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A number of alicyclic N-nitrosamines have been studied in order to discover
the conformational effect of the nitroso group and to obtain data about its long-
range shielding effect. It is found that a methyl group cis to the nitroso group
exhibits a strong preference to adopt an axial position, in contrast to the
situation in the absence of the nitroso group. Chemical shift data for pairs of
8 protons and methyl groups, corrected for electric field effects, give diamag-
netic susceptibility anisotropies of (29 & 10) X 1073% and (102 £ 15) X 107%° cm?
mol~! with respect to the susceptibility in the direction of the N=O bond.
The effect is thus one of deshielding everywhere in the plane of the N—N=0
group, being a maximum in the N=0O bond direction. Electric field effects
alter this situation substantially only for a-equatorial protons.

INTRODUCTION

It has been known for some time that unsymmetrical N-nitrosamines exhibit
isomerism due to restricted rotation about the nitrogen—nitrogen bond (7).
The stable forms are those in which the NNO group and the a-carbon atoms are
coplanar (I). The room temperature NMR spectra of dialkyl nitrosamines show
separate resonances from groups c¢s and frans to the nitroso group. The original
workers assigned the high field resonance in the spectrum of dimethyl nitrosa-
mine to the methyl group érans to the nitroso group but this assignment was
reversed by later work (2, 3) in which isomer ratios in unsymmetrical nitrosa-

mines and solvent effects were investigated.
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Karabatsos and Taller (3) found a considerable variation in the chemical
shift differences between protons cis and trans to the nitroso group in dialkyl

* Part I is J. Mol. Speciry. 16, 100 (1965).
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nitrosamines and attributed this to differences in the conformations adopted
by the alkyl groups. The spectra of the dialkyl compounds contain insufficient
information to determine both the conformations of the alkyl groups and the
form of the anisotropic shielding by the N-nitroso group. We have examined
the NMR speetra of a number of cyeliec N-nitrosamines since in some eases there
is no such difficulty. The aims of this study were to investigate the effects of
sterie interaction between the nitroso group and neighboring ring substituents
on the ring conformation, and to relate the chemieal shift differences observed
between cis and trans protons to the molecular geometry. We have attempted
to deseribe these chemical shift effeets in terms of simple models of bond mag-
netie anisotropy and bond electrie dipoles.

There are a few reportsinthe literature of NMR data for cyelic N-nitrosamines
(4-6) but these mostly refer to compounds of uncertain conformation. Most of
the compounds we have studied are derivatives of six-membered ring systems,
piperidine II, piperazine III, and morpholine IV, in which the molecular ge-
ometry is fairly well understood.

{ ©NH m N d NH
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We have also studied two derivatives of the five-membered ring pyrrolidine.

EXPERIMENTAL

The following nitrosamines were prepared by treating the corresponding
commerciallv available amine with sodium nitrite in the presence of hydro-
chloric acid (7); 1-nitrosopyrrolidine, 4-nitrosomorpholine,’ 1-nitrosopiperidine,
1-nitrosohexamethyleneimine, 2-methyl-1-nitrosopiperidine, cis-2,6-dimethyl-4-
nitrosomorpholine (present as the major component in a mixture with the trans-
dimethylisomer).

2,6-Dimethylpiperidine, obtained from Koch-Light Laboratories Ltd., was
also a mixture of cis and frans isomers. Nitrosation gave a vellow oil from which
the nitroso derivative of the ¢ds isomer erystallized on cooling in ice. The nitroso
derivative of the trans isomer could not be completely separated, and its spec-
trum was studied using the ¢is/trans mixture with ea. 30% of the trans isomer.

1-e7s-3, 5-trimethyl-4-nitrosopiperazine was prepared from ¢7s-3,5-dimethyl-
piperazine (Chemicals Procurement Laboratories Ine.) by partial conversion to
1-¢is-3, 5-trimethylpiperazine with methyl iodide, followed by nitrosation. The
1-methyl-4-nitroso derivative was separated from the 1,4-dinitroso derivative
on an alumina column.

# Conventionally in some of the compounds studied the ring-nitrogen atom bearing the
nitroso group is at position 1; in others it is at position 4.
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1-Methyl-4-nitrosopiperazine was commercially available; 2,2,6,6-tetra-
methyl-1-nitrosopiperidine and 2,2,5,5-tetramethyl-1-nitroso pyrrolidine were
provided by Mr. E. Lunt through the courtesy of May and Baker Ltd.

In all cases the absence of unexplained peaks in the NMR spectrum was taken
as a sufficient indication of purity

Tha aneetra were ohtained ngine + iree spect,
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Me/see instrument, (b) Perkin—Elmer R10 60 Mc/sec instrument w1th associ-
ated double resonance facilities, (¢) Varian Associates HA-100 at 100 Me/sec
with double resonance and variabie temperature faeilities.

The nitrosamines were studied in solution in carbon tetrachloride at about
10% by volume, with tetramethylsilane as an internal reference. In some cases
solutions in benzene were used to confirm the assignment of the spectra.

ANALYSIS OF SPECTRA

The prefixes @ and 8 will be used throughout to describe ring positions adja-
cent to, and two bonds removed from the nitroso group, respectively.

