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Preface

Annual Reports on NMR Spectroscopy contain several reports in earlier
volumes on the very important topic of nitrogen NMR. The present volume
consists of an update on these, the most recent of which appeared in Volume
18 published in 1986. The main aim of this account is to provide some
coverage of the literature which has appeared since then. Once more I am
very pleased to welcome Professors Stefaniak and Witanowski as my
coauthors on this review. I would also like to take this opportunity to thank
them most sincerely for their kind cooperation during the period of produc-
tion of the present volume.

University of Surrey G. A. WEBB
Guildford, Surrey February 1992
England
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1. INTRODUCTION

Our main aim in preparing this review is to attempt to extend the comprehen-
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sive survey of nitrogen NMR spectroscopy we have presented in our earlier
accounts.'” Taken together with the previous reports this review increases
the literature coverage of nitrogen NMR to a period of 40 years from 1950
to 1990. Our most recent report® dealt with the literature appearing between
late 1980 and the end of 1983. Thus the present review addresses the progress
made during the past seven years. It is an ineluctable fact that during this
period the applications of nitrogen NMR have continued to advance on
many fronts. Progress has been recorded in such a wide variety of areas that
we feel it inappropriate to consider coverage to the same degree of thorough-
ness in all of them. Thus exceptis excipiendis we have taken our remit to
include more detailed accounts of specific interests. Among these are an
indication of the specific assets of nitrogen NMR in dealing with problems
of structural elucidation; a consideration of the importance of solvent effects
on nitrogen NMR shieldings as a means of gaining insight into molecular
interactions, and recent developments in the study of tautomeric equilibria
using nitrogen NMR data in combination with those of other nuclei. Par-
ticular attention is to be paid to nitrogenous heterocycles and heteroaromatic
compounds, including mesoionic structures and those commonly found in
systems of biological interest. Applications of nitrogen NMR data to
problems of molecular recognition are also to be mentioned.

As in our earlier accounts consideration is given to studies dependent upon
either, or both, of the N and "N isotopes. Emphasis is given to the
importance of the lone-pair electrons, which are responsible for rendering the
NMR parameters of nitrogen much more sensitive to changes in molecular
environment than are the corresponding parameters of the commonly
studied 'H and “C nuclei.

Without wishing to claim access to an unusual degree of prescience we feel
that it is highly likely that nitrogen NMR spectroscopy will continue to play
a leading, and expanding, role in molecular science for a number of years
hence.

2. THEORY OF NITROGEN NMR PARAMETERS

The basic theory of NMR parameters has been presented in our earlier
reports'™ and covered in some detail in a monograph.® Thus, with a view to
being fairly efficacious, only passing reference to the theoretical backgrounds
of nuclear shielding spin-spin coupling and relaxation interactions is made
here.
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2.1. Calculations of nitrogen shielding

Nuclear shielding calculations usually consist of the evaluation, and summa-
tion, of some positive diamagnetic terms and some negative paramagnetic
contributions to the total shielding. A comparison of the various shielding
expressions for nitrogen atoms in different chemical environments shows
that, in general, the diamagnetic contributions remain relatively constant
whereas variations in the paramagnetic contributions account for the
observed shielding differences.

The individual gauge for localized orbitals (IGLO) procedure has been
used to calculate the nitrogen shielding for a number of molecules. Although
reasonably successful for calculations of carbon shieldings this approach is
less satisfactory when applied to nitrogen shieldings. Perhaps the neglect of
correlation effects, involving the nitrogen lone-pair electrons, goes some
way to accounting for the observed discrepancies between calculation and
experiment.

In the case of NSF, NSCI and NSF;, the calculated nitrogen shielding for
NSF is too small by about 700 ppm when compared with the experimental
value.” Unfortunately no experimental nitrogen data appear to be available
for NSCI or NSF;. IGLO results have been presented® for NFH,, NF,H,
NF,; and CF;CN. The replacement of H by F in NH, reduces the nitrogen
shielding by about 200 ppm in NH, F and by additional amounts of 123 ppm
and 39 ppm, respectively, in NHF, and NF,. The calculated results for these
molecules are found to be rather basis set dependent and in fairly satisfactory
agreement with experiment.

Another report covers the application of the IGLO procedure to calculate
nitrogen shieldings for some amines, aziridine, some nitriles, an isonitrile,
diazomethane, hydrazine and some diazenes.” The agreement between cal-
culation and experiment is more satisfactory for the singly bonded nitrogen
atoms than for the multiply bonded ones, the least satisfactory agreement
being observed for the nitrogen atoms in nitrogen—nitrogen multiple bonds.
The results are found to be fairly basis set dependent. However, even if large
sets, close to Hartree-Fock quality, are used, the calculated shieldings of
multiply bonded nitrogen atoms are too small owing to an overestimation of
the paramagnetic contributions.

Similar conclusions are reached from IGLO calculations on some azines
and azoles.'"” In this case it is reported that the disparity between the observed
and calculated nitrogen shieldings is less pronounced for the partial N-N
double bonds in conjugated rings than for genuine N-N multiple bonds. The
dominating role of the nitrogen lone-pair electrons is noted for the pyridine-
type nitrogen atoms. However, the calculated pyridine-type nitrogen shield-
ings differ from experiment by more than 120 ppm.
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It is found that the lone-pair contribution to the shielding is highly aniso-
tropic and this governs the direction of the principal components of the
nitrogen shielding tensors.

Cytosine, uracil, thymine, adenine and guanine have formed the basis of
further IGLO calculations.!" To obtain a reasonable agreement with the
experimental nitrogen shieldings a basis set of triple zeta quality, and polari-
zation functions, become necessary. Even for calculations using larger basis
sets deviations of up to 45 ppm exist between the calculated and observed
nitrogen shieldings. This is especially noticeable for the pyrrole-type nitrogen
nuclei.

Nitrogen protonation shifts are calculated for adenine protonated at N-1,
N-3 and N-7. By comparison with the experimental results it is predicted that
the second adenine protonation site is N-3 whilst N-7 has only a marginal
involvement.

In general it seems that IGLO calculations of nuclear shielding are to be
preferred to coupled Hartree-Fock methods using a common gauge origin.
However, for nitrogen the results are not entirely satisfactory even when
extended basis sets are employed.

Some time-dependent Hartree-Fock calculations on N, have appeared;®’
the calculated paramagnetic contribution to the nuclear shielding is signifi-
cantly overestimated. A similar conclusion'® is reached from the IGLO
calculations on N,. A closer approximation to the experimental result is
obtained when a complete active space multiconfiguration time-dependent
Hartree-Fock calculation is performed.*” Polarization propagator theory has
been used to calculate the paramagnetic contribution to the nitrogen nuclear
shielding in N,” and HCN.” Results are reported both in the first-order
approximation, which is equivalent to the coupled Hartree Fock (CHF)
method, and in the second-order polarization propagator approximation
(SOPPA). The difference between the two sets of results for each molecule
represents the shielding from correlation effects. This difference is found to
be large for both molecules. The SOPPA nitrogen shieldings are — 72.2 ppm
and —17ppm for N, and HCN, respectively, both of which are in good
agreement with experiment.

The localized orbital/local origin (LORG) procedure has been applied to
the calculation of nitrogen shieldings in ethylene imine and diazirine.®® In
general the shielding results produced by LORG and IGLO calculations are
in close agreement. An advantage of these approaches is that the results may
be discussed in terms of particular electronic excitations. In the case of
diazirine, large nitrogen shielding contributions arise from the lone-pair
orbitals as well as from the ring bonds.® It is noted from the LORG calcula-
tions that the shielding anisotropy and the antisymmetric component of the
shielding tensor both arise from paramagnetic contributions. However, the
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two are not related, as demonstrated by the diazirine results where the
in-plane anisotropy is small and the in-plane antisymmetric component is
large.®

A comparison of the results of LORG and IGLO calculations of *N
isotropic shieldings for pyridine and some azines shows that the two sets of
calculated data are normally in good agreement with each other. However,
with respect to the observed shieldings, variations of up to about 80 ppm are
observed when comparison is made with the calculated results.”” Larger
variations are found between the results of LORG calculations and those
measured for the nitrogens of 1,2,4-triazine.”

Ditchfield’s method” for calculating nuclear shieldings using gauge
included atomic orbitals (GIAO) has been applied to the Watson-Crick base
pairs.!? Shielding variations due to intermolecular hydrogen bond formation
between the two complementary bases are analysed as arising from geometric
effects, polarization effects and those due to charge transfer and exchange. It
appears that the polarization term plays the major role in accounting for the
nitrogen shielding differences upon hydrogen bond formation." These results
are based upon the use of a minimal set of Gaussian functions which
produces variable agreement between the calculated and observed relative
nitrogen shielding data both within the base molecules and between the
purine and pyrimidine base pairs. Similar calculations have been applied to
the hydration of formamide and imidazole." For both the formamide-(H,0),
and imidazole-(H,O), systems the largest contribution to the nitrogen shield-
ing hydration shift is found to be due to the polarization interaction. Calcula-
tions of the various shielding tensors of nucleic acids have been reviewed."
The results obtained show, at best, a rather mixed agreement with the
observed nitrogen shieldings of nucleosides and nucleotides.

The shielding model introduced by Ditchfield'? has been employed's in
conjunction with basis sets of intermediate size to determine the shieldings,
and shielding dependence upon bond modification, for NH;, N,, HCN and
CH,;NH,. The calculated nitrogen shieldings and their anisotropies compare
favourably with the available experimental data. The calculated first and
second shielding derivatives, with respect to bond lengthening are negative.
This suggests that the nitrogen shieldings for these molecules are expected to
display a negative temperature coefficient.

Similar calculations have been reported for the same four nitrogen
compounds as well as for N,O and CH,;CN.® A major difference is that
locally dense basis sets are employed for the atom containing the nucleus of
interest. In general the agreement of the calculated nitrogen shieldings with
experiment is not good, owing to the calculated paramagnetic contribution
being too large. Ab initio SOS-CI calculations of the nitrogen shielding of
N,H, have been reported as a function of the dihedral angle between the
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lone-pair electrons on the nitrogen atoms.” A nitrogen shielding variation of
about 7ppm is predicted between the cis and trans forms, whereas the
corresponding change in the shielding anisotropy is about 11 ppm.

Theoretical discussions of nitrogen nuclear shielding are most frequently
based upon the results of semiempirical molecular orbital calculations. As
noted previously® the INDO/S parameter set appears to be fairly successful
in describing the excited molecular states which make significant contribu-
tions to the important paramagnetic shielding terms. Calculations based on
the INDO/S procedure, together with Pople’s shielding model,'” have been
employed in making the nitrogen NMR signal assignments in some mono-
cyclic azoles,' some 1-hydroxybenzotriazoles,'” some 3-hydroxyindazole
derivatives,” some fused polyazaheterocyclic ring systems,” some benz-
imidazolones,” some mercaptotetrazoles,” some 1-hydroxybenzimidazoles,?
some 1,2,4-triazoles and related compounds,” some 3-methylthio-1,2,4-tri-
azoles and related compounds,”® some heteroaromatic compounds® and
dibenzo[1,3a,4,6a]tetrazapentalene.”® In a similar manner, some CNDO/S
parametrized shielding calculations have been used for assignment purposes
for some S-substituted tetrazoles.”

The solvaton model has been used in conjunction with INDQ/S calcula-
tions in studies on the influence of solvent polarity on nitrogen shielding for
2-methyl-2-nitrosopropane,® t-butyl nitrite,” methyl nitrate,*' 1,1-dimethyl-
azoethane,” methyl nitrite,> methyl isothiocyanate,” some alkyl cyanides®
and pyridine N-oxide.* The significance of the results of these calculations is
discussed later.

Finite perturbation theory, together with INDO parameters, has been
employed for calculations of the nitrogen shieldings of acetyl-Ala-Gly-
NHMe, acetyl-Ser-Gly-NHMe, acetyl-Gly-Ala-NHMe and acetyl-Gly-Ser-
NHMe in order to assist in the assignment of signals for Bombyx mori silk
fibroin protein.”® A similar approach has been used for calculations on a
dipeptide fragment in a study of the conformational dependence of '*N
chemical shifts of the a-helix and B-sheet forms of some homopolypeptides.”
A MNDO-GIAO procedure, based on Ditchfield’s approach,'? has been
applied to the calculation of the nitrogen shieldings of NH;, CH,NH,, N, H,,
C,H;CN, pyrrole and some azines.* The overall agreement between calcu-
lation and experiment appears to be satisfactory. CNDO/BW calculations
have provided a realistic account of the effect on the nitrogen shielding of
pyridine due to adsorption at the surface of silica.”’ Similar calculations,
using CNDO/Z parameters, have been reported for some para-substituted
benzenediazonium salts.”

As discussed elsewhere®® the use of Pople’s shielding model'” can lead to
a possible interpretation of variations in nuclear shielding due to changes in
local charge densities, bond orders and the energies of electronically excited
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states. A priori there is no reason to expect a good correlation between charge
density and nitrogen shielding for a given series of molecules. However, such
a correlation may occur when the bond order and excitation enregy contribu-
tions to the shielding are either constant or vary in a cancelling manner. This
appears to be the case for selected alkylamines, nitroalkanes, isonitriles and
azines.”™ It is claimed that an increase in the nitrogen n charge density
corresponds to an increase in shielding, whereas deshielding is observed if an
increase in ¢ charge density occurs.

By means of an independent particle model an approximately linear rela-
tionship between the first ionization potential and nuclear shielding has been
predicted.” Application to some 4-substituted pyridines reveals the existence
of the predicted correlation. A solvent cavity model is incorporated to
account for the solvent-induced changes in nitrogen shielding. These changes
are discussed in terms of the solvent-dependent HOMO energy for pyridine
in solvents with different dielectrics.”

MM2 force field calculations have been applied in a study of the nitrogen
shieldings of some saturated amines.” A correlation is found between the
local steric Van der Waals energy and the nitrogen shielding. For a series of
35 nitrogen nuclei the root mean square error is 5.9 ppm. Repulsive Van der
Waals interactions appear to give rise to nitrogen deshielding and attractive
interactions to shielding. The attractive potential leads to an expansion of the
nitrogen atomic orbitals and thus to a decrease in the paramagnetic shielding
term. Hence the y shielding effect is associated with an attractive interaction.
Similarly, p-effects are attributed to repulsive interactions, which are larger
than the attractive ones, and lead to orbital contraction and nitrogen de-
shielding due to an enhanced paramagnetic contribution.

2.2, Calculation of nitrogen spin—spin couplings

The spin-spin coupling interaction between a pair of nuclei is usually ex-
pressed as the sum of contact, orbital and dipolar terms. The expressions for
these terms are discussed elsewhere and are not reproduced here.®*#

Various perturbation techniques may be encountered in the evaluation of
the spin-spin interaction expressions. Additionally, the relevant eigenvalues
and eigenvectors may be calculated at various levels of approximation.
Large-basis-set ab initio calculations of spin-spin couplings have become
more reliable in recent years.

By means of second-order polarization propagator calculations, using an
extended basis set, the '*'N-'"*N spin-spin coupling of N, has been evaluated.*
The calculation shows that the contact contribution is 0.82 Hz, the orbital
contribution is 3.35 Hz and the dipolar term yields — 1.57 Hz, giving a total
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of 2.60 Hz which compares with the experimental value of 1.8 + 0.6 Hz. It
is of interest to note that the contact term makes the smallest contribution to
this spin-spin coupling interaction. Often the contact term is taken to
dominate one-bond spin-spin couplings. This is an assumption which needs
to be treated with caution for couplings between two non-hydrogen nuclei.

The positive sign calculated for 'J(*N-"*N) is reproduced in some ab
initio, equations-of-motion, calculations on hydrazine, diazene, isodiazene,
the azide ion and nitrogen.* The sign of 'J(*N-"N) is expected to be
positive irrespective of the bond multiplicity and the geometrical arrange-
ments around the nitrogen atoms. The only exception is for the transoid
arrangements of hydrazine. This is in agreement with the experimental data
reported for a trans-diazene.® Ab initio SCF-CI calculations of the contact
and orbital contributions to the various spin-spin couplings in H,C=NH
and HCN show that all of the terms calculated can make significant coupling
contributions.”

For larger molecules semiempirical molecular orbital techniques are
normally used. INDO parametrized calculations of "N-"N and "N-"C
spin-spin couplings have been reported for 3-methyl- and 3,6-dimethyl-
pyridazines.* Reasonable agreement is found between the calculated and
observed couplings. INDO calculations of *N-"*C couplings have appeared
for a number of molecular conformations in order to study the dihedral angle
dependence*’ and for some cyanides and merocyanines.* Similar calculations
have involved the use of partially restricted molecular orbitals.” The pro-
cedure permits a study of the ¢ and  transmitted components of *°N-">C and
N-'H spin-spin couplings. Qualitatively satisfactory agreement with
experiment for a collection of molecules is reported.®

'J(*' P-"*N) data have been qualitatively interpreted by means of CNDO/2
calculations on some N-methylimide diphosphoric acid derivatives.”® Cal-
culations on some silylamines have assumed that the contact term dominates
the ' J(®Si-"N) interaction.” It is claimed that the coupling is very sensitive
to the extent of dn-pn bonding.

The lone-pair overlap theory has been envoked to account for a through-
space "F-""N coupling.” This appears to account for the value of 22.4 Hz
found for the “F-"*N coupling in 3,4-dihydro-8-fluoro-5-methyl-1(2H)-
naphthalene oxime, compared with 3.2 Hz for the corresponding coupling in
o-fluorobenzaldehyde oxime.

A simple sum-over-states model appears to account for the effect on the
contact contribution to spin-spin couplings of various lone-pair influences.”
The point is illustrated by reference to a number of one-, two- and three-bond
couplings involving nitrogen nuclei.”® INDO-SOS calculations show that the
contact interaction makes the major contribution to ' J(IN-C) of some para-
substituted benzenediazonium salts.”
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2.3. Calculations of nitrogen electric field gradients

In contrast to the quantum-mechanical description of nuclear shielding and
spin-spin coupling, nuclear relaxation processes are usually considered on
the basis of quasiclassical mechanics. However, quadrupolar relaxation is
usually the dominant process for N nuclei. This depends critically upon the
electric field gradient present at the relaxing nucleus. Such field gradients are
amenable to molecular orbital calculations.

A calculation® on N*, using a full valence shell and full configuration
interaction atomic wavefunctions, leads to an electric field gradient of
—0.94 + 0.01 au, the resulting "*N nuclear quadrupole moment being pre-
dicted to be (2.07 + 0.04) x 10" ®m?. This compares with a value of
2.05 x 107®m? from a fully numerical and large-basis-set calculation on
NO* and N,.*® Comparable large-basis-set calculations,®*” with f functions
on nitrogen and d functions on hydrogen and with configuration interaction,
have been reported for NH,. The best value for the N quadrupole moment
from these calculations is 2.08 x 10°*m?. A similar value of
(2.05 + 0.02) x 107®m?, is obtained from calculations using extensive
Gaussian basis sets on N, NO*, NO, CN, CN~, HCN, HNC and NH,.*®
The same procedure has been used in a study of the changes in the electric
field gradients at the "N nuclei, induced by hydrogen bonding, in the
complexes N,—HF, N,—HCI, (HCN), and NH;—HCN. A favourable
comparison with the corresponding microwave results is obtained.”

Other ab initio molecular orbital calculations have been concerned with the
electronic distribution around "*N nuclei as estimated from microwave and
NQR data. Triple zeta functions have been employed in such calculations®
on Ny, HN;, NCN; and H,CN; and for a series of nitriles.*

Large-basis-set calculations of electric field gradients reveal the importance
of intermolecular interactions in determining the differences between micro-
wave and NQR data for the gas phase and solid state, respectively, in the case
of pyrazole,*’ maleic hydrazide,” formamide® and acetamide.* Similar cal-
culations have been reported for some imidazolium cations™ and some cyclic
amides and thioamides.” The '*N electric field gradient in nitriles has been
calculated from an ab initio procedure using localized orbitals.* The effect of
substituents on the electric field gradient is found to result mainly from the
polarization and conjugation of the C-N bonds with a small contribution
from the nitrogen lone-pair electrons. An examination of the basis set
dependence of ab initio calculations of electric field gradients has revealed the
importance of using large basis sets when possible. However, for bigger
molecules mixed basis sets, rather than minimal ones, are recommended.®
Semiempirical molecular orbital methods have also been considered for N
electric field gradient calculations.®® In general the semiempirical results
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compare qualitatively with those from ab initio double zeta basis set calcula-
tions and are better than the results found when smaller basis sets are used.

3. CALIBRATION TECHNIQUES AND SIGN CONVENTIONS

The problem of referencing nitrogen NMR shieldings has been adequately
dealt with in refs. 5 and 4, and we will consider here only some aspects thereof
that are relevant to recent research in nitrogen NMR. We employ consistent-
ly the sign convention that ascribes the plus sign to the direction of increasing
magnetic shielding, and we simply use the term “nitrogen shielding” rather
than “nitrogen chemical shift”, in order to avoid confusion, since the latter
term is often associated with a reverse sign convention. Arguments in favour
of our choice, which retains the sign of the nuclear magnetic screening
constant ¢ with respect to any reference value thereof, have been presented
elsewhere (ref. 5, p. 18).

The use of internal referencing procedures, where the standard is dissolved
in the sample examined, has practically been abandoned in nitrogen NMR,
save for few exceptions, since variations induced in the nitrogen shielding of
a standard by molecular interactions in liquids and solutions are quite
remarkable, usually 10-40 ppm. Sometimes it is tempting to use the reso-
nance of NH;, that may be present in biochemical samples, as internal
reference, but this practice can hardly be recommended in view of the
variations in the nitrogen shielding concerned (Table 2). Another demerit of
internal standards comes from the fact that they simply contaminate the
sample, and can affect the nitrogen shieldings in the latter. However, this
technique also has an appeal which lies in getting rid of any bulk magnetic
susceptibility effects which are inherent in external referencing procedures.
The latter effects are a particular nuisance in the case of paramagnetic
samples. Since the range of nitrogen shieldings in such samples is usually
much larger than that for diamagnetic substances, and the precision require-
ments can be something like + 2 ppm, it may be safer to employ an internal
reference, provided that the reference concentration and the solvent are the
same throughout the series of samples examined, and the reference employed
is calibrated against a primary standard such as neat liquid nitromethane.
The idea of internal referencing of nitrogen shieldings has recently gained
some momentum, since molecular nitrogen (dinitrogen, N,) is present in
practically all solutions and its concentration is high enough to give a clear,
sharp signal in N NMR spectra, and it would be quite easy to expose
samples to ""N-labelled N, for "N NMR measurements. Such an inert
internal standard would afford a good method of referencing nitrogen shield-
ings provided that the shielding in nitrogen N, is immune to solvent effects.
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The recent data presented in Table 31 (notes (b) and (c)) show that it is not
quite the case, particularly if bulk susceptibility corrections are taken into
account, and the variations span a range of about 2 ppm. Nevertheless, this
is probably the best internal reference for nitrogen NMR, and it can compete
with external references used without bulk susceptibility corrections.

The external referencing technique, where typically a set of coaxial tubes
is employed, with the reference in the inner tube, and the sample in the
annulus, is used almost invariably in present-day nitrogen NMR spectroscopy.
An ideal solution would be to use concentric spherical sample/reference
containers, in order to nullify the effects of any magnetic bulk susceptibility
difference between the sample and the standard. Such measurements have
actually been carried out, using high-precision N NMR, for a number of
substances which are potential standards in nitrogen NMR spectroscopy (see
Table 1, and references therein). In practice, however, cylindrical coaxial
tubes are used, and this results in the appearance of bulk susceptibility effects
in the observed, apparent shielding differences. The effects depend on the
difference in the relevant susceptibilities, but they are also critically affected
by the orientation of the external magnetic field with respect to the axis of the
concentric tubes. If the orientation is parallel, such as that in superconduct-
ing solenoids, the error is twice as large and of opposite sign with respect to
the perpendicular orientation which is characteristic of electromagnet
systems. This seemingly obvious point is raised here since nowadays a con-
siderable majority of nitrogen NMR measurements are performed using
cryomagnet systems, but many authors do not seem to be aware of the
necessity of allowing for this and are quite adamant in employing various
“conversion factors™, those brought from old measurements where electro-
magnet systems were used. While it is not improper as such, it simply leads
one into errors whose expressions include three susceptibilities, those of the
sample, of the actual reference, and of the primary reference, according to
schemes IVc and IVd in Table 1. This table shows expressions for the errors
involved in various calibrating schemes using the external referencing tech-
nique in coaxial tubes. Schemes I and II apply also to the situations where
a given nitrogen shielding is measured directly against the primary standard,
e.g. neat liquid nitromethane, so that ref. I = ref. I. A way around the
problem of bulk susceptibilities is to use a secondary standard whose suscep-
tibility is equal to, or close to, that of the sample, and then to employ a true
(intrinsic) conversion constant from Table 2 in order to refer the measured
value to the primary standard (scheme II, Table 1). The expressions in Table
1 are based on susceptibility values in the SI system of units, such as those
reported in ref. 5, p. 221.

If we exclude brominated solvents, and if we do not need to use schemes
IVc or IVd, the largest error due to bulk susceptibility effects is about 2 ppm
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for superconducting magnet systems, and about 1 ppm for electromagnets.
All this applies to samples and references which do not contain paramagnetic
impurities or additives. The latter are used frequently, as relaxation reagents,
in natural-abundance "N NMR.

We recommend neat liquid nitromethane, MeNO,, as a primary external
reference for nitrogen shieldings, according to considerations of various
standards presented elsewhere (ref. 5, pp. 27-29). In addition to the latter,
there is another point concerned with recent measurements of isotope effects
on the nitrogen shielding in MeNO, (Table 26, footnote (B)). Since it is
convenient when the standard used also provides a deuterium lock signal,
deuterated nitromethane can be used for this purpose, since its shielding does
not differ significantly (— 0.038 ppm) from that of CH;NQ,. If one employs
nitromethane in some solvent, e.g. deuterated acetone, it is better to prepare
a rather dilute solution and use a true conversion constant (Tables 2 and 26),
since solvent-induced shifts in the nitrogen shielding of MeNQO, cover a range
of about 10ppm (ref. 81). It is not recommended to add, for example,
10-20% C, D, to nitromethane, since one then has to interpolate between the
shielding in neat nitromethane (arbitrarily set to zero) and that of its dilute
solution in benzene (+ 4.4 ppm).

Nitromethane as a direct external reference accounts for about 50% of
recent measurements of nitrogen shieldings, but some of these are reported
after recalculation vs liquid NH, standard, taken at + 380.2 ppm from neat
nitromethane. The latter value, uncorrected for bulk susceptibility effects
(Table 6), comes from an electromagnet spectrometer system, while the
values recalculated were mostly measured in cryomagnet systems, and
therefore we use the term fictitious ammonia standard in comments to the
tables in such instances. Needless to say, such recalculations are simply
confusing and can hardly be recommended. Liquid ammonia as such has
rarely been used as a reference, in about 8% of cases, but even then one
cannot be quite sure whether it was actually employed.

If dilute solutions of samples are measured, it is quite justified to assume
that the bulk susceptibility involved is practically that of the solvent
employed. For dilute aqueous solutions, which are common in biochemical
investigations, it is advantageous to use analogous solutions of reference
substances, in order to get rid of bulk susceptibility effects on the shieldings,
but it is recommended that the standards be chosen from those in Table 2,
for which true shieldings relative to neat liquid nitromethane are available.
If one is careless about concentrations, pH, and gegenions in reference
solutions, the uncertainty involved in any attempt to bring the shieldings to
a common scale, such as that based on the nitromethane reference, can easily
exceed 10 ppm; this is particularly the case for NH; , NO; and HNO, (Table
2). Attention is drawn to a considerable difference in the NH; nitrogen
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shielding between solid ammonium nitrate and solid ammonium chloride,
which are frequently employed as external references for solid-state spectra.

For solid samples, which are usually packed or machined into a cylindrical
shape whose axis of rotation is tilted at a magic angle with respect to the
vector of the external magnetic field (MAS spectra), bulk susceptibility
corrections seem to be negligible.*? Bulk susceptibility effects should actually
vanish for an infinitely long cylinder which is spun at the magic angle, and
experimental results obtained for neat liquid nitromethane (ref. 82, see also
Table 2) indicate that this seems to hold even for rather short cylinders. Thus,
various solid reference substances (Table 2) seem to have a sound footing in
recalculations of nitrogen shieldings to the nitromethane scale. Solid NH,C1
(+341.2 ppm shielding with respect to neat liquid nitromethane) can be
recommended for solid-state nitrogen NMR, because of the small width of
its N resonance.”

There are reasons to believe that the absolute nuclear screening (shielding)
constant ¢ for the nitrogen nuclei in neat liquid nitromethane, i.e. that
referred to bare nitrogen nuclei, is about — 130 ppm (ref. 5, pp. 17-30, and
references therein), and this can give rough estimates of absolute shieldings
in other molecules.

The influence of temperature variations on nitrogen NMR shieldings, and
also those of reference substances, can lead to quite measurable shifts of the
resonance signals involved. This sounds rather obvious, but sometimes one
does not realize that proton decoupling dissipates power into the sample, and
that it is large enough to shift the signals via the temperature dependence of
nitrogen shieldings. This point has been raised recently®? and it was shown
that the effect is rather negligible for neat liquid nitromethane (ca.
+0.03 ppm) but is about + 0.3 ppm for neat liquid formamide in proton-
decoupled MAS spectra with respect to those without proton-decoupling.
The relevant temperature coefficients are +0.0045 ppm K ' for neat nitro-
methane, and +0.0089 ppmK ~' for neat formamide, but the latter has a
specific inductive heat capacity which is three times that of nitromethane.
This factor should also be taken into consideration in selecting reference
substances for nitrogen NMR shieldings, and neat nitromethane seems to be
a good choice also from this point of view.

4. EXPERIMENTAL TECHNIQUES

The properties of the naturally occurring nitrogen nuclei, “N (99.64%,
I = 1, non-zero quadrupole moment) and "N (0.36%, I = 1, negative
gyromagnetic ratio) have already been presented in ref. 5, pp. 31-64, together
with a detailed discussion of various experimental methods involved in
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nitrogen NMR spectroscopy; we consider here only some new trends and
developments.

4.1. Spectra of liquids and solutions

As far as "“N NMR is concerned, the pulsed Fourier-transform (PFT) tech-
nique is commonly employed, but in order to obtain precise values of
nitrogen shieldings from '*N NMR spectra one should apply lineshape fitting
procedures, with the possible exception of some scanty cases where the
resonance signals are sharp enough, i.e. the concomitant rates of *N quad-
rupole relaxation are slow. N NMR offers a good sensitivity for small and
medium-sized molecules, where the signal half-height widths are often below
1 kHz, particularly at high magnetic fields (> 7T). In such cases, it is easy to
obtain good spectra within a couple of minutes for solutions whose con-
centrations are of the order of 0.1 M. If the signal width is a few tens of hertz,
as can happen for some types of molecules and ions, particularly in non-
viscous solvents, that limit can easily be pushed down to about 0.001 M.
A major drawback of YN NMR lies in the fact that it is difficult or impossible
to resolve, even by lineshape fitting, signals of comparable widths which are
close to each other; on the other hand, if the widths are vastly different, it is
feasible in N NMR spectra to resolve signals which have even exactly the
same position on the shielding scale. Spin-spin coupling patterns appear
rather exceptionally in "N spectra, owing to the usually efficient quadrupolar
relaxation mechanism for '“N nuclei. Among such exceptions to the rule, one
should notice the observation of 'J(**N-*'P) in pyrrole moieties bound to
phosphorus.®® A new technique, which is still in its infancy, seems to bring
some hope for experimental measurements of indirect (J-type) spin-spin
couplings where one or two of the nulei involved are quadrupolar.®* This
relies on the use of supercritical (or close-to-critical} fluids as solvents, such
as CO,, ethane or ethylene, at around their critical temperatures. Examples
include the "N spectra of some nitrogenous compounds like N,O, acetoni-
trile, and nitro compounds, and these yielded the relevant “N-"N, “N-'H
and '“N-"0 couplings, owing to drastically reduced quadrupolar relaxation
rates and the subsequent appearance in the spectra of the corresponding
spin-spin coupling patterns. The apparently old-fashioned continuous-wave
(CW) technique seems to show some of its merits in the field of "N NMR,
particularly in the differential saturation variant (ref. 5, p. 56; ref. 4, p. 23)
coupled with the use of concentric spherical sample/reference containers.
Such applications include precise quantitative measurements of the dimeriza-
tion of nitroso compounds® as well as bulk-susceptibility-frec measurements
of nitrogen shieldings in a variety of nitrogenous compounds.®*
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In "N NMR, the PFT technique is employed exclusively, since it gives a
considerable advantage over continuous-wave from the point of view of
sensitivity (narrow resonance signals within a large spectral width) and
because of the ease of various manipulations which take advantage of nuclear
spin-spin interactions. However, "N NMR spectroscopy is generally
hampered by low sensitivity which results from the low magnetic moment of
"N, its negative gyromagnetic ratio, its natural abundance of only ca. 0.4%,
and T, >> T,. The problem of optimizing the measurements from the point
of view of sensitivity has already been considered in detail in ref. 5, and we
will survey here only the recent trends in experimental techniques.

A simple remedy for the inherently low sensitivity of >N NMR measure-
ments is to enrich the substances examined with the "N isotope. Practical
consequences of this are shown®’! in the case of pyrimidine, where a single
exciting pulse yields a decent, proton-coupled "N spectrum of a 100%
labelled sample. Quite often, the enrichment does not have to come close to
100%, and 5-10% labelling is satisfactory. Selective '*N-labelling is of
utmost importance in some spectral assignments, examining reaction
pathways, etc. If the former is combined with selective *C-labelling at
adjacent sites, various polarization transfer techniques allow one to trace, by
means of "N spectroscopy, the fate of carbon-nitrogen bonds in chemical
and biochemical systems. Another measure acting against the adverse effects
of relatively long spin-lattice relaxation times of >N (as compared with the
corresponding T times) relies on the use of flow-cells,”® where the sample
flows through a probe system which includes a premagnetization chamber
and an ‘‘observation volume”. Such a cell has been described” and actually
employed for obtaining a "*N spectrum of N-methylimidazole. The ratio of
the premagnetization to the observation volume, and the flow rate, play a
role which is analogous to that of the relaxation delays in conventional PFT
spectroscopy. Flow cells not only reduce the effects of long T, times but can
also quench nuclear Overhauser effects, which are frequently a nuisance
rather than an asset in "N NMR because of the negative gyromagnetic ratio
of the *N nucleus.

Still another method for sensitivity enhancement in 5N NMR, often by an
order of magnitude, makes use of magnetic polarization transfer (PT), where
either the polarization of strong nuclear magnets (usually protons) is trans-
ferred to other nuclei, e.g. N, which is called a straightforward transfer, or
vice versa, which is a reverse transfer, where one detects indirectly the '*N
spectrum concerned via proton NMR spectral transitions. The latter solution
is gaining popularity in modern NMR spectrometers since it provides an
additional gain in sensitivity over the straightforward transfers.

For one-dimensional (1-D) >N spectra, the INEPT (insensitive nuclei
enhancement by polarization transfer) pulse sequence is commonly employed
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(see ref. 5, pp. 43-50). Its typical version is non-selective (polarization transfer
from all protons which fulfil certain requirements on the magnitude of
"H-'">N coupling in a given experiment), and either non-refocused (proton-
coupled "N spectra with phase shifts and inversions of multiplet com-
ponents) or refocused (proton-decoupled and proton-coupled N spectra,
the latter with the same phase of multiplet components, e.g., upright absorp-
tion). The method has to be adjusted, as most PT methods have, a certain
range of magnitudes of proton—nitrogen spin-spin couplings which are
involved in the transfer. At the outset of INEPT applications in "N NMR,
one-bond proton-nitrogen couplings, ' J(*N-'H), of about 90 Hz were used
for that purpose, and this is still a routine way of enhancing the >N reson-
ances of NH-type nitrogenous moieties in molecules. The effectiveness of the
method can be illustrated with the >N INEPT spectrum (via ' J(NH), refo-
cused) of '*N-labelled trimethoprim,’ * where the sample concentration was
only 0.0005M. Further examples of analogous spectra of '*N-labelled
compounds include gramicidin A;* phage P22 c2 repressor, 0.006Mm;*
oxytocin and 8-arginine vasopressor, 0.0016 M.”” As far as natural-abundance
"N INEPT spectra via ' J(NH) are concerned, there are also some outstand-
ing results from the point of view of sensitivity: turkey ovomucoid protein,
0.0015wm,” and bilirubin systems, 0.034 M.*"'%" In the latter case,” a modified
version of INEPT was employed, that including the SINEPT option, where
one makes use of the sinewave-like response of INEPT enhancement to
obtain the variation of the preset magnitude of proton-nitrogen coupling,
thus providing a one-dimensional substitute for 2-D proton—nitrogen
spectra. The 'J(NH) INEPT can be employed to differentiate between NH,
NH,, and NH, moieties as such, and with respect to non-protonated nitrogen
atoms; it can also yield information about whether a given NH moiety
undergoes proton exchange, since the latter quenches the polarization
transfer via ' J(NH). Numerous examples of such applications include purine
systems,'” flavins,'® fulvic acid,'™ nucleosides,'*'* pyridone,'”” protonated
Schiff bases,'® vancomycin,'® silk fibroin peptides,''® copolypeptides,''''"
filamentous bacteriophage M13 coat protein,'* ! glyoxal-guanine
adducts,''® nitrotyrosine,''”” aminoazirines,''® aziridines,'” aminoboranes,'”
and aminonitrones.'?'

The INEPT method is not limited to the polarization transfer via ' J(NH),
and long-range couplings between 'H and N have recently been employed
on a large scale for that purpose, in spite of some pessimistic opinions
expressed earlier. It is now fairly common in "N NMR to employ INEPT
pulse sequences adjusted to the relatively large, 5-18 Hz, 2J(NH) and *J(NH)
couplings that exist in aza-aromatic ring systems (pyridine and other azines,
azoles, and related structures, including nucleosides, pterins, etc.).'" 2!
Much smaller *J(NH) and other long-range couplings, within a range of
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1-3Hz, have also turned out to be quite useful in "NINEPT for non-
protonated nitrogen atoms,*>!%%12-143

So far, we have considered non-selective INEPT, while its selective variant,
that based on “soft” (i.e. relatively long) ' H pulses, yields resonance enhance-
ment only for those "N nuclei which are coupled to protons covered by a
narrow range of excitation by the soft pulse, and which fulfil the conditions
on the magnitude of the coupling with respect to the relevant, preset inter-
pulse delays. Examples can be found in the field of azine systems,'* azolo-
azines'" and peptides.'* The latter case is especially important, since long-
range INEPT provides spectral access to non-protonated nitrogen atoms in
peptide links; the resonances of the latter cannot be enhanced by 'J(NH)
polarization transfer. It has been demonstrated'* that non-selective long-
range INEPT yields unwanted effects of ' H magnetization dephasing during
the interpulse delays involved in the INEPT sequence. A method has been
reported, based on a combination of INEPT and Spin Echo Fourier Trans-
form (SEFT) sequences, that allows one to distinguish various ranges of
magnitude of long-range proton-nitrogen couplings.'*”'*® Analogous to
selective INEPT are selective population transfer (SPT) techniques via
]J(NH).Mg

Specific applications of INEPT involve the observation of weak satellites
that result from '*N coupling to *Si or 2®Pb.*'**'* There are also examples
of INEPT where the polarization transfer to >N takes place from nuclei
other than protons, e.g. via 2JC'P-">N) in P-Au-N moieties of phthalimido
complexes,'* and via 2J("* F-"*N) of about 52 Hz in fluoroderivatives of azine
ring systems.'*

A competitive method for executing polarization transfer to '*N is the
well-known DEPT sequence (distortionless enhancement by polarization
transfer). This was employed, via 'J(NH), for 0.006 M solutions of *N-
labelled nucleosides,'”’ for '*N-labelled flavins,'*® vitamin B,,,'® and protein
backbone;'®'® in the last case, the DEPT method was also used to distin-
guish the mobility of individual parts of the backbone, and adjusted such that
the *N resonances from rigid parts appeared in the upright adsorption mode
while those from mobile parts were inverted. DEPT via long-range proton-
nitrogen couplings has also been employed successfully in heteroaromatic
systems,'?'®>'® and for the nitro group in biosynthetically labelled 2-'>NO,-
propanoic acid.'® A generalized version of DEPT, DEPT-GL, was employed
in order to simultaneously optimize the measurement for both 2J(NH) of
about 7.5 Hz and ' J(NH) of about 90 Hz;'®* this is important for identifica-
tion of glycine units, which include —CH,—NH— moieties, in peptide
chains. Theoretical simulations of long-range DEPT and INEPT, using the
density matrix formalism, combined with model experiments, suggest that
SN long-range INEPT is more promising.'®
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Heteronuclear magnetization transfer by fulfilment of the Hartmann-
Hahn condition is usually limited to solid-state experiments, but recently it
has been adapted to '*N-labelled His units in peptides in solution'®’ and
turned out to be slightly more effective than INEPT in '°N signal intensity
enhancement.

Two-dimensional (2-D) experiments have recently been engaged on a large
scale in "N NMR spectroscopy, particularly for peptide systems and other
biologically important structures. Such methods are usually involved in
tracking down proton-nitrogen connectivities. Straightforward experiments
are those where the 2-D spectra are detected by collecting free-induction
decays within the N frequency domain, while reverse measurements use
detection within the 'H domain. The latter have been introduced into
common practice quite recently, with the advent of specially constructed
probe heads, where the decoupler coils are fed with N resonance frequen-
cies. The reverse methods give, in principle, a considerable gain in sensitivity
over the straightforward techniques. Usually, 2-D "N/'H pulse sequences
involve polarization transfer and multiple quantum filtering (zero and double
quantum, in most cases); the latter enables one to filter out “singlets”, i.e. the
resonances of nuclei which are not coupled within the frequency framework
concerned, for example the proton resonances of '*N—H moieties in reverse
- 2-D '"H-""N NMR measurements. Special sequences whose aim is quenching
of the unwanted signals of solvents (usually those of water) are also impor-
tant in reverse 2-D methods; recently, the use of gradient pulses for that
purpose'® seems to enable one to carry out the 'H detection in reverse 2-D
and 3-D experiments, including "*N, even right at the place occupied by the
proton signal of water. Typical 2-D experiments have to be adjusted to a
certain range of J(**N-'H) couplings, and these we will call heteronuclear 2-D
COSY (correlation spectroscopy); sometimes, they are known as 2-D FE
(forbidden echo) methods. One can employ proton-nitrogen decoupling at
appropriate stages of measurements and then the method yields a map of
singlet cross-peaks (decoupled COSY); otherwise, two-dimensional multiplet
clusters appear which bear information about the couplings involved
(coupled COSY). Theoretical simulations of 2-D spectra, using the density
matrix approach, have been presented'® by means of the SPHINX algor-
ithm, which covers also cases of tightly coupled nuclei.

Examples of straightforward (i.e. '*N-detected) 2-D COSY via ' J(NH), at
natural abundance of "N, include: 0.05M gramicidin A, 42 h of accumula-
tion,"” and 24 ;""" 0.07M antamanide;'” bilirubin systems;'” 0.15M van-
comycin;'® cyclosporin A;'™ cyclic heptapeptides;'” and phosphazoles.'™
Analogous methods have been applied for *N-labelled samples of proteins
of molecular weight 6000-155000;'"" yeast tRNA;'™ Escherichia coli 5S
RNA, 120 nitrogen bases;'” filamentous bacteriophage coat protein in
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micelles; and 0.02M actinomycin D." One can also employ long-range
proton—nitrogen couplings in straightforward COSY, as has been done for
peptides,'™ using the well-known COLOC sequence; analogous measure-
ments were done for nitrocellulose and other saccharide nitrates.'*'® While
straightforward COSY is, in theory, less sensitive than its reverse variant, it
has been argued that the difference can be offset by larger sample volumes in
the former method, and the difficulties inherent in the latter as far as effective
suppressing of solvent peaks is concerned for aqueous solutions which are
typical in peptide chemistry and biochemistry.!”’

However, most recent 2-D COSY measurements involving '*N have been
performed by means of the reverse (i.e. ' H-detected) version, using multiple
quantum filtering and therefore called HMQC (heteronuclear multiple
quantum correlation).'®'" Most often, ' H-"*N HMQC employs one-hond
couplings, ' J(NH), of about 90 Hz, and there have been examples of such
measurements at natural abundance of “N, e.g. 0.011 M human Ahx little
gastrin hormone in micelles,'®® where HMQC was aided with double INEPT
(NEMESIS); Met-enkephalin;'® 0.04M Leu-enkephalin;'® hen egg white
lysozyme;"' bovine pancreatic trypsin inhibitor;'*! 0.15M turkey ovomucoid
third domain;* bleomycin A,;'*? 3-aminoacrylic esters;'”* pentacarbonylchro-
mium aminophosphane complexes;'*> model peptides;'*’ oligonucleotides;'**
and trypanothione disulphide.'”” However, labelling with *N is often un-
avoidable for complete or nearly-complete spectral assignments in the case of
large molecules, and a good example is provided by the HMQC spectra of
0.023 M bovine pancreatic trypsin inhibitor whose molecular weight is about
6500. Further examples of '*N labelled samples and ' H-"*N HMQC spectra
thereof include: 0.002-0.003M T4 lysozyme, mol. wt 18700;'%3*® (.006-
0.009M flavodoxin from Anabaena 7120, mol. wt 21000;'°%%"2? (002~
0.003 M ferrocytochrome c,;'"?® Escherichia coli thioredoxin,® tRNA, 2527
and 5S RNA;*® 0.015 M DNA-binding protein ner from phage Mu;* human
N-ras p21 protein, mol. wt 21 000;*'° Pf1 coat protein;*'' 0.0026 M M13 coat
protein;*” repressor protein;* Lys and Leu units in A-cro repressor;?
staphylococcal nuclease,”’*?'® where 127 residues out of 136 have been
assigned in the backbone; Tagl endonuclease;?’ 0.02M actinomycin D;'®!
aridicin aglycon complexed with model peptides;*'® purine pancreatic phos-
pholipase A,;"* amanitin and its analogues;® human carbonic anhydrase
I oxytocin and 8-argininevasopressin;”’ adenosine and deoxycytidine;*?
adenosine in A-G and A-C mispairs in some duplexes;’”* DNA oligomers;***
uridine units in Escherichia coli tRNA™ obtained from hisT mutants;’?
nitrogenous metabolites of yeast;”® and cyclic structures containing N and
S.27 A scheme has been proposed?” for assignments of proton and nitrogen
resonances in peptide systems by varying '*N label contents and recording
the intensities of 'H/"*N correlation peaks in the relevant HMQC spectra.
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In reverse heteronuclear COSY (HMQC), long-range spin-spin couplings,
such as *J(NH) and >J(NH), can also be exploited and this has been done for
DNA-binding protein ner from phage Mu,” staphylococcal nuclease,”
cytochrome ¢-553,%' flavodoxin,”' and '*N-labelled leucine units in P22¢2
repressor protein.”® The use of such couplings is important for peptide system
investigations, from the point of view of tracking intra-residue and inter-
residue connectivities such as [1], rather than those within NH moieties. This
can be done directly, by HMQC oriented for the two-bond and three-bond
couplings concerned, or by relayed HMQC* where the information is passed
through ' J(NH) from nitrogen to proton in NH, and then from the latter to
the target proton, by the corresponding proton—proton coupling, for example
[2]. Quite recently, reverse COSY (from the point of view of *'N NMR) has
been used in measurements of >C/"*N connectivities, via '>C detection and
'J(CN) couplings, in uniformly and selectively '>C/"*N-labelled proteins,
Anabaena 7120 ferrodoxin,® and acetamide.”

¢ PN—C—

Il!{ Il!{
—>
(2]

More complicated schemes of relayed COSY include coherence transfer
between protons through carbon-proton, carbon-nitrogen, and nitrogen—
proton couplings, e.g. [3], and these can also yield nitrogen connectivities to
carbon and hydrogen, as has been done for model tripeptides™ and polypep-
tides.?

—>» —p» —» coherence transfer

lH_l}c_IST_ lH

(3]

While 2-D HMQC techniques involve sensitivity enhancements which are
related to the one-dimensional DEPT, there seems to be a revival of reverse
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2-D experiments, 'H/"*N, based on single quantum connectivities and
INEPT-type polarization transfer, combined with water proton peak
quenching sequences. These are called HSQC (heteronuclear single quantum
correlation), methods, and their applications include: bovine pancreatic
trypsin inhibitor;*” H-ras p2l protein, including labile NH protons;?®
phosphotransferase protein I119°;®° A-cro repressor protein;** and binding
of metal ions to Escherichia coli ribonuclease HI.**!

Now we turn to three-dimensional (3-D) COSY in its reverse, HMQC
variant, and divide this into hetero-hetero 3-D COSY, where three kinds of
nuclei are involved (e.g. N, "*C and 'H), and homo-hetero 3-D COSY,
where proton-proton correlations are unfolded into the third dimension, that
of N resonance frequencies. The additional dimension, with respect to 2-D
experiments, offers a considerable aid in unravelling complicated spectra of
large peptide systems, up to a molecular weight of about 25 000;**? usually,
"N- and C-labelling is a prerequisite.

Hetero-hetero 3-D COSY, 'H/®C/'*N, proton-detected, via one-bond
couplings, has been employed in nearly complete spectral assignments of
backbone peptide units in 0.0007 M inflammatory protein CSa, mol. wt 8500,
177 h including 47 h of input-output operations;** and in calmodulin, mol.
wt. 16700, in 2 days.** 2 The latter experiments included the following
variants.

(i) HNCO - this correlates 'H and "*N within a given NH moiety, and
these with >CO in the preceding amino acid residue [4].

R— ]3C_____ 15 N
|
Icl> H (4]

(i) HNCA - this yields intra-residue correlations [5], together with some
weak correlations with C, in the preceding unit.

—co— —co—
I [5]

(iii) HCACO, which correlates NH protons with intra-residue carbons,
but only those coupled to "*N.

(iv) 3-D RELAY HCA(CO)N, which correlates '"H/"*C with N of the
succeeding unit, i.e. [6] where the intervening nuclei act as relays.
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(v) "N HOHAHA HMQC, a homo-hetero 3-D experiment, which cor-
relates 'H and N in the system [7].

L'n] o

Homo-hetero 3-D COSY can be thought of as proton-proton 2-D COSY
unfolded into the dimension of '*N frequencies. This technique has been
employed in the case of 0.002 M ribonuclease H** (mol. wt. 17 600), labelled
with ”C and "*N, where the proton-proton connectivities in [8] were resolved
with respect to °N. Further examples include '*N-labelled samples of model
tripeptides,”’ CMP-KDO synthetase,”® and interleukin-18 from Escherichia
coli (153 amino acid residues).””® This scheme can also include relays, e.g.
¥ C,, as in the H(CA)NNH scheme? that was employed for calmodulin 3-D
spectra as an example of optimization of the method with respect to *C-'N-
labelled peptide linkages. Three-dimensional 'H/*C/"*N experiments can
also be adapted to measurements of long-range proton-proton couplings in
peptides,”"*** and for samples labelled with "N only.**

—cll:—co— _%—CO_
Ln] [n]

(8]

Recently, four-dimensional (4-D) techniques have been introduced.in
protein research,”® those based on the HCA(CO)N method described above.
The fourth dimension is provided by the *CO frequency domain, while the
parent 3-D experiment uses the latter nuclei simply as magnetization relays.
Such 4-D 'H/"”C/®CO/"*N spectra were employed in unravelling the corre-
sponding resonances and inter-nuclear connectivities in calmodulin.?>%%

Measurements which bear some formal relation to homo-hetero 3-D
COSY are those based on proton-proton 2-D NOESY (nuclear Overhauser
effect correlation spectroscopy) resolved with respect to "N frequencies.?”’
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These can be called IDNOESY (isotope directed NOESY), where the isotope
concerned is " N. NOESY spectra are based on correlations where cross-
relaxation processes and/or proton chemical exchange phenomena are
involved. Under certain conditions, such spectra are commonly employed in
estimating proton-proton distances in globular macromolecules, usually
proteins. The unfolding into the relevant "*N resonance frequency dimension
greatly facilitates such applications to peptide systems, and examples of these
include: T4 lysozyme;'®?® staphylococcal nuclease;*'*?* inflammation
protein C5a;* ribonuclease H;** interleukin-18;** porcine pancreatic phos-
pholipase A,;*"* DNA-binding protein ner from phage Mu;*® and Salmonella
phage P22 c2 repressor.’®

Various combinations of the 2-D, 3-D, and 4-D techniques described
above have been employed recently in full or nearly full assignments of
nitrogen shieldings (and those of the other nuclei concerned) in protein and
peptide systems: Escherichi coli ribonuclase H,?® oxidized and reduced forms
of thioredoxin,”®' and apocytochrome bs,;** ribonuclease T1;** Lactobacil-
Ius casei dihydrofolate reductase;” calmodulin;**** oxidized flavodoxin
from Anacystis nidulans;®® interleukin-18;?* phosphotransferase protein
119;® Bacillus subtilis enzyme I119°;%7 and i-cro repressor protein.**

Finally, we turn back to 2-D "N NMR in its less common variants and
applications. 2-D "H/'*N'NOESY experiments have been performed for
staphylococcal nuclease,”® together with measurements of the relaxation
times concerned. The use of pseudo-single-quantum COSY (PS-COSY) for
'"N-labelled peptides shows that the method effectively removes dipolar
broadening from the 'H spectra of the ""NH peptide moieties, owing to the
zero-quantum coherences employed.” A special case is presented by the 2-D
N/"*N exchange spectra of model peptides,””® where the relations are based
on cis-trans amide bond interconversions. One should also mention the
two-dimensional version of SINEPT applied to pyridone;””' 1-D SINEPT has
already been mentioned in considerations of INEPT pulse sequence applica-
tions in "N NMR.

We shall also consider some substitutes for 2-D and 3-D methods in
nitrogen NMR, those performed within the general scheme of double and
triple resonance. The 'H{"*N}INDOR (internuclear double resonance)
technique detects "*N resonance frequencies via >N decoupling effects in 'H
spectra, by sweeping or incrementing the decoupling frequency,”'?”* a special
case is *Li{""N} INDOR.”® A modification of '"H{""N} INDOR consists in
recording difference spectra, where one subtracts undecoupled spectra from
decoupled ones. The latter technique has been applied to large molecules:
staphylococcal nuclease;”” Escherichia coli RNA;?™*?” thioredoxin;** 7-'"*N-
labelled guanosine oligonucleotides;*® and yeast tRNA.'” Analogous triple-
resonance experiments include: a pyridone derivative ('*N-labelled) where
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the ”C nuclei were noise-decoupled from protons and selectively decoupled
from "N, "C{'H, noise/" N, selective};®' pyrimidine ring, 'H{'H, selec-
tive/'>N, selective}, and "C{'H, noise/'*N, selective}.?? Such methods are
also suitable for determining magnitudes and relative signs of the spin-spin
coupling constants involved. Related to 'H{"*N}INDOR techniques is a
report on the method of calibrating the >N decoupler radiofrequency field
strength. 2

4.2. Solid-state nitrogen NMR

A great deal of nitrogen NMR investigation of solids has recently been
carried out. As far as YN NMR is concerned, some new techniques have been
introduced. We start our considerations with something which is not actually
solid-state "N NMR but N NMR imaging of liquid N, in contact with a
high-temperature superconductor.” If a plastic rod is immersed in liquid
dinitrogen, the image obtained shows a sharp boundary, but when a super-
conductor of the Y, Ba,Cu,O,_; type is used, there is a dark region extending
5-8 mm into the liquid, owing to the high gradient of magnetic field in the
vicinity of the superconducting solid which exerts strong bulk-susceptibility
effects. This enables one to distinguish, by N NMR imaging, between the
superconducting and non-conducting states at liquid nitrogen temperatures.

An interesting example of zero-field NMR is provided”®® by proton-"N
double resonance in solid methylammonium perchlorate, which shows a
high-temperature transition for the anion.

A novel approach to “NNMR in solids is that based on overtone
"N NMR transitions®*® at nearly twice the resonance frequency of N,
which are detected indirectly via 'H transitions and 'H-"*N dipolar
couplings.

The overtone signals are broadened only by second orders in the quadru-
polar perturbations (Fig. 1). This technique, when applied to single crystals,
removes the large quadrupolar splittings involved, and reduces the spectral
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width from about 1.5 MHz for single-quantum YN NMR to about 100 kHz
for overtones. The method has been employed for investigations of peptide
backbone conformations by two-dimensional ' H/"*N spectra®' and for 2-D
BC/"N spectra of crystalline amino acids, via 'H/">C/"N triple resonance.?***
More conventional "“N single-crystal spectra are typically employed in
determinations of “N quadrupole coupling, electric field gradient, and
magnetic shielding tensors as well as in detecting molecular reorientations in
crystals. Such studies include: L-asparagine monohydrate under high-power
proton decoupling;*? L-histidine hydrochloride monohydrate;?** KNO, ;"4
silver, barium, and lead nitrates;® ammonium perchlorate;® and poly-
chlorinated dinitrobenzenes.”” Effects of spin diffusion in single-crystal
ammonium sulphate were examined by “NNMR and the results were
compared with theory, from the point of view of single- and double-quantum
spin diffusion mechanisms.”® Expressions for YN NMR lineshapes were
derived® for crystalline Me,N*ZnCl; in the commensurate phase. A
double-resonance “N/'H probe for crystal samples has been described.’®
In some experiments, the NMR characteristics of '*N nuclei in solids can
be obtained indirectly, e.g. the electric field gradient tensor at "“N via
*C CPMAS spectra (see below) and '*C-"*N residual dipolar splittings.**'-32
Effects of N relaxation in the solid state have been observed for single-
crystal alanine, via 2-D *C/'H spectra; and '*N-deuterium dipolar couplings
were determined in urea-d, from deuterium quadrupole echo spectra.*®
'“N NMR of powdery solids is also useful in gaining an insight into their
structure. Merits and demerits of 'H « '*N magnetic polarization transfer
(cross-polarization, CP) in such NMR measurements have been discussed in
detail*®” for amino acid residues in peptides, for glycine, and for ammonium
sulphate. There is a problem in using rather high radiofrequency fields for
executing such a transfer via single-quantum "*N transitions because of the
large spectral width of the "N frequencies involved, and the use of the
corresponding double-quantum transitions seems to be a suitable solution.
The latter problem is of the same nature as that considered in the case of
overtone "N NMR
Conventional "N static (i.e. non-spun) powder NMR spectra are typically
used for estimating electric field gradient tensor characteristics at "N, as was
the case for trifluoroaminoboranes®® and ammonium thiocyanate;*” and for
the identification of reorientation transitions within solids: the f-phase of
N, in liquid helium bath;*® ammonium thiocyanate;**’ methylammonium
nitrate;’® perovskites;*'® polycrystalline choline salts,”'?" also in the
presence of paramagnetic ions;*'* and phosphatidylcholine bilayers.*'®
With "N NMR in solids, there are obviously no quadrupolar effects save
for those exerted by other nuclei. Single-crystal studies in "N NMR are
usually oriented towards magnetic shielding tensors of '"°N, dipolar
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couplings, and molecular motions within the crystal lattice. Usually, *N-
labelling is employed. Investigations of this type include: ammonium per-
chlorate;*'® tris-sarcosine calcium chloride;*”?'"® peptides;*"® and “C- and
'*N-labelled glycylglycine-H, O-HCI.*® A special case is the '*N spectrum of
the B-phase of solid °N, in a liquid helium bath,*?' where the signal width
reached 4kHz, and a comparison with the analogous spectrum of the N
isotopomer indicated that there is a significant difference in molecular
rotations between solid "N, and "“N,.

Similar applications involve static powder "N spectra and >N MASS
(magic angle spinning sidebands) spectra; in the latter the solid ample is spun
at a magic angle with respect to the external magnetic field, but the rate of
rotation is slow enough to generate families of sidebands which flank the
central signals concerned. Examples of such studies by means of static
powder spectra include: ferroelectric phase transitions at 130K in tris-
sarcosine calcium chloride;*? polypeptides;*'*** dipeptides;** Ala-Pro
peptide linkages;** terminal glycine moiety in Boc-Gly-Gly-["*N]-Gly;**
nylon-6;**" asparagine,’”® 'H-decoupled and dipole-modulated spectra; bac-
teriorhodopsin;** acetophenone oxime;** p-substituted benzonitriles;*' azo-
benzene;*? and KCN-KBr systems.**® Extensive studies of this kind have
been carried out for micelles and bilayers containing membrane-bound fd
coat protein;'*"**3Y gramicidin A;***** and a hydrophobic peptide, Boc-
Leu-Phe-OMe.*® Static "*N spectra of solid *N'*NO at low temperatures,
under O, atmosphere, were employed in motion analysis in the solid.***

While single-crystal >N NMR measurements are usually better suited to
the determination of the magnetic shielding anisotropy tensor orientation
with respect to the relevant molecular frame, this can also be done with
polycrystalline samples, as was shown in the case of L-[1->Clalanyl-L-
[*Nlalanine,***" where a 'H-dipole-modulated, "C-dipole-coupled *N
spectrum was measured.

N MASS spectra have been employed for analogous purposes for '*N-
labelled samples of bacteriorhodopsin;*® amminoplatinum complexes;*’
1-aminoethylphosphonic acid, Ala-P;*® p-substituted benzonitriles;'
ammonium thiocyanate;”*' and ammonium nitrate. %>

The largest area of applications of solid-state "N NMR is concerned with
the magic angle spinning (MAS) technique, which is usually combined with
magnetic polarization transfer, usually from 'H, by fulfilling the Hahn-
Hartmann condition. This cross-polarization (CP) and MAS combination is
conventionally abbreviated as CPMAS, with a tacit assumption that the
spinning rate involved is high enough to preclude the appearance of signifi-
cant spinning sidebands. The method gives high-resolution or nearly high-
resolution >N spectra of solids, and provides a powerful tool for insight into
the solid-state structure of nitrogenous substances. There are some special
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problems concerned with the cross-polarization transfer from 'H to low-
magnetogyric-ratio nuclei, such as '*N, and these have recently been con-
sidered.’*

So far, there have been rather few applications of "N CPMAS NMR at the
natural abundance of the isotope; these included: two types of environment
for tetrapropylammonium cations occluded in MFI-type zeolites;*** amino-
naphthalene derivatives and the tetrazole anion;**® indolinones;**’
trimethoprim-sulphamethoxazole complex;**® a-helix and B-sheet structures
in homopolypeptide polymers™ and nylons;***% synthetic and natural
melanins;*** elastin;** copper(I) complexes of 1,10-phenanthroline;**® con-
ducting polymers containing —CR=N—N=—CR— units oxidized with
iodine,* and their polyimine precursors.*’

In most cases, *N-labelling is employed in "N CPMASNMR. This
technique was used for observations of crystalline and amorphous domains
in nylon-type polymers.’*®>"* Other polymer studies include polyaniline;’™
acetonitrile polymers obtained in a plasma chamber;’”” HCN polymers;*™
nitrocellulose and nitramines;*™** polypyrrole,®®' and polypyrrolenemethine
polymers;** allantoin;*® and tetracycline antibiotics.”® Investigations on a
large scale have been carried out for peptide and protein systems: terminal
"N-glycine units in di- and tripeptides, including hydrogen bond effects on
the shieldings;** carboxypeptidase A,*¢ and *C/"*N-labelled glycyltyrosine
as a substrate in a complex with the former,*®’ '*N-labelled valine units in
staphylococcal nuclease;® [*N]His-57 in the catalytic triad of a-lytic
protease®™*! and analogous studies on serine protease;*? cell-wall pep-
tidoglycan in intact lyophilized cells of Aerococcus viridans,”® and effects of
penicillin on the peptidoglycan;® tissue cultures of alfalfa, Medicago

sativa;® nitrogen fixation by Methanobacterium halobium and Methanospiril-

lum hungatei,”® and also by Methanobacterium thermoautotropicum;”’ lyo-
philized cells of Klebsiella pneumoniae grown on labelled ammonium and
dinitrogen;*® glyphosate metabolism in Pseudomonas;*® metabolism of
[“N]His and [ N]Lys in insect cuticles, those of tobacco hornworm;***!
[ N]Lys in collagen fibres; peat incubated with ['*N]glycine;*? ammoniated
straw;*” melanoidins obtained from xylose and ['*N]glycine.***** Other
'*N-labelled systems of biological importance, studied by "N CPMAS NMR,
included DNA (uniformly labelled) in Escherichia coli infected with filamen-
tous bacteriophage fd, 1-D and 2-D spectra, including effects of proton
exchange among nitrogen atoms;*® and bacteriorhodopsin systems, 244
also including effects of proton exchange.*

Studies on simpler chemical structures include aminophosphonic acids;*"
azo hydrazone tautomerism in the solid state;*? azobenzene;****? phthal-
imide-Au-PEt, systems;*® nitroguanidine;*'* silicon nitrides,*® oxy-
nitrides,”'® and YSiAION nitride-type glasses.*’” In ammonium nitrate,>**'*
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there was also the observation of nuclear Overhauser effects,*’® contrary to

the belief that motions in crystals are too slow to provide cross-relaxations.
In ammonium sulphate*® two inequivalent sites in the crystal have been
detected, 0.3 ppm apart in the spectrum at 290K, but 1.2ppm apart at
temperatures below the phase transition at 223 K - this is quite important
from the point of view of calibration techniques for nitrogen shieldings in
solid-state NMR, since ammonium sulphate is sometimes employed as a
reference. Attention is drawn to the first report on the nitrogen shielding in
an iminophosphonium cation, R-N=P*, based on the *'N CPMAS NMR
of a labelled sample.*”!

Applications of "N CPMAS of labelled samples also include substances
adsorbed on solids, such as ammonia and trimethylamine on zeolites;*?
pyridine on y-alumina;** and pyridine on coals.*” However, in some cases,
conventional "N NMR methods give resonance signals which are sharp
enough to differentiate various environments of the adsorbate, like those for
acetonitrile adsorbed on zeolites.*”” The same may be true for objects like live
rats*® where '*N-labelled glycine was detected in a specially constructed
probe with a radiofrequency coil which was implanted between the liver lobes
of the animal and fixed to the abdominal wall.

Especially important from the point of view of methodology are extensive
studies on dynamic effects in variable-temperature >N CPMAS NMR spectra
of "N-labelled molecular systems with intramolecular proton exchange
pathways.*”* These will be considered in Section 4.6 on dynamic nitrogen
NMR.

An interesting variant of "N CPMAS NMR includes a delay introduced
between the CP phase and acquisition, during which the '*N magnetization
evolves under the influence of dipolar couplings with protons (proton-
nitrogen decoupling is turned off); this is called interrupted decoupling, dipolar
dephasing, or dipolar rotational spin echo '*N CPMAS. This can be employed
for attenuating the signals of NH-type moieties with respect to those of
non-protonated nitrogens, as was done for cured urea—formaldehyde
resins;*  4,4’-methylene-bis(phenyl isocyanate)-based resins;*' phenolic
resins cured with hexamethylene tetramine;** and polyimide polymers.*®
Analogous experiments, with proton-proton couplings removed by means of
multiple pulse irradiation, were used in studies of peptidoglycan mobility,**
and effects on the latter of penicillin.** Carbon-nitrogen dipolar couplings
can also be used in such methods, for *C/"*N doubly labelled bonds, by
performing CP from 'H to either > C or '*N, and then by leaving the relevant
magnetization to evolve for a certain period under the influence of the dipolar
coupling, as was done for solid peptide structures.****¥” The latter technique
is a substitute for double-cross-polarization methods which will be con-
sidered below. Related to the above are "*C-detected rotational-echo-double-
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resonance '*C/"”* N measurements (REDOR), for *C/"*N-labelled bonds in
alanine crystals“*** and HCN polymers,* where the *C magnetization was
dephased by '*N 180° pulses to yield the relevant dipolar carbon-nitrogen
couplings; the latter were then used in estimations of carbon-nitrogen
distances.

Double-cross-polarization >N MASNMR (*N DCPMAS) is employed
typically for detecting and tracing the fate of individual, "C/"*N doubly
labelled bonds, usually those involved in peptide linkages in solid samples, or
those in such labelled amino acids which are fed to biological systems. The
magnetization transfer, via cross-polarization, takes place in two steps,****
usually along the pathway

\H cP )3C P |5N

Such applications of "N DCPMAS NMR include: methionine metabolism in
soybean cotyledons;*” allantoin** and alanine®' metabolism in Aerococcus
viridans; heteropeptide polymers;*** and HCN polymers.**

Finally, we should mention the application of CPMAS in “NNMR,**
where spin-rotational relaxation was examined in the rotor solid KCN; and
a discussion*®® of the effects exerted on *C CPMASNMR spectra by spin
I = 1 nuclei, such as "“N.

4.3. Nitrogen NMR in partially oriented phases including liquid crystals

Partial orientation of molecules in solution can give spectral effects which
resemble those characteristic of fully oriented solid phases. We start our
considerations with molecular alignment that is effected by strong electric
fields. Non-spun samples of neat liquid pyridine and pyrimidine,**® placed in
a field E = 5.68 x 10°Vm™' provided by gold-plated electrodes 3 mm
apart, show signal doubling of ca. 250 Hz in "*N NMR as a manifestation of
“N quadrupole coupling and partial orientation of the molecules. Similar
results were obtained for neat liquid nitromethane,*’ and for 2-D-propene-2-
nitrile (E = 8.1 x 10°V m,”' spacing ca. 830 Hz).**

More often, molecular alignment is effected in NMR experiments by the
external magnetic field, via diamagnetic anisotropy of the solute concerned or
by that of the solvent, usually a liquid crystal phase. In solutions of bac-
teriophage fd coat protein the "N spectra show that the virus particles
become oriented,*'’ particularly their Trp-26 sidechains; this orientation was
employed for obtaining two-dimensional spectra of the nitrogen shieldings
against the corresponding dipolar 'H-">N splittings (*“'*N-'H separated
local-field spectra”, as they were called). Similar spectra were obtained for
'*N-labelled gramicidin A in oriented phosphatidylcholine bilayers,** 4 4%



NITROGEN NMR SPECTROSCOPY 31

yielding information about torsion angles in the peptide backbone; and also
for calcium and spermine interactions in such bilayers.*' Quadrupole split-
tings were observed in the '*NNMR spectra of the choline moieties of the
bilayers.*62 43

“NNMR of partially oriented molecules and ions is typically employed
for observations of "N quadrupole splittings. Disodium cromoglycate
(DSCG) liquid-crystal phase can dissolve inorganic salts; DSCG-H,0
solutions of ammonium and tetramethylammonium nitrates** showed such
splittings in the N spectra, thus indicating that the symmetry of the
ammonium ions is distorted in such phases. Quadrupole splittings were also
observed in the "N spectra of acetonitrile in nematic phases,* but an
evidently anomalous value of the '*N quadrupole coupling constant in the
molecule concerned was found in the thermotropic liquid crystals 2LI 1167
and Phase IV (Merck);*® the constant was linearly dependent on temperature
- 170.8kHz at 5°C to 205.2kHz at 65°C - while gas-phase microwave
measurements give a value of 489.4kHz. Quadrupole splittings were
observed in the '“N spectra of surfactants in lamellar lyotropic mesophases,
including dimethyldodecylammonium bromide*’ as well as dodecyl- and
hexadecyl-bound NMe; C1- moieties.*®

“NNMR measurements for liquid-crystal solutions included "*N- and
C-labelled HCN,*® where 'J(NH) was found to be negative; and phos-
phatidylcholine multilayers and bilayers in sonicated vesicles,*”® where the
temperature-dependent '*N resonance linewidths were used to monitor the
“melting” of the liquid crystal phases concerned. Doubly '*N-labelled N, in
nematic phases, EBBA and Merck 2L 1132, shows a doublet in the "N
spectrum whose spacing indicates that the anisotropy of the nitrogen shield-
ing is 590 + 50 ppm.*"!

4.4. Quantitative nitrogen NMR

The problem of relationships between nitrogen NMR signal intensities and
the relevant numbers of nuclei in a sample is quite complicated, since there
are various other factors which can significantly affect the intensities. In
"N NMR, there are problems resulting from quite diversified quadrupolar
relaxation times, and in "N NMR serious difficulties arise from variable
nuclear Overhauser effects upon proton decoupling, from relatively long T
relaxation times, from the low sensitivity of measurements at the natural
abundance of the isotope, and from effects of various polarization-transfer
techniques that are frequently employed. There are also some general
problems concerned with the use of the pulsed Fourier transform technique
with its inherent, non-linear phase drift across a spectrum, effects of pulse
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breakthrough, and saturation effects which simply quench signals without
inducing any signal broadening, thus quenching the corresponding integral
intensities.

