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Abstract. Variable-temperature H and 3C NMR spectroscopy of
substituted cyclohexanes permitted the evaluation of the thermody-
namic parameters for the axial === equatorial conformational equili-
bria when the substituent is methyl, ethyl, isopropyl, tert-butyl, ben
zyl, and the sulfur-contai ning methylthio, methylsulfinyl, and methyl -
sulfonyl. Interpretation of the results confirms the premise that a
proper understanding of conformational preferences requires the
knowledge of the enthalpic and entropic contributions to the confor-
mational free energy differences. A comment on the determination of
thermodynamic parameters by means of theoretical methods is also
included.

Keywords: Conformational analysis, A-values, NMR spectroscopy,
Variable-temperature NMR.

Resumen. Estudios espectroscopicos mediante resonancia magnética
nuclear a diferentes temperaturas hicieron posible la evaluacion de
los parédmetros termodinamicos asociados a equilibrios conforma-
cionales axial === ecuatorial en ciclohexanos sustituidos, en los que
el sustituyente es metilo, etilo, isopropilo, terbutilo, bencilo, o algu-
nos de los grupos tiometilo, metilsulfinilo o metilsulfonilo. La inter-
pretacion de los resultados obtenidos muestra que para alcanzar €l
entendimiento correcto de las preferencias conformacionales es nece-
sario conocer las componentes entélpicas y entrépicas ademas de las
diferencias en la energialibre conformacional. Finalmente, se presen
tatambién el uso de métodos tedricos para la determinacién de para-
metros termodinamicos.

Palabras clave: Andlisis conformacional, valores-A, Resonancia
magnética nuclear, RMN atemperatura variable.

Enthalpic and entropic contributions
to the conformational preference
of the benzyl group in cyclohexane

Substituted cyclohexanes generally exist in a conformational

equilibrium that involves ring inversion, and therefore intercor:
version of the axial and equatorial orientation of the substituent

(Eq. 1).
[

(axial)

Ak (1)

(equatorial)

Inversion of the cyclohexane ring is slow at low tempera-
tures (e.g. =70 °C or lower), so that a NMR spectrum registers
then the signals that correspond to each isomer. Integration of
the signals allows then determination of the equatorial/axial
ratio, i.e. the equilibrium constant K in equation 1. Now, appli-
cation of Gibbs' equation (Eq. 2) affords the free energy dif-
ference for the axial === equatorial equilibrium, which corres-
ponds to the conformational preference (A-value) of the subs
tituent R, where Risthe gas constant (1.987 kcal/mol) and T is
the temperature (in kelvin degrees) [1].

-DG°=RTInK = A-vaue %)

A-values (differences in free energy, -DG°, between the
axial and equatorial conformations of monosubstituted cyclo-
hexanes) are of great interest to chemists since they serve as
models in the understanding of the conformational behavior of
more complex molecules. For example, when R is an alkyl
group, the equilibrium shown in equation 1 is displaced to the
right since an equatorial orientation of the substituent avoids
the repulsive steric interactions with the axial hydrogens at
carbons 3 and 5 (Eqg. 3). Thus, it is not surprising that the big-
ger the substituent R, the greater the preference for the equato-
rial conformation.

HNR 3
A —

axial equatorial
However, we must remember that the free energy of a
molecule in a particular conformation is the result of two con
tributing factors: its enthalpy (H°) and its entropy (S’) compo-
nents, as described in equation 4.

DG° =DH°- TDS® @)

Specifically, the A-values for the methyl, ethyl, and iso-
propyl groups are 1.74, 1.80 and 2.21 kcal/mol [1], that appear
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Table 1. Enthalpic and entropic contributions to the conformational
free energy differences (DG°,9g¢) Of the most representative alkyl
groups[2].

R
[ — T\«
R DH° DS DG°25°c
(kcal / mal) (cal / degree. mol) (kcal / mol)
CH; -175 —-0.03 -174
CH,CH, -1.60 +0.64 -1.80
(CHy),CH -152 +2.31 -221

to be congruent with their relative size; that is, isopropy! larg-
er than ethyl, and ethyl larger than methyl. Nevertheless, an
NMR study showed that enthalpy differences for this series
decreases, contrary to intuition: —DH® (CH3) = 1.75 kcal/mol ;
—DH° (CH;CH,) = 1.60 kcal/mol, and —DH®° ((CH3),CH) =
1.52 kcal/mol [2].