Tn the spectra of f the vnnv-nlﬁnhno and niperazine r]nrnrni-nrno f]nn a and 8 nro-
411 tNe specira O tne mMorpaoiine ana piperazine all o ana o pro

tons cis to the nitroso group may be considered separately from the trans protons.
Any cross-ring coupling between them occurs through at least four sigma bonds
and is therefore small; in those cases in which it is observabie it appears as a
small splitting which may be treated on a first-order basis. In all other cases
cross-ring coupling was neglected in analysis of the spectra. A typical spectrum
is that of 1-cis-3,5-trimethyl-4-nitrosopiperazine (Fig. 1.)

The spectra of the piperidine derivatives are more complex, and in most cases
the only information obtained is for the « positions. The resonance of the a pro-
tons oceurs at about 2 ppm to low field of the 8 and v protons, so that the ap-
proximate chemical shifts may be found. The chemical shifts of ring methyl

SToUD v alan ho measure rl cvnnn +1'|n rnnf]’nr] resonance 18 v-oc\rh]tr 1ﬂnhf1ﬂur]
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appearing either as an intense doublet, sphttlng 6.5-7 cps, for a HCCH,», group
or as a single line for a C(CHs;). group where all six protons are equivalent. The
methyl resonance usually occurs to high field of that from ring methylene
protons.

In some cases double resonance experiments were used to simplify spectra, to
determine which resonances were from protons coupled together, or to measure
chemical shifts which could not be obtained directly. The assignment of reso-
nances to protons cis and frans to the nitroso group was made on the basis of
shift changes observed in benzene solutions, in which the upfield shift relative to
carbon tetrachloride solutions is greater for frans protons than for cis protons
(8). The chemical shifts for CCl, solutions are given in Table T.

In those cases in which a complete analysis was attempted (see Table I) use
was made of the computer program LAOCOON II (8) in calculatmg trial spectra
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Fra. 1. 100 Mc/sec spectrum of 1-¢¢s-3,5-trimethyl-4-nitrosopiperazine in CCly. Impurity
at r = 8.7.

spectra were caleulated using the program UKA NMR II (9) which is based on
LAOCOON II Part I and incorporates magnetic equivalence factoring, allowing
larger spin svstems to be treated.

Those examples in which analysis of the spectra included features not already
mentioned are described below.

(1) Cis-2,6-dimethyl-4-nitrosomorpholine

This compound was studied in a mixture with the trans-2,6-dimethyl somer,
there being about 30 % of the latter present. Fortunately the spectrum of the cis
isomer could be readily distinguished, only a few lines being overlapped by the
trans isomer. The assignment was confirmed by comparison with a solution in
benzene in which considerable chemical shift changes were observed (3). Trial
spectra were calculated by treating each half of the molecule as the X4 BC part
of an X;ABCDE system, so as to Incorporate some cross-ring coupling.

(2) 1-Cis-3,5-trimethyl-4-nitrosopiperazine

Complete analysis of this spectrum is difficult because of the small chem
shift difference between the methine protons. It did not prove p()xslble tn de-
couple both methyl groups Slmultaneouslv and in spectra with one methyl group

da ad +tha athin rthar hroad nhabhly hacatiaa ¢
uC\,UulJu.u tne Mmeinine reséonance 18 rauner onroaq, prodacily HDecause (

between the two methine protons. Trial spectra were caleulated for a nine-spin
system, corresponding to decoupling one methyl group, incorporating reasonable
values for the coupling between the methine protons, and by comparison of



TABLE I
ProroN CueMicaAL Suirts 1N 109, v/v SoLution 1n CCl,

. Methyl
. . Ring protons
: Position relative to groups
Compound NMR analysis nitroso group
@ 8 a 8
VII » X3ABC part of | cis axial 7.831 | 6.663
(is-2,6-dimethyl-4- X ;ABCDEF equatorial | 5.202 8.81
nitrosomorpholine lrans ax 6.679 | 6.336
eq 5.411 8.73
VIIT *» X ;ABCDEF cis ax 8.001 | 8.83
C1is-1,3,5-trimethyl-| » ABCD part of eq 5.21 7.378
4-nitrosopipera- ABCDEF trans ax 7.667 | 8.49
zine eq 5.10 7.194
IX > AA'BB’ cis ax < eq 6.280 | 6.432
4-Nitrosomorpholine trans 5.78 | 6.188
X < AA'BB’ cis ax < eq 6.205 | 7.704
1-Methyl-4-nitroso- trans 5.806 | 7.447
piperazine
1-Nitrosopiperidine | ¢ cts ax o eq 6.31 8.48
trans 5.82 8.24
2-Methyl- [V d cis 4.88 9.29
1-Nitroso- trans 5.5&6.4
piperidine{ VI d cis 6.4
lrans 5.45 8.86
Cis-2,6-dimethyl-1- | ¢ cts 5.0 8.92
nitrosopiperidine trans 5.0 8.58
X1
Trans-2,6-dimethyl-| 4 cis 5.0 8.96
1-nitrosopiperi- trans 6.1 8.37
dine XII
2,2,6,6-Tetramethyl-| ¢ ] 8.66
1-nitrosopiperi- irans 8.40
dine
1-Nitrosopyrrolidine| d cis 6.60
trans 5.82
2,2,5,5-Tetra- ¢ AA'BB’ cis 8.210 | 8.63
methyl-1-nitroso- trans 8.120 | 8.45
pyrrolidine
1-Nitrosoazetidine® | d cis 5.83
trans 5.13

~

» UEA NMR II.

b LAOCOON Pt. II.

¢ LAOCOON Pt. 1.
d First order.
¢ Neat liquid (4).



