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4-Vmylcyclohexene (I), the BeIs-Alder and malor product of the &merizatlon of butahene, 

undergoes two degenerate thermal rearrangements which have been made vlslble by labellmg mth OptId 

achvlty and deutenum. 
1 

In terms of the three processes of automenzatlon, k,, k and&, shown m 
-2 

the figure, that work has revealed rearrangement of the vmyl group mto the rmg (kD = k, + &,) to be 

faster than loss of optical activity (k, = k, + & ). Srnce neither k, nor k, was evaluated, it followed only 

that ko > k, and that k, and k, could have any value Iymg between (kl + $) and 0 

Were the product of an mcomplete automenzation of optically pure I to be resolved mto its optl- 

cal antipodes and were each of these tobe analyzed separately for the extent of isotope transposmon, the 

three rate constants could be evaluated. These three processes bear on the role of concert and bra&c& 

111 bond-breakmg and bond-remaking m 4-vmylcyclohexene 

Opt~ally active I, labelled m the Ce methylcne group ,mth 
14 

C, 1s prepared by an unexceptmnal 

sequence bepnnmg with ophcally pure cyclohexene-4-carboxyhc acid (II) [CH.$&, LIAIH,, MsCl, LIBr, 

Na14CN, L&H,, CH,I, A&O] Analysm mvolves the degradaho? of I to II [hydropyndmmm perbromIde 

m CHzCL 5% EtOH at -86”, RuO, and N&IO, m acetone, Zn, CH,COOH (overall yield 64%), resolution 

of II mto R-(+)-II [blucme m CH,COOEt] and S- (- )-II [(+)- a-phenylethylamme In acetone], and esterlfica- 

tion [CH2N2] to the methyl ester (III) w&h IS purified by glpc In this degradahon, 
14 

C 1s retamed m 

rearranged products and lost from unrearranged products 

Heatmg 14C-labeIled I 
[ 
[a]365 25 ’ -342 3” 

3 
at 380.2” for 2.0 hr yields I 

3 

L 
25 [a] 365 l-273 2”, 0 3667 

f 0 0010 ,uc/mmol , from which II [O 799 f 0 006 optical purity, 0 0888 f 0 0005 pc/mmol (measured as 

III, 4 m the sequel)] and S-(-)-III [> 99% ophcal purnty, 0 0865 f 0 005 pc/mmol (A )] are obtamed. - 

Attempts to recover R-(+)-II by resolunon afforded a sample of S-(-)-III [0 391 k 0 003 opncal purity, 

0 0926 i 0 0004 ,uc/mmol (measured as III, A, III the sequel)], enriched m R-(+)-III 

The specific rate constants are demved by a two-step procedure Pirst, the rate constants for 

enanaomerlzatlon, k, = k, + h, and transposlhon of label, k, = k, + $, are calculated from the expert- 

mental data at t = 7200 set by the equations In the earlier work1 and are found to agree with that work 

within expenmental error 

The specific radloacbvlty of (+)-III (A+) (0 1065 ,uc/mmol) 1s calculated from % and A_ by the 
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equation A0 = nA_ + (1 - n)A+ , III which Ln - 1 IS the opbcal purity of II (0 799). Relative concentraQons of 

1 products are calculated as percentages of I from the optical purity of II and the spectiic activlhes, A+ and A_ 

Second, the trlseclon of k, and k, mto k, , I k, and & 1s accomphshed by optmuzation of k, with res- 

pect to the experimental rauo, IR]/ [R,], the most senslhve measure of k,, by iterative mtegration of the four 

dtfferentml equations2 defmmg the three reversible reactions This procedure leads to the values, k, = 1 7 It 

0 9 (* 20, the 95% confidence level), 16 = 44 3 f 0 6 (a) and k, = 14 0 + 0.5 (u) x UT6 set- ’ Use of the data 

without attempted ennchment of R-(+)-II (Ad) sves % = 2 0 f 1 5 (2~) x 10-6sec-1 An early expenment with 

deuterlum as the label afforded the value, k, = 0 6 * 1 4 (2~) x 10e6 set- ’ 

Thus the existence of the k, process as a real but nunor part of the reacbon 1s establlshed From ti 

order, k0 > k, > kZ, the predlcbon, based on a freely rotatmg dlradlcal (rotatlon much faster than reclosure), 

that 16 = k, = k, IS only 92% mcorrect 

The two processes, k, and &,, unavoidably pas.- 0 through a geometry 111 which the bondmg orbltals are 
^- - 

perpendicular to each other, cannot m theory be concerted, and w111 have transition states of energy equal to o 

greater than that of the hypothetical US, trans-octa-2,7-&en- 1,6-dlyl &a&Cal 111 Its lowest energy form 

