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ABSTRACT: The'H and**C{*H} NMR spectra of 4-formylcyclohexene in 50% @&l,-50% CHRCI decoalesce at

very low temperatures and, at 108 K, have sharpened into a major (77%) and a minor (23%) subspectrum. Based on
the NMR spectra and molecular mechanics calculations, the major subspectrum is assigned to a family of equatorial
conformations and the minor subspectrum to a family of axial conformations. The free energy of activation for
conversion of the equatorial conformations to the axial forms is 5.6 kcalhiblkcal = 4.184 kJ) at 117 K. Within a

family of conformations, interconversion occurs rapidly at 108 K via formyl group rotation. The conformational
preference in 4-formylcyclohexene is solvent dependent. In 504GF50% CHRCI, CHFR.CI and CRCl,, the
respective ratios of equatorial to axial conformations are 77:23, 77:23, and 89:11 at 108'K. aa*C{*H} NMR

spectra of 4-methylcyclohexene and 4-vinylcyclohexene in 50%CGF50% CHRCI show no evidence of
decoalescence at very low temperatures but do show differential broadening and subsequent sharpening of various
resonances characteristic of exchange between strongly dominant equatorial conformations and axial conformations
present at too low a concentration to be detectable by NMR. A lower limit on the free energy preference for the
equatorial conformations is estimated to be 1.0 kcalthdflolecular mechanics calculations also predict a stronger
preference for equatorial conformations in 4-methylcyclohexene and 4-vinylcyclohexene than in 4-formylcyclo-
hexeneJ 1998 John Wiley & Sons, Ltd.

KEYWORDS: 4-formyl-, methyl- and -vinylcyclohexene; stereodynamics; conformation; dynamic NMR; molecular
mechanics

INTRODUCTION barrier are consistent with the boat being the transition
state?®*

The cyclohexene ring is prevalent in organic chemistry.  Direct measurements of the distribution between axial

Assessing the stereodynamics of cyclohexene and suband equatorial conformations in a large number of mono-

stituted cyclohexenes is important in developing a com- substituted cyclohexanes have been made by examina-

prehensive understanding of the chemistry of derivativestion of the NMR spectra at low temperature under

of this important ring systerhCyclohexene exists astwo  conditions of slow exchange on the NMR chemical

enantiomeric half-chair conformation€4 symmetry). exchange time-scafe.In contrast, the axial versus
Dynamic NMR (DNMR) studies established a free equatorial conformational preferences have been meas-
energy of activation AGt) of 5.3-5.4kcal moi* ured directly by NMR at low temperature for only seven

(1 kcal = 4.184 kJ) for the enantiomerizatibiBased on  substituents in 4-substituted cyclohexenes (F, Cl, Br, I,
numerous molecular mechanics calculatiSand recent  OH, OSiMe;, CN)2%%7As predicted in an early repot?,
ab initio calculations’ the boat conformation Qg the conformational preferences of polar 4-substituents are
symmetry) is consistently predicted to be the transition solvent dependent. Cyclohexene has a dipole moment of
state for conformational exchange in cyclohexene. The 0.75 D with the moment coincident with ti& symmetry
ab initio calculations predict a barrier for enantiomeriza- axis® With a polar substituent at the 4-position, the net
tion of 5.5 kcal mol?, in excellent agreement with the dipole moment of the axial conformation will be greater
DNMR results. Substituent effects on the ring inversion than that of the equatorial form; the axial conformer
should be more favored in solvents of higher polaffty.
Solvents of lower polarity will stabilize the equatorial
L%?&[;zﬁo%??:fmméﬂ} "Eutsmv?}l;rrhgﬁp;g%gné1%1‘5CSgnA“iStfy: conformation. For example, the free energy difference
Contract/)érant sponsdﬂ\lation%l Science Foundatioﬁ:ontr:alct grént between the axial and equatorial Conformatlons (a*ial
number:CHE 9531349, equatorial) of 4-chlorocyclohexene s0.31 kcal mol
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Figure 1. Experimental ">C{'"H} DNMR spectra (125.76 MHz)
of the aliphatic carbons of 4-formylcyclohexene (10% v/v in
50% CF,Cl,-50% CHF,Cl) in the middle column and
theoretical simulations at the right and left. The rate constant
(kea) is associated with the conversion of equatorial to axial
conformations