NMR STUDIES OF NITROSAMINES. PART I 163

B CH, TRaNs
and y CH,
aCH, TrRaNs aCH,cis ]
; B CH2 cis
f | | !
A |
§ i | H ]
50 6.0 7O 80 90

Fia. 2. 100 Me/sec spectrum of 1-nitrosopiperidine in CCly

these with the observed spectra the chemical shifts of the methine protons werce
obtained.

(3) 1-Nitrosopiperidine

There is n marked difference in apparent complexity between the resonances
of the o-CH; protons {Fig. 2); the ¢is protons appearing as a broadened triplet
while the #rans protons give a much more complicated pattern. This is a result
of coupling between the SCH; and yCHj; protons. The chemical shift difference
between the cis BCH; and yCHj; protons, ca. 25 ¢ps, is considerably larger than
the coupling between them, so that the resonance of the «-CH, protons is ap-
parently little affected by this coupling. The chemical shift difference between
the trans BCH, and yCH, protons is much smaller, <5 cps, so that the resonance
of the trans «CH, protons is more complicated. A similar difference in signal
shape is observed between the syn and antt «CH, protons of phenyliminocyclo-
hexane (10), and the explanation is probably the same as for 1-nitrosopiperidine,
the spectra of the two compounds being very similar. An analogous explanation
has been suggested to account for the appearance of the a-proton signals in alkyl
fluorides (17},

{4} 2-Methyl-1-nitrosopiperidine

This is the only compound studied which has two isomeric forms, V and VI,
tflepending on the orientation of the nitroso group.
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F1e. 3. 100 Me/sec spectrum of 2-methyl-1-nitrogopiperidine in CCli. The amplification
was reduced at ea. r = 7.3.

The spectrum (Fig, 3) is clearly that of a mixture of the two isomers; the ob-
served bands could be assigned to their respective isomers from intensity ratios
and double resonance experiments.

CONFORMATIONAL ANALYSIS

The expected ring conformation in the six-membered ring systems is basically
a chair form. As the barriers to ring inversion in these compounds are probably

CHALT 0NN, A v Dalliteds WO 111G JNVEDSIQN 21 LI0s0 COLNPJOLIIAS Q1T PpILDADLY

similar to that in eyclohexane, the room temperature NMR spectra are welghted
averages over the possible conformations. Interaction between the nitroso group
and ring substituents may make the reiative populations of the ring conforma-
tions different from those in the parent amines and may produce distortions from
the chair form, In particular ring methyl groups in the parent amines preferen-
tially adopt equatorial positions, but the situation is likely to be different for a
methyl group « to a nitroso group, since equatorial substituents are very nearly
coplanar with the NNO group for a chair conformation.

In the piperazine and morpholine derivatives information about the ring
conformation is obtained from the Vicinai coupling constants. For a fixed chair

confaorma +tha o thyroa £ < .
conformation there are three types of vicinal ‘,uuyuné constani: E’u""“—&}{}&}, u’aa s

axial-equatorial, J,, , and equatorial-equatorial, J.. . Typical values for these are
in the range 9-11 eps for J.. and 2-5 eps for J,, and J.. (12). If the ring con-
formation is rapidly inverting between two egquivaient chair forms there are two
possible vicinal coupling constants, 14 (Jau + Je), ca. 7 cps, and 28(Jee + Je),
ca. 3—4 cps.

1. Cis-2,6-Dimethyl-4-nitrosomorpholine

This compound exists predominantly in the conformation with both methyl
groups equatorial (VII). The vicinal coupling constants (Table II) are very



TABLE II
CoNFORMATIONS AND CoUPLING CONSTANTS IN MORPHOLINE AND PIPERAZINE DERIVATIVES®

cn,
Fixed®
Vi
8
/N\
" s N Yo
4
CH,—N"" 3 .
2
Inverting®
X X
Jis h % 2y 13,2 13.0
dis Jas *dea 2.9 2.7
Jss T %] aa 10.7 10.7
VI
Js Jes *Jucu 6.15 6.2
3
J.z 4T e 1.4
Ja 4T L 1.0
Jas Jes 2y 11.6 11.4
Jis Iz 3T ea 4.8 4.4
VIII Jis Jas e 1.15 1.2
Jur Jus T yen 7.2 7.2
3
Jer Jes ‘JHCH3 0.6 0.6
A 4T ee 2.2
b 25 10.8.8.8
Jsg 5 d7g 2J 10.9., 9.1
X
AR I = Jes % (3Tgn + ee) 6.5 6.65
Jya = Jas Jos = Jer % Jen + ae) 3.8 3.4
JiasJs 23 11,5, 9.5
Juss dog 2y 11,6, 10.0
X
Ji3 = Jaa Jo7 = Jes % (CTaq + ¥ee) 7.0 6.95
Jia = Jas Jsg = Jor % (Teq + ¥ae) 4.0 3.6

2 In most cases the spectral analysis indicated that geminal and vicinal coupling con-
stants were opposite in sign; in the remaining cases this was assumed. The relative signs
of the long-range coupling constants are unknown.

b The term fixed is intended to imply that the inversion equilibrium lies heavily towards
the conformation indicated; the term inverting implies that the isomers are equivalent.

