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1.

Introduction

NMRis widely used as a means of obtaining information on molecular structure and the
mechanisms of molecular reactions in given media. In order to provide unambiguous
results of this kind it is necessary to have an understanding of the effects o f the nuclear
environment on the NMR spectrum of a particular molecule. Thus, medium effects are
important in all ~MR investigations as well as being o f great interest in their own right.
Broadly speaking the term nuclear environment can encompass the influences of
temperature, pressure and selectively chosen isotopes on the NMRparameters of a given
nucleus in addition to that of the solvent and other solute molecules which may be
present. In this paper we deal mainly with the effects of solute and solvent molecules on
nitrogen SMR parameters which are obtained from an analysis of the positions and
profiles of the signals appearing in an NMR spectrum.
The resonance positions and their relative intensities contain information relating to
the shielding and spin-spin coupling interactions experienced by the nuclei. At the same
time, relaxation contributes to the signal bandshapes and influences the evolution of
resonance intensities under non-equilibrium conditions. All these ~MR parameters are
intimately related to the electronic environment of the nuclei concerned. Any subtle
changes in environment are reflected in the appropriate NMRparameters which leads to
the use Of~MS as a probe ofintermolecular forces and intramolecular force fields. Thus,
in addition to structural and mechanistic detail, NM~ may furnish fundamental
information on the molecular environment extant at the time the spectrum is taken.
In recent years improvements in experimental techniques and instrumentation have
led to large increases in the utilisation of both the 14N and 1SN nuclei in NMR
spectroscopy (Witanowski and Webb 1972, 1973; Witanowski et al 1977, 1981).
Although the 14N nucleus has by far the larger natural abundance it has an electric
quadrupole moment while the less abundant XSN nucleus does not. Thus, 14N NMR
studies are invoked when quadrupolar relaxation processes are to be investigated.
The larger magnetogyric ratio of the JSN nucleus, together with its sharper NMR
signals makes it more suitable for the determination of spin-spin interactions. In
addition, the less efficient nuclear relaxation processes, such as those arising from
magnetic dipole, spin-rotation, nuclear shielding anisotropy and scalar coupling
interactions are usually studied by ~SN NMR.
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Nitrogen nuclear shieldings or chemical shifts, which are simply the differences in
shielding between the nitrogen nuclei of interest and that of a given reference molecule
such as nitromethane, are usually available from both 14N and tSN rqM~ spectra.
The complementarity of the NMRproperties of Z4N and 15N provides part of the basis
for the use of nitrogen N~R in studies of molecular interactions. Other significant
factors are the widespread importance of nitrogen in many areas of chemistry and the
large variety of molecular environments in which nitrogen atoms may appear. This last
factor is largely responsible for the fact that at about 900 ppm, the range of nitrogen
chemical shifts in diamagnetic molecules is one of the largest found for nuclei of the first
and second rows of the periodic table (Webb 1978).
The relationship between the various ~qMRparameters and molecular electronic
structure has been adequately covered in recent reviews (Webb 1978; Ebraheem and
Webb 1977; Kowalewski 1982) and is not repeated here. Some details of the
measurement of media effects on nitrogen NMRparameters are provided in w We turn
now to a consideration of some gas phase NMR phenomena.
1.1

Gas phase studies

It seems likely that the same mechanisms control intermolecular effects in the gaseous
and liquid phases. Since advanced theoretical treatments of these effects deal more
adequately with gases than with condensed phases, efforts have been made to study
intermolecular effects by gas phase NMR. Small molecules are normally chosen for this
work since anharmonic force fields are required as a test of the theoretical model chosen
and these are usually only available for small molecules (Jameson 1981).
The nuclear shielding a of an isolated molecule may be described for a dilute gas as a
function of temperature T and density p by;
a(T, p) = ao (T) + at (T)p + a2 (T) p2 + . . .
(1)
where the shielding parameter ao (T), for a free molecule is a function of temperature
due to averaging over various intramolecular motions and the terms containing p
depict the intermolecular effects. The term a l (T) is called the second virial coefficient of
the nuclear shielding. For 15N the range of values currently available, for a~ is from
-0.0026 to -0"02 ppm/amagat where 1 amagat = 2.687 • 1019 molecules/cm 3
(Jameson 1981).
A 15N NMRstudy of N 2 0 in the presence ofCF4, SiF4 and Xe has been reported from
which it is observed that intermolecular interactions have a net deshielding effect on the
nitrogen nuclei. The shielding change as a function of temperature and pressure is more
marked for the terminal than for the central nitrogen nucleus in N20. This is consistent
with the more exposed environment of the terminal nitrogen.
Some general conclusions are available from this and other studies on gaseous
molecules. The value of a~ is always found to be negative such that a decrease in nuclear
shielding is expected as the gas density increases. In general larger values of a~ tend to
be more sensitive to temperature changes with the magnitude of al decreasing as the
temperature increases. Nuclei with large chemical shift ranges tend to have larger al
values, thus nitrogen nuclei are better placed than the more common NMRnuclei such as
1H, 13C, ~9F and 31p. Finally, it is noted that more centrally located nuclei tend to have
smaller values of al, N20 provides a good example of this point.
As a consequence of these observations it follows that the temperature dependence of
liquid and gaseous N~a signals may be significantly different. The temperature

Nitrogen N M R

243

coefficient of the density of most liquids is negative, thus as the temperature increases an
increase in the nuclear shielding for a liquid sample at constant pressure is expected,
whereas for the corresponding gas, measured at constant volume, the opposite is
usually the case.
In order to obtain gas-to-liquid shielding changes the NMRsample should consist of a
liquid in equilibrium with its vapour at a given temperature. Under these conditions the
intramolecular terms, tr0 (T) of equation (1), are removed and the difference between
the gas and liquid N~,IRsignals is due solely to intramolecular interactions. The signal
from the liquid being deshielded with respect to that of the gas.
The ratio of the frequency difference between the two signals to the density difference
between the gas and liquid phases provides an estimate of al if higher order terms in
equation (1) are ignored.
The above comments apply to interactions between like molecules. For interactions
between unlike molecules the shielding difference between the infinitely dilute solution,
or pure liquid, and the zero pressure gas at the same temperature gives the total
intermolecular contribution to the shieldings. For nuclei other than protons in nonpolar media the range of gas-to-solution shifts can cover several ppm (Jameson 1981).
In general nuclei with large values of al tend to exhibit large solvent shifts in the
condensed phase. Thus nitrogen NMR should be a very sensitive probe for condensed
phase interactions.
1.2

Liquid state studies

In liquids, nitrogen nuclear shielding is perhaps the most sensitive of the NMa
parameters to molecular interactions. However, changes in 14N line widths due to such
interactions can be appreciable and spin-spin coupling interactions may also be
influenced.
In diamagnetic media non-specific solvent effects may produce significant nitrogen
shielding changes as described in w These usually arise from interactions between the
solute and solvent dipoles. Since most nitrogen containing molecules have fairly large
dipole moments it follows that nitrogen ~MR parameters are usually quite sensitive to
non-specific solvent effects.
As well as contributing to the dipole moments of nitrogen containing molecules the
lone pair electrons play a very important role in determining the magnitude of the
paramagnetic component trp of the nitrogen shielding tensor.
As shown in equation (2) the total shielding tr depends upon both a paramagnetic
term, trp and a diamagnetic term, oa where ~ has a positive sign and a p a negative one
a = trd + a p.

(2)

For molecules of a reasonable size, trd and a p are usually evaluated by semi-empirical
molecular oribital techniques (Webb 1978). At this level of approximation a ~is found to
be roughly constant for nitrogen nuclei in a variety of environments (Jallali-Heravi et al
1979). Thus any change in tr arises from a variation in a p. Amongst other things trp
depends rather critically on the reciprocal of certain electronic transition energies, such
as n --* it*. Consequently the presence or absence of the lone pair electrons, n, will
significantly influence the nitrogen shielding.
An example of this effect is provided by the difference of 113 ppm between the
nitrogen nuclear shielding of pyridine and the pyridinium ion. Protonation of the
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pyridine nitrogen lone pair effectively removes the shielding contribution from
the n ~ n* transition. The negative sign associated with aP ensures that the total
nitrogen shielding for the pyridinium ion is greater than that ofpyridine. Other specific
effects such as hydrogen bonding and self-association can have a similar effect on
nitrogen shielding as discussed in ~4.
Spin-spin couplings involving nitrogen nuclei are very dependent upon the
orientation of the lone pair electrons and on whether they reside in s or p atomic
orbitals (Tun Khin and Webb 1979). Similar arguments relate to the production of
electric field gradients at a ~4N nucleus. Since the dominant quadrupolar relaxation
process of ~4N depends upon the magnitude of such field gradients ~4N NMR signal
widths can provide information on the position of lone pair electrons (Witanowski et al
1979). In principle, the lone pairs can make significant contributions to nitrogen
shielding anisotropy (Jallali-Heravi and Webb 1978). However, this does not appear to
be a very important I sN relaxation process for most of the molecules studied to date.
Interactions involving lone pair electrons thus reveal themselves in changes in
nitrogen nuclear shieldings, spin-spin couplings and in some relaxation processes. The
lone pair can also play a critical role in interactions with paramagnetic centres as
described in w Shift reagents are commonly used to simplify NMR spectra, such
paramagnetic reagents can readily coordinate with nitrogen lone pair electrons.
In ~SNNMR studies relaxation reagents are often used to overcome problems
associated with long dipolar relaxation times and NOE difficulties. Some of these
reagents are quite specific for nitrogen (Levy et a11978) and appear to interact with the
lone pair electrons (Witanowski et al 1981).
1.3

Solid state studies

Traditionally solid state NMRhas given rise to broad signals from which it has not often
been possible to extract much chemically usefld information. The most severe source of
line broadening for solid samples is internuclear dipolar interactions. Overlapping
resonances due to these interactions may be unravelled by means of two-dimensional
NMRspectroscopy (Bodenhausen et al 1979). In the case of 14N NM~signals, broadened
due to proton-nitrogen dipolar coupling, the proton decoupled 14N spectrum may be
presented in one frequency domain while the second frequency domain consists of the
dipolar splittings alone. Thus solid state dipolar interactions may be studied by this
technique.
In recent years high resolution NMRspectra have become much more readily available
from solid samples (Wasylishen and Fyfe 1982; Webb 1981). In such instances the
dipolar interactions are removed by high power double resonance techniques.
Additionally, magic angle sample spinning is employed to remove line broadening due
to chemical shielding anisotropy relaxation which may be quite important for some
nitrogen environments.
However, a residual solid state interaction between bonded nitrogen and carbon
nuclei may appear as line broadening or splitting in the 13CNMR spectrum
(Groombridge et a11980). This is not observed when ~5N replaces 14N in the molecule
of interest or in compounds having a small electric field gradient at the nitrogen site.
It seems likely that the interaction in question is due to opposing quantisation effects
on the ~4N nucleus due to the internal electric field gradient on the one hand and the
applied magnetic field on the other. Hence the interaction is expected to be reduced by
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an increase in the nitrogen to carbon separation, an increase in the value of the applied
field and/or a decrease in the nitrogen electric field gradient (Hexem et al 1981).
It may be concluded that the nitrogen lone pair electrons are important for this solid
state interaction as they are for the various gaseous and liquid phase interactions
mentioned previously.

2.
2.1

Measurement of media effects by nitrogen NMR
Comparison of 14N and 15N techniques