The contrasting trends for DG° and DH®° values in the
methyl-ethyl-isopropy! series is explained in terms of the en
tropy differences, which make a substantial contribution to the
corresponding free energy differences (Table 1).

We deemed it of interest to carry out the conformational
study, by means of NMR spectroscopy, of benzylcyclohexane
(Eg. 5). Consideration of the repulsive steric interactions pre-
sent in the axial and equatorial conformers, leads to the con+
clusion that the enthalpy difference in the axia to equatorial
benzyl cyclohexane equilibrium must be lower than the one for
methylcyclohexane (Eg. 6), since one of the rotamers in equa-
torial benzylcyclohexane suffers from increased steric repul -
sion relative to equatorial methylcyclohexane (Chart 1).

CHyxPh

[~7 e O
CHs
[T — e ©
H H
mcm versus mH\CHz
HL H 1

o

Chart 1

On the other hand, it can be appreciated that the equatorial
form of benzylcyclohexane must present three populated
rotamers, whereas the axial form only two (the phenyl-inside
rotamers, ax-3 in scheme 1, is energetically too unfavorable),
so that the DS° term (entropy of the axial conformer versus
entropy of the equatorial conformer) favors the equatorial ben-
zylcyclohexane.

Therefore, the strong steric repulsion between the phenyl
and the cyclohexane ring in ax-3 (Scheme 1) brings as conse-

H H\c < H H\c """ Ph _gi A
R " -

Ho ] Nen M\H ﬁj'\'

ax-1 ax-2 ax-3

+Ph H
N _ C ——
LT = TR, <,
eqg-1 eq-2 eq-3 Ph
Scheme 1

quence that only rotamers ax-1 and ax-2 are populated in the
axial conformation. In contrast, it is anticipated that all three
equatorial rotamers (ec-1, ec-2, and ec-3 in Scheme 1) are
populated, since all three have low energy. In this way, there
is more entropy (freedom of movement) in the equatorial con-
former; that is, DS° = [ S’(equatorial) — S°(axia)] > 0.

Experimentally [3], the 1H NMR spectrum of cis-1-ben-
zyl-4-methylcyclohexane (cis-1, a cyclohexane derivative
where the methyl and benzyl groups compete for the equato-
rial position) shows a doublet signal with J=79 Hz at d =
2.57 ppm, which corresponds to the benzylic hydrogens in an
averaged spectrum, due to rapid inversion of the cyclohexane
ring (Eq. 7) [4].

d=2.65 pp _
™S, CHa d= 2l46 pp!
- @)
CH I CH,Ph
cisl-ax cisl-eq

When the spectrum is registered at —71 °C, the signal for
the benzylic hydrogens appears as two doublet signals at 2.65
and 2.46 ppm, in a 56.4:43.6 ratio, an estimated DG°,qpex = —
RT In K = + 0.10 kcal/mol is obtained. This “doubling” of the
spectrum is due to the fact that at low temperature the inver-
sion process is sufficiently slow to permit the recording of the
signals associated to cis-1-ax (axial benzyl and equatorial
methyl), as well as those corresponding to cis-1-eq; that is,
decoalescence of the signalsis achieved at —71 °C.

Because the methylene signal in conformationally fixed
trans1 has d = 2.47 ppm (Eg. 8), a reasonable conclusion is
that the downfield signal at d = 2.65 ppm corresponds to the
axial benzyl. Therefore, at low temperature the conformatio-
nal equilibrium of cis-1 (Eq. 7) is displaced to the left; that is,
the conformer with axial benzyl is predominant despite its
larger sizerelative to methyl.