¢ Not distinguished by analysis of the spectrum.
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close to the values observed in the parent amine by Booth (13) (J,. = 10.3 eps,
Jae == 2.1 cps). This suggests that the ring conformation is not greatly distorted
from a chair form.,

2. 1-Cis-3,6-Trimethyl-4-nitrosopiperazine (VIII)

The vicinal eoupling constants in this molecule are similar for protons cis and
trans to the nitroso group. These indicate clearly that the ring conformation is
basically & chair with the methyl groups axéal, the vicinal coupling constants for
such a eonformation being J,. and Je. .

This is surprising since the repulsive interaction between two axial methyl
groups is about 5.5 keal/mole (14), but inspection of models shows that the
chair conformation with both methy! groups equational is impossible without
the N-nitroso group becoming nonplanar. The barrier to rotation of an N-nitroso
group is greater than 20 keal/mole (1), so that the delocalization energy asso-
ciated with planarity of the N-nitroso group is the dominant factor in determin-
ing the conformation.

The interaction between the methyl groups is expected to produce some dis-
tortion by which the distance between them is increased. Such a distortion would
alter the dihedral angles between vieinal CH bonds from those in an ideal chair
form, decreasing the axial-equatorial angle and increasing the equatorial-
equatorial angle. This would tend to increase J,, and decrease J.. (15) and the
observed values show some evidence of this. The chemical shift difference be-
tween a-protons cis and #rans to the nitroso group also shows some evidence of
distortion, the value (for the equatorial position) being 0.11 ppm with the cis
proton to high field, compared with 0.21 ppm with the cis proton to low field
for the corresponding position in the ¢is-2,6-dimethylmorpholine derivative. For
the B-positions however the shift difference between the axial protons, 0.33 ppm,
i the same as for the 8-axial protons in the dimethylmorpholine derivative, and
the average for axial and equatorial positions, 0.26 ppm, is very close to that
observed in 1-methyl-4-nitrosopiperazine and N-nitroso-morpholine.

3. 1-Methyl-4-nitrosopiperazine and N-nitrosomorpholine

Both compounds give spectra as expected for rapidly inverting chair confor-
mations with equal populations, The spectrum of the piperazine derivative was
also recorded at —60°C but although the signal from the «-proton cis to the
nitroso group was greatly broadened, the spectrum corresponding to a fixed chair
form was not obtained.

4, N-Nitrosopiperidines

The conformations of these can be assigned only from the chemical shift data
since no vicinal coupling constants can be measured. In cis-2,6-dimethyl-1-
nitrosopiperidine (XI) the cis/trans chemical shift differences observed for the
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a-methyl and «-methine protons are very similar to those in the ¢/s-2,6-dimethyl-
piperazine derivative. This indicates that the two compounds have similar con-
formations, that is again both methyl groups are axial. The expected conforma-
tion for the trans-2,6-dimethyl isomer is that in which the methyl group efs to
the nitroso group is axial, the other methyl group being equatorial (XII). The
chemical shifts of the a-methine protons are consistent with this conformation,
the resonance of the eis proton, which is equatorial, being at 1.1 ppm to low
field of the trans proton, which is axial

N,
N~ \O

XII

As pointed out above there are two isomers (V and VI) of the 2-methyl deriva-
tive depending on the orientation of the methyl group. Integration shows there
to be about 27 % of the isomer with the methyl group ¢is to the nitroso group
(V) and about 73 % of the trans isomer (VI). The c¢is isomer is expected to exist
predominantly in the conformation with the methyl group axial and this is con-
firmed by the chemical shifts of the a-protons. The two «-CH, protons give
separate resonances at 5.5 and 6.4+, these being assigned to the equatorial and
axial protons, respectively; the a-methine proton is at very low field as expected
for the equatorial position. The trans isomer shows an unexpected feature in that
only one signal is observed for the a-CH; protons, the chemical shift difference
between axial and equatorial protons being less than 0.1 ppm. If the ring were
in a fixed conformation a large axial/equatorial chemieal shift difference would
be expected; for the corresponding protons in 4-nitroso-cis-2,6-dimethylmorpho-
line the shift difference is 2.6 ppm. The effect of the methyl group on the methyl-
ene chemical shifts is probably much smaller than that of the nitroso group, re-
ducing the axial/equatorial shift difference by less than 0.2 ppm (16), so that
the observed small chemical shift difference between the a-methylene protons is
unlikely to arise from cancellation of the effects of the methyl group and the
N-nitroso group in a fixed conformation. The ring is therefore not predominantly
in one conformation but the relative populations of the inversion isomers eannot
be obtained accurately. Consideration of the a-methylene and a-methine chemi-
cal shifts suggests that there is at least 50 % of the isomer with the methyl group
axial. This is considerably different from the situation in methyl cyclohexane in
which the methyl group is more than 90 % equatorial.

The ring conformation in 2,2,6,6-tetramethyl-1-nitrosopiperidine must be
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considerably distorted from a simple chair by interaction between the nitroso
group and the methyl groups. However the chemical shift data do not give any

information about the conformation adopted,

AIOIINALIIL COI0L L veia.

COUPLING CONSTANTS (TABLE II)

Geminal Coupling Consianits

The spectra of N-nitrosomorpholine and 1-methyl-4-nitrosopiperazine do not
yvield accurate values for the geminal coupling constants since they are AA’BB’
speetra of the type diseussed by Abraham and Pachler (17), from which only
the difference between the geminal coupling constants is obtained exactly. The
value found between protons « to a nitroso group, —13.1 ¢epsin ‘VTII, is {ai"gei‘-
than that for protons « to a N-methyl group, —11.5 eps in VIII, probably due
to the partial r-character of the N==N bond (18).