45 40 35 30 25

at 128K in the non-polarCF,Cl,, —0.20kcal mol~?t at
113K in CD,CDCland+0.02kcalmol~* at 128K in the
polar CHFCI (axial conformationslightly favored).
The conformational preferencesin just one 4-sub-
stituted-cyclohexeain which thesubstituen{cyano)has
carbonbondedto C-4 has beenmeasureddirectly by
NMR spectroscopyunder slow-exchangeconditions’
This paperreports**C{*H} and*H DNMR studiesof 4-
formylcyclohexae in solvents of different polarity
allowing the direct determination of axial versus
equatorialconformationalpartitioningandthe barrierto
conformational interconversion.Molecular mechanics
calculationsusing the MMX force field are in good
agreementvith theNMR datain CF,Cl, andsuggesthat

0 1998JohnWiley & Sons,Ltd.

eachof the axial andequatorialconformationsexistsasa
family of two diastereomericforms that interconvert
rapidly via formyl group rotation even at very low
temperature$.Indirect DNMR evidenceallows a lower
limit of 1.0kcal mol™* to be placedon the free energy
preferencdor theequatoriaconformation®overtheaxial
formsin 4-vinylcyclohexee and4-methylcyclohexene.

RESULTS AND DISCUSSION
4-Formylcyclohexene

The™C{*H} NMR spectrum(125.76MHz) of 4-formyl-
cyclohexeng10% v/v in 50% CF,Cl,—50% CHF,CI) at
177K showsaliphatic carbonresonancest 22.5, 24.6,
24.7and47.3 ppm, olefinic carbonsignalsat 125.9and
128.2 ppm and the carbonylcarbonresonancet 206.4
ppm.Tripletsfor eachof thetwo solventsareobservedat
117.6 ppm (CHF,CI; 'Jcg=290Hz) and 127.1 ppm
(CFE,Cly; YJcr=320Hz). The aliphatic carbon reso-
nancesreillustratedin Figure 1. Below 140K, eachof
the aliphatic carbonresonanceslecoalesce¢Figure 1)
whereagheolefinicandcarbonylresonancedo notshow
any clear decoalescenceA sharpenedspectrum is
observedat 108K (Figure 1). At 108K, C-4 showsa
dominantresonanceat 47.5 ppm (77%) and a minor
signalat 45.8ppm (23%).As determinedrom complete
lineshapesimulations,the other three aliphatic carbon
resonancesshow exactly analogous decoalescence
behavior'® For eachaliphaticcarbon the chemicalshifts
of the dominant resonanceand its minor chemical
exchangepartnerarelistedin Table1l. A decomposition
of the theoreticalsimulation at 108K is illustrated in
Figure2. Resonancedueto the majorspeciesareshown
in the top subspectrumof Figure 2 with the minor
subspectrunsecondrom thetop. Exchangepartnersare
labeled with asterisks,open circles, solid circles and
boxes.Thecompositespectrumwith kea=0s *in Figure
2 resultsfrom superpositiorof thetwo properlyweighted
subspectral he bottomcompositesubspectrunincorpo-
ratesarateof chemicalexchangenecessaryo achievean
accuratdit at 108K. Simulationsof the**C{*H} DNMR
spectraat othertemperaturesireillustratedin Figure 1.

Table 1. '>C NMR chemical shifts of the pairs of major and
minor chemical exchange resonances for the aliphatic
carbons of 4-formylcyclohexene®

Minor chemicalexchangepartner

Major resonancgppm) (ppm)
47.48 45.75
25.60 22.65
24.23 22.45
22.45 21.29
2 At 108K.
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Figure 2. Decomposition of the theoretical simulation of the
13C{"H} NMR spectrum of the aliphatic carbons of 4-
formylcyclohexene at 108 K

Thefreeenergyof activationfor conversiorof the major
to the minor speciess 5.6kcal mol™* at 117K.

The **C{*H} NMR spectrumof 4-formylcyclohexene
at 108K showsthe presenceof major and minor equili-
brium conformationsbut does not allow unequivocal
assignmentsf conformation. Assignmentcanbe made
by examinationof the '"H DNMR spectra.