(A;AA‘) 3’ 4J 5 

-$g - - 
(53 8) 

Labelled carbon marked by @ Conformational specdlcabon follows Cahn, Ingold and Prelog. 5 

Speclflc rate constants (+ D) at 380 2” m 10W6secW1 @G’ m kcal/mol) The two pairs of dlra&- 

cal, Pz P Pc and Pt P AL, 111 the middle lmes are represented as stereoscopic parrs, the more 

easily to correlate the notation5 with the three-dlmenslonal model 
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One portion of the tierence between k, and k, (AAG’ = 2 7 * 0 5 kcal/mol) 1s ascrlbed to the higher 
- - 

energy of the CIS, CIS configuratIon of the dlra&cal (a~, CIS~) necessarily reqmred by k, (the lower energy, - 

l CIS, trans. dlrzdtcal suffices for 3) We assign the conventional 1 Cl kcal/mol mcrement to thm tbermodyna- 

mlc factor, although wlthout strong convlctlon 

The remammg por’uon of the dlffcrtncc lb dscnbed to a kmetic factor operatmg 111 the translt~on state 

The rotational requirement for k, IL economcally expressed m terms of the rate-determmmg, contmuous dwa- 

&ml as transition state2 which couples the vlbrahonal chra&ca16 (Pz P PC}, assocrated with the C3-C+ bond- 

breakmg levels of vmylcyclohexenc m Its axial, (E, cls)-related conformaLlon (Sax), to the vlbrahonal bra&Cal - 

(PF P AC), associated with the Cs-C1 bond-breaking levels of rearranged, enanttomerlc vmvlcyclohexene m its 

equatorial, (G, CIS)-related conformation (RE’1) 
7 

- IIns transItIon state 16 eclipsed and IS characterized by sub- 

&ant& stenc repulsion between (Z)-H-8 of the rotatmg, cls-allyllc ramcal and (pS)-H-5 5 
- Accordmgly the 

remammg 1 7 kcalimol of the 2 7 f 0 5 kcal/mol bsadvantage of s,vls-8-vls _k3cls ascribed to the mherently -- 

greater barrier to ttus rotation of a cls-allyl~c raduzal (PC -+ A,) compared to tbdt of d trans-allylrc radical - 

‘pt’ 
--+ A:) (see figure) 

Like $, the process 5 whether or not concerted, requires d trans~~on state hdvmg the E, CIS con- - 

figuration Unlike &, & reqmres no further tiscretc, energy-demandmg mternal rotation once the (fatly of) 

Pf P Pc v&rational &ra&cal(s) has been reached the average C ?v symmetry of this set defines a transltlon 

state common to S 
ax 

and S 
3 no 

-eq 
comparably 4lmple coupling of S Lo Sz” or Sax to SF’ exists) 

As a concerted process k, would mvolve a SIX-center Cope-type of trans~hon state of the same C, 

symmetry as the related I$ P PC d1ramca.l The potent& 22-kcal/mol concert estimated for the four-center 

Cope8 1s essentially nulllfled by the 
0 

iI-kcal/mol disadvantage of the $=-center lranslhon state’ and Its blcyclo- 

12 2 ZJoctane-IIke geometry (stram energy of 9 2 kcal/mol) lo Dependmg on whether the ass~gnmenr of the 

entire Incremental MG 
# 

of 4 2 kcal/mol to an Internal rotational barrier (PC --+ A,) 1s correct, totally wrong 

or somewhere 111 between, the magmtude of concert would Ile between 0 and 4 2 kcal/mol Experzmenti uncer- 

tamty and tie low, maximum value of the hypothetical concert prompts as to place k, mto the class of ‘not 

obviously concerted” thefti rearrangements 

Formulation of the complete set of reacUon paths In terms of the three sets of conformations of dma- 

&ELI structures (~1s CIS _.__) -I trans trans [24 each] and cls, trans 12.7 members]),” the ldenhflcatlon of mlvldual -- 

structures as torsional-barner protectea or vlbraaonal dlradlcals, 
6 

and the entry of buta&ene, cycloocta&ene, 

and CIS and trans_dlvlnylLvclob~itanL 
12 

- - mto the set of reaction paths 1s deferred to later publlcatlons 
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