In quantitative "N NMR, the best results seem to come from the old-
fashioned, field-swept continuous-wave technique, in its differential saturation
variant combined with lineshape fitting. This was applied to the dimerization
equilibria of a nitrosoalkane, Bu'NO, in various solvents;*® an analysis
of errors indicated that the percentage compositions assayed in that way were
accurate within +0.9 to +0.1%. The effects of diversified relaxation rates of
"N have to be accounted for in any serious attempts at quantitative measure-
ments, and a good example is also found in the studies of ammonia uptake
by perfused rat salivary glands.*’”? There have been numerous attempts at
using "N NMR spectra for at least semiquantitative monitoring of various
reactions, most often in biological systems. However, examples where
"N NMR results are confronted with those from other methods often show
significant discrepancies. In following the assimilation of “NHJ in Strep-
tomyces venezuelae by °N refocused INEPT spectra, with intensity calibra-
tion against a reference, '*N-labelled cyclo-(Gly-Pro-Gly),, a comparison
with amino acid analysis showed overall discrepancies of 15-20%.*” Similar
inconsistencies were found in investigations on rat organs*’* " by "N NMR
and by emission spectroscopy. It seems that without a suppression of nuclear
Overhauser effects, ’N NMR should be rather hopeless from the point of
view of quantitative analysis, but we should note a report*® on the assimila-
tion of "NH; by Beech, where a comparison of results obtained from
conventional, proton-decoupled >N spectra with those from gas chromato-
graphy combined with mass spectrometry shows deviations within only 10%.

In general, however, one should be cautious in assigning too much signifi-
cance to quantitative analyses by '>"N NMR alone, such as those reported for
ammoniated straw;* silk fibroins;"'®*"" nitrogen fixation by methanogenic
bacteria;®* marine algae;*® and nitration of hexachloro complexes of
iridium.*” More reliable are those where some intensity references have been
employed,”® % %! byt one should remember the limitations in accuracy that
have been considered above.

4.5. Chemically induced dynamic nuclear polarization (CIDNP) in nitrogen
NMR

Nitrogen resonance intensity enhancements which result from the involve-
ment of radical pairs in the course of chemical reactions can be described by
Kaptein’s rules (see ref. 5, p. 63, and references therein). Applications to
N CIDNP effects observed in photochemical dediazonation processes of



NITROGEN NMR SPECTROSCOPY 33

arenediazonium salt solutions™*? show that the excitation goes first to

singlet states. Analogous "N CIDNP effects, both negative (enhanced
emission) and positive (enhanced absorption), have been employed in follow-
ing the mechanisms of nitration and subsequent nitro group migrations for
p-nitrophenol,*®® arylamines,”® mesitylene,*® durene®® and naphthalene,*’
and also in investigations of 2,6-dichloro- N-nitroaniline rearrangements into
the corresponding C-nitro isomers.**® However, recent results®® on the nitra-
tion of nitrobenzene, naphthalene and mesitylene with HNO, + MeSO,H +
NaNO,; suggest that the contributions of radical-pair-mediated mechanisms
in such reactions are fairly small. This seems to be a general problem with
CIDNP effects in NMR, since they are large enough to monitor even quite
marginal mechanisms of reactions.

4.6. Dynamic nitrogen NMR

A major advance in "N dynamic NMR in the solid state has recently been
made in the field of '*N-detected proton transfers in '*N-labelled molecules
containing the tautomeric system shown in Fig. 2, where two protons can
jump among four nitrogenous sites; the molecules concerned included
porphins, phthalocyanins and related enamino-imino systems.*’*** Theore-
tical derivations of the >N lineshapes concerned for various proton-transfer
mechanisms, confronted with variable-temperature "N CPMAS spectra,
were employed in detecting non-concerted double proton transfers in such
systems. The dynamic behaviour of such spectra also led to the proposal of
a novel, convenient NMR thermometer for variable-temperature CPMAS

measurements in the range 86K to 495 K 4% 4®
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Fig. 2.

One should also notice the SELEX pulse sequence* for selective observa-
tion of spin exchange among NH moieties in 2-D N spectra of solid
samples, and the magnetization transfer from 'H in hydration water to “"NH
in solid hydrated proteins for estimating proton exchange rates.*'’

For solutions, analogous exchange rates were monitored by time-
dependent INEPT enhancement decay of the 'N resonances of detergent-
solubilized M 13 coat protein, after dissolving it in water."" A special example
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of nitrogen dynamic NMR in solutions is that of NO; exchange among
diamagnetic and paramagnetic centres, which was monitored by dynamic
¥N spectra, owing to the relatively small linewidths for the ion, and the large
nitrogen shielding differences concerned.*'

5. GENERAL CONSIDERATIONS OF NITROGEN SHIELDING
5.1. Isotope effects on nitrogen NMR shielding

While primary isotope effects on nitrogen shieldings, i.e. those between N
and "N, are within the experimental errors involved in two independent
measurements (see ref. 5, p. 66), secondary isotope effects — those induced by
isotopic exchange in the vicinity of a nitrogen atom - can be measured with
a high accuracy provided that the isotopomers concerned appear as separate
resonances in a given nitrogen NMR spectrum. Methods based on compar-
ing two or more spectra are rather unreliable, because of the errors concerned
with their calibration (see Section 3) and even minor variations in experimen-
tal conditions (temperature, concentration, paramagnetic impurities, etc.).
Deuterium effects on nitrogen shicldings have already been observed in the
NH/ ion, ca. +0.3ppm per each D atom introduced; and for ammonia,
where the effects are twice as large, +0.65 ppm per D atom®?? (see also ref.
5, p. 67). More recent measurements for the ammonium ion** are essentially
in accord with the older data, but they show minor variations of the effects
between solutions in H,0/D,0 and in 1 MHC1 or HNO,. The latter mea-
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surements®* also provide data for a variety of nitrogenous structures:
Deuterium isotope effect (ppm)
Structure (solvent) on nitrogen shielding
Pyridine-d, (neat) +0.58
ND™ in pyridinium ion (CF,COOD) +0.60
ND in pyrrole (CDCl,) +0.24
PhNDMe (neat) +0.70
PhND, (neat, CDCl,) +1.45, +1.09
PhND; (CF,COOD) +1.21
PhNDCOMe (CDCl,) +0.62
PhNHCOCD, (CDCl,) —0.05
HCONDH (H,0, DMSO) +0.51, +0.56
HCOND, (H,0, DMSO) +1.04, +1.09
CD,CN (neat) —0.16

The data also included CD;NQ,, + 0.07 ppm, but more recent measure-
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ments*” of proton- and deuterium-coupled '*N spectra in a single batch show
that the effect is only + 0.038 ppm; this is important from the point of view
of neat liquid nitromethane as a primary reference and a source of deuterium
lock for nitrogen NMR spectra (Section 3). For N” in histidine in ferricyto-
chrome,”® an effect of + 2.5 ppm was observed for D,0O vs H,O solutions,
but this involved two independent spectra. A method was proposed®’ for
estimating equilibria between NH and ND moieties in ammonium salts, on
the basis of average shieldings observed, with respect to reference solutions
in D,0 and in H,O; plots of the nitrogen shielding against the percentage of
D, O in water were non-linear, but this is again the case of measurements not
on a single batch, where the relatively small isotope effects can be seriously
affected by experimental errors. Deuterium effects on nitrogen shieldings in
systems exhibiting azo-hydrazone tautomerism*® shows a change in their
signs between the tautomers involved [9].

-0.6 ppm ca. +1ppm

~N ~
-23ppm ca. +2ppm |
D_ D

O 6)
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Nitrogen-14 isotope effects on >N NMR shieldings are exemplified*” by
BN="Nin CDCl,, +0.061 + 0.002 ppm with respect to "*N="°N; this led
to an estimate of —912 + 42ppm per angstrom of the bond length, in
accord with theoretical calculations which gave values within — 640 to
— 1425 ppm.

The "C isotope effect on the nitrogen shielding of nitromethane®® was
found to be small, +0.019 ppm.

Isotope effects of "* O on nitrogen shieldings have been found in the nitrite
ion, NO; , +0.15ppm per O, and in the nitrate ion, NO; , +0.06 ppm per
", and they were employed in following the fate of H,'*O and N'*O; in
the oxidation of ammonia by Nitrosomonas europaea;?*"' and the course of
nitrite-to-nitrate oxidation by Nitrobacter vinogradskyi,®*** where the
oxygen source turned out to be mainly H,"®O. In 3-nitropropanoic acid,'*
the effect on the nitrogen shielding is ca. + 0.08 ppm per '*O. Such effects of

'O have been examined in a variety of molecules:*!+545%
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B0 effect on nitrogen

Molecule shielding (ppm)
MeCH=NOH +0.069 to +0.030
Nitrobenzene +0.075
1-Nitrobutane +0.08
Isoxazoles +0.153 to +0.159
Isoxazolines +0.074
HCNO +0.027

and the relatively large effect in oxazoles has been attributed to the short N-O
bond in the aromatic ring. Effects on nitrogen shieldings induced by '*O are
important, since they allow one to monitor *O labels by NMR.

5.2. Shift reagents in nitrogen NMR

Lanthanide chelates usually bind to nitrogen atoms which bear lone electron
pairs, and induce considerable shifts in the nitrogen NMR shieldings con-
cerned, mostly via the contact mechanism (see ref. 5, p. 68, and references
therein). Recently, the Co** ion has been proposed as a shift reagent for
nitrogen NMR in aqueous solutions;*® in “NNMR measurements, the
cobalt-to-substrate ratio can reach 4:1, inducing shifts of —25ppm for
glycerophosphorylcholine, + 10ppm for betaine, and + 5ppm for .the
ammonium ion, thus increasing the spectral resolution of the latter.

Another interesting approach relies on the use of silver salts, such as
Ag(tfa), which bind to the n-electron systems of multiple and aromatic C-C
and C-N bonds.*” Such shift reagents act via the pseudo contact mechanism,
and examples of the shifts induced are shown below.

Substrate Ag(tfa)/substrate Nitrogen shielding
(in CDCLy) ratio induced (ppm)
Azobenzene 0.15 +3.0
PhCN 0.15 +4.6
Thiazole 0.03 +1.8
Imidazole N-3 0.03 +3.0

5.3. Some general considerations of nitrogen shielding in diamagnetic
species

The range of nitrogen NMR shieldings in diamagnetic compounds and ions,
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referenced to that in neat nitromethane, is from about — 600 ppm (aromatic
nitroso compounds) to about +450 ppm (NH, as a ligand in ammino-type
complexes), as was shown in ref. 5, where a large table of characteristic
ranges for individual nitrogenous structures was also published. Quantum-
mechanical calculations of nitrogen shieldings were considered in Section 1,
but there have been also some attempts at correlating the shieldings with
calculated electron charge densities at the relevant nitrogen atoms. All these
show only local correlations, within closely related molecular structures, and
their signs vary from one group to another; this evidently excludes the simple
diamagnetic mechanism of nitrogen magnetic shielding as a source of the
range observed. Such local correlations were found using ab initio quantum-
mechanical calculations with a STO-3G minimal basis set of electron charge
densities: for ring nitrogen shieldings in aminoazine heterocycles,*® a parallel
correlation, i.e. increasing electron charge at N — increasing nitrogen shield-
ing, including also N-oxidation effects, but only for non-oxidized nitrogens;
separate, parallel correlations® for alkylamines, R;N, R,NH, and RNH,,
where R = CH,, R’CH,, R;CH, and R;C, and also for azine heterocycles,
and for 4-substituted pyridines; antiparallel correlations® of this kind for
nitroalkanes, RNQ,, and for alkyl isocyanides, RNC. Parallel correlations
for meta-substituted benzamides,’® using a Gaussian-80 set; and rather
rough correlations for substituted pyridines.”® There have been also some
attempts at using n-electron densities from the rather old-fashioned Pariser-
Parr-Pople SCF calculations, but the results seem to be contradictory, since
for pyrrole moieties in pigments a parallel correlation was reported,*'® while
in azines and azoles®"' the pyridine-type nitrogen atoms showed a parallel
correlation, but that for pyrrole-type nitrogens was antiparallel.

Alkyl group effects on nitrogen NMR shieldings play an important role (see
ref. 5, p. 72), since they span a range of about 50 ppm in a given group of
nitrogenous compounds. For molecules where internal rotations are not
appreciably hindered, such shielding variations can usually be expressed in
terms of the additive effects [10]. A good example of such additive effects is
provided by a study of acrylamides®'? (Table 12, note (k); the a- and B-effects
found there amounted to +4.9 and — 11.9 ppm, respectively). The long-

N—C—C—C

T T T T atkyl group replacing hydrogen

effect o B Y )
variable -5 ‘“————
to small
-15
ppm [10]
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R R [11]

range effects, y and §, are usually small, and can easily be hidden under
solvent and concentration effects. However, a systematic study of nitriles,
R—CN, where R = Me, Et, Pr' or Bu', revealed a small but solvent-independent
y-effect of about + 2 ppm.** More elaborate schemes are required in order to
account for alkyl group effects in saturated azacyclic systems, such as those
of tetraazadecalins [11)** in CDCl,, H,O and cyclohexane solutions, where
the o, f and y-effects were subdivided further, according to spatial relation-
ships (in ppm, the first number refers to polar solvents, the other to cyclo-
hexane as a solvent):

a(equatorial) = +1.3; +6.2 a(axial) = 7; +23.5
p(equatorial) = —153; —17.6 f(axial) = —7.0; —8.7
B(N,—C-N,,) = +1.6;?
y(anti, equatorial) = +1.2; 0.0
y(gauche, axial) = +9.1; ca. 9
y(N,,~C-C-N,,) = +21to +8§;?

Recently, a new approach has been presented® for alkyl group effects on
nitrogen shieldings, expressed by the equation:

6, =mXo,(i) + b

where g, is the nitrogen shielding concerned, m and b are parameters to be
fitted, and o,(1) are alkyl group parameters estimated by projecting the
relevant C-C and C-H bond refractions (1.296 and 1.676, respectively) onto
the C-N bond axis concerned. The latter parameters assume values:

Me +1.678; Et+0.126; Pr"+0.644; Pr' —1.426;
Bu” +0.471; Bu' +1.162; Bu‘—0.908; Bu’'—2.978.

This scheme gave good correlations with the nitrogen shieldings in a variety
of alkylamines, alkylammonium ions, amides, isonitriles, imines, N-nitroso-
amines, nitrile N-oxides, nitroalkanes and R,N=PX, structures.*"*

Various additive schemes have also been employed for explanations of
nitrogen shielding changes within individual groups of related molecules and
ions (ref. 5, p. 73); if they use only few parameters they usually reflect rather
rough trends, and if there are numerous parameters the problem comes close
to that of solving n equations in n unknowns, with no predictive value
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whatsoever. A recent example is concerned with N(R') (R?) (R?) structures,
where the substituents include chlorine atoms, nitro groups, etc.,’”* and the
shieldings are expressed as sums of substituent effects; the overall correlation
coefficient appears to be good, 0.992, but this seems to result from the large
range of the shieldings concerned, since individual deviations reach 20 or
even 50 ppm in some cases.

Quite a different approach has been proposed for nitrogen shielding as-
signments using such additive schemes, based on a set of self-adjusting
increments,”'® and tested for a large group of azine heteroaromatic rings. In
the first step, we construct a set of additivity rules for nitrogen shieldings in
molecules where the assignments to individual nitrogens are either obvious or
are based on reliable assignment procedures. Then we check the system
adopted, by least-squares fitting over all possible permutations of assign-
ments, and obtain a set of structural increments to the nitrogen shieldings.
Now, if we want to assign the shieldings in a new compound or compounds,
we add the new data to the original database, and carry out the least-squares
fitting over all permutations of assignments, including the new structures, in
order to obtain the assignment required and also a new, improved set of the
increments.

A special case of looking for linear correlations of nitrogen shieldings with
some simple parameters which characterize chemical structures is that of
substituent effects across aromatic rings [12] in terms of the Hammet
equation or modifications of it. Generally, electron-donating substituents
(—OR, —NR,, etc.) increase the nitrogen shielding in such structures, while
electron-attracting moieties R (such as NO,, CN) exert a deshielding effect.
However, solvent effects on nitrogen shieldings are usually at least of the
same order of magnitude, and various correlations reported in terms of
Hammett substituent constants are usually just rough trends. In aniline itself,
the range of para-substituent effects is appreciable, ca. 30 ppm, but for other
arylamines this amounts to about 10 ppm (Table 7). In para-substituted
benzonitriles (Table 16) and 4-substituted pyridines (Table 19), the range is
about 15ppm; in a variety of amido and thioamido moieties attached to
phenyl rings (Table 12), the range is quite small, 5-7 ppm; it amounts to
about 10 ppm in nitrobenzene derivatives (Table 26). In X, P=N—Ph struc-
tures the effects are within 30ppm, but they are negligible in
X,P=N—S0,Ph (Table 23).

R@—N(x?) R—\ N

(12]

Protonation effects on the nitrogen shieldings of the atoms involved are
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variable, but they can attain values up to about 150 ppm. For alkylamines
(Table 3), a typical effect is ca. — 10ppm, but for ammonia it is about
— 50 ppm, and for hydroxylamine (Table 8) it is + 20 ppm. The amino group
in glyphosate®’ shows a typical protonation effect of about — 10 ppm. The
situation is more complicated for arylamines (Table 7); if the lone electron
pair at the amino group is involved in a delocalized n-electron system, the
protonation results in an increased (ca. + 10 ppm) shielding of the nitrogen
nucleus, but when steric effects attenuate the conjugation, e.g. in N,N-
dimethylaniline, the protonation effect is comparable to those observed in
alkylamines, about — 10 ppm. Such shielding changes belong to the low limit
of protonation effects in nitrogen NMR, but they are quite useful in titration
experiments. The upper limit is represented by protonation effects in systems
such as [13] which include both open-chain structures and heteroaromatic

>C:N/ —H \C=N<
\
H
[13]

rings. In hydrazones, R,C—=N—NR, (Table 9) the effect on C=N is about
+ 30 ppm, and about — 10 ppm for NR,, but for imines (Table 24, including
also complexation effects), it reaches + 80 to + 150 ppm; the same is true for
azine heteroaromatic ring systems (Table 19, and Table 3, note (h)) and for
pyridine-type nitrogen atoms in azole ring systems (Table 17). Attention is
drawn to the protonation effects on the nitrogen shieldings in histidine
imidazole moieties (Table 13, notes (b) and (c); also refs 518, 519), where pH
effects on the His resonance in cytochrome ¢, was observed. One should
notice that for pyrrole-type moieties in strongly acidic media, protonation
takes place at carbon atoms, and the resulting shift of the nitrogen resonance
concerned is in the deshielding direction, about — 100 ppm (Table 17, notes
(d) and (e)). The protonation of nitriles

R—C=N X, R—C=N-H

results in a large increase in the nitrogen shielding, by about + 100 ppm
(Table 16); this is also true for complexation at nitrogen (Table 16, note (w)).

Such large shielding effects on nitrogen upon its protonation are a typical
tool for tracking nitrogenous protonation sites in a variety of chemical and
biochemical structures. This has been done for deazapurine systems (Table
18, note (i)) where 3-deaza and 1-deaza derivatives show preferential proto-
nation at N-1 and N-3, respectively. Similar studies included nucleosides and
related structures (Table 22): purine pseudonucleosides (notes (c), (d), (h), (r),
(w), (x)), protonation at either N-7 or N-9, depending on whether one of
these is substituted with a pseudosugar moiety; adenosine (notes (c), (d)),



NITROGEN NMR SPECTROSCOPY 41

0
R——N=—=N——-R
monoprotonation -10 ca. 0 ppm effect on
diprotonation +100  +100 ppm J nitrogen shielding
(14]

preferential protonation at N-1, sometimes at N-7; guanosine (notes (i), (1),
(1), see also ref. 520), protonation at N-7, but at N-1 for the betaine structure
of N-7-Me-guanosine (notes (h), (i)); xanthosine (note (n)), only weak effects
at N-7; cytidine (notes (c), (r), (t)), protonation at N-3; pyrimidone deriva-
tives (note (¢)), weak effects at N-3; and wyosine (ref. 521, see also Table 22,
notes (g), (v)). Recent ab initio quantum-mechanical calculations by the
IGLO method" are in accord with the experimental data, predicting large
shielding increments in pyridine-type nitrogen atoms of adenine (predicting
also the preferential protonation site at N-1), guanosine, cytosine, thymine
and uracil. Trimethoprim (Table 19, notes (v) and (w), see also refs. 94, 522,
523), was shown to undergo protonation at N-1 (or complexation with
dihydrofolate reductase), with an effect of about + 80 ppm for the nitrogen
shielding concerned. A large number of flavin systems (Table 21, notes (a),
(g), see also refs. 524-528) have been investigated by nitrogen NMR; the
reduced forms show preferential protonation at N-1 (an effect of about
+40 ppm), while the oxidized forms are protonated mostly at N-3 (ca.
+ 55 ppm shielding effect). Imidazo [1, 2-a]pyrazine was shown to undergo
protonation at N-1, by means of *N NMR titration;*” analogous studies on
2-methoxypyrazine® indicate N-4 as the protonation site.

Indirect protonation effects, those exerted on nitrogen atoms by protona-
tion at some other atom, are revealed in the nitrogen shieldings of a variety
of structures: the nitro group, about + 30 ppm upon the protonation of its
two oxygen atoms (Table 26, note (g)); the O-protonation of diazoates (Table
27, note (j)); the protonation equilibria in solutions containing HNO; or
HNO, (Tables 26 and 29, respectively); and azoxy compounds (Table 28) in
FSO,H [14], where the monoprotonation takes place at the oxygen atom.

5.4. Solvent effects on nitrogen shielding

Solvent effects can be quite remarkable (ref. 531 and ref. S, pp. 81-85), and
are often underestimated in various interpretations of nitrogen shieldings in
terms of molecular structure. The largest influence of this kind, as far as
neutral molecular species are concerned, has recently been found in a study
of azine heteroaromatics;* pyridazine (1,2-diazine) shows a range of about

50 ppm for its solvent-dependent nitrogen shielding (see Table 19, note (b)).
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In ionic species, the largest variation was observed for the nitroso moiety of
[C(NO)(CN),}” K* in water and a number of alcohols (Table 29, note (m)),
amounting to about 200 ppm and related to the corresponding pK, values for
the solvents. In contrast, dinitrogen, indolizine, and azo compounds show
very narrow ranges (1-2 ppm) of solvents effects on their respective nitrogen
shieldings.

Some examples of typical solvent effects on nitrogen shieldings are quoted
below from systematic studies on dilute solutions, where bulk susceptibility
effects have been accounted for, and the solvents concerned encompassed a
broad range of solvent properties.

Range of solvent

effects on nitrogen Reference to
Molecule shielding (ppm) table (note)
Pyridine 38 19(b)
Pyridazine (1,2-diazine) 49 19(b)
Pyrimidine (1,3-diazine) 8 19(b)
Pyrazine (1,4-diazine) 16 19(b)
1,3,5-Triazine 11 19(b)
Pyridine N-oxide 30 19(d)
Indolizine
and azaindolizine systems
bridgehead nitrogen 1-3 18(a)
pyridine-type nitrogen 26-32 18(a)
Alkyl cyanides (nitriles) 22-26 16(a)
Nitromethane 11 26(a,b)
Methyl nitrate 5 26(d)
t-Butyl nitrite 26 29(d)
Methyl isothiocyanate 10 15(a)
Azo bridge 2 28(b)
Dinitrogen 1.3 31(b,c,d)

These values exclude effects of protonation equilibria which may be found in
more acidic solvents. The latter effects are usually much larger, and they were
considered in the preceding section. Most of the data quoted above have been
analysed in terms of the Kamlet-Taft system of solvent properties (discussed
in ref. 5, pp. 83-84, and references therein), which can be presented here in
the form:

0\(i, j) = o\(i, cyclohexane) + a,o; + b,8; + si(n*+ d;é;)

where i denotes a given nitrogen atom in molecule examined, j denotes
solvent, g, is the relevant nitrogen shielding, «; is the hydrogen-bond donor
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strength of solvent j (as a bulk property with respect to a solute, expressed
in arbitrary units of the scale, 0 to about 1.5 for most solvents), f; is the
corresponding H-bond acceptor strength (0 to about 1 on the scale), n* is the
corresponding solvent polarity/polarizability term (0 to about 1), and §; is a
correction for “superpolarizability” of aromatic and highly chlorinated
solvents. The a, b, 5, and d terms are the relevant nitrogen shielding responses
to the individual bulk solvent properties on that scale.

Usually, the highest responses to hydrogen bonding from solvent to
nitrogen show molecules which reveal high upfield shifts upon the direct
protonation of the nitrogen concerned (see the preceding section); the direc-
tion of such H-bonding effects is the same as those of protonation, and the
relevant terms exhibit values from about +21 (ppm per unit scale of «) for
pyridine and pyridazine,*’ also for a covalent nitrito group,” to about + 17
for pyridine-type nitrogen atoms in the five-membered ring moieties of
azaindolizines,”** and to about + 10 for covalent cyanides.** However, there
is evidently no correlation with the magnitudes of the relevant protonation
shifts, and in the case of azine ring systems the term a drops from + 21 for
pyridine and pyridazine to about + 8 in pyrimidine and pyrazine, and to + 3
in 1,3,5-triazine. There are reasons to believe® that the magnitudes of the a
terms reflect relative strengths of the hydrogen bonds concerned, since there
are reasonable correlations with the corresponding H-bond association
constants, measured by other methods at very low concentrations with
respect to a standard H-bond donor, and with ab initio calculated gas-phase
protonation energies.

Nitrogen shielding responses to changes in solvent polarity are usually
represented by the s term, since the 4 term is often rather negligible. The
values of s (in ppm per unit scale of z*) can be of either sign (the plus sign
indicates an increased shielding with the increasing polarity of the medium).
For pyridine-type nitrogen atoms in azines** and azaindolizines,’® its value
is about + 5, with the exception of pyridazine for which it is unusually high,
+ 13 ppm. This is in accord with solvaton-type MO calculations of nitrogen
shieldings (the method itself has been described in ref. 534), which also
correctly predict the sign of the effect in other groups of molecules:*'*3'-8
positive in covalent cyanides, negative (—4 to — 10ppm) in C-nitro and
O-nitro groups, covalent nitrites and isothiocyanates. The data and the
calculations seem to suggest that the sign of the effect should be related to the
sense of bond dipoles in the vicinity of the nitrogen atoms concerned. In
azaindolizines™ (see Table 18, note (a)), the s term is rather large and positive
for pyridine-type nitrogens (N-1, N-2 or N-3), while it is small and negative
for bridgehead nitrogens (N-4), so that the difference between the latter and
the former nitrogen shieldings tends to decrease with increasing solvent
polarity. This is in accord with correlations for different molecules in the
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same solvent™ which show that this is an effect of enhancing the delocaliza-
tion of the lone electron pair from N-4 over the ring system with increasing
medium polarity.

Solvent, concentration and gegenion effects on the nitrogen shieldings of
various reference substances are presented in Table 2. The shielding in
tetrabutylammonium bromide was found to be almost independent of con-
centration.”® Some solvent effects on arylamine nitrogen shieldings are
shown in Table 7, notes (a, b, ¢, d, e); they seem to reveal deshielding with
increasing solvent polarity. In amido moieties (Table 12, notes (a, g, m);
Table 13, note (E); also ref. 536) there seems to be a deshielding effect on the
nitrogen upon hydrogen bonding of the C=0 groups by the solvent (— 5 to
— 8 ppm). Dimethylformamide-water mixtures show a non-linear plot of the
nitrogen shielding against the mole percentage of the amide,* but there does
not seem to be any discontinuity claimed by the authors, who postulated the
formation of a complex between DMF and H,O. There are some additional
data for the covalent isothiocyanate (and also thiocyanate) groups, but they
do not include hydrocarbon solvents. Only polar and protic solvents are
included in the data for azole ring systems presented in Table 17, notes (x, z,
H, J, M, R). Attention is drawn to the study of hydrogen bonding effects in
the imidazole moiety of His-57 in the catalytic triad of a-lytic protease (Table
13, note (b)). For azine aromatic systems, there are some additional, frag-
mentary data on pyridazine and 1,10-phenanthroline,”®® and a study of
3,5-dimethylpyridine in 30 solvents, but for fairly high concentrations of the
solute (Table 19, note (h)). A rough correlation of solvent effects on azine
nitrogen shieldings (in substituted pyridines) with the calculated first ioniza-
tion potentials has been reported.”® The preferential sites of hydrogen
bonding of 9-methylpurine by 3,5-dichlorophenol seem to be N-1 and N-7,
while it is N-3 for 6,6,9-trimethyladenine,’® according to the corresponding
effects on the nitrogen shieldings concerned (see also Table 22, note (y)).
Hydrogen bonding effects have been also monitored by means of nitrogen
shieldings in some nucleosides, AMP-5’ (ref. 540) and UMP-5’ (ref. 541), and
in amidine systems (Table 10, note (v)).

There seems to be only a small influence of solvents on the nitrogen
shieldings in trans-azo bridges (Table 28, notes (a, b)), with the exception of
CF,CH,OH as a solvent, which is likely to interact with the n-electron system
of the N=N bond." Solvent-induced effects on the nitrogen shielding in
the nitroso group seem to be quite diversified. For Bu'—NO, the range is
about 10 ppm, and the major source of this variation seems to be solvent
polarity, with little or no effects of solvent-to-solute hydrogen bonding,
possibly owing to the steric hindrance from part of the bulky alkyl group
(Table 29, note (a)). The O-nitroso group in a covalent nitrite (Table 29, note
(d)) shows a larger range of such effects, about 26 ppm, with a large contribu-
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tion of solvent-to-solute hydrogen bonding effects.”® Finally, the nitroso
moiety of K* [(ON)C(CN),]” in water and in a number of alcohols reveals
a huge range of solvent-induced effects, of about 200 ppm, on the nitrogen
shielding (Table 29, notes (m, n)), where hydrogen-bonding effects must play
a dominant role.

5.5. Tautomeric equilibria and nitrogen shielding

Typical applications of nitrogen NMR shieldings to estimating tautomeric
contents of various substances rely on large differences between the shieldings
for the tautomers concerned; a good example is provided by the system [15]
and its vinylogues, including also aromatic rings. Generally, for a system

Az2B
if one observes only a dynamically averaged shielding
O = Xp04 + Xpop
where X are the corresponding mole fractions, then

XA — Oy — Op

Op — Op

provided that we know the shieldings for the tautomers concerned. Usually,
we have to resort to approximating the latter, e.g. by using the correspond-
ing methyl derivatives, X—Me and N—Me, and this leads to errors, A,
and Agg, respectively. The error in the estimated value of X, is then,
approximately,

Ag,[X3 + (1 — Xu)'1'"

AX, =
A lon — ol

where Ag,, is the average error involved in using reference shieldings taken
from model compounds rather than those from the actual tautomers. As far
as nitrogen shieldings are concerned, the denominator is usually large enough
to keep errors at about 10 mol% in the equilibrium composition.

Recently, a method has been described®? which improves the precision
significantly. It represents a combined approach, which does not take account
solely of the nitrogen atom that exhibits the largest value of |0, — g3 but
also includes other nitrogen atoms in a molecule, and other atoms as well, e.g.

HX—C=N —_— X=C—NH
| | <-— | (15]

—_—

nitrogen shiclding increase
by ca. 100 ppm
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carbon and hydrogen. The latter, taken alone, are usually characterized by
o4 — ogl values which are too small to provide a sound basis for estimating
tautomeric contents. The method is iterative, and it relies on statistical
weights. First, we assume some values for the errors Ao, for each kind of the
nuclei involved (nitrogen, carbon, hydrogen, etc.), and calculate, from the
NMR data for each of the nuclei involved, individual values of X, and
associated errors, AX,. The latter are then used as statistical weights in
calculating the weighted average of X,, and this allows us to compute new,
improved values of the errors Aa,,. The procedure is continued until conver-
gence is attained. The method was applied to a large set of tautomeric
aza-aromatic systems, yielding tautomeric contents with an average precision
of 3mol%; it also yielded estimates of Ag, for nitrogen, carbon and
hydrogen nulei of 4.0, 1.3 and 0.08 ppm, respectively.

There are numerous examples in the tables where nitrogen shieldings have
been employed either in the identification of prevailing tautomeric forms or
in estimating tautomeric equilibrium compositions. Many of these come
from the field of heteroaromatic ring systems: pyrrole moieties (Table 17,
notes (i, j, q, r), and for bilirubin systems, notes (I, m, n, 0)). Attention is
drawn to solid-state investigations of tautomerism via internal proton
transfers by dynamic nitrogen NMR!S! 430433, 435437 363-546 51y norphins and
related systems (see also Section 4.6); in pyrazoles (Table 17, notes (a, k, v,
W, Y, z, A); and in imidazole systems (Table 17, notes (a, B, C, F, H, I, J, K),
including also imidazole moieties in histidine units’® where slow, inter-
mediate, and fast tautomeric exchange rates were found, depending on
whether the His unit was deeply inside or close to the surface of a large
protein, such as that of cytochrome ¢,; see also Table 13, note (b), for studies
of the His-57 imidazole units in a a-lytic proteasc. Further examples from
Table 17 include triazole systems (notes (M, N, P, R, Q, T, S), tetrazole rings
(notes (a, X)), oxazoles (note (F)), furoxans (note (ee)), thiazoles (note (F)),
thiadiazoles (notes (R), (cc)), and phosphazoles (note (hh)). Studies on
tautomeric azolo-azine systems are presented in Table 18, notes (g, h, 1, m,
n); those on azine heteroaromatics, in Table 19, notes (m, n, I, N), in Table
20, notes (a, b), and for flavin systems in Table 21, note (g). Nitrogen NMR
applications in the field of tautomerism of nucleosides have been presented
in ref. 547, and in Table 22, note (h).

Azo-hydrazone tautomerism significantly affects the relevant nitrogen
shieldings, which constitute a valuable tool in its investigations (Table 9,
notes (d, e, g, h, j—n), Table 28, note (f); see also ref. 548). The same applies
to guanidine and amidine systems (Table 10, notes (w, u); see also ref. 549);
azirine rings (ref. 118; see also Table 4) on p. 105; enaminone systems (Table
4, notes (d, i, j); see also refs. 193, 550-553); nitro-nitrito rearrangements
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(Table 29, note (f), and Table 26, note (p)); P-N bond migration (Table 3,
note (0)); and oxime-nitroso tautomerism (Table 24, note (w)).

6. SOME NOTES ON NITROGEN NMR IN INDIVIDUAL GROUPS
OF MOLECULES AND IONS

6.1. Ammonia, ammonium ions, amino groups and related structures

The relevant data are presented in Table 3 (ammonia, alkylamines and
corresponding ions); Table 4 (enamines and enaminones); Table 5 (amino
groups coordinated to boron and silicon); Table 6 (amino moieties bound to
elements other than carbon); Table 7 (arylamines and arylammonium ions);
Table 32 (amino-type complexes); Table 13 (amino acids and related struc-
tures); and Table 8 (hydroxylamines, hydrazines, hydrazides).

There have also been some additional studies within this group of mole-
cules. Solutions of sodium and potassium in liquid ammonia,”® where a
quartet is observed in YN NMR, reveal two types of unpaired electrons, as
indicated by '*N relaxation and Knight shifts. The uptake of the ammonium
ion has been examined by “N NMR in the alga Ulva lactuca,*” in root tissues
of barley maize,” and in perfused rat salivary glands;*”? and uptake of
ammonia in acute hyperammonaemia induced in rats.’** Metabolites of
hydrazine were identified in rat urine, by N NMR.*’

Complexation equilibria have been followed by means of >N NMR for the
ammonium ion with 18-crown-6;>® for amino groups with calcium,*'
cerium(1v)** and zinc(u)*® cations; and for the tetramethylammonium ion,
using “N-'H couplings.* A phase diagram for NH,Cl/NaCl/H,0 was
deduced from "“N measurements.”® Some correlation was found between
amino nitrogen shieldings and the corresponding NH stretching frequencies
in IR spectra.’®

There have been some additional data for aminoglycoside antibiotics;**
for choline groups;**>%3%5%6 for alkylammonium salts as mobile phases in
liquid chromatography;* for alkylammonium moieties (**N relaxation) in
ampholytic ionomers;*® and for piperidine derivatives,® trimethylsilyl
derivatives of enamines,”™ teriary amino groups bound to silicon and
sulphur,'® the enamino group in 4-amino-4-deoxychorismate,”” NMe,
groups in 1,8-di(dimethylamino)-naphthalenes (proton sponges, in solution
and the solid state),””” and enamino groups of polyethyleneimine polymers.*”
Solid-state studies also included phase transitions in ammonium nitrate
(*NCPMAS)*™ and NNQR couplings in ammonium perchlorate®®
as well as additional studies on the adsorption of tetraalkylammonium
ions on zeolites.”” Relaxation measurements for N in
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MeCH(NH,)CH,CH(NH,)Me show®™ that the internal rotation in the
amino moieties is hindered while it is free in the corresponding ammonium
ions. There are also additional data for amino-type complexes of platinum
which show '*N-'"*Pt couplings®”’ or are employed in following the reactions
of such complexes with reduced glutathione in human red blood cells.”’”

Some older data on the nitrogen shieldings in substituted anilines show
rough correlations with Hammett’s substituent constants,”® but the data
refer to rather concentrated solutions. The shieldings of amino groups in
aminopyridine derivatives seem to show correlations with ab initio calculated
(STO-3G) charge densities at the nitrogen atoms concerned.’® The NH,
resonance in perfluoroaniline shows an increased shielding, by about 30 ppm,
with respect to aniline.”®' Two '*N resonances observed for the 2-NH, group
in actinomycin D indicate the presence of two conformations in solution.'®'

There are additional data on lithium salts of aniline derivatives (see Table
6, notes (A, B) which show, via "N-°Li coupling of about 3.5Hz, that
dimeric and trimeric structures are present in solution and each of the
nitrogen atoms is bound to two lithium atoms.”¢

Solid-state studies on tautomerism involving enamino moieties have been
carried out by means of "NCPMAS dynamic spectra of labelled
compounds,*?:49432.433.436.437 The NH enamino moiety in the indium salt of a
dithiocarboxylic acid®? shows a doublet in *N NMR which excludes any
complexation to the cation. In addition to the data presented in Table 4, there
is a further example of identification of enaminone-type tautomers.*® It is
interesting to note the low value of 'J(*NH) coupling, 64.7Hz, in the
R—O—NH—O—R system.”*

Hydrazido complexes (Table 8), MNNR,, show large differences in the
nitrogen shieldings between the MN and NR, moieties. This is even more
pronounced in the low-valent tungsten complex (CO); W=NNMe,, where
values of —420 ppm (W=N) and + 79 ppm (NMe,) were reported;* the
latter are also significantly different from those in the table.

6.2. Hydrazones

There is a large difference in the nitrogen shieldings between the imino- and
enamino-type moieties in hydrazones and related structures (Table 9).
Hydrazone-azo tautomerism in a variety of structures, including those of azo
dyes, has been examined on a large scale (see Tables 9 and 28, see also refs
412, 548, 586, 587), using nitrogen shieldings or deuterium isotope effects on
the latter.*”® Hydrazone moieties in some semicarbazone derivatives are
presented in Table 10, note (h). There have also been some additional data
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on the shieldings in dithiocarbamate derivatives, MeSC(=S)NH—N=CR,,
which show differentiation between E and Z isomers.®

6.3. Amido moieties

Amido moieties are found in a number of important nitrogenous structures
and these include ureas, thioureas, guanidines, amidines, amidoximes, and
their derivatives (Table 10); cyanamides (Table 11); and amides, thioamides,
sulphonamides (Table 12). Amide (peptide) linkages in peptides and proteins
are included in Table 13 and are considered in the next section. Amide-type
moieties are also found in a number of tautomeric derivatives of azole (Table
17), azoloazine (Table 18) and azine (Tables 19 and 20) ring systems, also
including flavin derivatives (Table 21) and nitrogenous bases in nucleosides
and nucleotides (Table 22).

There have also been additional studies using nitrogen NMR on the
identification of urea-type moieties in resins®® and alkyl derivatives of
thiourea;*® of urea (by “NNMR) in urine of patients with chronic renal
failure;*' of N,N-diethylcarbamates®? in complexes with Zn?*, Cd**, and
Hg**; of amidine moieties,"® ** also in solid HCN-polymers;“® of N-aryl-
guanidines;” and of guanidine moieties in arginine units of Tag/ endo-
nuclease.”’ Creatinine derivatives contain guanidine-type fragments, and the
relevant data are shown in Table 17, note (G). Rather feeble effects (within
6ppm) of para- and meta-substitution have been found in the nitrogen
shieldings of Ph—CO—NH—CS—NHR derivatives.®® A comparison of
amide nitrogen shieldings, referenced to those in the corresponding amines,
with the N-H stretching frequencies in infrared spectra did not reveal any
correlation.”” The racemization of allantoin was studied by N NMR in
DMSO solutions and in the solid state.™

The nitrogen shieldings in acrylamide derivatives’'? seem to be sensitive to
n-electron conjugation within the amido moiety, but not to that including the
vinyl group. Amido groups have been detected, by "N CPMAS NMR, in
plasma-polymerized acetonitrile,® in HCN polymers,*¢4243 in nylon-type
polymers;*-362368-37L.313-31.97 i a]kene-N-maleic imide and 2,3-diethylsuc-
cinimide polymers;*® and also by “NNMR in poly(vinylpyrrolidone).**
There have also been some additional data on cyclic amido moieties®® and
those bound directly to selenium.®' Cyclic thioamides bound to furanoid
carbohydrate rings seem to exhibit a downfield shift, by ca. 5 ppm, in nitrogen
NMR with respect to those bound to pyranoid rings.*?

A plot of the nitrogen shieldings in aqueous HCONMe, vs the mol% of
the amide is non-linear and suggests the formation of hydrates.*”’ Strong
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association with hydroxylic solvents has been indicated by "N shielding and
relaxation measurements of pyridone and its N-methyl derivative.**

The hydroxy-imino structures of iso-amides [16] which are isomeric (or
tautomeric) with respect to amides, show typical imino nitrogen shieldings
(Table 12, see also Table 24), about 150 ppm downfield of those of amides.
This structure was detected by "N NMR in a silylated hydroxamic acid
derivative, MeC(OSiMe,)=N—OSiMe; (+ 73 and +88ppm, E and Z
isomers, respectively).®

(‘)R
RC=NR [16]

While the nitrogen shieldings of sulphonamides and sulphinamides do not
depart significantly from the range characteristic of amido groups, sulph-
enamide structures seem to fall within the range of amino group nitrogen
shieldings (Table 12). There have been also some additional data® for the
rather weak effects of substituents in benzenesulphonamide derivatives (see
Table 12). The complexing of p-fluorobenzenesulphonamide with human
carbonic anhydrase has been indicated by an increase in the nitrogen shield-
ing of the former by about 10 ppm.®*

6.4. Amino acids, peptides, proteins and related structures

The importance of these nitrogenous structures in nature makes nitrogen
NMR a powerful tool in biochemical, biological, and medical studies.
Actually, recent developments in nitrogen NMR techniques (see Section 4)
have been oriented towards investigations of fairly large protein units. As far
as chemical structures are concerned, and the relevant nitrogen shielding
ranges, this group includes amino/ammonium moieties (amino acids,
terminal and sidechain groups in peptides and proteins), amido groups
(peptide linkages and sidechain amides), and also sidechain groups like
guanidino/guanidinium or imidazole moieties which are present in some
amino acid units.

The nitrogen shieldings of amino acids as such have been presented in
detail in ref. 5, pp. 365-369; some additional results are shown in Table 13,
and those for amino acids as ligands in amino-type complexes in Table 32.
There have also been other studies by >N NMR of labelled samples, which
include: taurine;*® B-aminoglutaric acid as a major soluble component of
Methanococcus thermolithotropicus;® N-(3,5-dinitrobenzoyl)valine methyl
ester (D-, L-, and racemate) in diastereomeric complexes with N-butylamide
of S-2-(phenylcarbamoyl)oxypropionic acid;*® zinc—cysteine complex forma-
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tion,****® with the observation of “Zn-""N coupling; and calcium-amino
acid complexes,*'® where no significant effects on the shieldings were found.
Numerous studies, by "N NMR of labelled amino acids, have been carried
out in order to follow their incorporation and metabolism in a variety of
biological systems: alanine,*'"*? including a discussion of competitive
methods, based on radioactive ’N; lysine in cell walls of Aerococcus
viridans,”' including effects of penicillin on cell-wall metabolism;*** lysine in
bovine rhodopsin and the purple membrane of Halobacterium halobium;*®
lysine and methionine.®"* and glycine® in collagen fibres; allantoin** and
methionine® in soya bean cotyledons; glycine in melanoidins®*** in various
rat organs,”**” in rat liver,*"* also by in vivo(!) experiments,*”® in Nicotiana
tabacum mesophyll protoplasts,®'® and in peat incubated for 6 months under
various conditions;®* glutamate in fermentation processes effected by Brevi-
bacterium lactofermentum.®” and in the formation of a novel tetrahydropyri-
midine derivative by the in vivo and in vitro syntheses effected by Strep-
tomyces parvulus;®'®®” histidine in the insect cuticles of tobacco
hornworm;**" and microbial syntheses of tyrosine and tyramine.*® The “N
resonance signal of glycine betaine, Me,N* —CH,COOQ, is sharp enough to
be detected at low concentrations of the compound, and the relevant relaxa-
tion measurements can be used as a probe for local viscosities in cytoplasma,
as was shown with the example of Escherichia coli K12, where the bacteria
were grown in the presence of the betaine.®!

However, most concern from the point of view of nitrogen NMR has been
involved in the field of peptides and proteins. The nitrogen shieldings of
N-acetyl derivatives of amino acids may serve here as a sort of reference
(Table 13, note (h)), but the shieldings in peptide and protein systems can
significantly deviate from such reference values, owing to a variety of intra-
and intermolecular effects. Usually, as far as peptide linkages are concerned,
the highest shieldings are observed for glycine (Gly, G) units, and the lowest
for those of proline (Pro, P); the shieldings span a range of about 40 ppm,
from + 280 to + 240 ppm with respect to neat nitromethane. They can easily
be distinguished from those of terminal or sidechain amino/ammonium
moieties, whose nitrogen resonances are found at higher fields, and from the
imino-type moieties in arginine guanidino groups and histidine imidazole
rings, which show nitrogen resonance signals at lower fields.

Recent developments in nitrogen NMR (see Section 4), particularly those
which combine it with 'H and "C NMR in a variety of two- and three-dimen-
sional techniques, have brought complete or nearly complete assignments of
nitrogen shieldings (and of those of the other nuclei), including internuclear
connectivities, for a number of fairly large peptide and protein systems.
Uniform or selective labelling with N is usually a prerequisite for such
detailed studies, and *C-""N labels, in combination with various polariza-

426
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tion transfer and relay experiments, allow one to follow the fate of individual
carbon-nitrogen bonds in biological systems by using >N NMR. Numerous
examples can be found in Table 13. Recently, there have also been additional
examples of full or nearly full assignments of nitrogen shieldings, based on
combinations of various 2-D, 3-D and even 4-D techniques (see Section 4.1),
in protein and peptide systems: Escherichia coli ribonuclease H,*® oxidized
and reduced forms of thioredoxin,*? and apocytochrome b, ;%> ribonuclease
T1;%*  Lactobacillus casei dihydrofolate reductase;*” calmodulin;***2*
oxidized flavodoxin from Anacystis nidulans;®®® interleukin-1p;>* phospho-
transferase protein II1%¢;*° Bacillus subtilis enzyme I11°°;*% and A-cro repres-
sor protein.?® Since such methods allow one to trace individual amino acid
units, they constitute a potentially powerful tool for the observation of
various interactions that involve in specific parts or sites of a protein
molecule. However, the range of nitrogen shieldings (as well as proton and
carbon shieldings) for peptide linkages is rather small; such full assignments
have to be done separately for a given protein under conditions where the
interaction does or does not occur. Results are conveniently presented in the
form of difference shieldings (Fig. 3) which should show the protein
fragments involved in the interaction. This method failed to reveal any
specific sites for calmodulin (ligated to Ca**) upon its interaction with the
binding domain of rabbit skeletal muscle myosin light-chain kinase.?*
However, Escherichia coli thioredoxin®? shows characteristic sites,20->7:60:754nd52
which are affected by the transformation between its reduced and oxidized
forms. The binding of Mg?*, Ca®* and Ba2* to Escherichia coli ribonuclease
HI, monitored by this method,*' revealed involvement of the vicinity of
residues. 10,48,70,122-126and 134

There have been less complete or specifically oriented studies by nitrogen
NMR of a variety of peptides and proteins: bovine pancreatic trypsin inhibitor
(BPTI);'*"'%2 staphylococcal nuclease from Escherichia coli;?'**¢#02%277.38

£
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A-cro repressor, labelled Leu and Lys units in interaction with operator DNA
fragment;””* porcine pancreatic phospholipase A,*"° arginine guanidino
moieties in Taql endonuclease;’'” human carbonic anhydrase II;*' CMP-
KDO synthetase;**®* calmodulin;** cytochromes ¢, and ¢’;*%6-518:519.627-62 forrg_
doxin from Anabaena;?® bacteriophage T4 lysozyme;'® 2% filamentous
bacteriophage M 13 coat protein;''*"'*?2 filamentous bacteriophage Pf1 coat
protein in micelles;?'"®*! fd coat protein in oriented bilayers;'831%3343%
DNA-binding protein ner from phage Mu;®?* H-ras p 21 protein;*®
Pro*-cyclosporin;®”  bacteriorhodopsin;***® gramicidin A in oriented
bilayers,’338.340-342.459.4%0 Met_enkephalin;'® terminal amino residues in Leu-
enkephalin;**? antamanide from Amanita phalloides;'*? interleukin-1p [2840];
AlaP in complex with alanine racemase;** glyphosate metabolism in Pseudo-
monas;*” and the synthesis of trypanothione disulphide.'®

Extensive "N NMR studies have been carried out on nitrogen assimilation
from "NH, (or labelled ammonia) into peptide units of various biological
systems: the fungus Cenococcum graniforme;** beech root cells symbiotically
associated with soil fungi;** marine alga Prochloron species, light-dependent
assimilation;*®* Streptomyces venezuelae;*” Streptomyces parvulus and Sac-
charomyces cerevisiae;**® Bacillus polymyxa;*®® Bacillus azotofixans;*’ Meth-
anobacterium thermoautotropicum,™ also the uptake of labelled urea;**®
ammoniated straw;*” metabolism in rat organs,*® also in acute hyperam-
monaemia;*****% and metabolism in plants.®® The assimilation of both NH;
and NO; has been studied in alfalfa (Medicago sativa)® and in barley,
maize, and pea roots (by N NMR);* and uptake of methylamine into N-
methylglutamate in Pseudomonas species A.*"' Nitrogen fixation from "N,
was followed for Klebisiella pneumoniae (also from labelled ammonia);**® and
for Methanococcus thermolithotropicus, Methanobacterium bryantii and
Methanospirillum hungatei,”® also from the ammonium ions.*!

"N'NMR has also been employed in the differentiation of peptide and
choline units in pig kidney tissue;** in in vivo studies on cell-wall organization
in Streptomyces faecalis and Bacillus subtilis;** in studies on peptidoglycan
mobility in Aerococcus viridans;** in biosynthetical labelling of echinomycin
and triostin;*® in conformer population estimates for collagen model
peptides labelled with (*NGly;** in a study of cis—trans isomerism at *N-
Gly-Pro bonds,” using two-dimensional '*N/'*N exchange spectra; and in
the detection of the sulphenamide-type linkage which is formed upon the
inactivation of cysteine proteinase cathepsin B with its inhibitor, *C-"N
labelled N-benzyloxycarbonyl-L-phenylalanylglycine O-mesitoylhydroxam-
ate.® The nitrogen shieldings of the terminal Gly unit in a number of solid
peptides®™ seem to increase with decreasing length of the hydrogen bond
between NH and CO in the crystal lattice, but there is no correlation with

nitrogen—oxygen distances.
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There have also been presentations of various experimental techniques
which included nitrogen NMR as such or in combination with proton
and carbon NMR, using peptides and proteins as model mole-
CuleslﬁiI67,168,186,ISR,228,24]‘246,247,25()—254,290,444,646,647 (See alSO SCCtiOI’] 4 on EX-
perimental Techniques).

6.5. Azido, isocyanato, cyanato, isothiocyanato, thiocyanato groups and
corresponding ions

These structures can be represented by the formulae [17] and [18].

R X Y
N=X=Y —_——
N+ N~ covalent azide
[17] C (0) covalent isocyanate
C S covalent isothiocyanate
R
N
X—C=N 0 covalent cyanate
[18] S covalent thiocyanate

The highest shielding of nitrogen nuclei within this group takes place in the
R—N= moieties (Tables 14 and 15). The data for azides and the azide ion
are presented in Table 14. The use of selectively *N-labelled azido groups in
combination with "N NMR enables one to follow the fate of individual
nitrogen atoms of the group in reactions and rearrangements; this method
revealed the scrambling of the labels over the tetrazole ring in the anion of
azido-substituted tetrazole (Table 14, note (c)), and also the location of the
labels in the pentazole ring obtained from the azide ion as a substrate.**® The
nitrogen shieldings and the lack of *N-proton couplings were employed in
localizing the position of the azido substituent, at C-1, in an iodo-azide
adduct of l-phenylcyclohexene.*®® The "N relaxation in sodium azide shows
a rather poor correlation with the acceptor number of the solvent
employed,® and the same is true for sodium thiocyanate.

There is a clear distinction, as far as nitrogen NMR shieldings are con-
cerned, within the isomeric pairs of structures of isocyanates and cyanates,
and within the pairs of thiocyanates and isothiocyanates (Table 15). Such
differences are also important in using nitrogen NMR as a source of informa-
tion on the mode of binding of (iso)cyanate ions or (iso)thiocyanate ions as
ligands in complexes (see Table 15). There have also been systematic studies
of solvent effects on the nitrogen shieldings of the isothiocyanato group
(Table 15, notes (a, b); see also Section 5.4). The monitoring of the (iso)thio-
cyanate ion, NCS~, by means of nitrogen NMR has also been employed in
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the case of alkylammonium salts used as mobile phases in liquid chromato-
graphy;® in biuret-rich 4,4’-methylene-bis(phenylisothiocyanate)-based
resins,*' in following its binding to lactoperoxidase,*' also by "N T, relaxa-
tion measurements, and its lactoperoxidase-catalysed oxidation with
H,0,;? in a study of its interactions with horseradish peroxidase,®’ also
using *N relaxation; and in following its binding to germanium in reactions
of GeCl, with KNCS.% %5 Abnormally large *P-"*N couplings were
observed in phosphorus-bound isothiocyanato groups.®

There is a large difference between the nitrogen shielding anisotropies of
the ammonium ion (less than 10ppm) and the (iso)thiocyanate ion
(ca. 415 ppm) observed in solid NH,NCS.*!

6.6. Cyanides, isocyanides, fulminates and related structures

The cyanide ion, also as a ligand, covalent cyanides (nitriles) and isocyanides
(isonitriles), nitrile N-oxides (fulminates) and other cyano moieties are con-
sidered in Table 16, but there are also additional data in Tables 9, 11, 28, 29.
The cyano ligands in vitamin B,, and related cyanocobalamin structures are
included in Table 34.

There is a clear distinction in the nitrogen shieldings between the isomeric
structures of nitriles and isonitriles (Table 16). The protonation of nitriles,
which yields the corresponding nitrilium ions, results in a considerable
increase in the nitrogen shielding, by about 100 ppm. Generally, any involve-
ment of the lone-pair electrons of the nitrile nitrogen in the formation of a
covalent or hydrogen bond yields analogous effects on the nitrogen shielding,
and examples can be found in Table 16. Attention is drawn to systematic
studies of solvent effects on the nitrogen shieldings in nitriles (Table 16, note
(a)), which are considered in Section 5.4.

Fulminates (nitrile N-oxides) show a significant increase in the nitrogen
shieldings with respect to the parent nitriles (Table 16, notes (p, q)), but the
effect is smaller than in the case of the nitrilium ions (notes (1, m, n, 0)). The
latter also include interesting structures where the nitrile nitrogen is coor-
dinated to xenon or krypton (Table 16, notes (m, n)), and their "N spectra
reveal spin-spin couplings to Xe or K. The mesoionic structures of nitrile-
imides, which are isomeric to diazo compounds, are considered in Section
6.12.

The nitrogen shielding in the cyanide ion, CN~, is smaller, by about
30 ppm, than that observed in simple nitriles (Table 16, note (u)); it does not
change significantly in diamagnetic complexes where the ion is coordinated
via its carbon atom, but the shielding increases remarkably when the coor-
dination takes place via its nitrogen atom (see, for example, Table 16, note
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(w)). The latter effect on the shielding is analogous to that observed for
nitrilium ions. Needless to say, in the case of paramagnetic complexes of
CN 7, huge paramagnetic effects on the shielding are found (Table 16, notes
(v, , A, B)).

There have also been other studies where "N NMR was employed for
detecting cyano moieties: acetonitrile adsorbed on zeolites;*”® cyano sub-
stituents in stable nitroxides,*” and geminal cyano substituents at cyclo-
butene ring structures;**® cyano groups in HCN polymers;* cyano ligands in
low-spin iron(1r) porphyrins in aqueous detergent micelles;*® the fate of the
cyano group in a papaine inhibitor, N-(N-acetyl-L-phenylalanyl)glycine
nitrile,® which is transformed into an amido moiety upon interaction with
papaine.

'“N relaxation in acetonitrile was employed® as a probe for surface
viscosity of various phases used in gas-liquid chromatography. A specially
intcresting case is that of '“N linewidth measurements for various nitriles
which entered the solvation sphere of nickel(i) trifluoromethanesulphonate
at various temperatures and under high pressures (up to 220 MPa) in a
specially designed probe.®®

Recent ab initio calculations for HCN, using the second-order polarization
propagation approximation within the coupled Hartree-Fock method,
yielded a value of —17.0ppm for the absolute magnetic shielding of
nitrogen,” and this seems to indicate that nitrile nitrogen shieldings are
located near to the zero point (that corresponding to a bare nitrogen nucleus)
on the absolute scale.

6.7. Nitrogen-containing heteroaromatic systems

These systems include six-membered rings (azines, Table 19), five-membered
rings (azoles, Table 17), and combinations thereof (azolo-azines, Table 18).
Azine analogues with SO, moieties within the rings are presented in Table 20,
phosphazoles in Table 23, and the heteroaromatic systems of significant
biochemical and biological interest are included in Table 21 (flavins and
related pterins), Table 22 (nucleosides, nucleotides, and related structures),
and Table 34 (drugs, medicines, vitamins, etc.).

There are essentially two types of bond patterns involving the nitrogen
atoms in such systems. One is represented by what we call pyridine-type
nitrogen atoms;, each of these bears a lone electron pair which may be
considered as a part of the relevant g-bond system and supplies one =n-
electron to the delocalized aromatic n-bonds. This type is found in azine ring
systems, and also in diazole, triazole, tetrazole, pentazole, oxazole, thiazole,
and analogous ring systems. Their nitrogen shieldings cover a fairly wide
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range, about —40 to + 180 ppm with respect to that in neat nitromethane;
they do not depart significantly from those for open-chain imines (Table 24).
The protonation (or N-alkylation) of a pyridine-type nitrogen atom invari-
ably leads to a remarkable increase in the magnetic shielding of its nucleus,
often by 100 ppm or more, and this makes nitrogen NMR an important tool
in following protonation—deprotonation sites and equilibria (see Section 5.3).
Nitrogen shieldings similar to those observed in protonated azines are also
found (about + 180 ppm from nitromethane) in azine-type cationic species
where the nitrogen atom lies at the junction of two six-membered rings (Table
19, note (H); some additional data on such structures can be found in ref. 663.
Analogous, but somewhat smaller effects are observed upon the N-oxidation
or hydrogen bonding of such nitrogen atoms (Table 19), and systematic
studies of solvent effects on the nitrogen shieldings of azine systems®"***¥ (see
also Table 19, notes (b, d, q), and Section 5.4) show that nitrogen NMR can
be employed in the estimation of relative strengths of hydrogen bonds from
solvent to pyridine-type nitrogens. The huge upfield shifts of pyridine-type
nitrogen resonances that occur upon the protonation of the corresponding
nitrogen atoms are also observed in cases where the proton comes formally
from an —~OH or -SH substituent in the molecule concerned, and the resulting
structure is that of the corresponding lactam (or thiolactam) tautomer, or
eventuallly of a mesoionic, betaine-like tautomer. This is especially important
in investigations of tautomerism and tautomeric equilibria in nitrogenous
heteroaromatics (see Section 5.5), using nitrogen NMR as such or in com-
bination with the NMR of other nuclei.®*

The other type of bonding of nitrogen atoms in heteroaromatic systems is
represented by what we call pyrrole-type nitrogen atoms; each of these is
bound covalently to three neighbouring atoms, and supplies two electrons to
the delocalized n-bond system concerned. This type is found in azole systems,
with the exception of oxazole, thiazole and analogous systems, where
formally the pyrrole-type nitrogen atom is replaced with that of oxygen or
sulphur. It is present, however, in phosphazole rings (Table 23), where
phosphorus formally replaces nitrogen atoms of the pyridine type. Pyrrole-
type nitrogen atoms are also found in azolo-azine systems (Table 18), as those
at the junctions of their fused five- and six-membered ring moieties (indo-
lizine and their aza-derivatives). Rarely can one find such nitrogen atoms in
azines; an example®’ is presented in Table 19 note (H), where a nitrogen atom
is at the junction of three six-membered ring moieties. Generally, pyrrole-
type nitrogen nuclei are magnetically more shielded that those in pyridine-
type nitrogens, particularly if both kinds are present in a given molecule. This
difference is usually quite remarkable, but it is not always the case. Recent
studies on azaindolizine systems™ (see also Table 18, notes (a, b, ¢, d, €) and
Table 17, note (jj)) show that the difference diminishes with increasing degree



58 M. WITANOWSKI, L. STEFANIAK and G. A. WEBB

of delocalization of the lone-pair electrons from the pyrrole-type nitrogen
atom involved in the aromatic ring system, and it can even change its sign.
The same trend of the effects of the nitrogen shieldings in aza-indolizines is
observed for solvent-induced enhancements of such a delocalization in syste-
matic studies of solvent effects on the shieldings®*® (see Table 18, note (a) and
Section 5.4), The nitrogen shieldings of pyrrole-type nitrogen atoms are
found in the range from + 80 to + 230 ppm with respect to neat nitrometh-
ane, while those of lactam-type tautomers of OH- and SH-substituted azoles
and azines are usually higher, in excess of + 200 ppm from nitromethane.

Nitrogen NMR shieldings can be used effectively in differentiation between
various isomeric or tautomeric forms of heteroaromatic systems, and there
are examples galore in the tables concerned. More or less pronounced ad-
ditivity of various structural effects on the shieldings, such as that observed
for azine systems,”'® can be employed for this purpose, e.g. by means of
constructing the so-called self-consistent sets of increments to the shieldings,
described in detail in Section 5.3. There have also been some attempts at
explaining the nitrogen shieldings in this class of molecules using various
quantum-mechanical calculations. Those at the ab initio level included the
outright calculations of the shieldings for azole and azine systems, by the
IGLO variant of the coupled Hartree-Fock method, which gave a reasonable
agreement with the experimental values, but large deviations (up to 100 ppm)
were found for systems with two neighbouring nitrogen atoms, possibly
owing to the neglect of electron correlation.'” In other computations at this
level of sophistication, reasonable, but local correlations were found between
the STO-3G calculated charge densities and the nitrogen shieldings in amino
derivatives of azines and their N-oxides®® and in some mesoionic azole
systems.5® The relative stability of the tautomeric forms presented in Table
20, indicated by nitrogen NMR, was also predicted by such calculations.®’
Only rough correlations were found between the nitrogen shieldings of
4-substituted pyridines and the calculated ionization potentials.” Less soph-
isticated methods involved the CNDQ calculations of the increased shielding
upon the hydrogen bonding of the nitrogen atom in pyridine,”” and rather
rough correlations between PPP-calculated n-charge densities and the
nitrogen shieldings in azines and azoles.*"

There have also been other studies which are not presented in the tables.
The scrambling of '*N labels was observed by nitrogen NMR in 5-azido-
tetrazole,*® as a result of ring opening and closure processes. Four distinct
>N signals were observed® in the haeme part of ferrocytochrome ¢**' at
pH 5.5: at + 195.1 (pyrrole I), + 192.1 (pyrrole 1I), + 200.3 (pyrrole HI) and
+ 193.5 ppm (pyrrole IV). The adduct of the pyrazole anion with BH, shows
nitrogen shieldings of + 140 and + 80 ppm™*? which are typical of N-sub-
stituted pyrazoles (see Table 17). The synthesis of '*N-labelled 1,2,4-triazole
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was followed by means of *N NMR.™ There have been also some additional
data on the nitrogen shieldings in pyrrole-containing polymers,®"*? substi-
tuted indoles,*®* benzodiazoles and benzotriazoles,*”! nitro-substituted benz-
imidazolones,*” 1-chloro-1,2,4-triazole derivatives,®” 1,2,3-thiadiazoles, ¢
mesoionic azole derivatives,”*®® imidazo [1,2-aJpyrazine’® (which was
shown to undergo protonation at N-1), and phosphazoles.'™

The "“N linewidths of pyridine were employed in studies on the solvation
sphere of Ni() and Co(i) complexes in pyridine solutions;*”’ analogous
measurements were employed in a study of rotation dynamics,of 2-pyridone
in hydroxylic solvents;** and of changes in liquid organization of quino-
line.”® The nitrogen shieldings of some complexes which include pyridine
rings are also presented in Table 24, notes (f, g, h). The N-1 and N-4 atoms
of the quinoxaline moiety of the antibiotic triostin A were shown®’ to come
from the indole and amino moieties, respectively, of tryptophan, using
“NNMR of labelled samples. Two conformations of [5-"*N]folate were
detected in a complex with dehydrofolate reductase.”” Copper was found to
bind N-7 and N-9 in Cu(ir) complexes of purine.'® Hyperfine couplings in the
radical states of flavin systems were monitored by *N ENDOR.® There are
also some additional data on the nitrogen shieldings in substituted pyridines
and quinolines,”' in trimethylsilyl-substituted quinolines and their N-methyl
iodides,*? in Sn(1v) derivatives of 8-O- and 8-S-substituted quinolines,*? and
on the relevant protonation shifts in pyridazine and phenanthroline,** and in
2-methoxypyrazine (protonation at N-4).* Solid-state copper(1) complexes
of 1,10-phenanthroline show a shielding increase by about + 45ppm with
respect to the parent structure.’®® Significant upfield shifts of the nitrogen
resonance signals, by 12-82 ppm, were reported for —CH,Ph-substituted
pyridazines, pyrimidines, and pyrazines, upon the formation of the corres-
ponding —CH ™~ —Ph anions;* the latter effect is in accord with the general
trend in substituent effects on nitrogen shieldings in aromatic systems (see
Section 5.3).

6.8. Nucleosides, nucleotides, flavins and related systems

This biologically important class of organic compounds represents, from the
point of view of nitrogen NMR, azine and azolo-azine systems or tautomeric
derivatives thereof, and the considerations of the nitrogen shieldings of the
latter apply also to the present group. An important point here is that the
nitrogen shieldings in such aromatic systems are generally lower than those
of the peptide linkages in protein moieties, and they can be readily distin-
guished from each other in nitrogen NMR spectra of biological samples.
Flavins and related pterin systems are presented in Table 21. Attention is
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drawn to the fact that there is a simple distinction between the oxidized and
the reduced forms of flavins as far as the nitrogen shielding of N-5 is
concerned (about + 50 ppm for oxidized, and about + 320 ppm for reduced
forms); see also the data® for oxidized and reduced forms of glucose oxidase
from Aspergillus niger. Conformations of a complex of Escherichia coli
dehydrofolate reductase with 5-"*N-labelled folate or methotrexate were
studied by "N NMR ¢

Nucleosides, nucleotides and related systems are included in Table 22.
Nitrogen NMR is an important tool in tracing tautomeric forms of the latter,
protonation sites and hydrogen bonding interactions, since the nitrogen
atoms are directly involved in such processes and transformations. Labelling
with *N offers an additional advantage of observations of selected parts of
such complicated molecular systems, and such studies by >N NMR include
in addition to those presented in the table: the synthesis of labelled nucleo-
sides®” and deoxynucleosides®™ of [1,3-'* N, Jcytidine;*® the incorporation of
NH{ into the nucleoside structures of Methanobacterium thermoautotropi-
cum;*® labelled oligodeoxynucleotides,>?*%%¥! including a study of
secondary isotope effects, 'H/>D, on the nitrogen shieldings;*? the detection
of pseudocyclic structures in aqueous AMP-5" and UMP-5";>*%! 3 nuleotide
adduct of the carcinogen 2-acetylaminofluorene;*®® glyoxal-guanine
adducts;''®* ATP and AMP complexation with Escherichia coli adenylate
kinase;** the protonation of deoxydinucleotide monophosphates;*®® some
additional data on guanine and uracil,*® on uridine and guanosine,*® and on
wyosine;*2! 7-"N-labelled guanosine oligonucleotides, and their interactions
with nuleic acids;* [3-"*N]cytosine interaction with a threonine-containing
tripeptide;*” *N/'H correlations in Escherichia coli 58 RNA,">¥%2" and in
cytosine;*” labelled DNA structures,®® also in the solid state;* modified
adenine in (+)-CC-1065-DNA adduct;** the protonation at N-1 of adenine
in A-C and A-G mispairs in the duplexes {d[CG('’"N)AGAATTCCCG]},
and {d[CGGGAATTC("N)ACG]},;** the protonation at N-1 and ioniza-
tion at N-7 of adenosine and the keto-tautomer of 8-hydroxyadenosine;® the
protonation of cytidine in oligonucleotides;'** DNA oligomers;?** uridine
units in tRNAP* from Escherichia coli hisT mutants;*** amino group protec-
tion in DNA and RNA structures by arenesulphonylethoxycarbonyl
groups.”” Nitrogen NMR studies of purines include the purine dication
Cu(t1) chloro complex'® and the deamination of 1-aminopurinium salts.”®
The nitrogen shielding data™ for nucleoside analogues which are inhibitors
of replication of human immunodeficiency virus (HIV) and Moloney murine
leukaemia virus (MuLV) are presented in Table 14, note (¢); those for vitamin
B,, are shown in Table 34,

Theoretical calculations at the ab initio level have been carried out for the
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nitrogen shieldings in Watson-Crick base pairs;"™ and for DNA bases and
the protonation effects on the shieldings."

6.9. Phosphazenes and related structures

These structures contain P=N moieties and are presented in Table 23. There
is a vast difference in the nitrogen shieldings between the derivatives of penta-
and trivalent phosphorus, RyP—=N—R and R—P=N—R. The latter fall in
the range characteristic of imines, R,C—=N—R (Table 24), and of pyridine-
type nitrogen atoms in aromatic heterocycles (see Section 6.7); this is also true
for the P=N moieties within the aromatic rings of phosphazoles (Table 23,
note (f)). The R;P=N—R structures, however, are characterized by nitrogen
shieldings of + 240 to + 310 ppm with respect to neat nitromethane, that is
higher by about 150 ppm as compared wth R—P=N—R; this holds for the
ring structures of cyclophosphazenes also. Some additional data have been
reported on the latter,” and on the correlations of the nitrogen shieldings
presented in Table 23, note (a), with Hammett’s constants for para-
substituents at the phenyl ring.™

Attention is drawn to the first report of the nitrogen shielding in the
iminophosphenium cation structure, R—N™* =P, presented in Table 23,
note (h).

6.10. Imines, nitrones, oximes and related structures

This group of structures is presented in Table 24, and includes imines,
R,C=N—R, their N-oxides (nitrones), R,C=N(O)—R, and oximes,
R,C=N—OR, which are structural isomers of nitrones. Related to these are
also the C=N moieties in guanidine, amidine, and amidoxime structures (see
Table 10).

The nitrogen shieldings in imines are similar to those observed in pyridine-
type nitrogen atoms in aromatic heterocycles (see Section 6.7 and Tables 17,
18, 19), and all the considerations of the latter apply also to imines, par-
ticularly with respect to the huge upfield shifts upon the protonation of the
imino nitrogen atom (see Table 24, notes (j, m)), smaller but significant shifts
in the same direction upon N-oxidation (to nitrones, in the present case),
hydrogen bonding or complexation. Oxime nitrogen nuclei are generally less
shielded than those in imines, and the latter are less shielded than those in
nitrones, but the relevant ranges show some overlap. Ketenimines,
R,C=C=N—R, are an exception, since they show the highest shielding of
the nitrogen nuclei, about + 170 ppm with respect to nitromethane (Table 24,
note (r)).
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Enamine-imino tautomerism in the solid state, involving double proton
transfers, has been studied extensively by variable-temperature dynamic
N CPMAS spectra*?7-430.432.433.436.437.545.546 (e a]s0 Section 6.6, and Table 24,
note (b)). There is a large difference in the nitrogen shieldings of such
tautomeric species, R—NH—CR=X and R—N=CR—XH, usually of
about 150 ppm, which makes nitrogen NMR a suitable tool for studies of
tautomerism involving imino units, also in solution.*®

In addition to the nitrogen NMR studies of the imino moieties in bacterio-
rhodopsin, presented in Table 24, notes (j, m), there have also been other
investigations®”*® in solution and the solid state. Imino groups have also
been identified by means of nitrogen shieldings in a complex of ['*N]alanine-
phosphonate (AlaP) with alanine racemase,* and in solid melanoidins.**

The [—CR'=N—N=CR?—], polymers,*’ which are precursors of
organic conductors, give a signal at +28.1ppm (natural-abundance
N CPMAS), within the typical imino range, but the conductors obtained by
oxidation (“doping™) with iodine show a broad signal at + 250 ppm;** the
latter was considered as evidence in favour of the formation of “bipolarons”
(dications), —N*—CR=CR—N" —, involving nitrenium cation structures
in the conducting polymer.