The *H NMR spectrum(500.16MHz) of 4-formyl-
cyclohexeng10% v/v in 50% CF,Cl,—50% CHF,CI) at
200K shows a slightly broadenedsinglet (Avy»=
1.8Hz) at 9.68 ppm (1H; CHO), a multiplet at 5.69—
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Figure 3. Experimental "H DNMR spectra (500.16 MHz) of
the C-4 proton of 4-formylcyclohexene (10% v/v in 50%
CF,Cl,-50% CHF,Cl) and theoretical simulations offset to
the upper left. The rate constant (k) is associated with the
conversion of equatorial to axial conformations

5.75 ppm (2H; HC=CH) and a multiplet at 2.53-2.60
ppm(1H; C-4 proton),with othermultipletsat2.17—-2.27
ppm (2H), 2.04-2.17ppm (3H) and 1.58-1.68(1H) for
the remainingaliphatic protons.At temperaturedelow
130K, all resonances.gexcept the aldehydic proton
resonancedecoalesceThe decoalescencef the C-4
protonsignalis salientandis illustratedin Figure 3. At
108K, aresharpenedpectrunmshowsa minor, relatively
narrow C-4 protonsignal at 2.87 ppm and a major C-4
protonsignalat 2.6 1ppmthatis significantlybroadetand
showspartially resolvedfine structure.The ratio of the
integratedintensitiesof the peakat 2.61 ppm to that at
2.87ppmis 3.5:1.0at 108K. Basedon awell established
rationale thenarrowresonancat2.87ppmis assignedo
the equatorialC-4 proton on the axial conformatior?”
Thebroadersignalat2.61ppmis assignedo the axial C-
4 protonon the equatorialconformer.The distributionof
axial (22%)andequatorial 78%)conformationsat 108K
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determinedby *H NMR is in excellentagreementvith
the 13C NMR data(23%and77%), allowing assignment
of the major and minor subspectrabservedn the **C
NMR spectra.

A rigorous theoretical simulation of the DNMR
behaviorof the C-4 protonresonanceequiresexchange
betweentwo six-spin systems,each of which has six
unique chemical shifts. This problem is beyond the
capability of currentDNMR lineshapeprograms Based
onthe narrowaldehydicprotonresonancéseeabove),it
is apparentthat spin—spin coupling of the aldehydic
proton to the C-4 proton is very small (<2 Hz). By
ignoringthis couplingandby usingasimplifiedfive-spin,
two-conformationchemical exchangemodel that em-
ployedthesymmetrypairingoptionin computemprogram
DNMRG6, acceptablesimulationswere achieved(Figure
3).2% Acceptablesimulationof theresonancat2.61ppm
requiredtheuseof two 3Juccn valuesof aboutl 1 Hz, one
of about2 Hz andanotherabout5 Hz. The Iarge3JHCCH
valuesareconsistenwith vicinal protonsthatareanti to
eachotherandconsistentvith assignmenof the signalat
2.61 ppm to the C-4 axial proton on the equatorial
conformationof 4-formylcyclohexeneln this conforma-
tion, the C-4 axial protonis also gaucheto two vicinal
equatorial protons that will show smaller 3Jyccn
coupling to the C-4 proton. The signal at 2.87 ppm is
simulatedusingall 3Jyccy valuesthatarelessthan4 Hz
consistentwith all four vicinal protonsbeing gaucheto
the C-4 proton; this resonances assignedo the equa-
torial protonon the axial conformationof 4-formylcyclo-
hexeneFromtheH DNMR simulationat 117K (Figure
3), the free energyof activationfor equatorialto axial
conversioris 5.6kcal mol™%, alsoin agreementvith the
13C DNMR value (5.6kcal mol™). Thus, 4-formyl-
cyclohexeneshows a slight free energy preference
(0.26kcal mol™) for the equatorial conformation in
50% CF,Cl,—50% CHF,CI at 108 K.