ChHy
o [ O = % (@)
CH,Ph

trans-1, diaxial
(very high in energ

trans-1, diequatorial
(conformationally fixed)

We then recorded 13C NMR spectra for cis-1, both at 25
°C (rapid inversion, averaged spectrum) and at —71 °C (slow
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inversion, separate spectra for individual conformers). The
most relevant signals at ambient temperature are those for the
methyl group at d = 20.40 ppm, and at 41.06 ppm for the ben+
zylic methylene. Below coalescence (at —71 °C), these signals
separate into two pairs of signals: oneat d = 17.53 and 44.39
ppm for methyl and benzylic methylene in cis-1-eq, and the
second at d = 23.39 and 37.20 ppm for the same carbons in
cis-1-ax. (Eq. 9).

2339 /17.53
CH,Ph CHy 44.39
| 9)
CHs 1 s HPh
cis-1-ax 37.20 cis-1-eq

(54.7%) (45.3%)

From integration of the C-13 NMR signals for each con-
former, a 54.7:45.3 ratio in favor of cis-1-ax was determined
(Eg. 9). Again, application of Gibbs' equation affords
DG®_;1oc = —RT In 45.3/54.7 = +0.08 kcal/mol. It is then cor-
firmed that at low temperature, the conformer with equatorial
methyl and axial benzyl predominates, in spite of the larger
size of the latter substituent.

Most interestingly, with the results obtained at —71°C,
and the application of Eliel’s equation [5] (Eqg. 10) to room-
temperature 13C NMR data gives,

K :—(:E“ ~ Oroe) _1 140,06 (10)

mobile ~ Yax

Nevertheless, from Gibbs' equation, DG°®,5:c = —RT In K
= —0.04 kcal/mol. That is, at 25 °C the cis-1-ax == cis-1-eq
equilibrium shown in equation 7 favors cis-1-eq, so that now
it is the more voluminous substituent that predominates in the
equatorial position.

Therefore, the conformational behavior of cis-1 is highly
dependent on the experimental temperature of measurement,
DG®_;1oc = +0.10 kcal/mol versusDG® s = —0.04 kcal/mol.

This dependence of DG° with temperature shows that
entropy plays an important role on the conformational equili-
brium of cis-1. Indeed, the setting and solving two equations
with two unknowns (DH® and DS° in eguations 11 and 12) [6]
alows determination of the thermodynamic parameters (Egs.
13 and 14).

DG°® _3oc = DG°ypp¢ = +0.10 = DH® — 298 DS’ (11)
DG°g5:c = DG® p9g¢ =—0.04 = DH® — 298 DS’ (12)
DH° = +0.31 kcal / mol (13)
DS® = +1.17 cal / degree- mol (14)

It isthen clear that at low temperature, DG° in equation 7 is
dominated by the enthalpic term (greater intrinsic preference of
the CH; group to be equatorial), but at ambient or higher tem-
perature (T 3 25 °C) DG° is dominated by the entropic term
TDS and as a consequence the observed preferences for the
equatorial position follow the “expected” order, PhCH, > CHj.

Eusebio Juaristi and Omar Mufioz-Mufiiz

CHyPh

M N\ chgen

DH° = +0.31 - 1.75 = -1.44 kcal/mol

—
_—

DS°=+1.17-0
Since

DG® = DH° - TDS®
then

DG 55oc = -0.04 kcal/mol

=-1.17 cal/degree mol

DG® poc = +0.10 kcal/mol

Scheme 2
CHou w© ~Chs o
"t?' &S{* =\S‘o H} \S‘CHa
PF = 7 = b
(unfavorable) 3-ax (unfavorable)
versus
CH, o) *
Lo B £CH,
| — | —
[T LT, LT
3-eq 3-eq 3-eq
Scheme 3

The thermodynamic parameters given by equations 13
and 14 refer, of course, to the conformational equilibrium
depicted in equation 7. In order to derive the corresponding
DH° and DS° values in benzylcyclohexane (Eg. 5) one must
subtract the contributions of the methyl group (“counterpoise’
[1]) given in Table 1. In this way, the values presented in
Scheme 2 are obtained.