Vicinal Coupling Constants

The values found for vicinal coupling constants in these compounds are gener-
ally similar to those in the parent amines, (13, 19). The variations observed
depend on the dihedral angle between the carbon—hydrogen bonds, and on the

a]pnfrnnpo«ﬂ‘nnfv and orientation of the ring substituents /@f)\ 1t 12 not, nqsglb!e
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to separate the~e effects here since the magnitude of the variations in dihedral
angle is not known. However the low values for *J,, in VIII are consistent with
the suggestion by Booth (£20) that electronegative substituents (in this case
the ring nitrogen atoms) have s maximum effect when frons to the coupling

protons.

Coupling to Methyl Groups

There is some evidence that coupling between methine and methyl protons is
larger for axial than for equatorial methyl groups (19, 21); this would be ex-
pected if steric interactions produce a distortion reducing the angles between the

navhan_ aavhan hand and thae aarhoan_hodvaoon handa 7758Y Tha animling ha
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tween the methine and methyl protons in VIII, where the methyl groups are
axial, is 7.2 eps which is much larger than that in VII, 6.2 cps, where the methyl
groups are equatorial. In the piperidine derivatives the sphifting of the methyl
doublet is smaller for an equatorial methyl group (6.4 eps for XI) than for an
axial methyl group (6.8 cps for X11, V, and for the eis-methyl group of XI, and
7.2 cps for the trans-methyl group of X1). However, the observed splitting can-
not in general be taken as the coupling constant to the methine proton since the
effect of coupling to the rest of the spin system must be considered. Four-hond
coupling to ring methyl groups also is found to be larger for axial than for equa-
torial methyl groups ( 22), and the only examp]e observed in these compounds

ara aninling hatoranyy
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in VIII.
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C'ross-ring Coupling Constants

We have observed a long-range coupling of 0.35 ¢ps between the methyl groups
groups of dimethylnitrosamine; this is rather smaller than that observed in ace-
tone, 0.54 cps (23). Cross-ring couplings are observed in only two of the coni-
pounds studied, both having fixed conformations. In VIII a coupling of 2.2 eps
between the B-equatorial protons is found. (The coupling between the S-axial
protons is less than 0.4 cps.) This coupling is rather large (in fact it is larger
than >J.) but the intervening bonds between the equatorial protons have a
planar configuration, for which the maximum long-range interaction is expected
(24). The resonance of the e-methine protons in this molecule is not sufficiently
well resolved to allow an estimate of the coupling between them. In VII there
are long-range couplings between the a-protons, 1.4 eps between the a-equatorial
protons and 1.0 cps between the a-axial protons; no long-range couplings are
reported in the parent amine (13). These interactions occur through single
bonds, but the ring nitrogen atom is effectively sp® hybridized so that the cou-
pling mechanism may be different from that in fully saturated systems. There is
little data on the steric dependence of couplings in systems of this type, but
Barfield (25) calculated that the indirect contribution to the coupling is a maxi-
mum for the all planar configuration, Since these long-range couplings appear as
first-order splittings their signs are not obtained from analysis of the spectra.

The spectra of N-nitrosomorpholine and 1-methyl-4-nitrosopiperazine were
hoth analyzed as two AA'BB spectra, crossring coupling being ignored. The
effect of cross-ring coupling in these cases is not as simple as in the previous ex-
amples, since 1t cannot be treated on a first-order basis. We intend to investigate
further the effect of small cross-ring couplings on the spectra of these and similar
compounds.

LONG-RANGE SHIELDING BY THE NITROSO GROUP

In the cyelic compounds studied here, the close similarity between vicinal
coupling constants for protons ¢is and #rans to the nitroso group indiecates that
the ring conformations are not twisted appreciably so that the environments of
cis and frans protons are identical except for the difference in position relative to
the nitroso group. The chemieal shift difference between efs and trans protons is
therefore u direct measurement of the long-range shielding effect of the nitroso
group, inductive effects and any contribution from the anisotropy of other
groups being eliminated. Any intermolecular or solvent interactions are taken
to be small since the chemical shift differences are measured in dilute (ca. 10¢;
v/v) solution in CCl; and show little change from those in the neat liguids.

It has been shown (2, 3) that in dialkyl nitrosamines a-methyl aund
a-methylene protons appear at higher field when cis than when frans to the
nitroso group, the assignment being based on isomer ratios in unsymmetrical
compounds and solvent shifts in aromatie solvents. In the only unsymmetrical
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compound studied here, N-nitroso-2-methylpiperidine, we observe a similar
isomer ratio to that in the equivalent acyclic compound, methyl ethylnitrosamine,
and the pattern of chemical shifts for the a-CH; and a-methyl protons is similar
to that in the acyclic compound. We conclude that for a rapidly inverting six-
membered ring system the resonance of the a-methylene protons oceurs at
higher field for the cis protons than for the {rans protons. This is confirmed by
the shift changes observed in benzene solutions.

Using this assignment the cis/trans chemical shift differences for various posi-
tions in a six-membered ring are obtained as in the second eoclumn of Table I11.
The values for the a-positions are those for N-nitroso-cis-2,6-dimethylmorpho-
line in which distortions from a chair form are expected to be small; the average
value, 0.47 ppm, is close to that observed in those cases with no ring substituents,
0.49 ppm. The values for the g-positions are from the dimethylmorpholine and
dimethylpiperazine derivatives, the average value, 0.26 ppm, is similar to that
in the unsubstituted compounds, 0.25 ppm. In these compounds the ring is
assumed to adopt a chair conformation, distorted only by the presence of the
amino nitrogen atom which is effectively sp® hybridized.