The conformational preference of 4-formylcyclo-
hexeneis solventdependentAt 106K in pure CHF.CI,
the **C{*H} NMR spectrumshowstwo C-4 signalsat
47.7 and 46.0 ppm with a respectiveintensity ratio of
3.3:1.0;conformationapreferences essentiallyidentical
with thatin 50% CF,Cl—50%CHF,CI. At 106K in pure
CHF.CI, the 'H NMR spectrumshows an axial C-4
protonresonancéequatorialformyl) at2.65ppmandan
equatorialC-4 protonsignal (axial formyl) at 2.89 ppm
alsowith arespectivantensityratio of 3.3:1.0.However,
in pure CRCl, at 106K, the **C{*H} NMR spectrum
showstwo C-4 signalsat 47.0 and 44.7 ppm with a
respectivantensityratio of 8.1:1.0,showinganincrease
in the percentageof the equatorialconformationfrom
77%in thepolarCHF,CI to 89%in thenon-polarCFCl..
Conformationapreferencesirecompiledin Table2. An
analysisof time-averagedricinal coupling constantsn
selectively deuterated 4-formylcyclchexene at room
temperaturen the polar CHCI; reveals70% equatorial
conformations(AG® = —0.5kcal mol~%)** as compared

0 1998JohnWiley & Sons,Ltd.

Table 2. Conformational preferences in 4-formylcyclo-
hexene

Solvent Keg(@x= eq) AG® (kcalmol™*)
CF.Cl, 8.1 —0.44
50% CF,Cl,—50% CHF.CI 3.3 -0.26
CHF,CI 3.3 —0.26

2 At 106K.

P At 108K.

Table 3. MMX-calculated relative energies of equilibrium
conformations of 4-formylcyclohexene

Conformatiofi Energy(kcal mol™?)
1 0.0

2 0.0

4 0.7

5 1.0

& SeeSchemel.

b AH; = —28.9kcal mol™2.

with our direct measuremenin the polar CHF,CI at
106K (AG® = —0.26kcal mol™).

Molecular mechanicscalculationsfor 4-formylcyclo-
hexenaisingtheMMX forcefield predictsix equilibrium
conformationsfour of which will be presentat concen-
trationshigh enoughto bedetectabldy NMR (Table3).°
With theformyl groupin theequatoriaconformationthe
MMX force field predictsthree equilibrium conforma-
tions including isoenergeticconformations1 (AHs=
—28.91kcal mol™) and 2 (AH; = —28.87kcal mol™?)
shownin Schemel. In 1, the C-3—C-4—G=0 torsion

fast at 108 K

S
ol

1 fast at 108 K 2

Scheme 1. Dominant equilibrium conformations of 4-
formylcyclohexene. Conformations within a box interconvert
via barriers that are too low to be visible in DNMR.
Interconversion between conformations in different boxes
occurs by half-chair ring flip and via a barrier that is high
enough to be visible in DNMR
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Figure 4. Experimental ">C{'"H} NMR spectra (125.76 MHz)
of the aliphatic carbons of 4-vinylcyclohexene (10% v/v in
50% CF,Cl,-50% CHF,Cl) and a theoretical simulation at
140 K offset to the upper left. The rate constant (kes) is
associated with the conversion of equatorial to axial
conformations

angleis 5.4°; the C=0 bondalmosteclipseghe C-3—C-
4 bond. The torsion angle betweenthe aldehydicC—H
bond andthe axial C-4—H bondis 65.8. This torsion
anglewill resultin a small spin—spincoupling constant
betweerthealdehydicprotonandtheaxial C-4 proton.In
2, the C-5—C-4—G=0 torsionangleis —1.1°; the C=0
bond eclipsesthe C-5—C-4 bond. The torsion angle
betweerthe aldehydicC—H bondandthe axial C-4—H
bondis —62.6°. This torsionanglewill alsoresultin a
smallspin—spincouplingconstanbetweerthe aldehydic

0 1998JohnWiley & Sons,Ltd.

proton and the axial C-4 proton. Another equilibrium
conformation(3) is predictedat an H—C—C=0 torsion
angleof 0° (AH; = —27.82kcal mol™); 3 is predictedto

bepresenttlessthan1% of theconcentratiorof 1 or 2 at
108K, i.e. attoo low a concentratiorio be detectabldy

NMR. A 360° MMX torsionangledriver calculationfor

formyl grouprotationidentifiedthreerotationbarriersat
1.73(1 to 3), 1.88(2 to 3) and2.23kcal mol~ (1 to 2).