6.11. Sulphur-nitrogen bonds

There is a large variety of structures which contain sulphur-nitrogen multiple
bonds, and these are presented in Table 25. In many instances the only
feasible way to access such structures by means of NMR is via the nitrogen
nuclei in view of the experimental difficulties concerned with sulphur NMR.
The use of '°N labels enables one to follow the fate of individual nitrogen
atoms in reactions and rearrangements involving such structures, as was the
case with the scrambling of the labels in the ring structure presented in Table
25, note (f), or the ring interconversion, note (i). The fate of the label in S,N,
was monitored in this way in a reaction with a platinum complex, cis-
[PtCl,(PMe,Ph),], using *N-*'P couplings also.””” Unsymmetrical structures
of S;N; Cl; adducts with norbornene™ have been characterized by means of
“NNMR.

Sulphur-nitrogen single bonds are found in various structural units, and
these are presented in Table 6 (—S—NR,), Table 12 (sulphonamides, sul-
phenamides), Table 17 (isothiazoles), Table 20 (azine analogues containing
SO, moieties), and Table 29 (R—S—N=O0, thionitrite).
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6.12. Nitro groups and nitrates

There is a clear difference in the nitrogen shieldings of nitro groups bound to
carbon (nitroalkanes and nitroarenes), nitrogen (nitramines) and oxygen
(covalent nitrates, HO—NO,, N, Oy), and the latter sequence corresponds to
increasing shielding (Table 26). A deviation from this is found in the case of
nitroalkanes, where the aggregation of two or more nitro groups at the same
carbon atom brings the resonance into the range characteristic of nitramines;
the same applies to polynitro-substituted benzene rings. Nitroalkanes which
have only one nitro group at a given carbon atom can readily be distin-
guished from aromatic nitro compounds on the basis of the nitrogen shield-
ings; the same applies to a distinction among primary, secondary and tertiary
nitroalkanes (MeNO,, R—CH,NO,, R,CHNOQO,, R,CNO,), where the dif-
ferences originate from the general f-effects of the alkyl groups concerned
(see Section 5.3), provided that the same solvent is used. The latter distinction
in nitroalkane mixtures is quite feasible even in N NMR, in spite of the fact
that the shielding differences are usually not larger than 10 ppm, since the
corresponding signals are quite sharp, particularly in low-viscosity hydrocar-
bon solvents; this is especially true if the measurements are carried out in
supercritical fluids®® (see Section 4.1).

However, one should be aware of the fact that the nitrogen shieldings in
nitro groups are fairly sensitive to solvent effects (see Table 26, notes (a—d),
and Section 5.4), mostly those of solvent polarity.

The nitrogen shielding in the nitrate ion, NO; , falls into the range charac-
teristic of C-nitro groups, but that in covalent nitrates (including HO—NO,)
is higher by about 40 ppm; this difference is responsible for the variation of
the shielding observed in aqueous nitric acid, depending on the concentration
of the latter. The shielding in the nitronium ion, NOf , is still higher, about
+ 130 ppm with respect to nitromethane (Table 30).

The amino nitrogens in nitramines are found at about + 200 ppm from
nitromethane in nitrogen NMR spectra, and this amounts to a deshielding by
about 100 ppm with respect to C-amino groups.

There have also been other studies of nitro and nitrato moieties, in
addition to those presented in Table 26. Nitro groups were monitored by
'N'NMR in nitration processes and nitro group migrations®** (including
CINDP effects, see section 4.5); in nitro group elimination via a rearrange-
ment into the covalent nitrite;"® in nitrimyoglobin obtained from the reaction
of horse heart met-myoglobin with NaNQO,, where nitrogen NMR showed
that a single nitrogen was introduced, as a nitro group;’" in some 2-nitro-
anilines”"! and fluorinated nitrobenzenes;*®' as substituents in some stable
nitroxyl radicals;*” in the covalent nitrato and nitramino groups of nitrocel-
lulose and nitramine explosives,’” 7" including also denitration processes
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in nitrocellulose and monosaccharide nitrates,'® and in cyclodextrin

nitrates'® where it was shown that the process is highly regioselective, and
takes place at C-2. Studies on ionic nitrates included nitrogen shielding
anisotropy and phase transitions in solid ammonium nitrate, by >N CPMAS
spectra;? N relaxation measurements in zirconium nitrate in aqueous and
HNO,/H,0 solutions, indicating nitrate complexation to zirconium;”"* “N
quadrupole coupling'®® and shielding” tensors in single-crystal KNO;; “N
measurements of the nitrogen shielding tensor for single crystals of silver,
barium and lead nitrates;*” the detection of the nitrate ion in liquid organic
salts used as mobile phases in liquid chromatography;*’ and some additional
data on HNO,/H,S0, systems.”"* The nitrate anion, complexed to erbium
() in aqueous solvent mixtures shows separate signals at —200 to
— 300 ppm with respect to nitromethane.”"’

6.13. Diazo structures, diazonium ions and diazoates

These structures are presented in Table 27. The nitrogen shieldings of the
central nitrogen atoms, =N* =, in diazo compounds and diazonium ions do
not depart significantly from those observed in the analogous nitrogen atoms
in azides (see Table 14). However, the terminal nitrogen nuclei, those in
=N, are considerably less shielded than their azide counterparts. In diazo
compounds, R,C=N*=N", there seems to be a trend of increasing the
nitrogen shielding at the central atom and decreasing that at the terminal
atom with increasing electron-attracting properties of substituents R (Table
27). Diazo compounds [19] are isomeric with the corresponding mesoionic
structures of nitrile-imides [20], and there is a simple distinction between
them in nitrogen NMR.”'

R,C=RN=N R—C=N—N—R
(19] [20]
diazo compound nitrile-imide
ca. + 120 ppm ca. +190ppm (N*)
ca. +30ppm ca. +300ppm (N7)

In diazonium ions, R—N*=N, the shielding seems to increase in both
cases, but the most significant changes seem to occur at the terminal
nitrogens; attention is drawn to the substituent effects on the shieldings in
para-substituted benzenediazonium salts in dilute solutions (Table 27, notes
(f, g)). So far, attempts at obtaining the nitrogen NMR spectrum of the
parent diazonium ion, N=NH™" (which may be also considered as pro-
tonated dinitrogen), have failed.”’
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Diazoates, R—N=N—OR, whose nitrogen nuclei are deshielded with
respect to the other two groups, differ also in the shieldings from azo
compounds, R—N=N—R (Table 28, particularly in the R—N== moiceties.
There is a clear distinction, as far as the nitrogen shieldings are concerned,
between syn- and anti-isomers of diazoates.

6.14. Azo, azoxy, azodioxy compounds, diazenes, triazenes and tetrazenes

This group of structures contains azo bridges, —N=N—, or their N-oxide
forms (Table 28). The nitrogen shieldings of —N=N— seem to be quite
immune to solvent effects, with the possible exception of strong hydrogen-
bond donors which seem to bind to the n-electron system of the azo bridge*!
(Table 28, note (b)). There are significant differences in the nitrogen shield-
ings between the corresponding syn- and anti-isomers in such structures.
Some OH-substituted azoarenes are in tautomeric equilibria with the corres-
ponding hydrazone forms (see Sections 5.5 and 6.2, and also Table 9); in view
of the vast difference in the relevant nitrogen shieldings, nitrogen NMR is
especially suited to investigation of such tautomerism which frequently is
concerned with the molecular structure of various azo dyes®-4%54.586.718-7129
and their Co(1r) complexes.®

Azoxy structures are mono-N-oxides of azo compounds, and the N-oxida-
tion results in a considerable shielding increase in both of the nitrogen atoms
of the azo bridge. Protonation of azoxy compounds (Table 28, note (n)) does
not significantly affect the nitrogen shieldings, but diprotonation results in a
shielding increase by about 100 ppm, and this is analogous to the changes
observed upon the protonation of azo compounds in strong acids (Table 28,
note (a)).

Azodioxy compounds are N,N’-dioxides of azo structures; they are also
dimers of the corresponding nitroso compounds, and exist in equilibria with
them. The difference in the nitrogen shieldings involved in such equilibria
reaches 500 ppm (see also Table 29), and these have been studied quantita-
tively by “NNMR using the differential saturation technique® (see also
Section 4.4, Table 28, note (r), and Table 29, note (a)).

The diazene structure (Table 28, note (s)), R,N*=N", may be considered
as the betaine-type isomer of the corresponding azo compound
R—N=N—R, and there are vast differences in the nitrogen shieldings
concerned. Triazenes may be divided into the amino-azo structures,
R—N=N—NR,, and the imino-azo structures R,C=N—N=N—R, and
they are characterized by nitrogen shieldings which are essentially those of
the corresponding azo, enamino and imino moieties, respectively; the same
is true for tetrazene structures, R,N—N=N—NR, (see Table 28, notes
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(s, ). There have also been reported some additional data on aminoazo-type
triazenes.”%™! However, there seems to be a general, significant effect on the
shieldings in systems X—N=N—R, where X is an atom which bears a lone
electron pair, e.g. that in OR or NR, moieties; the nitrogen shielding
increases, with respect to the azo structure R—N=N—R, at the =N—R
moiety of X—N=N—R.

6.15. Nitroso compounds, nitrosoamines, nitrites and related structures

These structures contain the nitroso group, —N=—O0, bound to either carbon
or nitrogen or oxygen, respectively (Table 29). The nitrogen nuclei in
C-nitroso compounds are among the most deshielded ones in diamagnetic
molecules and ions; their resonances are found at about — 600 to — 400 ppm
with respect to the nitromethane reference. Those of covalent nitrites, nitrous
acid, and the nitrite ion appear at about — 200 ppm, those of the nitroso
groups in N-nitrosoamines at about — 150 ppm, and the amino nitrogen in
the latter at about + 130 ppm (Table 29).

Nitrosoalkanes and nitroso-arenes exist in solutions in equilibria with their
dimers, which have azodioxy structures (see Section 6.13, and Table 28) that
give separate nitrogen signals at about + 60 ppm. Quantitative N NMR
measurements® show, for example, that Bu'NO exists as such in 60-88%,
depending on the solvent used, and the accuracy of such assays is about
0.5%. The nitrogen shielding in the latter compound (Table 29, note (a)) is
moderately affected by solvent effects, but they seem to originate mostly from
solvent polarity, with little effect of hydrogen bonding, possibly owing to the
steric hindrance effected by the t-butyl group. This is in constrast with the
huge effects exerted by protic solvents on the nitrogen shielding in the nitroso
moiety of [ON-C(CN,)}” (see Table 29, notes (m, n) and also Section 5.4).

The covalent nitrito group (Table 29, note (d)) shows a wide range of
solvent effects on its nitrogen shielding, and the most pronounced one seems
to be the shielding increase upon hydrogen bonding from solvent to the lone
electron pair at the nitrogen atom concerned (see also Section 6.4). The
nitrito group, R—O—NO, is easily identified in nitrogen NMR, because of
its characteristic shielding, about — 200 ppm, which differs significantly from
that of the corresponding nitro isomer, R—NO, (about — 30 to + 30 ppm,
Table 26); this has been employed in the identification of nitrito structures
that appear in rearrangements of nitro groups.” Thionitrite nitrogen shield-
ing (R—S—NQ, see Table 29, note (g)) seems to fall close to shielding in
C-nitroso compounds.

The nitrite ion, NO; (about — 228 ppm in aqueous solutions), usually
shows a significant increase in its nitrogen shielding when the ion is com-
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plexed to metal, in the so-called “‘nitro” complexes (Table 29); there have also
been additional data on such complexes of cobalt,”*? but attempts at obtaining
the "N resonance signal in [Ru(’CN);(*NO,)}*" failed, for reasons
unknown;”™ and data on complexes with ruthenium,” rhodium,”
iridium,”® and platinum™’ have been reported.

A large variety of N-nitrosoamine structures have been studied by nitrogen
NMR (Table 29). The nitrogen shieldings can be employed in the identifi-
cation of Z,E-isomerism in the latter, and numerous examples are found in
the table, particularly for cyclic N-nitrosoamines. Substituent effects on the
shieldings in N-methyl-N-nitrosoaniline derivatives seem to be significant
only for the nitroso moiety (Table 29, note (t)). The nitrosoamine structures
have been identified, by means of "N NMR, in some food products where
sodium nitrate reacted with amino acid units.”® Anions derived from
N-nitrosoamine structures (Table 29, note (s)) are closely related to diazoates
(see also Table 27), and various equilibria in such systems can be monitored
by nitrogen NMR.

6.16. Dinitrogen and its complexes, diazenido complexes and related
structures

The nitrogen shielding of dinitrogen (molecular nitrogen, N,, see Table 31)
is interesting for various theoretical and practical reasons. These include
attempts at approaching the absolute scale of nitrogen NMR shieldings using
quantum-mechanical calculations (see Section 3). However, the case of the
two adjacent nitrogen atoms seems to be difficult at the ab initio level, since
electron correlation effects have to be included. This point is illustrated by
recent calculations,” where the second-order polarization propagator
approximation (SOPPA) gave a value of —72.2ppm for the absolute
magnetic shielding constant for N,, while the coupled Hartree-Fock method
(electron correlation neglected) yielded — 106.5 ppm. The secondary isotope
effect on the '*N shielding in "N="N, —0.0601 ppm with respect to that in
I5N,, was employed*” in the calculation of the derivative of the shielding vs
bond length, —910 + 42ppm/A. The spectra of *'N='°N in nematic-phase
liquid crystals (EBBA and Merck ZLI 1132) gave a value of + 590 + 50 ppm
for the anisotropy of the shielding, o, — a,.“”" An interesting example?® of
N NMR imaging in liquid N, in contact with a superconductor was con-
sidered in Section 4.1. Upfield shifts of + 2.5 and + 9.5 ppm were observed
for the resonance of '*N, upon the binding of the latter to Na*- and
Mg** -containing zeolites (types A and X), respectively, while no significant
effects were found in the case of cation-free zeolites.”* There has recently
been a thorough study’™ of '*N relaxation in gaseous N, mixtures with Ar,
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Kr, Xe, CO, CO,, HCI, CH, and CF, whose results were explained in terms
of collision cross-sections for molecular reorientations.

Atmospheric N, dissolves in liquids to an extent which is high enough to
show its resonance signal in nitrogen NMR spectra, and the latter is a
potential internal reference for the calibration of nitrogen shieldings (see
Section 3). However, solvent effects on the shielding in N, (Table 31, notes
(b-d)), are small but significant enough to make this reference no better than
external references without bulk susceptibility corrections.®!

The nitrogen shieldings in dinitrogen as a ligand in metal complexes reveals
the non-equivalence of the two nitrogen atoms (Table 31). In diazenido
complexes, M—NN—R, the shieldings seem to depend significantly not only
on the nature of the central metal atom, M, but also on the geometry of the
ligand. Doubly bent diazenido ligands are characterized by nitrogen shield-
ings which are similar to those found in azo bridges (see Tables 31 and 28).
In singly bent diazenido structures there seems to be a clear distinction, as far
as nitrogen shieldings are concerned, between hexa-, penta- and tetracoor-
dinate complexes (Table 31).

6.17. Nitrogen oxides and nitrogen-oxygen ions

Such nitrogenous species can be easily identified by means of nitrogen NMR
(Table 30), in view of the large diversity of the nitrogen shieldings concerned.
Nitric and nitrous acid systems have also been considered in Tables 26 and
29, respectively. As far as the relevant coupling constants are concerned, a
new experimental approach has been offered by the use of supercritical fluids
as solvents (see Section 4.1) for N NMR measurements at moderate tem-
peratures; under such conditions, the spin-spin couplings between quad-
rupolar nuclei appear in the "N spectra,'® e.g. those of N,0, and they include
“N-"N and "N-"0 couplings. The latter are especially important, since it
is practically the only way of accessing nitrogen—oxygen couplings (using 'O
labels), while those between nitrogen nuclei can be measured in '*N-labelled
samples.

Attention is drawn to the unusually high shielding of the nitrogen nucleus
in the NO™ ion in a complex with the n-electron system of an arene (Table
30, note (c)). There are also some additional data on HNO, in tributyl-
phosphate solutions™? and on HNO,-N,0O; systems.”**’* Stable nitroxide
radicals which are formally the products of a homolytic cleavage of the O-H
bonds in the corresponding hydroxylamino moieties are presented in Table
24, notes (p, x).

The "N spectra of static solid "*N'*NO under O, atmosphere were
employed in analysing molecular motions in the solid.***
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6.18. Nitrosyl, thionitrosyl and nitride complexes

Nitrogen NMR is a convenient tool for structural investigations of these
complexes (Table 33). In analogous structures, the nitrogen nuclei in nitrosyl
(NO) ligands are more shielded than those in thionitrosyl (NS) ligands. There
is a large difference in the nitrogen shieldings between strongly bent and
linear (or slightly bent) nitrosyl structures. Attention is drawn to the distinction
between spatially non-equivalent nitrosy! ligand sites presented in Table 33,
note (c). There are also additional data on nitrosyl-ruthenium complexes.™
A case was reported™ for nitrosylcyanoruthenates where, in spite of '*N-
labelling, no signal of the nitrosyl ligand could be observed.

It is difficult to outline any general range of nitrogen shieldings in nitrides,
since the latter depend on the nature of atoms coordinated to nitrogen
(Table 33). An interesting example of differentiation of isomeric structures is
presented in Table 33 (note (d)). As far as silicon nitrides are concerned, those
presented in note (i) seem to represent the coordination of three silicon atoms
to a nitrogen atom, since most recent results on silicon nitrides and YSiAION
glassy solids, obtained by >N MAS NMR spectra,*'’ allow one to set some
characteristic ranges for individual types of nitrogen coordination in such
structures:

Nitrogen shielding

Coordination (ppm, vs neat nitromethane)
NSi; and NSi,Al ca. +300
NSi, +200 to + 260
NSi ca. +60

Such studies also included some silicon oxynitrides,*® SiN,O, and SiNO,.
There have also been some additional data on Mo and W nitrido com-
plexes.™

6.19. Vitamins, drugs and medicines

These do not constitute any chemical class of compounds, but their nitrogen
shieldings are grouped in Table 34 for identification and analytical reasons.
In addition, there has recently been a report on the nitrogen shieldings of the
NMe, and CONHR groups in a group of tetracycline antibiotics in the solid
state,® and on the amino groups in aminoglycoside antibiotics.**
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7. SOME NOTES ON N COUPLING CONSTANTS

Since indirect spin-spin couplings of '*N are rarely observed, we consider
only "N coupling constants. The former can easily be recalculated into the
latter using the relationship

J(®N-X) = 1.4027 J(*N-X)

The couplings have been considered in detail in refs 2 (pp. 261-317), 4
(pp. 110-127, 402-473) and 5 (pp. 191-200, 605-737). We present here only
a shorthand-style account of the couplings and recent references in this field.
For the sake of simplicity, absolute values (magnitude) of the constants are
implied everywhere, except when the sign is given explicitly.

7.1. 'J(*N-'H)

These coupling constants are negative, and their magnitudes seem to grow
with increasing s-character of the bond concerned,'” with certain exceptions,
particularly for ketimines, R,C—=NH. Generally one can outline the follow-
ing ranges for the constants:

Ketimines, R,C=NH ca. —50Hz

NH in three-membered rings —50to —65Hz

Alkylamines and ammonium ions —60 to —80Hz
hydroxylamines, hydrazines

Arylamines and enamines —80to —95Hz

NH* in cations derived from aromatic ca. —90Hz
azine systems and from imines

Amides and related structures —90 to —100Hz

NH moieties in aromatic azole systems —95to —110Hz

Protonated nitriles, R—C=NNH ca. —135Hz

These trends are also illustrated by numerous recent data in refs. 19, 21, 22,
53, 76, 84, 94, 99, 118, 120, 121, 126, 127, 148, 150, 152, 155, 162, 181, 193,
199, 203, 204, 220, 227, 235, 285, 412, 414, 495, 526, 528, 542-544, 546, 554,
563, 583, 604, 609, 618, 627, 665, 675, 693, 699, 720, 721, 723, 726-728,
745-810.

In amides and related structures, there is usually a difference of a few hertz
between the relevant Z and E geometrical structures. The presence of lone-
pair elecrons at the nitrogen atom concerned seems to exert a quenching
effect on the magnitude of the coupling; the effect is strong in structures where
one can ascribe a significant s-character to the lone-pair orbital, and this



NITROGEN NMR SPECTROSCOPY 71

seems to explain® the low magnitudes of 'J(NH) in imines with respect to the
corresponding cationic structures (a difference of about 50 Hz) and in alkyl-
amines with respect to the corresponding ammonium ions (a difference of
about 10 Hz). The recent observation” of 'J(*N-'H) = —54.7Hz in the
lithium salt of aniline, PhANH Li*, when compared with the corresponding
values for arylamines (about —85Hz), seems to corroborate this line of
reasoning.

One-bond proton-nitrogen couplings are commonly employed in various
polarization transfer techniques, in the identification of protonation sites and
of various hydrogen-bearing nitrogenous moieties, and in studies on proton
migration and tautomerism.

wN—(l:—lH CON-N=TH L PN-0-TH —0.5to +2Hz
'SN—Cc-"H ca. —14Hz
Il
0
5
"PN-c-"H _8to —4Hz
Il
N
N
YO N= —16to —8Hz
\1
H
N * :
/N=C\ —1to +1Hz
'H
1
H
N
15N=C< ca. —2Hz
1;N—t:—’H —4to —2Hz

Fig. 4.
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7.2. JJ("*N-X-"H)

Typical values*® of these coupling constants are presented in Fig. 4 (p.71);in
unsaturated or aromatic systems they seem to depend critically upon the
presence or absence of lone-pair electrons at the nitrogen atom, and the
geometrical orientation of the lone pair with respect to the hydrogen atom
involved. ,

Additional data can be found in refs 21, 53, 76, 91, 106, 119, 122-125, 139,
140, 144, 148, 162, 203, 469, 521, 602, 620, 665, 675, 720, 721, 746, 750,
752-754, 762, 770, 772, 777, 779-782, 785, 789, 793, 794, 799, 801, 811-835.
The couplings are employed in following nitrogen—proton connectivities in
multidimensional NMR of peptides and proteins, in polarization transfer
techniques for nitrogenous aromatic systems, and in identifications of geo-
metrical isomers concerned with the presence of C=N bonds.

7.3. *J(¥N-X-Y-'H)

These are usually negative, and do not exceed — 7 Hz, with an exception of
1-N-3-H coupling in pyrazoles, where values of about —11Hz are
observed."” An important feature of such couplings in systems like [21] is the
relationship between the dihedral angle ®, N-C vs C-H, and the coupling
constant, where the latter attains maximum magnitudes for ® = 0°and 180°,
with a minimum at about 90°. Such relationships are commonly employed in
conformational studies, particularly in the field of peptide systems. Such
three-bond couplings in the systems considered are usually larger in mag-
nitude than analogous “J('"*N-C-'H) couplings.

T
ca.0to-7Hz
—'5N—é—é—‘H
|l |
(0]
(21]

Lone electron pair effects and spatial relationships seem also to be
important for *J(*N-'H) in other structures [22].
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1
H
N
lsl\/c_c\ 0to —3Hz
PN
15" I 0 to — 5Hz (usually larger
e N\C:C/ in magnitude than
- ~ those above)
(22]

In azine aromatic rings, the magnitude of the coupling seems to grow upon
the protonation of the nitrogen atom, e.g. from about —2Hz to —4Hz in
the case of pyridine.

Further, recent examples of such couplings are included in refs 53, 73, 75,
91,99, 122, 124, 127, 133, 141, 148, 182, 203, 584, 608, 620, 646, 665, 675, 720,
746, 747, 752-754, 759, 762, 763, 766, 772, 781, 782, 785, 789, 793, 794, 797,
799, 801, 805, 811-813, 816, 818, 821, 825, 830, 833-845.

7.4. Long-range “N-'H couplings

Couplings across four bonds are usually positive and do not exceed 1.5 Hz,
while those across five bonds are usually not larger in magnitude than
0.4 Hz."” A number of such couplings have also been reported in refs 91, 608,
746, 762, 772, 789, 791, 794, 799, 811, 813, 815, 825, 835, 846-848.

7.5. 'J(*N-5C)

These are usually negative, but their range is + 9 to — 78 Hz.'”® They exhibit
some relationship with the s-character of the bond concerned, but lone-pair
electron effects tend to overwhelm this, as can be seen from the following
characteristics.

PN—"Cc— ~2to —5Hz
| | 23] (protonation enhances the magnitude)
Arylamines ca. —12Hz (about —9Hz upon protonation)
Enamines ca. —15Hz
Amides, peptides —5to —11Hz (N-C,)
ca. —15Hz (N-CO)
Nitromethane — 7Hz (see ref. 495)
Nitroaromatics —14to —27Hz
Pyrrole-type ca. —13Hz

nitrogens in azoles
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Pyridine-type +3 to —3Hz (about — 13 Hz in protonated

nitrogens or N-oxide forms)
Diazo compounds ca. —22Hz (see ref. 837)
Nitriles ca. —18Hz
Nitrile N-oxide —50 to —78Hz
Isonitriles ca. —9Hz (N=C)
Arenediazonium ions ca. —15Hz
Azo compounds +2 to —2Hz (trans-forms)

ca. + 8 Hz (cis-forms)

=N(0)-C in azoxy ca. — |8 Hz (trans-forms)
compounds cda. — 12 Hz (cis-forms)
Oximes +2to —2Hz
Hydrazones +4 to —4Hz (C=N)
R—N=C=S§ ca. —50Hz (N=C, see ref. 730)

Recently there have been numerous reports on one-bond carbon-nitrogen
couplings in refs. 45, 46, 48, 53, 75-77, 101, 132, 133, 141, 203, 331, 414, 438,
469, 495, 587, 600, 602, 607, 618, 720, 721, 723, 724, 731, 747, 750, 754, 762,
775, 185, 794, 801, 812, 813, 815-817, 827, 829, 849-886. The values of the
couplings are important for setting up various multidimensional experiments
which involve carbon and nitrogen nuclei.

7.6. Carbon-nitrogen couplings across more than one bond

Two-bond couplings, 2J(*N-"C), span a range of +10 to —11Hz and
exhibit significant sensitivity to lone-pair electron effects Fig. 5.%* There has
been an example®™ of 2J(N-Fe-C) couplings of 2-13Hz in
N="C—Fe—"NO moieties in iron complexes.

Three-bond couplings, *J(**N-"*C), are usually negative, 0 to — 5Hz, and
in saturated systems they exhibit a relationship with the dihedral angle that
is similar to that considered in the case of *J('"*N-'H) couplings. In some
instances where one-bond and two-bond carbon-nitrogen couplings are
quenched by lone-pair electron effects, three-bond couplings can be the
largest in magnitude; this happens in trans-azoarenes and pyridine-type
heteroaromatics;> in pyridine, the three-bond coupling is —4Hz, and it is
enhanced to about — 5 Hz by protonation at the nitrogen atom concerned.
Some carbon-nitrogen couplings in N-phenylbenzamides (about 14 Hz)
which were reported® as 2J(NC) or 3J(NC) are evidently one-bond
couplings, 'J(NC).

Carbon-nitrogen couplings across more than three bonds rarely exceed
1 Hz.
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—‘S(I:—clz—‘slli— +2to —2Hz
[ ]

I ‘5|-—c s —  ca. —5Hz (N—CH—CO)

I Il —Tto — —CO—
0 0 7 to — 11 Hz (N—CO—CH)
13
15 / . . .
N=C including heteroromatics +3to —2Hz

/ N

15 /S
J N=C\1 y about —8Hz

ca. 8Hz (anti)
[ 1 ca. 1 Hz (syn)

- "C—Cm N ca. 3Hz

ca. + 10Hz (cis)

azoarenes ("N=N—"C)
ca. 2Hz (trans)

Fig. 5.

Recent reports on carbon-nitrogen couplings across more than one bond
are included in refs 45-48, 53, 75, 133, 141, 203, 414, 438, 587, 600, 602, 721,
723, 724, 730, 733, 747, 750, 754, 759, 775, 785, 812, 813, 815, 817, 824, 837,
838, 852-855, 861, 863, 864, 869, 871, 881, 887-890.

7.7. “N-"N couplings

One-bond couplings, 'J(*N-*N), are usually negative,** with possible
exceptions for hydrazines® and pyrazoles;® the absolute values can be
summarized as follows.

Dinitrogen in complexes ca. 5Hz
Benzenediazonium ions, Ph—N*=N, ca. 2Hz (ref. 75)
R—O—N*=N ca. 12Hz (ref. 75)
Diazenido ligands 10-15Hz
Pyridazine (—)22 Hz (ref. 46)
Pyridazine N-(mono)oxide 14 Hz

Azo compounds ca. 15Hz
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Azide ion ca. 10Hz

Covalent azides, R—N=N*=N~ ca. 15Hz (R—N=N")
ca. 8Hz (N*=M")

Cl—N=N*=N-" 24 Hz (CI—N=N")

8Hz (N*=M")

Diazo compounds, R,C=N*=N-" ca. 9Hz (ref. 837)

=N—NR, ca. 10Hz

>N—N=0 ca. 22Hz

>N—NO, 5-9Hz

=N—NO, ca. 15Hz (ref. 414)

Pyrazoles ca. (+)13Hz

Hydrazines R,N—NR, ca. 3Hz

Recent data on such one-bond couplings are included in refs 45, 46, 75, 84,
91, 205, 414, 585, 668, 720-722, 730, 745, 747, 750, 754, 812, 837, 852-855,
870, 888, 891-900.

Two-bond couplings, 2J('"*N-">N), rarely exceed 5 Hz in magnitude.*’

Azides ca. 2Hz
Pyrimidine rings 0to(+)2Hz
R,N—CN ca. 3.5Hz (ref. 870)
R—N=N—CN ca. 5SHz (N—CN, ref. 893)
/NHZ
_N=C__ 1-5Hz

In some cases, such couplings have been observed for nitrogenous ligands
across the central metal atom in a complex, about 4 Hz for NO ligands across
Fe, ¥ %5 and about 2.5 Hz for ethylenediamine ligands across Co.*? Recent
reports on 2J(**N-""N) can be found in refs 730, 852, 854, 881, 888, 893, 895.

Three-bond couplings, *J(**N-""N), are usually small,** but they have
been observed (about 1 Hz) in R—N=N—CN systems.*’

7.8. "'N-*'P couplings

One-bond couplings, 'J(*N-*'P) not only exhibit large variations in
magnitude, but can also be of either sign:**

Pentavalent phosphorus +100 to +35Hz
Trivalent phosphorus +13 to —58 Hz

and without the knowledge of the sign one can devise a rule of thumb that
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if the magnitude exceeds 60 Hz, pentavalent phosphorus is involved, and the
constant is positive; if the magnitude is less than 35 Hz, trivalent phosphorus
is concerned, but the sign of the coupling is uncertain. Recent examples are
included in refs 83, 129, 152, 156, 176, 227, 656, 774, 818, 839, 885, 886, 891,
901-914.

Two-bond couplings, 2J(‘**N-*'P) are usually within a range of 0-8 Hz,'”®
but they can reach 55 Hz if the coupling takes place across the central metal
atom in a complex (see also recent refs 139, 140, 155, 413, 597, 745, 818, 900,
910, 915, 916):

Imine—Pd—PR, 40 Hz (trans) (ref. 139)

2 Hz (cis)
Imide—Au—PR, 45Hz (refs 1585, 413)
Cyanide—(Rh or Ir)—PR; 55 Hz (trans) (ref. 597)

3 Hz (cis)

In the latter example, the cyanide ion is coordinated via N; if it is C-coor-
dinated, the corresponding >J(**N-*'P) couplings amount to 4-9 Hz.*’

7.9. “N-"F couplings
One-bond couplings, 'J(**N-'"F) are large and positive,** e.g.:

NH,F* +48Hz

FN=NF + 191 Hz (trans)
+ 203 Hz (cis)

FN=N" +475Hz

and there have been no recent data.
Two-bond couplings, 2J(**N-'°F) are fairly large and negative*’ (see also
recent refs 156, 745, 824, 829, 868, 917):

FN=NF — 102 Hz (trans)

— 52 Hz (cis)
fluoro-azines ca. —50Hz
CF;NC — 15.5Hz (ref. 829)

They can also reach significant values in complexes:

R—CN—Xe—F —18Hz (ref. 868)
R—CN—Kr—F —26Hz (ref. 824)
(N,H;)—Mo—F —T77Hz (ref. 745)
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Three-bond couplings, *J(*N-"F), in the last example™ are also signifi-
cant, about 13 Hz; in fluoro-derivatives of azine ring systems,'* the couplings
fall into the range — 3 to — 9 Hz; CF,; substituents at the carbon atoms of the
three-membered ring of azirine show nitrogen-fluorine couplings within
0-2 Hz, depending on the spatial relationship between the substituent and the
lone-pair electrons at the nitrogen atom.*!

Four bond couplings, *J(*N-"F) in perfluoropyridine'*® are also measur-
able, being 1-2 Hz in magnitude. There has been an interesting example®? of
four-bond nitrogen—fluorine coupling where non-bonding (“through-space’)
interactions between the atoms involved seem to play a crucial role [24].

NCH

“~"NOH

Me

‘J(°N-"F) = 22.4Hz ‘J(®N-"F) = 3.2Hz

(24]

Nitrogen-fluorine couplings across five or six bonds are small, but they can
sometimes be observed, e.g. in fluoro-substituted benzenediazonium tetra-
fluoroborates” (0-1.1 Hz).

7.10. N couplings to other nuclei

One-bond couplings to platinum, 'J('**N-'*Pt), are useful in structural
investigations of complexes® (see also recent refs 349, 413, 577-579, 647, 839,
908, 918-929). For NO; ligands, the coupling is within 360-680 Hz in
square-planar complexes and exhibits significant variations depending on the
arrangement of the ligands (e.g. > 470 Hz if the ligand is trans to halogen,
and <470Hz if it is trans to another NO; ). In ammino-complexes (NH,
ligands), the coupling is within 220-560 Hz. For imino-ligands, the coupling
amounts to about 150 Hz. Analogous couplings across two or three bonds
are smaller, but significant (25-60 Hz). A value of 2J(**N-N-'*Pt) of about
70 Hz was observed in a diazenido ligand.’®

One-bond couplings to silicon, 'J("*N-?8i), in silylated amine systems*®
(see also recent refs 51, 130, 132, 134, 143, 150, 154, 502, 570, 899, 930-936)
seem to reflect steric strains in such structures:
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Me;Si—NR, ca. 17 Hz (typical
value for no
or little steric

strain)
(Me,Si), NH 13Hz
(Me,;Si); N 8Hz
Me,;Si—N (CH,), <5Hz (n = 2)
14Hz (n = 3)
16Hz (n = 4)
17Hz (n = 5)

In (RO);Si-NR, systems, the coupling is much stronger, 20-45Hz. In
silatranes, the coupling across the dative bond, N — Si, is within 0.5-
34 HZ.132'932

One-bond couplings to tin, 'J(**N-'"Sn), depend critically on the valence
state of the latter*® (see also recent refs. 130, 134, 140, 144, 151, 153, 931,
940-942).

Sn(m) 250 to 480 Hz (absolute values)
Sn(1v) —80 to +175Hz

and they are strongly influenced by geometry and lone-pair electron effects.
In tin 8-quinolinothiolates,' the observed coupling of about 80 Hz shows the
formation of tin-nitrogen bonds.

One-bond couplings to lead, 'J(**N-?"Pb), when the latter is bound to an
amino moiety, range from 200 to 670 Hz*"*"*"'3 for Pb(m); in (Me,Pb);N,
the coupling to Pb(1v) is + 335.7Hz.*"!

'J(*N-"'B) couplings are generally negative:!-*'3275:845937

R;N*—BR; ca. —15Hz

When BR; is complexed to an anion (that of pyrazole® or isothiocyanate®’),
couplings of about 30 Hz are observed.

'J("N-?Al) couplings in AICl; complexed with isothiocyanate or iso-
cyanate anions are about 60 Hz;? in acetonitrile complexed to Al, the
coupling is about 30Hz.** Analogous couplings to "Ga are within
100-160 Hz.>**

Lithium salts of amines, Li—NR,, show 'J("*N-°Li) coupling constants of
3_5 HZ.276'949

As far as "N couplings to transition-metal nuclei are concerned, '**Pt has
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already been considered in the present subsection. In the case of vanadium,
'J("*N-"'V) couplings of about 105 Hz (i.e. about 145 Hz for *N) were found
in RN=V(OR), structures.’* In nitrosyl complexes of Mo, 'J("*N-*Mo)
couplings amount to about 65Hz.**® In diazenido ligands attached to
tungsten, 'J(*N-'¥W) is about 108 Hz.*® Iron(n) complexes of porphyrin
systems reveal 'J("*N-°"Fe) coupling constants of about 8 Hz.* Cobalt com-
plexes with nitrosyl and amino ligands show 'J(*N-*Co) of about 9 and
60 Hz, respectively.>*’ Rhodium complexes with a variety of nitrogenous
ligands (nitrosyl, R—NSO, dinitrogen),’ including cyanide,”’ diazenido,*®
and azine'* complexes, show 'J(**N-'"Rh) constants within 5-30Hz. In
imino complexes of silver, 'J(*N-'""""®Ag) couplings of 12-57Hz were
found."35"%%¢ In mercurcy complexes of amino moieties,” 'J('* N-'*Hg) is in
the range 300-400 Hz; in mercury fulminates,” 2J('"* N-C-'"Hg) is about
100 Hz for R—Hg—CNO structures, while it is enhanced to about 250 Hz in
Hg(CNO),.

'J("*N-""0) of 41.4 Hz was observed in nitromethane.** The use of super-
critical fluids as solvents® (see Section 4.1) revealed the “N-'""O coupling
constants in N,O, 37 Hz across one bond, and 5 Hz across two bonds; the
corresponding >N couplings should then amount to about 52 and 7Hz,
respectively.

In F;TeNCO, 'J(*N-'%Te) of 153 Hz was observed,”® and this yields
about 225 Hz for the '*N coupling. In F;8eNCO, the 'J(**N-""Se) coupling
constant is 50 Hz;*® this means about 70 Hz upon recalculation to > N.

'J(°N-'®Xe) couplings in nitrile-XeF* complexes are typically about
300 Hz;**® in analogous complexes with perfluoroazines,’ the coupling is
about 240 Hz.

8. RELAXATION PHENOMENA
8.1. “N relaxation

Relaxation is governed mostly by the quadrupolar mechanism (see ref. 5, pp.
200-209, and references therein). Recently, the '*N nuclei in the NH moieties
in protein peptide backbones have been employed as relaxation sinks in
nuclear magnetic relaxation dispersion (NMRD) profiles for protons,’~
which are also important in proton NMR tomography. The phenomena
concerned involve interactions of protons from water with the NH moieties
in peptides. Another interesting observation in recent studies on '“N relaxation
comes from the use of supercritical fluids as solvents for nitrogenous
compounds**™*’ (see also Section 4.1) where the relaxation is slowed down so
that spin-spin couplings of '“N with other, also quadrupolar, nuclei appear
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in the spectra. On the other hand, it is possible to make some estimates of
such couplings from the "N relaxation effects in the spectra of the other
nuclei concerned (e.g. '>C), measured in common solvents,’*’® but this
approach is certainly more prone to various errors.

The relaxation of "N nuclei has traditionally been employed in studies of
molecular and ionic motions and interactions in liquids and solids."”
Numerous recent examples include glycine, betaine and trehalose as probes
for microviscosity in cytoplasma;*' cyclopeptides in interactions with
Co’* ;¥ I"O-enriched amino acids and peptides in interactions with Co®*,
Cu’* and Mn®* ;** hexamethonium?* cation in interactions with NaDNA;**
acetonitrile, in interactions with Na* and Pb* °%% with Ga and Al ions,”*
with D,0-Nal,*® with chloroform,’® and also CD,CN with CDCl;;"™
acetonitrile in nematic phases vs isotropic solutions;** some nitriles, in the
solvation sphere at Ni** at various temperatures and under pressures up to
220 MP2;** methyl isocyanide in nematic liquid crystals;””" dimethyl-
formamide;®” urotropine in CCl, and in chloroform;’” aniline, amides and
phenylhydrazine;”* 4-methoxyaniline;’” pyrrole in cyclohexane, CCl, and
perfluoropyridine;*”® thiazole and isothiazole;”” pyridine, in complexes with
Co®*;® 2-pyridone in hydroxylic solvents;** 2, 5-dimethylpyrazine;’”
alkyltrimethylammonium salts as surfactants;®**¢ metal-ammonia
solutions;** aqueous methyl-substituted ammonium ions;”® aqueous
ammonium cryptate;”®® phosphatidylcholine in micelles® and bilayers;***!
dinitrogen (N,) in a variety of solvents®*? and gases, also in mixtures with Ar,
Kr, Xe, CO, CO,, HCl, CH,, CF, and SF,;"*"*? N,0O in hexane;* aqueous
SeCN~,SCN~, OCN~ and Nj ;** aqueous NO; ,** and also the retardation
of the relaxation in NOj by counterions,’’ in the sequence S¢** > La’* >
Pb’* > Ca’* > Sr** > AP*, K*, Na*, Me,N* > Zn?*, Mg**, Li*,
NH/, H,0%; aqueous zirconium nitrate;”"* solid MeND; NO; ;*® NO; in
barley, maize and pea roots;” incommensurate and commensurate phases of
solid (Me,N),ZnCl,;*® and spin-rotation relaxation in solid rotor KCN.**
We should also mention the effects of '*N relaxation, via NH proton transfer
in solids, on the relevant *C CPMAS spectra;'®"'®! and the scalar relaxation
of homonuclear multiple-quantum coherences which yield the signs of spin—
spin couplings in phenylformamide.”?

8.2. SN relaxation

The relaxation of non-quadrupolar '*N, and nuclear Overhauser effects
(NOE) which appear in "N NMR proton-decoupled spectra are also
employed on a large scale in studies of molecular motions and interactions
(see ref. 5, pp. 36-41, 210-211). While this method offers access to individual
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nitrogen atoms in complicated molecular and ionic systems, owing to the
spectral resolution available in '*N NMR, it suffers from the inherent low
sensitivity of natural-abundance '*N measurements. With few exceptions,
"N-enriched samples have been used in such investigations.

Recent studies in this field include para-substituted anilines in CDCl,, and
the corresponding cations in DMSQ;'®? paramagnetic complexes of aniline
with Ni(m);"*® MeCH(NH,)CH,CH(NH,)Me and the corresponding
cations;’” aqueous L-aspartic acid,'® in interactions with Cu?* and Mn?*;
amino acid residues in silk fibroin;''® polyamide®33703721%03.106 and poly-
ethyleneimine®” polymers; aqueous coacetate of polypentapeptide elastin;'®’
staphylococcal nuclease;?”” oxidized form of ferrodoxin;'®® cytochromes c,
and c’;*”” adenosine;*”® 4-methylbenzenesulphonamide complexed to bovine
carbonic anhydrase;'® ion-pair formation in aqueous potassium hexa-
cyanocobaltate;'®" orientational freezing in KCN-KBr solid solutions;**
solid-rotor KCN;** dinitrogen, gaseous,*’ in mixtures with buffer gases
(Ar, Kr, Xe, CO, CH,, CF,, O,, HCI),”" and in Mo, W, Re and Os
complexes;'"> NH; , aqueous'® and in a variety of solvents;'*"* phase tran-
sitions in solid NH,ClO,;*'%!""% solid NH,NO;, phase transitions,*'® and the
high mobility of the ammonium ions in the plastic phase,'”® close to the
melting point; aqueous ammonium cryptate;*®® alkyltrimethylammonium
surfactants,”® in aqueous micelles and in formamide; azide ion interaction
with chloroperoxidase;'®"’ thiocyanate binding to lactoperoxidase®''*® and

to horseradish peroxidase,*!%'%!%% and also cyanide binding to the latter.'""”
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Table 1. Conversion schemes for nitrogen NMR shieldings (¢)

Correction which should be

Shielding of added to the algebraic sum of
Observed shielding  ref. II vs that the values in columns 2 and 3
vs secondary of primary in order to obtain true
Scheme reference II, reference 1 (“intrinsic™) value of
no. (asample - Unr.u) (aref.ll - anf.l) (aumple - aref.l)
I true true none
apparent, field
Ila perpendicular to true $Xeotrt = Xsample)
sample tube
apparent, field
ITb parallel to sample true =4ttt — Lsampic)
tube
apparent, field
Il1a true perpendicular Yt — Arerwr)
to sample tube
apparent, field
I1Ib true parallel to —'}(me,] — Xeett1)
sample tube
apparent, field apparent, field
IVa perpendicular to perpendicular eett = Yaampte)
sample tube to sample tube
apparent, field apparent, field
IVb parallel to sample  parallel to —3(Xeets — Xsampie)
tube sample tube
apparent, field apparent, field
IVe perpendicular to parallel to 33t — 2sample — 2Xrer)
sample tube sample tube
apparent, field apparent, field
Ivd parallel to sample  perpendicular —303%retn — 2Xsampie — 2Xrer1)
tube to sample tube
ref. 1 = primary reference (external neat nitromethane).

ref, 11
true
apparent

x (ppm)

any secondary reference actually employed.

true difference between NMR shieldings.
apparent (experimental) difference between the shieldings concerned in a system of
coaxial cylindrical sample-reference tubes.
magnetic volume bulk susceptibility expressed in SI system (see ref. 5, p. 221).



86 M. WITANOWSKI, L. STEFANIAK and G. A. WEBB

Table 2. Nitrogen shieldings in various external reference substances with respect to
neat liquid nitromethane as a primary reference

Nitrogen shielding (ppm)*

Apparent, in coaxial cylindrical tubes
whose rotation axis makes the angle
specified with external magnetic field

Substance  Solution or state True 0° 90° 54°44'
MeNO, neat liquid 0.0000
0.3M in DMSO -2.0

0.3M in MeOH +2.0
0.3 M in CHCJ, +3.8
0.3 M in benzene +4.4

NaNO,  sat.in H,0 +37 (+5.1)  (+3.0)

0.3M in H,0 +3.5 (+49) (+2.8)
KNO, 0.3M in H,0 +3.5 (+49)  (+28)
HNO, 1.0M in H,0 +44 +62

7.0M in H,0 +12.6
10.0M in H,0 +18.2
15.7M in H,0 +31.3
(70% wiw)

NH,NO, solid state +358.4 (NH])
+5.0 (NO;y)
sat. in H,0 +359.6 (+361.0) (+358.9) (NHJ)
+4.0 (+54) (+3.3) (NO3)
4Min 2M HNO; +359.1 (+360.5) (+358.4) (NH{)
+56 (+7.0) (+49) (NO;y)
5M in 2M HNO; +359.0 (+360.4) (+358.3) (NH})
+4.6 (+6.0) (+39 (NO;)
5Min 2M HCI +358.0 ‘ (NH/)
+52 (NH;)
45Min 3mM HCl +357.1 (NH;)
+6.3 (NO;)
sat. in DMSO +358.1 (NH;)
+3.3 (NOy)
NH,CI solid state +341.2°
sat. in H,O +352.9 (+354.7) (+352.1)
sat. in 2M HCl  +352.5
IMin 10M HCl  +349.9
NH,H,PO; solid state +356.9°

(NH,),S80, solid state (two non-equivalent sites)

+355.7°
+ 356.0°
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Table 2. —cont.

87

Nitrogen shielding (ppm)*

Apparent, in coaxial cylindrical tubes
whose rotation axis makes the angle
specified with external magnetic field

Substance  Solution or state True 0° 90° 54°44'
Me,N*Cl™ sat. in H,0O +336.7

0.3m +337.7 +339.0 (4337.0)
Me,N*I~  0.3min H,0 +337.3

sat. in DMSO +337.0 +339.0 (+337.0)
NaNoO, sat. in H,O —228.9

0.3M in H,0 ~2276
K*NCO~ sat. in H,0 +302.6
PhNO, neat liquid +9.6 +9.9
MeCN neat liquid +135.8

0.3M in MeNO, +137.8
KCN sat. in H,O +102.5

0.3M in H,O +106.1
N,® in cyclohexane +70.2

in benzene +70.4

in CCl, +69.8

in CHCl, +69.6 +71.3

in CH,Cl, +69.9 +71.7

in Et,O +70.6

in acetone +70.5 +71.5

in DMSO +69.8 +70.6

in MeOH +70.8

in EtOH +70.4 +71.6

in CF;CH,OH +71.5

in H,O +69.6 +71.5
Me,NCHO neat liquid +271.0
H,;NCHO  neat liquid +268.8 +267.8 +266.7°
Glycine* solid state + 347.6°
NH, neat liquid +381.9 +380.2

(a) If not stated otherwise, the values come from ref. 5, pp. 222-226, and references therein;

the values in parentheses were calculated using the relevant susceptibilities.

(b) See Table 31, and references therein.
(c) Data from ref. 82, 40.561 MHz '*N spectra, '*N-labelled and unlabelled samples, solids and
liquids, static and MAS spectra; originally referrd to neat liquid nitromethane, whose resonance
frequency was shown to be constant (within 0.04 ppm), in the case of proton-coupled spectra,
for cylindrical sample (spun at a magic angle as well as static) and for a spherical sample;
temperature + 21°C.



Table 3. Nitrogen shieldings in ammonia, ammonium ion, alkylamines, alkylammonium ions, and related structures

Nitrogen shielding (ppm) referred

Compound Solution or state to neat nitromethane Notes
NH;, neat liquid, + 35°C + 381.9 (corr.) (a)
+ 380.2 (uncorr.) (a)
inf. dil. in Me,O + 390.1 (uncorr.) (a)
inf. dil. in H,O + 378.4 (uncorr.) (a)
gas, zero pressure + 400.9 (uncorr.) (a)
NH;} various +324.5 to +369.6 (a)
(see also Table 2)
NH,NCS solid +345.8 (b)
NH,CIO, solid +359.4 (c)
MeNH, 40% in H,O +370.6 d)
MeNH; various +357 to + 361 (a)
R—CH,;NH, structures and corresponding ions
EtNH, 70% in H,O +349.2 (d)
PrNH, neat liquid + 356.0 (d)
BuNH, neat liquid + 3534 ()
Bu'NH, neat liquid +359.4 (d)
in DMSO +361.6 (e)
Bu'CH,NH, in DMSO +366.2 (e)
PhCH,NH, neat liquid +357.3 (€3]
H,N—CH,—NH, in EtOH/H,0 +361.3 (€3]
@—CHZNHZ in H,O +360.8 (h)
=N +75.1 (ring N) (h)
@CH:NH{ in H,O, pH = 0 +351.7 (h)
=N +86.2 (ring N) (h)

88

g99M 'V "D PUB JVINVAILS T TAISMONVLIIM ‘W



</—_—\>-CH:NH§
VA
~N

H

in H,0, pH = —0.4

R,CH—NH, structures and corresponding ions

PrNH,
Bu‘NH,

O
[—CH,—CHNH,—],

(poly(vinylamine))

m = meso
r = rac

neat liquid
neat liquid

neat liquid

in 10% D,0O, pH > 10

mm triads

mr triads

T triads

in 10% D,0O, pH < 4
all triads

in liquid NH;,
R=H
R = OMe

in liquid NH;,

R=H
R = SMe
R = SO,Me

|
|

+351.0
+181.1 (ring N)

+332.5
+337.5

+335.7

+333.7

+335.5
+336.0

+336.8
+337.3
+337.8

ca. + 328

+326 (NH,)
+326 (NH,)

+335 (NH,)
+327 (NH,)
+324 (NH,)

(h)
(h)

(d)
(d)

(@
@)

)}

o)

AdOISOYLITdS YN NIDOYLIN
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Table 3. —cont.

Nitrogen shielding (ppm) referred

Compound Solution or state to neat nitromethane Notes
R,C—NH, structures and corresponding ions
Bu‘NH, neat liquid +317.3 (d)
N,N—CMe,—CH,—NH, 30% in C¢Dy +333.3 (NCMeg) k)
, + 368.4 (NCH) &)
H,N—CMe,—CH,—NHPr 30% in C¢Dy + 328.6 (NCMe) )
+329.2 (NCH) 9]
@\mg in H,O +315.2 )]
CH,—CH,
v ~ + 3
HCECH,—CH,;~—=C— NH;} in H,0 +319.6 ()]
\CHf—CHz/ ' :
CH,
HC<€:§:€EE7C_NH; in H,0 +331.3 ()]
CH,
AN .
HC—\CHI—CHZ/——C—NH} in H,O +329.7 )
CH;
e N
Hc—\—cm——c—NH_; in H,0 +327.2 )]

06
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R;NH structures and corresponding ions

Me, NH
Et,NH
(PhCH,),NH

(O

its adduct with
benzylidene-N,N’-
dimethylbarbituric acid and
p-chloro derivative thereof

(o] NH

\/
its adduct with
benzylidene-N,N’-
dimethylbarbituric acid and
with p-chloro derivative
thereof

HN NH

/
Bu'NH—CH,CH,—NHBu'

various
in CDCl,
neat liquid

in CDCl,

in CDCl,

in CDCl,
in CDCI,

in CDCl,
30% in C4Dj

in D,O

neat liquids

+374 to +371
+333.7
+340.3

+342.0
+343.2

+324.2

+347.8

+331.8
to +327.6

+346.4
+327.7

+332.7

(2)
(m)
(®

(n)
(m)

(n)

(n)
(n)

(m)
(k)
(0)

3)]

AdODSOYLIAdS YWN NIDOYLIN
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Table 3. —cont.

Nitrogen shielding (ppm) referred

Compound Solution or state to neat nitromethane Notes

R' R* R* R R’

H H H H H +339.8

Me H H H H +321.7

H H Me H H +340.8

Me Me H H H +311.3

Me H H H Me (cis) +302.0

Me H H H Me (trans) +307.7

Me H H Me H (cis) +3244

H Me H Me H (trans) +321.6

Me H Me H H (cis) +3274

H Me Me H H (trans) +3224

Me Me H H Me +3114
@®

o (NN @ ) trans +331.5

© [NHINH] a3 in D,O cis  +339.8 @
5y @

(1,4,5,8-tetraazadecaline, “TAD”)

TAD derivatives N-1 N-4 N-5 N-8 Q)

2,6-Me,-TAD

2,2,6,6-Me,-TAD
2,2,7,7-Me,-TAD
1.5-Me,-TAD

in D,0

trans-e.e +316.1 +331.1 +316.1 +331.3
trans-e,a +317.7 +334.6 +317.7 +334.6
in D,O +308.9 +337.6 +308.9 +337.6
in D,O +308.3 +337.9 +337.6 +308.9
in CDC],

trans (ring) +332.8 +341.4 +332.8 +3414
cis (ring) +340.4 +342.0 +340.4 +342.0
cis (ring), + 50°C +334.7 +356.9 +334.7 +356.9

4]
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(“BTAD”)
g
a0
(“DBTAD™)
Ph\l/\( Me
N__N
L)
Me)\/kl’h

R;N structures and corresponding ions

Me, N
Et;N
(PhCH,);N

Me,N—CH,CH,—NMe,

PhCH,,
N

N
PrCHS

-
( _ cHn

in D,O
trans

in CDCl,
trans

cis, +50°C

in CDCL,, cis
ring junction

various
various
in Et,0
in toluene

in MeOH
in CDCl,

solid state

N-1 N-4 N-5 N-8

+324.7 +332.5 +332.5 +324.7

+324.4 +331.7 +331.7 43244
+337.6 +333.1 +341.8 +3354

+334.6 +323.0 +338.6 +3214

+373 to + 362
+334 to +332
+330.1
+355.0

+332.1
+330.1

+338

(q)

(a)
(@)
(®
®

(®
(r)

(2

AdOOSOULIAdS YNN NHOOYLIN
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Table 3. —cont.

Nitrogen shielding (ppm) referred

Compound Solution or state to neat nitromethane Notes
o
) in acetone +339.6 (8
N
CHPh
N—CH,Ph
PHCHy—N X in CDCl, (0
OMe
X=S +342.2 (N-C-C)
+332.0 (N-C-0)
X = Se +343.1 (N-C-0O)
+332.3 (N-C-0)
PhCH,_ o _CHPh
TN NT ,
PhCHZ/N N‘CH;Ph in CDCI, +335.7 ()
Se
N—CH,Ph
NH' :
Meo\& \CHZPh in DMSO +326.4 r)

OMe

¥6
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it in DMSO
MeO “CH.Ph

OMe

- .Cx in CDCl,
L
_C——NPh
AN

> M B@ in CDCI
N 3s
NTT <« W —30°C

(syn) (anti)

Tetraalkylammonium ions, NR;}

NMe; Cl- 0.3min H,0O
NMe/ I- 0.3M in H,0O
NEt; ClI- 0.3M in H,O
NPr; occluded in ZSM-5

zeolite and silicalite

+325.8

+238.4 (NH*)

+ 288.3 (syn, 94%)
+298.8 (anti, 6%)

+337.7

+3373
+316.3
+315.1

(™

(s)

®
(®)

(a)
(a)
(a)
(u)

AdODSOY.LIddS YAN NIFDOYULIN
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Table 3. —cont.

Nitrogen shielding (ppm) referred

Compound Solution or state to neat nitromethane Notes
Some miscellaneous amino and ammonium structures
Me\ N\
N o] .
/ ~ m Dzo, (0)
+/P\o Cl 300K + 321.5 (doublet, 29 Hz)
w 298 5K +344.3 (doublet, 4 Hz)
’ + 298.5 (doublet, 62 Hz)
N(CH,CH,NH,), in CDCl, +360.9 (N) (m)
+364.4 (NH,) (m)
in CH,Cl, )
RI
R R!
Me 2,34,5-F, +251.5
CH,Ph 2,34,5-F, +243.2
H none +239.6
Me OMe
‘g‘ in CH,Cl, )
Me OMe
R=H +251.7
R=0C +200.1 (syn)

+218.3 (anti)

96
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Me OMe

()

Me OMe

N .
|  (azridines)
R

R

H

Me

CH,0H
CH,OMe
CH,COOMe
CH,C=CH
CH,CH=CH,
CH,CH,CN

cH,—N{]
c,—N_ |

CH,Ph
Cl

SiMe,

in CH,Cl,

50% in CDCl,

+214.4

+390.4
+ 380.0
+356.0
+363.5
+374.9
+373.0
+ 368.8
+367.4

+365.3

+365.7 (3-membered ring)
+ 328.7 (5-membered ring)

+365.6
+330.9
+338.1 (N)
+282.6 (NH,)
+384.3

)

(w)

AdOOSOULIIdS AN NIOOULIN
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Table 3. —cont.

Nitrogen shielding (ppm) referred

Compound Solution or state to neat nitromethane Notes
:N; \ .
| Me 50% in CDCl, (w)
R
R
Me +364.8
— + 350.7 (3-membered ring)
CH2 NC] + 321.6 (5-membered ring)
CH,—N 0 +352.3 (3-membered ring)
\_/ + 328.3 (6-membered ring)
NH, +323.7(N)
+282.6 (NH,)
N COOMe 50% CDCl, (W)
R
R = CH,OH +335.8
R = Cl +318.8
HSCH,CH,NH, in CDCl, +361.5 (x)
in CD,0D +359.8 (x)
HSCH,CH,NH; Cl~ in CD,0D +349.1 x)
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MeSCH,CH,NH,

HSCH,CH,NMe,
HSCH,CH, NEt,
HSCH.,CH,NH" Et,
MeSCH,CH,NEt,
R;SnSCH,CH,NR?
R' R?

Bu Et

Me Me

Ph Me
R!Sn(CI)SCH,CH,NR:
R' R

Et H

Me Me

Bu

Me H

Oct H

Me Et

Bu Et
R)Sn(SCH,CH,NR32),
R! R?

Et H

Oct H

Bu H

Me H

Bu Et

in CDCI,
in CDCl,
in CDCl,
in CD,0D
in CD,0D
in CDCl,

in CDCl,

in CDCl,

in CDCI,

+ 360.6
+355.9
+335.3
+331.6
+325.4
+334.2

+332.6
+353.8
+354.6

+351.3
+349.9
+348.9
+348.9
+348.7
+336.0
+334.5

+356.6
+356.1
+355.9
+353.5
+332.6

(x)
(x)
(x)
(x)
(x)
()

(x)

(x)

(x)

AdOOSOYLOAdS YWN NIDOULIN
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Table 3. —cont.

Nitrogen shielding (ppm) referred

Compound Solution or state to neat nitromethane Notes
Me,;SnCH, N(Me)CH,CH,NMe, in toluene +348.8 (NMe) )
. +354.6 (NMe,) (3)
Pr{ 13
N\——/N\ 3 )
) Pr in CDC], )
R
R N-1 N-2 N-3
H +249.1 +239.0 +241.2
COOMe (—22°C) +2248 42134 42272
Me +2449 +2259 +2227
CH,0H +241.5 +2332 42259
Pr{ o P
N—N 3 .
in CDCl, )
m |
R N-1 N-2,3
H o +260.3 +236.2
COOMe (=27°C) +2352 +215.3
CH,0H +2396 +2235
3)
Ny ¥ in CDCl, )
N NTTNR

001
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R
H

COOMe
Me
CH,0OH

NH, and NMe; adsorbed
on zeolite Y

NH; coordinated to zeolite,
not removed by outgassing

NH/ , hydrogen-bonded,
removed by outgassing

NH,, hydrogen-bonded

Me,NH*

Ammonium moieties
in biochemical structures

Dipalmitoyl-phosphatidyl-
choline (DPPC)
—CH,—NMe; moieties

Dipalmitoyl-phosphatidyl-
ethanolamine (DPPE)
—CH,—NH,/—NH;

(in DMSO)
(—30°C)

solid state

(aqueous dispersion)
(in MeOH)
(in chloroform)

(inH,O,pH =5t07)
(aq. disp., pH5 to 9)
(aqueous, pH = 12)

N-1

+285.4
+285.8
+260.9
+275.7
+263.4

N-2,3

+260.8
+261.2
+241.2
+241.8
+248.0

+ 353, +357

+ 360

+ 346

+333.7
+3334
+3329

+352.7
+352.7
+364

., +358, +361, +364

@)

(A)
A
(A)

(A)
(A)
A)

AdODSOYULDHdS YN NIDOYLIN
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Table 3. —cont.

Nitrogen shielding (ppm) referred

Compound Solution or state to neat nitromethane Notes
Pig heart and kidney tissues (aq. disp.)
NH/; +359.1 (B)
choline —CH,NMe; +332 (B)
betaine (trimethylglcine)— + 333 (B)
CH,NMe;
synthetic dopa melamin (solid state) +353 ©
ammonium/amino moieties
H;N*—CH,CH,PO,H" solid state +339.7 D)
_OH
H;N*—CH,CH,C—PO;H" solid state +339.7 (D)
N
z/—h&c— CH,CH,NMe in aqueous NaOH + 349.6 (NMe,) (E)
~N
E/-I%c—cmcuz NH in aqueous NaOH +247.2 (NH) ®
~N

2

(a) See ref. 5, pp. 244-263, 290-296, and references therein.
(b) Data from ref. 351, 20.3 MHz '*N CPMAS and static powder spectra, referenced originally to liquid NH,, + 381.9 ppm from neat nitromethane

(Table 2), conversion scheme II (Table 1).

(c) Data from ref. 296, 28.913MHz '“N single-crystal spectra, referenced originally to solid NH,Cl, +341.0ppm from neat nitromethane

(uncorrected, see Table 2).

[0
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(d) Data from ref. 563, 20.3 MHz "*N spectra, field parallel to sample tube, referenced originally to formamide in DMSO, + 264.7 ppm from neat
nitromethane (Table 2), conversion scheme IVb (Table 1); reported originally vs fictitious ammonia standard taken at + 112.2 ppm from the reference
employed.

(e) Data from ref. 1020, 30.4 MHz "*N spectra, field parallel to sample tube, referenced to neat nitromethane, uncorrected for bulk susceptibility
effects.

(f) Data from ref. 1021, 20.3 MHz '*N spectra, field parallel to sample tube, referenced to neat nitromethane, uncorrected for bulk susceptibility
effects.

(g) Data from ref. 442, 36.5 MHz "* N spectra, field parallel to sample tube, and 20.3 MHz CPMAS '"*N spectra, referenced originally to liquid NH,,
+ 381.9 ppm from neat nitromethane (Table 2), conversion scheme IIb (Table 1).

(h) Data from ref. 1022, 25.3 MHz "N spectra, field parallel to sample tube, referenced originally to neat nitromethane, but reported vs fictitious
ammonia standard taken at + 380.2 ppm from the actual reference employed; the latter value does not pertain to the field-to-sample setup involved
(Table 2).

(i) Data from refs 1023 and 995, 30.5 MHz N spectra, field parallel to sample tube, referenced originally to NH,Cl in 10mM HCI, + 349.9 ppm
from neat nitromethane (Table 2), conversion scheme IIb (Table 1); originally reported vs fictitious ammonia standard taken at + 30.3 ppm from
the reference employed, see comments in footnote (h).

(j) Data from ref. 162, 30.4 MHz '* N spectra, field parallel to sample tube, referenced originally to nitromethane in MeOH, calibrated (+ 1.97 ppm,
uncorrected) against neat nitromethane, conversion scheme IVb (Table 1).

(k) Data from ref. 1024, 20.3 MHz "N INEPT spectra, field parallel to sample tube, referenced originally to 0.1 M nitromethane in CDCl;,
+ 3.8 ppm from neat nitromethane (Table 26), conversion scheme IIb (Table 1).

() Data from ref. 1025, 9.04 MHz '*N spectra, field perpendicular to sample tube, referenced originally to aqueous NH,Cl, + 352.9 ppm from neat
nitromethane (Table 2), conversion scheme Ila (Table 1).

(m) Data from ref. 930, 36.5 MHz '*N spectra, other details as in footnote (e).

(n) Data from ref. 1026, 25.4 MHz '*N spectra, field parallel to sample tube, referenced to neat nitromethane, uncorrected for bulk susceptibility
effects.

(o) Data from ref. 1027 and ref. 1028, 8.1 MHz *N spectra, * P-coupled, field perpendicular to sample tube, referenced to 1 M HNO;, + 6.2 ppm
from neat nitromethane (Table 2), conversion scheme Ila (Table 1).

(p) Data from ref. 1029, 8.12MHz "*N spectra, field perpendicular to sample tube, referenced to neat nitromethane (uncorrected for bulk
susceptibility effects) via a calibrated sample of aqueous HNO,.

(q) Data from ref. 513, 40.6 MHz '*N spectra, field parallel to sample tube, referenced originally to neat nitromethane, uncorrected for bulk
susceptibility effects.

(r) Data from ref. 159, 30.4 MHz "N spectra, field parallel to sample tube, referenced originally to NH, in aqueous NH,NO;, + 359.6 ppm from
neat nitromethane (Table 2), conversion scheme IIb (Table 1), but reported vs fictitious ammonia standard taken at + 19.7 ppm from the reference
employed; we retrieved the original values and recalculated them as noted above.

AdOOSOULOAdS YAN NIDOYLIN
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Table 3. —cont.

(s) Data from ref. 803, 40.5 MHz spectrum, details as in footnote (v).

(t) Data from ref. 1030, '*N label, 9.04 MHz '*N spectra, field perpendicular to sample tube, referenced to neat nitromethane, uncorrected for bulk
susceptibility effects; originally reported vs liquid NH, reference taken at + 380.2 ppm from neat nitromethane; only a broad singlet was observed
at room temperature.

(u) Data from ref. 355, 30 MHz "N CPMAS spectra, referenced originally to solid NH,Cl, + 341.0 ppm from neat nitromethane, uncorrected for
bulk susceptibility effects (see Table 2).

(v) Data from ref. 1031, 40.55 MHz '*N spectra, field parallel to sample tube, referenced to neat nitromethane, uncorrected for bulk susceptibility
effects; proton-coupled and decoupled spectra, Cr(acac), added as a relaxation reagent.

(w) Data from ref. 1032, 9.12MHz '*N spectra, field perpendicular to sample tube, referenced to neat nitromethane, uncorrected for bulk
susceptibility effects.

(x) Data from ref. 768, 18.2 MHz '*N spectra, field parallel to sample tube, referenced to neat nitromethane, uncorrected for bulk susceptibility
effects except for those resulting from the presence of some Cr(acac), in the reference sample employed.

(y) Data from refs 119 and 1033, 20.3 and 40.6 MHz '*N INEPT and DEPT spectra, field parallel to sample tube, referenced to neat nitromethane,
uncorrected for bulk susceptibility effects; Cr(acac), added as a relaxation reagent.

(z) Data from ref. 422, 20.3 MHz '*N CPMAS spectra, referenced to neat nitromethane, uncorrected for bulk susceptibility effects; 34 MHz
spinning rate.

(A) Data from refs 461, 470 and 565, 25.34 MHz '*N spectra, field parallel to sample tube, referenced to neat nitromethane, uncorrected for bulk
susceptibility effects.

(B) Data from ref. 566,28.91 MHz "N spectra, field parallel to sample tube, referenced originally to | M NaNQ,, + 3.5 ppm from neat nitromethane
(Table 2), conversion scheme IIb (Table 1).

(C) Data from ref. 363, 30.41 MHz '*N CPMAS spectra, referenced originally to aqueous NH,Cl, + 352.9 ppm from neat nitromethane (Table 2),
conversion scheme II (Table 1).

(D) Data from ref. 411, 30.4 MHz '*N CPMAS spectra, referenced to NOj in aqueous NH,NO,, + 4.0 ppm from neat nitromethane (Table 2),
conversion scheme II (Table ).

(E) Data from ref. 1034, 30.5 MHz '*N spectra, field parallel to sample tube, referenced originally to NOy in aqueous NH,NO,, + 4.0 ppm from
neat nitromethane (Table 2), conversion scheme IIb (Table 1).

v0l
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Table 4. Nitrogen shieldings in some enamines, enaminones and related structures

Nitrogen shielding
(ppm) referred to neat

Compound Solution or state nitromethane Notes
_Ph
H,C=C neat liquid +306.4 (a)
NEt,
_Ph
Me,C=C_ neat liquid +352.1 (a)
NMe,
/N .

0O N in CDCl, +311.9 (b)

RN om o™ in DMSO

R NHR or CDCl,

R' R? R’ R? (in DMSO) (in CDCl;)

H Ph CN COOEt (Z-isomer) +249.6 +2469 (c)
(E-isomer) +253.1 +250.5 (c)

H Ph COOEt COOEt +251.8 +251.8 (¢)

H Ph COMe COOEt (Z-isomer) +248.0 (c)
(E-isomer) +246.2 +246.3 (c)

H Ph COMe COMe +247.6 +2475 (c)

Me Ph CN H (E-isomer) +264.7 (o)

Me Ph CN COOEt (Z-isomer) +2453 (¢

Me Ph CN CSSEt  (Z-isomer) +231.8 (¢)

265.0

H H CN  COOMe +279.1 {i 06 ©

H H COOEt COOEt +2754 +2696 (c)

H H COOMe COOEt (Z-isomer) +271.7 +264.8 (c)
(E-isomer) +269.7 +262.9 (c)

H H COMe COMe +274.8 +2642 (c)

Me H COOMe H +277.0 d)

OMe H CN COOMe (NH,) +288.5 e)

(CN) +121.8 (e)

Q N in DMSO
| (R = COMe)  +2413 )
! (R = COOMe) +246.3 @)
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Nitrogen shielding
(ppm) referred to neat

Compound Solution or state nitromethane Notes
R in CDCl, ()]
A (R = H) +2342
N\M (R = Me) +229.7
¢ (R = SEt) +229.9
o (R=0CD +231.0
(R = Br) +230.0
(R = SOEY) +241.7
(R = SO,Et) +244.1
R in CDCl, 3]
(R = Me) +236.4
AN (R = COMe) +233.0
N (R = COOMe) +231.6
Me (R=CD +235.3
o] (R = Br) +232.5
R=1 +228.0
MmO
HyN CH,CONH, in DMSO +286.8 (7-N) (2)
OMe in DMSO
Me N - + ZnCl, + CuCl +295.3 (7-N) (g)
o
(mitomycin C)
H
L
I in DMSO (h)
Rl
o]
R? R’
H Me +246.2
COOEt Me +245.1
COOEt p-NO,C4H,CH=CH +255.9
N CH=CH—©—N02
: T/ ~ COOE! in CDCl, +85.0 (C=N) (h)
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Nitrogen shielding
(ppm) referred to neat

Compound Solution or state nitromethane Notes
Me
QPN
T CH, in Et,0, —80°C +230.0 @)
Li
(complexed with ether)
1] . )
NS R =
H\O',C\Rz
in CHCY,
Rl RZ
H CCl; (75% NH-tautomer) + 198
CN OEt (98% NH-tautomer) +225
' ~
R, = uwomer in CHCl, +229 6)
Lo (80% NH)
07 “Ph
(\ in CHCl, +88 0)
J\| == tautomer (15% NH)
H.\ 2SN
~cci,
El(') (I)El
o7 o
A Cop i in CHCI, +273 G)
e (100% NH)
EI07 ¢ ‘rf’ \\'C’ “OE!
E0” ot oror
N N
[ s E s in CHCl, +40 (m)
N7~ -— N | (0% NH )]
| H
H.eCpn Ao ph
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Table 4. —contd.