The value for the a-positions of a five-membered ring is that for N-nitroso-
pyrrolidine in which the ring conformation is not known. The most probable con-
formation is the “half-chair” as found in a-halocyclopentanones (26) which are
similar in that the ring contains an sp® hybridized atom. The value for the
B-positions is from N-nitroso-2,2,5,5-tetramethylpyrrolidine; inspection of
models shows that the ring conformation must be very nearly planar, but the
vicinal coupling constants between the S-protons, J = J' = 7.2 eps, suggest that,
the ring is puckered (15). The data for N-nitrosoazetidine are for the neat liquid
(4) but we find little change in cis/trans chemical shift differences with dilution
in CCl,. The conformation of this compound must be effectively planar as in
eyclobutanone (27).

The effeet of the nitroso group on the shielding constant of any proton may be
considered as having two components, one arising from the secondary magnetic
field produced by the nitroso group, the other arising from its electric field. The
secondary magnetic field produced by the nitroso group may be related to the
anisotropy of the magnetic susceptibility of the N==0 bond, using & point dipole
approximation (28). The contribution of the anisotropy to a proton screening
constant is given by

Ar = YR ¥ Axy(3cos’ 8, — 1) + Ax.(3cos’ 0, — 1)},

where Axy = Xzxr — Xow, AX: = Xz — Xez; Xaz , €0¢. being the principal compo-
nents of the susceptibility of the N=0 group, « being the NO bond direction,
y being in the plane of the NNO group, and z being perpendicular to this plane;
R is the distance from the point dipole fo the proton, and 6, , 6, being the angles
between the R direction and the y or z axis.

Chemical shift data for amides, similar to that obtained here for nitrosamines,



NMR STUDIES OF NITROSAMINES. PART 11 171

TABLE Il

Tue OBsERVED LoNG-RANGE SmIELDING ErrFEcts oF AN N-NITrR0oso GROUP, AND SOME
CarcvLatep Evrkctrric Fignp CONTRIBUTIONS

‘ Electric field contribution

i
i

Position Arobs® Permanent dipole j Van der Waals Total
B M B | M B M

e — [ o ‘______h‘ ........ -
ti-Membered ring ‘ ; ; ;

oCH equatorial —0.209 | —-0.47 -+ —0.56 | —0.50 —0.,37 i —0.97 —0.93

«CH axial F1.152 | 4011 | +0.16 | —0.05 | —0.04 ' +0.06 | +0.12

BCH equatorial +0.184 = +0.02 ' +0.03 | —0.006 | —0.004 . 40.015 | 4-0.026

BCH axial +0.331 | —~0.01 i —0.01 | -0.02 —0.015 ; +0.03 —0.025

BCH; equatorial +0.080 -~0.01 | —-0.02 | —0.006 | —0.004 [ ~0.016 | —0.024
5-Membered ring "‘ : ;

«CH: +0.78 —0.22! —0.25 | —0.20 | —0.15 | —0.42 | —0.40

SCH. +0.080 ' —0.01 1 —0.01 | —0.002 ' —0.0015 = —0.01 ] —(.01

l f i |

4-Membered ring | [ \ i ‘

o«CH- [ 40.70 : —-0.04 1 —0.03 | —0.08 —0.06 | —0.12 --0.09

( ! |
* ATobs = Teis — Ttrans

® B and M refer to caleulations using the values of constants A and B derived by Buek-
ingham (30) and Musher (31), respectively.

has been used to estimate the magnetic anisotropy of the carbonyl group (29,

30). In order to obtain the magnetic anisotropy it is necessary to eliminate the

electric field contribution to the observed chemical shifts by calculating this sepa-

rately. The electric field due to the nitroso group cannot be ealculated accurately,

and we have therefore used a very simple model to estimate its importance.
The effect of an electric field on a proton screening eonstant is given by

Ac = —AE, — BE* (29)

where F, is the component of the field along the bond direction. For the constants
4 and B we used two sets of values, those obtained by Buckingham (37),
A= —2X10" B = —1X 107" and those obtained by Musher (32),
4= -29 X 1077 B = —7.4 X 107", There are contributions from the
permanent electric dipole of the bond and from the intramolecular Van der Waals
interaction. The permanent dipole contribution was represented as due to point
charges of 0.5 e on the oxygen atom and an equal positive charge on the nitro-
gen atom. The Van der Waals contribution at a distance » from the center of the
bond is given by (33)
(B”Y = 3al/r’,

where « is the bond polarizability, and I is the bond ionization potential. Neither
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of these quantities has been determined experimentally and they were estimated
by comparison with meagsured values in other systems; the values chosen were
o =5 X 107 em® (34), and I = 10 eV (35).

The geometry of the N-nitrogo group is not known accurately; bond distances
were taken as: rn.x = 1.30 A, rn_o = 1.30 A, and the NNO angle as 120°.
Ring conformations were assumed as already described with normal bond lengths
and angles (36). The ring conformation in 2,2 5, 5-tetramethyl-1-nitrosopyrroli-
dine was treated as planar, the results are not significantly different for a puckered
conformation.