Consistentwith the NMR data, the MMX force field

predictsthatthe equatorialconformationsaredominated
by two isoenergeticspecies(l and 2) that interconvert
rapidly at 108K (Schemel). Owing to rapid chemical
exchangethe NMR datado notallow a directmeasuref

the populationsof the two conformationsand a direct
comparisonwith the MMX-calculated heatsof forma-
tion.

With the formyl groupin the axial position,the MMX
force field predicts three equilibrium conformations
including 4 (AH; = —28.20kcal mol™) and 5 (AH; =
—27.90kcal mol™) as shownin Schemel. In 4, the
interatomic distancebetweenoxygen and the pseudo-
equatorialC-3 protonis 2.66A. The C-3—C-4—C=0
torsionangleis 2.8°; the C=0 bondessentiallyeclipses
the C-3—C-4 bond. The torsion angle between the
aldehydicC—H bondandthe equatorialC-4—H bondis
63.8. This torsionanglewill resultin a small spin—spin
coupling constantbetweenthe aldehydicprotonandthe
C-4 proton. In 5, the interatomic distance between
oxygenandthe pseudo-axialC-6 protonis 2.62A. The
C-5—C-4—G=0torsionangleis —14.3; theC=0 bond
almosteclipsesthe C-5—C-4 bond. Oxygenis twisted
slightly away from the pseudo-axialC-6 proton. It is
apparentthat 5 is destabilizedrelative to 4 owing to
slightly enhancedhon-bondedepulsionsbetweenoxy-
genandthe pseudo-axialC-6 proton. The torsionangle
betweenhe aldehydicC—H bondandthe equatorialC-
4—H bondis 5 is —74.C°. This torsionanglewill also
resultin a smallspin—spincouplingconstanbetweerthe
aldehydicprotonandthe equatorialC-4 proton.Another
equilibrium conformation(6) is predictedat an H—C—
C=0 torsionangleof 11.1° (AH; = —27.15kcal mol™%);
6 is predictedto be presentat lessthan 0.04% of the
concentratiorof 1 or 2 at 108K, i.e. at muchtoo low a
concentratiorto be detectableby NMR. A 36(° torsion
angle driver calculation for formyl group rotation
identifiedthreerotationbarriersat 1.2 (5 to 6), 2.1 (4 to
6) and3.1kcal mol~* (4 to 5). Consistentvith the NMR
data, the MMX force field predicts that the axial
conformationsare dominatedby two forms that inter-
convertrapidly at 108K (Schemel). The NMR datado
not allow a direct measureof the populationsof the two
conformations.

In all four dominantequilibrium conformationsof 4-
formylcyclohexene(Schemel), the MMX-calculated
torsionanglebetweenthe aldehydicprotonandthe C-4
protonrangesfrom 62.6° to 74.C°. Basedon the Karplus
relationship,this rangeof torsion angleswill resultin
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small *Jyccn values(1.5-3.0Hz) for coupling between
theseprotons.While the aldehydicproton NMR signal
did not decoalescend formyl group rotationis fast at
108K, the narrow aldehydicproton signal observedat
high (Av,,=1.8Hz at 180 K) andlow temperaturess
consistenwith small *Jyccy valuesandis qualitatively
consistentwith the MMX calculationsof the preferred
conformationsof the formyl group (Schemel).

4-Formylcyclohexenéhas beenstudied by using the
MMP2 force field.*? Calculations that incorporated
quantum mechanicalinteractions betweenthe formyl
groupandthe carbon—carbomloublebond,or neglected
that interaction, produced the same preference for
equatorialconformations(0.83kcal mol)~?, suggesting
no stabilizingchargetransferfrom the carbonylgroupto
the ring double bond in the axial conformer. These
calculationsagreewell with the MMX force field data
(Table3).