Since the techniques of 14N and 15N NraRspectroscopy have already been considered in
detail in a number of monograps and reviews (Randall 1973; Witanowski et al 1977;
Levy and Lichter 1979; Martin et al 1981; Witanowski et al 1981), we intend to raise
here only some points of relevance to investigations of molecular interactions.
As far as nitrogen shieldings are concerned, those obtained from 14N and 15N
measurements are essentially interchangeable (Witanowski et al 1977, 1981). From the
experimental data (Schultheiss and Fluck 1977) one can estimate indirectly that
differences between 14N and 15N shieldings for the corresponding isotopomers should
not exceed 0.2-0.3 ppm. One should note that in a recent monograph (Martin et al
1981) such isotope effects are erroneously reported as larger by an order of magnitude
(i.e. up to 2-3 ppm) due to a mistake in the recalculation of the original data.
Effects of molecular interactions on nitrogen shieldings can be quite large, but there
are several sources of experimental error which can either obscure or adversely affect
their appearance in the spectra. Since the ~SN nucleus (natural abundance 0.36 ~o) has a
spin of l/2 and no quadrupole moment, the corresponding resonances are rather sharp,
and the precision of estimating differences between their positions in the same spectrum
can reach 0-1 ppm or better, provided that the signal-to-noise ratio is better than I0.
Otherwise, the position of the peak of the signal can be affected to the extent of
approximately one half-height width of the signal concerned, and this can amount to
erros of 0.5--1 ppm. The 14N nucleus (99.64 ~o natural abundance) has a spin of 1 and a
non-zero electric quadrupole moment, the corresponding resonance signals have halfheight widths ranging from a few Hz to several kHz. Their widths can severely hamper
the resolution and the precision of estimating the positions of the signals. Therefore,
any precise measurement of nitrogen shieldings by ~4NNMR must involve signal
lineshape fitting. Such methods, particularly when coupled with the differential
saturation technique (Witanowski et al i981, and references therein), can afford a
precision of 0-1 ppm or better in ~4N NMI~measurements, even for overlapping broad
signals.
It is not sufficient, however, to rely on the precision of relative positions of ditrogen
resonance signals from the point of view of effects of molecular interactions,
particularly when different spectra are compared. There are other sources of error
which can be of the same order of magnitude as the molecular interaction effects on
nitrogen shielding in the molecules considered. These come mainly from bulk magnetic
susceptibility effects, the use of unreliable standards for calibration of the spectra, and
from using certain additives, such as relaxation reagents which are frequently employed
in lSN NMR spectroscopy.
One of the most severe problems is that of referencing nitrogen shieldings,
particularly when changes in the shielding due to molecular interactions are considered.
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No internal reference substance (one dissolved in the sample) is immune to
intermolecular effects on its nitrogen shielding (Witanowski et al 1977). This excludes
internal referencing from use in investigations of molecular interactions by nitrogen
shieldings. Some exceptions are possible in measurements for paramagnetic systems
when the disturbances in the shielding of an internal reference by intermolecular effects
are smaller than the bulk susceptibility effects involved in the use of external standards.
Thus, the most reasonable method is to employ an external reference in a system of
separate containers for the sample and the standard, respectively. The recommended
external reference for both 14N and 15N measurements is neat liquid nitromethane,
CH3NO2 (Witanowski et al 1977, 1981; Levy and Lichter 1979; Martin et a11981), but
it is not reasonable to recalculate data referred directly to nitromethane as external
standard to another reference system, based for example on neat NH3 (Levy and
Lichter 1979). The latter procedure, if used indiscriminately, can lead to serious errors
resulting from bulk susceptibility effects, as indicated in a recent monograph on
nitrogen NMR (Witanowski et al 1981). The use of an external standard for the
calibration of nitrogen shieldings results in the appearance of effects due to differences
in volume magnetic susceptibilities between sample and standard. The problem
(considered in w can hardly be e caded in 15N NMR, since obtaining high-resolution
spectra of ~SN nuclei requires sample spinning, and the only practical arrangement in
this case is that of coaxial tubes, with the reference usually placed in the inner tube. The
use of concentric spherical containers, which eliminate the susceptibility effects is
practical only in ~4N NMR, where the relatively large signal widths make sample
spinning useless from the point of view of signal improvement. The problem of bulk
susceptibility effects on apparent nitrogen shieldings is even more acute in 15N
spectroscopy when paramagnetic relaxation reagents are employed to shorten the long
relaxation times of ~SN in nitrogen atoms which are not bound directly to hydrogen
atoms (see w167 and 2.3).
It seems that 14N NMRcan be profitably exploited to examine intermolecular effects
for small to medium-sized molecules, since the application of the lineshape fitting
method, the differential saturation technique and concentric spherical sample containers should yield high-precision data on changes in nitrogen shielding in various
media. In contrast to this, ~5N NMRoffers high-resolution spectra which are particularly
suitable for the estimation of nitrogen shielding in the cases of large molecules, large
numbers of non-equivalent nitrogen atoms, and viscous media, at the cost of the
problem of precise calibration of the shieldings on any scale based on a common
reference. Some examples should clarify the points raised here. It would be difficult, if
not impossible, at least at magnetic fields currently available, to precisely follow
changes in the nitrogen shielding of individual nitrogen atoms upon changing the
acidity of the aqueous medium in a complicated molecule such as that given in table 14
from its 14NNMRspectra, because of relatively small differences in the shielding
between the nitrogen atoms when compared with the 14N signal widths which are
typical for hydrogen-bonded NH and NH2 groups in large molecules (they can be of
the order of kHz). The problem is easily solved in the high-resolution ~5N spectra
(table 14) and the question of bulk susceptibility effects, reference substances, and
paramagnetic additives is not important from the point of view of differences in the
shielding between the spectra, since only aqueous media are involved, and the ~SN
nuclei in NH and NH2 groups usually relax sufficiently rapidly so as not to require the
use of relaxation reagents. On the other hand, the high-precision data from ~4N nuclei
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on the effects of paramagnetic relaxation reagents on nitrogen shieldings (table 2) or
those on medium effects on nitroalkanes (table 4) could not be reproduced simply and
reliably by lSN methods.
Spin-spin couplings with nitrogen nuclei can also be employed for the investigation
of molecular interactions, but since 14N nuclei usually relax very rapidly due to the
quadrupole relaxation mechanism, only a small number of results are available on 14N
couplings, and the vast majority of measurements in this field come from ~SN NMR
spectra or those of nuclei coupled to ~SN (Witanowski et al 1977, 1981). Recently,
methods based on spin polarization transfer to ~5N from stronger magnetic dipoles (e.g.
protons) greatly facilitate obtaining spin-spin coupling constants of ~5N either directly
from t 5N spectra or from t 5N satellites in the spectra of other nuclei (Martin et al 1981,
and references therein). If necessary, one can recalculate ~4N coupling constants to the
corresponding ~5N coupling constants, or vice versa, using the relation
j (14N_X) = _ 0-7129 J (1sN.X)"

(3)

The relaxation of nitrogen nuclei can also be used for the investigation of molecular
interactions, mostly those which affect molecular rotations and those involving
paramagnetic centres. There are a number of routine methods of measuring ~SN
relaxation times (Levy and Lichter 1979, and references therein), and high-resolution
spectra of ~5N offer the possibility of simultaneous observations of ~SN relaxation rates
for different nitrogen atoms within a molecule. The weakness of the method of
following molecular interactions by means of 15N relaxation measurements lies in the
fact that ~SN relaxation times are usually quite long (up to 100 sec) and as such can be
grossly affected by a variety of factors, including the presence of paramagnetic
impurities in trace amounts. The fast relaxation rates of ~4N, where the quadrupolar
relaxation is dominant, are much less affected by spurious effects, and can be measured
by routine techniques (Lehn and Kintzinger 1973). There is, however, a problem with
resolving the rates for non-equivalent nitrogen atoms where such are present in the
sample examined. The differential saturation technique combined with lineshape fitting
(Witanowski et al 1981, and references therein), used for obtaining precise data on ~4N
shieldings, can be routinely exploited for the measurement of ~4N relaxation times in
systems of non-equivalent nitrogen atoms.
2.2

Bulk susceptibilities

If the method of external referencing is used for the calibration of nitrogen shieldings
one has to consider the effect of experiencing different magnetic fields, on the nuclei in
the sample and the standard employed, which results from the corresponding
differences in volume magnetic susceptibilities. Problems concerned with such effects
have been considered generally (for example, Rummens 1975), but we shall limit
ourselves to those for concentric sample containers with the standard in the inner
container. The general equation for the true difference between the screening constants,
tr, of the sample and the reference is as follows
(a~mple-- Oror.),ruo = (~r~mplo-- ~rof.)ob~ -- (~ n -- ~) (Zrof.-- Z~p,e),

(4)

where X is the corresponding magnetic volume susceptibility, and ~ is a factor
depending on the geometry of the arrangement of the concentric containers. The latter
assumes the following values:
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~t = 0 for concentric cylinders and magnetic field parallel to their common axis,
cylinders spinning around this axis;
= 2n for concentric cylinders and magnetic field perpendicular to their common
axis, cylinders spinning around this axis;
~t = 4n/3 for spherical containers, no effects due to spinning.
Thus, the correction to the apparent shielding difference vanishes for spherical
containers, but for concentric cylindrical tubes it depends not only on the susceptibility
difference involved, but also on the direction of the magnetic field (the parallel
arrangement is typical of superconducting magnets, and the perpendicular orientation
between the field and the axis of the cylinders is typical of electromagnet systems). The
corrections which should be added algebraically to apparent shieldings in dilute
solutions in a variety of solvents, when neat nitromethane is employed as an external
standard, are given in table 1. Corrections for other standards, provided that their
susceptibilities are known, can be obtained from those in table 1 by simple algebraical
subtraction of the correction for the standard employed, with respect to nitromethane,
from the values given in the table. One should note that corrections for the parallel
arrangement of the field and the cylinder axis are twice as large in magnitude, and
opposite in sign, when compared with those for the perpendicular arrangement. The
effects of diamagnetic (i.e. negative) volume susceptibilities can be large enough to
disturb observations ofintermolecular effects on nitrogen shielding when the effects are
of the order of a few ppm. This is particularly true for superconducting magnet systems.
Introducing corrections for such effects is not always straightforward, since the
susceptibility of the sample examined is frequently not known, and the equation
involved pertains to infinitely long cylinders, while the large-bore sample tubes
commonly employed in tSN spectroscopy, in order to increase sensitivity, depart
significantly from the ideal geometry assumed. The situation becomes even more
critical when paramagnetic systems are examined or when paramagnetic impurities or
additives are present in samples. Such substances can add quite large paramagnetic (i.e.
positive) components to volume magnetic susceptibilities, and their effects can be much
greater than those given in table 1. It is therefore mandatory in any serious
investigation of molecular interactions to try to eliminate bulk susceptibility effects
either by calculated corrections or by the use of spherical samples. In any case, it is
important to specify exactly the experimental conditions, standards, compositions and
methods of correction employed.
2.3 Relaxation reagents
Since the relaxation times of 15N nuclei are often quite long, and can lead to
prohibitively long spectrum accumulation times, in order to obtain any reasonable
signal-to-noise ratio in 15N spectra it has become a common practice in ~SN
spectroscopy to reduce ~SN relaxation times by molecular interactions of the weak
complexation type between the nitrogen atoms concerned and chelated cations such as
Cr(llI) or Gd(III). The most popular paramagnetic additive (relaxation reagent) of this
kind is chromium(Ill) tris-acetylacetonate, Cr(acac)3. The interactions involved are
considered in w but here we discuss some practical consequences of the use of such
reagents from the point of view of disturbances in nitrogen shielding and investigations
of other molecular interactions. Such disturbances can result simply from changes in
volume magnetic susceptibility in the sample upon addition of a relaxation reagent, as is
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Table 1. Corrections for volume bulk magnetic susceptibilities for diamagnetic dilute
solutions'.
Correction to observed nitrogen shielding
(in ppm) referred to neat nitromethane in coaxial
cylinders with nitromethane in inner cylinder

Solvent
MeNO2
Acetone
MeCN
MeOH
Et20
MeCOOH
n-hexane
MeNH2
EtOH
n-BuNH 2
Dioxan
Pyridine
Benzene
HNO3 70~
Cyclohexane
DMSO
CCI4
CS2
H20
CH2Ci 2
H2SO4 100%
CHCI 3
CH2Br 2

Its volume susceptibility
(at 30~ x 106

Perpendicular to
magnetic field

Parallel to
magnetic field

- 0-387
- 0-456
-0-518
- 0-523
- 0.522
- 0.549
- 0-558
- 0.564
- 0-569
- 0-591
- 0-591
- 0.597
- 0.609
-0-618
- 0-623
0.618
- 0.684
- 0-693
-0.716
- 0.717
-0-723
- 0.730
- 0-932

0
+ 0-14
+0.27
+ 0"28
+ 0.28
+ ff34
+ 0.36
+ 0.37
+ 0'38
+ 0.43
+ 0.43
+ 0-44
+ ff46
+0.49
+ 0.49
+ 0-49
+ 0-62
+ 0-64
+0-69
+ 0-69
+0-70
+ 0.72
+ 1.14

0
- 0"28
-0-54
- 0"56
- 0-56
- 0-68
- 0-72
- 0.74
- 0.76
- 0-86
- 0-86
- 0"88
- 0-92
-0-98
- 0"98
- 0"98
- 1.24
- 1.28
- 1.38
- 1.44
- 1.40
- 1"44
- 2-28

-

a see Witanowski et al 1977; also Witanowski et al 1981, and references therein.
s h o w n in the p r e c e d i n g section. L a r g e a r t i f a c t s in the o b s e r v e d s h i e l d i n g s f o r ~5N in
n i t r o a r o m a t i c c o m p o u n d s , u p o n a d d i t i o n o f Cr(acac)3, h a v e b e e n f o u n d to o r i g i n a t e
f r o m such effects ( S c h u s t e r a n d R o b e r t s 1980). B u l k susceptibility effects o f this k i n d
can be eliminated, at least in principle, by m e a s u r i n g the susceptibilities (e.g. f r o m the
c o r r e s p o n d i n g p r o t o n spectra in n o n - s p i n n i n g c o a x i a l tubes) a n d i n t r o d u c i n g d u e
c o r r e c t i o n s (see t h e p r e c e d i n g section). H o w e v e r , t h e r e is a l w a y s t h e q u e s t i o n o f
intrinsic shifts in n i t r o g e n shieldings i n d u c e d b y t h e p r e s e n c e o f r e l a x a t i o n reagents.
R e c e n t h i g h - p r e c i s i o n ~4N d a t a ( W i t a n o w s k i et al 1981) o n shifts i n d u c e d b y s o m e
r e l a x a t i o n r e a g e n t s (table 2) s h o w t h a t Cr(acac)3 d o e s n o t i n t r o d u c e significant c h a n g e s
in n i t r o g e n shieldings, w i t h the e x c e p t i o n o f b a s i c sites s u c h as p y r i d i n e - t y p e n i t r o g e n
a t o m s , at c o n c e n t r a t i o n s w h i c h a r e effective f r o m the p o i n t o f v i e w o f r e d u c i n g the
r e l a x a t i o n times. H o w e v e r , r e a g e n t s o f t h e s p i n - l a b e l t y p e ( t h o s e a c t i n g p r e f e r e n t i a l l y
o n s o m e m o l e c u l a r site), such as G d ( d p m ) 3 p r o p o s e d by L e v y et al 1978, c a n i n d u c e
q u i t e a p p r e c i a b l e a n d diversified intrinsic c h a n g e s in n i t r o g e n shieldings, as i n d i c a t e d in
table 2.
T h u s , the use o f r e l a x a t i o n r e a g e n t s in ~SNNMR s p e c t r o s c o p y is n o t generally
recommended when molecular interactions are to be examined by means of nitrogen
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Table 2. Nitrogen shielding changes induced b y

some

relaxation reagents*.

Change in nitrogen shielding (in ppm, referred to that in
neat liquid) upon addition of the reagent specified
Compound
(neat liquid)

Cr(acac)3
1: 100 molar ratio

Gd (dpmh
1: 1000 molar ratio

MeNO2
Me-N --C ----O
HCONMe2
Me-CN
Pyridine
NEt 3
Me-N ---C=S

- 0-07+ 0.06
-0-12+0.10
+0"12 +0-11
-0.02 +_0-11
+0-41 +-0-12
reagent insoluble
+0-21 +0.10

Reagent insoluble
-0.18-t-0.12
+ 1.06+0-12
-0.04+-0-11
+6.61 +-0'16
+0-99+-0-18
+0"28+-0.07

" 14N data from Witanowski et al 1981, concentric spherical sample/standard containers in order to eliminate bulk susceptibility effects;acac = (MeCOCHCOMe)-,
dpm -- (Me3CCOCHCOCMe3)-.

shieldings, and one should be wary of the sources of possible errors in the interpretation
of nitrogen shielding changes measured in the presence of relaxation reagents.
2.4

General survey of media effects on nitrogen shieldings and spin-spin couplings

Among the parameters available from the measurement of nitrogen NMR spectra,
nitrogen shieldings are probably most useful as far as investigations of molecular
interactions are concerned, since they reveal strong responses to various types of
interactions. Since there are various conventions concerning signs and references for
the so-called chemical shifts in NM~, and particularly in nitrogen NMR (Witanowski et al
1981; Martin et ai 1981; Levy and Lichter 1979), we adopt a system of expressing
nitrogen chemical shifts in terms of differences in the magnetic shielding between the
nucleus examined and the reference used, so that a positive value denotes an increase in
shielding. As a general-purpose reference we use the nitrogen shielding of neat liquid
nitromethane. We do not use the term 'chemical shift' in order to avoid confusion
concerning the sign o f its value. The sensitivity of nitrogen shielding to molecular
structure is reflected in the response of the shielding to molecular interactions in liquid
media, as shown in table 3. There seems to be a considerable influence on the shielding
of some bulk properties of the media involved, particularly the dielectric constant (w
Such effects seem to emerge from changes in electron charge distribution in a solute due
to interactions with charges induced by the solute in the surrounding medium (w
It
is important to note that relative effects of this kind on, nitrogen shielding are most
pronounced for low values o f the dielectric constant, and they are considerably
quenched for values in excess of about 10. If one wants to investigate specific molecular
interactions by means of nitrogen shieldings, one should be wary of the possible nonspecific interaction effects which appear when media with low and high dielectric
constants are compared. The safest way is to compare media with high dielectric
constants when specific interactions are examined, if there are no reliable estimates of
the bulk polarity effects of the medium on the nitrogen shieldings in the molecules
considered.
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Table 3. Majoreffectson nitrogenshieldingdue to molecularinteractionsin liquids.