Enthalpic and entropic contributionsto the conformational
free ener gies of methylthio, methylsulfinyl,
and methylsulfonyl groupsin cyclohexane

It is expected that the conformational behavior of cyclohexane
derivatives containing the methylthio (CH5S), methylsulfinyl
(CH3S0), and methylsulfonyl group (CH3SO,) will depend
substantially on the entropic term. In particular, for sulfoxide 3
one anticipates three populated rotamers in the egquatorial con-
formers, but only onein the axia conformation (Scheme 3).

Similarly, three low-energy rotamers are anticipated for
the equatorial forms in sulfide 2 and sulfone 4, but only two
for the axial conformations (Schemes 4 and 5).

This section reports the results of variable-temperature 13C
NMR measurements in (cis-4-methylcyclohexyl)methyl sulfide,
sulfoxide and sulfone (-7 in Scheme 6), which permitted the
determination of DH® and DS° in axia to equatoria equilibria
[7]. The cis-methyl at C(4) serves as a counterpoise substituent
[1], so that equilibrium constants, K, are closer to unity.

Application of Eliel’s equation (Eg. 10) to the C-13 NMR
datafor 5-7, obtained at various temperatures, afforded the
equilibrium constants K that are collected in Table 2. Linear
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InK

0.0035
/T
& SCH3 @ S(O)CH3 4 SO2CH3

0.004

Fig. 1. In K versus /T for compounds 5-7 in CDCl;. The slope in
these linear correlations corresponds to —DH°/R and the intercept is
equal to DS°/R[9].

regression analysis of the correlations In K versus 1/T (Fig. 1)
provided the thermodynamic parameters listed in Table 3 [8].

The results reported in Table 3, especialy the similarity in
enthalpy values for the thiomethyl and methylsulfinyl groups
(DH° = —1.05 and —1.08 kcal/mol, respectively) are in line
with expectation when one considers that for both compounds
the axial conformer orients the sulfur lone pair towards the
cyclohexane ring, presenting similar steric hindrance. On the
other hand, the enthalpy term for the methylsulfonyl group,
DH°(SO,CHj3) = —2.66 kcal/mol, is more than twice the one for
CHj3S and CH;S(O), as a consequence of having the sulfonyl
oxygen pointing inside the ring (Scheme 5).

The entropy values determined in this work are also con
gruent in the case of sulfide 2 and sulfoxide 3, since these com-
pounds present three populated rotamers in the equatorial cornr
formation, but only two for axial SCH5 and only one for axial
CH3S(0). Indeed, it can be calculated that for X = CH;S, DS’ =
RIn3-RIn2=+0.80 cal/degree - mol, and DS’ = RIn 3—RIn
1=+2.18 cal/degree - mol for X = CH;S(O). The experimental
values are +0.48 and + 1.55 cal/degree - mol, respectively.

Reinvestigation of the conformational enthalphy, entropy,
and free energy of methyl- (8), ethyl- (9),
and isopropylcyclohexane (10) [10]

The determination of the conformational energy difference
between the axial and equatorial isomers of methylcyclohexane
(8) by Booth and Everett (see section A and reference 2) invol-
ved measurement of the ratio of the intensities of the enriched
13C resonances in the two isomers 8-ax and 8-eq (Eq. 15).

(15)

221

Table 2. Equilibrium constants at various temperatures for com-
pounds 5-7, determined by means of 13C NMR spectroscopy in

CDCl5 [7].
X CHs
o [T — T
Compound X T K DG°
C) (kcal / mol)
5 SCH,4 40 0.41 0.56
27 0.38 0.57
15 0.37 0.57
0 0.34 0.58
-15 0.32 0.58
6 S(O)CH; 40 0.73 0.20
27 0.70 0.22
15 0.67 0.23
0 0.62 0.26
-15 0.58 0.28
7 SO,CHg4 40 3.68 -0.81
27 3.49 -0.83
15 4.28 -0.83
0 4.60 -0.83
-15 5.07 -0.83
H e
ﬁ ’ \SiCH:; H'EC-H“S’L_
— [ —
2-ax 2-ax (unfavorable)

Vversus

CHs

m*—-ms*“é—-mr

2-eq

Scheme 4

£ P
m\sl—o — SfCHs
[e]

CHj;

,j\_Hs\w
— A7

(unfavorable)