The DNMR studiesdescribedabovecomplementedy
moleculammechanicgalculationsallow acomprehensive
description of the stereodynamicsof 4-formylcyclo-
hexeneillustratedin Schemel. With the formyl group
in the equatorialposition, there are two dominantiso-
energetic conformations (1 and 2) that interconvert
rapidly at 108K. With the formyl group in the axial
position, there are two dominantconformers(4 and 5)
with 4 slightly more stablethan5 that alsointerconvert
rapidly at 108K. Formyl grouprotationis fastenoughat
108K sothatit is invisible in DNMR. Interconversion
betweenthe axial and equatorialfamilies of conforma-
tions via half-chair ring inversion has a barrier high
enough(5.6kcal mol)~* to be visible in DNMR.

Conformational preferencesin 4-substitutedcyclo-
hexeneswith polar substituentsare knownto be solvent
dependent. 4-Formylcyclohexends no exception(see
above) .t is interestingthatthe respectivepercentagesf
axial conformationsin CHF,CIl, 50% CF,Cl,—50%
CHF,CI and CF,Cl, at 108K are 23, 23 and 11%,
respectively. In proceeding through this series of
solventsthe polarity of the solventsystemprogressively
decreasesvhile the axial conformationalpopulationis
the samein CHF,Cl and50% CF,CIl,—-50% CHF,CI and
thenfalls off in CF,Cl,. While non-bondedrepulsions
play a major role in the conformationalpreferencesthe
enhancedaxial concentrationin polar solventsis inter-
esting. The observationthat the concentrationof axial
forms doesnot follow the solventpolarity suggestshat
the solvent dependenceamay not be entirely due to
dielectriceffectsandmayalsoinvolve hydrogenbonding

An axial formyl group on the cyclohexanering will
experiencegreaternon-bondedepulsionsthan an axial
4-formyl groupon the cyclohexeneing. Therefore,it is
not surprising that the free energy preference for
equatorial formylcyclohexane (—0.84kcal mol™?! in
CD.Cl,)* is larger than that in 4-formylcyclohexene
(—0.44kcal mol~ in CF,Cly).

0 1998JohnWiley & Sons,Ltd.

4-Vinylcyclohexene

The 13C{*H} NMR spectrum(125.76MHz) of 4-vinyl-
cyclohexeng10% v/v in 50% CF,Cl>—50% CHF.CI) at
200K showsaliphatic carbonresonancesit 26.1,29.4,
31.8and 39.3 ppm and olefinic carbonsignalsat 112.9,
127.2, 128.8 and 145.1 ppm. Below 130K, various
resonancesindergo significant differential broadening
andthenresharperat lower temperaturesThe aliphatic
carbon resonancesare illustrated in Figure 4. For
example,at 140K (Figure 4), the respectivewidths at
half-height of the aliphatic carbonresonancest 25.8,
29.0,31.5and39.3ppmare14.3,6.2,9.8 and 14.1Hz.
No decoalscenceof any signal into two separate
resonancess observed.Two conformationalexchange
processeccur in 4-vinylcyclohexem: half-chair ring
inversion and rotation about the vinyl—C-4 bond.
Molecular mechanicscalculations predict barriers to
vinyl rotation that are less than 1.0kcal mol™ (see
below); this processccursat aratetoo fastto be visible
in DNMR evenat 110K. The barrierto half-chairring
inversionhasbeenshownto be high enoughto bevisible
in DNMR.>2 Therefore, this spectralbehavioris best
rationalizedin terms of exchangebetweena strongly
dominantfamily of equatorialconformationgseeabove)
and a family of axial conformationspresentat concen-
trationsthatgive signalsbelowthe noiselevel. It mustbe
notedthat the axial conformationsare presentsat con-
centrationshigh enoughto causeexchangebroadening.
The noiselevel in the 110K spectrumis about1.5% of
the intensity of the peakat 39.5 ppm. By employinga
ratio of major to minor speciesof 97:3, the 140K
spectrumin Figure 4 can be simulated by invoking
exchangewithin eachof the following pairsof aliphatic
carbonchemicalshifts: 25.8 ppm (97%) and 22.0 ppm
(3%), 28.9 ppm (97%) and 28.2 ppm (3%), 31.4 ppm
(97%)and28.8ppm(3%),and39.5ppm (97%)and35.8
ppm (3%). A progressivaeductionin the populationof
the minor speciesproducesless and less differential
broadeningand, at a populationof 0.1%, all differential
broadeninglisappearn the calculatedspectrumBased
onthis analysis axial conformationsare presentat about
3% or lessat 140K; the lower limit on the free energy
preferencefor the equatorialconformersis estimatedo
be 1.0kcal mol™* at 140K.