Type of interaction

Maximumobservedrangeof effects
on nitrogen shielding(ppm)

dielectricconstant of
medium---solute
Hydrogen bonding
Bulk

Associationand complexationwith
diamagnetic moleculesand ions
Interactions with paramagnetic
centres
Protonation-deprotonation
equilibria

10
35

Comments

Largest effectswithin low valuesof
the constant (up to ca 10)
Largesteffectsfor multiply-bonded
nitrogen atoms with lone electron
pairs which do not participate in
conjugatedn-electron systems

40
Several thousand
150

Largest effectsare due to unpaired
spin delocalization over nitrogen
atoms
Largest changes upon protonation
of multiply-bondednitrogenatoms
with lone electron pairs.

The bulk polarity effects of various media on nitrogen shielding are interesting as
such, since they reflect structural changes in the solute molecules induced by interaction
with the solvent molecules.
As far as specific interactions are concerned, nitrogen shielding provides a sensitive
probe to protonation-deprotonation equilibria (table 3 and ~4.2), since the range of
effects extends beyond 100 ppm. For nitrogenous compounds, nitrogen shieldings and
couplings provide the most effective tool among NMR methods for tracing interactions
with proton-donating and proton-accepting media.
Hydrogen-bonding effects on nitrogen shieldings are also appreciable (table 3, see
~4.1), and can be employed profitably for the examination of interactions of this nature.
However, one should be wary of the fact that very often the direction of hydrogenbonding effects on nitrogen shielding is parallel to those due to protonation, and that
the bulk polarity effects of media can compete with hydrogen-bonding in the overall
pattern of changes in nitrogen shieldings. Theoretical explanations of the magnitude
and direction of hydrogen bonding effects in some typical situations have recently
become available for nitrogen shieldings (~4.1, tables 7 and 9).
Other specific interactions in diamagnetic systems can also produce significant effects
on nitrogen shielding (~4.3), but their nature, in most cases, has not been explained in
terms of any rigorous theory. Nevertheless, such changes in nitrogen shielding have
practical applications in detecting the participation of nitrogen atoms in such
interactions.
Specific interactions with paramagnetic molecules and ions can lead to very large
changes in nitrogen shielding, particularly when nitrogen atoms bearing lone electron
pairs are involved directly in complexation with a paramagnetic centre, as shown in
table 3 and w Thus, even if the mole fractions of interacting nitrogen atoms are small,
there are usually significant changes in nitrogen shielding when averaged over the
interacting and non-interacting nuclei.
Spin-spin couplings between nitrogen and other nuclei can also reveal the effects of
non-specific (w
specific interactions (~4). The simplest application of the spin-spin
coupling of lSN to IH, to the field of molecular interactions, results from the large
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absolute values of one bond 15N-IH couplings. The presence or absence of easily
distinguishable multiplet patterns resulting from the coupling, or dynamic changes in
such multiplets, provide precise information about proton exchange processes in liquid
media. They also afford a simple method for distinguishing between intra- and intermolecular proton exchange. There are quite significant effects, due to the protonation
of molecules in proton-donating media, on the values of ~SN couplings whose
appearance in the ~SN spectra is not affected by the rate of proton exchange processes.

3.

Non-specific solvent effects

The modern techniques in use in nitrogen NmR have given rise to the production of
accurate data on fairly dilute solutions, and thus to an appreciation of the importance
of solvent effects on nitrogen NMRparameters. The range of solvent effects on nitrogen
shielding can be comparable to that of substituent effects or those due to other
structural modifications of the molecule (Witanowski et al 1981). Consequently solvent
effects have to be taken account of in studies which aim at relating nitrogen NMR
parameters to molecular structure.
Intermolecular solute-solvent interactions can be considered to be of either the nonbonded or the bonded type. The former of these is dealt with in this section while ~4
covers bonded interactions such as protonation, hydrogen bonding, molecular
association, ionic interactions, aromatic solvent induced shifts, intramolecular charge
and magnetic equivalence effects (Homer 1978).
The non-bonded interactions thought to be most likely to influence NMRparameters
are bulk susceptibility effets, Van der Waals effects neighbour susceptibility anisotropics and electric field influences. It is generally considered that these operate by
means of an electrostatic interaction between the solute and solvent molecules
(Buckingham 1960). Consequently, they are often referred to as non-specific interactions and may reasonably be described by a model containing an account of the charge
distribution in the interacting molecules.
Non-specific solute-solvent interactions are frequently discussed in relation to two
types of model. In one type the interaction is described by a pair of molecules, in the
other type the solvent is considered as a continuum and its bulk properties such as
dielectric constant and refractive index are correlated with the observed change in NMR
parameters. Since it is experimentally rather difficult to estimate the relative importance
of the various non-specific interactions (Homer 1975) it seems inherently reasonable to
adopt a continuum model for the interpretation of non-specific solvent effects on SMR
parameters.
3.1

Some models for non-specific solvent effects

Before turning to the continuum models we deal briefly with the pair interaction model
of non-specific solvent effects.
Although it has been applied to nuclear shielding changes in condensed phases the
pair interaction model strictly applies only to the dilute gas phase. It has bean
moderately successful in dealing with some ~H and X9F data but, so far has not been
applied to nitrogen NMR results (Jameson 1981). The omission of a method for
estimating short range contributions may turn out to be a significant weakness of this
model.
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Continuum models were originally proposed to apply to gas-to-liquid and gas-tosolution nuclear shielding changes (Jameson 1981). A particular advantage of models
of this kind is that they employ parameters characteristic of bulk samples, which are
usually well known.
Most continuum models of interest from the NMR point of view are based upon
Onsager's reaction field model (Onsager 1936), which has been very successful in the
development of the theory of dielectrics. In Onsager's model a solute molecule is
considered to be surrounded by a uniform dielectric medium arising from the solvent
molecules. The spontaneous oscillating dipole moment of the non-polar solute
molecule is predicted to polarise the continuum which in turn creates a reaction field at
the site of the solute. Equilibrium is then reached between the oscillating moment and
the reaction field from which the dispersion energy and mean square field may be
estimated.
A polar solute molecule is represented by a point dipole at the centre of a spherical
solvent cavity. In this case the solvent is described by a continuum of static dielectric
constant.
Several continuum models have been based on that of Onsager and applied to
solvent effects on NMR parameters. Comprehensive reviews and analyses of these
models are available (Homer 1975; Rummens 1975).
Typically the reaction field R is given by
R=

2/~(e - 1) (n 2 - 1)
3cc(2~+n 2) '

(5)

where n is the refractive index of the solute, e is its polarisability,/~ refers to the solute
point dipole and e is the dielectric constant of the solvent. The resulting induced change
in the nuclear shielding, Aa, is given by

(~- 1)

Act oc ~2~ +" n

(6)

Equatien (6) and others similar to it, provides an opportunity for systematically
classifying solvent effects on chemical shifts. Some success has been obtained for
solution chemical shift and spin-coupling data by this approach. However, it appears
that continuum models are not of general applicability to the interpretation of gas-toliquid or gas-to-infinitely dilute solution studies (Jameson 1981). For a unified
interpretation of solvent effects it seems likely that details of the structures of liquid
mixtures will need to be incorporated into the theory (Barfield and Johnston 1973).
Until such a comprehensive theory becomes available for molecules of chemical
interest other approaches are worthy of consideration. One such procedure, which
incorporates semi-empirical molecular orbital calculations, employs the Solvaton
model (Ando and Webb 1981). Since this has been successfully applied to nitrogen
nuclear shielding and spin-spin couplings it is discussed here in some detail,
3.2

Solvaton model and some of its applications

The Solvaton model represents the oriented solvent distribution around each atom in
the solute molecule. At infinite dilution of the solute it is assumed that a number of
charges (Solvatons) are induced in the solvent. Further it is necessary to consider that
associated with each atom of the solute molecule is a Solvaton whose charge is equal in
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magnitude, but opposite in sign, to that of.the atom with which it is associated; that
there are no interactions between Solvatons and that the strength of the moleculeSolvaton interaction depends upon the polarity of the solvent as expressed by its
dielectric constant. From these considerations it is clear that the Solvaton model
provides an application of the reaction field model to r~MRparameters. Further evidence
for this point of view is available from the fact that the nuclear shielding changes Atr
depend upon the dielectric constant in the manner
e-1
Aa o c 2e

(7)

within the Solvaton model, which is analogous to equation (6).
In discussing NMRparameters the Solvaton model has been used in conjunction with
various semi-empirical molecular orbital schemes (Ando and Webb 1981). For nitrogen
nuclear shielding it seems that sum-over-states (sos) perturbation calculations incorporating INDO/Sparameters are the most reliable to date.
The results of a study on nitromethane, ammonia, pyridine, methylcyanide,
methylisocyanide and nitrate ion show that changes in nitrogen nuclear shielding and
nitrogen charge density, as a function of e, are not necessarily parallel (Ando et a11979).
This is attributed to the fact that the nuclear shielding changes are controlled by
variations in the paramagnetic component which is not normally expected to depend
linearly on charge density differences (Ebraheem and Webb 1977).
In some cases, nitromethane and methyl cyanide, the nitrogen screening is predicted
to decrease as e increases, whereas the opposite is true for the other species considered.
The available experimental data support these predicted trends and lend credence to the
Solvaton model when used in conjunction with INoo/s parametrised sos calculations of
nitrogen shielding.
In the ease of pyridine the experimental results reveal that both non-specific and
hydrogen bonding effects influence the nitrogen shielding (Kolling 1979). This
interpretation is supported by the moo/s parametrised Solvaton model calculations.
Similar calculations of the nitrogen shielding as a function ofe have been reported for
a number of nitroalkanes (Witanowski et al 1981). In all cases the shielding is predicted
to decrease as e increases which is in line with the experimental data as shown in table 4.
The experimental results are of a high precision on account of the data processing
techniques used (Witanowski et al 1981). In addition they were obtained by the use of
concentric spherical sample and reference containers which remove bulk susceptibility
effects from the observed shielding changes. It is noteworthy that the choice of solvents
used is such as to minimise specific solute-solvent interactions. Thus the results
presented in table 1 yield shielding variations due to influences inherent to the reaction
field' description and provide a good test of the Solvaton model.
Comparison of the results of the calculations with the observed shielding changes
shows that in all cases considered there is very good agreement both on the direction of
the change, a shielding decrease as e increases, and on the magnitude of the changes
observed in various solvents.
As a result of this study it is apparent that in the solvents chosen the nitrogen
shielding changes of the nitroalkanes are due to non-specific solute-solvent interactions
which result in electronic redistributions in the molecules concerned. It follows that
since the dielectric constants of the neat nitroalkanes considered differ considerably
from each other, any comparison of nitrogen chemical shifts should be based on
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Table 4.

Comparison ofcalculated and observed solvent effects on the nitrogen shielding of
some nitro-alkanes.
t4N shielding (ppm)

Compound
CH3NO 2

Solvent
Dielectric
Observed with re(if3 M solutions) ~, at 30~ spect to neat CHaNO2 Calculated
DMSO
DMF
None

CH3CN
Acetone
CH2C12
CH2Br2
CHCi 3
Diethyl ether
CCI,
CHaCH2NO2
DMSO
None
Acetone
CC14
CH3(CHz)2NO2 DMSO
None
Acetone
CC14
(CHa)2CHNO2 None
Acetone
CC14
(CH3)3CNO2
DMSO
Acetone
None
CCI4

45"8
37"5
35"9
36'6
20"4
9'5
6.78
5.07
4.79
2.71
45'8
28.1
20-4
2.71
45-8
23.2
20.4
2.71
25'5
20-4
2.71
45"8
20"4
2.71

- 2"01 -I-0"12
-0-69+0"13
0.0(0
0.20 5-0.13
0"77 5-0"10
3.21 5-0.12
3"41 5-0-12
3-79 5-0"13
3.91 5-0-13
7-10+0.11
-11-375-0"16
-10.255-0-10
-9.37 5-0"11
-4.095-0-12
-10-095-0-21
- 7.73 5-0"10
-8-31 _+0-14
- 3.77 5-0.16
- 19.45 5-0.10
- 19.405-0.15
-14.73_+0"14
-28"20+0"17
-25.95_+0-11
-25.51 ___0"11
-21.57+0.12