%\

13
CHs
K 13
- m/c Hs
8-ax 8-eq

Wiberg and coworkers [10] have recently questioned the
accuracy of the reported equilibrium constants which ranged
from K= 164 at 172 K toK =427 at 149 K, since it was con-
sidered that the determination of isomer ratios greater than
100 is extremely difficult. Consequently, the approach used

4—eq 4 eq
Scheme 5
X CH,
CHZ\N -_ mx
5, X = SCH
6, X = S(O)CH
7, X = SQCH3
Scheme 6
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H

(aw\@ (6)

1l-eq
11-ax
Fig. 2. Minimum energy MP2/6-31G* structures for (a) 11-eq and (b)
11-ax [12].

by Wiberg, et al. involved comparision of the NMR signal
intensities for natural abundance 13C(2,6) in equatorial me-
thylcyclohexane (d = 36.1 ppm) versus the small signal for the
13C-enriched axial methyl in 8-ax (d = 17.6 ppm). In this fash
ion, K ratios on the order of 4-10 were accurately measured.

Furthermore, Wiberg and coworkers reported the use of a
low-temperature “thermometer” based on the temperature-
sensitive 13C chemical shifts of 2-chlorobutane, as an internal
reference [10,11].

The conformational enthalpy, entropy, and free energy of
methyl, ethyl, and isopropyl groups in cyclohexane determi-
ned in this study [10] are summarized in Table 4. These va-
lues do not differ appreciably from those reported by Booth
and Everett [2].

Conformational study of phenylcyclohexane[12]

The conformational free energy (—-DG° = A-value) of phenyl-
cyclohexane (11) was determined by Eliel and Manoharam
from a low-temperature 13C NMR study of cis-4-methyl-1-
phenylcyclohexane [13], and a value of DG°;;5 x = —2.87 +
0.09 kcal/mol was obtained for equation 16.

Ph
% ~ 0 en (16)

11-ax 11-eq

Very recently, the conformational isomers of phenylcy-
clohexane (11-ax and 11-eq) were studied via geometry opti-
mization at the HF/6-31G*, B3LYP/6-311G*, and MP2/6-
31G* theoretical levels, and the results are summarized in
Table 5. At all levels of theory, equatorial phenylcyclohexane
(11-eq) was found to preferentially adopt a conformation in
which the phenyl is eclipsed with the C(1)-H bond (Fig. 2a).
The lowest energy rotational arrangement of the phenyl group
in the axial isomer (11-ax) is one in which the plane of the
phenyl is rotated nearly perpendicular to the bisecting plane of
the cyclohexane ring (Fig. 2b).

When DE values were corrected for the difference in ze-
ro-point energies between the two conformers, DH® values
calculated on going from 0 K to higher temperatures, and DG°
values derived from the calculated entropy differences, the
results shown in Table 6 were obtained. The calculated DG® at
—100 °C, —2.9 kcal / mal, isin excellent accord with the expe-
rimental value.

The sizable enthal py difference between 11-ax and 11-eq
(3.1 kcal/mol at 25 °C) can be ascribed to steric repulsion in

Eusebio Juaristi and Omar Mufioz-Mufiiz

Table 3. Thermodynamic parameters for the methylthio, methyl -
sulfinyl, and methylsulfonyl groupsin cyclohexane.

[ —

X DH° DS DG°
(kcal / mol) (cal / degree - mol) (kcal / mol)
CH,S -1.05 +0.48 -1.19
CH,S(0) -1.08 +1.55 -154
CH3SG, —2.66 —-0.26 —-2.58

Table 4. Experimental conformational enthalpy (DH®), Entropy
(DS°), and Free Energy (DG®) for Alkyl-substituted Cyclohexanes
[10].

