level), k, =44 320 6 (@)and k, =14 0£0.5 (@) x 1070 sec™!  Use of the data
without attempted enraichment of R-(+)-1I (AQ') givesk, =2 0+ 1 5 (20) x 10-0sec™! An early experiment with
deuterium as the label afforded the value, k, = 0 6 + 1 4 (20) x 107 %sec™?

Thus the existence of the k, process as a real but minor part of the reaction 15 established From tt
order, k, >k, >k,, the prediction, ql;;.sed on a freely rotaring diradical (rotation much faster than reclosure),
that k =k, =k, 1s only 92% incorrect

The two processes, k, and k,, unavoidably pass through a geometry 1n which the bonding orbitals are
perpendicular to each other, c;.;not u’;N theory be concerted, and will have transition states of energy equal to o

greater than that of the hypothetical cis, trans-octa-2, 7-dien- 1, 6-duyl diradical in its lowest energy form
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Labelled carbon marked by ¢ Conformational specification follows Cahn, Ingold and Prelog. >
Specific rate constants (£ o) at 380 2°m lO'6sec' 1 (AG# 1n kcal/mol) The two pairs of diradi-
cal, Pg P P, and P; P A_, mn the middle lines are represented as stereoscopic pairs, the more

easlly to correlate the notation® with the three-dimensional model
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One porton of the difference between k, and k, (AZ\G#E =2 740 5 keal/mol) 1s ascribed to the higher
energy of the cis, cis configuration of the dlrad.tgaz (s c_;_; cise) necessarily required by k, (the lower energy,
®cis, transe diradical suffices for ,lf,k) We assign the conventional 1 0 kcal/mol mcrer;gnt to this thermodyna-
mic factor, although without strong conviction

The remaiming portion of the differcnce 1s ascribed to a kietic factor operatng 1n the transition state
The rotational requirement for k, 1s economically expressed m terms of the rate-determining, congnuous dira-

dical as transition state?

whlch:;)uples the vibrational diradical® (P(: P P.), associated with the C - C, bond-
breaking levels of vinylcyclohexenc m 1ts axial, (c1s, c18)-related conformation ($2%), to the vibrational diradical
(P; P A.), associated with the G -C, bond-breaking levels of rcarranged, enantiomeric vinvlcyclohexene i its
equatorial, (cis, cis)-related conformation (Rf‘q) 7 This transition state 1s eclipsed and 1s characterized by sub-
stantial steric repulsion between (Z)-H-38 of the rotating, cis-allylic radical and (pS)-H-5 5 Accordingly the
remaining 1 7 kcal/mol of the 2 7 + 0 5 kcal/mol disadvantage of k nis-a-vis k, 15 ascribed to the mherently
greater barrier to this rotation of a cis-allylic radical (P. > A ) compared to that of a trans-allylic radical
(Pt' — A:) (see figure)

Like ,\k,{ the process EQ.’ whether or not concerted, requires a transition state having the c13, cis con~
figuration Unlike ﬂk’%, ,lf,Q, requres no further discrete, energy-demanding imnternal rotation once the (farmly of)
P; P Pc vibrational diradical(s) has been reached the average CEV symmetry of this set defines a transition
state common to S and Si’x (no comparably simple coupling of s 0 Si_q or 8% 1o Siq ex1sts)

As a concerted process ﬁk,'i would wnvolve a six-center Cope-type of transition state of the same Coy
symmetry as the related P; PP, diradical The potential 22-kcal/mol concert estumated for the four-center
C0p68 15 essentially nullified by the ll-kcal/mol disadvantage of the six-center {ransiaon swte‘) and its brcyclo-
[2 2 2)octane-like geometry {strain energy of 9 2 kcal/mol) 10 Depending on whether the assignment of the
entire incremental AAG?é of 4 2 keal/mol to an internal rotational barrier (P, —> A.)1s correct, totally wrong
or somewhere in between, the magnitude of concert would lie between 0 and 4 2 kcal/mol Experimental uncer-
tamnty and the low, maximum value of the hypothetical concert prompts as to place k, mnto the class of 'not
obvicusly concerted' thermal rearrangements -

Formulation of the complete set of reaction paths in terms of the three sets of conformations of dira-
dical structures (cis, c1s, trans trans [24 each] and cis, trans[27 rnembers}),ll the 1dentification of mdividual
structures as torsional-barrier protected or vibrational diradicals, 6 and the entry of butadiene, cyclooctadiene,

and c1s and trans—dlwnykvclobuta.ncl?‘ mnto the set of reaction paths 1s deferred to later publications
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