Nitrogen shielding
(ppm) referred to neat

Compound Solution or state nitromethane Notes
N\
@ =—> wuomer in CHCl, (m)
fT] N
oSk
R
CF, (91% NH 7) +216
Ph (70% NH 7) + 196
4-OMe-phenyl (85% NH ?) +210
4-pyridyl (50% NH 7 +177
0
o p in DMSO +215.6 (k)
N in CDCl, +220.2 k)
H

in DMSO +239.5 k)
in CDCl, +240.0 (k)
H Oy Ph
R-N, C-N
sl in CDCY, )
Me”
R = Ph +255.8 (NH)
+ 189.8 (NPh)
+87.5 (=N)
R = 2-Br-phenyl +253.4 (NH)
+ 189.8 (NPh)
+91.3 (=N)
MeS, H
c=C_ N
MeiN c=c’
CN
in CDCl, (n)



NITROGEN NMR SPECTROSCOPY

Table 4. —contd.

109

Nitrogen shielding
(ppm) referred to neat

Compound Solution or state nitromethane Notes
R (NMe,)
OMe +271.6
Me +271.2
H +269.8
Br +268.8
NO, +266.4
Mew Me
N_ N solid state +238.5 (NH) (0)
@[ H D +92.5(=N) (©)
ey
)J\A <> tautomers
Me Me
H R
R' O N
O‘O <= imino tautomers ®
R' O N__
R!' R?
H H in DMSO +264.1
H CH,CH,NHCH,CH,OH  in DMSO +246.0 (enamine)
OH CH,CH,0H in DMSO +2445
OH CH,CH,NEt, in CDCl, +249.7 (enamine)
OH CH,CH,NHCH,CH,0H in DMSO +249.7 (enamine)
H Ph in DMSO, +27°C +200.2
+97°C +189.1
in CDCl,, —33°C +227.8
+57°C +202.8
OH Ph in CDCl, +242.8

(2) Data from ref. 1035, 8.1 MHz >N spectra, field perpendicular to sample tube, referred
originally to 1M HNO;, + 6.2ppm from neat nitromethane (Table 2), conversion scheme Ila

(Table 1).

(b) Data from ref. 1036, 40.55Mz '*N spectra, field parallel to sample tube, referenced
originally to neat nitromethane, uncorrected for bulk susceptibility effects; reported originally
vs fictitious ammonia standard taken at + 380.2 ppm from neat nitromethane, see comments in

footnote (e).
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(c) Data from ref. 771, 9.12 MHz "N spectra, field perpendicular to sample tube, referenced
to neat nitromethane, uncorrected for bulk susceptibility effects.

(d) Data from ref. 1037, 30.4 MHz "*N spectra, field paraliel to sample tube, referred to neat
nitromethane, uncorrected for bulk susceptibility effects.

() Data from ref. 193, 50.7 MHz proton-coupled "*N spectra, field parallel 1o sample tube,
referenced originally to ammonium nitrate and recalculated to fictitious ammonia standard
taken at + 380.2 ppm from neat nitromethane (the latter value refers actually to measurements
where the field is perpendicular to sample tube), conversion scheme 1Vd (Table 1).

(f) Data from ref. 1038, 25.32 MHz '*N DEPT spectra, field parallel to sample tube, refer-
enced originally to neat nitromethane, uncorrected for bulk susceptibility effects, but reported
vs fictitious ammonia standard taken at + 380.2ppm from nitromethane (see comments in
footnote (e)).

(g) Data form ref. 1039, 7-'*N label, 25.3 MHz '*N spectra, field parallel to sample tube,
referenced originally to the nitrate ion in NH,NO; in DMSO, +3.3ppm from neat nitro-
methane (Table 2), conversion scheme 1Ib (Table 1).

(h) Data from ref. 802, 36.5 MHz '*N spectra, other details as in footnote (d).

(i) Data from ref. 1040, 33% '*N label, 10.13 MHz "*N spectra, field perpendicular to sample
tube, referenced originally to N-methylaniline, but reported vs liquid NH; (taken at + 52.8 ppm
from the actual standard, and at + 380.2 ppm from neat nitromethane), conversion scheme IVa
(Table 1).

(j) Data from refs 551, 553, 784, 791 and 1041, 30.4 MHz '*N INEPT spectra, other details
as in footnote (d).

(k) Data from ref. 786, 36.4 MHz '*N spectra (inverse-gated decoupled or DEPT), field
parallel to sample tube, referenced originally to NO;™ in aqueous NH,NO,, + 4.0 ppm from neat
nitromethane (Table 2), conversion scheme IIb (Table 1); originally reported vs liquid ammonia,
taken at + 376.2 ppm from the standard employed.

(1) Data from 548, 40.55MHz "N spectra, field parallel to sample tube, referenced to neat
nitromethane, uncorrected for bulk susceptibility effects; Cr(acac); added as a relaxation
reagent.

(m) Data from refs 550, 552, and 1042, 21.68 MHz '*N spectra, field parallel to sample tube,
referenced to neat nitromethane, uncorrected for bulk susceptibility effects; it is not clear which
of the nitrogen atoms was actually observed in the '“N spectra where signal broadening and
overlap effects can take place; the estimates of the tautomeric compositions seem to be uncertain.

(n) Data from ref. 816, '*N-labelled NMe, moiety, 9.12 MHz "*N spectra, field perpendicular
to sample tube, referenced originally to neat nitromethane, uncorrected bulk susceptibility
effects.

(o) Data from ref. 432, 9.12MHz >N CPMAS spectra at — 137 to +87°C, dynamic NMR
effects observed in the solid; referenced originally to solid NH,Cl, +341.0ppm from neat
nitromethane (Table 2), uncorrected for bulk susceptibility effects.

(p) Data from ref. 783, 10.09 MHz '*N spectra, field perpendicular to sample tube, referenced
originally to neat nitromethane, uncorrected for bulk susceptibility effects.
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Table 5. Nitrogen shieldings in amino groups coordinated to boron and silicon

Nitrogen shielding
(ppm) referred to neat

Compound Solution or state nitromethane Notes
Amine-borane adducts
H;N - BH, in C¢D¢/THF +373.0 (a)
Et3N b d BH3 in C6D67 +60°C + 338.8 (a)
Me;N - BF; in CH,Cl, +345.8 (a)
Me; N — BCl, in CH,Cl, +337.8 (a)
Me;N — BBr, in CH,Cl, +340.8 (a)
Me;N — BI, in CH,Cl, +351.6 (a)
other structures various (b)
Boratranes
0
R—N-—-B—Ph solvent ? (c)
o]
R
H +319.1
Me +313.8
Et +305.7
i-Pr +298.1
n-Bu +306.5
i-Bu +305.3
t-Bu +291.1
Silatranes
0
i
o]
R
H in DMSO +1352.1 (d)
in DMSO +353.9 (e)
in acetone-dg +355.1 (e)
in CDCl, +355.9 (e)
F in CH,Cl, +349.3 )
Cl in DMSO +347.8 (e)
in CDCl, +348.8 (e)
in CH,Cl, +348.8 ®
Br in CH,Cl, +348.0 (3]
I in CH,Cl, +346.9 )
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Table 5. —contd.

Nitrogen shielding
(ppm) referred to neat

Compound Solution or state nitromethane Notes

CH,Cl1 in DMSO +351.5 (d)
in DMSO +353.2 (e)
in CDCl, +355.2 (e)

OMe in DMSO +352.3 (e)
in CDCl, +353.1 (e

CH,NHPh in DMSO +353.7 d)

Ph in DMSO +354.1 (d)
in DMSO +355.0 (e)
in CDCl, +357.2 (e)

CH=CH, in DMSO +354.5 (d)
in DMSO +355.3 (e)
in CDCl, +357.9 (e)

Me in DMSO +355.9 (d)
in DMSO +357.0 (e)
in CDCl, +360.0 (e)

CH,CH,CH,SH in DMSQ +356.3 (d)

CH,CH,CH,CN in DMSO +359.3 (d)

@H

r~1—-Si\2r‘!"-I in CDCl, (2
NH

R NSi NH

H +346.8 +350.1

Me +354.7 +352.8

CH=CH, +352.8 +354.0

Ph +3522 +354.1

other silatranes and related various (h)

structures

(a) Data from ref. 757, 20.3MHz “*N spectra, field paraliel 1o sample tube, referenced
originally to 0.1M nitromethane in CDCl;, +3.8ppm from neat nitromethane (Table 2),
conversion scheme IIb (Table I).

(b) See ref. 5, p. 299, and references therein.

(c) Data from ref. 1043, 20.3 MHz and 36.5 MHz "*N spectra, field parallel to sample tube,
referenced originally to neat nitromethane via a calibrated sample of aqueous NaNOQ,, uncor-
rected for bulk susceptibility effects, solvent not reported.

(d) Data from ref. 1044, 30.4 MHz "* N spectra, field parallel to sample tube, referenced to neat
nitromethane, uncorrected for bulk susceptibility effects.

(e) Data from ref. 936, 36.5 MHz "N spectra, other details as in footnote (d).

(f) Data from ref, 274, 'H{**N} INDOR spectra, spectrometer not reported, referenced to
neat nitromethane, uncorrected for bulk susceptibility effects.

(g) Data from ref. 930, details as in footnote (e).

(h) See ref. 5, pp. 271-276, and references therein.
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Table 6. Nitrogen shieldings in amino groups bound to elements other than carbon

Nitrogen shielding
(ppm) referred to neat

Compound Solution or state nitromethane Notes
(Me, N),P=X in C;Dg (a)
X
lone pair +349.7
Se +346.8
Te +345.5
NEt, +364.7
BH, +346.1
Me
|
N
[ r—w in C,D; (b)
0
R NMe NR,
Me +344.0 +324.1
Et +3450 +292.8
i-Pr +352.1 +274.1
R, N R
R3/|'T—N_|IT\R4 in benzene (c)
o o0

Cl Cl Cl Cl +274.7
OEt (I Cl Cl +285.1

+296.9
OEt ClI OEt Cl diastereoisomers {+ 297.1
OEt OEt CI Cl 15?82

OEt OEt OEt Cl

OEt OEt OEt OFt +324.7

15
NMe
s/ Me 5

Me
ﬁj\—f in MeCN +360.8 (°N) @)
//P

0" NMe,

/
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Nitrogen shielding
(ppm) referred to neat

Compound Solution or state nitromethane Notes
other P-bound amino groups see Table 23 and
ref. S, pp. 277-283
Me, B—NH, +283.1 ()
{Me,B—NH,], +3354 ©)
H,N—B
+354.5 (e)
THF, +60°C
B(NHMe), +355.5 (e)
Me
7/
N\
E SB—NiMe +358.5 (NHMe) ©)
N\
Me
Ph,B—NHMe +289.5 (3
X R
NH, t-Bu +302
i-Pr +307
Et +299
Me +297
NHMe F-Bu +297
i-Pr +301
Et +294
Me +293
NHPr t-Bu + 255
i-Pr +262
Me +263
NHBu' t-Bu +249
i-Pr + 257
Me

+ 248
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Table 6. —contd.

Nitrogen shielding
(ppm) referred to neat

Compound Solution or state nitromethane Notes’
NHSiMe; t-Bu + 286
i-Pr +291
Et +292
Me + 286
NHPh t-Bu + 260
i-Pr +267
Me +259
NMe, t-Bu + 300
i-Pr +296
Et + 306
Me + 300
NEt, i-Pr + 269
Et +266
Me +299
RI\ /S\ /R2
N 1 in CDCl, (h)
Me” ST TMe
R! R?
SiMe, SiMe, +269.2
t-Bu SiMe, + 260 (unresolved)
t-Bu t-Bu +216.3
SiMe,Cl SiMe,Cl +257.0
Ph SiMe,Cl =+ 258 (unresolved)

Me

(5 s
Me

L.
N

Me

B— t-Bu

/ N 7 N\

Me

+ 270 (unresolved)

+280, +321
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Table 6. —contd.

Nitrogen shielding
(ppm) referred to neat

Compound Solution or state nitromethane Notes
rlsJ(Pri)z
B—N(r); in CDCl, 4+255.2, +245.4 @)
Me
X=X
NH—B\C_é in CDCl, ()
M e E X=S5 +278
¢ X = Se +275
(CF;S),N—BX, neat liquids (k)
+ 10% C¢Dy
X
F +349 + 2
Cl +309
Br +299
N, +335.2
NHSCF, + 346.6 (NH)
[(CF,S),N],BX neat liquids (k)
+ 100/0 C6D6
X
Cl +329.4
Br +325.0
N, +340.0
NHSCF; +332.4 (NH)
[(CF,S),N];B neat liquid +336.8 k)
+ 10% C4Dy
(CF;SNH)BCl, 50% in C¢Dy +311 £ 5 k)
(CF;SNH),BCl 50% in C¢Dg +338 £+ 5 k)
(CF;SNH),B 50% in C¢Dy +356.2 (k)
(CF;S),NBCl, - NMe; in CCl,/C¢Dy +330 (k)
NHSCF,
He B _H
‘If’ \1;1’ in CDCl, +309.0 (ring NH) (k)
ABo B + 351.4 (NHSCF;) (3]
FyCSHN™ "N” “NHSCF,

H
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Nitrogen shielding
(ppm) referred to neat

Compound Solution or state nitromethane Notes
NHSCF,
NN neat + 10% C¢Dg + 310.4 (NHSCF;) k)
s J\ + 183.4 (ring N) (k)
FiCSHN” N “NHSCF,
S
(Pr'y;N—B
50% in CDCl, +243.2 (N-2, 3) 0]
(Pri),N—BY \N(Pri)z +252.3 (N-1) ()
@ e
N sat. in CDCl, +222.3 (N-Pr) (m)
/B—N(Pri)2 +68.1 (ring N) (m)
Me
in CDCl, +238.2 (n)
Bu'
_Et
in CDCl, +237.2 (n)
~Bu!
Et B/Me
[ ‘ in CDCl, +244.7 (B-N-Se) (n)
B se g NSIMen: +316.3 (N=Si) (n)
other amino groups bound to boron see Table 5
and ref. 5,
pp. 272, 285
H,NSiMePh, in C¢Dy +373.8 (o)
H,NSi(Bu')Me, in C¢Dy +375.7 @
H,NSi(Me,)CMe,CHMe, in C4Dy +371.8 ()]
HN(SiMe,), in acetone-dg +354.2 (p)
HN(SiMe, Ph), 50% in CDCl, +357.8 (0)
HN(SiMePh,), 50% in CDCl, +361.5 (0)
Me, SiNHSi(Bu')Me, in C4Dy +360.0 )
Me, SiNHSi(Me;)CMe,CHMe, in C,D; +356.5 )]
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Table 6. —contd.

Nitrogen shielding

(ppm) referred to neat

Compound Solution or state nitromethane Notes
HN(SiMe,Cl), 50% in CDCl, +3343 (o)
Me, Si—[0O—SiMe,—]);—NH—[—SiMe,—O—]—SiMe, ‘
in CDCl, +335.7 (0)
@\NHSME; in CDs +318.4 (@
Me,C(Et)NHSiMe, in C¢Ds +327.7 @
Bu'NHSiHMe, in C¢Dy +326.3 Q@
Bu'NHSiMe, 50% in CDCI, +323.9 (p)
in C6D6 + 325.0 (r)
Bu'NHSIEt, in C¢Dy +331.2 @
Bu'NHSiMe,Ph 50% in CDCl, +325.7 P
Bu'NHSiMePh, 50% in CDCl, +327.3 (p)
(Bu'NH),SiMe, 50% in CDCl, +3174 (9]
(Bu'NH),SiHMe in CsDs +317.3 @
(Bu'NH),Si(Me)Ph in C¢Ds +317.5 Q)
(Bu'NH),Si(Me)CH=CH, in C¢Dy +315.8 @
(Bu'NH):Si<> in C4Ds +312.4 ()]
(Bu'NH),5i{ | in C¢Dg +317.1 ()
Bu'NHSi(OEt)Me, 50% in CDCI, +317.6 ()
Bu'NHSIi(OEt),Me 50% in CDCl, +321.5 (P)
(Bu'NH),Si(OEY), 50% in CDCl, +324.9 ()
Bu' NHSi(OEt), 50% in CDCl, + 3304 (p)
Bu'CH,CMe, NHSiMe, in C¢Ds +321.7 r)
Bu'NHSiMe, Pr in C,Ds +326.9 q)
cl
BulNHéi: | in C¢Dg +313.7 Q@
Pr'NHSiMe,Pr' in C¢Ds +337.1 )]
Pr'NHSi(Bu')Me, in C¢Dy +338.3 Q)
Pr'NHSi(Me,)CMe,CHMe, in CyDg +336.2 Q)
Pr'NHSi(Ph)Me, in C4Ds +334.5 @
Pr'NHCH,CMe, NHSiMe; in C¢Dg +330.1 (NHPr) (@)
. +326.5 (NHCMe,) Q)
(Pr'NH),SiMe, in C4Dy +325.1 (@
(Pr'NH),Si(Me)Ph in C¢D, +329.1 Q)
(Pr'NH),Si(Me)CH=CH, in C¢Dy +329.1 @
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Nitrogen shielding
(ppm) referred to neat

Me

Compound Solution or state nitromethane Notes
(PriNH):Si<> in CsDy +325.1 (@
(PriNH),Si I in C4Dy +330.5 @
Bu*NHSiMe, in C¢Dy +337.2 (r)
Bu'NHSiMe, in C¢Dy +356.9 (r)
(PrNH),SiMe, 50% in CDCl; +351.0 (s)
PrNHSi(OEt)Me, 50% in CDCl, +348.9 (s)
(PrNH),SiMe 50% in CDCl, +351.6 (s)
(PrNH); SiCH=CH, 50% in CDCl, +353.6 (s)
(PrNH),SiPh 50% in CDCl, +353.5 (s)
(PrNH),Si 50% in CDCl, +354.4 (s)
Et, NSi(OEt), in C¢Dy +349.9 (s)
EtNHSiMe, in C¢Dq +349.3 (r)
EtNHSi(Bu')Me, in C¢Dy +354.8 )
EtNHSi(Me,)CMe,CHMe, in C,Dy +352.3 @
EtNHSi(Ph)Me, in C¢Dy +351.5 ()]
Me;SiNHCH,CH,NHSiMe;  in C¢Dy +358.9 @
Me,; SiNHCH(Me)CH, in C¢Dg +341.4 NHCHMe) )
NHSiMe, +359.4 (NHCH,) (a)
Me; SiNHCMe,CH, NHSiMe; in C¢Dq +363.2 (NHCH,) (@
+334.5 (NHCMe,) @
Bu'(Me,)SiNHCH,CH, in C4Dj +364.3 @

NHSi(Me,)Bu'
PhCH(Me)NHSiMe; in C¢Dy +335.9 (@)
PhNHSiMe, in acetone-d, +3149 r)
PhNHSiHMe, 50% in CDCl, +3204 p)
PhNHSiMe, Ph 50% in CDCl; +317.7 (p)
PhNHSiMePh, 50% in CDCl, +319.5 )
(PhNH),SiMe, in acetone-d; +312.7 )
PhNHSI(OEt)Me, 50% in CDCl, +310.8 (9]
(PhNH),SiMe 50% in CDCl, +313.1 (p)
(PhNH), Si(OEt)Me 50% in CDCl, +313.5 (p)
PhINHSIi(OEt), Me 50% in CDCl, +314.6 )
(PhNH),Si(OEt), 50% in CDCl, +319.2 (p)
PhNHSI(OEv), 50% in CDCl, +3223 ®)
in cyclohexane +321.5 ()]
in DMSO +320.7 (r)
NHSiMe; in C¢Dy +316.9 @
Me
Me
NESiMe, in CD +328.4 @ -
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Table 6. —contd.

Nitrogen shielding

(ppm) referred to neat

Compound Solution or state nitromethane Notes
M i .
Mc:ClSi—N/iiNe—.SiclMez m CDC]3 +322.1 (0)
“SiMe,
,SiMe,
H)NSiMe,—N_ N—SiMe;NH, in CDCl, +323.8 (N) (0)
SiMe +363.1 (NH,) (o)
,S§Me;
Et0SiMe;—N_ N—SiMe,OEt in CDCl, +325.4 (o)
SiMe
SR in CDCl,
HN' "NH R = Me +347.3 (0)
MC:SLNH,SiMe: R = Ph +347.6, +351.0 (0)
. SMe;
HN 'NH in CDCl, +3454 (1)
Me,Si__SiMe,
~o
O/SQVlez
Mezsli\ _SiMe; in CDCl, +3429 v
NH
O/s@h2
Mezsli\ _SiMe, in CDCl, +341.9 (3]
NH
Me,_?i—NH—?iMez
HTF NH in CDCl, +341.7 (o)
Me,Si— NH— SiMe,
Me,Si— NH—?iMez
0 o] in CDCl, +3349 ®)

|
Me ,Si— NH—SiMe;,
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Nitrogen shielding
(ppm) referred to neat

Compound Solution or state nitromethane Notes
Me,Si— NH— SiMe,
Y 0 in CDCI, +334.9 (t)
Me,Si— O —SiMe,
O—SiMe:—O—?iMcz
Me:ISi r‘vH in CDCl, +336.7 ®)
O—SiMe ;— NH-—SiMe,
(l)—SiMeg—NH—?iMez
MeQISi o) in CDCl, +335.1 t)
O— SiMe ;— NH—SiMe,
Me:S—O—SiMeg—TH
H piMe: in CDCl, +334.8 (t)
Me,Si |
0—SiMe ,—NH—SiMe,
Me,SINHCH,CH,NHSiMe;  in C,D, +358.8 (r)
N
& in CDCl, +317.1 (N—Si) (u)
+74.8 (—N=) (u)
N~ giMe,
~N
N7 in CDCl, + 308.6 (N—Si) (u)
N +38.9 (—N=) 1))
~~SiMe,Cl
N(SiMe, ), CsDg +345.8 (r)
Me,Si— SiMe,
in C¢Dg (9]

RHN  NHR
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Nitrogen shielding
(ppm) referred to neat

Compound Solution or state nitromethane Notes
R :
Me +378.4
Et +354.3
Bu +362.0
Pr +337.4
Bu’ +342.0
Bu' +326.9
Bu'CH,CMe, +326.5
SiMe, +359.4
Si(Me,)Bu' +367.3 (@)
[(RNH),SiMe—SiMe(NHR),], in C,D; (@
R
Bu' +3144
Pr +325.1
+328.3, + 3284,
Bu’ +1328.5, +328.8,
— +328.9, +329.0
Me ,Si— NH—SiMe,
Me ,Si— NH—SiMe, in CDg +360.2 (r)
Bu, PNHSiMe, in C;Dg +360.9 @
other Si-bound amino groups see Table 5
and ref. 5,
pp. 271, 273-276, 284
Ng! in CsD +200.1 )
MeaSi/ Sn n L6 ’
N 2
NBu
Npu!
Me35i< SnMe; in C4Dy +314.4 (*) )
NBu'
Ng!
Messi{ sacl, in CeD, +272.0 (*) )

NBu!
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Nitrogen shielding
(ppm) referred to neat

Compound Solution or state nitromethane Notes
Ngu‘ Ngu‘ .
Messi{_ s SiMe, in C¢Dg +295.0 V)
NBu'  NBu'
t
/\ /Ngu )
Me-Si S SiMe in CgD 271.4
e 1\N§u1n\/ 1Me> 1) + (V)
NBu' .
Me,Sn  SnMe; in C4Dg +310.4 )
NBul 50% in C6D6 + 310.7 (W)
NCMe-CH;Bu!
E6Sn SnEL in C4Dy +313.8 )
NCMe,CH,Bu!
1
Messi” o .
Me;S‘i\Ngut in C¢Dq +192.9 )
_NR
MegSl? \Sth33 .
Me,Six N{Q n C6D6
R
Bu' +317.8 v)
Pr +336.3 (w)
Bu'CH,CMe, +316.0 w)
S /Nyu‘
Me:31" Yenc, in C4D, +300.8 W)
Mc:Sl\Néul
Me, SiN(Bu')SnMe, in C4D, +324.1 (w)
Me, SiN(SnMe,), in C¢Dy +374.4 (w)
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Table 6. —cont.

Nitrogen shielding

(ppm) referred to neat

Compound Solution or state nitromethane Notes
N(SnMe,); in C¢Dyg +396.0 (x)
Me, Sn(NEt,), in C¢Dy +341.1 (w)
Me, Sn[N(Me)Ph], in C¢Dq +322.7 (w)
Me,; SnNHBu' in C4Dy +329.0 (w)
Me,SnNHPh in C4Dq +326.7 (w)
(Et;Sn), NH in C¢Dy +414.7 (w)
Me; SnNEt, in C¢Dq +330.1 (w)
Me, SnN(Me)Ph in C¢D, +3299 (w)
(Me;Sn), NMe in C¢Dg +362.0 (W)
(Me, Sn),NPr' in C¢Dy +347.6 (w)
(Me, Sn), NBu' in C¢Dy +330.5 (w)
(Me;Sn), NPh in C¢Dy +332.7 (w)
(Me, Sn),NGeMe;, in C¢Dy + 380.5 (w)
Sn[N(SiMe;),); in C¢Dy +243.0 (x)
Sn[N(Bu')SiMe; ], in C¢Dy +227.7 (x)
Sn[N(Bu')SiMe;], in C¢Dy +224.7 )
Bul N(SnMe3)2 in C6D6 + 330.5 (x)
Me Me.
¢ -N in C¢Dy +205.4 )
Me Me
El
BEt»
)i NHMe in CDs +363.8 (W)
Me” Sn
other Sn-bound amino groups see ref. 5, p. 284
Pb[N(SiMe;),], in C¢Dy +192.9 (x)
Pb[N(Bu')SiMe, ]; in C,D, + 1447 1)
Pb[N(SiMe,;)CMe,CH,Bu'), in C4Dy +151.4 )
NBu
MC}Sl Pb in C;Dy +187.1 x)
NBu
t
v Mc:S|i/N?u
MCQSi\Nﬁu[ ln CQDG + 119.8 (X)
(Me;Pb);N in C4Dy +354.1 (x)
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Nitrogen shielding
(ppm) referred to neat

Compound Solution or state nitromethane Notes
0 ‘r\—Se—@- NO, in CDCI, +335.2 (N—Se) 73
—/ +10.1 (NO,) @)
0  N—Se in CDCl, +337.6 (N—Se) (2)
Nl +9.9 (NO, @)
NO{
N(SCF,), neat + 10% C4D4 + 364.0 (A)
HN(SCF,), neat + 10% C4Dq +377.1 (A)
same + Cr(acac); +375.8 (A)
gel in CH,Br, +376.0 (A)
gel in MeOH +370.0 (A)
H,N—SCF, neat + 10% C4Ds + 381.1 (A)
(CF,S),NMe neat + 10% C,D, +372.8 (A)
CF,SNHSiMe, neat + 10% C4Dg + 376.1 (A)
CF,SN(SiMe; ), neat + 19% C4Dy + 369.2 (A)
(CF,S),NSiMe, neat + 10% C4Dg + 359.0 (A)
(CF,S),NSnMe, neat + 10% C,Dq +377.4 (A)
[(CF,S),N],Hg neat + 10% C,Ds +361 + 5 (A)
[(Me, Si); N}, Ge(OMe) in CDCl, + 332 (NH) (B)
NHSi(OBu'), +335 (N) (B)
T
UNIPEN 0.05M in toluene  +251.4 (©)
PANIPAN +0.05M THF,
Ph [fl Ph _90°C
THF
TTF
Ph_ Li, 0.05M in toluene  +251.0 ©
N Br +0.1M THF,
Ph Li —90°C
N
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Table 6. —cont.

Nitrogen shielding
(ppm) referred to neat

Compound Solution or state nitromethane Notes

(THEY,
Priy Li, prl

NN

OO
THF
(THEn 0.20M in toluene -+ 308.9 (D)

+0.41mM THF
“ —40°C

(THF),

O
P Li,
NN
Lo opd
t

(THF),,
R
@—Nuu in THF (E)
R
none +286.2
2-Me + 289.6
3-Me + 287.5
4-Me +291.3
2-OMe +299.2
3-OMe +285.2
4-OMe +297.9
2,6-Me, +290.7

(a) Data from ref. 129, 20.3MHz '"*N spectra, field parallel to sample tube, referenced
originally to 0.1M nitromethane on CHCl,, +3.8ppm fron neat nitromethane (Table 2),
conversion scheme IIb (Table 1).

(b) Data from ref. 903, 18.24 MHz '* N spectra field parallel to sample tube, referenced to neat
nitromethane, uncorrected for bulk susceptibility effects.

(c) Data from ref. 905, '*N-labelled samples, 9.12MHz '"*N spectra, ficld perpendicular to
sample tube, referenced to neat nitromethane, uncorrected for bulk susceptibility effects.

(d) Data from ref. 907, *N label, 30.4 MHz N spectra, other details as in footnote (b).

(e) Data from ref. 757, INEPT spectra, other details as in footnote (a).

(f) Data from ref. 120, details as in footnote (e).

(g) Data from ref. 1045, 144MHz "*N spectra, field parallel to sample tube, referenced
originally to aqueous NaNO;, + 3.5 ppm from neat nitromethane (Table 2), conversion scheme
IIb (Table 1).
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Table 6. —cont.

(h) Data from ref. 1046, 5.8 MHz '*N spectra, field perpendicular to sample tube, referenced
to neat nitromethane, uncorrected for bulk susceptibility effects.

(i) Data from ref. 1047, 25.4 MHz '*N INEPT spectra, field parallel to sample tube, referenced
to neat nitromethane, uncorrected for bulk susceptibility effects.

(j) Data from ref. 1048, 25.4 MHz '*N spectra, details as in footnote (i).

(k) Data from ref. 788, 25.36 and 40.52 MHz "*N spectra, and 18.07 MHz '*N spectra, field
parallel to sample tube, referenced originally to liquid NH, + 10% C¢Dy, and also to NO;y in
aqueous NH,NO,, +4.0 ppm from neat nitromethane (Table 2), conversion scheme Ila (Table
1).

() Data from ref. 1049, 25.4 MHz "> N spectra, field parallel to sample tube, referenced to neat
nitromethane, uncorrected for bulk susceptibility effects; Cr(acac), added to the sample as a
relaxation reagent.

(m) Data from ref. 135, details as in footnote (i).

(n) Data from ref. 1050, 25.4 MHz '*N spectra, field parallel to sample tube, referenced to neat
nitromethane, uncorrected for bulk susceptibility effects.

(o) Data from refs 150 and 899, details as in footnote (p).

(p) Data from ref. 51, 36.5 MHz '*N INEPT spectra, field parallel to sample tube, referenced
to neat nitromethane, uncorrected for bulk susceptibility effects.

(q) Data from ref. 1024, details as in footnote (a), but originally recalculated to neat nitro-
methane reference, uncorrected for bulk susceptibility effects.

(r) Data from ref. 134, 30-50% solutions, INEPT spectra, other details as in footnote (a).

(s) Data from ref. 154, details as in footnote (p); the paper contains a value for N(SiMe,),
quoted from ref. 130, which is erroneously mixed together with those referred to neat nitro-
methane; actually, the quoted value was measured with respect to 0.1 M nitromethane in CDCl;,
+ 3.8 ppm from neat nitromethane, see footnotes (a) and (x).

(t) Data from ref. 150, details as in footnote (p).

(u) Data from ref. 1051, 10.14 MHz '*N spectra, field perpendicular to sample tube, referenced
originally to NO; in aqueous ND,NO;, + 40 ppm fron neat nitromethane (Table 2), conversion
scheme Ila (Table 1).

(v) Data from refs. 941 and 943, 10.14 MHz '*N spectra, field perpendicular to sample tube,
other details as in footnote (a); some of the values have been misprinted in the paper, and the
correct ones, those marked with (*), are reported here, owing to the authors’ advice.

(w) Data from ref. 134, INEPT spectra, other details as in footnote (a).

(x) Data from refs. 130, 151 and 931, details as in footnote (a); the value reported in the second
reference for Pb[N(SiMe;,),], corrects that misprinted in the first.

(y) Data from ref. 153, 10-20% solutions, details as in footnote (a).

(z) Data from ref. 1052, 40.56 MHz '*N spectra, field parallel to sample tube, referenced to
neat nitromethane, uncorrected for bulk susceptibility effects.

(A) Data from ref. 776, details as in footnote (k).

(B) Data from ref. 795, 25.3 MHz "N spectrum, field parallel to sample tube, referenced to
neat nitromethane, uncorrected for bulk susceptibility effects.

(C) Data from ref. 1053, 40.53 MHz "*N spectra, field parallel to sample tube, referenced
originally to 0.15M aniline in THF (tetrahydrofuran), and recalculated to fictitious ammonia
standard, taken at + 50.0ppm from the reference employed, and + 380.2ppm (uncorrected)
from neat nitromethane, conversion scheme IVd (Table 1).

(D) Data from ref. 949, details as in footnote (C).

(E) Data from ref. 775, 20.3MHz '*N spectra, field parallel to sample tube, referenced
originally to nitromethane, uncorrected for bulk susceptibility effects; reported originally vs.
fictitious ammonia standard taken at + 380.2 ppm from nitromethane; the latter value (uncor-
rected for bulk susceptibility effects) comes form measurements where the field was perpen-
dicular to sample tube (see Table 2).
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Table 7. Nitrogen shieldings in arylamines and arylammonium ions

Nitrogen shielding
(ppm) referred to neat

Compound Solution or state nitromethane Notes
R
(e
R
none in THF +328.1 ()
in aqueous MeCN + 325.7 (b)
in acetone +325.6 (c)
in DMSO +320.0 @)
in DMSO +320.8 ©
in DMSO +320.1 )
3-NH, in aqueous MeCN +324.2 (b)
4-OH in DMSO + 3259 (d)
2-OMe in THF +338.5 (a)
in DMSO +330.3 ®
3-OMe in THF +327.6 (a)
4-OMe in THF +333.6 (a)
in acetone +330.7 (c)
in DMSO +324.8 (d)
in DMSO +326.2 (e)
2-Me in THF +330.1 (a)
in DMSO +321.2 (8)
3-Me in THF +328.7 (a)
4-Me in THF +330.8 (@)
in acetone +327.7 (c)
in DMSO +321.6 (d)
in DMSO +323.0 (e)
2,6-Me, in THF +332.7 (a)
2-Et in DMSO +322.4 (8)
2-Pr' in DMSO +322.6 (®
2-F in DMSO +331.2 (g)
4-F in acetone +328.5 (c)
in DMSO +323.4 (d)
in DMSO +323.6 (e)
2-Cl in DMSO +320.0 (2)
4-Cl in acetone +325.3 (©)
in DMSO +318.7 (d)
in DMSO +320.7 (e)
4-Br in DMSO +318.2 d)
4-(PhCH,CONH) in DMSO +318.0 d)
4-CF, in acetone +319.9 (c)
in DMSO +313.5 (e)
4-SCF, in acetone +319.0 ©)

in DMSO +313.0 (e)
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Nitrogen shielding
(ppm) referred to neat

Compound Solution or state nitromethane Notes

2-CONH, in DMSO +3134 (g

4-COOEt in acetone +317.2 (c)
in DMSO +310.1 (e)

4-COOMe in acetone +316.9 (©)
in DMSO +309.7 (e)

4-SO,Me in acetone +315.8 (©)
in DMSO +309.0 (e)

2-COMe in DMSO +307.4 ®

4-COMe in acetone +316.1 (c)
in DMSO +307.9 (d)
in DMSO +308.8 (e)

2-CN in DMSO +310.5 ®)

4-CN in acetone +314.9 (c)
in DMSO +306.8 (d)
in DMSO +307.6 (e)

2-NO, in DMSO +301.3 (g)
in DMSO +302.4 (e)

4-NO, in acetone +310.2 (c)
in DMSO +299.8 (d)
in DMSO +301.3 (e

4-SO,CF, in DMSO +299.2 (e)

NO»
; in DMSO (e)

R

H +302.4

OMe +305.2

Me +304.5

F +303.6

c +300.5

CF, +295.5

SCF; +294.8

COOEt +293.7

COOMe +293.4

COMe +292.5

SO,Me +292.0

CN +291.2

NO, +286.6

NO;

NH, in DMSO (b)
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Table 7. —contd.

Nitrogen shielding
(ppm) referred to neat

Compound Solution or state nitromethane Notes
R
H +302.4
OMe +299.8
Me +302.4
F +299.2
CF, +299.3
COOEt +301.0
COMe +300.8
SO,Me +298.4
NO, +297.6
PhNH; various +329 to + 333 (h)
HyN‘©—CH2—-©—NH1
in DMSO +330 @)
solid state + 326 @)
NH, groups in oxazole and in DMSO +378 to + 341 §)]
pyrazole derivatives and CF,COOH
NH, groups in in DMSO +307 to +291 k)
2-aminothiazole derivatives and CF,COOH
NH,; and NH groups in in DMSO +320 to +292 M
thiazole derivatives
NH, groups in S-amino- in DMSO +334 to +327 (m)

1,2,4-triazole derivatives

0.0 in DMSO +318.7 ()

NH,

NH group in in DMSO +295.9 )
8-(N-fluoren-2-ylamino)-

-2’-deoxyguanosine

-5’-monophosphate

02 ‘T ] in DMSO +284to +280 (NH,) (n)
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Nitrogen shielding

(ppm) referred to neat

Compound Solution or state nitromethane Notes
R
-
R
4-(PhCH,CONH) in DMSO + 324.2 (NHMe) (d)
2-NO-4-NO, in DMSO +297.0 (NHMe) (o)
2-NO-4,6-(NO,), in CDCl, +290.1 (NHMe) ()
4
Ny sat. in CDCl, +321.6 (NH) @
HN +84.1 (N) @
PhNHCH,CHOHCH,OPh in aqueous MeCN + 328.1 (b)
Ph,NH in DMSO +288.5 (f)
[th-@—] NH in DMSO +276.4 0
PhNMe, in DMSO +338.2 r)
N in CF;,COOH +332.5 (r)
PhNHMe, C1~ in DMSO +328.9 (r)
. in CF;COOH +331.1 (r)
PhNMe, I~ in DMSO +322.5 (r)
in CF;COOH +325.0 (r)
HgN—©— NMe, in DMSO + 342.7 (NMe,) (s)
+329.1 (NH,) ()
in CDCl, +342.6 (NMe,) (s)
+331.4 (NH,) )
Pt;C‘I{ZCONH—@‘NMCz in DMSO +337.9 (NMe,) (d)
Me,N NMe,
in CD;,CN +338.1 v
Oe solid state +329.7 ()
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Nitrogen shielding

(ppm) referred to neat

Compound Solution or state nitromethane Notes
H
Me»N/ \NMea
S in CD,CN +343.7 (t)
00 solid state +340.0 (t)
|- Sc—NMe, in DMSO +343.3 (NMe,) (v)
N—N
NHR
in DMSO )
=N (ca. 100% amino tautomer)
?
R
Bu® +292.0 (NH)
MeOCH,CH, +295.9 (NH)
7 \y—cn, +293.3 (NH)
=N
p-tolyl +278.7 (NH)
NHR
>N
N in DMSO (W)
N” R
R R!
Bu* Pr +269.3 (NH)
MeOCH,CH, Pr +272.6 (NH)
p-tolyl Pr +261.4 (NH)
p-tolyl Pr" +259.4 (NH)
p-tolyl Pr Me—©—503 +261.1 (NH)
p-tolyl Me +269.1 (NH)
p-tolyl Me —@—503 +261.4 (NH)
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Nitrogen shielding
(ppm) referred to neat

Compound Solution or state nitromethane Notes
(+323.8 (b)
. . . +323.0 (b)
Arylamino groups in resin +322.9 (b)
from diglycidyl ether of +3228 (b)
bisphenol A (DGEBA) and in aqueous MeCN < +322.6 b)
m-phenylenediamine +322.6 (b)
+322.6 (b)
+322.6 (b)
+321.7 (b)
+321.3 (b)
Arylamino groups in in H,O +290 to + 295 (x)
trimethoprim, free and
enzyme-bound
RZ
R' o H\N/
QU "
1
R O H’N\Rz
R!' R?
H H in DMSO +297.6
H CH,CH,NHCH,CH,OH in DMSO +291.8 (arylamine)
OH CH,CH,NEt, in CDCl, +287.9 (arylamine)
OH CH,CH,NHCH,CH,0H in CDCl, + 287.9 (arylamine)
H Ph in DMSO, +27°C +278.3
+97°C +278.6
in CDCl,, —33°C +277.1
+27°C +278.4
OH Ph in DMSO, +27°C +272.7
+97°C +272.9
in CDCl,, +27°C +274.5
+57°C +275.2
NH groups in polyaniline solid state +302 to +294 2

(a) Data from ref. 775, 20.3MHz N spectra, field parallel to sample tube, referenced
originally to neat nitromethane, uncorrected for bulk susceptibility effects; originally reported
vs fictitious ammonia standard taken at + 380.2ppm from neat nitromethane (actually, the
latter value was measured under conditions where the field was perpendicular to sample tube,

Table 2). The corresponding lithium derivatives, —NHLI, are presented in Table 6.
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(b) Data from ref. 131, 25.34 MHz "N spectra, field parallel to sample tube, referenced
originally to liquid ammonia via a calibrated sample of HNO,, + 381.9 ppm from neat nitro-
methane (Table 2), conversion scheme IIb (Table 1).

(c) Data from ref. 711, details as in footnote (e).

(d) Data from ref. 1054, ca. 2 M solutions, 9.04 MHz '*N spectra, field perpendicular to sample
tube, referenced originally to aqueous NH,NO; and converted to liquid NH, standard taken at
+ 380.2 ppm fron neat nitromethane, conversion scheme IVa (Table 1).

(e) Data from ref. 1055, 1.7 M solutions, 10.1 MHz '*N spectra, field perpendicular to sample
tube, referenced originally to neat formamide, + 267.8 ppm from neat nitromethane (uncorrect-
ed, see Table 2), conversion scheme IVa (Table I).

(f) Data from ref. 693, 50.7MHz '*N spectra, field parallel to sample tube, referenced
originally to saturated aqueous NaNO,, +3.7ppm from neat nitromethane (Table 2), con-
version scheme IIb (Table 1); originally reported vs fictitious ammonia standard taken at
+376.5ppm from the reference employed or +380.2ppm from neat nitromethane, see
comments in footnote (a); we retrieved the original data and converted them as indicated above.

(g) Data from ref. 1056, details as in footnote (d).

(h) See ref. 5, p. 311, and references therein.

(i) Data from ref. 1057, 50.7MHz '"*N solution spectra, field parallel to sample tube, and
20.3 MHz "N CPMAS spectra, referenced to liquid NH;, + 381.9 ppm fron neat nitromethane
(Table 2), conversion scheme II (Table 1).

(j) Data from ref. 1058, see Table 17, footnote (x).

(k) Data from ref. 805, see Table 17, footnote (dd).

(1) Data from ref. 1059, see Table 17, footnote (cc).

(m) Data from ref. 1060, see Table 17, footnote (T).

(n) Data from ref. 1061, see Table 20, footnote (b).

(o) Data from ref. 1062, '*N-labelled amino group, 10.09 MHz "*N spectra, field parallel to
sample tube, referenced to neat nitromethane, uncorrected for bulk susceptibility effects.

(p) Data from ref. 360, details as in footnote (0).

(q) Data from ref. 1051, 10.14 MHz "N spectra, field perpendicular to sample tube, referenced
originally to NO; in aqueous NH,NO;, + 4.0 ppm from neat nitromethane (Table 2), conver-
sion scheme Ila (Table 1).

(r) Data from ref. 142, 20.28 MHz '*N INEPT spectra, other details as in footnote (a).

(s) Data from ref. 904, 20.3MHz '*N spectra, field parallel to sample tube, referenced
originally to neat nitromethane via a calibrated sample of aqueous KNO,, uncorrected for bulk
susceptibility effects; reported originally vs fictitious ammonia standard taken at + 380.2 ppm
from neat nitromethane, see comments in footnote (a).

(t) Data from ref. 356, 50.7MHz solution >N spectra, field parallel to sample tube, and
27.3 MHz *N CPMAS spectra, referenced to neat nitromethane, uncorrected for bulk suscep-
tibility effects; the genenion in the case of the cation was the tetrazolate anion.

(u) Data from ref. 1034, 30.5 MHz '*N spectra, field parallel to sample tube, calibration as in
footnote (q), conversion scheme 11b (Table 1).

(v) Data from ref. 1063, 36.51 MHz proton-coupled '*N spectra, field parallel to sample tube,
referenced to neat nitromethane, uncorrected for bulk susceptibility effects; Cr(acac),; added as
a relaxation reagent.

(w) Data from ref. 1064, details as in footnote (v).

(x) Data from ref. 94, see Table 19, footnote (w).

(y) Data from ref. 783, '*N-labelled arylamino group, details as in footnote (o).

(z) Data from ref. 376, see Table 24, footnote (w).
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Table 8. Nitrogen shieldings in hydroxylamines, hydrazines, hydrazides and related

structures
Nitrogen shielding
(ppm) referred to neat
Compound Solution or state nitomethane Notes
Hydroxylamines
NH,OH aqueous +271 to +274 (a)
NHyOH agueous +294 to +296 (a)
NH, 0~ aqueous ca. +284 (a)
R,N—OR various +194 to + 241 (a)
(R = alkyl, aryl)
Me, Si—NHOSiMe, in C;Dg +255.6 (b)
Hydrazines
H,N—NH, various +331to +335 (©)
R, N—NR, (R = alkyl) various + 285 to +328 (c)
PhNHNH, various ca. +295 (NH) (c)
ca. +320 (NH,) (c)
(Me;Sn), N—N(SnMe,), in benzene +316.6 d)
(Mg, Sn), N—NMe, in benzene +304.1 (NSn) d)
+ 282.9 (NMe) (d)
Me,; SnN(Me)—N(Me)SnMe;  in benzene +308.0 (d)
(Me,; Sn), N—N(Me)SnMe; in benzene +293.5 (NMe) (d)
+317.2 (NSn,) (d)
(Me, Sn), N—N(Ph)SnMe, in benzene +266.7 (NPh) (d)
+ 313.4 (NSn,) (d)
(Me;Sn), N—NHPh in benzene +270.7 (NHPh) (d)
Me,; SnNH—N(Ph)SnMe, in benzene +309.3 (NH) d)
NH, *CI”
/ in D,O +257.2 (NH,) (e)
EE‘ +276.0 (N) (e)
NCl i
EE/ in CDCl, +198.0 (NCI) ©
N + Cr(acac), +241.5 (N) (e)
Hydrazides
o NH,

SN in DMSO +244.7 (NH) )
W “u (Z-isomer) +329.5 (NH,) (f)
N H

,CN in DMSO +247.9 (NH) )
H NH, (E-isomer) +326.2 (NH,) )
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Table 8. —contd.

Nitrogen shielding
(ppm) referred to neat

Compound Solution or state nitomethane Notes
NH,

0\‘C_N ) in DMSO +248.7 (NH) )
e " (Z-isomer) +326.4 (NH,) ()
o H .

\\C_N/ in DMSO +250.9 (NH) )

e’ . (E-isomer) +320.6 (NH,) (f)
N
0. ,N_C\\ in DMSO +250.9 )
C=N_ o (Z,Z-isomer)
H H
N 7 -
o . C// in DMSO +249.6 (HN) )

R (Z,E-isomer) +252.1 (NH) )

H “u
l\ //O
H N—=cC in DMSO +2479 )
,C—N (E,E-isomer)
/) N
H
CF,CONHNH, in DMSO +243.8 (NH) )
+323.5 (NH,) ()
CF,CONHNHCOCF, in DMSO +256.0 ()
[CF;CONH—NCOCEF,;}~ in DMSO +205.3, +331.6 )
[H;NNH,]*
MeCONHNHCOMe in DMSO +251.5 (Z,Z-isomer) (f)
igg.l/‘lt} (E,Z-isomer) (f)
+245.4 (E,E-isomer) (f)
in CDCl;, +50°C +250.4 (8
MeOOCNHNHCOOMe in CDCl, +278.3 (g)
MeOOC, ,SiMey
NTN in CDCl, +258.0(Z,Zor EEE) (B)
Me;Si COOMe +2572) g,
+255.6} (£.2) ®
+2549 (E,Eor Z,.Z) (g
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Nitrogen shielding
(ppm) referred to neat
Compound Solution or state nitomethane Notes

Me, SiO(Me)C=N-—N=C(Me)OSiMe,

in CH,Cl,, +1°C 4928 (®)
in CDCl, +91.7 (8)
Me COMe
Y 7/
N—N
\
Me;Si SiMe;
U 0.02M in CH,Cl, (h)
+241.0 (NCO)
Me + 348.2 (NSi)
\N—N=C(Me)OSiMeg .
Me;si” +289.0 (NSi)
+87.6 (N=C)
Me, N—N=C(Me)OSiMe, 0.02M in CH,Cl, (h)
syn-isomer +93.7 (N=C)
anti-isomer +81.5 (N=C)
+302.9 (NMe,)
H,NCSNHNH, in DMSO +316.8 (NH,) i)
+278.5 (C—NH,) ®
+256.6 (NH) (i)
H,NCSNHNHCSNH, in DMSO +251.6 (NH) @)
+273.2 (NH,) (@)
me Y ci
VSl\
Q' “CH, ) .
_N in CD,Cl, +209.9 (N—CO) )
M NMe,
Ny
P\,
O NMe|cr in CD,Cl, +114.4 (N=CO) @
Me/C:N
Hydrazido complexes
N, N,
trans-[MoF(N, H,)(dppe),]BF, in DMF +757 +2333 (k)
trans-[MoBr(N,H,)(dppe),]Br in DMF +75.1 +231.5 (k)

trans-[MoI(N,H,)(dppe),]l  in DMF +764 +233.7 (k)
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Nitrogen shielding
(ppm) referred to neat

Compound Solution or state nitomethane Notes
trans-[MoHSO,(N,H,) . +452 +2156
(dppe),JHSO, in DMF +58.1 +2246 (k)
in MeOH
291K +558 +229.0 (k)
270K +559 42298 (k)
trans-[MoBr(N, HMe) in DMF +69.2 +227.7 (k)
(dppe),|Br
trans-[MoBr(N,HEt) in DMF +71.8 +215.3 (k)
(dppe),]Br in THF ? 42096 k)
trans-

[MoBr(NNZ | Y}dppe);]Br in CH,Cl, +64.3 +208.8 k)
(MoCl,(N,H,)(PMe,Ph),] in DMF +67.9 +236.2 (k)
[Mol,(N,H,)(PMe,Ph),] in DMF 7 +2213 (k)

in THF +68.8 +2449 k)
trans-[WF(N,H,)(dppe),]BF, in DMF +95.6 +2475 k)
trans-[WCI(N,H, )(dppe),]JCl  in DMF +96.2 +245.0 (k)
trans-[WBr(N,H,)(dppe),]Br  in DMF +96.5 +246.1 k)
trans-[WI(N, H, ) (dppe), ]I in DMF +97.8 +2483 (k)
trans-[WHSO,(N,H,) in DMF +80.2 +2423 &)
(dppe),]HSO,
trans-[(W(PrCN)(N, H,) in MeOH +63.2 +229.8 k)
(dppe),][HSO,],
trans-[WBr(N, HMe) in DMF +88.7 +2434 (k)
(dppe),]Br
trans-[WBr(N,HEt) in DMF +90.1 +2288 k)
(dppe),]Br in THF +92.6 +230.2 k)
trans-

[WBH(NNZ l)(dppe)z]Br in THF +81.1 +2223 (k)
[WCI,(N,H,)(PMe,Ph)] in DMF +86.2 +249.5 k)
[WI,(N,H,)(PMe,Ph)] in DMF +874 42431 k)

(a) See ref. 5, p. 312, and references therein.

(b) Data from refs 150 and 899, 36.5 MHz '*N spectra, field parallel to sample tube, referenced
to neat nitromethane, uncorrected for bulk susceptibility effects.

(c) See ref. 5, p. 316, and references therein.

(d) Data from refs. 833 and 931, 30.4MHz and 20.3MHz "N INEPT spectra (via
3nsacn = 1.5Hz or Uy = 2Hz), field parallel to sample tube, referenced to neat nitrometh-
ane, uncorrected for bulk susceptibility effects; 40% to 60% solutions in CyD.

(¢) Data from ref. 1031, 40.55 MHz '*N spectra, reference as in footnote (d).

(f) Data from ref. 203, 40.5MHz *N spectra, field parallel to sample tube, referenced
originally to neat nitromethane, uncorrected for bulk susceptibility effects; reported vs fictitious
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ammonia standard, taken at + 380.2ppm from nitromethane (the latter value was actually '
obtained for a field which was perpendicular to sample tube, see Table 1).

(g) Data from ref. 750, '*N-labelled samples, 20.24 MHz '*N spectra, field parallel to sample
tube, referencing method as in footnote (d).

(h) Data from ref. 141, '*N-labelled and unlabelled samples, 9.1 MHz *N INEPT spectra,
field perpendicular to sample tube, referencing as in footnote (d).

(i) Data from ref. 760, 20.4MHz "N spectra, field parallel to sample tube, referenced
originally to | M HNO,, + 6.2 ppm from neat nitromethane (Table 2), conversion scheme IIb
(Table 1).

(j) Data from ref. 133, 9.1 MHz '*N INEPT spectra, field perpendicular to sample tube,
referencing as in footnote (d).

(k) Data from ref. 745, '*N-labelled ligand, 18 24 MHz '*N spectra, field parallel to sample
tube, reference as in footnote (d); DMF = dimethylformamide, THF = tetrahydrofuran,
dppe = Ph,PCH,CH,PPh,.



Table 9. Nitrogen shieldings in some hydrazones and related structures

Nitrogen shielding (ppm) referred to neat
Compound Solution or state nitromethane Notes

Non-tautomeric hydrazones and

related ions
N
C=N .

W “NR in CDCl, (a)
R! R; (=N—) (NR;)
5-NO,-2-furyl Me, +19.7 +261.6
4-NO,-phenyl Me, +21.3 +268.5
4-Cl-phenyl Me, +303 +276.0
Ph Me, +30.5 +276.9
4-OMe-phenyl Me, +369 +279.0
5-NO,-2-furyl —(CH,),— +26.6 +234.5
4-NO,-phenyl —(CH,),— +279 42421
4-Cl-phenyl —(CH,),— +358 +251.0
Ph —(CH,),— +36.5 +252.1

— _ +38.2 +257.5
Me (CH,),
_ +36.0 +251.0
Ph —(CH,);
+332 +2550
Ph —(CHy)— +435 +2374
Ph (cyclohexyl),
Me  + R
< ;N
(b)
R = Me in DMSO +466 +252.1

in CF,COOH +49.0 +254.3
R = Ph in DMSO +489 +239.0

ol
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R! R?
H H
Me Me
H Ph
Rl
|
R N_
Ry /,
RZ
R! R? R* R*
H H
Me
Me Me Me
H Me Ph
Me H H
Me Me
Me Me Me Me
Me Me Ph
Ph Me H

in DMSO
in DMSO
in CF;COOH
in DMSO

neat liquid
in CF,COOH
neat liquid
in CF,COOH
neat liquid
in CF;COOH
neat liquid
in CF,;COOH
neat liquid
in CF;,COOH
neat liquid
in CF,COOH
neat liquid
in CF,COOH
neat liquid
in CF,COOH
neat liquid
in CF,COOH

+151.5
+153.2
+153.6
+153.7

+34.6
+67.8
+49.6
+80.3
+48.9
+80.7
+49.6
+81.4
+24.8
+48.2
+32.2
+63.2
+34.8
+62.2
+338
+62.7
+57.2
+79.6

+2443
+232.2
+232.7
+233.1

+251.5
+269.6
+255.0
+270.6
+228.2
+253.1
+242.2
+257.8
+250.9
+263.9
+254.8
+264.1
+228.5
+247.1
+244.6
+254.2
+231.6
+248.6

AdODSOYLIddS YAN NIODOUILIN
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Table 9. —cont.

Nitrogen shielding (ppm) referred to neat

Compound Solution or state nitromethane Notes
H
R—@— N, N in DMSO (©
N=C
CN
R (=N—) (NH) (I-CN) (2-CN)
H +22 41922 +1189 +98.2
F +2.8 41944 +119.0 +98.2
NO, +3.6 +194.5 +118.5 +99.0
MH
R—@——N\ CN in DMSO (©)
N=C
COOMe
R (=N—) (NH) (CN)
H E-isomer +4.5  +2045 4998
Z-isomer +8.1 +200.6 +1226
F E-isomer +4.5 +205.0 +100.1
Z-isomer + 8.0 +2024 +1229
NO, E-isomer +7.4 +2064 +98.2
Z-isomer +11.0 +203.0 ?

(44!
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]
COMe
< : 2 N\N_C/
N

R' CONRR?
Rl RZ R3
H H H
H Ph H
H Me Me
H Ph  Me
OH Ph H
HQ
Ph—N L—NH; o
N=C\
/C=0
H;N @

HQ M
/ Al /
R‘Q—N\ c—N o
N=c |
\
C=N @
R
NH,
OMe

in DMSO
in CDCl,
in CDCI,
in CDCl,
in CDCl,
in DMSO

in DMSO

in CDCI,
in CDCI,

(=N—) (NH) (CONR)

+24 42046 +2703
—1.0 42016 +2745
—04 +2013 +2456
+27.6 +2249 ?
+30.1 +227.2 ?
+4.1 +206.7 +246.0

+20.3 (=N)
+213.7 (NH)
+269.1 (1-N)
+281.0 2-N)

=N—) (NH) (1-N)  (@2-N)

+174 +1999 +191.3 +80.2
+19.0 +2044 +1924 4792
+203.6

(d)

(@
@

Q]
(e)

Ad0OOS0Y.LIFdS dNN NIDOYLIN
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Table 9. —con:.

Nitrogen shielding (ppm) referred to neat

Compound Solution or state nitromethane Notes
Me in CDCl, +19.8  +2058 +192.9 +78.1 ©
+204.5
H in DMSQ, 300K +18.6  +202.8 - - %3
in DMSO, 330K +16.5 +2022 - - ()
in pyridine, 300K +21.8 +208.3 - - )
in pyridine, 330 K +194 +2064 - - )
solid state, 305K +25.5 +2114 - - ®)
solid state, 358 K +25.4 +211.3 - - @®)
in CDCl, +189 +2064 +1924 +76.1 (e)
+174 42054 +191.5 +753
F in CDCl, +19.8 42086 +192.1 +75.8 (e
+207.6 .
Ql in CDCl; +20.8 +2094 +1923 +74.2 (e
+208.7
Br in CDCl, +20.8 +209.3 +1925 +74.7 (e
+208.2
1 in CDCl, +21.3 42092 +1921 +739 (e)
+208.6
MeCOO in CDCl, +22.7 42108 +1929 +723 (e
+209.8
CF, in CDC, +22.2 +212.1 +1928 +72.1 (e)
+210.9
NO, in CDCl;, +22.7 +2132 +1919 +674 3]
+224 42129

124!
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SO;Na

OMe
/H O\\ .
HO3;SCH,CH,S0, N C-N in DMSO
N=c |
Mé /C—N
M
H O Ph
/ i\ / .
w—@au\ N in CDCl,
N=C |
\
/C=N
Me
Me
H O Ph
/ N / .
Me N C-N in CDCl,
N=C |
\
/C=
Me

+24.7 (=N, hydrazone)
+216.8 (NH)

+19.6 (=N, hydrazone)
+206.0 (NH)
+193.3 (NPh)

+78.7 (=N, ring)

+19.4 (=N, hydrazone)
+205.7 (NH)
+193.0 (NPh)

+79.2 (=N, ring)

Hydrazones involved in azo-hydrazone tautomerism (see also Table 28)

Ph solid

| .
No
N H
O
—» azo
“— tautomer

—30°C (83% NH)

—79°C (88% NH)
—70°C (87% NH)

(=N—) (NH)

{ +4.5 +1744
+88 +178.7
{ +31 +1724
+76 +177.1
{ —3.0 +1614
+1.5 +166.7

(m)

(n)
(m)
(n)
(n)

(n)
(n)
(m)
(n)

16:4)
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Table 9. —cont.

Nitrogen shielding (ppm) referred to neat

Compound Solution or state nitromethane Notes
—11.7 +1449
+ 33°C (76% NH) { _78  +150.7
o o —18.5 41325
+85°C (73% NH) {—15.1 +1382
Ph
N
N H solid state and (h)
0 solution
— aw
O‘ “— tautomer
COR
R
OH (ca. 97% NH) solid +179.3
CDCl,, +27°C —16.6 +173.8
+57°C —16.5
benzene, + 27°C —16.2 +178.0
CD;NO,, +27°C —16.3
OMe (ca. 70% NH) solid +129.7, +148.3
CDCl;, +27°C —-16.9 +140.5
+57°C —-16.7 +131.4
benzene, + 27°C —16.8 +112.5
+57°C —16.5 +101.9
CcCl,, +27°C —16.6

4
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NHPh (ca. 97% NH)

Ea
N
N"TH
. az0
O‘ “+— tautomer

R
2,4,6-Me,

2,4-Et,

2,4-i-Pr,
4-F

_H.__Ph
0" N7

J
—» azo
tautomer

solid +188.4
CDCl;, +27°C —16.8 +178.1
+57°C —16.8 +175.9
benzene, + 27°C —16.5 + 180.5
+57°C —16.5 —176.2
CCl,, +27°C —16.9
in CDCl,
—386to +111.0to0
—65.7 +121.6
—303to +140.6 to
—369 +126.3
—28.6 ?
(ca. 50% NH) —47.0 +78.7
in CDCl,
+57°C —22.2 +137.4 (74% NH)
+27°C —16.3 +148.1 (78% NH)
—-3°C —11.5 +157.1 (81% NH)
+27°C —4.8 +169.2 (85% NH)

@
@

(i)
0]

(k)
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Table 9. —cont.

Nitrogen shielding (ppm) referred to neat

Compound Solution or state nitromethane Notes
ooyt in CDCl, k)
! +57°C —30.7 +126.0 (69.4% NH)
. aw (—121.6 N-a,8)
< tautomer +27°C —26.5 +139.1 (72% NH)
(—120.1 N-a,B)
N=N—Ph —3°C —21.9 +143.3 (75% NH)
@ B (—119.5 N-o,)
+27°C —159 +154.8 (79% NH)
(—118.8 N-a,8)
NH, o’H‘rTx/Ph
O‘ - atazf.l)tomer M
Oy S03
in DMSO, +27°C +7.6 +200.6 (96% NH)
+87°C +53 +199.3 (95% NH)
JHo Ph
0" "N

in DMSO, +27°C
+87°C

—4.6 +184.4 (88% NH)
—7.7 +180.4 (87% NH)

O

8Pl
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_Ph

HN
O‘ ' taulomer

SO; in DMSO,
H‘N iso,x-l
OO =
= tautomer
SO;H
in DMSO
OMe
H\N Eso,n
L e
— tautomer
SO;H
05 in DMSO
NH,
3
Q @® NH, O~ ‘ri: SO3H
N=N !
(o) O‘ = tamomer
SO;H
in DMSO

+27°C
+87°C

—10.2 +174.7 (85% NH)
—17.9 +163.4 (80% NH)

— 151 +202.8

+3.2 +194.1

+44 +1952
—138.8 (N-a)
—83.2 (N-f)

M

(m)

(m)

(m)
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Table 9. —cont.

Nitrogen shielding (ppm) referred to neat
Compound Solution or state nitromethane Notes

azo
\ | tautomer
C=N
NaOOC
R (=N—) (NH)
H H,0,pH =7 +152  +1729
pH = 12 -930  —489

SO;Na H,0, pH = 12 -935  —365

(a) Data from ref. 828, 30.4 MHz "*N INEPT spectra (via 2J(NH) of ca. 7Hz), field parallel to sample tube, referenced to neat nitromethane,
uncorrected for bulk susceptibility effects.

(b) Data from ref. 142, 20.3 MHz "*N INEPT spectra, other details as in footnote (a).

(c) Data from ref. 855, '*N-labelled and unlabelled samples, 10.095MHz '*N spectra, field perpendicular to sample tube, referenced to neat
nitromethane, uncorrected for bulk susceptibility effects; Cr(acac), added as a relaxation reagent.

(d) Data from refs. 721 and 727, details as in footnote (c).

(e) Data from ref. 724, details as in footnote (c); the data set in italics were obtained without the use of Cr(acac);,.

(f) Data from ref. 727, '*N-labelled hydrazone moiety, no relaxation reagent used, other details as in footnote (c).

(g) Data from ref. 412, 20.28 MHz "N CPMAS spectra, originally referenced to solid NH,Cl, taken at +352.5 ppm from neat nitromethane, this
is erroneous, since the resonance of solid ammonium chloride lies at + 341.0 ppm (uncorrected) from neat nitromethane, see ref. 5, p. 224, and
references therein; we used the latter value in recalculations.

(h) Data from ref. 726, '"N-labelled and unlabelled samples, 10.095 MHz solution '*N spectra, field perpendicular to sample tube, referenced to
neat nitromethane, uncorrected for bulk susceptibility effects; 20.28 MHz '*N CPMAS spectra of solids, referenced originally to solid NH,CI, taken
at + 352.5 ppm from neat nitromethane, and reported vs the latter standard; this is erroneous, as shown in footnote (g), and we recalculated the data
for solids according to footnote (g).

oSl
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(i) Data from ref. 1065, '*N-labelled and unlabelled samples, 40.55 MHz '*N conventional PFT and INEPT spectra, field parallel to sample tube,
referenced originally to neat formamide, + 268.6 ppm from neat nitromethane (Table 2), conversion scheme IVb (Table 1); originally reported to a
fictitious ammonia reference, taken at + 112.4 ppm from formamide; this is erroneous, since the latter value refers to a field which is perpendicular
to sample tube; we retrieved the original values and performed the recalculation as above.

(j) Data from ref. 728, 40.55MHz "°N spectra, field parallel to sample tube, referenced originally to neat nitromethane, uncorrected for bulk
susceptibility effects.

(k) Data from ref. 720, details as in footnote (c).

(1) Data from ref. 723, details as in footnote (c).

(m) Data from ref. 725, 27.2 MHz '*N spectra, field parallel to sample tube, referenced originally to 50% nitromethane in DMSO, about — 1.0 ppm
from neat nitromethane (see Table 26), conversion scheme IIb (Table 1).

(n) Data from ref. 548, 40.55 MHz °N spectra, field parallel to sample tube, referenced to neat nitromethane, uncorrected for bulk susceptibility
effects; Cr(acac), added as a relaxation reagent.

(o) Data from ref. 729, 40.6 MHz '*N spectra, field parallel to sample tube, referenced originally to NO; in aqueous NH,NO,, + 4.0 ppm from
neat nitromethane (Table 2), conversion scheme IIb (Table 1).
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Table 10. Nitrogen shieldings in ureas, thioureas, guanidines, amidines, amidoximes and related structures

Nitrogen shielding
(ppm) referred to neat

Compound Solution or state nitromethane Notes
HyN—C—NH, 20% in DMSO +302.5 (a)
O (uea) solid +302.3 (b)
HzNﬁNHCHzMiﬁNHz 20% in DMSO +303.9 (NH,) (a)
I +284.9 (NH) (@
solid +304.1 (NH;) (b)
+ 285.8 (NH) (b)
HzNﬁN“C"2°” 20% in DMSO +302.8 (NH,) (a)
+277.7 (NH) (a)
HOCH,NHCNHCH,,OH 20% in DMSO +277.9 (a)
i solid +280.3 (b)
HOCHZNH|C|N(CH20H)2 20% in DMSO +256.5 (N) (a)
Mc(IIHzNHﬁNHCHZOMe solid +288.2 (b)

0
R NHﬁNH——@-R
0

R=H in DMSO +276 ©)
solid state + 276 (c)
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P e
00

—

R—NHCNCNH—R

-—
p==
—-—
-

00
R = Ph
R = p-tolyl
MeCNHCNHCMe
(TR
O 0 O
PhCNHCNHCPh
i i n
O 0 o
MeCNHCNHCPh
TR
0 0 o0

(biuret)

in DMSO

in H,O

in Hzo

in DMSO

in DMSO

in acetone

in acetone

in DMSO

in DMSO

in DMSO

+275

+214.8 (NH)

+260.9 (NH)

+292.6 (NH,)
+230.7 (NH)

+291.2 (NH,)
+237.6 (NH)

+266 (NH)
+239 (N)
+268 (NH)
+239 (N)

+230.5

+237.3

+239.8 (NHCOPh)
+228.2 (NHCOMe)

©
@

(@)

()
(e

(e)
(e)

©
(c)
©
(c)

©
©

(e)
©
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Table 10. —con:.

Nitrogen shielding
(ppm) referred to neat

Compound Solution or state nitromethane Notes
Urea moieties in melamine-formaldehyde adducts in DMSO )
H,NCONH— (chain end) +303.3 (NH,)
+278.3 (NH)
—NHCONHCH,NHCONH— +284.5 (NHCH,)
—NHCH, NH— (within chains) +285.1
—NHCH,—0O—CH,NH +285.5
o]
I
/C\
R—N\ ,N—R
C
]
(o]
R = Ph in benzene +237 (c)
R = p-tolyl in benzene +237 (c)
solid state + 237 (c)
)
OYNYO
N (isocyanurates)
R \n/N\R y
(¢]
R = Ph in acetone +233 (c)
in acetone +233 (©)
R = p-tolyl solid state +233 (c)

12
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Poly(isocyanurate) resins solid state ©)

isocyanurate moieties +232
urea and biuret moieties +262 to +283
isocyanate moieties (see Table 15) + 336
Biuret resins from solid state ()
4,4-methylene-bis(PhNCO)
imide nitogens (?) +218
biuret moieties + 272 (terminal N)
+ 245 (central N)
urea moieties + 282
isocyanate moieties (see Table 15) + 340
H. _R
C
O, o 0.8-2.0M 2
@ W in CDCl,
Me’N\n/N\Me
O
R = Ph +235.1 (N-1)
+237.2 (N-2)
R = p-Cl-phenyl +234.8 (N-1)
+237.0 (N-2)
R = p-Br-phenyl +234.4 (N-1)
+236.6 (N-2)
2 1
of>eRo
@ 1) .
R"/N\“/N\R3 in DMSO (h)
(0]

AdOISOYLITdS YAN NIDOULIN
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Table 10. —cont.

Nitrogen shielding
(ppm) referred to neat

Compound Solution or state nitromethane Notes
R! R’ R’ R*
Ph Et H H +226.1
Ph Et Me H +231.0 (N-1)
+226.7 (N-2)
Ph Et Me Me +231.2
PhCH,CH, H Me Me +232.6
CH,=CHCH, MeCH(OH)CH, H H +225.7, +227.7
CH,=CHCH, MeCH(OH)CH, Me H +232.8 (N-1)
+225.7 (N-2)
CH,=—CHCH, MeCH(OH)CH, Me H +230.9 (N-1)
(other diastereomer) +227.7 (N-2)
Ph_ C(?
HOHC™ . +236.0 (NMe)
NN, in DMSO +270.1 (NH) (h)
H T Me
(0]
Ph._ _Et
o~ _>cZ
CHOH . +279.2 (NMe)
NN, in DMSO +2313 (h)
H Me
]
ol
in DMSO +263.9 (h)

941
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R—CH=—N—NHCNH,
Il in DMSO

R

2-furyl
2-(2-furyl)-ethyl

H

|
(\_N/7/CH=N— NHﬁNH——@—R in DMSO
(0]

R
H
OMe
Cl
o CH:N—NHﬁNH SO,NH,
0o
(\—/7/ in DMSO
N— C— NH,
BN—G 2 various
S
(thiourea)
PhNHﬁNHz in DMSO
il
Vs C\ .
HN NH mn H20/ D20

N-NH NH, =N

+227.6 +307.1 +80.6
+215.8 +307.0 +71.4

N-NH NHPh ring NH

+233.8 +2799 +2314
+2324 +2828 +231.8
+2323 +280.7 +231.2

+277.5 (NHPh)
+226.8 (NH)

+219 to +237

+250.2 (NHPh)
+269.2 (NH,)

+ 266

@

®

@)
0
)

(k)
(k)

O
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Table 10. —cont.

