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Abstract—The conformational equilibria of nitrocyclohexane and cis-4-methylnitrocyclohexane have
been investigated by NMR. The equilibrium constants for both compounds have been calculated
from the band widths and time averaged coupling constants of the a-proton at room temperature,
whilst low temperature studies have been carried out on cis-4-methylnitrocyclohexane. From these
measurements, the conformational free energy (AG value) of the nitro group has been found to be
1-3 kcal/mole.

IN A preliminary communication,! it was reported that the conformational free energy
of the nitro group (AG value) was approximately 1 kcal/mole, and that nitrocyclo-
hexane (I) existed at room temperature to 85 % in conformer I, (Fig. 1). The original
investigation was instigated in view of the report? that nitrocyclohexane existed solely
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FiG. 1. The two most stable conformers of nitrocyclohexane (I) and cis-4-methyl-
nitrocyclohexane (II).

in conformer I, with a fixed equatorial nitro group. In order to improve the accuracy
of the method, as it had been shown that the equilibrium constant K for the equilibrium
I, = Iz was 5-7,1 it was thought desirable to synthesize a disubstituted derivative, in
which the equilibrium constant was closer to 1. To this end cis-4-methylnitrocyclo-
hexane has been prepared, and this paper will describe the NMR spectra of this
compound and nitrocyclohexane, together with the spectra cis- and frans-4-t-butyl-
nitrocyclohexane, which were used as standards in the NMR analysis; the NMR
spectra of these four compounds have been determined at 60 Mc/s and 100 Mc/s, and
the results are set out in Table 1.

From these measurements it has been possible to apply some of the methods of
conformational analysis by NMR as recently discussed in a review article, and the
nomenclature as explained in this review article has been used here.®
1 H. Feltkamp and N. C. Franklin, J. Amer. Chem. Soc. 87, 1616 (1965).

* W. Hofman, L. Stefaniak, T. Urbanski and M. Witanowski, J. Amer. Chem. Soc. 86, 554 (1964).

* H. Feltkamp and N. C. Franklin, Angew. Chem. 77, 798 (1965); Angew. Chem. (Internat. Edit.) 4,
774 (1965).
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TABLE 1, SUMMARY OF THE NMR DATA

a-proton Coupling constants (in c/s)
Chemical ~ Bandwidth

Mc/s  Solvent shift (in ¢/s) Jaa Jee  Jes Jee
Nitrocyclohexane 60 CDCl 559 = 27:2
Nitrocyclohexane 100 CDCly 562 29-0 10:35 420
cis-4-t-Butyl- 60  CDC], 547 ¢ 130
nitrocyclobexane
cis-4-t-Butyl- 100 CDCL 550 r 130 420 240
nitrocyclohexane
cis-4-t-Butyl- 100 CS, 563 125
nitrocyclohexane
trans-4-t-Butyl- 6 CDCl, 5469 v 310 115 40
nitrocyclohexane
trans- 4-t-Butyl- 100  CDCl, 569 7 311 11-55  4-03
nitrocyclohexane
trans-4-t-Butyl- 100 CS, 586 310 115 40
nitrocyclohexane
cis-4-Methyl- 60 CDClL 553« 190
nitrocyclohexane
cis-4-Methyl- 100  CDCl, 553+ 192
nitrocyclohexane
cis-4-Methyl- 100 CS, 570+ 19-0
nitrocyclohexane

(at 25°)
cis-4-Methyl~ 100 CS, 5:63 e 13-0
nitrocyclohexane 5-82 7s —
(at —80°)

There was little value in applying the method of analysis based on the chemical
shift of the «-proton, as developed by Eliel!, as the difference in chemical shift between
the equatorial and axial -protons was too small to make accurate calculation possible.