- 0"6
-0"5
-0"4
- 0"4
04)
1"3
2'3
4-3
4.8
8.8
-10-6
-10-4
- 10"2
-4.4
-9"8
- 9"3
-~9.2
- 1-5
- 19'3
- 19.2
-15.1
-27'9
-27.4
-21.4

m e a s u r e m e n t s m a d e on dilute s o l u t i o n s in the same solvent, r a t h e r than on neat liquid
samples.
D u e to its successful p r e d i c t i o n o f the nitrogen shielding changes f o u n d in the
nitroalkanes, further a p p l i c a t i o n s o f the Solvaton m o d e l for non-specific interaction
effects o n n i t r o g e n r~Ml~ p a r a m e t e r s are to be expected. F o r e x a m p l e the effects o f
solvents o n the nitrogen chemical shifts o f 9 a m i n o acids a p p e a r to o p e r a t e t h r o u g h a
variety o f mechanisms, some involving the c a r b o x y l a t e g r o u p o t h e r s the a m m o n i u m
g r o u p ( K r i c h e l d o r f 1979). It should be possible to unravel these various c o n t r i b u t i o n s
by means o f the Solvaton model. Similarly, the various c o n t r i b u t i o n s to the solvent
d e p e n d e n c e o f 1j (N-C) for a c e t a m i d e ( K r i c h e l d o r f 1980) m a y b e better u n d e r s t o o d as a
result o f involving the solvaton model.
O b s e r v e d nuclear spin-spin couplings, Jobs, are usually c o n s i d e r e d to consist o f three
possible c o n t r i b u t i o n s as indicated by e q u a t i o n (8)
Jobs = Jc + Jo + Jo,

(8)

where Jc, Jo a n d J o refer to contact, o r b i t a l a n d d i p o l a r interactions respectively ( W e b b
1978).
At the semi-empirical level o f m o l e c u l a r orbital calculations the contact term is the
only one which c o n t r i b u t e s to c o u p l i n g s involving p r o t o n s . However, for couplings
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between pairs of other nuclei all three of the terms presented in equation (8) may
contribute and in principle, all may be solvent dependent (Ando and Webb 1981).
Table 5 shows the results of some sos perturbation calculations of Id (N-C) as a
function ofe obtained from the Solvaton model incorporating l~i~oparameters (Shargi
and Webb 1981). For acetamide 1J(N-C) is predicted to be negative in sign and
dominated by the contact term. In addition the magnitude of I j (N-C) decreases by
about 0.2 Hz as e increases in value from unity, corresponding to the isolated acetamide
molecule, to 40.
Similar comments apply to the other 13 (N-C) data presented in table 2. It is not
surprising that id (N-C) is dominated by the contact contribution for most of the cases
considered (Tun Khin and Webb 1977). However, it is interesting to note that the
Solvaton model predicts that some values of i j (N-C) will increase while others will
decrease by a similar amount as e varies, A particular case in point is the pair of i j (N-C)
results for (CH3)2NCHO. Clearly, non-specific solvent effects have to be taken into
account in the interpretation of these spin-spin coupling data. The predicted
increasingly negative value of ~J (N-C) for formamide as e increases, is in agreement
with the available experimental data (Hinton et al 1973).
For pyridine the change in ~J (N-C) is larger, the magnitude decreases by about
0.5 Hz as e ranges from unity to 40, mainly due to a variation in the dominating orbital
contribution and the contact term. This more pronounced 13 (N-C) variation reflects
the importance of the nitrogen lone pair electrons in spin-spin couplings and in
solvation interactions.
As befits a charged species, ~J (N-C) for the pyridinium ion changes in magnitude by
5"5 Hz over the dielectric constant range considered in table 5. This indicates a strong
interaction between the ion and polar media.
The values of ~J (N = C) for the cyanide and isocyanide examples given in table 5
have significant contributions from the dipolar interaction as observed previously (Tun
Khin and Webb 1978). The variation c;f 1d ( N - C ) by about 1 Hz over the range ofe
considered, for the cyanide and isocyanide is largely due to a variation in the contact
term. This again implies an interaction with the solvent involving the nitrogen lone pair
electrons since these may make a significant contribution to the contact term. Whereas
the orbital and dipolar interactions are controlled, at the semi-empirical level, by the
distribution of p electrons.
From these results it seems likely that spin-spin couplings involving nitrogen nuclei
will be dependent on non-specific solvent effects. Particularly in the case of charged
species and in those instances where the nitrogen lone pair electrons are readily
available for interaction with the surrounding medium.

4.
4.1

Specific medium effects in diamagnetic systems
Hydrogen bonding

Hydrogen bonding effects on nitrogen shielding are often appreciable (tables 3 and 6),
but their magnitudes and signs depend critically on the nitrogenous structures
involved. However, the detection of such effects can be significantly disturbed by the
medium polarity effects described in w3, particularly when one compares media with
low dielectric constants (e.g. hydrocarbon solvents) and hydrogen-bonding solvents
which are usually characterized by high dielectric constants. Therefore, the data in
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TaMe 5. Some calculated solvent effects on the various contributions to one-bond nitrogencarbon couplings, in Hz.
Dielectric constant e
Compound

Coupling

CH3CONH:

aJ(N-C)

Coupling
contributions

Jc
Jo
JD
Jtoufl

NH, CHO

aJ (N-C)

Jc
Jo
Jo
J~o1~

~J(N-C)

CH3NHz

Jc
Jo
JD
Jtotal

(NH2)2CO

IJ (N-C)

Jc
Jo
JD

2

I

I

(CH3)2NCHD

I
1J(N-C)

Jtotal

Jc
Jo
Jp
Jtotal

'J(N-C)

I
I j (N-C)

Jc
Jo
Jo
Jtotal

Jc
Jo
Jo
Jlo~

tJ (N-C)

Jc
Jo
Jo

t j (N_=C)

Jc
Jo
Jo

Jtotal
CHaC---N

Jtolal

J (N-=C)
--N~" C

Jc
Jo
Jo
Jto~

052

1

4

8

20

40

-8-748
- 1.478
0.035
-7"235
- 12-533
1"688
0"052
- 10"793
-10.618
0-611
-0.238
-- 10.245
-16.810
1-312
0.006
- 15.492

-8-619
1.528
0-022
-7"069
- 12-412
1"748
0"032
-- 10"632
-10-500
0-613
-0-238
-- 10.129
-17.000
l-M7
- 0-005
- 15"658

-8.597
1.538
0-019
-7.040
- 12"395
1.756
0-028
-- 10"611
0.613
-0-238
-- 10-105
-17.038
1-354
- 0.007
- 15.691

-8.584
1.543
0.018
--7"023
- 12"381
1"767
0-026
-- I0"588
--10.464
0-613
-0-238
-- 10"091
-17.056
1-358
-- 0.008
-- 15-706

-8.579
1.545
0.018
-7"016
- 12'378
1"769
0"025
- 10"484
-10-455
0.613
-0.238
-- 10-082
-17-062
1-359
- 0-008
- 15.711

-13.788
1.521
-0-012
- 12'279
-4"309
0.457
- 0"202
-- 4"054
0"986
3.051
-0"138
3"899
-10.802
2-265
0.108
-8'479
3-596
-3.997
- 20.679
-21"080
10"452
-0.779
- 15.046
-5"373

-13-870
1"554
-0"0t7
- 12"343
-4"192
0"458
- 0.202
-- 3"936
0.619
3.032
-0-136
3"515
-7.765
2.472
-0-133
-5" 416
2.848
-3-787
- 20.473
--21"412
9"696
-0-918
--15.431
-6"353

-13.885
1.56 l
-0.0t8
- 12"342
-4"171
0.458
- 0"203
- 3"916
0.551
3.029
-0"t36
3-444
-7-765
2.509
-0"126
-4"723
2-716
-3-749
- 20-436
-21"469
9"521
-0.951
-15.149
-6"579

-13-894
1-565
-0-018
-- 12"347
-4"159
0.458
- 0.203
-- 3"904
0.509
3.027
-0" 136
3-400
-6.693
2.533
--0.128
-4"288
2-636
-3.726
- 20-412
--21"502
9"462
-0.974
--15-160
-6" 672

-13-896
1-566
-0-019
-- 12"349
-4"155
0"458
- 0"203
- 3"900
0.495
3.026
-0.136
3"385
-6-553
2-541
-0.128
-4'140
2,608
-3'718
- 20.405
--21'515
9"432
-0.982
--15.164
--6-714

-10.478
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table 6 compare effects of hydrogen bonding solvents on a variety of nitrogenous
structures, from the point of view of the nitrogen shieldings involved, with reference to
the highly polar DMSO. There are some definite trends in the changes induced by
hydrogen bonding. Large shieldings are observed when a nitrogen atom is doubly or
triply bonded, and bears a lone pair which does not participate in the n-electron system;
the same applies to analogous structures where a nitrogen atom is a part of a conjugated
ring system or that of conjugated multiple bonds. In all these cases nitrogen atoms act
as hydrogen-bond acceptors: The direction of the effects on nitrogen shielding is the
~N<~

~N<:~ . . . . .

H-X

.~ N < 3 ~

."~
~ N <=~. . . . . .

H-X

--N<:~ . . . . . .

H-X

~N '0
sicjnificont

=

increase in nitrogen shielding

same as that of the analogous protonation processes (w
where the protons are
transferred completely to the nitrogen atoms involved to form covalent N-H bonds.
Both the magnitude and direction of such hydrogen bonding effects on nitrogen
shielding has recently been reproduced by quantum-mechanical calculations at the
non-empirical level on imidazole (table 7) where N-3 is involved in the bonding system
considered above. Ifa nitrogen atom formally bears a lone pair which can be involved in
a delocalized n-electron system, the effects of hydrogen-bonding media on the nitrogen
shielding depend strongly on whether the nitrogen atom can act as a hydrogen-bond
acceptor, and if so, on whether the hydrogen bonding impairs the delocalization of the
lone pair over the conjugated system. Thus there is little effect on the nitrogen shielding
lone pair orbital

N-I nitrogen atom in
imidazole system,
poor occeptor of
hydrogen bonding

lone pair orbital

nitrogen atom in aniline
system, good acceptor
of hydrogen bonding

of the N-I atom of N-methylimidazole upon changing the medium from CHCI3 to
H 2 0 (table 6), and the small effect observed is readily explained as that of hydrogen
bonding to the N-3 atom (table 7). In contrast to this the nitrogen shielding in aniline,
where the nitrogen atom is a good acceptor of hydrogen bonds, significantly increases
in hydrogen-bonding media while N,N-dimethylaniline shows almost no comparable
effect. The delocalization of the lone pair in aniline can be obstructed by the formation
of hydrogen bonds, but in N,N-dimethylaniline, steric effects exerted by the methyl
groups probably enforce a non-planar conformation of the NMe2 moiety and reduce
the delocalization so that eventual hydrogen-bonding to the lone pair does not
appreciably alter the delocalization (table 6, and references therein). This is in accord
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Table 6.

Hydrogen-bonding effects on nitrogen shielding.

Nitrogen shielding (in ppm, referred to neat nitromethane)
for solution in solvent specified

Compound

'~
PhCH=NPh

~=NOH

DMSO
(if not stated
otherwise)

+63.1"

+81-1 ~

+ 53"7b

+ 59"7b

+ 38"3'

+ 50.8 c

+ 86"8 d

Me-CN

]~-NN~
I

(---N-)
(NMe)

Me

PhNH2
PhNMe2

MeOH

-

CF3CH2OH

M a x i m u m effect
observed
(ppm)

+96.1 ~

+33

--

+ 74.1Y

+20

-

+ 60.7~

+22

+ 99"5d

+13

H20

+84.3 ~

-

-

-

-

+ 135"8"

--

+ 145.(g

+9

+ 125.5 ~
+221-3 ~

+ 134.0~
+218.7 g

+ 134.78
+217.7 g

+9
-3

(in CHCI3)
+ 321-3'
+ 337-2 j

+ 338'5 i
+ 338'0 i

+ 368"6"
(neat liquid)

+ 363. I i

HC( --O)NMe2

+ 275.8 ~

+ 272.5*

+ 267.8*

--

- 8

Me2NCH---CHCH=O

+ 293.7*

+ 285-7t

+ 273.2*

--

- 20

Me3N

---

+7
ca. 0
-5

-

" lSN data from Duthaler and Roberts 1978, recalculated according to Witanowski et al 1981
b Westerman et al 1978 details as above
c Allen and Roberts 1980, see above
~Yavari and Roberts 1979a, see above
" 1*N data from Witanowski et al 1981, bulk susceptibility effects eliminated by using concentric spherical
containers for sample and standard
/ ~4N data from Witanowski et al 1977, details as in footnote e
g Schuster and Roberts 1979, details as in footnote a
h Martin et al 1979, see footnote a
Duthaler and Roberts 1978a, see footnote a
J Yavari and Roberts 1978c, see footnote a
k see table 1 i and references therein

260

G A Webb and M Witanowski
Table 7. Results of ab initio calculations of hydrogen-bonding effects on nitrogen shielding
in imidazole*.

Calculated absolute shielding (in ppm)
Average for Experimental~ nitrogen
For individual nitrogen tautomeric
shieldings referred to
atoms
equilibrium nitro-methane (in ppm)

Structure
(3)

/~-NN,~

+ 172.6 (average) in CHCI3

+ 181.12 ( N - 1)
-5.66 ( N - 3 )

+87.73

+173-00 ( N - l )
- 3'99 (N - 3)

+84.51

+ 177"99 ( N - 1)

+94.96

+171"79 ( N - I )
+ 13.94 (N - 3)

+92.87

l {I)
H

O
1
H

HH

H\
..H/0

I
H
H\
/0
~

(~
IH

H

+ 177.2 (average) in H20

HH
~ Prado et al 1981, minimal basis set, gauge-invariant atomic orbitals.
b Schuster and Roberts, 1979; see also Witanowski et al 1981,-p. 312.

with the direction of nitrogen shielding changes that occur upon protonation of such
molecular systems in proton-donating media (w
A decrease in nitrogen shielding (i.e. a deshielding) is typical for situations where a
nitrogen atom in a system of saturated bonds accepts hydrogen bonding via the lone
pair or when a nitrogen atom occurs in a N-H moiety which acts as a hydrogen-bond
donor (tables 6, 8 and 9). The deshielding effect on the nitrogen nucleus in an N-H
-~... N - H

nitrogen

3,,.=

---

deshielding

N-H

....... - x
........

X

Nitrogen NMR
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moiety which acts as a hydrogen-bond donor is reproduced by quantum-mechanical
calculations for the N-1 atom i n imidazole (table 7) and for the NH2 group of
formamide (table 8).
There are also some obvious examples of significant effects on nitrogen shielding
when oxygen atoms, in the same molecule, are involved in hydrogen bonding as
acceptors. This is the case for pyridine N-oxide (table 6) where an increase in the

So@ent

~*

Cyclohexane
CC!4
Benzene
Pyridine
DMSO
CH2CI2
CHC13
MeOH
H~O
CF3CH2OH

0.000
0.294
0-588
0.867
1.000
0.802
0 - 7 6 0

0-586
1.090
1-018

0-0
if0
(3-0
0.0
0-0
0-121
0-220
0"984
1"02
1.51

Table 8.