Nitrogen shielding

(ppm) referred to neat

Compound Solution or state nitromethane Notes
HoNENHNH, in DMSO +278.5 (C-NH;) (m)
L +256.6 (NH) (m)
+316.8 (N-NH,) (m)
HZNﬁNHNHﬁNH, in DMSO +273.2 (NH,) (m)
S S +251.6 (NH) (m)
MeCNHCNH, in DMSO +254.3 (NH,) (n)
I +217.5 (NH) (n)
, in DMSO +253.1 (NH,) (n)
nou +244.0 (NH) (n)
MeﬁNHﬁNHICIMe in DMSO +210.7 (n)
0 S O
PhﬁNHﬁNHICIPh in DMSO +216.9 (n)
0 S o
MeﬁNHﬁNHﬁPh in DMSO +207.6 (NHCOMe) (n)
0O s o + 221.2 (NHCOPh) (n)
MeCNRCNH, in DMSO (o)

[T}
O §

8¢S1
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R

p-nitrophenyl
p-chlorophenyl
phenyl
p-NMe,-phenyl

MeﬁNHCI 'NHR
0O S

R

p-nitrophenyl
p-chlorophenyl
phenyl
p-NMe,-phenyl

R—CH= N—NHICINHZ
S

R

2-furyl
2-thiophyl
2-pyrrolyl

H
(\INJ/CH: N—NH|CS|NH—©— OMe

in DMSO

in DMSO

in DMSO

NR NH,

+205.5 +243.9

+206.4 +247.0
+203.5 +246.3
+204.8 42476

NH NHR

+213.3 42353

+214.6 +237.0
+214.8 42353

+215.7 +235.7

N-NH NH,

+211.0 +2749
+212.0 +274.0
+213.7 +275.1

+69.6
?

+738

+257.8 (NHPh)

+212.2 (NH)
+75.0 (=N)

+232.0 (pyrrole)

(0)

(p)

(p)

(»)
®
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Table 10. —cont.

Nitrogen shielding
(ppm) referred to neat

Compound Solution or state nitromethane Notes
H,NCNHNH, in DMSO +278.5 (C-NH,) @
+316.8 (N-NH,) @
+256.6 (NH) @
H, NENHNHENH, in DMSO +272.3 (NH,) (@
s s +251.6 (NH) @
Nwoo . N in CDCl, +206.0 (NPh) (r)

U )
s” "NH $”N'N +242.5 (nng N) (r)
\/

NPh e in CDCl +182.6 (NPh) )
N U +253.9 (ring N) 6]
s in CDCl, +307.6 (NBu") (s)

+193.2 (=NH)

(s)

091
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G (guanidines)

Guanidinium ions
R?HN_ NHR'
\ﬁ/
N

N
OH

in acetone

in DMSO

in DMSO

in DMSO

various

various

in DMSO

+242.7 (NBu®)

+301.5 (NH,)
+143.0 (=N)

+167.4 (NH)
+117.4 (=N)
+315.6 (NH,)

+167.9 (NNH)
+116.2 (=N)
+299.3 (CH,NH)

+175 to +221 (=NR)
+312 to +354 (NR,)

+265 to + 308

(s)

(s)
(s)

®
(t
®

®
®
®

(w)

()

()
\)
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Table 10. —cont.

Nitrogen shielding
(ppm) referred to neat

Compound Solution or state nitromethane Notes
R R’ NR! NR2 =N
Bu'CH,CMe,— +323.5 +296.0 +1335
its hydrochloride +303.1 +279.3 +2434
H Bu' +322.6 +2951 +131.8
Ph Ph +295.6 +290.0 +106.7
in DMSO NH, N =N v)
N\ /NHZ
T parent compound +3230 +3199 +1258
ol hydrochloride +302.8 +297.7 +237.6
NH, =N NO, (w)
(NH»),C=N—NO, solid +294 +144 +11
in DMSO +297 +139 +10
in DMF, —47°C +301 +141 +11
NMe, =NPh (x)

Me,N =~ _H

Zz=0

ph

(amidine structure)

neat liquid

in cyclohexane
in acetone

in chloroform

in MeOH

in EtOH

in CF,COOH

+2994 +147.3
+3043 +1474
+301.4 +151.2
+301.7 4153.5
+298.4 +163.1
+298.4 +165.0
+293.1 ?

91
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RZ

H (Z-isomer)

its hydrochloride

H (p-nitro, Z-isomer)

H (Z-isomer)

its hydrochloride

Me
—(CH,)s—

Me
Ph

H (Z-isomer)
(Z-isomer)
(E-isomer)

Me (E-isomer)

Me (E, Z-isomers)

in DMSO

in aqueous HCI
(protonated form)

in aqueous KCl,
extract of
metabolites from
bacteria cultures
R =H

R = OH

in DMSO

+294.7 (N—H)
+183.3 (N—O)
+270.1 (N—H)
+216.8 (N—O)

+268.5 (N-1)
+274.0 (N-3)
+265.1 (N-1)
+269.7 (N-3)

NR'R? =NOH

+317.0 +924

+278.3 +211.6
+3164 4844
+2874 4715
+262.2 +192.2
+304.3 491.2
+308.8 +71.1
+301.5 4752
+3246 +78.1
+303.1 +36.5

)
)

)

()

A)
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Table 10. —cont.

(a) Data from ref. 1066, 10.09 MHz "°N spectra, field perpendicular to sample tube, referenced originally to NH{ of NH,NO,; in DMSO,
+388.1 ppm from neat nitromethane (Table 2), conversion scheme Ila (Table 1).

(b) Data from ref. 440, 20.3 MHz CPMAS '*N spectra, '*N-labelled and unlabelled samples, referenced to liquid ammonia, + 381.9 ppm from neat
nitromethane (Table 2), conversion scheme 11 (Table 1).

(c) Data from refs 441 and 1057, 20.3MHz "N CPMAS spectra, and 50.7MHz "N solution spectra, referenced originally to liquid NH;,
+381.9 ppm fron neat nitromethane (Table 2), conversion scheme IIb (Table 1).

(d) Data from ref. 515, 25.34 MHz "*N spectra, field parallel to sample tube, referenced originally to neat nitromethane, uncorrected for bulk
susceptibility effects.

() Data from ref. 777, saturated solutions, 10.09 MHz "N spectra, field perpendicular to sample tube, referenced originally to neat nitromethane,
uncorrected for bulk susceptibility effects.

(f) See footnote (a).

(g) Data from ref. 1026, 25.36 MHz "N spectra, field paralle] to sample tube, referenced originally to neat nitromethane, uncorrected for bulk
susceptibility effect.

(h) Data from ref. 753, 10.095MHz '*N spectra, field perpendicular to sample tube, referenced to nitromethane containing some Cr(acac), as a
relaxation reagent and originally corrected for the presence of the latter vs neat nitromethane, uncorrected for bulk susceptibility effects, samples
doped with Cr(acac),.

(i) Data from ref. 1067, 20.3 MHz '*N spectra, field parallel to sample tube, referenced originally to 1 M HNO;, + 6.2 ppm from neat nitromethane
(Table 2), conversion scheme IIb (Table 1).

(j) See ref. 5, p. 356, and references therein.

(k) Data from ref. 730, 9.12MHz N spectra, field perpendicular to sample tube, referenced to neat nitromethane, uncorrected for bulk
susceptibility effects.

(1) Data from ref. 1068, 18.059 MHz "N spectrum, other details as in footnote (d).

(m) Data from ref. 760, 20.3 MHz '*N spectra, field parallel to sample tube, referenced originally to 1 M HNO,, + 6.2 ppm fron neat nitromethane
(Table 2), conversion scheme IIb (Table 1).

(n) See footnote (e).

(o) Data from ref. 822, details as in footnote (e).

(p) See footnote (i).

(q) Data from ref. 760, details as in footnote (m).

(r) Data from ref. 851, 10.09 MHz "N spectra, field perpendicular to sample tube, referenced originally to aqueous KNO, and recalculated to neat
nitromethane, uncorrected for bulk susceptibilty effects, 0.5-1.0M solutions.

(s) See footnote (k).
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(t) See footnote (m).

(u) See ref. 5, pp. 322-327, and references therein.

(v) Data from ref. 755, 10.09 MHz '*N spectra, proton-coupled, field perpendicular to sample tube, referenced originally to ammonium nitrate but
reported vs liquid ammonia, + 380.2ppm from neat nitromethane, conversion scheme 1Va (Table 1); assignments are based on 'H-'">N splitting
patterns.

(w) Data from ref. 414, '*N-labelled compound, 20.3 MHz '*N CPMAS and solution spectra, field parallel to sample tube for the latter, referenced
originally to NO; in aqueous ammonium nitrate, +4.0 ppm from neat nitromethane (Table 2), conversion scheme IIb (Table 1).

(x) Data from ref. 1069, 30.4 MHz and 50.7 MHz "N INEPT spectra, field parallel to sample tube, referenced originally to neat nitromethane,
uncorrected for bulk susceptibility effects.

(y) Data from ref. 121, 10.09 MHz '*N conventional PFT, proton decoupled, and INEPT spectra, proton-coupled, optimized for 2J(NH) = 2.5Hz;
ca. 1 Msolutions, field perpendicular to sample tube, referenced originally to aqueous ammonium nitrate and recalculated to liquid ammonia standard,
taken at + 380.2 ppm from neat nitromethane conversion scheme IVa (Table 1).

(z) Data from ref. 618, '*N-labelled substances from Streptomyces parvus cell cultures grown on '*N-labelled L-glutamate, extracts in aqueous HCI;
27.37 MHz '°N spectra with and without ' H gated decoupling, referenced originally to “HNO,”, probably I M aqueous HNO;, + 6.2 ppm from neat
nitromethane (Table 2), conversion scheme IIb (Table 1); the conversion is uncertain in view of the large range of nitrogen shieldings in nitric acid
as a function of its concentration (see Table 2).

(A) See footnote (v).
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166 M. WITANOWSKI, L. STEFANIAK and G. A. WEBB

Table 11. Nitrogen shieldings in cyanamide and carbodiimide structures

Nitrogen shielding

Solution (ppm) referred to neat
Compound or state nitromethane Notes
Cyanamide structures
R;N—C=N various +335to +372 (NR,) (a)
+ 185 to + 196 (CN) (a)
in CDCl, +35.7 (ring N) (b)
+138.6 (CN) (b)
Dicyanamido anions
(Ph,As), {M[N(CN),1,} in CDCl, amido-N CN (©
M
Zn +366.7 +220.2
Cd +3453 42126
Hg +367.5 ?
K[N(CN),] in H,O +367.7 +2235 (c)
in EtOH +330 +230 (d)
[Fe(dipy),IIN(CN),] in CH,Cl, +230 +90 (d)
Carbodiimide structures
R—N=C=N—R various +270 to +297 (a)

(a) See ref. 5, p. 335, and references therein.

(b) Data from ref. 870, 40.5 MHz '*N spectra, field parallel to sample tube, referenced origin-
ally to HNO, and reported vs liquid ammonia taken at + 380.2 ppm from neat nitromethane,
conversion scheme IVd (Table 1).

(c) Data from ref. 1070, 10% 'SN-labelling, 20.4 MHz "N spectra, field parallel to sample tube,
referenced originally to NO; , probably aqueous NaNO;, +3.5ppm from neat nitromethane
(Table 2), conversion scheme IIb (Table 1).

(d) Data from ref. 1071, low-precision 14.4 MHz "N measurements, referenced to the nitrate
ion, ca. +4ppm from neat nitromethane (Table 2).



Table 12. Nitrogen shieldings in amides, thioamides, sulphonamides and related structures

Solution Nitrogen shielding (ppm) referred to neat
Compound or state nitromethane Notes
o
. 7
Amide structures R—C\NR
HCONH, neat liquid +268.1 (@)
(formamide) various solvents +264 to +272 (a)
in DMSO +268.1 (b)
HCONHMe in DMSO +271.8 (Z) (b)
+273.8 (E) (b)
HCONMe, neat liquid +277.01 (@)
(dimethylformamide, DMF) various solvents + 275 to + 283 (a)
HCON(SiMe;), 50% in CH,Cl, + 245 (c)
MeCONH, (acetamide) in acetone +274.7 (a)
in H,0 +268.0 (a)
MeCONHMe in DMSO +276.0 (Z) (b)
+277.8 (E) (b)
MeCONMe, in acetone +282.1 (a)
MeCONHNCH,CH,Ph in CDCl, +258.8 d)
MeCON :ggz ggg’}‘l‘ in CDCl, +262.9 (d)
~Me . +275.9 (Z, 70%) (e)
MeCON < cH,coOMe in CHCl +274.6 (E, 30%) ©
. +250.3 (Z, 70%) (e)
MCCONQ in CHC, +250.5 (E, 30%) ©
MeOOC
MeCONHPh solid state +248.0 (D)
in H,SO, +227.1 (f)
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Table 12. —cont.

Solution Nitrogen shielding (ppm) referred to neat
Compound or state nitromethane Notes
MeCO(SiHMe), 50% in CH,Cl, +253 (c)
CF,CONHCH,CH,Ph in CDCl, +264.5 (d)
EtCO(SiHMe), 50% in CH,Cl, +262 (©)
SiMe,
RCON<§MC2:| 50% in CH,Cl, ©
R=H +245
R = Me +247
R R = CF, +253
| =H in CCl, +263.8 (a)
N ° in H,0 +256.8 (a)
(_f in CHCl, +269.2 Q]
+268.7 2
= Me neat liquid +269.4 (2
in DMSO +268.9 ®
in MeOH +265.1 ®
in CF;CH,OH +263.7 ®
= Et neat liquid + 256.6 ®
in DMSO +255.6 (®)
in CHCl, +254.6 (8
in EtOH +254.2 ()
in MeOH +2533 (®
in CCl;CH,OH +2524 (2
in H,O +251.8 (®
in CF,CH,OH +2513 ®
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<i7/OR=none
R = OMe
R = Me
R = Et
R =Cl
R = Br
R=N02

R

L oR=H

Lf R = Me

(e-caprolactam)
Me
Nfo
o; N

Me

sat. solutions

in DMSO
in acetone
in DMSO
in acetone
in DMSO
in acetone
in DMSO
in DMSO
in acetone
in DMSO
in DMSO

in CCl,
in H,0
in CHCI,

in CDCl,

in CHCl,

amido NPh group

para meta ortho
+245.7 +245.7 +245.7
+247.4 +247.4 +2474
+247.5 +244.5

+248.6

+246.6 +244.7 +248.1
+248.4 +247.1

+244 .4

+245.9 +2459 +2514
+248.2

+2459

+245.2

+264.4

+257.7

+270.3
+265.3
+276.9

®

(@
(@)
()

(h)

(e)
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Table 12. —cont.

Solution Nitrogen shielding (ppm) referred to neat
Compound or state nitromethane Notes
R 30% in DMSO NH group 6)]
PhCHZCONH@ para meta ortho
R = NH, - +244.1 +251.7
(NH,) - +318.0 +322.3
NHMe - +243.8 -
(NHMe) - +324.2 -
NMe, - +244.2 +251.2
(NMe,) - +337.9 +349.8
OH +246.9 +244.3 +252.7
OMe +246.7 - +255.9
Et +245.5 +244.7 +250.4
i-Pr - - +250.9
Me +2453 +244.9 +249.2
none +244.6 +244.6 +244.6
F +245.7 +244.7 +258.2
Cl +245.7 +245.1 +246.5
Br +245.5 - +248.6
CN +242.6 +245.3 +248.6
COMe +242.7 +2454 +250.9
NO, +242.0 +245.0 +252.0
CONH, - - +250.6
(NH,) - - +269.9
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c=c
R CONRR?

R R! R? R} R*
H H H H Me
H Me H H Me
Me Me H H Me
H H Me H Me
H Me Me H Me
H Br H H Me
H Br H H t-Bu
H Br H i-Pr  i-Pr
Br H H H Me
Br H H H t-Bu
Br H H i-Pr  i-Pr
H Cl H H Me
H Cl H H t-Bu
Cl H H H Me
Cl H H H t-Bu

CONH,
(benzamides)

I M in CDCl,

0.4M in DMSO

R = NMe,
NH,
OMe
NHCOMe
Me
none
F

+276.4
+277.6
+276.0
+284.5
+284.8
+277.5
+242.3
+235.6
+275.9
+240.1
+233.0
+275.0
+241.3
+277.8
+239.1

CONH,

para

meta

+282.0
+282.6
+280.0
+279.6
+279.2
+278.4
+278.5

+278.6
+278.7
+278.1
+277.9
+278.5
+278.4
+277.5

(k)

M
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Table 12. —cont.

Compound Solution Nitrogen shielding (ppm) referred to neat Notes
or state nitromethane
Cl +277.8 +2774
Br +277.8 +277.4
I +2779 +277.6
CONH, +277.1 +277.6
CSNH, +277.2 +277.5
COMe +276.6 +277.5
COOMe +276.5 +2774
CF, +276.4 +277.2
CN +276.1 +277.0
NO, +275.5 +276.6
PhCONHMe solid state +279.4 )
in H,80, +2324 )
R CONMe, (m)
sat. solutions CDCl, Pyridine DMSO CD,0D
CONMe2 R = none +2788 42786  +2750  +2719
4-OMe +280.2 +280.7 +276.3 +272.8
4-Me +280.6 +281.5 +275.4 +272.5
4-C] +278.9 +281.2 +2743 +2714
2-OMe +275.4 +276.5 +272.2 +268.9
2-OH +277.1 +276.8 +271.6
2-Me +275.9 +277.3 +272.3 + 268.7
2-Cl +275.1 +275.5 +271.4 + 268.6
2-OH-5-C1 +276.5 +276.8 +272.0
2-OH-5-NO, +275.9 +271.0
2-OH-5-OMe +273.5 +276.8 +271.9 +267.6
2-OH-5-Me +276.0 +277.2 +271.5 +268.8
2-OH-3,5-Me, +277.2 +276.6 +271.9 +268.0

<Ll
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CON(CH,Ph),

CONMe,

¥
W

CONMe:

sat. solutions

R = none
4-OMe
4-Me
4-Cl
2-OMe
2-OH
2-Cl

sat. solutions

R = none
2-OMe
2-OH

sat. solutions

R = none
1-OMe
1-OH
3-OMe
3-OH

CON(CH, Ph), (m)
CD(l, Pyridine DMSO CD,0D
+254.5 +255.6 +251.4 -
+256.3 +256.0 +252.7 +248.6
+255.3 + 256.6 +252.3 +248.3
+254.3 +255.9 +251.2 -
+250.9 +252.2 +2489 +248.7
+253.6 +256.4 +249.6 -
+250.2 +251.8 +247.7 +244.1
CONMe, (m)
Benzene CDCI, Pyridine DMSO CD,0OD
+277.5 42744  +2764 +2704 +266.8
+276.2 42563 +256.0 +252.7 42486
- +2553 42566 +252.3 +2483
CONMe, (m)
Benzene CDClL;  Pyridine DMSO CD,0D
+2823  +2783 +280.5 +2746 +271.5
- +2745 +2764 +270.8 +266.8
~ +278.3  +2758 42710 +2673
+278.8 +2753 42775 42716 +267.5
- +276.6 +276.2 +271.0 +2694

AdOISOULIddS YN NIOOULIN

£L1



Table 12. —cont.

Solution Nitrogen shielding (ppm) referred to neat
Compound or state nitromethane Notes
R CONHPh (m)
sat. solutions CD(Cl, Pyridine DMSO CD,0OD
CONHPh
R = none +253.1 +250.8 +246.3 +247.1
4-NMe, +254.7 +2499
4-OMe +254.8 +2529 +248.1 +248.5
4-OH +253.0 +248.4
4-Me +2534 +252.0 +247.2 +247.8
4-Cl +253.6 +251.2 +245.6 +247.0
4-NO, +248.0 +2440
3-Me +251.0 +246.1
3-Cl +250.4 +245.6
2-OMe +245.9 +245.0 +239.0 +240.7
2-OH +255.3 +248.9 +244.2 +246.7
2-Me +245.2 +243.5 +239.1 +239.1
2-Ci +244.4 +2424 +237.6 +238.4
PhCONH (m)
R sat. solutions Pyridine DMSO
R = none +250.8 +246.3
HNCOPh 4-NMe, +259.5 +253.2
4-OMe +254.6 +248.1

PLI
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4-OH

4-Me
4-Cl
4-NO,
3-Me
3-Cl
3-NO,
NH amido moieties in in H,O
manumycin
Amide polymers
Poly(oxoamides) —[NH—(CH,),—NH—CO—CO—],—
in CF;COOH
n=2
n=3
n=4
n==6
n=12
n = 2 and 3 (alternating)
n = 2 and 4 (alternating)
n = 2 and 6 (alternating)
n = 2 and 12 (alternating)

poly( p-benzamide) [—@—CONH—] solid state

n

poly( p-benzamide-alz-caproamide}
solid state
in H,S0O,

+254.2
+251.6
+252.1
+246.5
+250.8
+251.1
+251.9

+250.9
+246.8
+247.0
+2434
+246.1
+246.5
+246.7

+227.5 (C-2"-N)
+237.6 (C-I'"N)

+265.3
+261.3
+259.3
+257.9
+257.0

+265.2, +261.3
+265.2, +259.3
+265.2, +257.8
+265.1, +256.9

+252.6

+246.7, +267.4
+230.2, +235.3

(n)

(n)

(0)

)

®
(y
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Table 12. —con:.

Solution Nitrogen shielding (ppm) referred to neat
Compound or state nitromethane Notes
nylon-6 in CF;COOH +259.2 (h)
solid state
a-crystal form +263.8 (p)
amorphous form +260.2 (p)
extracted with +266.4 (isotropic) p)
NaOH
+343 (o) )
+ 288 (02,) ()
+ 168 (033) (»)
nylon-6 (annealed) solid state +264.6 )
in H,S0, +234.5 )
nylon-6 (quenched) solid state +264.2, +259.2 ()
in H,S0, +234.5 (f)
3-arm star nylon-6 solid state +261.0 ()
in H,SO, +234.5 (f)
nylon-11 solid state
a-crystal form +263.8 (qQ)
amorphous form +261.3 C))
Imide structures R—CO—NR—CO—R
in H,O +218 (r)
O\V\_N%O in H,0, its K* salt  +322 (1)
W(CO)s
+239 (1

OWO in CH,Cl,

9Ll
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o

AN

N

o8

C
Q o
C

(6]

/O
C/

-

Saccharin

KW(CO);-saccharate

(X

Isoamide structures and their derivatives

o)
/4

C

N—Mo(CO)s
C,
\\0

“N— AuPEL;

-

QN

o
PolypyromeHtitimide

Me N , SiMe;
C=N
’
Me;SiO
Me S , Me MeSO,
C=N
/ N\
MeO CH,COOMe
I\|4e
N OMe  MeSO7

in acetone

in H,0, its Na* salt

in acetone

in DMSO
in DMSO

solid state
0.1m in CDCl,

solid state

R—C7,
\Y
MNR

50% in CH,Cl,

in CHCl,

in CHCI,

+228
+276

+262

+153
+ 201

+176.2
+176.2

+ 246 (amide)
+ 206 (imide)

+ 120

+242.5

+233.1

(r)
(r)

()

()
(

)
(s)

®
®

©

(e)

©
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Table 12. —cont.

Solution Nitrogen shielding (ppm) referred to neat
Compound or state nitromethane Notes
l\lde
NI _OMe MeS0; in CHCl, +235.3 (e)
o
hllle
NT OMe
\]/ MeSO- in CHCl, +240.9 MeN*=) (e)
4 +282.5 (MeN) ©
1
Me S
Z
Thioamide structures R—C
MeCSNH, “NR, inH,0 +2729 (a)
MeCSNHPh in CDCl, +211.7 (Z) (u)
+210.0 (E) ()
. +2154 (u)
MeCSN(Me)Ph in CDCI, s 6} ZE W
N 0.4M in DMSO CSNH, )
para meta
CSNH, R = NMe, +241.4 +232.8
NH, +242.1 +233.1
OMe +235.9 +2322
NHCOMe +235.5 +231.8
Me +234.1 +232.7

8L1
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none
F
Cl
Br
I
CONH,
CSNH,
COMe
COOMe
CF,
CN
NO,
_/NHOH
Hydroxamic acid structure R—C\\
MeCONHOH o 0.67M in DMSO
Sulphonamide structures R—S0O,—NR,
MeSO,NH, in acetone
MeSO,NMe, in DMSO
in CHCl,
in CF,CH,0OH
R 2mol% in DMSO
MeSOzNH@
R = none
(in acetone)
OMe
Me
2,6-Me,
Cl
Br
0SO,Me

+232.5 +232.5
+232.7 +231.3
+231.8 +231.0
+231.9 +231.0
+232.2 +231.1
+231.0 +231.4
+231.2 +231.4
+230.1 +231.3
+229.8 +231.0
+229.6 +230.6
+229.0 +230.2
+228.1 +2299
+ 209 (Z, major)
+ 207 (E, minor)
+288.7
+300.7
+301.6
+302.3
NH group
para meta ortho
+257.3 +257.3 +2573
+260.0 +260.0 +260.0
+260.8
+260.3 +257.8 +265.1
+271.2
+256.7 +256.5 +264.9
+257.6 +261.0
+257.0
+250.8 +255.9 +265.3

i\
)

w)
(w)
W)
(w)

)

W)
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Table 12. —cont.

Solution Nitrogen shielding (ppm) referred to neat
Compound or state nitromethane Notes
MeSO, NPh, in acetone +281.5 w)
R NH group
para meta ortho
SO,NH,

R = none in DMSO + 285.7 +285.7 +285.7 x)
+284.3 +284.3 +284.3 w)
in acetone +288.0 +288.0 + 288.0 w)
R = NH, in DMSO +284.0 +285.8 x)
R = OH in DMSO +284.6 (x)
R = OMe in DMSO +284.7 (x)
R = NHCOMe in DMSO +285.1 (x)
R = Me in DMSO +287.6 (w)
+285.5 +285.7 (x)
in acetone +284.3 w)
R=F in DMSO +285.2 (x)
R =l in DMSO +284.3 (w)
+285.6 +285.6 (x)
in acetone +287.8 (w)
R = Br in DMSO +284.2 (w)
+285.7 (x)
in acetone +287.8 (w)
R =CN in DMSO +286.0 (x)
R = NO, in DMSO +284.4 +284.6 w)
+285.8 +285.6 (x)
R = COOH in acetone +288.4 +288.3 +285.6 (w)
in DMSO +285.9 ()
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in DMSO-d,

+288.9 (triplet)

in H,0 +294.0 (singlet)
0.05Min H,0 } (negtral +291.0 (singlet)
+enzyme, pH = 8.5{ (anion) +299.2 (doublet)
SO,NH;  (enzyme = '''Cd-substituted bovine carbonic anhydrase)
E in DMSO-d, + 224.8 (doublet)
in H,O + 224.4 (singlet)
0.10M in H,O .
+ enzyme, pH = 7.5 + 223.6 (singlet)
SO,NHOH (enzyme = '''Cd-substituted bovine carbonic anhydrase)
PhSO,NHMe neat liquid +295.3
in acetone +296.3
PhSO,NMe, in acetone +298.3
in DMSO +298.1
in CHCl, + 298.9
in CF,CH,OH +299.4
PhSO,NHPh in acetone +259.4
PhSO,NPh, in acetone +281.0
in DMSO SO,NH,
RN SO,NH, hydrochloride +290.6 (triplet)
(“SK&F29661°")
COOH
Q
R = OH +290.6 (triplet)
HO

(y)
(y)

$7)]
(§2)

)
82

82

(w)
W)

(w)
(w)
(w)
(W)

W)
W)
(@
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Table 12. —cont.

Solution Nitrogen shielding (ppm) referred to neat
Compound or state nitromethane Notes
Me—@—SOzNHSiMe3 in CDCl, +283.1 (A)
No in CHCI +94.4 (NMe) (B)
PhSO;N_ 3 -
Me '
/0Me
PhSO,N in DMSO +196.2 (B)
H
/SOCl
PhSO:N_ in CHCl, +217.6 (B)
Me
PCl3
PhSO,N_ in CHCl, +260.0 (B)
Me
Sulphinamide structures R—SO—NR,
MeSONH, in acetone +285.4 (w)
MeSONHMe neat liquid +302.7 (w)
in acetone +303.4 (w)
MeSONMe, neat liquid + 308.9 (w)
in acetone +309.2 (w)
in CHCl, +309.5 (W)
in DMSO +309.0 (w)
in PhCH, OH +309.9 (w)
in MeOH +310.0 (w)

(4!
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in CCl,;CH,OH +310.1 (W)

in CF;CH,OH +311.1 (w)
in (CF;),CHOH +312.0 (w)
PhSONMe, neat liquid + 305.1 (w)
Sulphenamide structures R—S—NR,
PhSNMe, neat liquid +335.1 (w)
in CHCI, +334.4 (w)

(a) See ref. 5, pp. 336-350, and references therein.

(b) Data from ref. 203, 40.6 MHz N spectra, field parallel to sample tube, referenced originally to neat nitromethane, uncorrected for bulk
susceptibility effects; reported originally vs fictitious ammonia standard taken at + 380.2 ppm from neat nitromethane (the latter value refers actually
to a perpendicular field-to-sample axis arrangement, Table 2); we retrieved the original data.

(c) Data from ref. 1072, 6.41 MHz "N spectra, field perpendicular to sample tube, referenced originally {0 neat nitromethane via a calibrated sample
of aqueous NH,Cl, uncorrected for bulk susceptibility effects.

(d) Data from ref. 1073, 9.04 MHz '°N spectra, field perpendicular to sample tube, referenced to neat nitromethane, uncorrected for bulk
susceptibility effects.

(e) Data from ref. 1074, 25.4 MHz "*N spectra, field parallel to sample tube, referenced to neat nitromethane, uncorrected for bulk susceptibility
effects; Cr(acac), added as a relaxation reagent.

(f) Data from refs. 359, 374 and 1075, 20.3 MHz "°N solution spectra (field parallel to sample tube) and CPMAS spectra, referenced originally to
NH{ in aqueous ammonium nitrate, + 359.6 ppm from neat nitromethane (Table 2), conversion scheme II (Table 1); reported vs solid glycine,
—11.3 ppm from the reference employed.

(g) Data from ref. 1076, 10.04 MHz "*N spectra, other details as in footnote (b); Cr(acac), added as a relaxation reagent.

(h) Data from ref. 1077, 40.6 MHz "N spectra (NOE-suppressed), field parallei to sample tube, referenced originally to liquid ammonia,
+ 381.9 ppm from neat nitromethane (Table 2), conversion scheme IIb (Table 1).

(i) Data from ref. 889, 10.04 MHz '*N spectra, field perpendicular to sample tube, referenced originally to neat nitromethane, uncorrected for bulk
susceptibility effects; Cr(acac); added as a relaxation reagent.

(j) Data from refs. 1054 and 1056, 9.04 MHz N spectra, field perpendicular to sample tube, referenced originally to liquid ammonia (at + 380.2 ppm
from neat nitromethane) via a calibrated sample of aqueous ammonium nitrate, conversion scheme IIla (Table 1).

(k) Data from ref. 512, 36.506 MHz "N DEPT spectra, field parallel to sample tube, referenced to neat nitromethane, uncorrected for bulk
susceptibility effects.

() Data from ref. 509, 20.22 MHz "N INEPT spectra, field parallel to sample tube, referenced to neat nitromethane, uncorrected for bulk
susceptibility effects; actually, only unsubstituted benzamide nitrogen shielding was calibrated as above, shieldings of the derivatives were measured
by frequency readout upon sample replacement.

AdODSOYLOAdS YAN NIDOYULIN
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Table 12. —conz.

(m) Data from refs. 890 and 1078, '*N-labelled amido groups, 9.04 MHz "*N spectra, field perpendicular to sample tube, referenced to liquid
ammonia, + 380.2 ppm from neat nitromethane (uncorrected, Table 2), conversion scheme IIa (Table 1).

(n) Data from ref. 878, '*N-labelled sample (by feeding Streptomyces parvus with labelled glycine), spectrometer not reported, '*N spectra referenced
to saturated aqueous NH,Cl, +252.9 ppm from neat nitromethane (Table 2), conversion scheme II (Table 1).

(o) Data from ref. 1079, 9.12 MHz '°N spectra, field perpendicular to sample tube, referenced originally to NO; in aqueous ammonium nitrate,
+4.0ppm from neat nitromethane (Table 2), conversion scheme 1Ib (Table 1).

(p) Data from refs. 327, 368-371, and 1006, '*N-labelled samples, 20.287 MHz'*"N CPMAS and powder spectra, referenced to solid glycine,
+ 348.0 ppm from neat nitromethane (Table 2), uncorrected for bulk susceptibility effects.

(q) Data from ref. 372, details as in footnote (p).

(r) Data from ref. 1080, 10.09 MHz "*N spectra, field perpendicular to sample tube, referenced originally to saturated aqueous NaNO,, + 3.7 ppm
from neat nitromethane (Table 2), conversion scheme Ila (Table 1).

(s) Data from refs. 155 and 413. "*N-labelled imide, 15.24 MHz "N CPMAS spectrum, referenced originally to solid ammonium sulphate,
+ 355.7 ppm from neat nitromethane (Table 2), uncorrected for bulk susceptibility effects; also '*N solution spectrum at the same frequency; *'P-"*N
coupling was observed across P—Au—N.

(t) Data from ref. 443, '*N-labelled and unlabelled samples, 30.4 MHz *N CPMAS spectra, referenced originally to solid ammonium sulphate,
+ 355.7 ppm from neat nitromethane (Table 2), conversion scheme III (Table 1).

(u) Data from ref. 1081, 8.059 MHz '*N spectra, field perpendicular to sample tube, referenced originally to neat nitromethane, uncorrected for bulk
susceptibility effects; reported vs liquid ammonia standard taken at + 380.2 ppm from neat nitromethane.

(v) Data from ref. 787, 27.4 MHz °N proton-coupled spectrum, field parallel to sample tube, referenced originally to nitromethane + 20% C, Dy,
ca. +0.2ppm from neat nitromethane (Table 2).

(w) Data from refs. 770, 1082, 1083 and 1084, details as in footnote (i); concentrated (ca. 50 mol%) solutions.

(x) Data from ref. 1085, 20.28 MHz "°N spectra, field parallel to sample tube, referenced originally to neat nitromethane via a calibrated sample
of aniline; originally reported vs fictitious ammonia standard taken at + 380.2 ppm from neat nitromethane, see comments in footnote (b).

(y) Data from ref. 761, '*N-labelled samples, 40.56 MHz '°N spectra (proton-coupled), field parallel to sample tube, referenced originally to NOy ,
probably in aqueous NaNO,, + 3.5ppm from neat niromethane (Table 2), conversion scheme IIb (Table 1).

(z) Data from ref. 1086, '*N-labelled sulphonamide moiety, 8.059 MHz '*N spectra (proton-coupled), field perpendicular to sample tube, referenced
originally to NH;" in aqueous ammonium nitrate, + 359.6 ppm from neat nitromethane (Table 2), conversion scheme Ila (Table 1).

(A) Data from ref. 154, 36.5MHz >N INEPT spectra, field parallel to sample tube, referenced to neat nitromethane, uncorrected for bulk
susceptibility effects.

(B) Data from ref. 515, details as in footnote (e).
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NITROGEN NMR SPECTROSCOPY 185

Table 13. Nitrogen shieldings in amino acids, peptides proteins, and related
structures

Nitrogen shielding
(ppm) referred to neat

Substance and its state nitromethane Notes
Free amino acids See ref. 5, p. 365 and
references therein
Free amino acids +255.2 PR
from cell suspensions + 261.1} amido-moieties @)
of green alga Chlorella fusa +266.5 (7-Gln)
(ca. 10° cells/ml in H,0) +294.4 (5-Arg)

+307.0 (0,0"-Arg)
+313.4 (Pro)
+ 335.7 (Ala)
+ 337.8 (Glu)
+ 338.1 (Gln)
+ 340.3 (Ser)
+346.2 (Lys)

Histidine
&) (e B (&) &) (e
) +H* S N
NH ~ L4
HN”, -— HNN «— NN
—’_H’ )_/ I )_/
R R R
N;, N,
R = —CH(NH;)COO~
in H,0, protonated +205.2 +208.3 (b)
. . +148.0 +203.1 (b)
in H,0, neutral species { 41887 11615 (b)
in 80% EtOH, protonated +203.6 +206.2 (b)
in 80% EtOH, 6,~-NH tautomer +213.1 +136.4 (b)
in 80% EtOH, ¢;,-NH tautomer +1334 +216.0 (b)
d,-N-Me-histidine
in H,0, protonated +208.4 +208.8 (b)
in H,0, neutral species +215.6 +139.2 (b)
&,-N-Me-histidine
in H,0, protonated +202.8 +209.4 (b)
in H,0, neutral species +133.4 +217.0 (b)
His-57 in Asp-His-Ser triad of a-lytic protease
in H,0, protonated +196.4 +209.0 (b)
neutral species +204.2 +142.8 (b)
in H,O + phenylmethanesulphonyl fluoride,
protonated +212.8 +206.3 (b)

neutral species +204.5 +1324 (b)
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Table 13. —cont.

Nitrogen shielding
(ppm) referred to neat

Substance and its state nitromethane Notes
in H,0 + diisopropylfluorophosphate,
protonated +203.3 +206.9 (b)
neutral species +210.7 +137.8 (b)
in H,0, complexed with peptide boronic acid inhibitors:
Boc-Ala—Pro-boroVal-OH +198.5 +195.1 (©)
pH =4 + 198.6 +195.9 (c)
pH =9
MeOSuc-Ala-Ala-Pro-boroVal-OH
pH =4 +198.0 +195.7 (c)
pH =9 +198.2 +195.5 (c)
MeOSuc-Ala-Ala-Pro-p,L-boroAla-OH
pH = 4 +198.4 +196.6 (c)
pH =29 +198.3 +197.2 (c)
Ac-Pro-boroVal-OH
pH =4 +198.4 +196.7 (c)
pH =29 +198.5 +196.4 (c)
MeOSuc-Ala-Ala-Pro-p,L-boroPhe-OH
pH = +202.4 +171.1 (c)
pH =29 +202.4 +171.1 (c)
Boc-Ala-Pro-p-boroVal-OH
pH =29 +201.6 +171.2 (c)
Benzeneboronic acid
pH =29 +201.9 +171.2 (c)
solid state, complex with
( MeOSuc-Ala-Ala-Pro-boroPhe-OH ) (boroPhe-OH )
His-57 and His-51 +202.2 +170.4 (d)
amide backbone +259
lyophilized solid state, (e)
64% w/w suspension in solvent
d,-His, in acetone, pH = 8.6 {iggé
é,-His, in acetone, +124
reclaimed from DM SO + 259
d,,;-His, in acetone, i 212(9);
reclaimed frcom DMSO 4259
u H,N—CNR
-l
Cl [¢] C Q (f )
o]
R = H (glycine) in CDCl,; +402.7 (singlet)
R = Me (alanine) in DMSO + 387.6 (doublet)
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Table 13. —cont.

187

Nitrogen shielding
(ppm) referred to neat

Substance and its state nitromethane Notes
Cl H,N— CH,COCH
~p in acetone +401.1 (doublet) (f)
CI/ \PBu3
CHNMe »
a.., N—CH in CDCl; +244.1 (doublet) (f)
PN
BusP 0—Cy
o)
(5-aminolevulinic acid, “ALA”)
in HzO
pH 2 +354.9
pH7 +355.0
pH 116 +368.4
in H,0, adduct with hydroxylamine
Schiff base
pH7 +352.2
pH 9.7 +362.2
in H,0, adduct with hydroxylamine
Schiff base
pH7 +352.9
pH 9.7 +360.2
ALA bound to porphibilinogen synthetase
Schiff-base complex +356.3
HOOCCH, CH,CH,COOH
|| (porphobilinogen, PBG) ®
H,NCH; l’j
in H,0 +229.0 (NH)
+340.1 (NH,)
in D,0 +230.9 (NH)
+343.4 (NH,)
N-acetyl-amino acids
Ac-N moieties (h)

in DMSO Ala (A) +256.2 Leu (L)
Arg (R) +255.8 Lys (K)
Asn (N) +258.7 Met (M)
Asp (D) +260.3 Phe (F)
Cys (C) +261.3 Pro (P)
Gln (Q) +258.2 Ser (S)
Glu (E) +259.9 Thr (T)

+258.6
+256.4
+260.3
+259.6
+249.5
+264.9
+270.0
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Table 13. —cont.

Nitrogen shielding
(ppm) referred to neat

Substance and its state nitromethane Notes
Gly (G) +271.2 Trp (W) +258.3
His (H) +258.7 Tyr (Y) +258.5
Ile (I) +261.3 Val (V) +262.6

Bovine pancreatic trypsin inhibitor (BPTI, a 58-residue protein)
Peptide nitrogen atoms

in H,0, pH = 4.6, +68°C

Apamin
in H,O

D3 +258.3 N24 +256.1 R42 +4266.1
F4 +266.0 A25 42551 N43 +265.5
C5 +261.0 K26 +265.2 N44 +260.6
L6 +267.7 A27 +263.4 F45 +259.3
E7 +261.1 G28 +2750 K46 +2614
Y10 +258.8 L29 +267.3 S47 +273.1
TI1 +254.6 C30 +263.1 A48 +256.3
G12 +274.8 Q31 +258.7 E49 +262.1
Cl4 +264.0 T32 +273.0 DSO +261.9
K15 +266.4 F33 +262.5 C51 +262.1
Al6 +258.2 V34 +263.0 MS2 +260.6
R17 +263.6 Y35 +252.0 RS53 +2614
18 +256.6 G36 +267.8 T54 +268.4
119 +253.5 G37 ? CSS +267.1
R20 +252.1 C38 +266.7 C56 +274.1
Y21 +266.0 R39 +2684 G57 +273.1
F22 +261.7 A40 +263.6 A58 +2524
Y23 +256.8 K41 +260.7

Peptide nitrogen atoms

pH2.2 pH34 pH4.0 pH4 + 2m NaCl

Cys-1 ? ? ? ?

Asn-2 +2545 42532 42523 +2534

Cys-3 +261.4 +261.5 +2619 +262.1

Lys-4 +262.1 +262.3 +262.5 +262.2

Ala-5 +2620 42620 +262.1 +262.7

Pro-6 ? ? ? ?

Glu-7 +259.7 +258.6 +2579 +258.1

Thr-8 +2745 42754 +276.1 ?

Ala-9 +2554 42557 +256.0 +255.0

Leu-10 +262.5 +2624 +2619 +262.1

Cys-11  +2648 +264.2 +264.7 +265.1

Ala-12 42584 42587 +259.1 +258.8

Arg-13  +2644 4+2642 +2643 42643

Arg-14 +261.2 +260.8 +261.0 +26l.1

Cys-15  +2652 42650 +265.2 +265.5

Gin-16 +262.5 42627 +2629 +262.7

Gin-17 +2624 +2626 +263.0 +2633

His-18 +262.3 +262.6 +263.3 +4263.5

@

M
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Nitrogen shielding
(ppm) referred to neat

Substance and its state nitromethane Notes
Staphylococcal nuclease (Nase) from Escherichia coli
Peptide nitrogen atoms §)]
in H,0, T4l 42623 R81 +261.7 H121 +268.7
pH =74 P42 ? T82 +274.1 E122 ?

E43 ? D83 +260.3 Q123 ?
T44 ? K84 ? Hi24 +261.8
K45 7 Y85 +261.3 L125 +263.7

K6 ? H46 +256.4 G86 +272.6 R126 +263.3

L7  +259.7 P47 ? R87 +260.3 K127 +259.6

H8 +2623 K48 ? G88 +273.6 S128 +2639

K9 +258.0 K49 ? L8 +2558 EI29 +256.8

E10 +258.7 G50 +272.8 A9 +261.8 A130 +262.3

P11 ? V51 +259.6 Y91 +259.2 Q131 +263.6

Al2 +261.9 E52 +255.1 192 +259.9 Al132 42589

TI3 +273.1 K53 +256.3 Y93 42556 K133 +264.7

L14 +256.8 Y54 +266.1 A94 +256.1 K134 +259.6

115 +257.3 GS5 +273.5 D95 +2544 El135 +265.3

K16 +267.5 P56 ? G9% +278.8 K136 +265.3

Al17 +252.5 E57 ? K97 +260.6 LI137 +264.8

[18 +257.6 AS8 +257.7 M98 42553 NI138 +263.3

D19 +262.9 S59 +270.2 V99 +4245.7 1139 4257.5

G20 +278.1 A60 +259.6 N100 +273.7 W140 +262.7

D21 +270.1 F61 +260.5 E101 +269.3 S141 +265.7

T22 +264.3 F62 +261.6 A102 +258.8

V23 +261.2 K63 +261.8 L103 +266.4

K24 +254.6 K64 +264.6 V104 +264.9

L25 +254.6 M65 +265.6 R105 +259.4

M26 +259.8 V66 +274.1 Q106 +269.8

Y27 +252.3 E67 +260.7 QI07 +275.1

K28 +254.4 N68 +268.5 L108 +266.6

G29 +279.5 A69 +260.6 A109 +268.8

Q30 +262.6 K70 +256.3 K110 +264.6

P31 ? K71 +260.5 Vi1l +2578

M32 42562 172 +252.8 Al12 +250.6

T33 +257.7 E73 +258.6 Y113 +271.6

F34 +256.1 V74 +264.7 V114 +262.5

R35 +257.2 E75 +255.1 Y115 +251.4

L36 +257.1 F76 +255.3 K116 ?

L37 +260.0 N77 +258.7 P117 ?

L38 +270.3 K78 +1262.8 N118 +253.3

V39 +2781 G79 +271.1 N119 +264.2

D40 +262.7 Q80 +1257.1 T120 +257.7
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Table 13. —cont.

Nitrogen shielding
(ppm) referred to neat

Substance and its state nitromethane Notes
Ferrocytochrome ¢, from Rhodobacter capsulatus
0.002m in Peptide nitrogen atoms k)
H,0,pH =6

Gl1 ? A3l +256.5 G61 +271.0 K91 +2634
D2 +2584 K32 4+266.5 A62 +255.5 A92 42576
A3 +252.5 T33 4+264.0 S63 +2684 K93 +263.0
A4 +259.6 G34 +276.9 G64 +270.8 S94 +265.2
K5 +261.1 P35 ? F65 +259.0 G95 +284.1
G6 +272.2 N36 +262.3 A66 +250.2 M96 +255.6
E7 +257.6 L37 +256.0 W67 +263.1 A97 +2464
K8 +264.7 Y38 +257.7 T68 +269.4 F98 +261.1
E9 +260.0 G39 +263.6 E69 +2583 K99 +260.9
F10 +263.2 V40 4+263.8 E70 +2629 L100 42574

NI1 +263.3 V41 +259.7 D71 +2623 Al01 +251.5
K12 +263.4 G42 +262.7 172 +260.0 K102 +266.4
Cl13 +264.6 R43 +256.0 A73 +261.1 G103 +2714
K14 +261.1 T44 +257.1 T74 +267.0 G104 +269.1
T15 +268.3 A45 4+246.5 Y75 +2554 EI105 +260.5
Cl6 +266.8 G46 +274.5 V76 +272.8 DI06 +258.2
H17 +265.0 T47 +278.2 K77 +262.2 V107 +2594
S18 +269.3 Y48 4250.9 D78 +275.3 Al08 +257.2
119 +2625 P49 ? P79 7 Al109 +261.7
120 +251.4 ES0 +266.2 G80 +276.8 Y110 +260.8

A2l +250.7 F51 +259.4 A81 +257.1 LI1Il +261.3
P22 7 K52 +252.3 F82 +262.7 All2 +261.2
D23 +267.3 Y53 +254.1 L83 +263.4 S113 +2679
G24 +272.4 K84 +264.6 V114 +265.5
T25 +2629 E85 +262.8 VII5S +265.6
E26 +252.0 S56 +263.9 K86 +263.2 K116 +250.9
127 +251.2 157 +257.4 L87 +265.5
V28 +265.2 V58 +257.6 D88 +260.3
K29 +250.8 AS59 +256.7 D89 +266.4
G30 +264.2 L60 +260.3 K90 +256.7

Cytochrome ¢** (o)
in H,0 Ala +263.1, +264.8, +256.0
His +223.4, +208.5 (ring)
Calmodulin from Drosophila )
0.0015M in Peptide nitrogen atoms
H,0,

complexed Al ? Q41 +263.5 S81 42652 VI21 +261.1
withCat?, D2 +261.4 N42 +265.4 ES2 +261.0 DI22 +262.3
pH = 6.3 Q3 +2623 P43 +2663 E83 +263.1 E123 +2627

L4 +259.1 T44 +269.3 E84 +261.7 MI24 +262.5
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Substance and its state

Nitrogen shielding
(ppm) referred to neat
nitromethane

Notes

T5 +269.0
E6 +261.4
E7 +262.6
Q8 +262.1
19 +262.5
A0 +260.6

Ell +2623
F12 +262.3
K13 +258.8
El4 +261.7
AlS +259.7
Fl16 42629
SI7 +269.5
L18 +261.1
F19 +266.9
D20 +264.4

K21 42575
D22 +267.9
G23 +272.8
D24 +261.1
G25 +268.8
T26 +269.0
127 +254.8
T28 +265.3
T29 +269.1
K30 +261.5

E31 +260.6
L32 +261.5
G33 +276.6
T34 +264.1
V35 +259.7
M36 +264.0
R37 +263.0
S38 +263.5
L39 +261.8
G40 +275.5

E45
A46
E47
L48

Q49
D50

Msl
152

NS53
E54
V55
Ds6
AS57
D58
G359
N60

G61
T62
163

D64
F65
P66
E67
F68

+261.2
+261.4
+263.3
+261.7
+263.8
+261.9

+262.9
+263.9
+264.4
+265.5
+273.0
+260.3
+250.2
+268.0
+273.7
+263.5

+268.6
+2729
+257.9
+253.6
+262.9
+264.7
+264.5
+258.6
L69 +263.1
T70 +267.0

M71 +260.5
M72 +265.5
AT3 +260.1
R74 +265.4
K75 +263.2
M76 +263.5
K77 +261.6
D78 +260.5
T79 +267.9
D80 +259.1

185

R86
E87
A88
F89
R90

V91
F92
D93
K94
D59
G96
N97
G98
F99
1100

S101

A102
Al03
E104
L105
R106
H107
V108

+260.6
+260.3
+263.5
+260.1
+263.4
+266.5

+263.8
+265.5
+265.0
+256.1
+267.7
+272.8
+262.5
+269.1
+266.3
+254.6

+258.1
+258.9
+263.8
+262.5
+261.1
+264.6
+263.3
+263.2

MI109 +265.4

T110

N1t
L112
G113
Ell4
K115
L116
Ti17
D118
El19
E120

+267.5

+260.0
+263.2
+275.6
+261.6
+258.4
+257.7
+267.9
+259.4
+262.1
+263.2

1125 +263.7
R126 +263.5
E127 +266.1
Al128 +262.8
NI129 4264.6
1130  +254.5

D131 +264.8
G132 +273.6
D133 +261.3
G134 +269.7
Q135 +266.5
V136 +256.7
NI137 +2529
Y138 +263.7
E139 +263.7
El140 +261.8

F141 +257.9
V142 +262.5
T143 42654
Ml144 +260.1
MI145 +267.1
T146 +271.9
S147 +264.1
K148 +254.2

Bacteriophage T4 lysozyme
Peptide nitrogen atoms

in H,0/
D,0,

pH = 5.6,
+20°C

I3 +263.0

+342.0 A4l +256.7
+265.0 A42 +259.7

K43 +264.0

+257.6 S44 +266.2

N8I
A2
K83
L84

+258.9 LI121

+262.1

+251.6 Q122 +260.0
+267.1 Q123 +267.1
+264.9 K124 +266.6

(m)
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Table 13. —cont.

Substance and its state

Nitrogen shielding
(ppm) referred to neat
nitromethane

Notes

E5  +262.7
M6  +262.6
L7 +262.9
R8 +258.0
19 +261.1
D10 +262.8

Ell +262.9
G12 +271.6
L13 +261.8
R14 +2534
L15 +257.8
K16 +266.2
117  +260.5
Y18 42529
K19 +260.0
D20 +256.0

T21 4270.7
E22 +260.6
G23 +2738
Y24 +259.7
Y25 +257.8
T26 +259.3
127 +259.6
G28 +268.6
129 +2499
G30 +271.6

H31 +264.3

L32 +2482

L33 +254.9

T34 +271.0

K35 +255.8

S36 +261.1
?

S8 +264.5

L39 +2475
N40 +263.7

P37, 86, 143 {

E45 +260.3
L46 +258.5
D47 +261.0
K48 +259.9
A49 +259.5
150 +266.1

GS51 +271.9
R52 +264.6
N53 +264.6
C54 +255.4
NS5 +260.5
G56 +278.8
V57 +260.2
158 +264.1
T59 +271.7
K60 +259.3

D61 +263.3
E62 +259.0
A63 +259.4
E64 +260.1
K65 +259.4
L66 +262.3
F67 +261.8
N68 +262.6
Q69 +261.9
D70 +257.3

V71 +255.7
D72 +261.1
A73 +260.7
A74 +257.3
V75 +261.2
R76 +262.9
G77 +275.1
178 +258.0
L79 +266.6
R80 +264.6

+241.0
+243.0
+246.9

K85 +257.6
P86 ?

V87 +264.9
Y88 +258.9
D89 +263.1
S90  +267.9

L91 +258.6
D92 +266.2
A93 +261.1
V94  +263.1
R95 +261.8
R96 +262.5
C97 +265.5
A98 +259.7
L99 +262.0
1100 +262.2

N101 +262.0
M102 +265.5
V103 +260.6
F104 +256.9
Q105 +263.7
M106 +267.7
G107 +269.3
E108 +260.7
T109 +268.5
G110 +271.5

V111 +259.0
Al12 +262.1
G113 +279.1
F114 4256.8
T115 +266.3
NI116 +261.7
S117 +262.2
L118 +260.7
R119 +262.0
M120 +264.2

R125
W126
D127
E128

Al129
Al130

V131

N132
L133

Al34
K135
S136

R137
w138
Y139
N140

Ql4l
T142
P143
N144
R145
Al46
K147
R148
V149
1150

T151
T152
F153
R154
T155
G156
T157
WI158
D159
Al60

Y161
K162
N163
Ll164

+260.7
+262.1
+264.1
+260.1
+258.3
+261.9

+262.6
+262.5
+258.7
+261.3
+262.6
+267.5
+257.2
+260.2
+262.9
+269.9

+262.3
+274.2
9

+264.0
+259.9
+261.7
+265.0
+261.3
+255.8
+260.5

+263.1
+258.7
+260.7
+261.8
+276.7
+269.2
+272.7
+263.1
+261.1
+261.9

+267.2
+261.4
+264.1
+255.1
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Substance and its state

Nitrogen shielding
(ppm) referred to neat
nitromethane

Notes

Other nitrogen atoms

H31

w126
w138
WI158

+193.6 (N, ), +207.5 (N,)

+249.9 (N,)
+250.5 (N,,)
+252.2 (N,)

2-Fe-2S*-ferrodoxin from Anabaena species strain PC 7120 (oxidized form) (n)
Peptide nitrogen atoms

0.007M in
H,0,
ph = 7.1

Al +341.1
T2 +2674
F3 +257.2
K4 +257.8
V5 42528
T6 +255.2
L7 +253.5
I8 +254.2
N9 4255.2
E10 +255.6
All +259.1
E12 +266.9
G13 +271.5
T14 +273.0
K15 +258.2
H16 +256.6
E17 +256.6
118 +260.8
E19 +258.3
V20 +254.5
P21 +242.6
D22 +264.2
D23 +263.7
E24 +259.1
Y25 +260.6

126

L27
D28
A29
A30
E31

E32
Q33
G34
Y3S
D36
L37
P38

F39
S40

C4]

R42
A43
G4
A4S
C46
547

T48
C49
AS0

+261.3
+265.2*
+264.0
+258.5
+260.0
+261.9
+259.5
+265.0
+274.5
+258.8
+258.9
+254.9
+247.6

?*

?

?

?‘

D N N D e N D

Other nitrogen atoms

Gs1
K52
KS3
V54
S55

GS6
T57
V58
759

D60
Q61
S62

D63
Q64
S65

F66
L67
D68
D69
D70
QM
172

E73
A74
G75

+268.8
+258.8
+251.6
+255.5
+269.2
+2714
+274.5
+271.7
‘7

+260.0
+256.8
+263.1
+261.6
+258.2

?

?*
+259.5*
+258.1
+263.9
+259.8
+257.7
+259.8
+256.9
+261.4
+271.3

Y76
v77
L78
T79
C80
V81

A82
Y83
P84
T8S
S86

D87
V88
V89
190

Q91
T92
H93
K94
E95
E96
D97
L98
Y99

+261.8
+262.8

?

?t

?

?
+259.3
+256.7
+244.1
+270.2
+263.1
+262.6
+2553
+2534
+253.1
+254.6
+265.2
+268.1
+266.6
+255.0
+267.2
+261.5
+262.8
+256.7

K4 +348.8 (N); K52 +346.9 (N,); K94 +348.4 (N)
D9 +270.1 (N,)
HI6 +168.1 (N, ), +198.7 (N,)
H93 +138.8 (N;), +2133 (N,)
Q61 +273.3 (N,); Q64 +270.0°(N,); Q71 +271.1 (N,)
Q91 +271.0 (N,)
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Table 13. —con:.

Nitrogen shielding
(ppm) referred to neat
Substance and its state nitromethane Notes

Anabaena 7120 flavodoxin (o)
in H,0 Ala  +259.1, +260.3, +259.8, +253.3, +257.0,
+260.1, +263.2
His +204.4, +150.4 (ring)

Escherichia coli thioredoxin (p)
0.001 to Peptide nitrogen atoms
0.005M
in H,0 Arg, R +247.0

Asx, D, N +251.3, +248.8, +255.9, +259.8, +255.9,
+256.3, +251.3, +255.3, +259.2, +255.3,
+259.2, +246.9, +254.3, +258.6, +262.6

Gly, G +263.2, +253.7, +271.2, +260.4, +269.3,
+261.2, +266.5, +267.1, +267.1
His, H +248.6
lle, I +251.7, +248.4, +253.7, +253.7,
+262.1, +253.9, +265.6, +256.4, +258.0
Leu, L +248.3, +244.7, +253.3, +251.3, +252.1,

+249.9, +251.3, +255.1, +255.9, +255.9,
+256.3, +259.2, +255.8

Met, M +257.6
Phe, F +247.0, +246.6, +255.9, +250.1
Tyr, Y +260.0, +260.6
Val, V +245.8, +248.6, +252.1, +249.4, +261.2
Turkey ovomucoid third domain (OMTKY 3) ()]
0.05M in Peptide nitrogen atoms
H,0/D,0
AlS +2745 E19 ? 826 +2639 T30 +268.9
Cl6 +268.7 Y20 17 D27 +258.7 Y31 42578
T17 +2654 R21 +263.0 N28 ? G32 +2644
L18 +275.5 G25 +262.1 K29 ? N33 +264.5
Pf1 filamentous bacteriophage coat protein (r)
in H,0, Peptide nitrogen atoms
pH = 4.3

+75°C  L30 42700 L33 +267.1 A36 +264.6 139  +2668
V3l 42689 A34 +2660 G37 +281.7 Y40 +266.7
132 42679 V35 +269.7 L38 +262.0

Coliphage A-cro repressor protein (s)
in H,0,pH = 4.6 Increment upon
Free complexation with Oy 3 DNA

Lys-units +268.9 +0.09
+269.9 —-043
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Nitrogen shielding
(ppm) referred to neat

Substance and its state nitromethane Notes
+266.0 ?
+264.6 —0.37
+271.2 —0.03
+263.9 —0.06
+261.4 —-0.14
+260.5 —0.70
Human N-ras p21 protein (t)
in H;O,pH = 7.5 Normal p2]1 Mutant p21
S17 ? ?
K16 +255.4 +254.9
Gl15 +271.6 +270.9
Vi4 +267.9 +266.9
Gl13 +266.4 +265.9
GI12/D12  +2749 +262.3
All ? ?
G10/G115 +273.9 +273.6
G115/G10 +267.8 +267.8
V9 +255.7 +255.2
Ribonuclease A (RNase A) (v)
N-terminal pentadecapeptide +347.4 (Lys-7, e-NH,)
moiety (“‘S-peptide”) units 1-15, +267.9 (GIn-11, y-amide)
in HJO, pH602 I%(l)g} (Hls 12 nng)
Synthetic S-peptide in complex +267.9 (GlIn-11, y-amide)
with RNaseS’ (RNase A21-124), +207.1 (His-12, N, )
in H,0, values from titration +206.9 (His-12, N, )
sources for cationic species
Synthetic S-peptide in complexes,
in H,0, pH5.0
with 2'-CMP +263.6 (GIn-11, y-amide)
+199.7 (His-12, N; )
+206 1 (His-12, N,,)
with 3'-CMP +264.8 (Gln-11, y- armde)
+204.3 (His-12, N; )
+206.2 (His-12, N, )
with 5-AMP +265.5 (Gin-11, y- amlde)
+203.7 (His-12, N; )
+207.3 (His-12, N, )
Streptomyces subtilisin inhibitor (SSI) )

in H,O0

+257.1 (Met-Cys’")
+259.4 (Met”-Val™)
+264.4 (Met'®-Asn'®)
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Table 13. —cont.

Nitrogen shielding
(ppm) referred to neat

Substance and its state nitromethane Notes
Silk fibroins from Bombyx mori from Philosamia (w)
cynthia ricini
in H,O +256.5 (Ala) +256.6 (Ala)
+260.1 (Tyr) +258.6 (Ala)
+264.7 (Ser) +260.2 (Tyr)
+269.3 (Ser-Gly-Ala) +264.8 (Ser)
+272.0 (Ala-Gly-Ser, +269.5 (Gly)
Ala-Gly-Ala) +270.1 (Gly)
+272.6 (Gly) +271.9 (Gly)
+273.4 (Gly)
Aridicin aglycon (x)
OH

MeNH™ 0D NA
® 4]
HO
OH
in1:1 H,0/DMSO
Free + Complexed Free + Complexed
with tripeptide with pentapeptide

NH(a) +274.6 +274.6 +274.6 +275.2
NH(b) +261.9 +264.2 +262.1 +264.3
NH(c) +272.2 +268.5 +272.2 +268.5
NH(d) +251.9 +251.9 +253.7 +2534
NHge) +258.1 +256.3 +258.1 +256.4
NH(f) +262.1 +257.7 +261.8 +257.6

tripeptide = di-N-Ac—L-Lys—bD-Ala—b-Ala

pentapeptide = N-Ac—L-Ala—y-D-Gln—L-Lys(Ac)—D-Ala—Db-Ala
Gramicidin A
HCO—L-Val—Gly—Li-Ala—b-Leu—L1-Ala—b-Val—L-Val—D-Val—L-Trp

HOCH,CH,—NH—L-Trp—D-Leu—L-Trp—D-Leu

0.05min DMSO V1 42557 V6 +267.7 Wil +259.2 (y)
G2 42707 V7 +263.3 L12 +258.8
A3 42590 V8 +263.6 WI3  +259.2
L4 42620 W9 42577 Li4 +258.1
A5 42596 LI0 +2586 WIS +269.3

NHCH,CH,0H +269.3
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Nitrogen shielding
(ppm) referred to neat

Substance and its state nitromethane Notes
solid state isotropic oy, 0pn o3 oriented (z)
Vi +256 +315  +297 4156 +162
G2 +270 +338 +309 +163 4247
A3 4255 +320  +294 4151  +162
L4 +262 +327 4296 +163 4215
A5  +256 +322 4293 +153 4162
V6  +261 +323 +298 +158 +215
V7 +260 +323 4300 +157 +164
Cyclosporin A in CDCI; in C4Dg (A)
MeBmt'—AbuZ—SarJ—MeLeu‘—Va}ls A7 42527 AT 42521
oo 9__ $__A1a7__ ¢ Abu +4259.5 Abu +259.1
MeLeu™—MeLeu’—p-Ala®*—Ala’—MeLeu +260.9 £260.7
A8  +261.3 A8 42609
+262.0 +262.3
VS +262.6 +263.2
+2632 V5 42644
+264.1 +265.8
+268.2 +267.9
+269.2 +269.1
Ala_ in DMSO Ala  +264.2 (B)
i \,, lle +272.0
Val +267.7
Phe  Val Ser +258.7
Pro— Ser(Bzl) Pro ?
Phe +264.2
Gly +279.0
Al jn DMSO Ala  +267.1 (B)
Gﬁ \e Ile +272.1
Val  +271.7
il Ser  +266.7
Aib—Ser(Bzl) Aib  +254.1
Phe +275.0
Gly +277.6
/Alu\ in DMSO Ala  +2674 (B)
lew  Lys(Z) Lys +260.0
Tyr +275.8
Phe ler (B7) Gly +279.3
Gly—Gly Gly +265.1
Phe +269.3
Leu +270.0
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Nitrogen shielding
(ppm) referred to neat

Substance and its state nitromethane Notes
Antamanide from mushroom Amanita phalloides (9))
0.07m in CDCl, Val +266.4
Pro 42433
Pro +2523
Val'—Pro*>—Pro’—Ala*—Phe’ Ala 42526
| | Phe +266.6
Phe'*—Phe’—Pro*—Pro’—Phe® Phe +263.9
Pro +2438
Phe +260.2
Phe +271.2
Toxins from Amanita phalloides (D)
Various solutions
)I(l_ Hyp*— )l( 3
Cys x4

I
Gly’™— 1e*—Gly*

a-amanitin f-amanitin y-amanitin  amaninamide
X' = Asn Asp Asn Asn
Xt = 7,6-(OH),-le  3,6-(OH),-1le  y-OH-lle y,0-(OH),-lle
X = 6-OH-Trp 6-OH-Trp 6-OH-Trp  Trp
NH (X-1) +268.9 +266.3 +270.0 +269.8
NH, (X-1) +262.1 - +260.9 +262.3
NH (X-3) +273.2 +275.5 +273.2 +273.2
NH (X-4) +263.7 +263.2 +263.7 +263.6
Indole (X-4) +257.7 +257.1 +257.6 +255.7
NH (Gly-5) +283.8 +282.1 +284.5 +283.3
NH (Ile-6)  +260.5 +259.4 +260.6 +260.6
NH (Gly-7) +270.2 +269.4 +270.3 +270.2
NH (Cys-8) +268.2 +267.2 +268.1 +268.0

COR® cor®
10y
Actinomycin D @NL\%\(NHZ (E)
~ 2)
0 0
R = —(N,)—L-Thr—p-Val—L-Pro—Sar—L-(NMe)Val
|
0 ]
Solvent CDCl, Cy Dy CD;0D  CD;CN  acetone-d;
Pro (@) +238.7 42388 42337 42329 42335
(B)  +239.2  +239.1 +2340 ? ?
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Nitrogen shielding
(ppm) referred to neat

Substance and its state nitromethane Notes

Val ()

+259.1 +2583 42562 +2549 +2554

B) +2600 +2592 +2574 42557 +256.0
Thr (@) +2667 +2659 +262.1 +261.2 +260.9
B +2672 +2670 +262.6 +262.8 +262.9
MeVal (@ +271.2 42723  +2659  +2657 +266.3
B +2713 ? ? ? ?
Sar (@) +2789 +280.7 +272.1 42740 +2750
B +279.0 ? ? ? +275.1
N-10 +95.2 +98.6 +91.3 +88.2 +90.3
2-NH, +2984 +2976 +293.8 +2948 +2929
+299.0 +293.5
Oxytocin (F)
0.002m Free Bound to bovine
in H,0 neurophysin
pH 6 23-6 2 6 23-6 2
Asn-5 +264.1 +264.1 +264.2 +266.0 +265.8 +265.1
Tyr-2 ? +256.7 +256.5 +255.2 +255.5 +255.6
8-Arginine-vasopressin F)
0.002m Free Bound to bovine
in H,0 neurophysin
pH 6 23-6 2 6 23-6 2
Asn-5 +264.3 +264.5 +264.3 +265.1 +264.5 +264.3
Tyr-2 ? +257.1 ? +255.5 +2558 ?
Phe-3 +260.2 +259.4 +259.0 +256.3 +256.8 +257.2
Cys-6 ? +260.5 ? +259.3 7 ?
Bleomycin A, G)

0.07M in H,0/D,0, pH = 3.9, +20°C

S
(Lh—CHzCHZNHCO— +262.5 (NH) (“BIT” unit)
N
Me,S*—CH,CH,NHCO— +265.0
Thr +264.0
Val +248.1

His (pH 1.24, +30°C) +261.9 (NH)



200 M. WITANOWSKI, L. STEFANIAK and G. A. WEBB
Table 13. —cont.

Nitrogen shielding
(ppm) referred to neat

Substance and its state nitromethane Notes
Angiotensin (H)
in H,0, pH = 4.5 0.3m 0.02m
Arg-2 +307.7 +304.4
Val-3 +2582 +2579
Tyr-4 +255.7 +254.8
Val-5 +258.2 +256.2
Phe-8 +258.2 +256.2
Leu-enkephalin, Tyr'—Gly*—Gly’—Phe*—Leu’ 1)
0.04M in DMSO +30°C  +60°C
Gly-2 ? ?
Gly-3 +271.3 +2713
Phe-4 +259.5 +260.1
Leu-5 +257.0 ?
0.0imin H,0, pH = 5.2 )
Tyr +343.0 (NH;)
Vancomycin (K)
0.14M in DMSO, +65°C Free Complex with

Ac—p-Ala—b-Ala
1-NH,Me +346.2 +339.9

2-NH +268.7 +262.0
3-NH +261.6 +260.6
4-NH +261.2 +262.9
S-NH +252.0 +252.7
6-NH +2727  +273.0
7-NH +2553 +254.1

8-CONH, +2693 +271.4
9-NHy +322.8 +323.0

Ac—D-Ala—b-Ala (K)
in DMSO Free Complex with
vancomycin
AcAla +254.7 +252.3
Ala +2609 +259.0
Ala—*Ala +259.9 (*Ala, isotropic) (L)
solid state +314.2 (0y,)

+301.4 (63)
+ 164.0 (04,)
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201

Nitrogen shielding
(ppm) referred to neat

Substance and its state nitromethane Notes
Gly—*Gly - HC1 - H,O +264.5 (*Gly, isotropic) M)
solid state +319.9 (g)y)
+309.3 (65,)
+164.3 (633)
Gly-Tyr + 338 (Gly, NH,) N)
solid state + 258 (Tyr, NH) (N)
Asp—Phe—OMe + 240.0 (Phe, free peptide) (0)]
in H,0, pH = 6.0 + 239.6 (Phe, complex with
B-cyclodextrin)
Boc—1-Ala—L-Pro—OCH,Ph + 251 (Pro, isotropic) P
(Boc = PhCH,0CO) + 351 (oy))
solid state +250 (63)
+154 (633)
Ac—Gly—Ala—NH, +256.7 (NH, isotropic) Q)
solid state +334.9 (o))
+294.4 (65,)
+ 150.1 (o43)
in D,O +255.5 (NH) Q)
Ac—Gly—Tyr—NH, +262.2 (NH, isotropic) Q)
solid state +3274 (0,))
+302.4 (65)
+170.2 (633)
in D,O +259.8 (NH) Q)
Ac—Gly—Gly - HCl + 268.0 (NH, isotropic) Q)
solid state +322.2 (ay))
+320.6 (03;)
+169.5 (g33)
in D,0 +270.7 (NH) Q
Ac—Gly—Gly—NH, +270.1 (NH, isotropic) Q)
solid state +338.8 (0,))
+ 315.3 (0'22)
+ 168.9 (033)
in D,0 +270.8 (NH) Q
Ac—Gly—Phe—NH,
solid state +256.2, +258.1 (NH, isotropic) Q)
in D,0 +259.2 (NH) Q

Alanine polymers and copolymers
solid state

[Ala*, Ala, X],

(R)
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Nitrogen shielding
(ppm) referred to neat
Substance and its state nitromethane Notes

Ala*-NH nitrogen atoms

% % % Confor-
X Ala* Ala X mation Isotropic o, 6, 0y

None 20

o0
(=4
(=1

o-helix +260.8 +155.6 +305.6 +321.6
p-sheet +257.4 +158.6 +297.9 +315.6

Asp(OBz) 5 95 a-helix +258.3 +149.6 +3049 +320.6
90 a-helix +258.5 +149.6 +303.6 +322.6
80 oa-helix +258.1 +151.6 +3009 +321.6
80 a-helix +259.2 +153.6 +3029 +320.6

80 oa-helix +259.7 41546 +301.5 +322.6

Glu(OBz) 20
-Glu(OMe) 20

D-Ala 5 0 95 a-helix +2629 +162.6 +302.5 +323.6
20 0 80 a-helix +263.1 +161.6 +3045 +323.6
Gly 20 60 20 a-helix +261.0 +157.6 +302.2 +323.6
20 0 80 p-sheet +260.8 +159.6 +300.0 +322.6
Leu 5 0 95 a-helix +261.0 +1549 +303.6 +324.6
20 0 80 a-helix +261.0 +1556 +302.7 +324.6
S 75 20 ahelix +261.5 +156.6 +302.5 43256
S5 45 50 a-helix +261.3 +4152.6 43054 43256
Val 5 0 95 B-sheet +252.6 +149.6 +296.6 +312.6
20 0 80 B-sheet +2599 +1576 +297.2 +324.6
5 25 70 a-helix +261.0 +158.6 +306.5 +317.6
Ile 20 0 80 pB-sheer +2586 +159.6 +296.6 +319.6
0
0
0
0
0
0

Sar 20 80 ? +260.6 +161.6 +2974 43226

Boc—(L-Ala),—NHBu + 257.8 (isotropic) (S)
solid state, B-sheet

Poly(L-Leu) + 262.6 (isotropic) (S)
solid state, a-helix

Boc—(1-Leu); OEt + 252.6 (isotropic) (S)

solid state, B-sheet
Poly(f-benzyl-L-aspartate)

solid state, a-helix + 260.4 (isotropic) (S)
B-sheet + 259.2 (isotropic) (S)

Poly(B-benzyl-L-glutamate)

solid state, a-helix + 262.0 (isotropic) S)
0-NO,—CH H,—SO—[L-Glu(OMe)[;-—NHBu

solid state, B-sheet +260.1 (isotropic) S)
Poly(y-Me—L-glutamate)

solid state, a-helix +262.0 (isotropic) (S)

0-NO,—C,H,—SO—[L-Glu(OBz)|,—OH
solid state, f-sheet +260.1 (isotropic) S)
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Table 13. —cont.