MMX calculationspredicta strongpreferencefor an
equatorial family of conformationsin 4-vinylcyclo-
hexene With the vinyl groupin the equatorialposition,
MMX predicts 7 to be the most stable conformer
(AH; = 16.04kcal mol™). In 7, the H*—C—C-4—H
torsion angle is calculatedto be 176.F. Three other
equilibrium conformationswith H*—C—C-4—H tor-
sion anglesof —12°, —42° and 71° are 0.42,0.43 and
0.76kcal mol™, respectively lessstablethan 7. All of
theseequilibrium conformationsgnterconvertby isolated
rotationaboutthe vinyl—C-4 bondvia barriersthat are
1.0kcal mol~* or less;rotationis fastat 110K. A theor-
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etical simulation of the vinyl methine proton NMR
resonancat200K revealscoupling(}Jcch) to thetrans
vinyl proton(17.2Hz), to the cis vinyl proton(10.8Hz)
andto the C-4 proton(6.8Hz). The couplingof thevinyl
methineprotonto the C-4 protonin 7 is predictedto be
11.6Hz. Thevalueobservedt 200K is consistentvith 7
interconvertingwith appreciableconcentrationsof the
other equilibrium forms in which the coupling will be
muchsmaller(4—7Hz). With thevinyl groupin the axial
position, MMX predictstwo equilibrium conformations
with H*—C—C-4—H torsionanglesof —154° and47°
thatare3.13and3.78kcal mol~* respectively|essstable
than 7. The smallest calculated energy difference
betweeran equatorialandaxial form is 2.38kcal mol ™,
which is substantiallylarger than the lower limit esti-
matedfrom the NMR data.In any event,the equatorial
preferencefor the 4-vinyl groupis substantiallylarger
thanthatfor the 4-formyl group.

4-Methylcyclohexene

The*C{*H} NMR spectrum(125.76MHz) of 4-methy!-
cyclohexeng10% v/v in 50% CF,Cl,—50% CHF,CI) at
200K showsaliphatic carbonresonancest 22.9, 26.5,
29.8,32.0and34.6 ppmandtwo olefinic carbonsignals
thatoverlapat 128.0ppm.Below 130K, variousresonan-
cesundergadifferential broadeningand areresharpened
at 110K. No decoalescencito separatesignalsis ob-
servedBy usinganapproactanalogouso thatemployed
for 4-vinylcyclohexer (seeabove),a lower limit onthe
preferencefor equatorial4-methylcyclohexenever the
axial form is estimatedat 1.0kcal mol.”* From an
analysisof the epoxidationratesof various methylated
cyclohexenesthe preferencefor equatorialover axial
methylcyclohexenés estimatedo be 1 kcal mol~*.**

The MMX force field predicts a 1.44kcal mol™*
preferencefor the equatorialconformationof 4-methyl-
cyclohexene Another molecularmechanicscalculation
predictsa1.04kcalmol ! preferencé? It is apparenthat
the equatorialpreferencefor methyl is also larger than
thatfor formyl.

EXPERIMENTAL
4-Formylcyclohexae, 4-vinylcyclohexene and 4-

0 1998JohnWiley & Sons,Ltd.

methylcyclohexengerepurchasedrom Aldrich Chemi-
cal. Purity was confirmed by *H and *C{*H} NMR
spectroscopy.

The dynamicNMR spectrawere recordedby usinga
Bruker ARX-500 NMR system at the University of
Vermont. The NMR sampletemperaturevas varied by
using a Bruker BVT-2000 temperaturecontrol unit.
Samplegemperaturevascalibratedagainsthepermanent
probe thermocouple by using a copper—constantan
thermocoupleinserted in an NMR tube containing
toluene. Temperaturewas accurate to+ 3K. NMR
sampleswere preparedin precision 5mm tubes and
sealedafter four freeze—pump-thawycles. All spectra
arereferencedo tetramethylsilanet 0 ppm.
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