N i t r o g e n shielding c h a n g e s o c c u r r i n g u p o n p a s s i n g f r o m g a s p h a s e to infinitely
dilute s o l u t i o n s (values in p p m , r e f e r r e d to c o r r e s p o n d i n g g a s e o u s solutes a t a m b i e n t
t e m p e r a t u r e , c o r r e c t e d f o r b u l k susceptibility effects).

~ m p o u n d
Solvent " ~
Cyclohexane
CMe4
Benzene
CC14
Me20
Et20
CHCI 3
CH2C12
NM%
Pyridine
NEt3
Me2NH
MeNH2
Et2NH
EtNH2
MeOH
EtOH
CF3CH2OH
DMSO
NH3
H10

NH3 ~

NMe3 ~

Pyridine b

-- 13-2
-- 18.0
-9.8
- 12.8
--

--4-2
--7'3
-4"0
- 4-6
--

+ I-5
-+ 4.9
+4.3

- -

- -

- 12"1

-14-5
12.2
14.4
14-8
15.7
15.5
18'7
--- 18.0
-21.5
-

--

-4-2
-- 4.6
- 5"0
-5-1
- 5"0
~5"1
-9.2
- 8"9
---5-4
1 I'1

- -

-+ 12"5
+ 9-1
-+ 6-3
-----+24.9
-+ 39.9
+ 6-9
-+28"1

"~SNdata~omAl~
et a l 1 9 7 0 ; s e e a | s o W i t a n o w s k i
and Webb
1973, p. 247.
~*SNdata ~omDuthalerand Roberts1978;see alsoWitanowski
a n d W e b b 1981, p. 335.
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Table 9. Results ofab initio calculations o f hydrogen-bonding effects on nitrogen shielding
in formamide~
H H

.0
H
H"
HIO\H. \ C-N/
\
"0
H

D

~AWW

I

HI 0

q?~'H
h

"C"

"B"

Solvation shift
Calculated absolute
o f nitrogen (in
Number and position
shielding for
ppm, referred to
of water molecul~
nitrogen (ppm) unsolvated molecule)
None
1 (A)
1 (B)
1 (C)
1 (D)
2 (A+B)
2 (C+D)
4 (A+B+C+D)

+ 235.99
+234.51
+ 232.45
+233.20
+235'24
+230.84
+232.43
+225"03

0
- 1.48
- 3-54
-2-79
-0'75
-5-15
-3.56
-- 10-96

~ Minimal basis set, gauge-invariant atomic orbitals (Prado et al
1981).

nitrogen shielding is observed, and for amide-type structures (table 11), where nitrogen
deshielding effects are found. The latter are in agreement with the results of the
theoretical calculations reported in table 9.
From the data considered, hydrogen bonding can contribute significantly to solvent
effects on nitrogen shielding. It is not simple, however, to precisely determine the extent
of such effects if other molecular interactions exert effects of comparable magnitude.
The experimental data for pyridine shown in table 8 are rationalized in terms of two
Kamlet-Taft parameters, one describing the polarity of the solvent, and another
characterizing its hydrogen-bonding ability (Kolling 1979). The following values of the
polarity parameter x* (Taft and Kamlet 1976; Kamlet et al 1977) and the hydrogenbonding parameter ct (derived by an analogous procedure from solvatochromic shifts in
the or-visible spectra by Kolling 1979) are used: and the following equation for the
nitrogen shielding in pyridine referred to gaseous pyridine (table 8) is obtained by a
least-squares fitting:
Aa (solution-gas) = 5.92 (n* + 3.30t) + 1"5,

(9)

with a linear correlation coefficient of 0.993 and a standard deviation of + 1-3 ppm
(Kolling 1979). Thus, about 80 ~o of the observed range of solvent effects on pyridine
nitrogen shielding is explained in terms of hydrogen bonding effects. The set of
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Table 10. Liquidassociationshiftsof nitrogenshieldingsfor somepure compoundsat their

melting points'.

Compound
NHs
MeNH2
MezNH
Me3N
Me-CN

Differencebetween Temperature
nitrogen shielding in coefficientof
Temperature liquidgas phases nitrogen shielding in
(~
(ppm)
liquid (ppm/~
- 77.7
- 93-5
- 96
- 117
-45"7

- 22.6
- 9.4
- 3.2
- 6.9
+ 11"3

+ 0-043
+ 0-016
+ 0-005
+ 0-020
-0-021

"Data from Aleiet a11971;see also Witanowskiand Webb 1973,p. 253;
~SN measurements,correctedfor bulk susceptibilitydifferences.
parameters used seems to be far superior to other sets, such as that o f the E r values
(table 11). The use of such parameters seems to be promising in further studies, since
they also show a reasonable agreement with polarity effects on the nitrogen shielding in
nitroalkanes and calculations thereof in terms of the Solvaton model (w3). Nitrogen
shieldings can be useful in the determination of the hydrogen bonding parameters at for
weak hydrogen-bond donors where the solvatochromic shifts in the uv-visible spectra
only provide inaccurate data.
Considerable effects of hydrogen-bonding solvents on the nitrogen shielding of
amides (tables 10 and 11) are complicated not only because of the possibility of
concurrent effects other than those due to hydrogen-bond formation, but also because
of the fact that amides can act as hydrogen-bond acceptors, and those with N H or NH2
moieties can act as hydrogen-bond donors to either solvent or amide molecules.
Theoretical calculations (table 10) show that there are comparable effects on the
nitrogen shielding of both of these processes. Factor analysis is employed to resolve the
nitrogen shieldings in amides (Martin et al 1979; table 11) into contributions from
different effects, and at least two factors are detected, one probably related to the
hydrogen-bond donating properties of amides containing N-H moieties, and another
which is assigned to some general property of the amide-type structure. This is not very
enlightening, however, since the latter factor can contain, for example, both hydrogenbond accepting properties (via the carbonyl groups) and susceptibility to bulk polarity
effects. One should also be aware of the shortcomings of factor analysis and
applications thereof to solvent-induced shifts in NMR spectra (Rummens 19/5; p. 81).
A reasonably linear correlation between the nitrogen shielding and the E r values of
the solvents used is obtained for N,N-dimethylformamide and its vinylogues (Radeglia
et al 1980; table 11), but the E r values can also contain the combined effects o f bulk
polarity and hydrogen-bonding.
Nevertheless, the experimental data and theoretical calculations discussed above
seem to indicate that both hydrogen-bond accepting and donating by amide molecules
result in a deshielding of the nitrogen nuclei involved. Thus, it is not surprising,
contrary to a recent report (Hull and Kricheldorf 1980), that there is some deshielding
of the nitrogen nuclei in proline-containing polypeptides upon replacing CH2C12 as
solvent with a mixture of DMso/acetone.
It is shown for a number of amides containing N H M e moieties that the nitrogen
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shieldings in neat liquids and its solutions in CC14 do not differ by more than 0"5 ppm
(Marchal and Canet 1981), this is explained as being due to approximately the same
degree of autoassociation by hydrogen bonding of the amides both in neat liquids and
in CC14.
Hydrogen-bonding effects on nitrogen shieldings have been employed to estimate
the secondary structure of gramicidin S, a cyclic polypeptide, the presence of four
internal hydrogen bonds between amide NH groups and amide carbonyl groups are
detected (Khaled et al 1978; Hawkes et al 1980). Such studies, involving the examination
of solutions in DMSOand in CF3CH2OH, enable one to differentiate between solventexposed and solvent shielded peptide groups. Analogous studies on some linear
peptides in solutions in oMSOand in H 2 0 reveal the usefulness of nitrogen shieldings in
this differentiation (Garbay-Jaurlguiberry et al 1980).
Increasing the temperature leads to an increased nitrogen shielding in formamide,
acetamide, and some derivatives thereof which is in agreement with the rupture of
hydrogen bonds at elevated temperatures (Burgar et al 1981).
Nitrogen shielding can be employed to detect hydrogen bonding which is responsible
for the so-called base pairing between purine and pyrimidine-type bases in nucleotides.
Studies of this kind were carried out for uridine-adenosine systems in CDC13 (Poulter
and Livingston 1979), and for base pairing between guanosine, cytidine, adenosine, and
uridine in oMso (Dyllick-Brenzinger et al 1980). The latter study suggests the following
scheme of base pairing, including self-association: The study shows that adenosine in
H2N,,~N-

N/

R

R

H~"~ /~

significant increase in
~( \N ' ' ~," N H -|2
~'N. w.... shielding of N - 7 upon ..--~X.N.-"I~ NH
O.
.
hydrogen bonding
II
""

i HH"0

H

H

\

\

N~

i_,,~N
' ~ . ~i~1~. H

O=

ii

II

G2

~

N

\R

N~,,/N\ R

II

/R
H \ N')'=N- "
9
I
H
".

significant increase in
shielding of N - 3 upon
hydrogen bonding

N--H

0=
/
R

"C~'
H

I
significant
R\ //(3.... H / % N / "
increase in
/N-'~
shielding of ---~'k\
N .... H--N - - ~
.....

I

H
"C - G"

unaffected

N

# ii

G2
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DMSOis largely self-associated, and that it does not enter readily into base-pairing with
either cytidine or guanosine.
As far as hydrogen bonding of amino groups in saturated molecules is concerned, its
effect on nitrogen shielding can be obscured by other effects of the same order o f
magnitude. Nevertheless, there should be an appreciable contribution from hydrogen
bonding to the gas-to-liquid shift of the nitrogen shieldings given in tables 8 and 10.
This is shown simply by the early work of Alei et al 1970, since the shifts can be fitted
neatly into an additivity scheme in the cases of NH3 and NMe3:
Ao (solution-gas) = ~. C x OA (X) + ~ C , o B (3'),
x

(10)

y

where the a's are additive contributions from various active sites in solvent molecules,
and the coefficients C are weighting factors, calculated as the ratio of the number of
active sites concerned to the total number o f active sites in a molecule of the solvent
used (see also Witanowski et al 1973, and references therein). The following set of
contributions is found to reproduce the changes in nitrogen shielding in the following
table for ammonia and trimethylamine: In this manner, for example, the gas-toContribution o to nitrogen
shielding (in ppm) of solute
specified
Type of interaction
Action on nitrogen lone
pair electronsin solute
Solvent OH roton
Solvent NH proton
Solvent Me group
Solvent Et group
Action on hydrogenatoms
in solute
Solvent oxygen
lone-pair electrons
Solvent nitrogen
lone-pair electrons

NHa

NMe3

-

25.2
19-I
13.2
16.5

- 11.9
- 5-4
- 4.4
-4.7

OB(O)

+ 3"3

0

% (N)

+ 2.1

0

~A(OH)
oa (NH)
o A (Me)
o,4 (Et)

solution shift of the nitrogen shielding of NMe3 dissolved in Et2NH is expressed as the
algebraic sum (2/3) a A (Et) + (I/3) a A (NH) + oB(N ). Effects o f hydrogen-bond accepting properties by the solute are represented by o A(OH) and a A(NH), and their direction
is towards nitrogen deshielding. In contrast to this hydrogen-bond donation from
solute to solvent, represented by trB(O) and as(N), show a weak shielding effect. There
are, however, considerable deshielding effects due to interactions between solutes and
alkyl groups of solvents, and their magnitudes are comparable to that exerted by
solvent O H and N H protons.
For neat liquid ammonia, the temperature dependence of the nitrogen shielding is
tentatively explained in terms of an equilibrium between hydrogen-bonded and nonbonded molecules (Alei et al 1971). From the equation
tr(NH3) =

Atr (H-bond) Ko exp ( - AH/RT)
1 + Ko exp ( - AH/RT)

(1 I)
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where Aa(H-bond) is the difference in the shielding between hydrogen-bonded NH3
molecules and non-bonded ones, K0 is a constant, AH is the enthalpy of hydrogenbonding, and a (NHa) is the observed shielding at temperature T, it is calculated that Aa
(H-bond) = - 24.5 _ 0-7 ppm.
The relatively small deshielding of the nitrogen nuclei in tSNH3 adsorbed at
NaY-type zeolites with respect to those in gaseous NH3, by about 3 p p m when one
extrapolates the shift to a pore-filling factor equal to zero, is explained as a result of
compensation o f the shielding effect due to hydrogen-bond donation from NHa to the
oxygen atoms in the zeolite system, and the deshielding effect of interactions of the lone
pair electrons of N H a with the Na + ions and residual O H groups in the zeolite (Michel
et al 1980). When the pore-filling factor increases, there is a further deshielding relative
to the gas phase, eventually reaching that observed in neat liquid N H a .
Some ~5N-IH couplings show effects due to hydrogen bonding of the nitrogen atom
concerned with solvent molecules, as in the case of aniline derivatives (table 12).
Differences in the coupling between solutions in CDC13 and in DMSO are suggested
(Axenrod 1973) as a measure of the strength of the intramolecular hydrogen bond in
ortho-substituted anilines, since in DMSO, the solute molecules are intermolecularly
hydrogen-bonded to the solvent molecules.
Hydrogen bonds can also be reflected in indirectly nitrogen NMR e.g. from anomalous
changes in tautomeric equilibria which usually lead to large changes in nitrogen
shielding (w 4.2). This is the case with histidine residues incorporated in 0t-lytic protease
(Bachovchin and Roberts 1978) where the n-H tautomer of the imidazole moiety of
histidine is detected by means of its nitrogen shielding, while the T-H tautomer
normally prevails in histidine and its derivatives. The tautomeric shift to the n-H isomer
H

' ~ - - CH2CH(NHI)COOX
H
~'-H

Table

toutomer

\

~N~

N

§

-

CH2CH(NH3)COO

T-

H tautomer

12. Solventeffectson 1J(I~N-IH) of some aniline derivatives~
IJ(t~N-1H) (in Hz) for aniline derivativespecified

Solvent
Cyclohexane
CC14
CDCI3
Dioxan
Pyridine
Acetone
DCON(CD3)2
DMSO
Difference between
1j (15N.1H) for solutions
in DMSO and CDCI~