Nitrogen shielding
(ppm) referred to neat

Substance and its state nitromethane Notes
Poly(L-Val)
solid state, B-sheet + 253.7 (isotropic) S)
Poly(L-Ile)
solid state, B-sheet + 253.5 (isotropic) )
Ala residues in elastin + 244 (B-sheet) (T
solid state + 259 (a-helix) (T)
Ala, Gly, Val-copolypeptides [¢9)]
in CF;COOH Ala-Gly +270.7
Gly-Gly +269.8
Val-Gly +266.9
Ala-Val +258.3
Gly-Val +257.5
Ala-Ala +2544
Gly-Ala +254.1
Val-Val +252.8
(1] 29 (V)
MeCH(NH,)PO; H, (““Ala-P”)
lyophilized solid, pH 7.5 +339.2
pH 13.5 +345.7
~~0;P—CH,—NH; —CH,—COOH (W)
(glyphosphate, N-phosphonomethylglycine)
in H,0 pH —1 + 345
pH 4510 7.0 + 341
pH 13 +353

(a) Data from ref. 1087, '*N-labelled algae, by feeding with K'*NO,, 30.416 MHz "N spectra,
field parallel to sample tube, referenced originally, via a calibrated sample of 90% formamide,
to 1M HNO,, +4.4ppm from neat nitromethane (Table 2), conversion scheme IIb (Table 1).

(b) Data from refs. 390, 1088 and 1089, '"N-labelled histidine moiety (at imidazole ring),
40.55MHz "N spectra, field parallel to sample tube, referenced originally to 1M HNO,,
+4.4ppm from neat nitromethane (Table 2), conversion scheme IIb (Table 1).

(c) Data from refs. 392 and 1090, details same as in footnote (b).

(d) Data from ref. 392, 32 MHz "N CPMAS spectra, other details as in footnote (b).

(e) Data from refs 389 and 390, 20.27 MHz "N CPMAS spectra, other details as in footnote
(b).

(f) Data from ref. 918, "*N-labelled substances, 20.3 MHz "N spectra, field paralle! to sample
tube, referenced originally to NO; in aqueous ammonium nitrate, +4.0 ppm from neat nitro-
methane (Table 2), conversion scheme IIb (Table 1); 'N-'*Pt coupling observed.

(g) Data from ref. 1091, '*N-labelled sample, 60.8 MHz N spectra, referenced originally to
internal NH; , probably ca. 358 ppm from neat nitromethane.

(h) Data from ref. 1092, 50.7 MHz *N INEPT spectra, field parallel to sample tube, referenced
originally to neat nitromethane, uncorrected for bulk susceptibility effects; reported originally
vs liquid ammonia taken at +381.9ppm from neat nitromethane. The reference quoted
contains corrections and additions to an earlier paper, ref. 197.
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Table 13. —con:.

(i) Data from ref. 197, with additions and corrections in ref. 1092, details as in footnote (h),
but 'H{'*N} multiple-quantum (HMQC) COSY spectra.

(j) Data from ref. 215, *N-labelled enzyme, 500/50.7 MHz and 600/60.8 MHz 2-D 'H{'*N}
spectra, HMQC (heteronuclear multiple-quantum shift correlation), HMBC (heteronuclear
multiple-bond correlation), and PS-COSY (pseudo-single-quantum COSY), field parallel to
sample tube, referenced originally to liquid NH,, + 381.9 ppm from neat nitromethane (Table 2),
conversion scheme IIb (Table 1). See also ref. 630, where *C/'*N-labelled Phe (F) units were
examined, using 500/50.7 MHz 'H{'*N} 2-D forbidden echo spectra, referenced indirectly to
liquid NHj; the relative shieldings for F4, F67, F104, F114, and F153 were essentially the same
as those quoted in the present table, but they showed a systematic shift of about + 3.8 ppm from
the latter, probably due to some errors in the calibration technique. See also ref. 388, where only
valine (V) units were examined, for Nase TDP-Ca?* complex both in the solid state (25 MHz '*N
CPMAS spectra) and in an aqueous solution (pH = 7.7, 500/50.7 MHz 'H/**N HMQC spectra);
the relevant nitrogen shieldings were essentially the same, for both states, as those shown in the
present table, within 0.2 ppm, with the only exception for valine in N-terminal extension, + 262.2
in the solid and + 250.9 in solution.

(k) Data from ref. 1093, *N-labelled cytochrome, details as in footnote (j), but 2-D HMQC-
TOCSY and 2-D HMQC-NOESY spectra.

(1) Data from ref. 245, *N/"*C-labelled sample, 500/125/50.7 MHz 3-D 'H/"*C/"*N spectra,
field parallel to sample tube, referenced originally as in footnote (j). See also references 496, 518,
519, and 628, where 50.7 MHz *N spectra were employed in observations of nitrogen shieldings
of cytochrome c, at various pH values; the latter were referenced to 1 M HNO; (+ 4.4 ppm from
neal nitromethane), but only some approximate values were reported, + 120 to + 210 ppm (after
recalculation) for His and haeme units, + 230 to + 270 ppm for peptide nitrogen atoms and
those in sidechains of TRP (T), GIn (E), and Asn (N), + 330 to + 350 ppm for N-terminus and
Lys (L) sidechain nitrogen atoms.

(m) Data from ref. 199, details as in footnote (j), uniformly and selectively *N-labelled
lysozyme, HMQC, ""N-edited COSY and NOESY spectra; unlabelled lysozyme, double-
quantum-filtered (DQF) COSY and TOCSY spectra.

(n) Data from refs 201, 202, and 1008, *N-labelled protein, experimental details as in footnote
(m); the numbers with asterisks (*) represent resonance signals which showed appreciable
broadening, owing to paramagnetic interactions, but could be discerned from the background.

(0) Data from ref. 231, ’C and "*N randomly labelled samples, 500/50.7 MHz 'H{'*N} COSY
spectra, calibration as in footnote (v).

(p) Data from ref. 204, '*N-labelled amino acid residues, 500/50.7MHz 'H{'*N} COSY
spectra, field parallel to sample tube, referenced originally to aqueous NH,Cl, + 352.5 ppm from
neat nitromethane (Table 2), conversion scheme IIb, (Table 1); the sequence of nitrogen shield-
ings in each of the groups follows the increasing shielding for the corresponding proton
resonances.

(q) Data from ref. 98, natural-abundance 30.4 MHz "N INEPT spectra and 300/30.4 MHz
'H{"*N} 2-D HMPQ spectra, field parallel to sample tube, referenced originally, via a transmitter
frequency, to liquid NH;, + 381.9 ppm from neat nitromethane (Table 2), conversion scheme ITb
(Table 1).

(r) Data from ref. 160, '*N-labelled amino acid residues, 40.5/400 MHz and 50.7/500 MHz
'H{'*N} COSY spectra, field parallel to sample tube, referenced originally to a fictitious standard
taken +90.4ppm from a sample of N-acetylglycine, probably NH} in aqueous ammonium
nitrate, + 359.6 ppm from neat nitromethane (Table 2), conversion scheme IIb (Table 1).

(s) Data from ref. 1094, '*N-labelled lysine residues, 40.508 MHz "N DEPT spectra and
40.508/400 MHz 'H{'*N} COSY spectra, other details as in footnote (r); the sequence of nitrogen
shieldings follows that of the decreasing shielding of the corresponding protons.
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(1) Data from ref. 210, “N-labelled protein, 500/50.7 MHz'H{"*N} 2-D HMQC spectra,
calibration as in footnote (j).

(u) Data from ref. 1095, *N-labeiled amino acid residues, 50.7 MHz *N spectra, field parallel
to sample tube, referenced originally to NH; in 4M NH,NO, in 2MHNO;, + 359.1 ppm from
neat nitromethane (Table 2), conversion scheme IIb (Table 1).

(v) Data from ref. 873, *CO/'"*N-labelled protein at methionine residues, 100.6/40.5 MHz
BC{"*N} COSY spectra, field parallel to sample tube, referenced indirectly, via aqueous
ammonium sulphate, to liquid NH,, + 381.9 ppm from neat nitromethane (Table 2), conversion
scheme IIb (Table 1).

(w) Data from refs 35, 110, and 477, labelled samples, by feeding with ['*N] glycine, 9.08 MHz
INEPT spectra, field perpendicular to sample tube, referenced originally to NH{ in aqueous
NH,NO;, +359.6 ppm from neat nitromethane (Table 2), conversion scheme Ila (Table 1).

(x) Data from ref. 218, *N-labelled aglycon, 500/50.7 MHz zero- and double-quantum
'H{"*N} COSY spectra, ficld parallel to sample tube, referenced originally to neat nitromethane,
corrected for bulk susceptibility effects.

(y) Data from refs 170 and 171, natural-abundance 40.5/400 MHz ""N{'H} COSY spectra,
field parallel to sample tube, referenced originally to NH} in 5M NH,NO; in 2m HNO,,
+359.0 ppm from neat nitromethane (Table 2), conversion scheme Hb (Table 1).

(z) Data from refs 343 and 344, N specifically labelled gramicidin, 20.3 MHz powder and
CPMAS "N spectra of dispersed and oriented solid samples, referenced originally to NH; in
aqueous NH,NO;, + 359.6 ppm from neat nitromethane (Table 2), conversion scheme II (Table
1). Essentially the same values for Val’-unit were obtained in ref. 189, from 20.3 MHz "N
powder spectra of '*N selectively labelled sample, referenced originally to NH; in solid
ammonium nitrate, + 358.4 ppm from neat nitromethane (Table 2).

(A) Data from ref. 174, 30.4 MHz "N INEPT and 30.4/300 MHz *N{'H} COSY spectra, field
parallel to sample tube, referenced originally to NO; in aqueous NH,NO;, + 4.0 ppm from neat
nitromethane (Table 2), conversion scheme IIb (Table 1).

(B) Data from ref. 175, 30.4/300 MHz "N{'H} COSY spectra, field parallel to sample tube,
referenced originally to neat nitromethane, uncorrected for bulk susceptibility effects.

(C) Data from ref. 172, 50.7MHz*N INEPT spectra and 500/50.7 MHz 'H{'*N} COLOC-
COSY spectra, field perpendicular to sample tube, referenced originally to formamide,
+268.6ppm from neat nitromethane (Table 2), conversion scheme IVb (Table 1); reported
originally vs. fictitious ammonia standard taken at + 112.4 ppm from the reference employed;
we retrieved the original data, and carried out recalculation as indicated above.

(D) Data from ref. 220, details as in footnote (C).

(E) Data from ref, 181, ca. 0.02M solutions, '*N-labelled actinomycin, 50.1/500 MHz and
30.4/300 MHz *N{'H} COSY spectra, field parallel to sample tube, referenced originally to 4M
NH,Cl in 2M HCl, + 352.5 ppm from neat nitromethane (Table 2) conversion scheme IIb (Table
1).

(F) Data from ref. 97, '*N-labelled amino acid residues, details as in footnote (A), referenced
originally, indirectly, to fictitious ammonia standard taken at + 380.2ppm from neat nitro-
methane, conversion scheme IVb (Table 1); for formulae and more data, see ref. 5, p. 404.

(G) Data from ref. 192, natural-abundance 50.7/500MHz “N{'H} 2-D HMQC spectra,
calibration as in footnote ().

(H) Data from ref. 794, "*N selectively labelled angiotensins, 9.12MHz *N spectra, field
perpendicular to sample tube, referenced originally to neat nitromethane, uncorrected for bulk
susceptibility effects.

(I) Data from ref. 190, 400/40.4 MHz "H{"*N} 2-D HMQC spectra, field parallel to sample
tube, referenced originally to neat nitromethane, uncorrected for bulk susceptibility effects.
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(1) Data from ref. 1096, 28.9 MHz "N spectrum, other details as in footnote (I).

(K) Data from ref. 109, details as in footnote (y).

(L) Data from ref. 346, >CO/'*N-labelled peptide bond, 20.27 MHz '*N CP-MRCV-8 solid-
state measurements, referenced originally to solid NH,Cl, + 341.0 ppm from neat nitromethane
(Table 2), uncorrected for bulk susceptibility effects; originally reported vs fictitious ammonia
standard taken at + 38.5 ppm from the reference employed; we retrieved the original data, and
recalculated them as indicated above.

(M) Data from ref. 320, "N selectively labelled sample, 29.8 MHz'"N CPMAS spectra,
referenced originally to aqueous NH,Cl, +352.9 ppm from neat nitromethane (Table 2).

(N) Data from ref. 387, 20.8 MHz "N CPMAS spectra, referenced originally to a fictitious
ammonia standard taken at + 380.2 ppm from neat nitromethane.

(0) Data from ref. 763, '*N-labelled Phe moiety, 40.4 MHz '°N spectrum, calibration as in
footnote (z).

(P) Data from ref. 325, "N-labelled Pro moiety, 15SMHz'*N CPMAS and powder spectra,
referenced originally to solid ammonium sulphate, + 355.7 ppm from neat nitromethane (Table
2, conversion scheme II (Table I).

(Q) Data from ref. 324, PC/"*N-labelled peptide bonds, 20.3 MHz "N CPMAS and powder
spectra, referenced originally to solid NH,Cl, +341.0 ppm from neat nitromethane (Table 2);
also 36.5 MHz N solution spectra, field parallel to sample tube, referenced originally to internal
NH,Cl, ca. +252.9ppm from neat nitromethane (Table 2); originally reported vs fictitious
ammonia standard taken at + 21 ppm from the references used; we retrieved the original data
and carried out recalculation as indicated above.

(R) Data from refs 71 and 1097, **N-labelled alanine residues (Ala*), 27.4 MHz "N CPMAS
spectra, referenced originally to solid glycine, + 348.0 ppm from neat nitromethane (Table 2),
but originally reported vs NH;} standard taken at +11.6ppm from the actual reference
employed; this corresponds to aqueous NH,NO,, see Table 2.

(S) Data from ref. 74, details as in footnote (R), but natural-abundance spectra.

(T) Data from ref. 364, 30.4MHz'*N CPMAS spectra, referenced originally to NO; in
aqueous NH,NO,, +4.0ppm from neat nitromethane (Table 2).

(U) Data from ref. 111, 40.5MHz'"*N spectra, field parallel to sample tube, referenced
originally as in footnote (T), conversion scheme 11b (Table 1).

(V) Data from ref. 1074, '*N-labelled sample, 32.2 MHz"*N CPMAS spectra, referenced
originally to solid NH,Cl, + 341.0ppm from neat nitromethane.

(W) Data from ref. 517, "N-labelled sample, 30.4 MHz '*N spectra, field parallel to sample
tube, referenced originally to NH/ in aqueous ammonium nitrate, + 359.6 ppm from neat
nitromethane (Table 2), conversion scheme 1Ib (Table 1).
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Table 14. Nitrogen shieldings in some azides

Nitrogen shielding
(ppm) referred to

Compound Solution or state neat nitromethane Notes
Azide ion
Nat["N=N*=N"] 0.3mMin H,0 +280.6 (=N") (a)
+131.5 (=N*=) (a)
0.6M in
0.1 M phosphate
buffer +256(7) (=N7) (b)
as above,
complex with
chloroperoxidase +264(D) (=N7) (b)
Covalent azides
=N+t+= =N~
R« N=N*=N- RN N
various various +243t0 +124to +114t0 (a)
+325 + 149 +159
Ph—NNN in CDCl, +292.7 +1344 41470 (o)
N
BN N in DMSO - +1457  +1465 (d)
NI
NN
1Oy in DMSO - +1407 41512 (d)
~N
(Bu'0),Si—NNN in CDCl, +316 +1454  +2058 ()
/Q\ ,N(SiMe3);
Me Me | Ge{
N NNN
Me:Si” R
in CDClL +204 +143 +204 (e)
& @ 0.4M in acetone )
HN
)\ | “AZU”, R =H +35°C +308.4 +135.7 +165.8
07 N +2329 (N-1)
HOHL ) +233.9 (N-3)
“AZT",R = Me +30°C +303.3 +134.6 +167.0
+237.8 (N-1)
NS +227.7 (N-3)
—10°C +303.5 +135.5 +164.0
+238.0 (N-1)

+228.1 (N-3)
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Table 14. —cont.

Nitrogen shielding
(ppm) referred to
Compound Solution or state neat nitromethane Notes

0 0.4M in acetone (f)
3 R
;[N\ | “AZU”, R = H +35°C +305.7 +1359 +168.4
N, +231.9 (N-1)
HOHC +244.0 (N-3)
N “AZT”, R = Me +30°C 43059 +1352 +169.3
3 +237.1 (N-1)
+227.7 (N-3)
—10°C +306.6 +1352 +1704
+237.1 (N-1)
+228.1 (N-3)
—20°C +306.7 +136.2 +170.6
C+237.1 (N-1)
+228.2 (N-3)

.~ NNN neat +298.8 +150.6 +173.8

(CE:8)N=BINNN + 10% C,D, +3352 (N-B) @)

[(CF,S),N],B—NNN neat +294.8 +151.6 +168.6 (g)
+10% C,D, +340.0 (N-B)

N; as ligand to Co** in H,O +239(N-1) (h)

+333(N-2) (h)
+334 (N=3) (h)

(a) See ref. 5, p. 430, and references therein.

(b) Data from ref. 1017, '*N-labelled terminal atom in the azide ion, 36.5 MHz >N spectra,
referenced to NO; in aqueous ammonium nitrate, + 4.0 ppm from neat nitromethane (Table 2);
however, the values depart significantly from the data quoted in footnote (a), and probably there
was some error in the referencing technique employed.

(c) Data from ref. 648, 40.56 MHz '*N spectrum, field parallel to sample tube, referenced to
neat nitromethane, uncorrected for bulk susceptibility effects; Cr(acac), added as a relaxation
reagent. '

(d) Data from ref. 668, selectively '*N-labelled azido group, 20.3MHz "N spectra, field
parallel to sample tube, referenced originally to 10 M HNO;, + 18.2 ppm from neat nitromethane
(Table 2), conversion scheme II (Table 1).

(e) Data from ref. 795, 25.5MHz "N spectra and 18.1 MHz "N spectra, field parallel to
sample tube, referenced to neat nitromethane, uncorrected for bulk susceptibility effects.

(f) Data from ref. 703, 27.4 MHz "*N spectra, calibration as in footnote (€); the substances are
potential inhibitors of replication of human immunodeficiency virus (HIV) and Moloney murine
leukaemia virus (MuLV).

(g) Data from ref. 788, 40.5 MHz **N spectra, field parallel to sample tube, referenced to NOy
in aqueous NH,NO,, +4.0ppm from neat nitromethane (Table 2), conversion scheme 1Ib
(Table 1).

(h) Data from ref. 732, 18.059 MHz "N spectra, field parallel to sample tube, referenced
originally to neat nitromethane, uncorrected for bulk susceptibility effects.
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Table 15. Nitrogen shieldings in cyanates, isocyanates, thiocyanates, isothiocyanates
and related structures

Nitrogen shielding
(ppm) referred to
Compound Solution or state neat nitromethane Notes

Covalent isothiocyanates, R—N—=—C=S§

Me—NCS 0.3mM in DMSO +287.02 (a)
neat liquid +289.90 (a)
0.3M™ in acetone +290.91 (a)
0.3M in dioxane +290.93 (a)
0.3Mm in CHCl; +291.61 (a)
0.3m in CH,Cl, +291.66 (a)
0.3M in MeOH +292.08 (a)
0.3 M in benzene +292.58 (a)
0.3M in CCl, +293.68 (a)
0.3m in Et,0O +294.42 (a)
0.3 M in n-hexane + 296.90 (a)

Bu—NCS 0.2M in DMSO +276.8 (b)
0.2M in THF +276.8 (b)
0.2M in MeNO, +276.9 (b)
0.2M in MeCN +278.4 (b)
0.2™ in (Me,N); PO 4278.5 (b)
0.2M in dioxane +278.8 (b)
neat liquid +279.0 (b)
0.2M in CH,CL +279.0 (b)
0.2M in MeOH +279.4 (b)
0.2Mm in CHCl, +280.0 (b)
0.2Mm in Et,O +281.1 (b)

Ph—NCS in CDCl, +271.3 (c)

R?*CH=CH(R")—NCS neat liquids (b)
or in CHCl,

R' R?

Pr H +268.4

t-Bu H +271.5

n-hexyl H +268.4

H Ph +275.6

Et Et +264.3

. +271.5

SMe Et (stereoisomers) { +268.1

Me, Si—NCS in CDCl, +265.3 (d)

Si(NCS), in pyridine-d;s +237.2 (d)

Covalent thiocyanates

R—S—C=N

Me—SCN neat liquid + 105 (b)

Bu—SCN 0.2M in Et,0 +101.8 (b)
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Nitrogen shielding
(ppm) referred to

Compound Solution or state neat nitromethane Notes
neat liquid +102.5 (b)
0.2M in dioxane +103.7 (b)
0.2M in (Me;N);PO  +104.2 (b)
0.2M in CH,Cl, +104.9 (b)
0.2M in MeCN +1054 (b)
0.2M in DMSO +105.6 (b)
0.2M in THF +105.6 (b)
0.2M in MeNO, +106.5 (b)
0.2M in MeOH +107.9 (b)

Ph—SCN neat liquid +97.0 (b)

R*CH=CH(R!)—SCN neat liquids or (b)
in CHCl,

RI RZ

H H +95.6

Pr H +93.9

t-Bu H +93.6

n-hexyl H +93.1

H Ph +97.2

SMe Et (stereoisomers) { ++1 (9)(7)2

(Iso)thiocyanate ions and ligands

K*[NCS]~ 0.3m in H,0 +174.1 (e)
sat. in H,0 +170.0 (e)

NH; [NCS]~ solid state +170.9 (NCS) ()

+345.8 (NH,) )

Li*[NCS]- in H,0 +160.1 (&

Bu/N*[NCS]~ in H,O0 +167.0 (NCS) (g)

(cyclohexyl), Sn(NCS) 0.15M™ in toluene +264.2 (h)

[Ge(NCS)s )~ in acetone +225.0 ()

[Ge(NCS);CI}*~ in acetone +222.0 @)

[Ge(NCS),CL,]*~ in acetone +219.0 (i)

Ge(NCS), - dipy in acetone +237.2 @)

Ge(NCS),Cl - dipy in acetone +231.5 3i)

Ge(NCS),Cl, - dipy in acetone +2299 (i)

Ge(NCS),Cl,_, in acetone +269 to +275 @)

K,[Nb,(S,),(NCS)] in acetone +217 )

Cs,[Nb,(8S,), (NCS),] in MeCOOH +209 (3

[Bu,N],[Nb,(SSe),(NCS),] in acetone +221 ()

[Hg(SCN), I~ in H,0 ca. +139 (k)

[CA(SCN), >~ in H,O ca. +171 (k)

{Zn(NCS),J*- in H,0 ca. +200 (k)
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Table 15. —cont.

Nitrogen shielding
(ppm) referred to

Compound Solution or state neat nitromethane Notes
Covalent isocyanates

R—N=C=0 various +338 to +365 )]
SF,—NCO neat liquid +275.8 (*N) (m)
TeF,—NCO neat liquid +307.9 (“N) (m)

+305.9 (*N) (m)
0CN‘©>CH2<©‘NCO solid +336 (n)

Covalent cyanates

R—O—C=N various +190 to +222 )

SeF,—OCN neat liquid +193.2 (m)

(Iso)cyanate ion

K*[NCO]~ 0.3Min H,0 +302.6 ()]
sat. in H,O +302.9 0

(a) Data from ref. 32, high-precision 4.33 MHz "“N spectra in CW mode, differential saturation
technique combined with lineshape fitting, +35 + 0.2°C, referenced to neat nitromethane in
concentric spherical sample and reference containers in order to eliminate bulk susceptibility
effects.

(b) Data from ref. 1098, 25.3MHz “N spectra, field parallel to sample tube, referenced
originally to neat nitromethane, uncorrected for bulk susceptibility effects.

(c) Data from ref. 730, 9.12 MHz "*N spectrum, field perpendicular to sample tube, referenced
originally to neat nitromethane, uncorrected for bulk susceptibility effects.

(d) Data from ref. 154, 36.5MHz'"*N spectra, field parallel to sample tube, referenced
originally to 0.1M nitromethane in CDCl,, +3.8ppm from neat nitromethane (Table 26),
conversion scheme IIb (Table 1).

(e) See ref. 5, pp. 433-436, and references therein.

(f) Data from ref. 351, 20.3 MHz"*"N CPMAS and static powder spectra, rotation rate
1.63 kHz, referenced originally to liquid NH;, + 381.99 ppm from neat nitromethane (Table 2),
conversion scheme 11 (Table 1).

(g) See footnote (b).

(h) Data from ref. 939, 4.33 MHz "N spectrum, field perpendicular to sample tube, referenced
originally to neat nitromethane, uncorrected for bulk susceptibility effects.

(i) Data from refs. 654 and 1099, 26.0 MHz "N spectra, field parallel to sample tube, refer-
enced to neat nitromethane, uncorrected for bulk susceptibility effects; dipy = 2,2'-dipirydyl.

(j) Data from ref. 1100, 21.68 MHz N spectra, field parallel to sample tube, referenced
originally to NO; , probably in aqueous NaNOQ,, + 3.5 ppm from neat nitromethane (Table 2),
conversion scheme IIb (Table 1).

(k) Data from ref. 1101, 7.14 MHz "N spectra, referenced to internal NH; in NH,NCS which
was present in the solutions, probably about + 355 ppm from neat nitromethane if one assumes
that the NCS resonance observed appears at + 170 ppm from nitromethane, as shown in this
table.

(1) See footnote (e).

(m) Data from ref. 938, 6.43 MHz "N spectra and 9.03 MHz *N spectrum, field perpendicular
to sample tube, referenced originally to NO; in aqueous NH,NO,, +4.0ppm from neat
nitromethane (Table 2), conversion scheme Ila (Table 1).

(n) Data from ref. 1057, 20.3 MHz "N CPMAS spectrum, referenced originally (uncorrected)
to liquid NH,, +381.9 ppm from neat nitromethane (Table 2).



Table 16. Nitrogen shieldings in cyanides, isocyanides, fulminates and related structures

Nitrogen shielding
(ppm) referred to neat

Compound Solution or state nitromethane Notes

Covalent cyanides (nitriles)

Me—C=N (acetonitrile) 0.05M in cyclohexane + 125.81 (a)
0.25m in CCl, +127.22 (a)
0.25M in benzene +129.66 (a)
0.25Mm in Et,0 +129.75 (a)
0.25M in dioxane +132.21 (a)
0.25M in acetone +133.52 (a)
0.25M in DMSO +133.99 @a)
0.25m in CHCl, +134.53 (a)
0.25M in CH,Cl, +134.58 (a)
neat liquid +135.29 (a)
0.25m in EtOH +138.34 (a)
0.25M in MeOH +139.62 (a)
0.25M in H,0 +145.47 (a)
0.25Mm in CF,CH,0OH +148.82 (a)

Et—C=N 0.25M in cyclohexane +128.22 (a)
0.25m in CCl, +129.25 (a)
0.25M in Et,O +131.03 (a)
0.25M in benzene +131.28 (a)
0.25M™ in dioxane + 133.66 (a)
0.25M in acetone + 134.54 (a)
0.25M in DMSO +134.89 (a)
0.25m in CH,Cl, +136.46 (a)
0.25M in CHCl, +136.58 @)
0.25m in EtOH +138.59 (a)
0.25M in MeOH +140.63 (a)
0.25Mm in H,O +146.96 (a)
0.25m in CF,CH,OH +151.40 (a)
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Pr—C=N

Bu'—C=N

Me—CN

0.25M in cyclohexane
0.25M in CCl,

0.25M in Et,O

0.25M in benzene
0.25M in dioxane
0.25M in acetone
0.25M in DMSO
0.25m in CH,Cl,
0.25M in CHCJ,
0.25M in EtOH
0.25M in MeOH
0.25M in H,O

0.25M in CF;CH,OH

0.25M in cyclohexane
0.25M in CCl,

0.25M in Et,0

0.25M in benzene
0.25M™ in dioxane
0.25M in acetone
0.25M in DMSO
0.25Mm in CH,Cl,
0.25M in CHCY,
0.25m in EtOH
0.25M in MeOH
0.25M in H,O

0.25M in CF;CH,OH

neat + 10% benzene-d,

in CH,ClL, + Ph,Si* ClO;

absorbed on decationated
zeolite NaY activated at

300K and 400K
as above, after heating

+129.80
+131.03
+132.23
+132.78
+134.76
+135.81
+136.05
+137.78
+138.39
+139.58
+141.74
+148.36
+151.83

+131.51
+132.70
+134.02
+134.46
+136.30
+137.33
+137.51
+139.78
+ 140.56
+140.84
+143.07
+149.89
+153.87

+136.0
+134.5

+ 155
+150

(a)
(a)
(@)
(a)
(@)
(a)
(a)
(@)
(@)
(a)
(a)
(@)
(@)

(a)
(a)
(@)
(a)
(@)
(a)
(@)
(a)
(@)
(a)
(@)
(@)
(a)

(b)
©

(d)
(@
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Table 16—cont.

Nitrogen shielding

(ppm) referred to neat

Compound Solution or state nitromethane Notes
Pr—CN neat + 10% benzene-d, +137.0 (b)
Bu'—CN neat + 10% benzene-d, +139.0 (b)
Me; Si—CN neat + 10% benzene-dg +77.7 (b)
Ph—CN in CDClL, +123.8 (e)
+123.5 )

substituted Ph—CN in CDCl,
2,4,6-Me, +123.5 (f)
2,4,6-Et, +115.2 )
2,4,6-i-Pr, +114.8 )
2,4,6--Bu, +100.3 )
3-CF, +117.8 (e)
R—@—CEN solid state ()
R
NMe, static MASS

(isotropic) +1294 +129

(o) —~147 —23

(02) +26.2 +34
OMe (033) +376.6 +375

(isotropic) +128.9 +129

(o11) —11.1 -9

(o) +22.8 +23

(03:) +374.9 +379

Pic

g99M 'V 'O Pu® JVINVAALS T TASMONVLIIM ‘W



Cl

Br

Bu'

CN

NMe; I~

NO,

(isotropic)
(o11)
(622)
(033)
(isotropic)
(o11)
(022)
(033)
(isotropic)
(cn)
(022)
(033)
(isotropic)
(on)
(022)
(033)
(isotropic)
(o1)
(622)
(033)
(isotropic)
(o))
(022)
(033)
(isotropic)
(on1)
()
(o33)
(isotropic)
(o11)
(02)
(033)

+127.2
+14.2
+14.6
+381.1
+126.4
—12.0
+11.4
+379.8
+124.5
—13.6
+10.5
+376.5
+123.7
—16.3
+7.7
+377.4
+123.5
—16.4
+72
+379.6
+122.1
—11.7
+1.7
+376.2
+1159
—21.5
—-038
+369.8
+118.9
—-16.0
—-49
+377.6

+ 127

+11
+373
+125

+5
+376
+124

+380
+123
-9
+4
+378
+124
-1

+382
+120
—11
2
+373
+117
-21
—4
+373
+117
-8
-6
+371
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Table 16—cont.

Nitrogen shielding
(ppm) referred to neat

Compound Solution or state nitromethane Notes
H—C=N acidic aqueous + 145 (NCN) (h)
+ 116 (CN ion) (h)
HOOC—CH,—CN in CDCl, +137.1 )
in CDCl; + HBA +139.6 (i)
("O0C—CH,—CN),Mg** in CDC];, +143.5 @)
H,N CN . .
T Ne=¢” in DMSO +121.8 (CN) ()
H/ \CCOMC
Cyano group
in cyanamides, R,N—CN see Table 11
in cyanates, R—O—CN see Table 15
in cyanohydrazones, RC(CN)=NNHR see Table 9
in cyano-azo cpds., R—N=N—CN see Table 28
in [N(CN),]™ ion see Table 11
in [R—C(NO)CN]~ ions see Table 29
CN
R_Cg_g/ in DMSO +88.3 to +89.1 ()
— e + Cr(acac),
(R = CN, COOMe, COMe, COPh,
H, CH,Ph, Bu', Pr,
Pr', Et, Me, NO,)
Nitrilium ions
R—C=N*—R various +215to +252 )
H—C=N*—KrF in BrF., —57°C +200.8 (m)
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H—C=N*—XeF
Me—C=N"*—XeF
Et—C=N*—XeF
FCH,—C=N*—XeF
[HCN—Ag—NCH]" SbF¢

Fulminates and nitrile N-oxides
R—C=N-0

Na*(CNO)~

MeHg—CNO

PhHg—CNO

Hg(CNO),

Covalent isocyanides (isonitriles)
R—N*"=C~

Pr—NC

Bu—NC
Bu'—NC

(O
PhCH,—NC

0  N—CH,—NC
_/
M

&
s
(4

M

in anhydrous HF,
in anhydrous HF,
in anhydrous HF,
in anhydrous HF,

in liquid SO,

various

in H,0

1M in DMSO
0.87mM in THF
1.3M in DMSO
0.35m in THF
0.8M in DMSO
0.03m in THF

neat liquids

0.1m in CH,Cl,
0.1 M in CH,Cl,
0.1 M in CH,Cl,
0.1m in CH,Cl,
0.1 M in CH,Cl,

0.1m in CH,Cl,

0.1m in CH,Cl,

+2354
+251.1
+251.9
+229.2
+157.8

+ 160 to + 189
+ 180

+161.4
+161.1
+159.3
+168.6
+163.3
+161.8

+185to +220
+194
+210
+ 186
+197
+212

+ 206

+211

(n)
(n)
(n)
(n)
(0)

(r)
(p)
Q)
(@
@
(q)
(@)
(@

(r)
(s)
(s)
s)
s)

)

)
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Table 16—cont.

Nitrogen shielding
(ppm) referred to neat

Compound Solution or state nitromethane Notes
CF;—NC neat liquid, — 102°C +207.6 ®
(R—NO)Mo(CO); in CH,Cl, (s)
R
Bu' + 180
Pr + 188
cyclohexyl +191
2,4-Me,-phenyl +200
cis-{R—NC), Mo(CO), in CH,Cl, s)
R
Bu' + 182
Pr + 190
cyclohexyl +193
2,4-Me,-phenyl +202
fac-(R—NC); Mo(CO), in CH,Cl, (s)
R
Bu' + 184
Pr + 190
cyclohexyl + 196
+202

2,4-Me,-phenyl

81¢
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cis-(R—NC);Mo(CO), in CH,Cl,
R

Bu'

Pr

cyclohexyl
2,4-Me, -phenyl

R = 2,6-Me,-phenyl in CH,Cl,

Mo(CO)(R—NC);
Mo(R—NC),
(R—NC)W(CO),
cis-(R—NC),W(CO),
fac-(R—NC),MW(CO),
cis-(R—NC),W(CO),
W(CO)(R—NC),
W(R—NC),

Cyanide ion and cyano complexes

K*CN- 0.3M in H,O
8.5 in H,0
[Mn,H(CN)(CO),(dppm),] in CD,Cl,, +22°C
[Mn, H(CNH)(CO);(dppm), }* in CD,Cl, + HBF, - Et,0
+22°C
—80°C
[Mn,H{p-n*-CN}(CO),(dppm),] in CD,Cl,, +22°C
[Mn, H{y-n*-CNH}(CO),(dppm),]* in CD,Cl, + HBF - Et,0
—80°C

+ 187, + 183
+194, 4193
+ 198, +196
+ 196

+203
+ 197
+202
+203
+203
+206
+ 197
+197

+106.1
+102.5
+57.6

+183.4
+172.4 (doublet)
+139.7

+235.6

(s)

©)

()
(w)
)

v)
)
4]

\))
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Table 16—cont.

Nitrogen shielding
(ppm) referred to neat

Compound Solution or state nitromethane Notes
a
L—Bl/l/—'C:—___N in CHZC]Z (w)
| (L = PMe,Ph)
a
M=1Ir +95.9
M = Rh +85.3
cl L
| Ay in CH,Cl (w)
Lo "C=NC]_/T L (L = PMe,Ph)
al L
Ml M2
P ey
Ir Rh +178.1
Rh Ir + 196.1
Rh Rh +169.9
K,[Re(CN),]- 2 H,0O in D,O +99 (x)
K,[Re(CN)¢] - 3 H,O in D,O +98 (x)
K4[Co(CN)] in D,O +98 (x)

0Tt
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CN~ ions coordinated in
cyano-haemoprotein units

Horseradish peroxidase

Lactoperoxidase
Chloroperoxidase

Coprinus cinereus peroxidase
Cytochrome ¢

Cytochrome ¢ haemopeptide-11
Myoglobin

Haemoglobin

Cyano Fe(m) porphyrin complexes
(Prot = protohemin)
(Prot DME = its dimethy] ester)

(CN),Fe Prot*~
(CN),Fe Prot DME~

(N-Me-imidazole) (CN)Prot DME
(imidazole) (CN)Prot DME
(imidazole anion)(CN) Prot DME

Cyano ligands in ferricytochrome ¢
derivatives

Bovine
Chicken

in H,0, pH = 7.0 572

in D,O. pD = 7.3 _574

in H,O, pH = 7.3 —419

in H,O, pH = 6.1 — 408

in H,0 —574

in D,O, pH = 7.8 —843

in D,O, pD = 7.4 — 745

in DO, pD = 8.0 —932

in D,O, pD = 7.7 — 981 (x)
— 1051 (8)

in H,0, pH = 9.2 — 444

in DMSO —-770

in benzene — 765

in benzene + N-Me-imidazole — 683

in DMSO —922

in DMSO — 1011

in DMSO - 734

in Dzo

(D = 6.4) —855
—858

¥)
)
)
)
(2)
(8))]
(y)
)
)
$%)

$))

A)
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Table 16—cont.

Nitrogen shielding
(ppm) referred to neat

Compound Solution or state nitromethane Notes
Dog —857
Horse (pD = 6.07) —852
Pigeon — 861
Porcine — 857
Rabbit —851
Sheep — 856
Tuna (pD = 6.3) —854
C. brusei — 880
S. cerevisiae — 882
Cyano ligand in cytochrome P-450,,, in H;O (B)
without d-camphor —437 (%)
with d-camphor — 504
without d-camphor, upon —517

addition of the latter
without d-camphor, in the —481 (*)

presence of the latter and

putidaredoxase
Cyano ligands
low-spin Fe(i1) porphyrins ©)
[FeL(CN),}~ aqueous — 580 to —450

detergent

micelles, pH = 9.6
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[FeL(py)(CN)] detergent —920 to —880
micelles

in aqueous

. pyridine

Free CN™ in the systems +118

(a) Data from ref. 33, high-precision '*N measurements at 36.141524 MHz, +35.0 + 0.2°C, field parallel to sample tube, referred to neat
nitromethane via 0.3 M nitromethane in deuterioacetone, +0.77 ppm from neat nitromethane; Lorentzian lineshape fitting was employed, and the
standard deviations of the shieldings estimated were smaller than 0.1 ppm; the results are corrected for bulk susceptibility effects.

(b) Data from ref. 877, 20.3 MHz '°N spectra, field parallel to sample tube, referenced to neat nitromethane, uncorrected for bulk susceptibility
effects.

(c) Data from ref. 1102, "N spectra, spectrometer not specified, referenced originally to liquid ammonia taken at + 380.2ppm from neat
nitromethane, uncorrected for bulk susceptibility effects.

(d) Data from ref. 1103, 9.12 MHz '*N spectra, field perpendicular to sample tube, referenced originally to neat nitromethane via a calibrated sample
of neat acetonitrile, uncorrected for bulk susceptibility effects.

(e) Data from ref. 879, 30.45MHz "*N spectra, field parallel to sample tube, referenced originally to aqueous NH,Cl, +352.9 ppm from neat
nitromethane (Table 2), conversion scheme IIb (Table 1); the results were originally reported vs fictitious ammonia standard taken at + 25.0 ppm
from the actual reference employed, and we retrieved the original data and recalculated them as indicated above.

(f) Data from ref. 1104, 36.5MHz "’N spectra, field parallel to sample tube, referenced originally to NH{ in aqueous ammonium nitrate,
+359.6 ppm from neat nitromethane (Table 2), conversion scheme IIb (Table 1); originally reported vs fictitious ammonia standard taken at
+20.7 ppm from the reference employed, neglecting the fact that the latter value refers to a field which is perpendicular to sample tube; we retrieved
the original data and recalculated them as indicated above; Cr(acac), was employed as a relaxation reagent for the samples.

(2) Data from ref. 331, *N-labelled CN group, 20.3 MHz >N static-powder and MASS spectra, referenced originally to liquid NH;, + 381.9 ppm
from neat nitromethane (Table 2), uncorrected for bulk susceptibility effects; the data from static powder spectra are accurate, on the average, within
+ 0.5 ppm; those obtained from the spinning sidebands (SSB) in the MASS spectra (rotation rate 1.0-2.5kHz) are less precise, from + 1 ppm to
+ 6 ppm.

(h) Data from ref. 1105, 28.9 MHz '*N spectra, field parallel to sample tube, referenced originally to 0.1 M nitromethane in CDCl, + 3.8 ppm from
neat nitromethane (Table 26), conversion scheme IIb (Table 1).

(i) Data from ref. 108, 40.0 MHz N spectra, field parallel to sample tube, referenced originally to neat formamide, + 268.6 ppm from neat
nitromethane (Table 2), conversion scheme IVb (Table 1); see Table 24 for HBA structure.

(j) Data from ref. 193; see Table 4, footnote (d) therein.

(k) Data from refs. 1106 and 1107, 9.1 MHz * N spectra, field perpendicular to sample tube, referenced to neat nitromethane, uncorrected for bulk
susceptibility effects.
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Table 16—cont.

(1) See ref. 5, p. 439, and references therein.

(m) Data from ref. 824, 50.7 MHz "N spectrum, field parallel to sample tube, referenced to neat nitromethane, uncorrected for bulk susceptibility
effects; Kr-N spin-spin coupling was observed in the ion.

(n) Data from ref. 868, 18.075MHz "N spectra, other details as in footnote (m); Xe-N spin-spin coupling was observed in the ions.

(o) Data from ref. 826, spectrometer not reported, '>N spectra, referenced to neat nitromethane, uncorrected for bulk susceptibility effects.

(p) See ref. S, p. 440, and references therein.

(q) Data from ref. 951, 5.72MHz "N spectra, field perpendicular to sample tube, referenced to neat nitromethane, uncorrected for bulk
susceptibility effects; '“N—'* Hg spin-spin coupling was observed in the fulminates concerned.

(r) See ref. 5, p. 439, and references therein.

(s) Data from ref. 1108, 21.7 MHz "N spectra, field parallel to sample tube, referenced to neat nitromethane, uncorrected for bulk susceptibility
effects.

(t) Data from ref. 829, 6.47 MHz '*N spectrum, field perpendicular to sample tube, referenced originally to NO; in aqueous ammonium nitrate,
+ 4.0 ppm from neat nitromethane (Table 2), conversion scheme 1la (Table 1).

(u) See ref. 5, p. 438, and references therein.

(v) Data from ref. 758, '*N-labelled cyanide, 40.5MHz N spectra, field parallel to sample tube, referenced originally to NH; in aqueous
ammonium nitrate, + 359.6 ppm from neat nitromethane (Table 2), conversion scheme IIb (Table 1); dppm = Ph,CH,PPh,.

(w) Data from ref. 597, '*N-labelled cyanide, 20.3 MHz and 40.5 MHz "N spectra, field parallel to sample tube, referenced to neat nitromethane,
uncorrected for bulk susceptibility effects.

(x) Data from ref. 1109, 28.88 MHz "N spectra, field parallel to sample tube, referenced originally to aqueous NaNO;, + 3.5ppm from neat
nitromethane (Table 2), conversion scheme IIb (Table I).

(y) Data from ref. 1110, '*N-labelled cyanide, 36.5 MHz '*N spectra, field parallel to sample tube, referenced originally to NO; in aqueous
ammonium nitrate, + 4.0 ppm from neat nitromethane (Table 2), conversion scheme IIb (Table 1); 1.0 uM to 3.0 um solutions containing 10 uM
phosphate buffer or 5uMm acetate buffer in the case of chloroperoxidase.

(z) Data from ref. 1111, details as in footnote (y).

(A) Data from ref. 1112, details as in footnote (y).

(B) Data from ref. 1113, Pseudomonas putida cytochrome, pH = 7.4, 2 uM solutions, 0.1 M phosphate buffer at + 22°C for data marked with an
asterisk (*), 0.05M Tris-HCI buffer with 5% glycerol at + 13°C for other samples; other details as in footnote (y).

(C) Data from ref. 659, 50.7 MHz '*N spectra, field parallel to sample tube, referenced to neat nitromethane, uncorrected for bulk susceptibility
effects; 0.0012M solutions, three detergents were used - ctab, sds, and TX-100 (Merck and Sigma); L = protoporphyrin IX (3,7,12,17-tetramethyl-
8,13-divinylporphyrin-2,18-dipropionic acid).
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Table 17. Nitrogen shieldings in azole ring systems and related structures

Nitrogen shielding (ppm) referred to neat

Compound Solution or state nitromethane Notes
Pyrrole ring systems
I various +224 to +233 (a)
NH in DMSO +255.1 (b)
(pyrrole)
U\ various +230 to +232 ()
NMe
! ! in DMSO (©)
Me /N\R Me R = CH,CMe, +223.1
R = CH,CHMe, 42239
N in DMSO +245.5 (b)
i in CDCl, +259.1 (d)
in CDCl,;/pyridine +253.6 (d)
(indole)
products of its protonation in CDCl; + CF,COOH (e)

with CF,COOH

+256.0 (indole NH)
+306.1 (amino NH)
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Table 17. —cont.

Nitrogen shielding (ppm) referred to neat

Compound Solution or state nitromethane Notes
NH
NH: | .
)__\© +261.1 (indole NH)
ot +338.2 (NH,)
I
NH: s
mble in CDCI, +253.1 (d)
NH
products of protonation of in CDCl, (e)
methylindole with CF,COOH + CF,COOH
7, Me
mCF,coo- +168.3
+74.6
N--- HOOCF;
0,N
mm in DMSO +238.7 (NH) (b)
NH

9cc
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15
O EN,

(carbazole)

Tz

[®)]
<

~
—

V4

éOMe
|
il
o’
Pyrrole and indole

moieties in natural and synthetic
melamines

7

in CDCl,
in pyridine

in DMSO

0.5M in DMSO

in CDCl,

in CDCl,

solid state

in DMSO

R = H (dominant
tautomer)

R = Me

+254.1
+246.0

+262.8

+2124

+183.8

+194.0

ca. +200

+238.6

+245.6

(d)
(d)

(b)

()

(®

(®

(h)

®
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Table 17. —cont.

Nitrogen shielding (ppm) referred to neat

Compound Solution or state nitromethane Notes
Me in DMSO @)
Me R = H (dominant 42453
(o} tautomer)
NR R = Me +252.0
Me in DMSO 6
H R = H (dominant +242.1
0 tautomer)
NR R = Me +248.5
in CDCl, 6)
R = H (dominant +242.1
tautomer)
R = Me +248.6
N\ ok in DMSO +267.3 (@)
NMe in CDCl, +266.3 4]
Me
Me in DMSO +140.6 @)
) OEt
N
NH
H in DMSO +257.8 (averaged) )
N0k in CDCl, +264.6 (NH) ()
N +133.9 (=N) §)]

8CC
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Me Et Me R R

(bilirubin IX-a)

(bilirubin IX-a
dimethyl ester)

(bilirubin IX-a
ditauride)

bilirubin
+ dilysine

in DMSO

in DMSO

Me Me Et

24
0.03M in DMSO
R = CH,CH,COOH

o)
|

= CH,CH,COOMe

R = CH,CH,CONHCH,CH,SO,Na

+209.8 (N)
+306.4 (NH,)

+249.2 (N)
+322.9 (NH,)

+249.8 (N-21)
+231.3 (N-22)
+231.6 (N-23)
+249.2 (N-24)
+249.6 (N-21)
+231.1 (N-22)
+231.4 (N-23)
+249.0 (N-24)
+249.7 (N-21)
+230.8 (N-22)
+231.2 (N-23)
+249.1 (N-24)
+249.6 (N-21)
+231.5 (N-22)
+231.8 (N-23)
+249.0 (N-24)
+249.5 (N-21)
+231.0 (N-22)
+231.3 (N-23)
+249.0 (N-24)

(k)
(k)

(k)
(k)

M
M

M

(m)
(m)
(m)
(m)
(m)
(m)
(m)
(m)
(m)
(m)
(m)
(m)
(m)
(m)
(m)
(m)
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Table 17. —cont.

Nitrogen shielding (ppm) referred to neat

Compound Solution or state nitromethane Notes
Me Et Me R R Me Me Et
0” NH NH N NH o
an (22) 23) 29
(biliverdin IX-a) R = CH,CH,COOH +246.2 (N-21) (m)
in DMSO +245.4 (N-22) (m)
. . s s s +249.0 (N-24) (m)
R R° R R* R R* R R*
0~ NH NH N NH No
2n (22) (23) 24)
Coprobiliverdin III tetramethyl esters
(including isomers obtained by
permutations of R' and R? within the rings)
in H,O +244.2 (N-21) (n)
R' = CH,COOMe +255.2 (N-24)
R? = CH,CH,COOMe +178.5 (averaged
N-22, 23)
Me Et Me Et E Me E Me
— — — +249.9 (N-21, 24) (o)
A\ + 172.4 (averaged (0
07 NH N NH ™o N-22, 23)
2h (22) (23) (24)

114
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COOMe

Me Et Me Me Me Me CH,
R A B
o NH NH N NH
Q2n (22) 23) (24)
in CDCl,
in HMPT
Me Me Me Me Me Me Me
B A\
(0] NH N NH N
H
in CDCl,
Me COMe
in CDCl
/\ ’
Me NH COOMe
Et Me
— in CDCl,
NH [e)
fo) Me
b
W0 in CDCl,

Me
Me

Me

+252.7 (N-21)
+226.7 (N-22)
+131.4 (N-23)
+229.5 (N-24)
+250.4 (N-21)
+211.9 (N-22)
+218.4 (N-24)

+221.1 (NH-CO)
+245.9 (central NH)

+315.6

+264.4

+273.0

(o)
(0)
(0
(0)

(p)
(p)

@

(0)

(0)

(o)
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Table 17. —cont.

Nitrogen shielding (ppm) referred to neat

Compound Solution or state nitromethane Notes
Me Me Me Me
M in CDCl, +165.5 (averaged) (0)
Me”” N =N e protonated in CDCl, +212.7 (o)
Me Me Et Me
N in CDCl, +233.5 (NH) (0)
NH N0 +256.6 (NMe) (0)
Me Me Et Me
M in CDC}, +237.9 (pyrrole NH) (o)
NH NH ~NO + 256.6 (lactam NH) (o)
(IfOOMe
Me Me CH; Me
™ /™ incpay +235.1 (pyrrole NH) (0)
Butooc” NH N +240.2 (lactam NH) (0)
?OOMe
Me Me CH, Me
—f—Me in CDCl, + 232.2 (pyrrole NH) (0)
A\ +140.2 (=N) (0)
NH N OMe

ButOO!

[4%¢
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Me Me Me
— Me
M
BulOO NH NH O

I (porphin)

o

(© (porphycen)

-~
z(j
-

D —
~
o

in CDCl,

in CDCl,

solid state
—81°C

+89°C

solid state
—166°C

+93°C

in C¢Dy

+ 235.9 (pyrrole NH)
+235.6 (lactam NH)

+242.6 (pyrrole NH)
+228.8 (lactam NH)

+234 (NH)
+126 =N)
+ 180 (averaged)

+ 180 (four sharp
peaks)

+ 180 (single sharp
peaks)

(o)
(o)

(0)
(0)

(s)
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Table 17. —cont.

Nitrogen shielding (ppm) referred to neat

Compound Solution or state nitromethane Notes
R = Bu' +201
Pr + 196
Et +193
(in CDCL) + 185 ®)
Me + 190
(in CDCL) + 187 U]
R, = —SCH,CH,S- (in CDCI,) + 201 ®
[DN—] BEt in CDCl, +195 ®
[: N—| B in CDC, +207 t)
3
1 \5 ®
NX
X
Me;,Si in C4D; +216.0
Me;Sn in CDCl, +216.2
Me;Pb in C¢Dj +206.7
Me, P in C¢Dy +219.3
Me, P(S) in C¢Dy +212.6
in C¢Dg (u)
[/ \) X = lone pair +219.3
r|~1 S +212.6
Se +216.9
Me,PX BH, +213.0

1414
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S~
-
-

(Me,N)PX

~
_2/

(Eu,N),PX

—
z/

Me

—&—
=

-
Z
>~

"’—Z(j
—

X
MeN~ "NMe
/

Pyrazole (1,2-diazole) ring systems

Z/ \,N )
NH
o)
LADH—NAD™* ~—pyrazole

in C¢Dg

X = lone pair
S
Se

in C6D6

X = lone pair
Se

in C6D6

X = lone pair
Se

in C6D6

X = lone pair
S
Se
BH,

0.5m in CDCl,

0.01 M in phosphate
buffer

5™ in MeCN

0.0011 M in phosphate
buffer

N—P NMe, )
+203.3 +3459
+207.6 +346.5
+207.6 +345.4
N—P NEt, (v
+204.2 +317.5
+203.9 +321.3
N—P NMe, (v
+207.6 +348.7
+210.8 +345.4
N—P NMe (u)
+187.0 +3389
+199.6 +337.5

? +336.1

? +338.3
+132.2 (averaged) v
+138.2 (averaged) (w)
+131.7 (averaged) (w)
+148.2 (N-1) (w)
+124.0 (N-2) (w)
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Table 17. —cont.

Nitrogen shielding (ppm) referred to neat

Compound Solution or state nitromethane Notes
ZnCl,—pyrazole (1:2) 3M in MeCN +154.4 (averaged) (w)
ZnCl,—pyrazole (1:1) IMin DMSO + 144.3 (averaged) (w)
Et
- 0.01 M in phosphate + 139.8 (averaged) (w)
/ N buffer
NH
LADH—NAD* —4-Et-pyrazole 0.001 M in phosphate buffer +152.2 (N-1) (w)
+125.2 (N-2) (W)
Al
[/ i@ in CDCl, +180.8 (N-1) (a)
) +76.5 (N-2) (a)
N-Me-pyrazole—ZnC), (2: 1) in CHCl, +182.1 (N-1) w)
+127.3 (N-2) W)
\
/ N
N )
|
R
R N-1 N-2
CH,Ph 2™ in MeCN +167.7 +73.5 (w)
Me,C(OH)— 0.1 ™ in acetone, — 50°C +140.3 +80.6 )
CH,COOEt 2M in MeCN +179.5 +72.6 W)
2um in MeCN + ZnCl, +181.1 +127.5 (w)
CONH, 3m in DMSO +158.8 +87.4 (w)
NO, 0.5M in acetone +107.8 +82.9 W)
NH, in DMSO +162.1 +72.4 (k)
ONH,, (+295.1, NH,) (k)
Q;N_C”l"“ 2m in CHCI, +1425 +82.9 (w)

9¢T
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NH,
Z/ tN 2)
Iilu) R = Me
R
R = Ph
H,N
2/ \,N 2)
N )
lL R = Me
R = Ph
AN\
H,N r|~1 M
R R = Me
R = Ph

in DMSO

in CF;,COOH
hydrochloride in DMSO
in DMSO

in CF;COOH
hydrochloride in DMSO

in DMSO

in CF,COOH
hydrochloride in DMSO
in DMSO

in CF,;COOH
hydrochloride in DMSO

in DMSO

in CF,COOH
hydrochloride in DMSO
in DMSO

in CF;COOH
hydrochloride in DMSO

N-1 N-2 NH,

+221.5 + 1289 +357.7
+219.3 +208.6 +353.9
+205.3 +115.6 +351.3
+207.0 +144.1 +357.4
+203.7 +198.8 +351.9
+ 188.5 +116.5 +351.4
N-1 N-2 NH,

+211.3 +99.8 +375.7

decomposition

+202.6 + 96.7 +368.7
+192.4 +103.6 +371.2
+186.4 +148.6 +370.0
+ 183.6 +99.2 +361.7
N-1 N-2 NH,

+2252 +119.6 +362.5
+230.5 +242.6 +352.5
+220.2 +244.3 +344.6
+203.6 +115.1 +355.6
+228.3 +232.0 +350.6
+208.2 +227.1 +343.3

(x)

)

()
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Table 17. —cont.

Nitrogen shielding (ppm) referred to neat

Compound Solution or state nitromethane Notes
2 R=H in DMSO +195 (NH) (a)
N +65 (=N) (a)
T R = Me in DMSO +203 (NMe) (a)
R +57 (=N) (a)
= NH, in DMSO +184.6 (NR) (k)
+56.3 (=N) (k)
+305.9 (NH,) k)
— R = Me in DMSO +162 (NMe) ()
7 N—R +92 (=N) (@)
N R = NH, in DMSO +145.5 (NMe) (k)
+94.8 (=N) &)
+289.1 (NH,) &)
Me N—O N )
_ in DMSO +1154  +1158
~ N—OMe in MeOH +117.8  +1249
N in CF,COOH +1200  +133.7
N—O N )
Me
in DMSO +121.0 41233
=N —0H in MeOH +118.5 41645
=N in CF;COOH +1179  +2141
Me N—O N »
N in DMSO +96.1 +208.5
@:ﬁ"‘_’o in McOH +1050  +211.8
\ in CF,COOH +113.3 42141

8¢C
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x—Z /2\
> =

N—R!

oz, ,2:0

|
(Me;N),PX

Rl

OMe

OMe

OH

OH

Rl

Me
Me

in DMSO

in MeOH

in CF,CH,OH

in DMSO

in MeOH

in CF,CH,OH

in CF;CH,OH/DMSO
in DMSO

in MeOH

in CF,;CH,OH

in DMSO

in MeOH

in DMSO/MeOH

in CF,CH,OH

in CF,CH,OH/DMSO
in CF;COOH

in DMSO
in DMSO
in MeOH
in CF,CH,OH

in C4D,

X = lone pair
S
Se

N—R =N

+2327  +104.8

+2324  +108.9

+2355  +116.6

+2261  +1154

+2268  +121.4

+2321  +129.4

+2256  +115.5

+237.1  +112.0

+2474  +161.4

+2485  +161.4

+237.1  +1326

+2529  +190.1

+2402  +1527

+257.4 ?

+2385  +162.2

+2503 42149

N—R  N—R

+2550  +2292

+260.1  +217.8

+259.1  +216.0

+2580  +214.4

N—P =N NMg
+1473 4660  +344.1
+1534  +678  +3462
+153.3 4682  +345.1

@

@)

(W)
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Table 17. —cont.

Nitrogen shielding (ppm) referred to neat

Compound Solution or state nitromethane Notes
Rﬁ—fmz A
T, A ==
N PNon o T,l(v: 2y = tautomers (A)
A n
(R = NHCOC;H;s) in CDCL N—Ph N-2
+222.3 +257.0 (NH)
m.p. 110°C, after dissolving +221.3 +255.0 (NH)
+199.0 +138.0 (=N)
m.p. 61°C, after dissolving +212.0 ?
+221.8 +257.8 (NH)
both cases, upon standing +221.4 +255.2 (NH)
+199.4 +137.7 (=N)
Imidazole (1,3-diazole) ring systems
3) in DMSO + 168 (averaged) (a)
[N in D,0 + 177.2 (averaged) (B)
N}% protonated in D,0 + 208.2 (averaged) (B)
m
@ in DMSO +219 (N-1) (a)
+118 (N-2) (a)
T3 in D,0 +217.7 (N-1) (B)
NMe +134.7 (N-2) (B)
w protonated in D,0 +210.3 (N-1) (B)
3 +209.8 (N-2) (B)
[; in DMSO +198.7 (N-1) k)
ANH; +72.4 (N-2) (k)
+311.4 (NH,) (k)

1 74
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Imidazole moieties in His-57 in
a-lytic protease

R

R" NH w

/

R

t
7 NH v
N

P
m

+

(74 -2

/bl
Z
§

£

/ﬁ
g

w

) %
:

N
|
N
)
H
N
)
N

lyophilized powder
prepared from solutions at
various pH

N(z), pH =
pPH =

N(n), pH
pH

in DMSO

in DMSO

in DMSO

in CDCl,

in CDCl,

in DMSO
in CDCl,

=35
= 9.

+202
+213

+215
+148

+257.4 (NH)
+199.7 (N)

+176.4 (central N)

+1472 (=N—)

+218.6 (NMe)
+213.4 (NH)
+218.0 (NMe)
+210.7 (NH)

+220.4

+218.7 (NMe)
+117.6 (=N)
+220.7 (NMe)
+121.9 (=N)

©

(D)
D)

(E)
B

F)
(F)
)
(F)

(F)

(F)
(£
(F)
(F)
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Table 17. —cont.

Nitrogen shielding (ppm) referred to neat

Compound Solution or state nitromethane Notes
o]
N
N NHPOY in H,0, +175.0 (=N) G)
NMe pH = 9.0 +274.8 (NHP) Q)
(phosphocreatinine)
o in H,0, =N NH, (G)
N
% S NH, pH = 11.0 +179.3  +306.0
NMe pH = 2.0 +236.7  +303.7
(creatinine)
N\ R = Me in DMSO +236.4 (NMe) (a)
mZ +136.3 (=N) (a)
R = NH, in DMSO +215.8 (NNH,) (k)
+143.6 (=N) k)
+317.8 (NH,) (k)
NMe =N (H)
N in DMSO +264.5 + 186.8
@ ,—OMe in MeOH +261.8  +1955
NMe in CF,CH,OH +263.2  +2008
NMe NH (H)

NH

=0

NMe

in DMSO
in MeOH
in CF,CH,OH

+268.5 +262.7
+265.4 +261.0
+266.2 +263.0
+268.8 +263.1

(474
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N,
V—SMe

in DMSO

in MeOH

in CF,CH,OH

in DMSO

in MeOH

in CF;CH,OH

0.5M in DMSO

in DMSO

0.5M in DMSO

in DMSO

in DMSO

0.5M in DMSO
in DMSO

in DMSO
in acetone
in MeOH
in CF,CH,OH

+269.7
+269.2
+268.7

+259.9
+259.5
+266.9
+243.9 (NMe)
+ 1459 (=N)
+241.0 (NMe)
+143.0 (=N)

+ 186.4 (averaged)

+233.0 (NMe)
+227.0 (NH)

+235.5

+227.4
+225.8

NOMe =N

+174.0 +145.0
+174.3 +145.6
+174.0 +145.0
+167.6 +145.1

(H)
(H)
(H)
(H)
(H)
(H)

@
@

F)
@

(F)
(F)

(F)

)
(F)

)

AdOOS0U.LI3dS YN NIDOULIN
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in DMSO
in MeOH
in CF,CH,0H

in DMSO (61% NH)
in MeOH (52% NH)
in CF;CH,OH (16% NH)

in DMSO
in acetone
in MeOH
in CF,CH,OH

in DMSO
in MeOH
in CF,CH,OH

in DMSO

in DMSO/phenol
in MeOH

in CF,CH,OH

NO NMe
+140.5  +2618
+1559  +255.1
+1560  +254.0
NO/NOH =N/NH
+153.4 +190.8
+167.8 +198.0
+159.5 +237.0
NOMe =N
+1794  +149.8
+1794  +1476
+1794  +161.3
+176.6  +163.0
NO NMe
+1492  +260.0
+160.5  +255.1
+1603  +254.1
NO/NOH =N/NH
+184.5 +192.8
+186.6 +191.2
+182.0 ?
+170.0 ?

@

)

)

)

J)

e
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Y
N-NR
1 NH’\( in DMSO/actetone (1 : 1) (X)
R
X Y R R NH NR
O OH H +298.1 +235.1
O O Me H +272.8 +238.0
O O Ph H +272.5 +234.7
O O Me Me +274.7 +234.0
S OH H +252.9 +211.1
S O Me H +233.9 +216.7
S O Ph H +245.1 +215.2
O S Me H +265.7 +200.7
S § Me H +227.5 +186.5
S S Me Me +229.3 +190.9
Fe(il)tetraphenylporphyrin
7 ’\B in CDC, +2115.2 (=N) L)
NH —~124.8 (NH) (L)

1,2,3-Triazole and 1,2,5-triazole ring systems
central N flanking N

N N

R \ neat liquid +85.5 +57.2 M
(;ﬁ” TN in DMSO +77.8 +68.8 &Mg
in acetone +80.9 +64.8 (M)
n in CDCl, +79.0 +61.9 M)
in MeOH +89.7 +70.5 M)
NH in H,O +86.0 +56.6 M)

/AR in CF,CH,OH +85.5 +53.0 M)

AdODSOYLOAdS YNN NIDOILIN
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Table 17. —cont.

Nitrogen shielding (ppm) referred to neat

Compound Solution or state nitromethane Notes
N Gi N-1 N-2 N-3 (M)
W

N (1 neat liquid +1440  +120  +300
in DMSO +143.3 +16.2 +284
in acetone + 1449 +14.1 +27.1
in CDCl, +145.0 +16.3 +30.7
in MeOH +144.3 +19.1 +41.7
5 N/:—jiN @ N-1 N-25 M)
s neat liquid +1320 4530
in DMSO +135.0 +54.0
In acetone +135.0 +54.0
in CDCl, +132.8 +51.1
in MeOH +132.8 +51.1
3
N‘}q( )(2) = H, solvent? +103.8 (N-1, 3) N)
N +12.0 (N-2) N)
R R = Me, solvent? +162.0 (N-1) (N)
+4.2 (N-2) N
+40.0 (N-3) N
R = OH, solvent? +125.4 (N-1) o)
+ 18.5 (N-2) N)
+69.6 (N-3) N)
R = NH,, in DMSO +148.2 (N-1) k)
+2.3(N-2) (k)
+ 50.8 (N-3) k)
+ 307.7 (NH,) k)
R = $5’-phosphoribosyl, in DMSO + 145.0 (N-1) 0
+29 (N-2) (0)
+37.2 (N-3) O)

174
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=N, R = Me, in
 N—R
N R

NH,, in DMSO

? solvent?
X R = —CH(Me)CH,COOMe
%
N
N\I
R = —COCH=CHCH=CHMe
R R
(K in CDCl
@N, .N® 3
NH
R' = —CO—(2-NHCOMe-phenyl), R?> = Ph

R »
/R in CDCl,
R! N
NH

R R
@ N: :N @ in CDCl,
NCOMe
R! = —CO—(2-NHCOMe-phenyl),

R? = Ph or 4-Pr-phenyl

+103.8 (N-1,3)
+12.0 (N-2)
+99.9 (N-NH,)
+83.6 (=N)

+275.3 (NH,)

+190.8 (NR)
+58.7 (=N—)
+76.0 (NO)

+174.4 (NR)
+54.6 (=N—)
+67.6 (NO)

+318
+47.8} (N-2.4)

140.6
i 63.3} (N-1.3)

60.5
147.9} (N-2.4)

(2)
(a)
(k)
(k)
&)

N)

®)

(P)

P

AdOOSOY.LOAdS YN NIDOULIN
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Table 17. —conz.

Nitrogen shielding (ppm) referred to neat

Compound Solution or state nitromethane Notes
1,2,4-Triazole and 1,3,4-triazole ring systems
I N
Q — 8
EN}',N * TN'N in DMSO +135.7 (N) (M)
+123.3 (NN) M)
n 0.5M in DMSO +136.5 (N) Q)
Z'—\
S NH
N
R = Me in DMSO +171.3 (N-1) (M)
4
Mo +81.9 (N-2) (M)
NR +127.4 (N-4) M)
M +155.7 (N-1) k)
R = NH,, in DMSO +79.8 (N-2) (k)
+131.6 (N-4) k)
+303.0 (NH,) (k)
WN—N® R = Me, in DMSO +217.8 (N-1) M)
4 +59.8 (N-3,4) M)
NR R = NH,, in DMSO +198.2 (N-1) (k)
o +66.1 (N-3,4) (k)
+315.5 (NH,) (k)
N-1 N-2 N-4 NH, (R)
H,
@ -\(q in DMSO +1874 +1304 +156.6 +334.1
E N@ in H,O +186.1 +137.7 +166.1 +337.0
NMe hydrochloride in H,O +178.5 +139.7 +2282 +3328

Q)]

8¢

q49M 'V 'O Pue JYVINVAILS T IASMONVLIM ‘W



“ N

! N @
H,N” “NH

(1

@ N-N 3

[ \
ANMe NH,
0}

in DMSO

R = MeS
R=0 N—
/

in DMSO
in H,O

hydrochloride in H,Q

in DMSO
R = MeS
/N

R=0 N—
—/

in DMSO

R = MeS

R=0 N—
—/

R = PhNH

in DMSO
in H,O

hydrochloride in H,0

N-1 N-2 N-4 NH,
+181.6 +1256 +153.9 +330.2

+201.0 +1369 +171.0 +3315

N-1 N-2 N-4 NH,

+1874 +1304 +156.6 +334.1
+186.1 +137.7 +166.1 +337.0
+178.5 +139.7 42282 +332.8

N-1 N-2 N-4 NH,
+188.0 +1088 +166.0 +327.0

+212.2 41428 +187.2 +3279
(+319.7, morpholine moiety)

N-1 N-2 N-4 NH,
+2004 +1188 +166.3 +328.5

+2160 +151.3 +187.2 +327.7
(+ 319.9, morpholine moiety)

+2164 +149.8 +184.1 +329.7
(+292.2, PANH)

N-1 N-3 N-4 NH,

+241.6 +112.0 +754 43396
+2388 +128.7 +959 +340.6
+2404 +2079 +119.9 +3253

(M

(R)

(M

(T

(R)

AdOOSOYLIEdS YIAN NFDOULIN
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Table 17. —cont.

Nitrogen shielding (ppm) referred to neat

Compound Solution or state nitromethane Notes
3)
) N—=N N-1 N-3 N-4 NH, M
[ \
MeS™ ™Gy N in DMSO +227.1 +109.4 +724 +3339
CH,Ph
ON N—=
/jSN (A) /(\_,\NH
HN™ "NH HN" N ca. 35%
(B) +138.7 (N,) (R)
<5% u in H,0 +183.9 (Np) (R)
+175.6 (N¢) (R)
HN= ca. 65% +336.1 (NH,) (R)
/g N
HNT Ty
HN _
R 40 in H,0 +116.9 (N,) (R)
HN" Ni +208.1 (Np) (R)
®) +236.6 (N¢) (R)
(dominant tautomer) +325.3 (NH;) (R)
R
@ N 0.5M in DMSO
' N o R = OMe +184.4 (N-1) Q)
HNT “Nie +128.2 (N-2) Q)
M +157.8 (N-4) Q)
R = SMe +160.8 (N-1) S
+96.9 (N-2) (S)
+125.0 (N-4) (S)

0st
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4y N

/Q LN

R NMe
()

4 N-N 3
(AR
NMe R
h

4) N=NH )
'

NH X
(1))

4) N-=NH 3
'

NMe X
()

4) N-NMe (3)
!