The second method of analysis which has been used and found to give reliable
results,® is based on the band width (W) of the signal due to the «-proton. The method
involves the use of Eq. 1 to calculate the equilibrium constant K, and hence AG was
calculated from equation 2

W, — W,
K=w—w, O
AG = —RTInK )

Using firstly the results obtained from the 60 Mc/s spectrum of nitrocyclohexane,
K = 37" and AGyo, = 0'8 kcal/mole, whilst at 100 Mc/s, K = 7-6, and AGy,, =
1:2 keal/mole. The results from the spectra of cis~4~methylnitrocyclohexane gave, at
60 Mc/s in CDCl,, X = 0-50, and a difference in free energy between the methyl and

¢ E. L. Eliel, Chem. & Ind. 568 (1959).
¢ H. Feltkamp and N. C. Franklin, Tetrahedron 21, 1541 (1965).
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nitro groups (AGyg) of 04 kcal/mole. Using the generally accepted value AGy, =
1-7 kcal/mole,® the AG value of the nitro group was 13 kcal/mole. At 100 Mc/s in
CDCl, K = 0-52, AGpq = 0+4 keal/mole, and hence AGyo, = 13 keal/mole.

A further method of analysis has recently been published,” and involves the
calculation of the mole fraction (x) of the most stable conformer from Eqs. 3 and 4,
and hence the calculation of K from Eq. 5.

Juee =X Ju + (1 - x) Jee (3)

Jae®® = X Jae + (1 -— X) Jea (4)
X

K=r— )

As the 60 Mc/s spectrum of nitrocyclohexane was not symmetrical, it was not
possible to use the X approximation, i.e. the spectrum was of the A,B,R type, and not
the A,B,X type. It was therefore not possible to measure the average coupling
constants Jz5% and Jae®® directly from the splitting of the «-proton signal. At 100 Mc/s
however the a-proton signal was symmetrical, and the X approximation could be
applied; here it was found that J,2*® = 10-35 c/s, and Jae™ = 4-20 c/s. The values of
Jaa and J,e could be taken from the spectrum of rrans-4-t-butylnitrocyclohexane, and
the values of Jee and Jea from the spectrum of cis-4-t-butylnitrocyclohexane, both
measured at 100 Mc/s. In view of the fact that J,.°* lay within the range of the
experimental error of Jae and Jea, Eq. 4 was not used, and so from Eq. 3 it was calculated
that x = 0-87, and hence K = 6-7 giving AGyo, = 11 kcal/mole. It was not
possible to use either the 60 Mc/s or 100 Mc/s spectra of cis-4-methylnitrocyclo-
hexane in this method, as the coupling constants could not be determined directly
from the splittings of the a-proton signals. On preliminary inspection both signals
appeared to satisfy the X approximation i.e. geometrically regular and symmetrical
about the centre, it was realized that these were examples of “deceptively simple
spectra” and assumptions would have had to have been made, which were not justified
in the circumstances.

An alternative approach to the question of suitable standards W, and W, to use
in Eq. 1, or 7, and 7, to use in Eq. 6
Te — Ta’

5%

K =

(©)
— 1

is to determine the NMR spectra at low temperatures, so that the interchange rate
I, = I is sufficiently slow to give separate signals due to the axial «-proton in con-
former I, and the equatorial «-proton in conformer I. The difficulties of this method
have been discussed® and it was already known that nitrocyclohexane itself showed no
splitting of the a-proton signal on cooling,® however the spectrum of cis-4-methyl-
nitrocyclohexane at —80° did show two peaks, but they were not completely separated.
Because of solubility considerations the spectra were determined in CS,; and at 25°

& E. L. Eliel, E. W. Della and T. H. Williams, Tetrahedron Letters, 831 (1963); ® M. Hanack,
Conformational Theory, Academic Press, New York (1965); E. L. Eliel, N. L. Allinger, S. J.
Angyal and G. A. Morrison, Conformational Analysis, Wiley, New York (1965).

? H. Booth, Tetrahedron 20, 2211 (1964).