Unsubstituted 2-NO2 2-COPh
- 78.0
- 78.0
-78.6
- 80.6
- 81.4
- 82-1
-82.3
-82.6

-4-0

2-C1

2-Br

2-OMe

2-F

-90.3

-88.1

-81.5

-81-4

-79-4

-80.1

-91.0

-89.3

-84.3

-84-3

-82-3

-83-5

-0-7

- 1-2

-2-9

-2.9

-2.9

-3-4

a Data from Paolilloand Becker 1970;Axenrodand Wieder 1971;see also Axenrod 1973,in Witanowskiand
Webb 1973, p. 274.
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is explained in terms of hydrogen bonding between the n-NH moiety and the C O O group of the aspartic acid residue, and possibly between the z-N atom of the histidine
and the OH group of the serine, since the three amino-acid residues constitute the
catalytic triad of the protease.
4.2

Protonation and deprotonation processes

Protonation and deprotonation processes are important in chemistry and biochemistry, and since nitrogenous sites in moecules often play an important role in such
processes, nitrogen N~,tRprovides a powerful tool for the investigation of molecular
interactions between solutes and protonating or deprotonating media. Nitrogen
shieldings are frequently very sensitive to protonation-deprotonation equilibria
(table 3) and the effects involved can be much larger than those from other molecular
interactions.
The nitrogen shielding of amino groups usually shows some decrease upon
protonation (table 13) but the effect is variable in magnitude, and sometimes leads to an
increased shielding. The anomalies result from significant changes in the disposition of
bonds at the nitrogen atoms involved, upon passing from an amine to the corresponding ammonium ion, when steric hindrance takes place in the molecules or, in the case of
arylamines, when protonation removes the lone pair electrons on the nitrogen atom
from a delocalized n-electron system. Since the effect of protonation is usually in the
same direction as that due to hydrogen bonding (~4.1!, estimates of changes in nitrogen
shielding which result from protonation should not be made in hydrogen-bonding
media.
In spite of the fact that the nitrogen shielding of amino groups is less sensitive to
protonation than that of other nitrogen-containing moieties, the effects are large
enough to afford clear and distinct titration curves when the shieldings are recorded as a
function ofpH. It is possible, therefore, to quantitatively estimate the affinity of various
amino groups in complicated molecules towards accepting protons (table 14) from a
proton-donating medium.
The largest effects of protonation on nitrogen shieldings are observed for nitrogen
atoms in multiple-bond or conjugated systems when the lone pair electrons on nitrogen
are not involved in the corresponding n-electron systems (table 15). The effects are
always in the direction of increased shielding, and thus they parallel those due to
hydrogen-bonding (~4.1) for the structures considered, but the magnitude is much
larger than that of hydrogen-bonding effects. Since the types of nitrogen atom
considered occur in a number of important classes of compounds, including aromatic
heterocycles, imino groups, cyano groups, and azo bridges, nitrogen shieldings are
particularly useful in the detection of protonation-deprotonation equilibria in
complicated molecules which contain numerous sites involved in such processes.
There are some typical examples (table 16) of strong effects on the nitrogen shielding
when protonation takes place at oxygen atoms in the near vicinity of the nucleus
observed in nitrogen NMR.
Such protonation shifts in nitrogen shieldings have been frequently employed for the
investigation of molecular interactions in protonating and deprotonating media.
Phenylhydrazine, PhNHNH2 is shown to undergo protonation in CFaCOOH, mostly
at the NH2 moiety (Yavari and Roberts 1978). The nitrogen shielding of sulphonamides
is not significantly affected by protonating media, but decreases in basic solutions,
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Table 13. Protonation shifts for nitrogens in amino groups*.

Parent amine

Its conjugate acid
(ammonium ion)

Change in nitrogen shielding (in
ppm) upon protonation in
MeOH solution relative to
parent amine

Alkylamines
MeNH2
Me2NH
Me3N
EtNH2
n-PrNH2
n-BuNH2
i-PrNH2

MeNH3 + CIMe2NH2 + CIMe3NH + CIEtNH~ + CIn-PrNH3 + CIn-BuNH3 + CIi-PrNH3 + CI-

~"NH2

~"NHI Cl"

-5"1

t-BuNH2

t-BuNH3 + Cl-

-0"6

-15"9
12-9
13'4
-8"7
11>6
10-6
-4'1

-

-

-

-

-0"4
(i-Pr)2Ntt
(i-Pr)2NHMe

+3-5
-13"3

(i-Pr)2Ntt2 § CI(i-Pr)2Ntt 2§ Me

Alicyclic amines

~NH
Me

~N~.

H
I.

-2"2

H CI-

H
Me I.

+4"9

,,•'•M e

/~NHMe§Cl-

C N

~N*---

H

El-

-5-3

-13.7

Arylamines

~SN data from Duthaler and Roberts 1978a; see also Witanowski et al 1981,
p, 158 and 212.
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14. Protonation-deprotonation effects on the nitrogen shieldings of apramycin (an
antibiotic from Streptomyces tenebrarius)" in aqueous media.
Table

(4") CH20H
\~0

H2N~ ' ~ - ~

r,,,~
t ,,"

9

MeNHqH

HO~ OH~ ~ O ~
OH
(1)
(2')

pH
of 0-5 M
solution
in HzO/D20

NH2
(3)

Nitrogen shielding referred to external neat nitromethane (in
ppm) for nitrogen atom specified
N-I

3
4
5
6
7
8
9
10-3
11

+ 338"1
+338"1
+ 338-4
+ 340.2
+ 343-4
ff 344-8
+ 346-0
+ 346-2
+ 346"5

N-3

N-2'

N-7'

+ 339-6
+339-5
+ 339-6
+ 339-9
+ 340"7
+342-9
+ 346.0
+ 347.1
+ 347"4

+ 338"8
+338'7
+ 338"7
+ 339.2
+ 340-7
+345-3
+ 347.4
+ 347"8
+ 348'3

N-4"

+ 343"9
+343.9
+ 344"3
+ 346-7
+ 351 "4
+354"1
+ 355"3
+ 355"3
+ 355-3

+ 345-3
+345"1
+ 345.3
+ 346"1
+ 348"8
+354-4
+ 356-1
+ 356"4
+ 356-8

pK, values for nitrogen atoms specified, calculated from
changes in nitrogen shieidings
N-I
6"6

N-3
8"2

N-2'
7"7

N-7'
6"7

N-4"
7"5

* t ~N data from Dorman et al 1976and Paschal and Dorman 1978 recalculated
to nitromethane standard according to Witanowski et al 1981, p. 188.

suggesting the following d e p r o t o n a t i o n ( K r i c h e l d o r f 1978):
R S O 2 N H 2 ,+H~ R S O 2 N H - .
_H §
In ,t-amino acids, increasing acidity o f the m e d i u m leads to an increase in the nitrogen
shielding, but co-amino acids d o not reveal significant effects ( K r i c h e l d o r f 1979). This
reflects the following p r o t o n a t i o n o f the acids

R (NH3 §

H~ R ( N H 3 §

zwitterion
since the effect o n the n i t r o g e n shielding is q u e n c h e d by increasing the n u m b e r o f
c a r b o n a t o m s between the N H a + a n d C O O - moieties. T i t r a t i o n curves based on the
o b s e r v a t i o n o f n i t r o g e n shieldings in various n i t r o g e n - c o n t a i n i n g moieties o f a m i n o
acids can yield p K , values for such moieties, as r e p o r t e d for histidine (Blomberg et al
1977; K a w a n o a n d K y o g o k u 1975), arginine ( K a n a m o r i et a11978; L o n d o n et al 1977;
Yavari a n d Roberts 1978a), a n d some o l i g o p e p t i d e s (Blomberg et a11978; G a t t e g n o et
al 1976; Higuchi et al 1980).
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Table 15. Typical examples of strong effects on nitrogen shielding due to the direct
protonation of nitrogen atoms'.
Nitrogen shielding (in ppm, referred
to external neat nitromethane) in
solvent specified

Compound and its
protonated form

CF3CH2OH

9169

Protonation shift of
nitrogen (ppm)

CFaCOOH

H

9

,2"

I
Me

4-

l
Me

0

+96'1 b

+ 184"6"

+89

+ 182'2 (NMe)~
+ 94.4 (--N-)d

+ 186-4 (NMe)~
+ 146.4 (=N-)~

Indirect effect, +4
+ 52

+22ff2 (NMe)"
+ 134'0 ( =N-)"

+2174)(NMe)"
+ 196.0(=N-)"

Indirect effect, - 3
+62

I
Me

I
Ph

Me

O--'r
fPh\82

Ph
H+ l
N=N
'N='N ~ , ~
HI
\Ph I
"Ph
tph x
/H
N = U~.p h
Me-C=N H~Me-C=-NH+

+88'5"

+ 184.1"

+96

- 127.8~
(in isopropanoi)

+ 22-6b
+ 150
(in H,SOdH20/EtOH)

+ 145-0/.
(in H2O)

+ 252.2g
(in 90% HzSO4)

+ 107

-Comparisons are made between solutions in hydrogen-bonding solvents (mostly CF3CHzOH) and
protonating media (mostly CF3COOH), and the values of the protonation changes in nitrogen shielding
reported here are on the cautious side, sincevalueslarger by 20-30 ppm can be obtained if solutions in aprotic
solvents are used as references.
bts N data from Duthaler and Roberts 1978, recalculated according to Witanowski et al 1981, pp. 335 and
390.
' tSN data from Allen and Roberts 1980, recalculated as above, pp. 347 and 375.
dts N data from Schuster et al 1979, recalculated as above, p. 311.
"tSN data from Schuster and Roberts 1979, recalculated as above, p. 313.
11, N data from Witanowski et al t977.
gtSN data from Yavari and Roberts 1978c, recalculated as above, p. 304.

It is f o u n d that p r o t o n a t i o n effects can be employed to improve the spectral
distinction o f various units o f polyamide polymers by m e a n s o f n i t r o g e n shielding
(Kricheldorf a n d Hull 1979). The most effective differentiation o f the shieldings takes
place when only partial p r o t o n a t i o n occurs, this is effected by solvents such as
C F 3 C O O H , while strongly p r o t o n a t i n g media, such as F S O 3 H , reduce the possibilities
o f differentiation.
The p r o t o n a t i o n a n d d e p r o t o n a t i o n equilibria within a wide range o f p H values can
be readily observed, by means o f nitrogen shielding in the case o f azole ring systems

272

G A Webb and M Witanowski
Table 16. Examples of significant effects upon nitrogen shielding of indirect protonation ~
Nitrogen shielding (in ppm, referred
to external neat nitromethane) in
solvent specified

Compound and its
protonated form

040
t

i +

0

Protonation effect
on nitrogen
shielding (ppm)

+ 99-5b in CF3CH2OH
+ 135.7b in CF3COOH

+36

+ 260-7" in H20
+ 243-6" in CF3COOH

-]7

OH

"~H

0

+OH

H§
[-NHCHzC-] n - II

r+ 276.4,, in DMSO
['NHCHzC-ln ~+275-0" in CF3CH2OH
II
J+271-4 in CF3COOH

0

+OH

H+
Me2N-N=O--" MezN+=NOH

L+257.2 J in FSOsH

-19

( + 148"8(Me2N) }
......
~-155-4(NO) ~neat ,qum
l + 124"4(Me2N) ) . . . . . . . .
L -97"0(NOH) ~ m ~ r 3 ~ o u H "

-25
+ 58

"i.e. protonation of an atom other than the nitrogen atom considered.

t~N data from Yavari and Roberts 1979, recalculated according to Witanowski et al 1981
p. 357.
" I~N data from Yavari and Roberts 1978, recalculated as above, p. 241.
tSN data from Kricheldorf 1978, recalculated as above, p. 249.
"t4N data from Witanowski et al 1976.
I~N data from Gouesnard and Martin 1979, recalculated as above, p. 396, the values are
calculated for the cation from its concentration dependence of nitrogen shielding.

such as that of pyrazole and imidazole (Schuster et a11979; Schuster and Roberts 1979).
In sydnone ring systems, the nitrogen shieldings indicate clearly that protonation in
acidic media takes place at the exocyclic moiety (Witanowski et al 1981; p. 83), for
example. Various stages of protonation of porphyrin ring systems can be readily
+ /R

4-

§

/R

.....-.
// ~l
.~H§ HO/'x-O/N

-0,"~', 0.,N

sydnone

ff-?N/R §247
MeC-N~o./N

,ff-.+N'~q

- Hl~eCNH,/~.o,/N

II

II

0

0
N- acetylsydnonimine
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observed from the corresponding changes in nitrogen shielding (Kawano et al 1978;
Yeh et al 1977; Irving and Lapidot 1977).
The large shielding effect on the nitrogen nuclei which is observed upon protonation
of nitrogen atoms in six-membered conjugated heterocycles (azines, e.g. pyridine,
table 15) can be employed for the observation of protonation equilibria at various
stages thereof (Witanowski et al 1981; p. 123, and references therein). This has been
done, for example, in the case of pyrimidine and its amino-derivatives (St~ideli et al
1980), including vitamin Ba (Cain et al 1977). Analogous studies have been carried out
on the protonation processes in a number of nucleosides and nucleotides (Markowski
et al 1977; Biichner et al 1978; Oppenheimer and Davidson 1980). For 4-arninoazobenzene, changes in the nitrogen shielding involved indicate that with increasing acidity

of the medium employed (DMSO,DMSO+ HCI, 95 % H2SO4), protonation takes place at
the NH2 moiety in the first stage and then a dicationic species with a protonated azobridge is formed (Kuroda et al 1980).
Spin-spin couplings between 15N and other nuclei can also provide information
about protonation processes. The simplest application involves the observation of spinspin splittings in proton-coupled 1SN spectra. Since I SN.t H couplings across one bond
are large (table 17), it is straightforward to observe the formation of N-H bonds upon
protonation of nitrogen atoms, provided that proton exchange with the medium is slow
compared with the reciprocal of the coupling constant concerned. Such observations
17. Effectsof protonating media on I~N-~Hspin-spin couplings.

Table

Solute

Solvent

Type of coupling Valueof J (Hz)

NH 2

DClaq.

Ij (15N_lH)
Ij (l SN.IH)

- 82"6"
- 76'1Y'

H20
CF3COOH

tJ(lSN-IH)
Ij(15N_IH)

- 90'IY
_92.5,~

H20

2j ( 1 5 N . C _ 1 H )

D2 0

N~N,
"H
"

L/

=0
{3 }

]ffffffff~N
N/,~".

(2)CH-(I)N
(2)CH-(3)N

-- 7.6e
-- 10.8 e

H(2)

Me
(1)

HClaq.