NMe O
[¢0)

0.5M in DMSO

R = OMe

R = SMe
0.5M in DMSO
R = OMe

R = SMe
0.5M in DMSO
X=0

X =S8

0.5M in DMSO
0.5M in DMSO

+207.7 (N-1)
+91.7 (N-2)
+166.8 (N-4)
+174.0 (N-1)
+72.9 (N-2)
+134.4 (N-4)

+243.0 (N-1)
+112.0 (N-3)
+75.0 (N-4)
+218.9 (N-1)
+65.3 (N-3)
+60.9 (N-4)

+238.2 (N-1)
+214.1 (N-3)
+116.9 (N-4)
+206.8 (N-1)
+176.0 (N-3)

+99.1 (N-4)

+244.4 (N-1)
+214.3 (N-3)
+118.0 (N-4)

+245.0 (N-1)
+220.6 (N-3)
+112.3 (N-4)

Q
Q
Q
)
S
)

Q
Q
Q@
(S)
(S)
)

Q
Q
Q
S
(S
)

Q
Q
Q

Q@
Q@
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Table 17. —cont.

Nitrogen shielding (ppm) referred to neat

Compound Solution or state nitromethane Notes
@ N—y +202.7 (N-1) Q)
" NMe @ 0.5M in DMSO +216.8 (N-2) Q)
0 m +138.4 (N-4) Q
MeN-NMe in DMSO, NMe NR (8))
O%NR\A\O R = Ph +3157  +2417
R = a-naphthyl +3164  +2422
NN in DMSO, NR =N NMe, )
el R = Pr +2350  +1679  +263.0
R = a-naphthyl +2386  +163.7  +261.5
@N= in C4D, N-1 N-2 N33 NMe, (u)
{Na
N X = lone pair +141.3 +81.1 +1248 +3425
(Me,N);PX X=8 +1456 +823 41242 43459
Tetrazole ring systems
N —N
N o= N
NH N
0.5M in DMSO +98.3 (flanking N) (a)
N u + 5.8 (central NN) (a)

=N >
N, NH =«— N

N

S

Nt
\’;N

N N

4Y4
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3)
N
BN, N @
NMe
)

3)
4) N—N

;W\

4 N @
NMe
3}

R
3
[
&N N @
NMe

(8]

[©)]
@ N-N

o\
N @
NR

m

3
@ON=N
Onm
R” °NR
[§))]

R = Me
Et
Me

0.5M in DMSO
0.5M in DMSO

in acetone-dg
R = Me

CH,COOEt
CH,CH,0Me
CN

in acetone-d,

R! = Me
CH,COOEt
CH,CH,OMe

in D,0

R =CN
CF, (pH 7.49)
Ph (pH 6.51)
CH,Ph (pH 9.58)
H (pH 9.55)
Me (pH 10.63)

NMe, (pH 7.83)
CH,CH,NMe, (pH 10.77)

+101.8 (N-1)
+0.8 (N-2)
+46.8 (N-3)
+72.8 (N-5)

+151.4 (N-1)
+10.8 (N-2)
—12.3 (N-3)
+49.9 (N-4)

N-1 N-2 N-3

N-5

+1045 +503 0.0
+1025 +464 +2.0
+104.1 +480 —12
+963 +369 —6.1
(+110.3, CN)

N-1 N-2 N3

+78.1
+74.6
+78.0
+61.1

N-4

+1548 +98 7.7
+152.7 +69 —-98

+153.7 +87 -96

N-1,4 N-2,3
+52.4 +14.5
+69.1 —-1.6
+77.9 +50
+72.0 -32

+71.8 +5.0
+73.3 +4.5
+102.4 +7.7
+72.8 —34

+65.8
+53.5
+52.7

(a)
(a)
(a)
(a)
(a)
(2)
(a)
(@)

A4

V)
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Table 17. —cont.

Nitrogen shielding (ppm) referred to neat

Compound Solution or state nitromethane Notes
N=N N=N
i \'
&QN>—X—<NQ§ in D,O V)
X N-1,4 N-2.3
none +71.0 —-0.5
CH,CH, +79.2 +4.4
CH,CH,CH,CH, +79.2 +5.0
CH,CH,OCH,CH, +84.1 455
CH,CH,NHCH,CH, +72.8 -3.0
(+247.3, NH)
@N=N
ON @
¥ in CD,CN +78.8 (N-1,4) (W)
}i{ + 1.6 (N-2,3) (W)
N
o
N-N
@) E-N\ @ solid state +56.4 (N-1,4) W)
ON @ +11.4 (N-2,3) (W)
)
@N=N &) in DMSO N-1 N-2 N-3 N4 X)
NR @
NR x R=H +822 +704 -39 +504
o R = Me +973 +709 —45 +477

1474
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“) RN—I\\I 3)

)()\N;: o)

mn

(4) =N 3
! ‘}‘1 2)
-
Me NR
)

MeS
N
Y

GN, NQ

(N

By

@)
3) ll\l-———N ~N (6)

@N,, J=—=
ol
Me

Pentazole ring system

BN-N (3)
v\
G)N. ;N

()

R=HX=S
R=Me,X =0
in DMSO
R=H
R = Me
in DMSO
in CDCl,,
R = Me
R = Ph

in CDCl;, —35°C

R = 4-NMe,-phenyl

N-1 N-2 N-3

+1519 +254 +174 +1457

+193.2 +391 +39.1

N-1 N-2  N-3

+100.5 +45 +45 +100.5

+158.1 +7.1 —11.1

N-1 N-2 N33

+101.4 -23 4534 +8l.6

+194.2 (N-1)
+4.6 (N-2)
+57.4 (N-3)
+120.7 (N-4)
+108.4 (N-6)
+194.0 (N-1)
+4.8 (N-2)
+54.8 (N-3)
+124.5 (N-4)
+110.9 (N-6)

N-1  N-25 N34 NMe,

+80.0 +27.5 —49

X)

X)

X)

V)

(Y)

AdODS0YLIAdS dNN NIDOULIN
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Table 17. —cont.

Nitrogen shielding (ppm) referred to neat

Compound Solution or state nitromethane Notes
Oxazole and oxadiazole ring systems
N in DMSO +123.7 (@)
®
O
(1,3-oxazole)
@ in CDCl, + 132.8 (oxazole) (Z)
R +107.7 (N-1)
M MeN\N’ N + 1.5 (N-2)
) / )\ +57.1 (N-3)
MeO” 07 Me + 85.0 (N-5)
@) 3 .
N=N in CDCI, +134.9 (oxazole) (Z)
(1) MeN_ ,/} +1oz.‘31 gg
N N +1. -
) ! )\Ph +56.8 (N-3)
MeO” O + 84.9 (N-5)
N,
@: ) 0.5M in DMSO +1315 @)
o)
@[N‘>—8Me in DMSO +1143 (F)
0
N{‘FS in DMSO +223.2 (F)

9¢¢
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NMe
=s
(0]

(1,2-oxazole, isoxazole)

Me

/ \

N
H,N" 0

pmso—(_ Y,
!

Me o N (sulphamethoxazole, "SM2")

SM2~ Na*

in DMSO

in DMSO

in DMSO
in CF,COOH

in DMSO
in CF;,COOH
hydrochloride in DMSO

in DMSO
in CF;COOH

in DMSO
solid state

in DMSO

+230.4
27

=N— NH,

+768 +367.1

+189.7 +341.0
=N— NH,

+374  +3782

+577 43727

+309  +3634
=N—  NH,

+543 43447

+188.5  +3334
=N—O NSO, NH,
+347 42639 +3079
+343 42646 +310.0
+541 42541 +323.1

(F)

()

(x)

(x)

(=)

(aa)

AdOISOYLITdS YNN NIDOULIN
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Table 17. —cont.

Nitrogen shielding (ppm) referred to neat

Compound Solution or state nitromethane Notes
SM2 complex in DMSO +36.5 +259.7 +309.7
with trimethoprim solid state +49.0 +2454 +316.0
N in CDCl, +0.2 (bb)
o 0.5M in DMSO -33 (a)
Me
@KN in CDCJ, +9.0 (bb)
s
Me
©j\< in CDCY, +59.5 (bb)
N—0
(0]
~o 0.5M in DMSO +7.5 (a)
- N
(©)
N—\\ .
{Nw in Et,0 +20 (N-2) ()
o + 140 (N-4) (a)
(1, 2, 4-oxadiazole)
@ R in CDCl, N-2 N4 NH, (R)
N
N @ R = Me +443 41899 +3203
HN™ 07 R = SMe +509 +192.8 +3182
R = OMe +821 +2083 +317.2
@ NH, in CDCl, N-2 N-4 NH, (R)
N
A N R — OMe +718 +199.8 +331.9
R0 R = OEt +72.5 41999 +331.9

85¢
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N-N
7 \
&3
(1,3,4-oxadiazole)
[\

N

(1,2,5-oxadiazole, furazan)

R R

>/ \(

N

(SR N
(o]

(furoxan structure)

in Et,0

in DMSO

in DMSO

AR ER

([ 'l

o=
3-mg

in DMSO

in DMSO
R =R

==t

NOZ
0,

=

~ =
(]
~ I
Z

in DMSO

+81

—338

=N— =NO—

+13.5 +259
+124 +248

—-03 +239
—-12.5 +247

—35.6

=N— =NO—

+72  +19.2
+55 +198
+52 4212

+5.5 (=N—)
+24.3 (=NO—)

+17.9
+16.9
+18.8

(a)

(a)

(ee)

(@)

(ee)

(ce)

(ee)

AdODSOY.LIAdS YAN NIDOULIN
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Table 17. —cont.

Nitrogen shielding (ppm) referred to neat

Compound Solution or state nitromethane Notes
Thiazole and thiadiazole ring systems
N
[ 5) in DMSO +57.4 (2)
(1,3-triazole)
AN in DMSO =N— NH,
/ )\
S NH, R = Me +124.7 +311.5 (OC)
R = CH,COOEt +123.6 +307.0 (dd)
its hydrochloride +216.9 +287.1 (dd)
R = C(=NOMze)COOEt +137.5 +305.2 (dd)
R = C(=NOMe)COOH +138.8 +306.2 (dd)
its solution in CF,COOH +236.2 +297.1 (dd)
its hydrochloride +222.2 +284.5 (dd)
R = C(=NOH)COOEt +135.5 +306.2 (dd)
its hydrochloride +196.6 +291.5 (dd)
Me Me
N N in DMSO + 1249 (=N—) (cc)
Z/:)\NHCHZNH/Qj +294.4 (NH) (cc)
N
@ D —SMe in DMSO +839 (F)
S
N
):s in DMSO +196.8 F

09¢
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NMe
SFS
N
O
S
So
S
/ A
(o

(1,2-thiazole, isothiazole)

@l

N

JPh
SS——N )
U
=

Me
@

E_\\N @
s~

(1,2,4-thiadiazole)

3

(1,3,4-thiadiazole)
N-N
[
(P ome
HN-N
oAy

in DMSO

in pyridine-d,

in pyridine-d,

in acetone

in CDCl,

in Et,0

in DMSO

in CDCl,

in CDCl,

+205.3

+143.0 (=N)
+301.5 (NH,)

+307.6 (NBu)
+193.2 (=NH)

+81.8

+165.8 (N-4)
+184.4 (N-5)

+106 (N-2)
+70 (N-4)

+79

+69.8 (N-3)
+18.0 (N-4)

+65.0 (=N—)
+190.0 (NH)

(F)

(gg)
(gg)

(g2)
(gg)

(@)

(T
(ff)

(a)
(@

(a)

(R)
(R)

(R)
(R)

AdOOSOYLIddS YNN NIDOULIN
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Table 17. —cont.

Nitrogen shielding (ppm) referred to neat

Compound Solution or state nitromethane Notes
MeN—-N . —
in CDCI +56.8 (=N—) (R)
A ’ +195.5 (NMe) (R)
N-N in DMSO +81.2(N-37 (cc)
& +319.2 (NH,) (cc)
NH,
N-N N-N in DMSO +82.0 (N-3,3'D) (cc)
L o +301.7 (NH) (c0)
NHCH,NH™ g
/HIZ-{‘ in DMSO +117.4 (=N—) (cc)
F NH, +167.6 (NH) (cc)
+319.2 (NH,) (cc)
in CDCl, +117.4 (=N—) (cc)
+167.4 (NH) (ce)
+315.6 (NH,) (cc)
HN—-N =NH
% N /g SX in CDCJ, +116.2 (=N—) (cc)
s~ NHCH,NH S +167.9 (NH) (cc)
+299.3 (NHCH, cc
N/'_‘\N ( 2) (cc)
57 in E,0 +31 (a)
(1,2,5-thiadiazole)
Ph Ph
H in DMSO +37.7 (ce)
N N

9t
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(1,2,3-thiadiazole)

Phosphazole ring systems

IR\

in DMSO

0.5M in DMSO

in DMSO

in C¢Ds

in C¢D,

in C4Dy

in C¢Dg

in C¢Dg or CDCl,

+27.7 (=N—)
+100.5 (=N—)

+49.1

—30.3 (N-2)
—56.2 (N-3)

+ 146.7 (NMe)
+13.7 =N)

+154.1 (NMe)
+35.4 (=N)

+150.9 (NMe)
+20.9 (=N)

+105.5 (averaged)

(ee)
(ee)

(@)

(a)
(@)

(hh)
(hh)

(hh)
(hh)

(hh)
(hh)

(hh)

(i)
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Table 17. —cont.

Nitrogen shielding (ppm) referred to neat

Compound Solution or state nitromethane Notes
R NMe N-2 N4
Me ) +157.5 +12.1 +88.5
Me, complex with BF, + 1549 +228 +142
Bu, complex with BF; +151.1 +21.0 +138
i-Pr +1595 +149 +95.2
CH,Ph +1564 +11.8 +86.5
Ph +156.5 +104 +87.0
Rl
@y
g }N @ in C4Dg or CDCI, (1)
R R’ NMe N-2 N-4
Me Me +1204 +427 +935
its complex with BF, +120.2 +428 +147
Me i-Pr +1220 +445 +97.7
Me CH,Ph +1194 +416 +93.1
its complex with BF, +119.1 +39.6 ?
Me Ph +117.8 +427 4990
Ph Ph +100.3 +56.3 +100.3
its complex with BF, +101.4 +48.7 4146

Mesoionic structures

+,N,’Nj© in CH,Cl, +105 (N*) (i
N +159 (N7) (i)

(zrans-pentalene)

$9¢
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h

3 N—N"N
N
Q)N
R7+ N
(4D
x-

K
@ N+ N )
NPh

3

X BF,

\
N+, N
NPh
3

+/Mc

N®

W

N @
O

/

O

(6)

COOMe

(sydnone structure)

Me CI°

+7/

N (3
| W

N
O

in CDCl,,
R = Me

in acetone-dg

X=0
X =S

[l

- in acetone-d,

X = O—Et
X = S—Et
in acetone

in CD,OD/H,0

+99.4 (N-1)
+103.6 (N-2)
+68.9 (N-3)
+137.7 (N-4)
+102.5 (N-6)
+100.8 (N-1)
+89.0 (N-2)
+69.3 (N-3)

N-2 N-3

N-4

+39.6 +74.2
—-129 +645

N-2 N-3

+95.2
+107.5

N-4

+394 +74.2
—-223 +629

+36.2 (N-2)
+112.5 (N-3)

+15.0 (N-2)
+104.9 (N-3)
+309.2 (NH,)

+95.1
+101.4

V4]

(kk)

(kk)

(a)
(a)

(a)
(@)
(a)
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Table 17. —cont.

Nitrogen shielding (ppm) referred to neat
Compound Solution or state nitromethane Notes

Thiazole and thiadiazole ring systems

o in CDCl, an
: R = 2-pyridyl +71.0
@?_R 2-pirymidyl +74.4
i COOMe +52.6
0 1-Et-2-benzimidazolyl +66.6
phenyl +77.3

(a) See ref. S, pp. 444-447, and references therein.

(b) Data from ref. 693, 50.7 MHz "N spectra, field parallel to sample tube, referenced originally to sat. aqueous NaNO,, +3.7ppm from neat
nitromethane (Table 2), conversion scheme IIb (Table 1); originally reported vs fictitious ammonia standard taken at + 376.5 ppm from the reference
employed (i.e. + 380.2 ppm from nitromethane), but the latter value corresponds to a perpendicular field-to-sample arrangement; we retrieved the
original data and performed recalculations as shown above.

(c) Data from ref. 1020, details as in footnote (f).

(d) Data from ref. 772, 20.3 MHz *N spectra, field parallel to sample tube, referenced originally to 1M HNO;, + 6.2 ppm from neat nitromethane
(Table 2), conversion scheme IIb (Table 1); Cr(acac), added as a relaxation reagent.

(e) Data from ref. 773, details as in footnote (d).

(f) Data from ref. 27, 30.4 MHz "N spectrum, field parallel to sample tube, referenced to neat nitromethane, uncorrected for bulk susceptibility
effects.

(g) Data from ref. 1114, 36.5MHz >N spectra, field parallel to sample tube, referenced originally to neat nitromethane, uncorrected for bulk
susceptibility effects; Cr(acac), added as a relaxation reagent.

(h) Data from ref. 363, 30.4 MHz '*N CPMAS spectra, referenced originally to aqueous NH,Cl, +352.9 ppm from neat nitromethane (Table 2).

(i) Data from ref. 1115, 50.7 MHz '*N spectra, other details as in footnote (f); also CPMAS spectra for the solid state, ref. 357.

(j) Data from ref. 1116, details as in footnote (i).

(k) Data from ref. 807, 25.35 and 20.29 MHz "*N spectra, other details as in footnote (f).

() Data from ref. 99, 30.41 MHz *N INEPT and SINEPT-2 spectra, field parallel to sample tube, referenced originally to neat nitromethane,
uncorrected for bulk susceptibility effects.

(m) Data from ref. 173, details as in footnote (I).

99¢
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(n) Data from ref. 1117, *N-labelling, 25.3 MHz "*N spectra, field parallel to sample tube, referenced originally to aqueous NO;, + 3.5ppm from
neat nitromethane (Table 2), conversion scheme IIb (Table 1.)

(0) Data from refs 127 and 1118, 36.54 MHz '*N INEPT and DEPT spectra, field parallel to sample tube, referenced originally to 0.5M KNO,,
+ 3.5ppm from neat nitromethane (Table 2), conversion scheme 1Ib (Table 1).

(p) Data from ref. 1119, details as in footnote (0).

(q) Data from ref. 1120, details as in footnote (o).

(r) Data from ref. 435, *N label, 9.12 MHz >N CPMAS spectra, referenced originally to solid NH,CI, + 341.0 ppm from neat nitromethane (Table
2), conversion scheme 1V (Table 1). Porphin shows dynamic NMR effects upon temperature variation while porphycen shows a sharp peak at high
temperatures which splits into four sharp peaks whose spacing grows with the decreasing temperature; the former reflects changes in the rate of
intramolecular proton migration, and the latter indicates at two independent migration pathways and fast migration even at the lowest temperatures
examined. See also refs. 427, 432, 434, 439 and 545 for dynamic effects in "N spectra in porphyrin systems.

(s) Data from ref. 1045, 14.4 MHz "N specitra, field parallel to sample tube, referenced originally to sat. aqueous NaNO,, + 3.7ppm from neat
nitromethane (Table 2), conversion scheme IIb (Table 1).

(t) Data from ref. 1121, details as in footnote (u), but neat nitromethane as reference, uncorrected for bulk susceptibility effects.

(u) Data from ref. 83, 20.3 MHz "*N spectra and 14.4 MHz "N spectra, field parallel to sample tube, referenced originally to 0.1 M nitromethane
in CDCl;, + 3.8 ppm from neat nitromethane (Table 26), conversion scheme IIb (Table 1).

(v) Data from ref. 812, N doubly labelled pyrazole, 25.36 MHz "*N spectra, field parallel to sample tube, referenced to neat nitromethane,
uncorrected for bulk susceptibility effects; originally reported vs fictitious ammonia standard taken at + 380.2 ppm from nitromethane (actually, the
latter value corresponds to a perpendicular field-to-sample arrangement, see Table 2).

(w) Data from ref. 1122, '*N-labelled pyrazole, 50.68 and 18.25 MHz '*N spectra, field parallel to sample tube, referenced originally to 1 M HNO,,
+ 6.2 ppm from neat nitromethane (Table 2), conversion scheme IIb (Table 1)

(x) Data from ref. 1058, 27.25 and 20.4 MHz '*N spectra, field parallel to sample tube, referenced originally to neat nitromethane via a calibrated
sample of 6 M NH,NO, in 2M HNO;, uncorrected for bulk susceptibility effect.

(y) Data from ref. 1123, 40.5 MHz "*N spectra, field parallel to sample tube, referenced ot neat nitromethane, uncorrected for bulk susceptibility
effects.

(z) Data from ref. 20, details as in footnote (y).

(A) Data from ref. 754, '*N double label, 20.282 MHz "> N spectra, field parallel to sample tube, referenced originally to 1M HNO,, + 6.2 ppm from
neat nitromethane (Table 2), conversion scheme IIb (Table 1); reported originally vs liquid ammonia taken at +375.8 ppm from the reference
employed.

(B) Data from ref. 1088, 40.55 MHz '*N spectra, other details as in footnote (w).

(C) Data from ref. 391, *N-labelled imidazole moieties in histidine, 29.82 MHz '*N CPMAS spectra, referenced originally to 1 M HNO;, (+ 6.2 ppm
from neat nitromethane (Table 2) conversion scheme, II, Table 1), via a calibrated sample of solid ammonium sulphate, see also ref. 5, p. 372, and
references therein.
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Table 17. —cont.

(D) Data from ref.1124, 25.35 MHz "N spectra, field parallel to sample tube, referenced originally to neat nitromethane, uncorrected for bulk
susceptibility effects; originally reported vs fictitious ammonia standards, see comments in footnote (v).

(E) Data from ref. 665, 50.7 MHz '*N spectra, other details as in footnote (g).

(F) Data from ref. 1081, 8.059 MHz '°N spectra, field perpendicular to sample tube, referenced originally to neat nitromethane, uncorrected for
bulk susceptibility effects; reported originally vs liquid ammonia taken at + 380.2 ppm from nitromethane.

(G) Data from ref. 774, "*N selective labelling, 24.426 MHz '*N spectra, field parallel to sample tube, referenced originally to NH; in aqueous
NH NO,, +259.6 ppm from neat nitromethane (Table 2), conversion scheme IIb (Table 1).

(H) Data from ref. 22, details as in footnote (y), proton-coupled and decoupled spectra.

(I) Data from ref. 542, details as in footnote (g).

(J) Data from ref. 24, details as in footnote (y).

(K) Data from ref. 798, 25.33 MHz '°N spectra, other details as in footnote (y).

(L) Data from ref. 1125, '*N-labelled imidazole, 27.4 MHz '*N spectra, other details as in footnote (y).

(M) Data from ref. 1126, details as in footnote (g).

(N) Data from ref. 1127, 25.352 MHz "*N spectra, calibration as in footnote (v); Cr(acac), added as a relaxation reagent, solutions in what was
termed as “‘common solvents”, probably DMSO and CDCl,.

(0) Data from ref. 1128, 40.5MHz "N spectra, calibration as in footnote (v); Cr(acac), added as a relaxation reagent.

(P) Data from ref. 800, '*N doubly labelled triazole moiety, 20.3 MHz '*N spectra, calibration as in footnote (w).

(Q) Data from ref. 25, details as in footnote (y).

(R) Data from ref. 1036, 40.55 MHz "N spectra, other details and comments as in footnote (v).

(S) Data from ref. 26, details as in footnote (y).

(T) Data from ref. 1060, 40.544 MHz '*N spectra, referenced originally to internal nitromethane in the solvent employed (DMSO), — 2.0 ppm from
neat nitromethane (Table 2), conversion scheme I (Table 1).

(U) Data from ref. 1129, 50.7 MHz "*N spectra, other details as in footnote (f).

(V) Data from ref. 1034, 30.4 MHz *N spectra, field parallel to sample tube, and 10.13 MHz '*N sepctra, field perpendicular to sample tube; for
non-aqueous solutions, the original reference was nitromethane + 10% C¢Dy, ca. + 0.4 ppm from neat nitromethane, as can be reckoned from the
data in Table 26, conversion scheme 1I (Table 1): for aqueous solutions, the nitrate ion in aqueous ammonium nitrate, +4.0 ppm from neat
nitromethane (Table 2), was employed as an external reference, conversion as above, Cr(acac); was added as a relaxation reagent for non-aqueous
solutions.

(W) Data from ref. 356, 50.7 MHz "*N solution spectra, field parallel to sample tube, and 27.3 MHz *N CPMAS spectra, referenced to neat
nitromethane, uncorrected for bulk susceptibility effects; the gegenion was the nonprotanated form of N,N,N,N-tetramethyl-1,8-diaminonaphthalene.

(X) Data from refs 23 and 29, 40.5 MHz "°N spectra, other details as in footnote (f).

89C
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(Y) Data from ref. 648, '*N selective labelling, 40.56 MHz '*N spectra, other details as in footnote (g).
(Z) Data from ref. 1130, 25.35MHz "N DEPT spectra, field parallel 1o sample tube, referenced to neat nitromethane, uncorrected for bulk
susceptibility effects; reported originally vs fictitious ammona standard taken at + 380.2 ppm from neat nitromethane, see comments in footnote (v).
(aa) Data from ref. 523, 27.25MHz "*N spectra, field parallel to sample tube, referenced originally to NH; in 6M NH,NO, in 2M HNO,,
+ 359.0 ppm from neat nitromethane (Table 2), conversion scheme 1Ib (Table 1); also 30.42 MHz '*N CPMAS spectra, referenced to solid NH,NO,,
+ 358.4 ppm from neat nitromethane, uncorrected for bulk susceptibility effects. For the structure of trimethoprim, see Table 19.
(bb) Data from ref. 1131, details as in footnote (y).
(cc) Data from refs 760 and 1059, 20.3 MHz '*N spectra, other details as in footnote (w).
(dd) Data from ref. 805, details as in footnote (U).
(ee) Data from ref. 1132, details as in footnote (U); Cr(acac); added as a relaxation reagent.
(ff) Data from ref. 881, 30.454 MHz '*N proton-coupled spectra, field parallel to sample tube, referenced to neat nitromethane, uncorrected for
bulk susceptibility effects.
(gg) Data from ref. 730, '*N-labelled compounds, 9.12 MHz '*N spectra, field perpendicular to sample tube, referenced to neat nitromethane,
uncorrected for bulk susceptibility effects.
(hh) Data from ref. 818, 20.3 MHz '*N spectra and 14.4 MHz '*N spectra, field parallel to sample tube, referenced to neat nitromethane, uncorrected
for bulk susceptibility effects.
(i) Data from ref. 910, 30.416 MHz "*N spectra, other details as in footnote (hh); Cr(acac), added as a relaxation reagent.
(jj) Data from ref. 90, 4.33 MHz "*N spectra, concentric spherical sample/reference containers in order to eliminate bulk susceptibility effects,
differential saturation techniques combined with lineshape fitting, referenced to external neat nitromethane, + 35°C.
(kk) Data from ref. 1133, 50.7 MHz "N spectra and 36.15MHz '*N spectra, field parallel to sample tube, referenced to neat nitromethane,
uncorrected for bulk susceptibility effects; see also ref. 1134.
(1) Data from ref. 1135, 30.42 MHz "*N spectra, field parallel to sample tube, referenced originally to aqueous NaNO;, + 3.5ppm from neat
'nitromethane (Table 2), conversion scheme IIb (Table 1); Cr(acac), added as a relaxation reagent.
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Table 18. Nitrogen shieldings in azolo-azine systems and related heterocycles

Solution or

Nitrogen shieldings (ppm) referred to neat

Compound state nitromethane Notes
Indolizine structures
’a - 025 M il’l
~ N cyclohexane +190.90 (a)
. . Et,0O +190.69 (a)
(indolizine) cql, +191.04 (a)
benzene +190.74 (a)
dioxane +189.97 (a)
acetone +189.93 (@)
DMSO + 189.04 (a)
CH,Cl, +190.02 ()
CHCJ, +189.99 (a)
EtOH + 190.07 (a)
MeOH +189.93 (a)
H,0 (0.01 m) + 189.19 (a)
CF;CH,OH +189.75 (a)
m .
AN 0.25M in N-1 N-4
> N\/) cyclohexane +132.85 +180.06 (a)
@ Et,0 +13497 +179.77 (a)
CCl, +13544 +180.21 (a)
benzene +136.03 +180.14 (a)
dioxane +136.74 +179.00 (a)
acetone +138.42 +179.00 (a)
DMSO +139.19 +178.04 (a)
CH,CL, +141.60 +179.41 (a)

0LT
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N~
(4)

[©)]

CHCQ,
EtOH
MeOH
H,0
CF,CH,OH

0.25M in

cyclohexane
CCl,
benzene
dioxane
acetone
DMSO
CH,Cl,
CHCl,
EtOH
MeOH

H,O
CF,CH,0OH

0.25M in

cyclohexane
Et,0

CCl,
benzene
dioxane
acetone
DMSO
CH.Cl,

+143.92
+153.03
+155.85
+159.03
+ 164.60

N-2

+179.59
+179.54
+179.46
+178.92
+ 180.45

N-4

+102.07
+104.14
+104.49
+104.85
+105.88
+ 106.58
+107.32
+109.54
+112.16
+119.50
+123.17
+125.16
+132.8

N-3

+187.47
+ 187.07
+187.44
+ 187.17
+186.42
+186.03
+185.27
+ 186.31
+186.43
+ 186.09
+ 186.00
+185.64
+186.73

N-4

+89.54
+90.98
+91.65
+92.24
+92.05
+93.15
+93.23
+95.51

+144.33
+144.30
+144.78
+144.66
+ 144.07
+144.40
+ 144.09
+144.25

(a)
@)
(@)
(a)
@)

(@
(a)
(@)
(a)
(a)
(@)
(a)
(a)
(@)
(@)
(a)
@)
(a)

(a)
(a)
(@
(a)
(@)
(@)
(a)
(a)
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Table 18. —con:.

Solution or

Nitrogen shieldings (ppm) referred to neat

Compound state nitromethane Notes
CHCl, +97.43 +144.50 (a)
EtOH +103.68 + 145.05 (a)
MeOH +10598 +146.08 (a)
H,0 (0.1 M) +110.18  +146.08 (a)
CF,CH,0H +115.79 +147.20 (a)

o 0.5M in DMSO +139.8 (N-1) (b)
~ ,N,> +102.0 (N-3) o)
S Ney +148.1 (N-4) (b)

@

o 0.5M in DMSO +80.9 (N-1) (b)
LN +49.5 (N-2) (b)
~ Nt +183.6 (N-4) (b)

“4)
N\ o 0.2M in DMSO +24.9 (N-2) (b)
S +44.2 (N-3) (b)
PR +120.6 (N-4) (b)

M 0.5M in DMSO +67.8 (N-1) (b)
NN —18.3 (N-2) (b)
N +34.4 (N-3) (b)

@ e +128.3 (N-4) (b)

tLe
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0.5M in DMSO

0.5M in DMSO

0.5M in DMSO

in DMSO

0.5M in DMSO

0.5m in DMSO

+141.5 (N-1)
+190.8 (N-4)
+ 100.3 (N-8)

+158.8 (N-1)
+206.1 (N-4)
+100.5 (N-8)

+149.4 (N-1)
+102.1 (N-3)
+153.3 (N-4)
+105.0 (N-8)

+149.7 (N-1)
+108.6 (N-3)
+153.4 (N-4)
+135.3 (N-5)
+137.5 (N-8)

+84.3 (N-1)
+49.4 (N-2)
+196.9 (N-4)
+103.5 (N-8)

+66.6 (N-1)
—~15.9 (N-2)
+27.5 (N-3)
+117.2 (N-4)
+57.3 (N-5)
+84.5 (N-8)

©)
(©)
©)

C))
(d)
G

()
(e)
(e)
(e)

o))
"
M
(")
)

(e)
(e
(e
(e)

(G)
(e
(e)
(e)
©
(O]
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Table 18. —cont.

Solution or Nitrogen shieldings (ppm) referred to neat
Compound state nitromethane Notes
m 0.5M in DMSO +63.0 (N-1) (©)
(7}
N/’\FN‘N 2 —19.5 (N-2) (©)
KN +30.9 (N-3) (©)
@ 3 +124.8 (N-4) ©)
+53.7 (N-7) ©
1
y (Nf 0.5M in DMSO +69.8 (N-1) ©
N(\If N —20.6 (N-2) ©
SN, +34.6 (N-3) (e)
+127.9 (N-4) (e)
+109.0 (N-6) (e)
0.5M in DMSO +192.4 (d)
X 0.5M in DMSO +102.1 (N=) (e)
| + 165.4 (central N) (e
N NN
| ——
Me
] Mo N in DMSO +53.6 (2-N=) )
N\/) +159.4 (2-N*) (g)

%\@ ==

Y
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Purines and related structures (see also Table 22)

R'

Rl

N
[©)]

R2

O]
N

2
(Ij\\& >
N®
R3

N\

R3

H

NH,

NH,
NH,

NH,

Cl

Cl
Cl

Cl

pag
X
Me Me
0><O
Me

Me Cl'lzCHz_

MeCO(CH,),—
Me(CH,),—
Mc><Me
o "o
Ve e
Me CHCH;—

in DMSO

(in CDCL)

(+ TFA)

N-1

N-3

N-7

N-9

NH,

+106.6
+107.6

+139.8

+146.4
+146.5

+146.9
+144.4

+130.4
+132.8

+179.8

+182.6
+182.5

+182.9
+183.2

+139.6
+ 140.1

+140.2

+141.1
+141.6

+141.6
+162.2

+207.2
+210.0

+225.0

+221.1
+220.6

+2223
+220.2

+300.6

+298.4
+298.5

+298.4
+297.1

(h)
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Table 18. —cont.

Solution or

Nitrogen shieldings (ppm) referred to neat

Compound state nitromethane Notes
R? R}
|
WN7? N .
W in DMSO (h)
R N N ®
3
R' R’ R’ N-1 N-3 N-7 N-9 NH,
X. O.
H d I [ (in CDCIy) +105.7 +1122 42176 +1384 -
X
Me Me
NH, H <o +1411 +160.6 +2300 +1384 +303.4
Me
Me CH,CH,—
NH, Cl MeCO(CH,),— +1433 +163.8 +2278 +141.0 +301.3
NH, ClI Me(CH,),— +143.1 4+163.7 +2273 +141.2 +302.2
Me Me
O><O
NH, CI Me—f—f-wme (+TFA) +1438 +1643 42200 +1415 43014
Me CH,CH,— +141.6 41726 +2251 +167.6 +300.2

9LT
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N

(HN™ N
Qe

NH

(3-deazapurine)

100%, 1,7-NH

70% 7-NH

gy

N

&)
(1-deazapurine)

3,9-NH + 7,9-NH

70% 9-NH

Other azolo-azines without a bridgehead nitrogen atom

>~

N

N (%

N\

NH

9

=

Z NH
< M2
N N

n H,0
pH = 0.35
pH = 435
pH = 5.00
pH = 585
pH = 6.50
pH = 9.80
in H,0

pH = 0.3
pH = 1.7
pH = 3.1
pH = 43
pH = 5.7
pH = 74
pH = 9.3

in CCl,
in EtOH
in 0.1 HCI

N-1

N-9

+193.7
+189.2
+170.4
+136.8
+126.1
+103.9

+206.6
+206.5
+206.9
+203.5
+205.2
+203.0

+157.9

+160.6
+163.9
+ 168.7
+171.7

N-3

N-7

N-9

+161.4
+156.8
+138.8
+120.8
+113.2
+114.3
+114.9

+182.7

+18L.6

+177.5

+175.6

+1754
?

+175.8

+221.6

+220.2

+213.8

+206.0

+202.3
?

NH

—N=

+2414
+2439
+245.7

+1214
+123.3
+214.2

®

®

()
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Table 18. —cont.

Solution or Nitrogen shieldings (ppm) referred to neat
Compound state nitromethane Notes
‘f 0.5M in DMSO NR —N= (k)
NN lN\ R=-H +251.1 +1112
< ~ R = Me +260.4 +114.9
'f 0.5M in DMSO NR —N= k)
NN I R=H £2683 4649
< | R = Me +2762 +652
T 0.5M in DMSO NR —N= (k)
NN R=H +256.5 +88.3
o R = Me +2643 +88.9
'I‘ 0.5M in DMSO NR —N= (k)
NN R=H +271.1 +786
. R = Me +2794 +789
N N
'i"’ ® 0.5M in DMSO +232.2 (NMe) (k)
N NNy +173.5 (N-9) (k)
- | +105.8 (N-1) (k)
NV 0.5M in DMSO +209.1 (NMe) (k)
o=l _ +179.9 (N-9) (k)
N N +87.3 (N-4) (3]
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I
*N N N
e ~
S |
H
IL ~ +/Mc
N/
| I i-
H
|
N
e ~ -
N\l I/N:
Me
H
|
N
’ N
N fil+
Me

8{5

H, in CDC],
in pyridine
Me, in CDCl,

0.5M in DMSO

0.5M in DMSO

0.5M in DMSO

0.5M in DMSO

0.5M in DMSO

0.5M in DMSO

+250.5 (NH)
+213.8 NMe)
+101.1 (—N=)

+261.6 (NH)
+ 185.7 (NMe)
+60.7 (—N=)

+237.8 (NH)
+201.6 (NMe)
+109.3 (—N=)

+262.0 (NH)
+193.8 (NMe)
+79.2 (—N=)

+250.2 (NH)
+180.0 (NMe)

+236.5 (NH)
+196.1 (NMe)

NR —N=

+244.5 +113.0
+2416 +885
+2449 +883

(k)
(k)
(k)

(k)
(k)
(k)

(k)
(k)
(k)

(k)
(k)
(k)

(k)
(k)

k)
k)

o
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Table 18. —cont.

Solution or

Nitrogen shieldings (ppm) referred to neat

Compound state nitromethane Notes
o N-1 N-2 N-3 N-4 N-6 (m)
ooN N o in DMSO +55.2 ? +90.2 +2763 +227.9
A A=y in DMF +557 +111.7 4897 2 42279
O Tf @ O
Me
o Me
Me- e in CDCI, +150.0  +9.7 +66.5 +2752 +2285 (m)
w N 5
)\ | »’rN @
0 l?‘w 3
Me
[0
Me (;;)
N - Ay
© A e @ in CDCl, +47.0 41341 +843 +2778 +2285 (m)
N
0 Tu) (3)
Me
(0]
xfj\)i”\ﬁ':z) in DMSO +333  +180 +1639 +2751 +231.1 (m)
07 N N
13
NG
m g
(2)N1NI[N\ N-1 N-2 N-4 N-5 N-7 (n)
Mes/]\‘N N% . in DMSO
@ (68% 5-NH) —48  +402 +131.1 ? ?

08¢

499M 'V "D PUB AVINVAALS T ‘TIASMONVLIM ‘N



)
(2,N¢NIN in DMSO —11.7  +4L1 +139.5 +2344 +1410 (n)
|

N

~

5)

N(4) NMe (
1)) ™

) N’. NMe

,> in DMSO +12.5  +41.3 +117.6 +1442 42353 (n)
Mes” NG, N®)

(a) Data from ref. 533, high precision **N spectra, 36.14 MHz, field parallel to sample tube, referenced to neat nitromethane, corrected for bulk
susceptibility effects; temperature + 35.0 + 0.3°C, Lorentzin lineshape fitting employed.

(b) See ref. 5, pp. 478481, and ref. 90, and references therein.

(c) Data from ref. 27, 30.4 MHz "N spectra, field parallel to sample tube, referenced originally to neat nitromethane, uncorrected for bulk
susceptibility effects.

(d) Data from ref. 1136, details as in footnote ().

(e) Data from ref. 65, 50.7MHz '*N spectra, field parallel to sample tube, referenced originally to neat nitromethane, uncorrected for bulk
susceptibility effects; Cr(acac); added as a relaxation reagent.

(f) Data from ref. 835, 30.42 MHz "N INEPT spectra, field parallel to sample tube, referenced originally to neat nitromethane, uncorrected for
bulk susceptibility effects.

(g) Data from ref. 827, '*N-labelled N-2, 20.3MHz "N spectra, field parallel to sample tube, referenced originally to what was termed as
“concentrated HNO,”; we assumed that it was 70% HNO,, + 31.3 ppm from neat nitromethane (Table 2), conversion scheme IIb (Table 1), but a
large error is likely to be involved in view of the high sensitivitiy of HNO; nitrogen shielding to the concentration of the acid.

(h) Data from ref. 123, 27.4 MHz "*N spectra, NOE suppressed, field parallel to sample tube, referenced to neat nitromethane, uncorrected for bulk
susceptibility effects; abberviations used — X = p-Me-C;H,—COO, TFA = CF,COOH.

(i) Data from ref. 1137, 36.53MHz "N spectra (proton-coupled and decoupled), field parallel to sample tube, referenced originally to neat
nitromethane via a calibrated sample of formamide, uncorrected for bulk susceptibility effects.

(j) Data from ref. 538, 40.56 MHz !*N spectra, field parallel to sample tube, referenced originally to NO; in aqueous NH,NO;, +4.0 ppm from
neat nitromethane (Table 2), conversion scheme IIb (Table 1).

(k) Data from ref. 21, 40.5 MHz '*N spectra, other details as in footnote (e).

(1) Data from ref. 772, 20.3 MHz "*N spectra, field parallel to sample tube, referenced originally to 1 M HNO,, + 6.2 ppm from neat nitromethane
(Table 2), conversion scheme ITb (Table 1).

(m) Data from ref. 122, 25.4MHz "*N spectra (DEPT and conventional), referenced originally to neat nitromethane, uncorrected for bulk
susceptibility effects; reported vs fictitious ammonia standard taken at + 380.2 ppm from nitromethane (the latter value corresponds actually to a
perpendicular field-to-sample arrangement, see Table 1).

(n) Data from ref. 819, 50.7 MHz N spectra (NOE suppressed), field parallel to sample tube, referenced to neat nitromethane, uncorrected for
bulk susceptibility effects.
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Table 19. Nitrogen shieldings in azines and related heterocycles, their ions and N-oxides

Nitrogen shielding (ppm) referred to neat

Compound Solution or state nitromethane Notes
J gaseous + 54.6 (a)
b, neat liquid +62.0 (b)
N inf. dil in
(pyridine) cyclohexane +57.7 ()
ccl, +60.5 (b)
benzene +61.1 (b)
DMSO +63.1 (b)
CH.Cl, +65.3 (b)
CHCI, +68.7 (b)
MeOH +81.1 b)
in H,O +84.3 (b)
CF,;CH,OH +96.1 (b)
B 0.5M in 10M HCI +178.96 (a)
| +/ 0.5M in CF,COOH +182.5 (a)
N L 0.5M in FSO;H +186.9 (a)
J{ (pyridinium ion)
solid, NOjy + 167 (isotropic) (c)
+44 (o,,) ©
+96 (3,,) ©
+360 (0..) (c)
solid, I~ + 175 (isotropic) (c)
+86 (0.x) (©
+86 (s,,) (©)
A +354 (5.:) ©
N’ 0.008 M in cyclohexane + 7647 (d)
) 0.064 M in Et,O +78.78 d)
0

(pyridine N-oxide)

8¢
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Pyridine
+ proton donors
(CF;CH,0H, PhOH,
MeCOOH, CCI;COOH,
CF,COOH)

Pyridine adsorbed on HY-
zeolites

Pyridine absorbed on

y-alumina,
partially dehydroxylated
intermediately hydroxylated
extensively dehydroxylated
upon partial exposure to air
upon prolonged exposure to air

Pyridine adsorbed on
coals:
bituminous
fresh Illinois No. 6

0.128m in CCl,
0.25M in benzene
0.25M in dioxane
0.25M in acetone
0.25M in DMSO
0.25M in CH,ClL,
0.25Mm in CHCl,
0.25M in EtOH
0.25M in MeOH
0.25M in H,0
0.25m in CF;CH,OH

ca. 1M in CDCl,
free pyridine

H-bonded pyridine
pyridinium ion

shallow-bed actived
deep-bed activated

solid samples

solid samples

+80.84
+81.36
+81.40
+ 82.85
+85.64
+ 85.66
+86.78
+97.06
+97.53
+106.47
+ 106.61

ca. +67
ca. +93
ca. + 185

+168 to + 175
+ 121 to + 145

+107, + 128
+110, +133
+113, +127
+113
+82

+ 78.7 (isotropic)

(d)
(d)
(d)
(d)
(d)
(d)
(d)
(d)
(d)
(d)
(d)

(®

(e)
©

)

©
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Table 19. —con:.

Nitrogen shielding (ppm) referred to neat

Compound Solution or state nitromethane Notes
+98 (0,:)
+41 (o,,)
+360 (o..)
Devco + 79 (isotropic)
sub-butuminous
Whitewood and +79, +150
oxidized Illinois No. 6
Me Me ca. 17mol% (b)
| N in solvents specified:
NZ n-hexane +59.2
Et,O +60.4
MeOCH,0OH,OMe +61.7
tetrahydrofuran +61.8
neat liquid +62.3
acetone +62.3
benzene +62.3
CCl, +62.4
dimethylformamide +63.3
pyridine +63.4
DMSO +63.8
MeCOCH,COMe +63.9
nitrobenzene +64.0
MeCN +64.2
MeNO, +65.0
PhSH +66.4
CH,Cl, +66.6
CHCl, +69.8
MeNHCHO +73.8

H4IM 'V "D PUE YVINVILILS "1 TASMONVLIM W
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Substituted pyridines; with
substituent(s):
none

3-Me

4-Me

3,5-Me,
2,4-Me,
2,6-Me,
2,4,6-Me,

4-Et
4-Pr

EtOH

H,O + 10% acetone
MeOH
m-cresol
CF,CH,OH
2-Cl-phenol
2-Br-phenol
2-F-phenol
MeCOOH
HCOOH
CF,COOH

in DMSO, + 68°C

1M in CH,Cl,

1M in CH,Cl, + CF,COOH
in DMSO, + 68°C

1M in CH,Cl,

1™ in CH,Cl, + CF,COOH
in DMSO, + 68°C

1M in CH,Cl,

1M in CH,Cl, + CF,COOH
1M in CH,CL,

1M in CH,Cl, + CF,COOH
1M in CH,CI,

1M in CH,Cl, + CF,COOH
1M in CH,CL,

1M in CH,Cl, + CF,COOH
1™ in CH,Cl,

1M in CH,Cl, + CF,COOH
in DMSO, + 68°C

in DMSO, + 68°C

+77.2
+79.0
+80.0
+92.6
+92.8
+97.7
+97.9
+104.2
+143.7
+176.6
+1843

+63.3
+63.0
+147.5
+61.8
+66.8
+150.7
+70.3
+74.6
+159.3
+66.6
+153.5
+754
+161.9
+68.1
+158.4
+75.8
+168.4
+69.6
+68.6
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Table 19. —cont.

Nitrogen shielding (ppm) referred to neat

Compound Solution or state nitromethane Notes
4-Bu' in DMSO, + 68°C +688 D)
+104.7 (ring) ((0)]
4-NMe, in MeNO,, + 55°C +352.0 (NMe,) (0)
2-OCH=CH, neat + 20% CCl, +112.5 ®
3-CN I M in CH,Cl, +65.8 0)]
1M in CH,Cl, + CF,COOH +100.0 )]
4-CN 1M in CH,Cl, +52.1 @
1™ in CH,Cl, + CF,COOH +98.1 )
3-Br 1 M in CH,Cl, +59.9 6
1M in CH,Cl, + CF;COOH +113.8 ()
4-COPh in DMSO, + 68°C +523 @)
4-COOMe in DMSO, + 68°C +61.7 @)
2,3,4,5,6-F; in acetone-d, +145.9 (k)
F
F F in HF, —30°C +208 m
| D
F N F
XeF*
> - H 0.7M in DMSO +78.9 (m)
| = COOH 2M in DMSO +71.6 (n)
N sMe R = COOMe 2M in DMSO +72.1 (n)
~~" R=H 0.7 in DMSO +187.4 (m)
| R = COOH 2M in DMSO +175.2 (n)
NMeNg R = COOMe 2M in DMSO +178.7 (n)

98¢
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Z
w

R =H

R =H

R = COOH
R = COOMe
R = COOH
R = COOMe
COOH

0.7M in acetone
0.7M in CDCl,
2™ in DMSO
2M in DMSO

2™ in DMSO
2™ in DMSO

2mM in MeOH

in DMSO
its anion complexed with
H,RW(PPH,),, in CH,Cl,

in DMSO
its anion complexed with
H,Rh(PPH,),, in CH,CI,

+185.9
+182.5
+169.8
+174.1

+166.5
+166.0

+177.7

+66.7

+115.3

+69.1

+111.8

(m)
(m)
(n)
(n)

(n)
(n)

(n)

()
(0)

(0
(o)
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Table 19. —cont.

Nitrogen shielding (ppm) referred to neat

Compound Solution or state nitromethane Notes
R—@r:—R’ X~ ®
R R! X

H Me I +178.2
Me Me I +182.8
t-Bu Me I +180
CN Me I +170.2
COMe Me I +171.5
NMe, Me I + 221
OMe Me I +194
Br Me | + 181
Me Et Br +171
CN Et Br +155.8
H i-Pr Br +153
Me i-Pr Br +158.6
t-Bu i-Pr Br + 160
NMe, i-Pr Br +197
H CH,Ph Br +162
Me CH,Ph Br + 166
t-Bu CH,Ph Br +171
CN CH,Ph Br +157.3
NMe, CH,Ph Br + 196
H OH Cl +110
NO, OH Cl + 81
OMe OH Cl +137

88¢
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Substituted pyridine
N-oxides, with
substituent(s):
none
3-Me
4-Me
4-Et
4-i-Pr
4-t-Bu
4-Ph
4-COPh
4-COMe
4-COOMe
4-CN
4-NO,

7 N
R N—C~ (COOMe),

R

H

4-Me
4-Et
4-i-Pr
4-t-Bu
4-Ph
4-COPh
4-CN

Substituted </ “N—c CN),

substituent(s):
none

in DMSO, + 68°C

in DMSO, + 68°C

in DMSO, +68°C

®

+87.6, +84.0 (7)
+87.6
+96.4, +90.1 ()
+88.4
+88.4
+88.8
+859
+75.4
+74.8
+74.4
+74.9
+70.5

®

+160.3
+166.6
+166.3
+165.9
+166.0
+165.1
+156.5
+152.9

+161.4

AdODSOY.LIAdS NN NIDOYLIN
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Table 19. —cont.

Nitrogen shielding (ppm) referred to neat

Compound Solution or state nitromethane Notes
3-Me +162.0
4-Me +168.5
3,5-Me, +162.4
3,4-Me, +168.5
4-Et +167.9
4-Pr +167.9
4-i-Pr +167.6
4-t-Bu +167.7
4-CH,Ph +166.9
4-COPh +155.6
4-COMe + 155.0
3-COOMe +160.2
4-COOMe +153.9
3-CN +157.9
4-CN + 153.9
B .

| 0.15M in cyclohexane —35.31 ()]

NN 0.15M in Et,0 ~31.01 (@

o o 0.15m in CCl, —29.35 (@

(pyridazine: 1,2-diazine) 0.15M in benzene ~27.80 @

0.15M in dioxane —26.74 Q)

0.15M in acetone —25.85 @

0.15M in DMSO —20.93 Q)

0.15M in CH,Cl, —~20.19 @

0.15M in CHCl, —~19.01 Q)

0.30M in EtOH —10.50 @

0.15M in MeOH —6.32 (@)

06¢
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Substituted pyridazines,
with substituent(s):
3-Me

3,6-Me,
3,4,5,6-F,

(pyrimidine;
1,3-diazine)

0.15M in H,O
0.30M in CF,CH,OH

in CDCl,

in CDCl,
in acetone-dg

in DMSO

in acetone

0.20 M in cyclohexane
0.20Mm in CCl,

0.20m in Et,0

0.20 M in benzene
0.20M in dioxane
0.20M in acetone
0.20M in DMSO
0.20Mm in CH,Cl,
0.20M in CHCl,
0.20M in EtOH
0.20Mm in MeOH
0.20M in H,O

0.30M in CF,CH,OH

+6.24
+13.2

—17.6 (N-1)
—14.3 (N-2)
—12.1 (N-1,2)
+51.6 (N-1,2)

+43.4] azine
+44.5} ring
+39.7] azine
+40.8} ring

+80.30
+81.59
+81.81
+82.83
+82.99
+83.41
+83.90
+85.25
+86.21
+88.67
+90.84
+97.14
+98.2

@
@

()
(r)
()
x)

O]
(s)

AdODSOYLIddS YWN NIDOULIN
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Table 19. —cont.

Nitrogen shielding (ppm) referred to neat

Compound Solution or state ritromethane Notes
Substituted pyrimidines,
with substituent(s):
2,4-Cl,-6-Me 0.4m in CDCl, +91.5 (N-1) (t)
+98.7 (N-3) ®
2-Cl-6-Me 0.4m in CDCl, +87.3 (N-1) (t)
+96.0 (N-3) ®
2-Cl-4,6-Me, 0.4M in CDCI, +95.2 (N-1,3) ®)
4,6-Me, 0.4M in CDCl, +94.6 (N-1,3) ®)
5-NO, in CHCl, +83.8 (N-1,3) (u)
+19.3 (NO,) (v)
in DMSO +84.6 (N-1,3) (u)
+16.7 (NO,) (u)
4-OMe-5-NO, in CHCl, +106.1 (N-1) (u)
+121.5 (N-3) (u)
+ 18.8 (NO») (u)
2-SMe-5-NO, in CHCI, +97.8 (N-1,3) (u)
+19.2 (NO») (v)
2-SO,Me-5-NO, in DMSO +94.4 (N-1,3) (u)
+18.1 (NO») (v)
2,4,5,6-F, in acetone-d, +152.3 k)

6C
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H:N/QN/

) t

OMe

OMe

OMe

trimethoprim in DMSO

its hydrochloride in DMSO

(“‘trimethoprim™)

complex with sulphomethazole in DMSO
triethoprim in solid state
its hydrochloride (solid)
complex with sulphomethazole (solid)

(4)NH,

3)
Nl
jj/\@ﬂ

o N COOH
O \/Y
- (o)
N Br
m OMe

(2)

monoprotonated

complexed with
Lactobacillus casei

dihydrofolate reductase

as above + NADPH

N
N,

e
E:ooc/[[((s)

o

(&)
N,

| %
E tooc)in/

(o}

CHO

o)

N

N
(5)

CHOEt

COOH
in H,O, pH = 3.5
in DMSO
in H,O

in H20

in CDCl,
in DMSO

in CDCl,

N-1 N-3 2-NH, 4-NH,
+163.4 +181.3 43056 +302.7
+2469 +180.6 +296.6 +275.6
+179.1 +173.6 +301.1 +294.7
+1659 +181.3 +302.6 +300.2
+2420 +189.5 +301.5 +273.1
+241.4 +1823 42949 42849
N-1 N-3 2-NH,

+243.3 +1799 +294.9

+240.4 +1725 +290.i

+241.2 +173.1 +292.7

+242.5 7 +2934

+ 181.1 (N-1)

+167.9 (N-1)

+167.3 (N-1)

+197.8 (N-5)

)

W)

()
x)

()
(x)
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Table 19. —conz.

Nitrogen shielding (ppm) referred to neat

Compound Solution or state nitromethane Notes
) CHO
N I/ (8)
I N
Et00C 5) o
o (6) R
R R' in CDCl, N-1 N-5 (x)
none Me +267.3 42322
(+ CF;COOH) +2420 4196.6
none H +247.1 +231.5
(+ CF;COOH) +2469 +2164
6-Me Me +268.3 +222.5
6-Me H +251.6 +221.6
(+ CF;,COOH) +244.7 +201.9
7-Me H +247.6 +231.8
8Me H +248.5 +231.8
(+ CF,COOH) +2454 42149
w CHOMe in CDCl, N-1 N-5 (x)
| \N R=H +161.8 +24456
E100C . (+ CF;COOH) +248.8 +2246

R R = Me +161.2 +193.5

¥62
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(4]

N
~
I N
R )
l¢]

RI
R R
COOEt H

COOEt Me

CH,COOEt Me

+
NMe

I ~
N
Et00C (&)
(o]

in CDCl,

(+ CF,COOH)
(+CF,COOH)

(+ CF;COOH)

in

CDCl; + CF,COOH

in liquid NH,
R =H
R = OMe

in liquid NH;,

R=H
R = SMe
R = SO,Me

N-1 N-5

+1455 +194.8

+229.7 +187.8
+1449 41835
+222.8 +177.9
+143.5 +174.2

+226.3 +168.8

+231.0 (N* Me)
+178.0 (N)

+ 98 (averaged)
+96 (=N)
+ 163 (NH)

+92 (=N)
+256 (NH)
+ 141 (=N)
+ 147 (NH)
+130 (=N)
+178 (NH)

x)

(x)
)

()

(W)

AdODSOULITdS YN NIOOYLIN

S6T



Table 19. —cont.

96¢

Nitrogen shielding (ppm) referred to neat

Compound Solution or state nitromethane Notes
N 0.20 M in cyclohexane +42.17 Q@
E :j 0.20M in CCl, +43.36 Q)
N 0.20m in Et,O +43.40 {q)
. L 0.20M 1n benzene +44.77 (Q
(pyrazine; 1,4-diazine) 0.20 M in dioxane +44.81 @
0.20M in acetone +44.88 @
0.20 M in DMSO +45.34 Q)
0.20M in CH,Cl, +46.93 Q)
0.20M in CHCI, +47.80 @
0.20mM in EtOH +49.51 (a@)
0.20M in MeOH +51.70 @
0.20M in H,O +59.02 Q)
0.30M in CF,CH,OH +58.0 @

Substituted pyrazines,

with substituent(s): in DMSO N-1 N-4 )
none +48 +48
2-Me + 56 + 54
2-OMe +111 +45
2-NH, + 115 + 54
2-Cl +64 +44
2-COOH + 55 +353

+474 +454 (o)

its complex with H,Rh(PPh;), +93.7 +49.6 (0)
2-CONH, + 66 +52

2,3,5,6-F, in acetone-dg +102.5 +102.5 (k)

g99M 'V "D pue JVINVAILS T TASMONVLIM N



(1,3,5-triazine)

4
N

(Lo
N

m
(1,2,4-triazine)

in DMSO

R = none
2-Me
3-Me
2-Cl
3-Cl1
3-OMe
3'NH2

0.05M™ in cyclohexane
0.05Mm in CCl,

0.05m in Et,0

0.05M in benzene
0.05M in acetone
0.05M in dioxane
0.05M in DMSO
0.05M in CHCl,
0.05M in CH,Cl,
0.05M in EtOH
0.05M in MeOH
0.05™ in H,O

0.10M in CF;CH,OH

in DMSO

N-1 N4

+71 2

+84 +82
+83 +78
+93 +74
+73 493
+75 +132

+79 +133

+95.36
+95.92
+96.57
+96.92
+97.44
+97.93
+98.06
+98.07
+98.21
+98.69
+100.32
+106.27
+106.1

—39.8 (N-1)
—1.8 (N-2)
+62.2 (N-4)

§7)]

§7)]
42)
(\)]
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Table 19. —cont.

Nitrogen shielding (ppm) referred to neat

Compound Solution or state nitromethane Notes
Substituted 1,2,4,-triazines
substituent: in DMSO N-1 N-2 N-4 )
3-NH, —355 +61.2 +130.2
3-OMe —358 +582 +126.6
3-SMe —31.8 +29.2 +98.2
4)
I:N\ R in DMSO N-1 N-2 N-4 )
|
N2 R = NH, +513 4+107.2 +151.3
g R = OMe +502  +972 +1482
‘;’ R in DMSO N-1 N-2 N-4 W)
E /N @ R = NH, +39.2 +137.2 +1532
Nxs R = Br +288 +712 +744
Iﬁ'/\\l:l in acetone —4.0 (a)
NN
(1,2,4,5-tetrazine)
@ .
®) X 3 0.05m in DMSO +67.2 (a)
(7)©|\/j , in CDCl, +74.7 (2)
N~ @ +70.9 (A)
® in CDCl; + CF,COOH +165.7 (A)

(quinoline)

867
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Substituted quinolines, with substituent(s):

2-COOH

its complex with

H,Rh(PPh;),
2-OCH=CH,—4-Me
2-Me—4-OCH=CH,
5-OCH=CH,
8-OCH=CH,
2-SCH=CH,
5-SCH=CH,
8-SCH=CH,
8-OH

its hydrochloride

its hydrobisulphate
8-OMe
8-O"Na*

8-OSnBu,

5-Me-8-OSnPh,

in DMSO
in DMSO

neat + 20% CCl,
neat + 20% CCl,
neat + 20% CCl,
neat + 20% CCl,
neat + 20% CCl,
neat + 20% CCl,
neat + 20% CCl,
in CDCl,;

in 1M HCI

in 0.1M HCI

in DMSO

in CDCl,

0.1 M NaOH

in CD,OD

in CDCl,

neat liquid

in CDCl,;

in pyridine

in CDC]3

in CDC]; (240K)
CDCl,; (360K)

in pyridine (240K)

in pyridine (360 K)

in (Me,N), PO (290K)
in (Me,N),; PO (370K)

solid state

+66.9
+114.1

+133.2
+88.3
+76.1
+68.0
+89.6
+653
+738
+95.7
+200.3
+192.6
+1383
+84.0
+82.5
+89.0
+89.0
+84.0
+99.0
+99.8
+100.1
+115.5
+120.4
+114.4
+124.3
+114.2
+117.8
+113.7

+116.5
+118.2
+118.9
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Table 19. —cont.

Nitrogen shielding (ppm) referred to neat

Compound Solution or state nitromethane Notes
8-S—SnBu, in CDCI, +82.1 (E)
8-S—Sn(CH,Ph), in CDCl, +94.9 (E)
8-S—SnPh, in CDCl, +95.1 (E)
8-S—Sn(CH=CH,), in CDCl, +94.5 (E)
| N in CD,0D +187.7 (B)
;}/
o l\l'ie
Complexes of in CDC, (B)
8-hydroxyquinoline anion
Q™)
R = Me, Et, Ph:
SnR,Q, + 120 to +125
SbPh,ClQ +114.8
SnR,Q + 101 to +119
SbR,CIQ +97to +99
SbR,Q, + 84
N in CDCl, (E)
| R = Bu +92.3
N SnR R = CH,Ph +116.8
$ R = Ph +110.8
~ R = CH=CH, +101.4

00¢
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N Sn(CH=CH,)-

O\ ,

6-OMe-3-quinolyl moiety in:
quinidine

epi-quinidine
@

|\ 3
- N

m
(isoquinoline)

Substituted isoquinolines, with
substituent(s):
1-COOH
its complex with
H,Rh(PPh,),
“
Xy @
NMe

o
substituent(s):
none
3-Me
3-SEt
3-SOEt

in CDCl,

in CDCl,;
in CDCl; + CF,COOH
in CDCl,

0.5M in DMSO

in DMSO
in DMSO

in CDCl,

+123.0

+82.0
+176.5
+74.3

+69.3

+79.0
+1164

+234.2
+229.7
+229.9
+241.7

(E)

(A)

(a)

(0)
(0)

(F)
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Table 19. —con:.

Nitrogen shielding (ppm) referred to neat

® (b
(quinazoline)

Compound Solution or state nitromethane Notes
3-SO,Et +244.1
3-Cl +231.0
3-Br +230.0
4-Me +236.4
4-COMe +233.0
4-COOMe +231.6
4-Cl +2353
4-Br +232.6
4-1 +228.0
5 @®
© J 3
™ ' N 0.4M in DMSO +44.0 (N-1) (@
® W +40.9 (N-2) (a)
(cinnoline)
) @
6 N0 _
o | Y 0.5m in DMSO +10.3 (@
® W
(phthalazine)
' 1,4,5,6,7,8-F¢-phthalazine in acetone-d +106.9 )
5 @
© ™N o) .
, [ ,) 0.5M in DMSO +97.8 (N-1) (a)
m N~ @ + 86.5 (N‘Z) (a)

g43M 'V 'O PUB JVINVALLS “T TISMONVLIMA ‘W
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(&

)

(6

- X
)

(4)

Ny ®
NJ @ 0.5M in DMSO +50.1 (a)
(D

@ in benzene-ds +51.4 G)
(quinoxaline)
Substituted quinoxalines, with
substituent(s):
6-Me in benzene-d, +52.1 (N-1) (G)
+52.8 (N-4) (G)
5-Me in benzene-d, +49.6 (N-1) (G)
+54.1 (N-4) G)
2-COOH in DMSO +47.4 (N-1) (o)
+45.4 (N-4) (o)
its complex with in DMSO , +96.8 (N-1) (0)
H, Rh(PPh;), ) +49.6 (N-4) (o)
2,3,5,6,7,8-F, in acetone-d +107.4 x)
@
© NZ N 0.5m in DMSO +52.7 (N-1) (H)
\;:E /j +51.7 (N-4) (H)
N +57.7 (N-6) (H)
M
5 @ 7
NN 0.5M in DMSO +45.0 (N-1) (a)
&I J +49.1 (N4) (a)
N +62.2 (N-5) (a)
M
G @ 0.5M in DMSO +46.6 (N-1) (H)
r,” N3 +52.2 (N-4) (H)
N\\/\E J +92.1 (N-5) H)
o (bll) +73.8 (N-7) H)
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Table 19. —cont.

Nitrogen shielding (ppm) referred to neat

Compound Solution or state nitromethane Notes

(;’ 0.5M in DMSO —68.2 (N-1) (a)

Y —~23.4 (N-2) (a)
N”N 2 +981 (N-4) (a)
m
R 1M in DMSO N-1 N-2 N-3 ()
>N @ R = Me +146 —68.5 —168

s R = Ph +149 -66.5 —16.5
N*
(0
NHR 1M in DMSO )

]

n-Bu
CH,CH,OMe
CH, (a-pyridyl)
CH, (B-pyrydyl)
p-tolyl

(ca. 100% of NHR tautomer)

N-1 N-2 N-3 NH R

+154 —673 +67.7 +2920 —
+13.7 —676 +673 +2959 —
+96 —-699 +67.0 42933 4645
+106 —68.5 +66.3 ? +63.4
+76 —663 +651 +2787 —

v0¢
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Sre

n

SN o 1M in DMSO
' SN
N7 gt
(h
R R' X
n-Bu Pr 1
-CH,CH,OMe Pr 1
p-tolyl Pr 1
p-tolyl Pr Br
p-tolyl Pr  (p-toly])SO,
p-tolyl Me MeSO,
p-tolyl Me (p-tolyl)SO,
N
' P 0.5M in DMSO
(acridine)
N
@ND 0.1M in DMSO
(phenazine)
@
0.5M in DMSO

N-2

N-3

NH

+40.5
+39.6
+36.6
+36.8
+364
+35.8
+35.3

+84.6
+84.4
+85.5
+85.1
+85.0
+88.6
+88.6

+91.8
+91.6
+90.4
+90.2
+90.2
+93.5
+934

+269.3
+272.6
+261.4
+259.4
+261.1
+269.1
+261.4

+74.4

+539

+43.6 (N-1,4)
+49.6 (central N)

@)

@

(a)

(H)
H)
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Table 19. —cont.

Nitrogen shielding (ppm) referred to neat

Compound Solution or state nitromethane Notes
Azaphenanthrenes 0.5M in DMSO
(9 (10)
(8) 6 ()
e ar
(6) (5) (4) 3)
N atom(s) at positions:
1 +67.5 (a)
4 +76.8 (@)
9 +70.8 (@)
1,8 +67.1 (@)
45 +69.3 (@)
1,5 +68.2 (N-1) (a)
+76.9 (N-5) (a)
9,10 —599 (@)
4,5,9,10 +70.2 (N-4,5) )
—70.3 (N-9,10) Q)]
3,6,9,10 +46.9 (N-3,6) )
—84.4 (N-9,10) 0)]
2,7.9,10 (3-Cl substituent) +54.2 (N-2) 8))
+53.2 (N-7) 8))
—67.8 (N-9) 1))
_ \ —62.8 (N-10) )
N0 N 0.5M in DMSO +79.7 &)
N~ | | NN
N g
o 0.5M in DMSO +75.2 )

90t
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(€] (10)
NZ=N

(SH)N/ -
o0
N=N X%

35y o

(¢} (10}
'N:N

N
AR\ -

(2,2-bipyridyl, “bpy™)

[Fe(bpy);ICl,

cis-[Co(bpy),(H,0),](PF),

als
—f (1) N /

F (“fbpy”)

mer- and fac-[Fe(fbpy);]**

0.5M in DMSO

in CDCl,

in CDCl,

in D,O
in Dzo

in CDCl,

in Dzo

+76.4

+73.8 (NO)
—14.3 (N-4)
+24.7 (N-5)
+79.7 (N-8a)
—58 (N9
+31.0 (N-10)

+74.3 (NO)
—16.3 (N4)
+23.9 (N-5)
+80.0 (N-8a)
—5.5 (N-9)
+30.4 (N-10)

+28
+50.2, +75.1

+49.9 (N-1)
+40.7 (N-1")

+1.91) (N-1)
+2.11
+2.59
+2.73

L)
L

(L)
L)

L)
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Table 19. —cont.

Nitrogen shielding (ppm) referred to neat

Compound Solution or state nitromethane Notes
+15.21
+15.45
+1587( D @
+15.94
in CD(Cl, =N— NR M)
a R=H +84.1 +321.6
N\ N= R = SiMe; +74.9 +317.1
R R = SiMe,Cl + 389 + 308.6
in CDCl, ™)
R=H +240.0
R = OH +230.9
(ca. 100% NH-tautomer)
R
@N . 1|> « in MeNO,, + 55°C ©O)
— i_
R X Y
Cl O o) +144.1
Cl S O +134.2
Cl S S +126.5
F S S +133.1

80¢

444M 'V 'D PUB AVINVIELS "1 ‘TISMONVLIIM ‘W



ME,N —@Ni— |- in MeNO,, +55°C (0)
=/ |

Y
X Y ring NMe,
0 o) +188.6 +284.8
S 0 +179.2 +283.3
S s +1239 +283.3
Z T e 0.5M in DMSO +171.4 (H)
>N 2
+
&) @
N

Nr\ \Nr TI!J 0.5 in DMSO +146.1 (N-1,6) (H)

m | (6 +160.7 (N-3.4) (H)
X +185.1 (central) (H)

(a) See ref. 5, pp. 486-511, and ref. 516, and references therein.

(b) See refs 532 and 31, original data from R. Duthaler and J.D. Roberts, J. Am. Chem. Soc., 1979, 100, 4969, recalculated to neat nitromethane
reference, corrected for bulk susceptibility effects.

(c) Data from ref. 424, *N-labelled pyridine moieties, 18.25MHz'’N CPMAS and powder spectra, referenced originally to NO; in solid
ammonium nitrate, + 5.0 ppm from neat nitromethane (Table 2), uncorrected for bulk susceptibility effects.

(d) Data from ref. 34, high-precision ¥N measurements, 36.14 MHz, Lorentzian lineshape fitting, referenced to neat nitromethane, corrected for
bulk susceptibility effects, temperature + 35.0 + 0.3°C.

(e) Data from ref. 1138, *N-labelled pyridine, 9.12MHz'*N spectra, field perpendicular to sample tube, referenced to neat nitromethane,
uncorrected for bulk susceptibility effects.

(f) Data from ref. 423, "N-labelled pyridine, 30.4 MHz "N CPMAS spectra, referenced originally to NO; in aqueous NH,NO;, + 4.0 ppm from
neat nitromethane (Table 2), conversion scheme II (Table I).

(g) Data from ref. 105, 25.357 MHz INEPT spectra, field parallel to sample tube, referenced to neat nitromethane, uncorrected for bulk
susceptibility effects; the values quoted were computed from the relevant titration curves.
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Table 19. —cont.

(h) Data from ref. 125, 40.56 MHz '*N INEPT and DEPT spectra, field parallel to sample tube, referenced to neat nitromethane, uncorrected for
bulk susceptibility effects, +29°C.

(i) Data from refs 1106 and 1107, 9.1 MHz "*N spectra, field perpendicular to sample tube, referenced to neat nitromethane, uncorrected for bulk
susceptibility effects; Cr(acac); added as a relaxation reagent.

(j) Data from ref. 1139, details as in footnote (h) but the reference was neat nitromethane + 20% C¢Dy, ca. + 0.8 ppm from neat nitromethane,
as can be reckoned from Table 26, conversion scheme IIb (Table 1).

(k) Data from ref. 156, 20.3 MHz "°N INEPT spectra (via 2Jy; = 2 Hz), field parallel to sample tube, referenced to neat nitromethane, uncorrected
for bulk susceptibility effects.

() Data from ref. 952, 18.075 MHz "N spectrum, field parallel to sample tube, referenced to neat nitromethane, uncorrected for bulk susceptibility
effects.

(m) Data from ref. 779, 20.3 MHz '°N spectra, calibration as in footnote (k).