8 W. C. Neikam and B. P. Dailey, J. Chem. Phys. 38, 445 (1963).
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the «-proton of cis-4-methylnitrocyclohexane appeared at 5:70 = (band width 19-0 c/s);
on cooling the main peak moved downfield to 5:63 = (band width 13-0c/s) and a
second broad flat multiplet centered on 5:82 » appeared. It was not possible to
determine the band width of this peak, but there was no doubt that this was due to
the axial a-proton on conformer II,, whilst the position and band width of the peak
at 5-63 T confirmed that is was due to the equatorial a-proton in conformer IIg. It was
not possible to use these low temperature measurements in the determination of the
AG value of the nitro group for, as the two peaks were not completely separated, the
areas under curves could not be determined and for the same reason neither could
the band width or average coupling constant methods be used. An alternative method,
that using the chemical shift and Eq. 6, could have been used, but because of the small
separation of the two peaks, this would have been very inaccurate. It was of interest
to compare these low temperature measurements with those made on the standard
substances and for this reason the spectra of cis- and frans-4-t-butylnitrocyclohexane
were also determined in CS,; both the chemical shift and band widths were in good
agreement with the low temperature measurements, and a subsidiary experiment
showed that these chemical shifts were temperature independent, in these standard
compounds.

DISCUSSION

It will have been noticed that the AG values for the NO, group obtained by the
various methods show a considerable spread and the question arises, which of the
results give the most accurate value? An equation of type 1 or 6 becomes very in-
accurate, e.g. here when W,® approaches W, or 7,° approaches 7,, and for this reason
it is not surprising that the difference of 1-8 ¢/s in band width of nitrocyclohexane
results in the AGyo, varying from 0-8 kcal/mole to 1-2 kcal/mole when the spectra
were measured at 60 Mc/s and 100 Mc/s respectively. The error in the measurement
of the band width of cis-4-methylnitrocyclohexane however does not have such a large
effect on the AG value of the nitro group (41 c/s makes a difference of only 0-14
kcal/mole). It therefore appears that more weight can be placed on the values
obtained from cis-4-methylnitrocyclohexane. During the revision of this paper,
Trager and Huitric® reported that work on nitrocyclohexane, using partially deuterated
cis- and trans-4-t-butylnitrocyclohexane as standards, and gave a value of AGyo, =
0-78 + 0-1 kcal/mole. Although the value calculated in this paper is in agreement with
this (for nitrocyclohexane at 60 Mc/s) both determinations suffer from the same
mathematical errors previously mentioned. In view of the above comments, it would
appear that results obtained from nitrocyclohexane should be given less weight and the
value of 1-3 kcal/mole obtained from cis-4-methylnitrocyclohexane be taken as
correct.

Interpretation of the spectra. Having completed the original assignment it was of
interest to calculate the individual transitions in the «-proton part of the spectra. Both
the 60 Mc/s and 100 Mc/s spectra of cis- and trans-4-t-butylnitrocyclohexane could be
analysed using the X approximation, and so it was possible to measure directly the
J,x and Jgx coupling constants in the A,B,X system.

® W. F. Trager and A. C. Huitric, J. Org. Chem. 30, 3257 (1965).
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Transition no. | 2

589 v

FiG. 2. The theoretical and experimental spectrum of the a-proton of nitrocyclo-
hexane (at 60 Mc/s in CDCl,).

The 60 Mc/s spectrum of nitrocyclohexane could not be treated by the X approxi-
mation as it showed a degree of unsymmetry about the centre. However as it bore a
close resemblance to a “first order” multiplet, i.e. an A,B4R spectrum, being the
intermediate case of the A,B,C and A,B,X systems, it was possible to solve this
example by a second order perturbation method.1

The frequency of a transition of the R part is given by

1
v = vg + (JorM, + Jgrmp) + ( AR) [FA(FA + 1) — mu(m, + 1) + 2m,mg]
1@
+ 52 (FylFa + 1) — mymg + 1) + 2mymy]
R —

and the corresponding intensity (I) by

= (Fg — mp + 1)(Fr + mR)[l _pdanms _ , Jpnls ]
YR Va Yr — 7B

The coupling constants J,g and Jpg were not the same as the coupling constants
measured in the fixed t-butyl systems, but the time average values, Jaa®™ and Jae™
respectively. These time averaged values werecalculated from Eqs. 4 and 5, using the x
value of 0-79 taken from the 60 Mc/s spectrum of nitrocyclohexane. The values of
v, and vy could not be obtained from nitrocyclohexane itself, but were taken from the
best available model compound, 3-nitropentane, and the assumption was made that the
axial and equatorial protons were moved to the same extent downfield and upfield
respectively. It should be pointed out that any error in this assumption does not
materially affect the calculation, the influence being less than 19,. The values which
were taken in the calculation are set out in Table 2,, and the full results of the calcula-
tion in Table 3. From Table 3 the theoretical transition lines were plotted and found
to be in good agreement with the experimental spectrum (Fig. 2).