2j (l SN.C_:H)

(2)CtI-(I)N
(2~CH-(3)N

"Data from Schusterand Roberts 1980.
Data from Wasylishen1976.
cData from Yavari and Roberts 1979.
a Data from Kricheldorfand Schilling 1978.
e Data from Alei et al 1980.
6 S 3

-5"g
_ 5.4e
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afford direct information about the nature of the sites of protonation, and numerous
examples can be found in the literature (Witanowski et al 1981, and references therein)
of the protonation of amines, aza-aromatic heterocycles, imines, guanidines, porphyrins, sydnonimines, and various derivatives thereof.
Rates and sites of proton exchange can be followed precisely using the information
involved in the collapse of spin-spin splittings in 15N spectra. There is a simple method
of distinguishing between intra- and inter-molecular proton exchange. In the fast
exchange limit, the former leads to weighted average couplings between 15N and I H,
while the latter results in a complete decoupling of the nuclear spins concerned. This
fact has been used for the identification of internal proton migration in porphyrin ring
systems by means of proton-coupled 15N NMR spectra (Kawano et al 1978), since the
NH coupling at room temperature is almost exactly 1/4 of that found at lower
temperatures.
Et,

Et

Et

Et

Et
Et

Et

Et

Et
Et

octaethylporphyrin in

Et

Et

IJ(tSNH)=-24Hz (28eC); -971tz (-53~

CD 0 3

Intermolecular exchange of protons leads to a collapse of spin-spin multiplet
patterns resulting from 15N couplings with the protons exchanged. Such dynamical
changes in the 1sN spectra can be employed for the calculation of the rates of exchange
processes. For phenylhydrazine (Yavari and Roberts 1978), PhNHNH2, it is found that
the NH2 protons exchange faster, by about two orders of magnitude, than the NH
protons, in the neat liquid as well as in solutions in EtzN, DMSO, CHCI3, EtOH and
CF3CH2OH. The fast proton exchange at NH2 is explained in terms of formation of
the dimers shown below;

H..
-.

PhN HN H.....

NHNHPh

"~" .,. H J

where a simultaneous internal exchange can occur. Similar studies have been carried
out for a number of urea derivatives (Yavari and Robert~ 1980). For N-methylurea,
MeNH-CO-NH2, the rate of exchange at NH2 is about three times faster than at NH,
in basic aqueous solutions, and about 7.5 times faster in acidic solutions. The rate of
proton exchange in urea is 10 times faster than that in MeNH-CO-NHMe when basic
aqueous solutions are compared, but the ratio is reduced to 1/2 in acidic solutions.
While the rate of proton exchange in MeNH-CO-NHCH2Ph in basic DMSOsolutions is
almost the same for the two NH moieties, addition of HCI increases the rate at MeNH
by about four times. A remarkable differentiation between proton exchange rates is
observed in MeNH-CO-NHPh, since in DMSOthe rate at MeNH is 50 times higher than
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that at NHPh when a base is added to the solution, but the ratio changes to 1/1000 in
acidic solutions. Analogous investigations on arginine (Yavari and Roberts 1978) show
that the rate of exchange of protons at the 6-NH group is twice as fast as that for the
terminal nitrogen atoms in the guanidino moiety. Base-catalyzed exchange rates of the
protons of NH groups in a number of lactans have been determined by this method
(Yavari and Roberts 1979) for aqueous and DMSO solutions; it is found that they
decrease with an increase in the ring size. It has been shown (Yavari and Roberts 1978b)
that 2-azacycloheptathione exchanges protons 1500 times faster than 2-azacycloheptanone.
A part from the information about protonation processes involving nuclei giving rise
to multiplet patterns in t s N NMRspectra, values of the couplings between 1s N and other
nuclei, such as 1H (table 17) and t 3C (table 18), can also show some characteristic trends
when protonation takes place, either directly at the atom observed in nitrogen r~MRor at
other atoms. Such changes in the couplings can be used as indications of particular
protonation mechanisms, provided that proton exchange is slow or that the coupling
observed is not affected by the exchange of protons. The latter condition is fulfilled for
long-range N-H couplings and carbon-nitrogen couplings.
Proton exchange processes can lead to tautomeric equilibria, and very often, when
the exchange involves a nitrogen atom, the associated changes in the corresponding
nitrogen shieldings are large and provide a useful tool for following solvent effects on
Table 18.

Solvent effects on tSN-XaC couplings.
Coupling in Hz (absolute value if not stated
otherwise)

Solute

Solvent

CHa-C( --O)-NH2'~ Pyridine
DMSO
H20
CF3COOH
H2SO 4 100%
FSO3H
Phthalimide ~
Pyridine
DMSO
CF3COOH
H2SO 4 100%
FSOaH
Ph-NH2 b
None
DMSO
CF3COOH
FSO3H
Pyridine"
Acetone
d
MeOH/HCI
CDCI 3
CDCI3/HCI
* Kricheldorf 1980.
b Axenrod et al 1979; Wasylishen 1976.
c Bundgaard and Jakobsen 1976.
Berger and Kaletsch 1976.

tJ(NC)
14.1
14.1
15.5
18'5
21"0
21 "5
12.8
13.4
14-0
14-6
14"6
10.9
12.1
8.9
8.6
( + ) 0.62
(-)11.85
2.5
4.0

2j(NC)

aJ(NC)

8"8
8"8
7.3
3'9
3"4
2.9
?
7.4
6- t
5-3
?

( + ) 2"53
(+)2-01
<0-3
< 0-3

(-)3.85
(-)5.30
0.3
0.6
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the equilibria (Witanowski

et al

1981, and references therein). Some typical examples

are given below.

OH "--" --- 0 " %
I

H
co. + I10 ppm

co. +215 ppm

SH

$

0--0
CO.+ 8 0 ppm

I
H

co. + 2 2 0 pprn

oH
6
0
=
N"x0

cQ.

-60ppm

NX,OH

co. - 500

ppm

N,..H

0=-6
ca. +260(ring NH)

ca.+ 105 (ring)

c o . + I 7 0 ( = N H ) ppm co.+ 330(NHz )ppm

H

ca.+ 1 8 0 p p m

c a . + 6 5 ppm

In actual tautomeric equilibria, the average lifetime of at least some of the tautomers
involved can be short enough to lead to dynamically averaged nitrogen shieldings
which can be used as a measure of the equilibrium constant. The large differences in the
nitrogen shielding between such tautomeric species make the averaged shieldings quite
sensitive to changes in the equilibrium constant.
4.3 Other specific molecular interactions
Specific interactions which do not involve hydrogen-bonding or protonation can also
have a significant influence on nitrogen shielding (table 3). Ion pairing effects are
probably responsible for the variation of the nitrogen shielding in ammonium ions
when concentrations and counterions are changed (Duthaler and Roberts 1979), as
shown by the example of the secondary-butylammonium ion:
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Nitrogen shielding referred
to neat nitromethane for
MeCH,CH-NH3 +

Solvent

Concentration
(mol %)

Counter-ion

IMe
(in ppm)

CHCI3

7.3
7.3
6.7
7.4
4.0
3"8
4.2

CIICICF3COOCIICF3COO-

+ 324.1
+319.5
+ 333.2
+ 336-0
+ 335.9
+ 336"2
+ 338"3

CF3COOH
MeOH

Nitrogen shielding in NH3 and NMe3 (w
clearly indicates that in addition to
hydrogen bonding effects, there are specific interactions between solvent methyl or
ethyl groups and nitrogen atoms of the solutes. The latter effects are of the same order
of magnitude as those due to hydrogen bonding, and suggest the usefulness of nitrogen
NMR in the investigation and detection of such non-trivial interactions.
Ion association effects on nitrogen shielding can be quite large, as shown for Li(NCS)
in table 19. The increase in shielding follows a decrease in the ionizing ability of the
solvents used, in the order: dimethylformamide, tetrahydrofuran, dimethyl carbonate,
diethyl ether. The dilution curves of the nitrogen shielding for Li(NCS) in the solvents
can be explained in terms of the following equilibria:
free ions ~ ion pairs (LiNCS in dimethylformamide
ion pairs ~ dimers (LiNCS in dimethylcarbonate and ether)
ion pairs ~- dimers ~-S-bonded chains (LiNCS in tetrahydrofuran)
Table 19. Examples of solvent and concentration effects on the nitrogen shielding in
inorganic molecules and ions.

Solute

Solvent

g § (NCS)-

H20
HzO
HCONMe2
HCONMe2
(MeO)2CO

Li + (NCS)-

tetrahydrofuran
HNO3

Et20
HzO
HzO
H20
H20

Concentration
9-51 M
0-30 M

inf. dilution
inf. dilution
inf. dilution
inf. dilution
inf. dilution
1.00 M

none

7.00 M
10.00 M
15.71 M (70%)
--

100% H2SO(

inf. dilution

Nitrogen shielding
(in ppm, referred to
neat nitromethane)
for species
represented
+ 170.0"
+ 174-1"
+ 163.2b
+ 164b
+ 19~'
+ 196b
+ 203b

+4"4"
+ 12"6"
+ 18"2"
+31.1"
+ 4T
+ 13(F

~ 14N data from Witanowski et al 1977.
~SN data from Vaes et al 1978, see also Witanowski et al 1981, p. 302.
c ~4N data from Seel et al 1972, see also Witanowski et al 1977, p. 211.
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with the following structures for the dimers and chain polymers:
.Li. "%

,~ ~

SCN

"'NCS

....

Li . . . . . NCS . . . . Li

" ' " " Li " " " "
dimer

S- bonded chain

The large changes in the nitrogen shielding of HNO3 (table 19) as its concentration in
H 2 0 increases reflect complicated equilibria, including protonated forms, free ions,
associates, and the formation of the nitronium ion, NO2 +, which is revealed by the
+ 130 ppm shielding for HNO3 in 100% H2SO4.
There have recently been some signs that nitrogen shieldings can be employed in the
detection of cation binding by macrocycles that contain amido-type moieties attached
to a ferrocene unit (table 20).
There is clear evidence of specific solvate formation in solutions of AgNO3 in
acetonitrile from the changes in the nitrogen shielding given in table 21. The direction
of the change is consistent with the involvement in such solvates of the lone pair on the
nitrogen atom in MeCN, since it is parallel to those due to other effects of the same
kind, e.g. hydrogen bonding and protonation (w167 and 4.2)
The ~5N spectra of the i SN.labelled cyanide ions bound axially to various hemins
and hemoproteins (see the example in table 22 and references therein) show that the
ions are exchanged with the medium since, in addition to the resonances shown in
table 22, there is a signal at about + 100 ppm corresponding to free cyanide ions. The
large deshielding of the nitrogen nuclei in the hemin-bound cyanide ions is clearly due
to unpaired electron spin delocalization from the Fe(III) centre (w but they are
significantly affected by the solvents (table 22). Thus, nitrogen shieldings are, in such

Table 20. Detection of cation complexation by macrocycles with ferrocene unit by means of
nitrogen shielding'.
Cation added (anion
in parentheses)

Nitrogen shielding
(in ppm)

Me

F,

~ !

none
K § (SCN-)
Li§ (CI-)
Ca2§ (El-)

0 (arbitrary)
0
- 1.6
-1.6

_9
~ tSN data for lSN labelled macrocycle, Hall et al 1981; solutions in CDCI 3.
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Table 21.

Changes in the nitrogen shielding of aeetonitrile upon addition of solutes*.

Solute
AgNO 3

Ba(CIO,t)2

AICI 3

Concentration
(mol/kg solution)

Resulting change in
nitrogen~ shielding in
MeCN relative to that
for neat MeCN (ppm)

0-98
2-98
5.07
8.10
1-00
2-61
3"25
0-50
1.18
2"16

+ 3.4
+ 9"2
+ 14.5
+20-8
+ 2-2
+4"9
+ 5-6
+ 0-2
+0-3
+0-8

~ lSN data from Geppert et al 1977.
b The nitrogen shielding in neat MeCNis + 135'8 p p m ~ o m n e a t
nitromethane, see Witanowski et al 1981.

cases, a sensitive measure of the obstruction to spin delocalization exerted by solvent
molecules.
Nitrogen shieldings have been employed as a means of determining equilibrium
constants for the complexation ofimidazole or N-methylimidazole with Zn 2 § or Cd 2§
in aqueous solutions (Alei et al 1978a, b, 1981). The equilibria include cations of the type
Zn 2§ (imidazole)n or Cd 2§ (imidazole)n with variable n. It is shown that the
complexation results in a considerable increase in the shielding of the N-3 atom in the
imidazole system. This result can be useful in tracing the mode of binding of the metal
cations to biological systems containing imidazole ring moieties.
A study of interactions between an antibody which binds trinitrophenyl groups,
myeloma M315, and some trinitrophenyl 'haptens' shows that nitrogen shieldings can
be used as a probe of hapten-antibody interactions (Gettins et al 1980). The following
changes in the shielding of the nitro groups involved are observed upon binding of the
haptens with the protein:

Hapten

2,4,6-trinitrotoluene
2,4,6-trinitroaniline
2,4,6-trinitrophenol

Nitrogen shielding (in ppm) induced upon binding, referred to
parent compound
2-NOz
+ 3"3
+ 2"1
+ 3.0

4-NO2
+ 1-5
+ 1.6
+ 1-8

Measurement of the quadrupolar relaxation times of ~4N can be useful in the
detection of molecular aggregation in solution. In the absence of other factors, the
reciprocal of the relaxation time (the relaxation rate) of 14N should follow the shear
viscosity of the solution examined, and any anomalies in the trend suggest
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Table 22. Solvent effects on paramagnetie changes in the nitrogen shielding of C N - ion
complexed with protohemin.

H2CCH
Me
M e ~
cH=CH2
(CN)2
Me~ - ~ ~ ~ M e
=

C~H2
COOH

C1H
2
COOH

protohemin

Solvent
DMSO
DMSO]D20 (18 : 1 )
DMSO/DaO ( 18: 2)
DMSO/D20 (18:4)
Pyridine
Pyridine/D20 (20: 4)
Pyridine/DaO (20: 5)
Pyridine/D20 (20: 7)
MeOD
MeOD/D20 (I : 1)
H 2 0 (OH = 9-4)

Nitrogen shielding (in ppm)
for C N - in protohemin
(CN)2 referred to neat
nitromethane
-

728

-

712

- 695
-667
- 692
- 653
-648
-633
-499
-481
-447

9 t 5N data for t sN labelled CN-, Morishima and Inubushi 1978,
recalculated according to Witanowski et al 1981, p. 308.

association-dissociation effects. This has been shown for acetonitrile in solutions in
CCt, (Tiffon et at 1980, where the acetonitrile I*N relaxation indicates that the solute
remains largely in aggregate form down to a molar fraction of 0.2, and that at lower
concentrations of the solute, the aggregates begin to dissociate significantly. Similar
studies have been carried out on the aggregation and de-aggregation of choline
phospholipids (Murari and Baumann 1981).