Compound —DH° DSy -DG°
(kcal/mol)  (cal/degree- mal)  (kcal/mol)
methylcyclohexane (8) 1.76 +£0.10 02+0.2 1.80+0.02
ethylcyclohexane (9) 1.54+0.12 1.3+08 1.75+0.02
Isopropylcyclohexane (10) 1.40+0.15 35+09 1.96 + 0.02
Table5. Calculated Energies for Phenylcyclohexane [11].
basis set E (11-ax) E(11-eq) DE (ax ® eq)
Hartrees hartrees kcal / mol
HF/6-31G* —463.74603 —463.75298 —-4.36
B3LYP/6-31G* —467.01913 —467.02522 -3.82
MP2/6-31G* —465.29275 —465.29234 -2.88

Table 6. Caculated DH°, DS’, and DG® for Phenylcyclohexane (11)
[12].

T(°0O) —DH° DS’ —DG°
-100 3.2 -13 2.9
25 3.1 -10 2.8

the axial isomer. On the other hand, the near-zero entropy di-
fference in this equilibrium isin line with the highly based ro-
tameric distribution of 11-ax and 11-eq, adopting the “para-
Ilel” and “perpendicular” conformations depicted in figure 2;
thatis, DS’ = S°(11-ax) —S°(11-eq) » RIn2—-RIn2» 0.

Thermodynamics of the axial === equatorial
conformational equilibrium of tert-butylcyclohexane [14]

In contrast with methyl-, ethyl-, and iso-propylcyclohexane,
the axial isomer of tert-butyl-cyclohexane necessarily orients
a methyl group inside the ring, giving rise to a large steric
repulsion in axial tert-butylcyclohexane (12-ax), equation 17.

CHs

H3C
AN c=CHs
H GHs

| a7
— S 4

12-ax
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Fig. 3. Energy plots (top, left scale) and population plots (bottom,
right scale) for tert-butyl group rotation in cyclohexane.

Fig. 4. Population surfaces for axial (top) and equatorial (bottom)
tert-butyl rotation in tert-butylcyclohexane [14].

The extreme one-sidedness of equilibrium 17 has preclud-
ed so far the experimental estimation of the enthalpic and
entropic contributions to —DG°(t-Bu) [15]. While this situa-
tion brings to mind the potential of theoretical calculations as
an aternative for determinations not amenable to experiment,
apparently only one force-field study [16] has addressed the
question of entropy difference in the 12-ax == 12-eq equili-
brium (Eg. 17). The estimated DS° = 0 for this equilibrium
seems intuitively plausible by consideration of the three isoen
ergetic staggered conformers both in 12-ax and 12-eq.

The fundamental importance of the tert-butyl group in
chemistry motivated the reexamination of the enthalpic and
entropic contributions to the conformational preference of
tert-butyl in cyclohexane [14]. The MM2 [17] and MM3 [18]
force fields were used to evaluate the intramolecular energe-
tics. While the former program has proven quite successful for
modeling a large variety of hydrocarbons, MM3 does take
into account entropy components to free energy.

The intramolecular entropy was calculated according to
equation 18 where R is the gas constant, n is the number of
conformational states sampled, and P; is the Boltzmann proba-

bility of the ith conformational state [19]. The P;, inturn, were
computed from the relationship depicted in equation 19.

S°=-R3 PInR (18)
j=1
e—E/RT
P=——
' é" o EIRT (19)

=1

Figure 3 presents the MM2 energy profiles for rotation
around the C-C(CH,); bond in axial and equatorial 12. The
most interesting feature of these plots is the presence of two
minimafor each staggered arrangement in axial 12, relative to
only one for each staggered rotamer in 12-eq.

Figure 4 clearly shows that a libration phenomenom re-
sults in twice as many conformational states available to axial
tert-butyl-cyclohexane relative to the equatorial isomer.

Thisis reflected in increased entropy content for 12-ax, as
confirmed in the calculated DS’y jeq = Sax — S'eq = —0.44 cal /
degree - mol [14].

The calculated difference in enthalpy between axial and
equatorial 12, DH® e = —5.0 kcal/mol, agrees quite well with
the value determined by Eliel, DG® 5 eq = —4.9 kcal/mol [20, 21].

Conclusion

Variable-temperature NMR spectroscopy and theoretical cal-
culations are powerful tools for the determination of thermo-
dynamic parameters. It is clear that a proper understanding of
the conformational behavior of substituted cyclohexanes
reguieres knowledge of the enthal pic and entropic components
to the conformational free energy difference.
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