The electric field contributions to cis/trans chemical shift differences were ob-
tained as in Table III. The contribution from terms in E° always reduces the
shielding of a ¢is proton relative to that of a érans proton, but the contribution
from the E, term due to the permanent dipole may have either sign. The total
effect is found to be small for 8-protons, but may be appreciable for «-protons,
as illustrated in Fig. 4.

Magnetic anisotropy components were then calculated to fit the cis/trans shift
differences for 8 and v protons. The values for @ protons were not used because
the uncertainty in the electric field contribution is large for positions near the
nitroso group. The calculations were performed for three positions of the point
magnetic dipole; at the center of the N=0 bond, and on the oxygen and nitrogen
atoms of the nitroso group. The values of the anisotropy components obtained
by a least squares fit of the data are given in Table IV. For the dipole position
on the nitrogen atom the cis/trans shift difference is independent of Ay, and a
value of Ay, only is obtained.

The mean errors in the calculated Ar values and the mean values of the changes
in the anisotropy components required individually to correct these errors are
also given in Table IV. The mean errors for the dipole position on the nitrogen
atom are considerably larger than for the other two dipole positions. The fit for

TABLE IV

MaGNETIC ANISOTROPY COMPONENTS CarcurateEp ¥roM Cis/Trans CHEMICAL SHIFT
DIFFERENCES FOR B AND v PROTONS, IN Units oF 1073 cm® mol™!

Dipole position Ar Axy Ax, HAT)ar® HAxy)a®  3{AXo)av®
Center of N=0O Observed 27.3 92 .4 0.024 1.15 11.7
Corrected 28 .8 102.0 0.014 0.76 7.7
N atom of N=0 Observed 21.2 e 0.050 5.9 —
Corrected 23.2 — 0.052 5.8 —
0O atom of N=0O Observed 37.2 90.0 0.028 1.76 10.2
Corrected 39.6 101.4 0.017 1.39 8.1

a B(AT): ]Afcalc — ATobs ‘ or lA'rcnlc — AToor ‘ 3 in ppm.
b 5(Axy,), 8(Ax.): the change in Ax, or Ax, required to correct the error in Arca. for a
constant value of the other anisotropy component.
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the dipole position at the bond center is better than that for the dipole position
on the oxygen atom, and in both cases the application of an electric field correc-
tion slightly reduces the errors. In the expression for Ar for each case considered
here the coefficient of Ay, is considerably larger than that of Ay, , so that the
values of 8( Ax,) are much smaller than those of §( Ax,). However, the value ob-
tained for Ay, is much more dependent on the location of the dipole than is the
value for Ay, . The best values for the anisotropy components are taken as
Axy = (29 = 10) X 1077 em® mol™ and Ax. = (102 £ 15) X 107 em® mol ™.
The choice of the location of the dipole is arbitrary, the best fit with the observed
shift differences being obtained with the dipole at the center of the bond. The
chemical shift data used are all for protons more than 3.5 & from the N=0 bond
center, and the dependence of the calculated anisotropy values on the dipole
location is much smaller than that found by Narasimhan and Rogers (29) for
the C=0 bond, using data for protons much nearer the bond center.

Cis/trans shift differences for o protons were caleulated for a point dipole at
the N=0 bond center, using those values of the anisotropy components which
gave the best fit with the corrected shift differences for 8 and v protons. These
values are given in Table V and Fig. 4, and it is clear that the agreement with
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F1a. 4. Ar values caleulated for a point magnetic dipole at the center of the N=0O bond
using Axy = 29 X 1073°, Ax, = 102 X 1073 em? mol™!, plotted against Ar values corrected
for an electrie field contribution. The observed Ar values for « protons are also shown.
@, Ateorr fOr 8 and v protons; @, Arcers for & protons; X, Areus for a protons.
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TABLE V

MAGNETIC ANISOTROPY CONTRIBUTION TO CHEMICAL SHIFT DIFFERENCES, CALCULATED
UsiNg Axy, = 28.8 X 1073° ¢m? mol™?, Ax, = 102.0 X 1073° ¢m? mol™!

Position AToale ATobs ATobs — ATelec®

8 and v Protons
Six-membered ring

B eq 0.153 0.184 0.164

B ax 0.364 0.331 0.359

8-CH; eq 0.124 0.080 0.100
Five-membered ring

B-CH, 0.084 0.090 0.100

a-Protons

Six-membered ring

a eq 0.12 —0.209 0.72

a ax 0.25 1.152 1.03
Five-membered ring

a-CH. 0.61 0.78 1.18
Four-membered ring

a-CH, 0.42 0.70 0.79

2 Areiee calculated using the values of A and B obtained by Musher (32).

the observed values and with the values obtained by subtracting an electric field
contribution is very poor. No better agreement is obtained if the point dipole is
located on the nitrogen atom or on the oxygen atom of the N=0O group. The
calculated shift differences are not very sensitive to the location of the point di-
pole, with the exception of the value for the a equatorial protons. The lack of
agreement between calculated and observed values for a-protons indicates that
the approximations used are not valid for positions near the nitroso group.
The model used for the electric field contribution is very crude, but it is adequate
for the 8 positions because the effect is relatively small and therefore need not be
known very accurately. However, for the « positions the electric field contribu-
tion is likely to be more important and it must be known more exactly. The
geometry of these systems is not known very precisely and because of the angular
dependence of the various contributions to chemical shifts, the effect of a small
charge in geometry on the calculated chemical shifts is greatest for positions
near the nitroso group. The simple dipole models are not expected to hold at
short distances, but insufficient is known about the electronic structure of the
nitroso group to allow the use of more elaborate models.