5. Interactions of nitrogen with paramagnetic centres
The lone pair electrons are often the primary cause of interactions between nitrogen
atoms and other species. When the interacting moiety is paramagnetic its influence on
the nitrogen NMRspectrum is frequently very pronounced. Nuclear shielding, spin-spin
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coupling and nuclear relaxation parameters can be profoundly changed when a
paramagnetic centre is introduced. Some of these centres are specifically designed to
have their major impact on the nuclear shielding-shift reagents, whereas others
primarily influence relaxation phenomena-relaxation reagents.
5.1

Shift reagents

Shift reagents were initially introduced in an attempt to simplify rather complicated
proton NMR spectra by inducing large shifts and thus spreading out a spectrum and
effectively rendering it 'first order'. Consequently, the spectral analysis is facilitated.
The isotropic shifts produced by paramagnetic centres may arise from either, or both,
of two different mechanisms (Webb 1975). One of these mechanisms produces contact
interactions while the other gives rise to dipolar, or pseudo-contact, interactions
between nuclear and unpaired electronic spins.
The contact shift, AB, at an applied field Bo, is related to the nuclear-electron
hyperfine interaction constant aN, by

AB
Bo

aNge2fl,2S(S + 1)
3gNflNrT
'

(12)

where ge is the rotationally averaged electronic g value, fie is the Bohr magneton, gN and
fin are the corresponding nuclear parameters and S denotes the spin of the unpaired
electrons.
Dipolar shifts arise from the direct magnetic dipole-dipole interaction between the
unpaired electronic and nuclear spins. For molecules with tetragonal symmetry the
dipolar shift is given by
AB
n--~ =

(3COS20-- 1) fle2S(Sq-1)
r3

arT

F(g),

(13)

where r is the separation between the resonating nucleus and unpaired electrons, 0 is the
angle between the vector defined by r and the principal symmetry axis of the molecule
and F (g) is an algebraic function of the g tensor components.
Clearly (13) contains geometric information on the molecule considered whereas (12)
does not. Thus although both contact and dipolar interactions can be useful in
simplifying complicated NMRspectra only dipolar induced shifts can provide structural
data on the species considered.
Many shift reagents operate via a combination of contact and dipolar interactions.
Thus care has to be exercised if the induced shift is to be related to molecular structure.
Since nitrogen NUR spectra exhibit a much larger chemical shift range than that of
protons, nitrogen spectra are usually well resolved and of the 'first order' type.
Consequently shift reagents are rarely required to produce a simplification of nitrogen
NMR spectra.
However, ambiguities can sometimes arise in the assignment of some nitrogen NMR
spectra. These can often be settled by means of shift reagents such as Dy (dpm)a and
Dy(fod)a. Some examples of this are shown in table 23.
The data presented in table 23 indicate that all of the reagents considered are effective
in structural differentiation at chelate to substrate molar ratios of less than 1 : 1. Thus
the addition of any of these reagents should be sufficient to resolve any assignment
ambiguities.
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For example the nitrogen shielding of the isocyano group lies within the range
characteristic of alkylamines but the response of the isoeyano nitrogen to the shift
reagents is very small, whereas that of alkylamines is very large. Thus any uncertainty
between isocyanide and alkylamine resonances can be removed in the presence of the
shift reagents. A similar differentiation is possible between the pyrrole-type and the
pyridine-type of nitrogen nuclei in azoles where the characteristic ranges of nitrogen
shielding overlap to a significant degree.
With a view to investigating the possibility of using shift reagents to obtain structural
data from nitrogen NMR spectra, various lanthanide reagents have been added to
pyridine, various amines and other nitrogen-containing substrates (Witanowski et al
1971a, b). As shown in table 24, at a 1 : 1 chelate to pyridine ratio substantial nitrogen
shielding changes are induced by the paramagnetic lanthanide (dpm)3 chelates. By
comparison with the theoretical estimates of unpaired spin density (Golding and
Halton 1972) it appears that the induced nitrogen shifts are dominated by a contact
interaction this being particularly true for the reagents Gd (dpm)3 and Dy (dpm)3. Thus
most of the shift reagents considered in table 24 are unsuitable for obtaining
geometrical data from nitrogen rqMtspectra. It seems likely that nitrogen NMltspectra
will, in general, exhibit induced shifts due to a substantial contact interaction.
5.2 Relaxation reagents
In principle, relaxation reagents may operate through three possible mechanisms
(Hexem et ai 1976). The simplest interaction gives rise to outer sphere relaxation which
envisages no chemical interaction between the substrate and the paramagnetic centre.
Table 24. Comparison of nitrogen shielding induced by lanthanide (dpm)s chelates in
pyridine with theoretical calculations of unpaired electron spin density on lanthanide ions.

Ion

Configuration

La 3+
Ce3 +
p r 3+
Nd 3 +
pro3+
Sm3+

.t o
fl
f2
f3
f4
fs

Eu 3+

f~

Gd3+
TbS+
Dy3 +
Ho3+
Er 3 +
Tin3+
y b 3+

f7
fs
f9
fro
fl i
f12
fl 3

Calculated
unpaired spin
density term
0
+ 0-979
+ 1-967
+ 2'685
+ 1.618
+ 1.184
- 10-682
-31'500
-31"818
- 28"545
-19"954
- 13.349
-7-049
- 2"587

Nitrogen shielding (in ppm)
induced by the corresponding
lanthanide (dpmh chelate in
ca. 2.5 M solutions of pyridine
in CC14, extrapolated to 1 : 1
chelate/pyridine molar ratio
-380-1-30
- 290 + 50
- 450 + 300
- 360 -I- 300

Data not available
-540+50
+ 1500+200
+2900+500
Data not available
+ 4000 + 300
+2100+200
+ 870 + 100

Data not available
- 425 + 20

" d p m = (Me3C-CO-)2CH-; calculations from Golding and Halton 1972, experimental data from Witanowski et al 1971a, see also Witanowski and Webb 1973, p. 255.

G ,4 Webb and M Witanowski

286

In this case the appropriate mechanism is spin-dipolar interaction between the nuclear
and unpaired electronic spins modulated by translational diffusion. The corresponding
nuclear relaxation time, Tj, is given by
1

16S(S+1)

2,, 2 2

T-t = 15BT~rT gs Pn Oe flezTt2qN,

(14)

where N is the number ofparamagnetic centres per unit volume of solution and r/is the
viscosity of the solution.
If the substrate becomes bound to a paramagnetic relaxation reagent then the second
mechanism, which is spin-dipolar interaction modulated by rotational reorientation of
the resulting bound complex, may be operative in producing nuclear relaxation. Under
these circumstances the relaxation rate, Ti-1, is given by

1

2S(S + 1)gN2flN2g,2fle2[ -

T1 --

15/i2r ~

3%

7%

]

[ 1 +WN2Tc2 + 1 + We2rc2 J '

(15)

where r is the separation between the nucleus of interest and the paramagnetic centre,
wNand we are the nuclear and electronic Larmor frequencies from which it follows that
we ,> wN which is a necessary precondition for the derivation of equation (15).
The correlation time, %, for the bound complex depends upon ~ , the corresponding
rotational correlation time, zM, the mean lifetime of the nucleus of interest in the bound
state and the electron spin relaxation time, %, as shown by (16).
1
1
1
1
-- = -- + -- + --.
"Cc
%"R
TM
35

(I 6)

Since nitrogen nuclei, when present, usually form the binding site for the substraterelaxation reagent complex then r in (1 ~i),becomes reasonably small such that nitrogen
relaxation rates are normally determined by (15).
For nuclei which are further from the binding site, (14) may be more important as,
indeed, may be the third relaxation reagent mechanism. This is scalar interaction
modulated by rotational reorientation of the bound complex. In this instance the
relaxation rate is given by,

1-2S(S+l)au2[
Tt

3/i 2

% ]

(17)

1 + we2 %2 ,

where the correlation time, %, is obtained from (18)
1
1
l
-- = --+--.
%'e
TS
TM

(18)

Since we2 %2 is very large, (17) only becomes important as a relaxation mechanism when
a N is large. However, the corresponding influence on the relaxation time T2 is
considerably greater as shown by (19)
1S(S+I)
T2 = ~

%]

[
aN2 % -~ l + w e 2%2 "

(19)

Thus, in the general case, NMRlinewidths are likely to be severely influenced by means of
the effect of a bound paramagnetic centre on 7'2, as shown by (19) or by means of TI as
given by (15) or by some combination of the two effects.
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The gadolinium relaxation reagents Gd (dpm)3 and Gd (acac)a, have been employed
for studies on i sN relaxation (Levy et al 1978). In the presence of 5 x 10- 4 M Gd (dpm)3
the basic nitrogen nuclei ofimidazole show an increase in relaxation rate from 0-13 Sto 1.83 S-1 whereas the corresponding change for N methyl formamide is from
0-043 S- ~to 0.048 S - 1. These data suggest direct bonding between gadolinium and the
basic imidazole nuclei, whereas in N methyl formamide bonding may occur with the
carbonyl oxygen atom. Thus relaxation reagents may be used as spin-labels for
molecules containing both basic and non-basic nitrogen sites.
The relaxation reagent Cr(acac)3 is fairly kinetically inert and thus its relaxation
function most probably arises through the outer sphere mechanism described by (14). It
is often assumed that such an interaction may produce nuclear relaxation without
significantly influencing the corresponding nuclear shielding. However, caution is
necessary in making such assumptions. As shown in table 2 an increase occurs in the
nitrogen shielding of pyridine by about 0.4 ppm at a molar ratio of Cr(acac)3 to
pyridine of 1 : 100 (Witanowski et al 1981).
The fact that the relaxation reagent, Gd (dpm)3 forms complexes due to nitrogen
coordination is borne out by the results presented in table 2. The shielding increase of
almost 7 ppm noted for the pyridine nitrogen is strongly indicative of coordination
with the added relaxation reagent. For neat pyridine the corresponding nitrogen
shielding increase, due to the addition of Gd(dpm)3, is about 3500 ppm. By using a
constant concentration of 0.01 M Gd (dpm)a the maximum induced nitrogen shielding
of pyridine occurs at about 3 M. Hence concentrations of Gd(dpm)3 of 10 -4 or greater
produce significant shielding increases for sterically atx,essible nitrogen atoms.
5.3 Complex formation
It is well known that nitrogenous compounds form good ligands for transition metal
ions. The most common form of coordination interaction between the ligand and the
metal ion is donation of a lone pair of electrons from the nitrogen to the metal ion. If the
metal is paramagnetic then the shielding of the donating nitrogen atom is strongly
influenced by the unpaired electrons. The change in nitrogen shielding may arise from
the contact interaction, equation (12), or the dipolar interaction, equation (13).
In studies of the 1H NMR spectra of ligands attached to a paramagnetic transition
metal ion aN, from (12), is usually expressed by
a N = QI/2S,

(20)

where S refers to the unpaired electron spin in the molecule, l is the unpaired spin
density on the atom to which the proton is attached, for n deloealisation of spin
Q = - 2.25 mT and for a delocalisation Q = 50.8 mT. The smaller value of Q for n
delocalisation reflects the relative inefficiency of the less direct spin polarisation
mechanism compared to a electron delocalisation. The opposite signs of Q suggest that
a and n electron transfers should produce induced shifts in opposite directions.
However, although the spin density I usually has the same sign for each proton when a
delocalisation occurs for n delocalisation I can take alternating signs throughout the
conjugated system. Hence a electron transfer results in large shifts in the same direction
for each proton site on the ligand whereas T~ electron transfer produces somewhat
smaller shifts, as a rule with alternating signs.
It follows that the NMRspectra ofligands can be very instructive in the deduction ofn
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and a electron processes with paramagnetic metal ions, provided that the observed
shifts are dominated by the contact interaction.
For the same amount of S electron spin density, nitrogen-induced contact shifts are
about twice as large as those for carbon and about fifteen times as large as those for
protons (Goodman and Raynor 1970). Consequently nitrogen shielding changes due to
complex formation with a paramagnetic transition metal ion, are very likely to be
dominated by the contact interaction and may thus usefully provide information on the
electron transfer processes occurring. La Mar and Walker (1979) have provided an
interesting account of the analysis of the spin distribution in paramagnctic porphyrins
from NMR data.
Shifts of about 1000 ppm are observed for the nitrogen nucleus in cyano complexes
of Cr, Mn, Fe, Co and Ni, these correspond to a positive spin density on the nitrogen
(Shporer et al 1965). Morishima and Inubushi (1978) have used 15N labelled cyanide in
order to study the influence of axially bound ligands to the ferric ion in porphyrin
derivatives and some hemoproteins such as cytochrome C and some myoglobins.
Nitrogen-induced shifts from 500 to 1200 ppm are observed which are very solventsensitive but are not dependent upon substitution of the porphyrin peripheral groups.
If one of the two axial cyanide ligands is replaced by various pyridines the nitrogen
shielding of the remaining cyanide decreases significantly as the basicity, of the
particular pyridine chosen, increases. From these observations it seems likely that the
decrease in cyanide nitrogen shielding in passing from the cytochrome C to the
myoglobin cyanide results from a change in the effective strength of proximal histidine
binding to the heine iron atom rather than from structural changes in the heme
peripheral groups.
Since the induced nitrogen shifts, due to coordination with a paramagnetic ion, are
rather large it follows that they may be used to study weak interactions such as those
arising from solvation and ion pairing and ligand exchange processes (Webb 1975;
Orrell 1979). In the case of acetonitrile exchange with various paramagnetic transition
metal ions, ~4N NMRdata reveal rate constants varying between 2.1 _+0.3 x 10a S- ~ for
Ni(II) and 1-2 +0.3 x l07 S -~ for Mn(II).
Thus the interactions produced concomitantly with ligand complexation to a
paramagnetic metal ion can be usefully monitored by means of nitrogen NMR.
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