10 J. A. Pople, W. G. Schaeider and H. J. Bernstein, High Resolution Nuclear Magnetic Resonance,
pp. 151-156, McGraw-Hill, New York (1959).
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TABLE 2. VALUES OF THE CONSTANTS TAKEN IN THE CALCULATION OF THE
THEORETICAL SPECTRA OF THE a-PROTON BY THE SECOND ORDER

PERTURBATION METHOD

A. Nitrocyclohexane

v, = 115 ¢/s, vg = 127 ¢fs,
]
A= a6
Vg — ¥y
A" = _ﬁ*‘_ = 0-064
VR T Va

B. cis-4-Methyl-nitrocyclohexane

vy, = 115¢/s, vpg = 140 ¢/s,

2
A =9 606 ¢,
Yp — Vi
AT = i gss,

VR — ¥

vg = 265 ¢fs, Jap = 9:65 ¢/s.
Jgr = 406 c/s.
2
B = _(_JER)_ =012c¢/s
Vg — V3
J
B="2__ _—002
Vg — Vg
vg = 269 /s, Jup = 550 /s,
Jgg = 4-15¢fs,
t]
B = -M = 0133 ¢/s
Vg — V8
J
B" = 2 _ _ 0032
Ygp — Vg

Both the 60 Mc/s and 100 Mc/s spectra of cis-4-methylnitrocyclohexane (Fig. 3)
were almost symmetrical quintets, but the splitting were not quite equal. Using Eqs. 3
and 4, it was possible to calculate the time averaged coupling constants J55°® and Jae®®
for this compound; these values were respectively 5-50 c/s and 4-15 ¢/s. Calculation
of the theoretical spectrum by the second order peturbation method,! using the
constants set out in Table 25 was carried out, and although the overall fit was good, it
was surprising that the pairs of lines 2, 4 and 5, 13 were not resolved, as their separa-
tion was over 1:3cfs. As these doublets were not resolved, it would have been in
order in this case to neglect the second order correcting terms, so that the above
mentioned pairs of doublets would have given two singlets, with a separation of

1:35 ¢/s (c.f. Fig. 3).

FiG. 3. The theoretical and experimental spectrum of the a-proton of cis4-methyl-
nitrocyclohexane (at 60 Mc/s in CDCl,).
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EXPERIMENTAL

cis-4-Methylinitrocyclohexane. Peracetic acid (3-7 g, 0-05 mole) [CARE] was dissolved in CHCl,
(10 ml), and heated to boiling; the mantle was removed, and stereochemically pure cis-4-methyl-
cyclohexylamine (1-13 g, 0-01 mole), dissolved in CHCl, (10 ml) was added dropwise over 30 min
so that the reaction continued to boil vigorously. The resulting solution was then heated under
reflux for 6 hr and poured into water (50 ml). The organic layer was separated and washed with
NaOHaq (109, 3 X 25 ml), 109, HCI (2 X 25 ml) and water (3 X), before being dried over MgSO,.
The solvent was removed and the product chromatographed over Kieselgel, with a mixture of CHCl,
(7 parts) and pet. ether (50-70°; 3 parts) as eluent. The product was finally distilled under vacuum
to give a colourless oil. (Found: N, 9-7. Calc. for C;H;;NO,: N, 9-75%,.) The NMR spectra were
determined using Varian A60 and Varian HA 100 machines, approximately 107 solutions were
used throughout, and the band width measurements are accurate to +0-3 c/s.
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