DISCUSSION

The magnetic anisotropy contribution to the long-range shielding calculated
with the anisotropy components derived here differs considerably from that pro-
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posed by Brown and Hollis (2). They suggested a model in which positions
along the bond direction are deshielded and positions perpendicular to the bond
direction are shielded. We find that all positions in the plane of the NNO group
are deshielded due to magnetic anisotropy, the effect being maximum along the
bond direction and minimum perpendicular to it. The model of Brown and Hollis
(2) retains some validity in the sense that in the plane of the nitroso group it is
agreed that protons in the direction perpendicular to the N==0 bond are shielded
relative to those in the bond direction (but not in absolute terms.) The region
experiencing shielding is contained by an elliptical cone with its axis perpendicular
to the plane of the NNO group, and with the half angle in the plane containing
the bond direction smaller than that in a perpendicular plane. This model is
rather similar to that proposed by Jackman (37) for the carbonyl group in that
the axis of maximum diamagnetic suseeptibility is perpendicular to the nodal
plane of the r-electron system. If is in prineipal possible to calculate the effect of
the nitroso group at any position in space using the anisotropy values given here,
together with the procedure for electric field corrections, However such ealeula-
tions are only of Limited use for the following reasons (apart from the errors in
our values of Ax, and Ax.):

(a) Since all inductive effects have been ignored only differences in chemical
shift between protons in similar chemical groups may be calculated.

(b) Since all other bond anisotropies have been ignored, in particular those
of the N—N bond, only pairs of protons in a symmetrical relationship to the
N-—N bond may be considered.

{¢) The failure of our calculations for the « positions indicates that the
point dipole models used are certainly not valid at short distances from the
nitroso group (say, less than 3 ).

It is worth pointing out that the data used in ealculations of group aniso-
tropies in amides (29, 30) and oximes (38) are for a protons or for positions even
closer to the group considered. Asonly a small amount of data was used for those
caleulations, their validity seems doubtful.

Even with the above restrictions however, the type of calculation used here
is of use for many substituted N-nitrosamines and for pairs of rotational isomers
of the unsymmetrical compounds. The magnetic anisotropy model derived here
predicts that for all the positions considered, the protons ¢is to the nitroso group
will be more shielded than {rans protons. It is only the « equatorial positions in
a six-membered ring that are observed not to conform to this pattern, and for
this position the simple electric field model predicts a large low field shift for the
ets proton. Qualitatively it would seem that the magnetic anisotropy contribu-
tion is dominant except at very short distances.

The chemical shift effects in dialkyl nitrosamines found by Karabatsos (3)
may be explained on the basis of our results for the «-positions of a six-membered
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ring. It is assumed (8) that the alkyl groups adopt conformations in which the
N—N double bond is eclipsed (XIII).

X1

The positions in the plane of the nitroso group, 1, are equivalent to the equa-
torial positions in a six-membered ring, the out-of-plane positions, 2, are equiva-
lent to axial positions. In the six-membered ring compounds the shift difference
between cis and frans equatorial protons is 0.2 ppm with the ¢is proton to low
field; between c¢is and frans axial protons the shift difference is 1.2 ppm with the
cis proton to high field. The cis/trans shift difference for dimethylnitrosamine
{and other alkylmethylnitrosamines) would be expected to be an average value
12 (2A7ax + Ateq) = 0.71 ppm. The observed values, 0.75 to 0.80 ppm, are in
reasonable agreement with this. For other dialkylnitrosamines the cis/trans
shift difference varies considerably, being 0.5-0.6 ppm for «CH, with the ¢is
protons to high field, and 0.2-0.6 ppm for «CH with the c¢is proton to low field.
This is also to be expected, since bulky substituents on the a carbon atom will
tend to oceupy the out-of-plane positions because of interaction with the nitroso
group, so that in the series —CH;, —CH,R, —CHR; the « proton will spend an
inereasing proportion of its time in the in-plane positions. The position is compli-
cated, however, by the possibility that the groups ¢is and frans to the nifroso
group may adopt different conformations, and it is not possible to use chemical
shift data to estimate conformer population quantitatively.

Dialkylamides (39, 40) and ketoximes (41) both show similar patterns of
cis/trans chemical shift difference to that observed in nitrosamines.

cis R o] cis R OH
\ /i \ /
N—C /C:N
lvans R R’ trans R

In dialkylformamides and acetamides the resonance of «CHj; protons eis to the
carbonyl group is at high field to that of frans protons, but for «CH, and «CH
the cis protons are to low field. The chemical shift differences are much smaller
than in nitrosamines (38, 39). As in dialkylnitrosamines, this pattern is a re-
sult of differences in conformation between cis and frans groups as well as of
anisotropic shielding by the C(:0)R group, but no data are available for cyclic
amides to give detailed information about the shielding pattern. In the six-
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membered ring system 4-t-butylcyclohexanone oxime the cis/trans shift differ-
ences for « equatorial and « axial protons are opposite in sign. The cis equatorial
proton is to low field by 0.91 ppm; the czs axial proton is to high field by 0.34
ppm (41). However, we believe that future work aimed at obtaining bond ani-
sotropies should use chemical shift values only for protons well removed from
the anisotropic group in space.

This research was carried outduring the tenure of S.R.C. Advanced Course and Research

Studentships (R. A. S.).
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