(n) Data from ref. 107, 40.5 MHz "N INEPT spectra, calibration as in footnote (k).

(0) Data from ref. 140, 20.3 MHz "N INEPT spectra, calibration as in footnote (k).

(p) Data from ref. 1140, 5.75 MHz asnd 14.46 MHz '*N spectra, field perpendicular and parallel, respectively, to sample tube, referenced to neat
nitromethane, uncorrected for bulk susceptibility effects.

(q) Original data from ref. 532, high-precision “N measurements, details as in footnote (d).

(r) Data from ref. 46, '*N doubly labelled molecules, 20.2 MHz '*N spectra, field parallel to sample tube, referenced originally to NO; in NH,NO,
in 2M HNO;, +4.6 ppm from neat nitromethane (Table 2), conversion scheme IIb (Table 1).

(s) Data from ref. 1141, "N-labelled and unlabelled compound, 30.4 MHz '*N spectra, field paraliel to sample tube, referenced to neat nitromethane,
uncorrected for bulk susceptibility effects.

(t) Data from ref. 813, *N-labelled compounds, 20.2 MHz '*N spectra, field parallel to sample tube, referenced originally to NO; , probably aqueous
NaNO;, + 3.5ppm from neat nitromethane (Table 2), conversion scheme IIb (Table 1).

(u) Data from ref. 162, 30.4 MHz "N spectra, field parallel to sample tube, referenced originally to neat nitromethane via a calibrated sample of
MeNO, in methanol, uncorrected for bulk susceptibility effects; reported vs fictitious ammonia standard taken at + 380.2 ppm from neat nitromethane
(the latter value actually corresponds to a perpendicular field-to-sample axis arrangement, Table 2).

(v) Data from ref. 523, 27.25 MHz '*N solution spectra, field parallel to sample tube, referenced originally to NH} in 6 M NH,NO, in 2 HNO,,
+359.0ppm from neat nitromethane (Table 2), conversion scheme IIb (Table 1); 30.42 MHz'"N CPMAS spectra, referenced to NH; in solid
NH/NO,, + 358.4ppm from neat nitromethane (Table 2), uncorrected for bulk susceptibility effects.

(w) Data from refs 94 and 522, 27.4 MHz N INEPT spectra, field parallel to sample tube, referenced originally to aqueous NH,Cl, + 352.5ppm
from neat nitromethane (Table 2), conversion scheme IIb (Table 1).

01¢
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(x) Data from tef. 128 and ref. 1142, *N-labelled compounds, 10.04 MHz "N spectra, field perpendicular to sample tube, referenced originally to
neat nitromethane via a calibrated sample of aqueous KNO;, uncorrected for bulk susceptibility effects.

(y) Data from ref. 1143, 20.27 MHz '°N spectra, field parallel to sample tube, referenced to neat nitromethane, uncorrected for bulk susceptibility
effects; reported vs fictitious ammonia standard, see comments in footnote (u); Cr(acac), added as a relaxation reagent.

(z) Data from ref. 772, 20.3 MHz '°N spectra, parallel to sample tube, referenced originally to | M HNO,, + 6.2 ppm from neat nitromethane (Table
2), conversion scheme IIb (Table 1).

(A) Data from ref. 1144, 30.4 MHz "°N spectra, field parallel to sample tube, referenced originally to NH; in 5M NH,NO, in 2M HNO,,
+ 359.0 ppm from neat nitromethane (Table 2), conversion scheme IIb (Table 1).

(B) Data from refs 820 and 821, 18.25 MHz'*N spectra, field parallel to sample tube, referenced originally to neat nitromethane, uncorrected for
bulk susceptibility effects other than those resulting from the addition of Cr(acac); as a relaxation reagent.

(C) Data from refs 940 and 1145, '"N-labelled compounds, 10.095MHz'°N spectra, field perpendicular to sample tube, referenced to neat
nitromethane, uncorrected for bulk susceptibility effects.

(D) Data from ref. 942, '*N-labelled compound, 20.218 MHz "*N solution and CPMAS spectra, referenced to neat nitromethane (in the latter case
via a calibrated sample of solid NH,Cl), uncorrected for bulk susceptibility effects; the three signals observed in the CPMAS spectrum represent
unequivalent crystal sites.

(E) Data from refs 144 and 1146, details as in footnote (C).

(F) Data from ref. 1038, 25.32 MHz "N DEPT spectra, calibration as in footnote (u).

(G) Data from ref. 1147, selectively *N-labelled molecules, spectrometer not reported, neat nitromethane reference, uncorrected for bulk
susceptibility effects.

(H) Data from refs 27 and 665, 30.4 MHz and 50.7 MHz '*N spectra, field parallel to sample tube, referenced to neat nitromethane, uncorrected
for bulk susceptibility effects.

(I) Data from refs 1063, 1064 and 1148, 36.51 MHz 5N spectra, other details as in footnote (H); Cr(acac), added as a relaxation reagent.

(J) Data from ref. 21, 50.7 and 40.5 MHz '°N spectra, other details as in footnote (H).

(K) Data from ref. 1149, 40.5 MHz "N spectra, other details as in footnote (H); assignments are tentative.

(L) Data from ref. 1150, details as in footnote (H).

(M) Data from ref. 1151, 27.4 MHz "N spectra, field parallel to sample tube, referenced originally to NOj in aqueous NH,NO,, + 4.0 ppm from
neat nitromethane (Table 2), conversion scheme IIb (Table 1).

(N) Data from ref. 1036, 40.55 MHz "*N spectra, calibration as in footnote (u).

(O) Data from ref. 913, 28.914 MHz "N spectra, referenced to internal nitromethane used as a solvent; 10-20% solutions (mol %).

(P) Data from ref. 681, 30.41 MHz "N specira, field parallel to sample tube, referenced originally to neat nitromethane, uncorrected for bulk
susceptibility effects, Cr(acac), added as a relaxation reagent; originally reported vs fictitious ammonia standard taken at + 380.2 ppm from neat
nitromethane.
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312 M. WITANOWSKI, L. STEFANIAK and G. A. WEBB

Table 20. Nitrogen shieldings in azine analogues containing the SO, moiety

Nitrogen shielding
(ppm) referred to

Compound Solution or state neat nitromethane Notes
RS in DMSO (a)
® R R® R’ N-2 N-6
N 4
Oz'S\N | N H Me Me + 184.9 (averaged)
o) R Me Me Me +2409  +1433
R CH,Ph Ph  Ph +241.6  +130.6
Bu Me OH +2343  +1769
Bu Me OMe +2449 41798
H H OH +2427  +176.5
NH
© L M in DMSO +261.9 (N-2) (@)
N +214.7 (N-6) (a)
08, +290.6, +302.6 (NH,) (a)
(2 \Me NH,
0 in DMSO (a)
R R*
@ N R R R' R® N2 N-6
OS5\ Np2
@ L H H H H +2427 41765
H Me H Ph  +2416  +209.6
H Me H Bu 42426  +2207
Me Me H Ph 42571  +209.5
Me Me Br Ph  +2586 42092
Me Me H Me +2594 42326
(o)
Bu. H in DMSO +72.3 (N-2) (a)
o N H +215.1 (N-6) (a)
O N e
)
o i in DMSO N-2,6 NH, ()
o ?‘JIR R=H +1649  +277.6
NP NH, R = CH,CH=CH,  +161.0  +283.2
2)
NH, in DMSO N-2,6 NH, (a)
(6) 0
N~ +149.6 +285.2
05y NH,
(2)
0 in DMSO +204.4 (N-2) (a)



NITROGEN NMR SPECTROSCOPY 313
Table 20. —cont.
Nitrogen shielding
(ppm) referred to
Compound Solution or state neat nitromethane Notes
“"’rlq//\N(/: in DMSO N-2,6 N-4 @)
025\ ? R=H +1415 42317
(3] R = Me +142.4 +238.7
NH, in DMSO (a)
© AN X R NI N-3 N-4 N-6 NH,
oS\ A' 0 H 357 466 +203 +1739 2732
1@ @ 0 Me =379 +76 +2764 +181.8 +270.1
S Me +326 +988 +2584 +188.8 <2734
NH,
® NOR see Table 24
N ~
OZIS\N/
in DMSO (b)

2)
NH,
0, JI I
)

(l)l (3

R®* R” N-1 N-3

N-5 N-8 NH,

H Me +251.5 +178.9
H Ph +2480 +171.1
Me Me +260.3 +185.6

+59.8 +86.1 +284.0
+548 +84.1 +2819
+58.5 +86.1 +280.0

(a) Data from refs 1152 and 1153, 30.41 MHz"*N spectra, field parallel to sample tube,
referenced originally to neat nitromethane via a calibrated sample of 4M NH,NO, in 2 HNO,,
uncorrected for bulk susceptibility effects; Cr(acac), added as a relaxation reagent.

(b) Data from ref. 1061, details as in footnote (a).



314 M. WITANOWSKI, L. STEFANIAK and G. A. WEBRB

Table 21. Nitrogen shieldings in flavin and related pterin ring systems

Nitrogen shielding (ppm)
Compound Solution or state  referred to neat nitromethane Notes

Oxidized forms of flavins

ok N-1 N-3 N-5 N-10
: NIN

(5)

R = ribityl-5’-monophosphate,
R7 _ RS = H (“FMN”)
0.004M in D,0, +191.1 +2214+472 ? (a)

pD =175
0.12wm in D,0, +189.0 +220.8 +47.5 +2194(a)
pD = 7.5
FMN in
old yellow enzyme pH = 8.5 +187.6+2178 +62.5 7 (a)

Bacterial luciferase

from Vibrio harveyi pH = 7.0 +194.8 +219.6 +56.1 +221.1(c)
FMN from

Azotobacter vinelandiipH = 8.0 +195.54+221.7+40.5 7 (b)

Megasphaera elsdenii pH = 8.0 +196.9 +221.0+326 7 (b)

Clostridium M P pH = 8.0 +197.4 +2208 +304 ? (b)

R = ribityl-5"-monophosphate,
R’ = Me, R* = H

(“MeIMN”) 0.0006M in D,0,  +191.4 +221.5 +46.4 +217.3(a)
pD =175
0.006 M in D,0, +190.8 +221.5 +46.3 +217.6(a)
=15
MeIMN in
old yellow enzyme pH = 8.5 +187.1 +217.7 +61.1 +220.4(a)
R = tetraacetylribityl,
R"=R*=H
(“TARF”) 0.35M in CDCl, +182.0+222.1 +37.6 +231.7(a)

same + 10% MeOH 4+ 183.1 +222.1 4+38.5 +230.5(a)

R = tetraacetylribityl,
R’ = Me,R* = H
(“MeTARI") in CDCl, +180.8 +2222 +35.2 +231.5(a)

R = tetraacetylnbltyl
R’ = R* = Me

(“Me, TARI™) 0.007min CDCl,  +182.0+222.1 +37.6 +231.7(a)
Desulphovibrio vulgaris

apoflavodoxin
(oxidized) in H,0 +193.9 422204408 ? (a)
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Table 21. —cont.

Nitrogen shielding (ppm)

Compound Solution or state  referred to neat nitromethane Notes
Riboflavin bound to riboflavin-binding protein
from egg white in D,0/H,0
pH = 9.0 +190.4 +222.7 +43.7 +216.5
pH = 6.4 +1904 +223.4+442 +216.8
from egg yolk pH = 6.2 +190.3 +222.5+43.7 +216.6
Anabaena 7120
flavodoxin pH = 7.5 +193.4 +2189 4464 +217.9(d)
Flavodoxin prosthetic group in 6-OH-L-nicotine
oxidase (oxidized form) in H,0 +189.7 +221.3 +46.6 +219.7(e)

(+ D-inhibitor) +188.1 +221.8+51.9 +220.2(e)
Reduced forms of flavins

(10) (4}

R
8 |
R N N 0}
Y
7@ NH
R NH 3
(¢]

N-1 N-3 N-5 N-10

(5

R = ribityl-5’-monophosphate,

R"=R*'=H

(“FMNH™ ") in D,0, pD = 7.8, +199.3 +232.6+3242 ? (a)
FMNH™ in

old yellow enzyme pH = 8.0 +194.5 +228.7+3334 ? (a)
bacterial luciferase

from Vibrio harveyi pH = 6.5-8.5 +205.1 +231.9 +322.0 + 287.3(c)
FMNH ™ from

Azotobacter vinelandiipH = 8.0 +199.9 +231.9 +320.2 ? (b)

Megasphaera elsdenii pH = 8.0 +198.5 +232.2 +320.6 ? (b)

Clostridium MP pH = 8.0 +199.1 +231.8 +320.0 7 (b)

R = ribityl-5’-monophosphate,

R’ = Me,R®* = H

(“MeIMNH™ ) in D,0, pD = 8.5, +195.0+231.2+321.3 +284.7(a)
MeIMNH™ in

old yellow enzyme pH = 8.0 +195.2 +229.4 + 324.8 + 284.3(a)
protonated (I-NH)
form, “MeIMNH,” pH = 5.4 +253.8 +231.2 +321.3 + 294.6(a)

R = tetraacetylribityl,

R’ = R® = Me, protonated (1-NH) form

(“Me, TARIH,") +195.0 +231.2 +321.3 +284.7(a)
Desulphovibrio vulgaris in H,0,

apoflavodoxin
(reduced) pH = 6-8.5 +195.3 +233.6 +320.7 ? (a)
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Compound

Solution or state

Nitrogen shielding (ppm)
referred to neat nitromethane Notes

Anabaena 7120
flavodoxin

=70

+198.9 +229.9 +326.4 +285.8(d)

Flavodoxin prosthetic group in 6-OH-L-nicotine oxidase

(substrate-reduced)
(dithionite-reduced)

Pterin systems

o
®

Me N N\fo
| Cd
I A NH
Me” "N ™
)

(0]

R = ribityl,
(6,7-Me,-8-ribityl-
lumazine)

lumazine protein
in Photobacterium
phosphoreum

(8) (l)

e

(5)

(“DMP”)
@

B

(“DMPH[')

(8) Q)]
&”ﬁq’“z

(8]
(“Q-DMPH,")

(8) )
g Ig

(5)

(“7.8- DMPH 27)

in H,0
in H,0

in H,0

in DMSO

pH =7

pH = 12.8, +4°C

in H2O
pH = 8.1, +5°C
pH = 74, 45°C

pH = 1, +30°C
in Hzo

pH = 8.6, +4°C
pH = 2.5.4.5

in H,0

pH = 13, +4°C

+189.4 +234.2 +321.4 +279.3 ()
+189.2 +232.7 +329.2 + 281.3(¢)

N-1 N-3 N-5

+198.2 +220.0 +48.1

N-8 (f)
+183.9

+191.0 +216.5+34.9 +187.3

+193.2 +218.3 +554 +182.3

N-1 N-3 N-5 2-NH, (g)

+201.5 +171.5 + 66.9 +304.7

(®
+207.8 +241.8 +3352 ?
? +241.6 +3352 +311.4
+240.6 +243.2 +336.2 + 301.3

(2)
+201.2 +186.1 +21.7 ?

+205.9 +240.2 +17.1 +276.7

(8)
+208.4 + 188.1 + 106.4 +310.2
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Table 21.—cont.

(a) Data from refs. 158, 524, 525, 527, 528, 1154 and 1155, ""N-labelled and unlabelled
compounds 30.4 MHz "*N spectra, field parallel to sample tube, referenced originally to neat
nitromethane, corrected for bulk susceptibility effects.

(b) Data from ref. 764, details as in footnote (a).

(c) Data from ref. 1156, details as in footnote (a).

(d) Data from ref. 103, '*N-labelled samples, 50.68 MHz'*N spectra, field parallel to sample
tube, referenced originally to (NH,),SO, in | M HNO;, ca. + 359.1 ppm from neat nitromethane
(Table 2), conversion scheme IIb (Table 1); originally reported vs fictitious ammonia standard
taken at + 380.2 ppm from neat nitromethane (the latter value refers actually to a perpendicular
field-to-sample axis arrangement), but we retrieved the original data and carried out the
recalculation as indicated above; also 2-D 'H{*N} COSY spectra.

(e) Data from ref. 1157, *N-enriched samples, 30.4 MHz "*N spectra, field parallel to sample
tube, referenced originally to neat nitromethane, uncorrected for bulk susceptibility effects;
reported originally vs NH;, + 381.9 ppm from nitromethane (Table 1); 0.001-0.002 M concen-
trations in phosphate buffer.

(f) Data from ref. 1158, details as in footnote (a).

(g) Data from ref. 526, "*"N-labelled (N-1,3,5, and NH,) compounds, 36.5 and 20.3 MHz °N
spectra, field parallel to sample tube; also 9.11 MHz *N spectra, field perpendicular to sample
tube; referenced originally to NH; in NH,NO, in 2M HNO,, + 359.1 ppm from neat nitromethane
(Table 2), as can be reckoned from the reported difference in the shieldings for the two signals
in the standard, 353.2 ppm; conversion schemes Iib and Ila, respectively (Table 1).
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Table 22. Nitrogen shieldings in nucleosides, nucleotides and related structures

Nitrogen shielding (ppm) referred to neat

Compound and state nitromethane Notes
(6)
N2 )
[4)] N
N~ B (adenosine)
IQN N (9) N-1 N-3 N-7 N-9 6-NH,
3y ribityl
adenosine
in DMSO +1443 +157.0 +140.1 +209.3 +297.1 (a)

41449 +1582 +139.9 4+211.3 +299.2 (b)

+145.3 +158.5 +140.3 +211.8 +299.3 (¢)

in DMSO + 1 eq. CF;COOH +205.9 +157.1 +138.0 +205.2 +292.2 (c)
8-Br-adenosine

in DMSO +141.0 +157.7 ? ? +294.2 (a)
2’,3’-0-isopropylidene-adenosine

in DMSO +142.0 +155.5 +137.0 +207.9 +296.3 (a)
8-Br-2’,3'-0-isopropylidene-adenosine

in DMSO +1412 +1563 7 ? +295.0 (a)
8-Br-6-N-Me-
2',3’-0-isopropylidene-adenosine

in DMSO +1455 +158.1 7 ? +300.1 (a)
5’-0-[CPh( p-anisyl),ladenosine

in DMSO +143.2 +154.5 +136.6 +207.7 +296.5 (a)
§’-0-acetyladenosine

in DMSO + 1444 +157.5 +139.1 +215.6 +299.3 (c)

in DMSO + | eq. CF;COOH +203.4 +157.5 +137.2 4209.9 +4291.6 (c)

in CH,Cl, +148.5 +156.7 +144.8 +215.1 +307.1 (c)

in CH,Cl, + 1 eq. CF,COOH +2154 +156.6 +141.2 +209.5 +294.0 (¢)
6-N-5-0O-di[CPh( p-anisyl),]Jadenosine

in DMSO + 1358 +152.5 +141.7 4207.1 +296.7 (a)
5’-0-(CO-p-tolyl)adenosine

in DMSO +142.2 +154.8 +137.0 +209.0 +296.7 (a)
6-N-5-0-di(CO-p-tolyl)adenosine

in DMSO +118.7 +134.3 41333 42090 ? (a)
6,6-N-5"-0-tri(CO-p-tolyl)adenosine

in DMSO +109.6 +128.3 +137.6 +207.6 ? @)
6-N-benzoyladenosine

in DMSO +1209 +136.4 +136.4 +211.2 4+247.6 (c)

in DMSO + 1 eq. CF;COOH +128.8 +137.3 +153.2 +208.9 +248.0 (¢)
6-N-benzoyl-5-O-acetyl-adenosine

in DMSO +120.2 +1349 +136.7 +215.7 +249.3 (¢)
in DMSO + 1 eq. CF;COOH +1264 +137.3 +141.6 +214.5 42483 (c)
in CH,Cl, +129.0 +139.2 +140.0 +215.9 +252.3 (c)

in CH,Cl, + 1 eq. CF;COOH 11649 +139.4 +153.8 +210.8 +250.9 (¢}
6-N-acetyl-5'-O-acetyl-adenosine
in DMSO +125.7 +1389 +136.9 +215.1 +2429 (¢)
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Table 22. —cont.

Nitrogen shielding (ppm) referred to neat
Compound and state nitromethane Notes

in DMSO + 1 eq. CF;COOH +140.6 +139.4 +140.6 +213.4 42429 (¢)

in CH,Cl, +133.2 +141.8 +143.7 +215.4 +244.1 (¢)

in CH,Cl, + 1 eq. CF;COOH +166.1 +140.8 +148.3 +211.2 42444 (¢)
adenosine-1-N-oxide

in DMSO +143.7 +159.4 +139.9 +206.6 +302.0 (a)
2',3/-0O-isopropylidene-adenosine-1-N-oxide

in DMSO +142.1 +158.8 +140.1 +2058 ? (a)
2’-deoxy-adenosine

in DMSO +145.0 +157.7 +140.3 +207.5 +299.0 (b)

+145.7 +158.5 +140.7 +208.3 +299.5 (d)
in DMSO + 1 eq. CF;COOH +209.1 +157.3 +138.5 +201.1 +292.1 (d)
? ? ?

in H,0, pH = 6.5 +148.5 +298.3 (f)
3’-0-benzoyl-2’-deoxyadenosine
in DMSO +1452 +156.5 +140.0 +208.5 +299.5 (d)

in DMSO + 1 eq. CF;COOH +205.7 +156.4 +138.1 +202.1 +292.3 (d)
6,6-N,N-dimethyl-2’-deoxyadenosine

in DMSO +146.0 +160.8 +136.8 +208.7 +303.6 (d)

in DMSO + 1 eq. CF;COOH +175.5 +164.0 +135.9 +205.4 +297.1 (d)
6-N-(S-O-nitrophenyl)-2’-deoxyadenosine

in DMSO +141.0 +148.3 +141.0 +206.9 +310.4 (d)

in DMSO + 1 eq. CF;COOH +147.9 +148.8 +143.2 +205.9 +309.4 (d)
6-N-benzoyl-2’-deoxyadenosine

in DMSO +121.7 +136.8 +137.8 +207.6 +249.7 (d)

in DMSO + 1 eq. CF;COOH +129.2 +137.2 +156.7 +204.8 ? d)
6-N-benzoyl-3’-O-acetyl-2’-deoxyadenosine

in DMSO +121.2 +137.3 +135.8 +210.0 +248.9 (d)

in DMSO + 1 eq. CF;COOH +124.5 +137.5 +143.9 +209.0 +248.6 (d)
6-N-benzoyl-3’-0O-benzoyl-2’-deoxyadenosine

in DMSO +121.1 +137.3 +1359 +210.2 +249.5 (d)

in DMSO + 1 eq. CF;COOH +125.8 +137.6 +146.0 +208.7 +248.2 (d)
6-N-benzoyl-5-0-benzoyl-2'-deoxyadenosine

in DMSO +121.0 +135.7 +136.2 +208.5 +249.6 (d)

in DMSO + 1 eq. CF;COOH +125.7 +136.1 +144.4 +207.3 +248.5 (d)
6-N-benzoyl-5"-0-(COOCH,-fluorenyl)-2’-deoxyadenosine

in DMSO +121.1 +136.0 +1359 +208.6 +237.8 (d)

in DMSO + 1 eq. CF;COOH +1269 +136.5 +1459 +207.2 ? @
6-N-(m-chlorobenzoyl)-2'-deoxyadenosine

in DMSO +1229 +1364 +1369 +207.4 +247.3 (d)

in DMSO + 1 eq. CF;COOH +1249 +136.4 +1457 +2062 ? (d)
6,6-N,N-di-benzoyl-2’-deoxyadenosine

in DMSO +112.2 +130.6 +141.2 +205.7 +208.3 (d)

in DMSO + I eq. CF;,COOH +112.2 +130.6 + 141.5 +205.7 +208.3 (d)
6-N-(COOCH,-fluorenyl)-2’-deoxyadenosine

in DMSO +127.7 +139.5 +139.5 +207.1 +269.8 (d)

in DMSO + 1 eq. CF;COOH +136.6 +139.9 +146.4 +205.4 +262.5 (d)
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Table 22. —cont.

Nitrogen shielding (ppm) referred to neat
Compound and state nitromethane Notes

6-N-(COOCMe, CCl;)-2'-deoxyadenosine
in DMSO +124.8 +138.4 +140.9 +207.0 +269.0 (d)
in DMSO + 1 eq. CF;COOH +133.1 +139.1 +147.3 +205.5 +267.4 (d)
3’,5"-phosphoramidatoadenosine derivatives

(C-3)—0~ _
(C-5)—0-PR=0
PNR,
R = NH, (R-P isomer) +344.3 (e)
(S-P isomer) +343.6 (e)
R = NHMe (R-P isomer) +353.6 (e)
(S-P isomer) +352.8 (e)
R = NMe, (R-P isomer) +356.3 (e)
(S-P isomer) +357.6 (e)
(6)
NH,
Rs (;)
Nk: | ‘:C—x r
NT N
3 R
(R = 2’,3-O-isopropylidene-ribityl)
in DMSO (a)
N-1 N-3 N-7 N-9 6-NH,
R'=Me, X = H +2255 +153.2 +136.0 +200.5 ?
R' = Me, X = Br +2239 +153.7 ? ? ?
R'=0OMe, X = H +166.4 +152.0 +1338 +199.0 ?
(1 M
HN ' N\) (guanosine)
H,N SN N
@ byl N-1 N-3 N-7 N-9 2-NH,
guanosine
in DMSO +233.3 +214.8 +132.7 +210.6 +307.2 (b)
+2334 +2149 +132.8 +210.7 +307.2 (g)
+231.8 +213.3 +131.9 +209.1 +305.8 (h)
+234.4 +215.7 +133.8 +212.6 +308.5 (i)
in DMSO + cytidine +234.0 +2154 +1347 ? +307.0 (i)
in H,0 +231.5 ? ? ? +306.1 (j)
2',3',4',5 -tetra-O-acetylguanosine
in DMSO +233.5 +216.1 +131.5 +215.7 4+307.0 (k)
guanosine-5’-monophosphate (GMP)
inD,0,pD = 7.5 +232.5 +214.4 +144.0 +210.5 +306.5 (1)
in D,0, pD = 12 +174.3 +214.4 +1449 +209.9 +307.3 (1)
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Table 22. —cont.

Nitrogen shielding (ppm) referred to neat

Compound and state nitromethane Notes
in D,0, pD = 8.0 +2359 +211.0 +143.9 +210.7 +304.9 (m)
same + MeHgOH +18 +208 +139 4207 +299 (m)

GMP adduct with (dlethylenemamlne)mtratopalladlum(n) nitrate
in D,0 ? +206 +229 +302 (1)

cis-Pt(NH,;),(guo),Cl,
0.25M in DMSO +231.8 +217.3 4+235.5 +206.7 +303.4 (n)

+423.6 (NH;) (n)
8-OMe-guanosine

in DMSO +229.2 +211.6 +186.0 +234.9 +306.0 (h)
8-OH-guanosine
in DMSO +232.8 +211.6 +270.3 +237.7 +305.5 (h)
8-OCH,Ph-guanosine
in DMSO +231.5 +211.4 4+ 1852 +2343 +306.3 (h)
8-SMe-guanosine
in DMSO +231.5 +211.9 +137.7 +214.8 +305.3 (h)
8-SH-guanosine
in DMSO +232.1 +212.5 +2299 +210.2 +303.8 (h)
8-Br-guanosine
in DMSO +230.6 +212.7 +126.4 +212.3 +304.1 (h)
8-S0O,Me-guanosine
in DMSO +230.9 +213.0 +116.7 +215.0 +301.2 (h)
2’-deoxy-guanosine
in DMSO +231.8 +213.1 +132.7 +205.4 +305.7 (h)
2’-deoxy-guanosine-5’-monophosphate
0.5M in DMSO +233.5 +214.8 +133.6 +208.1 +306.4 (t)
as above + CF;COOH +233.0 +216.0 +168.1 +205.4 +304.4 (1)
8-OH-2’-deoxyguanosine
in DMSO +229.2 +211.5 +271.0 +235.8 +304.4 (h)
1-N-Me-guanosine
pure, in DMSO +237.8 +216.5 +133.2 +213.0 +301.3 (i)
in DMSO + 1 eq. CF;COOH +236.3 +219.1 +193.4 +208.0 +296.6 (i)
commercial, in DMSO +238.1 +217.0 +134.0 +213.4 +302.4 (g)
cis-Pt(NHj;),(1-Me-guo),Cl,
0.25M in DMSO +237.0 +218.1 +236.6 +208.9 +297.6 (n)
S +424.3 (NH;) (n)
(“ “NMe
)\ P (7-N-Me-guanosine)
N ©
(2) (3) ribityl
7-N-Me-guanosine N-1 N-3 N-7 N-9 2-NH,
pure, in DMSO +173.3 +213.0 +222.1 +211.2 +301.3 (i)

+173.1 +212.8 +2229 +211.0 +301.1 (h)
in DMSO + 1 eq. CF,COOH +233.0 +219.2 +221.8 +208.2 +301.2 (i)
+230.6 +216.8 +219.4 +205.8 +298.8 (h)
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Table 22. —cont.

Nitrogen shielding (ppm) referred to neat

Compound and state nitromethane Notes
commercial, in DMSO +200.6 +214.2 +221.2 +208.8 7 (g)
(ca. 60% protonated) +201.7 +2152 +222.2 +209.7 +299.8 (i)

() i " ( . )

N inosine
ﬁi ?
N N
3 ribityl
inosine N-1 N-3 N-7 N-9
0.25M in DMSO +173.3 +213.0 +222.1 +211.2 (n)
0 M
(4D} N
HN)ji > (xanthosine)
OJ\NH N ®
() ribityl

xanthosine N-1 N-3 N-7 N-9
0.25m in DMSO +228.3 +268.3 +132.6 +216.2 (n)
0.25M in DMSO + 0.5 eq. CF;COOH +228.2 +268.3 +137.3 +215.8 (n)

cis-Pt(NH;),(xan),Cl,
in DMSO +228.4 +268.4 2258 ? (n)

0 +424.6 (NH;) (n)
3
HN
| (uridine)
07 Ny,
ribityl
uridine N-1 N-3
in DMSO +236 +222 (o)
3-N-(p-NO,-phenyl-SO,-CH,CH,)-uridine
0.35M in DMSO +237.2 +222.0 %)
3-N-(p-NO,-phenyl-SO,-CH,CH,)-2",3",5'-tri-O-acetyluridine

0.55M in DMSO +240.6 +221.6 (r)

0.55M in CH,Cl, +242.2 +2223 )
3-N-(p-NO,-phenyl-CH,CH,)-2",3",5'-tri-O-benzoyluridine

0.25M in DMSO +240.3 +216.9 (p)

0.25m in CH,Cl, +242.6 +217.2 (r)
2',3’-O-isopropylidene-5'-0O-acetyluridine

in CDCl; ? +220.1 (@)

in CDCly, paired with adenosine ? +214.5 q)
uridine 2’-monophosphate

00IMin H,0,pH = 5.5 +235.0 +221.1 (s)

as above, complexed with RNAase A +228.8 +220.2 (s)
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Nitrogen shielding (ppm) referred to neat

Compound and state nitromethane Notes
uridine 3’-monophosphate
0.0Imin H,O,pH = 5.5 +234.1 +221.3 (s)
as above, complexed with RNAase A +232.3 +220.6 (s)
‘”HN ‘ ribity!
O)\NH (pseudo-uridine)
@ N-1 N-3
2',3,5'-tri-O-acetylpseudouridine
in CDCl; +242.7 +219.4 Q)
3 Me
j\ | (thymidine)
0 Iil(l)
ribityl
N-1 N-3
thymidine
in DMSO +236 +224 (0)
2,3’ 5’-tri-O-benzoylthymidine
in CDCI, ? +224.2 (@)
in CDCl;, paired with adenosine ? +217.0 (q@
NH, )
»
j\ | (cytidine)
07 Nm
rivi! N-1  N-3  4NH,
cytidine
0.5M in DMSO +2299 +172.3 +289.0 (i)
0.5M in DMSO + 0.5M guanosine +2288 +176.2 +2869 (i)
0.4M in DMSO +2293 +1719 +2889 (i)
0.5M in DMSO + 0.4M 7-Me-guanosine +229.6 +1757 42879 (i)
0.8M in DMSO +2284 +172.1 +287.7 (r)
0.8M in DMSO + 1 eq. CF;COOH +2284 +2369 +2669 (r)
cytidine-2’-monophosphate
0.0Im in H,0,pH = 5.5 +2292 41833 42845 (s)
as above, complexed with RNAase A +2284 +177.5 +2845 (s)
0.0IM in H,0, pH = 8.4 +222.1 41793 +2874 (s)
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Nitrogen shielding (ppm) referred to neat

Compound and state nitromethane Notes
cytidine-3’-monophosphate
0.8M in H,0, pH = 6.0 +227.1  +187.0 42826 (m)
as above + 0.2 eq. MeHgOH 42256 41986 +2814 (m)
2',3',5-tri-O-acetylcytidine
0.45M in DMSO 42323 +171.2 +2852 (o)
0.45M in DMSO + 1 eq. CF;COOH +231.7 +2352 42725 (o)
0.45m in CH,Cl, +2336 +177.2 42849 (¢
0.45M in CH,Cl, + 1 eq. CF;COOH +2326 +2369 +2753 (¢)
4-N-acetyl-2',3’,5 -tri-O-acetylcytidine
0.8M in DMSO +2185 +1463 +2322 (o)
0.8M in DMSO + 1 eq. CF;COOH +2184 +1489 +2324 (¢
0.95M in DMSO +2192 +1524 +2340 (¢)
0.95M in DMSO + 1 eq. CF;COOH +216.0 +2068 +2358 (¢)
4-N-benzoylcytidine
0.8M in DMSO +213.1 +1541 +2388 (¢)
0.8M in DMSO + 1eq. CF;COOH +2122 +157.8 +2385 (c)
4-N-benzoyl-2’,3’,5'-tri-O-acetylcytidine
0.8M in DMSO +218.5 41356 +239.1 (c)
0.8M in DMSO + 1 eq. CF;COOH +2186 +1356 +2365 (¢)
0.8m in CH,Cl, +2193  +1393 +2395 (¢)
0.8m in CH,Cl, + 1 eq. CF;COOH +2178 +187.0 +240.6 (c)
2’-deoxycytidine-3’-monophosphate
0.5M in DMSO +2264 +174.7 +286.1 (1)
0.8M in DMSO + 2.6 eq. CF;COOH +2252  +2369 +2743 ()
O]
NH,
m_ i (7-deazaadenosine, tubercidin)
|
k\N N
@ linip N-1  N-3 N9 6-NH,
tubercidin
in DMSO +148.1 +155.4 +224.4 +296.7 (u)

5’-0-CPh,-tubercidin
in DMSO
6-N-CPh,-5'-0-CPh;-tubercidin
in DMSO
2’-deoxy-tubercidin

in DMSO
0o
[4))] (%))
HN ' N\
N 7-deazaguanosine
APy o, (-deazag )
@ P fbiy

2’-deoxy-7-deazaguanosine
in DMSO

+150.4 +157.8 +2269 +298.2 (b)
+148.2 +154.1 +224.1 +296.1 (a)
+138.8 +152.5 +224.9 +2716 (a)

+150.2 +157.7 +223.7 4+298.3 (b)

N-1 N-3 N9 2-NH,

+218.9 +212.5 +222.5 +309.6 (b)
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Nitrogen shielding (ppm) referred to neat

Compound and state nitromethane Notes
0
(8))&}{(0
N
Me—(/\, | \> .
r;l ),l\N T ) (wyosine)
(5) (4 N
hIAe ribityl N-1 N-3 N4 N-5 N-8
wyosine +1319 +2132 +2874 +157.1 +191.2 (g)
in DMSO +132.0 +213.7 +287.8 +157.2 +191.5 (v)
7-Me-wyosine
in CH,Cl, +130.0 +221.2 +291.8 +162.3 +194.1 (v)

wyosine 2,3",5-triacetate

in CH,Cl,

+131.9 +213.2 +2874 +157.1 +191.2 (v)

7-Me-wyosine 2',3',5’-triacetate

in CH2C12

o] [\I/lc
) N D

N
(1

N (9
3 ribiyd

5’-O-acetyl-derivatives
R = OMe

+1312 +2144 +289.7 +1613 +1934 (v)

+1348 +213.2 +221.7 +243.1 +1948 (g)

+226.1 +215.1 +2142 +159.3 +187.1 (g)

)Nk/ | N\> (purine derivatives, see also Table 18)
™~
N

N-1 N-3 N7 N9 R

in DMSO +1404 +142.6 +139.5+2143 - (o)
in DMSO + 1 eq. CF,COOH +140.0 +142.7 +140.4 +2142 - (o)
in CH,Cl, +141.4 +1443 +1408 +2156 - (0
in CH,Cl, + 1 eq. CF;COOH +1408 +145.1broad +2133 - (¢

R = OPh
in DMSO +137.0 +1389 +139.8 +213.6 - (¢
in DMSO + I eq. CF,COOH +137.1 +139.0 +1412 42136 - (o)
in CH,Cl, +138.4 +140.5 +140.4 +2155 - (o)

in CH,Cl, + 1 eq. CF;COOH +138.3 +141.5 ? +213.3 - ©)
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Nitrogen shielding (ppm) referred to neat

Compound and state nitromethane Notes
R = SPh
in DMSO +112.8 +140.2 +139.1 +2143 - ()
in DMSO + 1eq. CF;COOH +112.8 +140.2 +139.3 +2143 - (©)
in CH,Cl, +113.8 +142.0 +139.5 +216.3 - (©
in CH,Cl, + 1 eq. CF;COOH +123.1 +142.7 +153.0 +213.8 - (©)
2’-deoxyderivatives
R=H
in DMSO +101.8 +130.6 +139.1 +208.1 -  (d)
in DMSO + 1 eq. CF;COOH +122.6 +130.6 +139.0 +2064 -  (d)
R = OPh
in DMSO +138.2 +138.2 +141.3 +2055 -  (d)
in DMSO + 1eq. CF;COOH +138.2 +138.9 +141.8 42055 - (d)

R = —N=CHNME,
in DMSO
in DMSO + 1 eq. CF,COOH
= —N=C—NMe,

in DMSO

in DMSO + I eq. CF;COOH

(6)
4]

N‘\/ TN\ (7-deazapurine derivatives)
@ \N N (9)
3 ribityl
N-1 N-3 N-9 NH,
6-Cl-7-deazapurine
in DMSO, a-anomer +112.0 +1341 42227 -
in DMSO, B-anomer +113.0 +1346 +2226 -
2’-deoxy-6-Cl-7-deazapurine
in DMSO +1122 +1343 +219.2 -
2’-deoxy-3’,5’-di-O-tolyl-6-Cl-7-deazapurine
in DMSO +111.2 +133.6 +2228 -
2’-deoxy-3",5'-di-O-tolyl-6-SMe-7-deazapurine
in DMSO +119.1 +143.2 +2252 -
2-NH,-6-Cl-7-deazapurine
in DMSO +1474 +1839 +229.0 +2994
2’-deoxy-2-NH,-6-Cl-7-deazapurine
in DMSO +147.2 +184.0 +2256 +299.6
0
(/S‘N ,U\N _ribityl
(h -
- (cytidine analogue)
(’j")’k) N-1 N-3 N-4
0.3M in DMSO +232.0 +190.8 +164.0
hydrochloride, 0.3M in DMSO +226.1 +191.7 +205.8

+130.4 +147.7 +137.3 4+ 208.9 +170.7 (d)
+187.3 +148.9 +137.4 +201.6 +201.6(d)

+123.6 +148.4 +136.9 +209.2 +177.3(d)
+190.4 +150.3 +136.0 +201.3 +197.9(d)

(b)
(b)

(b)
(b)
(b)
(b)
(b)

(r)
(r)
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Nitrogen shielding (ppm) referred to neat

Compound and state nitromethane Notes
6)
i N
L_N ! ND
() I\ | \ .
NN ) (adenosine analogue)
|
&) "
riity N-1 N-3 N-7 N9 N-6
0.4M in DMSO +178.5 +152.2 +150.1 +139.1 +207.6 (w)
hydrochloride in DMSO +182.0 +147.6 +190.5 +139.9 +205.3 (w)
0
8) M

N N (R = CH,CH,CH,CH,0COMe)
Y
RN N NR
(5) @) 3

N-1 N-3 N4 N-5 N-8

in DMSO +136.1 +220.9 +223.7 +245.9 +195.5 (x)
in DMSO + CF,COOH +1703 +218.5 +223.6 +243.7 +194.7 (x)
8]
Me 9 o
\(N I N\> (R = CH,CH,CH,CH,0COMe)
g
Dt N-l N-3 N4 N-5 N-9
in DMSO +134.4 42164 +181.9 +85.7 +191.4 (x)
in DMSO + CF,COOH +1423 42159 +182.2 +85.7 +191.1 (x)
6]
M O] n
e NN NR
\(\ QR (R = CH,CH,CH,CH,0COMe)
SN SN ';'
® @

N-1 N-3 N4 N5 NI

in DMSO +219.0 +133.8 +161.3 +82.7 +194.3 (x)
in DMSO + CF;COOH +217.1 +150.1 +171.4 +854 +192.7 (x)
NMe »
o N N
N ”~
L LY
N NMe
H O N-1 N-3 N-7 N-9 NMe,
in DMSO +148.2 +160.9 +138.4 +233.1 ? (y)

in DMSO + 3.5-dichlorophenol +151.5 +170.4 +141.6 +232.1 ? )
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Table ‘22. —cont.

Nitrogen shielding (ppm) referred to neat

Compound and state nitromethane Notes
Ul
(n N
N rd
Iy
N NMC
& @ N-1 N-3 N-7 N-9
in DMSO +1039 +131.1 41402 +233.1 (y)
in DMSO + 3,5-dichlorophenol +114.0 +130.6 +148.7 +230.6 (y)
R
3
NS |
(2-pyrimidone derivatives)
07 N
ribityl-2', 3", 5'~triacetate
N-1 N-3 R
R = OMe
0.95m in DMSO +225.8 +155.9 - (©)
0.95M in DMSO + 1 eq. CF;,COOH +2238 +162.0 - ©)
R = OPh
0.8m in DMSO +2223  +151.5 - (©
0.8M in DMSO + 1eq. CF;COOH +220.3 +158.5 - (©)
R = O-C,H,-p-Me
045m in CH,Cl, +225.6 + 1553 - ©)
R = O'C6H4'p'N02
0.5M in DMSO +2207  +1520 +158 ()
0.5M in DMSO + 1 eq. CF;COOH +219.8 +1545 +158 (¢
R = SPh
0.5M in CH,Cl, +2222 +119.1 - ()
0.5M in CH,Cl, + 1 eq. CF;COOH +219.1 +136.7 - (©)
R - OCHchz'C6H4'p'N02
0.3m in DMSO +2232 41545 +105 ()
0.3M in DMSO + 1 eq. CF;COOH +223.3 +154.6 +106 (c)
0.3m in CH,Cl, +224.7 + 1553 +123 (¢)
0.3M in CH,Cl, + 1 eq. CF;COOH  +2242 +1572 +11.9 (¢
W ~_N  in DMSO (u)
Ly X N-1 N-3 N-7 N9 NH,
+
N
N o)) 1® pMe-C,H,SO; +140.1 +230.9 +131.9 +201.4 +268.8
CH, MeSO, +144.8 +230.7 ? +217.1 +271.4
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Nitrogen shielding (ppm) referred to neat

Compound and state nitromethane Notes
OR'
o y 7
N e
P
RZNH N N
23 R' = CH,CH,C¢H,-p-NO,

R? = CO-C¢H,-p-Bu'
in DMSO N-1 N-3 N-7 N-9 2-NH

Nucleoside units in RNA
Escherichia coli 5S RNA

in H,0, pH = 6.0

GU base pairs
AU base pairs

Escherichia coli tRNA

in H,0,pH = 7.0
tRNAM

tRNALY
tRNAP
tRNAS"

tRNATF
Yeast tRNA™

in H,0, pH = 7

+1659 +157.8 +1409 +2104 +2429 (h)

N-3 atoms in uridine (U) (z)

+2254, +225.2, +224.7, +225.2, +225.2
+223.4, +2229, +221.7, +221.0

N-3 atoms in uridine (U)

(A)

+229.6, +221.9, +222.2, +221.2, +221.7,
+216.6, 198.1

+2279, +222.6, +222.3, +2189, +221.3,
+219.3, +216.9, +217.9, +220.3, +217.3,
+217.3, +197.6

+229.1, +221.6. +220.0, +214.6, +217.3,
+220.5, +196.9

+221 to +215; + 227 (dihydrouridine);
+200 (s*U9)

+221 to +215; +201 (s*U9)

(pseudo)uridine and guanosine

(B)

pseudo-uridine () and uridine (U) units, N-3 atoms if not stated otherwise

Y39

YSss
T54(m'AS8)
UorD
U69(G4)

AUI12 or AU52
AU7

AUS

AU29,50; ¥39(A31)
AU6

AUI2 or AUS2

+247 (N-1)
+245 (N-1), +221.1 (N-3)
+2254

+224

+2234

+221

+2204

+219.6

+219.3, +218.7, +218.7
+218.3

+2182
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Table 22. —cont.

Nitrogen shielding (ppm) referred to neat
Compound and state nitromethane Notes

US(A14) +217.3
guanosine N-1 atoms
G4(U69, m?G26) +237.4
GC2,27,50,53; G19  +234.2, +233.2, +232.4
GC3,28; GI15(C48)  +234.3, +234.0, +232.8

GC13 +2334
m’G10(C25); GC51  +233.6
m’ G46(G22) +230.3
GCl11 +235

(a) Data from ref. 823, 10.1 MHz'"°N INEPT spectra, field perpendicular to sample tube,
referenced originally to NH; in aqueous ammonium nitrate, + 359.6 ppm from neat nitro-
methane (Table 2), conversion scheme Ila (Table 1); 0.1-0.6 M solutions.

(b) Data from refs. 126 and 1159, spectrometer not reported, '*N spectra, referenced originally
to nitromethane containing 5% DMSO-d;, —0.]1 ppm from neat nitromethane. as can be
reckoned from Table 2, conversion scheme II (Table 1).

{c) Data from ref. 1160, 27.4 MHz *N gated decoupled and INEPT (proton-coupled) spectra,
field parallel to sample tube, referenced originally to neat nitromethane, uncorrected for bulk
susceptibility effects.

(d) Data from ref. 1161, details as in footnote (c).

() Data from ref. 911, 40.5 MHz "*N spectra, field parallel to sample tube, referenced origin-
ally to NO; in aqueous ammonium nitrate, +4.0ppm from neat nitromethane (Table 2),
conversion scheme IIb (Table 1).

(f) Data from ref. 157, 1,6-'*N-labelled compound, spectrometer not reported, N DEPT
spectra, referenced originally to ammonium chloride in 10% HC!, +352.5ppm from neat
nitromethane (Table 2), conversion scheme I (Table 1).

(g) Data from ref. 781, details as in footnote (c).

(h) Data from ref. 1162, 50.7 MHz '*N spectra, calibration as in footnote (j), but reported
fictitious ammonia standard, taken at + 380.2ppm from neat nitromethane; the latter value
refers to a perpendicular field-to-sample axis setup (Table 2).

(i) Data from refs. 1163 and 1164, 30.408 MHz "N spectra, field parallel to sample tube,
referenced originally to | M HNO;, +6.2ppm from neat nitromethane (Table 2), conversion
scheme IIb (Table 1).

(j) Data from ref. 706, 1,2-"*N-labelled guanosine, 30.42 MHz "*N spectra, field parallel to
sample tube, referenced originally to aqueous NaNO,, +3.5ppm from neat nitromethane
(Table 2), conversion scheme IIb (Table 1).

(k) Data from ref. 148, details as in footnote (c).

(1) Data from ref. 831, 50.5 and 40.4 MHz "N spectra, calibration as in footnote (k); proton-
coupled spectra, concentration 0.2M. In the GMP complex, the signal at + 206 ppm shows
Pd-"N coupling.

(m) Data from ref. 1165, 20.27 MHz '*N spectra (NOE-suppressed), field parallel to sample
tube, referenced originally to saturated aqueous NH,Cl, + 352.9 ppm from neat nitromethane
(Table 2), conversion scheme IIb (Table 1); reported vs fictitious ammonia standard taken at
+27.3 ppm from the actual reference employed, see footnote (h) for comments; we retrieved the
original data and carried out recalculation as above.

(n) Data from ref. 1166, details as in footnote (i).



NITROGEN NMR SPECTROSCOPY 331

Table 22.—cont.

(o) See ref. 5, pp. 519-524, and references therein.

(p) Data from ref. 1160, details as in footnote (v).

(q) Data from ref. 1167, 36.49/360 MHz '"*N/'H spectra (FINDS = Fourier internuctear
difference spectroscopy; FES = forbidden echo spectroscopy; JIDS = J-modulated inter-
nuclear difference spectroscopy), field parallel to sample tube, referenced originally to 2.9mM
NH,Cl in 1M HC], +352.5ppm from neat nitromethane (Table 2), conversion scheme IIb
(Table 1); reported originally to fictitious ammonia standard taken at +24.9 ppm from the
actual reference employed, see comments in footnotes (h,m).

(r) Data from ref. 1168, details as in footnote (c).

(s) Data from ref. 1169, *N-labelled nucleotides from 'N-labelled bacteria, 50.7 MHz *N
spectra, field parallel to sample tube, referenced originally to NH} in 4 M NH,NQ, in 3 M HNO,,
+359.0 ppm from neat nitromethane (Table 2), conversion scheme IIb (Table 1).

(t) Data from ref. 1170, details as in footnote (i).

(u) Data from ref. 793, 40.5 MHz "N spectra, field parallel to sample tube, calibration as in
footnote (a).

(v) Data from refs 124, 147 and 148, 27.4 MHz "*N spectra (proton-decoupled, NOE-retained;
and proton-coupled INEPT), field parallel to sample tube, referenced originally to neat nitro-
methane, uncorrected for bulk susceptibility effects; 0.4 M solutions.

(w) Data from ref. 752, details as in footnote (r).

(x) Data from ref. 1171, details as in footnote (c).

(y) Data from ref. 539, 25.35 MHz '*N DEPT spectra, field parallel to sample tube, referenced
originally to neat nitromethane, uncorrected for bulk susceptibility effects.

(z) Data from ref. 208, details as in footnote (q); **N-labelled N-3 atoms in uridine units.

(A) Data from refs. 205 and 1172, *N-labelled nucleoside units, details as in footnote (q).

(B) Data from ref. 178, “N-labelled tRNA, 500/50.7MHz and 270/27.3 MHz'H{"N}
INDOR, SPENDOR and FES spectra, field parallel to sample tube, referenced originally to
liquid NH,, + 381.9 ppm from neat nitromethane (Table 2), conversion scheme IIb (Table 1).
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Table 23. Nitrogen shieldings in phosphazenes, cyclophosphazenes and phosphazoles

Nitrogen shielding
(ppm) referred to

Compound Solution or state neat nitromethane Notes
_ 1.3-1.8M

PhoP=N R in CDCl, (a)
R (P=N)
NO, +280.1
Cl +302.6
H +302.5
Me +305.4
OMe +308.4
NMe, +310.1
[a—@—] sP=N—Ph  1.3-1.8M in CDCl, (a)
R P=N)
CN +304.3
CF, +304.2
COOMe +304.0
F +302.1
Cl +303.2
H +302.5
Me +302.0
OMe +301.7
Ph3P=N—SOZ-©—R 1.3-1.8m

in CDCl,
R (P=N)
NO, +283.3
F +284.4
al +284.2
Br +284.2
H +285.0
Me +284.6
OMe +284.5
NH, +284.5
PhP= N—CO—@—R 1.3-1.8M

in CDCJ,
R P=N)
NO, +255.3
CN +256.1
F +259.3

Cl +258.6
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Nitrogen shielding
(ppm) referred to

Compound Solution or state neat nitromethane Notes
Br +258.6
H +259.0
Me +259.6
OMe +260.4
'N—D__ N~ BU . +227.4 (P=N) (©
BUN=P=NX §iMe, in CDCl, +14.5 (P—N) ©
NP N(Q . +217.2 (P=N) (c)
Me,; SIN=P—N(SiMe;), in CDCl, +71.0 (P—N) ©
R'RZN—P=NR? 1-1.5M in CHCl, @
or benzene
R R? R} (N=P) (N—P)
SiMe, SiMe, SiMe, (benzene?) +213.6 +67.1
SiMe, SiMe, SiMe, (CDCLY) +220.5 +74.2
Bu' SiMe, SiMe, +249.9 -9.0
Bu' Bu' SiMe, +2244 +36.1
SiMe, SiMe; Bu' +254.3 ?
SiMe, SiMe, Bu;P +229.4 +59.8
SiMe, SiMe, Bu}P(S) +220.3 +964
Cl_ NHPh
(6) /\P/\ ) .
NN in CDCl, +290.2 (NH) (e)
ClzP\\ etz +260.1 (4,6-N) (e)
N N, +246.7 (2,8-N) (e)
Ch
Cl_ NHPh
N/
®) =Py @ .
N Nl in CDCl, +289.0 (NH) ©
QIR /™~ NHPh +275.5 (4-N) (e)
® "~ +259.2 (2,6-N) (e)
Cl, +244.5 (8-N) (e)
Cl_ NHPh
/
© =Py @ .
/ NS in CDCl, +294.0 (NH) (e)
CIk FCh +259.2 (P—N=P) (e)

N
(8) \/p’/ b3}
A Y
Cl NHPh
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Table 23. —cont.

Nitrogen shielding
(ppm) referred to

Compound Solution or state neat nitromethane Notes
R ]IJIT”
Ao N@ in CDCI, or benzene ()
N—P
4)
R 1I-N 2-N 4-N
Me +157.5 +12.1 +88.5
its 4N — BF, adduct +1549 +22.8 +142
i-Pr +159.5 +14.9 +95.2
PhCH, +156.4 +11.8 +86.5
Ph +156.5 +10.4 +87.0
n-Bu, 4-N — BF,; adduct +151.1 +21.0 +138
RI
R in CDCl, ()
R —’8 @ or benzene
N
4y R?
R! R? 1I-N 2-N 4-N
Me Me +120.4 +42.7 +93.5
its 4N — BF; adduct +120.2 +428 +147
Me i-Pr +122.0 +44.5 +91.7
Me PhCH, +119.4 +41.6 +93.1
its 4-N — BF; adduct +119.1 +39.6 ?
Me Ph +117.8 +42.7 +99.0
Ph Ph +100.3 +56.3 +1003
its 4-N - BF; adduct +101.4 +48.7 +146
Various structures (®
containing P=N bonds
Bu!
' AIC]; solid state (h)
Bu! N=p + 133.9 (iso)
+18 (o)
Bu! +16 (0)
(iminophosphenium cation) +403 (a33)

(a) Data from refs 886 and 904, 20.28 MHz '*N spectra, ficld parallel to sample tube, refer-
enced originally to aqueous KNO, standardized against neat nitromethane, but reported vs
fictitious ammonia standard, taken at + 380.2 ppm from neat nitromethane (this is erroneous,
since the latter value comes from measurements where the field was perpendicular to sample
tube, Table 2), conversion scheme ITIb (Table 1).

(b) Data from refs 885, 906, 1173, details as in footnote (a).
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Table 23.—cont.

(c) Data from ref. 153, 10.14 MHz "*N INEPT spectra (via *Jyg = 1-1.5Hz or 2-2.5 Hz), field
perpendicular to sample tube, referenced originally to 0.1 M nitromethane in CDCl,, + 3.2ppm
from neat nitromethane (Table 26), conversion scheme Ila (Table 1).

(d) Data from ref. 910, 30.4 MHz and 25.4 MHz "N spectra, field parallel to sample tube,
referenced to neat nitromethane, uncorrected for bulk susceptibility effects; Cr(acac); added to
samples as a relaxation reagent.

(e) Data from ref. 1174, 9.1 MHz "N spectra, field perpendicular to sample tube, referenced
to neat nitromethane, uncorrected for bulk susceptibility effects.

(f}See footnote (d).

(g) See ref. 5, p. 525, and references therein.

(h) Data from ref. 421, 20.30 MHz CPMAS and powder spectra of '*N-labelled sample,
referenced originally to NH{ in solid NH,NO,, + 358.4 ppm from neat nitromethane (Table 2);
reported originally to fictitious ammonia standard taken at + 23.8 ppm from the actual reference
employed, i.e. +382.2 ppm from nitromethane.
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Table 24. Nitrogen shieldings in some imines, nitrones, oximes and related structures

Compound

Nitrogen shielding
(ppm) referred to

Solution or state neat nitromethane Notes

Imines, immonium ions, and imino complexes

R'\C= N _R Solvent? (a)
R/
R! R? R’
H Ph Ph +53.2
H Ph 2-F-phenyl +67.8
H Ph 4-F-phenyl +57.1
H Ph 2,4-F,-phenyl +71.5
H Ph CsF; +87.9
H Ph Ph +53.2
H CsF; Ph +29.1
H «Fs  2-F-phenyl +42.8
H C¢F; 4-F-phenyl +333
H CiFs 2,4-F,-phenyl +46.3
H sFs  CgF;s +63.5
CeFs C¢Fs 4-F-phenyl +27.5
C¢Fs C4Fs 2,3,5,6-F,-phenyl +60.8
CsFs CFs CgF; +63.9
Jph
H—N
e solid state +62 (=N) (b)
Ph +27to +132°C  +217 (NH) b)
N
Ne—-H
Ph”
R
/C=N\R2 in CDCl, ©
Rl RZ
2-OH-phenyl 2-Br-phenyl +87.7
2-OH-phenyl 4-Me-phenyl +85.8
2-OH-phenyl 2,4-Me,-phenyl +87.8
2-OH-phenyl 4-NO,-phenyl +90.0 (+13.0, NO,)
Ph 2-OH-phenyl +83.6
2-Br-phenyl 2-OH-phenyl +78.5
4-NO,-phenyl 2-OH-phenyl +71.0 (+13.0, NO,)
H
in CDCl;, (d)

\
R \ N—Ph

and their Pd complexes
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Nitrogen shielding
(ppm) referred to

Compound Solution or state  neat nitromethane Notes
H
e
Bt
R . ~N—Ph
Pd{
MeCcOO” ™
2
R Imine Complex
5-OMe +52.6 +135.0
4-OMe +61.5 +147.2
5-Me +55.2 +136.1
4-Me +56.7 +139.2
H +55.0 +135.6
5-Cl +49.5 +132.8
4-Cl +52.1 +136.2
5-NO, +45.2 +130.2
4-NO, +40.3 +127.8
Mo -~
H
C/\ in CDCl, +129.3 (d)
N EN—Ph
e
L a ~ -2
-MeO T
H
/
@—C\\ in CDCl; +1114 @
« -N—Ph | Q-
,Pd\+
Ph,P ‘/Pph2
CH,CH,
Meb
H
<
A\
.. _N—Ph
“pd’
7 N (trans-L,N)
and in CDCl, (d)
MeO
H
e
\\
. N—Ph
P
o’ L (cis-L,N)
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Table 24. —cont.

Nitrogen shielding
(ppm) referred to

Compound Solution or state  neat nitromethane Notes
L (=N—Pd)
Pyridine trans, 53% +128.0
cis, 47% +131.0
NHEt, trans, 44% +126.1
cis, 56% + 1334
PPh, +107.6
ou
T -~ TCMCZ
y-C
\©—R in CDCl, ©
2
R (=N—Te)
4-NO, + 64
3-NO, (in DMSO) +76
4-Br +77
H +82
4-Me +85
4-OMe +92
4-NMe2 (in DMF) +97
CM in CD;OD +63 ()
N _ (=N—Pr')
CF;S80; +102 (ring N) (f)
w@w
/ N\ /—Q
=N (®
R
R in CD;0D (=N) Ring N
H +33.6 +783
Me +343 +7175
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Nitrogen shielding
(ppm) referred to

Compound Solution or state  neat nitromethane  Notes
7\ Q 7\
- \ 7 -
N
\ / ‘ Ag/
C)/J\ C«j o ’
in CD,0OD = Ring N
H (spatial non-equivalence) +80.2 +102.5
+77.1 +111.3
Me (spatial non-equivalence) +82.0 +104.2
+79.0 +111.0
/_ Y\ / _\
N N N N
R R (h)
R in CD,0D (=N) Ring N
H +47.8 +75.2
Me +50.4 +71.9
] 1
/_\ N\ / _\
N N N N
R /Ag\+ /Ag\+ R (CF 3 SOS_ )2
N N N N
L NS
in CD,0D =N Ring N

R = Me +89.4 +107.8
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Table 24. —cont.
Nitrogen shielding
(ppm) referred to
Compound Solution or state  neat nitromethane Notes
g AR
\/ )
/,Cu /Cu\+ (CF;80; ), (h)
CJ S
in CD,0D (=N) Ring N
H +94.8 +111.3
Me +95.0 +1134
M Q /—U\ ®
Me” s N N7 ST Me !
in CD,Cl, +54.3
T $2 T
Me s\ SN N\’ /s Me
N4 Sadl (CF;S0; ), @
s \N N/ \s Me
Me ” ~
Riatetnti
in CD,Cl, +83.7, +96.6
Protonated Schiff bases in solid state )
bacteriorhodopsin retinal
Me Me Me
. “me91
~ AN N N ~ N/\Lye
M
e 1l 0%
Tl all-trans, 457 +208.0 (=NH*)
+201.3 (=NH")
Me Me Me +259.3 (amide backbone)
+344.5 (LysNH;)
\ \ \ \ “bR "
548
e PN
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Table 24. —cont.

Nitrogen shielding
(ppm) referred to
Compound Solution or state  neat nitromethane Notes

Me Me Me

XX solid state 0)
Me

Me +(1: 1 mol) acid

Acid (pK,)

None +374
HI (—9.25) +198.5
HBr (—8.5) +186.8
HCI (- 6.1) +181.2
2,4,6-trinitrophenol (0.37) +192.0
Cl,CCOOH (0.51) +198.7
F;CCOOH (0.52) +192.4
Br; CCOOH (0.72) +188.1
F,CHCOOH (1.34) +179.3, +183.2
Cl,CHCOOH (1.35) +178.2
2-chloro-4,6-dinitrophenol (2.1) +187.6
2,4-dibromo-3,6-dinitrophenol (2.9) +184.5
2,6-dibromo-4-nitrophenol (3.4) +183.1

/\/\/\/ But!
BENTNTR in CDC, and CD,0D  (m)

"HBA"
“HBA” + (1:1mol) additive (pK,) in CDCl, in CD,0D
None +31.5 +46.6
EtCOOH (4.90) +607 +82.6
0O,NCH,CH,COOH (3.90) +84.6 +148.3
ICH,COOH (3.15) +111.8 +161.3
BrCH,COOH (2.95) +130.2 -
CICH,COOH (2.85) +131.2 +175.1
NCCH,COOH (2.45) + 1579 -
HC=CCOOH (1.85) +162.4 -
Cl,CCOOH (0.66) +168.5 +176.5
F,CCOOH (0.23) +171.1  +176.7
HCI (—6.90) +171.7 41769, +176.6
HI (—9.20) +192.8 +178.3
+

| ~N=CHOMeCl~ in H,O +218.2 k)

MeCCH,CH,C =NCH,CMe, in DMSO +67.4 )]

Il |
(0} Me
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Table 24. —cont.

Nitrogen shielding
(ppm) referred to

Compound Solution or state neat nitromethane  Notes
MeCCH,CH,C =NCH,CHMe, in DMSO +70.5 1))
l |
0 Me
R! R?2
N—Trc_ in CDC), (n)
Rl
R! R? R}
Ph Me Me +83.5
Ph H Me +98.0
Ph H Ph +104.3
Ph H COOEt +63.2
—< >—NH—< >—NH—:| [—<: :>—NH='< >—-NH=:|
n m
) (0)
in solid state
NH in amino-amino units +301
NH in amino-imino units +294
=N in imino-amino units +23
=N in imino-imino units +35to +54
R\
Me. €= N>< Me in acetone-dq (p)
M%X Me
R X =N-)
Me N—O (nitroxyl radical) +31.6
N—OH (hydroxylamino moiety) +61.7
Ph N—O +234
N—OH +47.6
Ph N—O (in CD,0D) +28.7
N—OH + 549
0
[ j in CDCl, +17.1 (=N) (@
N +247.8 (N) @
(@

+120.4 (CN)
N /COOMe
e
L
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Table 24. —cont.

Nitrogen shielding
(ppm) referred to

Compound Solution or state  neat nitromethane Notes
0
[ ] inCDCl, -  +198.8 (=N) @
H +337.1 (N) (@)

N
I[,t COOMe +105.9 (CN) @
\C

Ej !

Imino moieties in guanidines and amidines see Table 10

z

Aromatic imines see Tables 19, 20
Ketenimines
R,C=C=N—R various + 161 to + 186 (r)
Nitrones (imine /N-oxides)
R,C=NLQ see also ref. 5, p. 546
PhCH=N(O)Ph solvent? +118.8 (s)
(C4F;5),C=N(O)R solvent? (s)
R
Ph +105.0
4-fluorophenyl +98.0
2,3,5,6-tetrafluorophenyl +124.3
C¢Fs +126.1
R\ 4 0
Me C=N  Me
X X in acetone-dq ®
Me X Me
R X (=NO—)
Me N—O (nitroxyl radical) +77.2
N—OH (hydroxylamino moiety) +93.7
CH,Br N—O +69.3
N—OH +77.2
Ph N—O +102.4
N—OH +84.0
N—OMe +859
p-tolyl N—O +103.4
N—OH +90.1
o-nitrophenyl N—O +77.6
N—OH +83.0
Ph N—O' (in CD;0D) +98.5
N—OH

+90.7
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Table 24. —cont.

Nitrogen shielding
(ppm) referred to

Compound Solution or state neat nitromethane Notes
Oximes and their ethers
R,C=N—0—R see also ref. 5, pp. 544-545
Me solid state (u)
d (isotropic) +11
\\N—OH (01) —200
(a22) +32
(o) +200
Ne solid state ()
MeO—@- C\ (isotropic) +15
“N—oH (o11) —195
(022) +37
(o33) +202
OMe solid state (u)
Me (isotropic) +13
MeO C\\ (on1) —199
N—OH (022) +37
OMe (033) +200
R Vi in DMSO —0.6 (NOH) V)
_ TS +69.6 (N) )
N N—OH
H
7\ in DMSO +4.7 (NOH) W)
= N\ +64.3 (N) )
H
NN in DMSO —3.2 (NOH) )
— N—OH +64.8 (N) v)
N H—e=fon
[
(Br ), CH,
s in DMSO —23.9 (NOH) )
NC\>- c= r‘won
—_ +
01 I
H H
R7 7O ﬁ’ R O ﬁ’ in DMSO (W)
HO OH
(E-isomer) (Z-isomer)
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Nitrogen shielding
(ppm) referred to

Compound Solution or state  neat nitromethane  Notes
R
Me z) —-194
H (Z) —16.8
SiMe, (Z2) —16.2
(E) -93
Br 2) —14.5
(E) —-94
NO, Z) +13.1
(E) +76
RON= CH__
C= N Me
X )< in acetone-d, (x)
R X (oxime)
H N—O (nitroxyl radical) —-29.9
H N—OH (hydroxylamino moiety) —-20.2
RON=CH_  5°
Me C=N  Me .
X )( in acetone-d, (x)
Me X" Me
R X (oxime)
H N—O (nitroxyl radical) —576
H N—Me -9.1
Me N—O' —70.8
Me N—OH —25.6
OR
3 N s
HoN N M2 solvent? V)]
2) N_..N ®&
PEY
R =NOR 2,6-N 3-NH, 5-NH,
H —28.0 +159.3 +285.5 +274.3
Me —30.2 +1574 +285.7 +275.1
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Table 24. —cont.

Nitrogen shielding
(ppm) referred to

Compound Solution or state neat nitromethane Notes
N/OH oSy
N "N N " solvent? )
R 7, ' AN
(E-isomer) (Z-isomer)
R =NOH N—R —N= NH,
H (Z) —409 +209.5 +174.3 +276.8
CH,Ph (Z) —-41.8 +209.7 +181.3 +270.5
(E) —452 +206.6 +177.8 +261.0
CN
¢
Me—@-SOZ——O—N// ™ CooMe —31.0 (=N—0) (qQ)
) +95.2 (CN) Q)
in CDCl,
e @
z
<, R R
COOR' — —— —
S 2N Me Et in DMSO —1712 (=N—0)
he Me H  inDMSO ~11.7 (=N—0)
NH, in DMSO/HCI ~5.9 (=N—0)
in CF,COOH +14.6
H Et in DMSO —20.7 (=N—0)
in DMSO/HCI —14.1 (=N—0)
RN
,C—NOH see Table 10
R
(amidoximes)
RN
,C—NOH see Table 10
R,N
(N-hydroxyguanidines)

(a) Data from ref. 574, *N-labelled samples, 30.4 MHz "N spectra, field parallel to sample
tube, referenced originally to liquid NH;, +381.9ppm from neat nitromethane (Table 2),
conversion scheme IIb (Table 1).

(b) Data from ref. 430, '*N-labelled compound, 9.12 MHz "N CPMAS spectra, referenced
originally to solid (NH,),S0,, +355.7 ppm from neat nitromethane (Table 2), uncorrected for
bulk susceptibility effects; dynamic nitrogen NMR spectra were observed in the solid, owing to
the prototropic tautomerization processes involving the NH and =N moieties.

(c) Data from ref. 548, 40.55 MHz *N spectra, field parallel to sample tube, referenced to neat
nitromethane, uncorrected for bulk susceptibility effects; (Cracac), added as a relaxation reagent.
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(d) Data from ref. 139, '*N-labelled imine, 25.33MHz !N spectra, inverse-gated proton
decoupling in order to suppress NOE, field parallel to sample tube, referenced to neat nitro-
methane, uncorrected for bulk susceptibility effects; the assignments imine vs its complex are
erroneously reversed in the original table in the paper quoted, but they are correct in the text
concerned; an INEPT spectrum, via 2/(NH), was taken in the case of the NHEt, ligand.

(¢) Data from ref. 796, 21.68 MHz'*N spectra, field parallel to sample tube, referenced
originally to NOj, probably in aqueous NaNO;, + 3.5 ppm from neat nitromethane (Table 2),
conversion scheme 1Ib (Table 1).

(f) Data from ref. 946, 30.4 MHz '*N INEPT spectra, field parallel to sample tube, referenced
originally to nitromethane containing 20% benzene-d,, ca. + 0.8 ppm from neat nitromethane,
as can be reckoned from Table 26, conversion scheme IIb (Table 1).

(g) Data from ref. 136, details as in footnote (f).

(h) Data from ref. 137, details as in footnote (f).

(i) Data from ref. 138, details as in footnote (f).

(j) Data from refs 329, 348, 408, 410 and 1175, "*N-labelled samples of retinal in bacterio-
rhodopsin in the purple membrane of Halobacterium halobium, 32.2 MHz "N MASS and static
powder spectra, referenced originally to 5.6 M aqueous NH,Cl, + 352.9ppm from neat nitro-
methane (Table 2), uncorrected for bulk susceptibility effects.

(k) Data from refs 1074 and 1176, 25.35 MHz "N spectra, field parallel to sample tube,
referenced originally to neat nitromethane, uncorrected for bulk susceptibility effects.

(1) Data from ref. 1020, 30.4 MHz "*N spectra, other details as in footnote (k).

(m) Data from ref. 108, 40.4 MHz '*N spectra, gated-decoupled for C=N, and INEPT for
C=NH", field parallel to sample tube, referenced originally to neat formamide, + 268.8 ppm
from neat nitromethane (Table 2), conversion scheme IVb (Table 1).

(n) Data from ref. 118, 36.5 MHz N spectra, other details as in footnote (k).

(o) Data from ref. 376, 1524 MHz'"N CPMAS spectra, referenced originally to solid
(NH,),SO,, +355.7 ppm (uncorrected) from neat nitromethane (Table 2).

(p) Data from ref. 657, '*N-labelled imino moiety, details as in footnote (t).

(q) Data from ref. 1036, 40.55 MHz'*N spectra, field parallel to sample tube, referenced
originally to neat nitromethane, uncorrected for bulk susceptibility effects; reported originally
vs fictitious ammonia standard taken at + 380.2 ppm from neat nitromethane (the latter value
actually comes from measurements where the field was perpendicular to sample tube, see Table
2).

(r) See ref. 5, p. 531, and references therein.

(s) Data from ref. 574, *N-labelled samples, 30.4 MHz '*N spectra, field parallel to sample
tube, referenced originally to liquid ammonia, + 381.9ppm from neat nitromethane (Table 2),
conversion scheme IIb (Table 1); solvent not reported.

(t) Data from ref. 657, '*N-labelled nitrone moiety, 21.7 MHz "*N spectra, field parallel to
sample tube, referenced originally to neat nitromethane via a calibrated sample of neat aniline,
uncorrected for bulk susceptibility effects; the solutions included, respectively, both the radical
and its hydroxylamino diamagnetic analogue.

(u) Data from ref. 330, 20.3 MHz "N CPMAS and static powder spectra, referenced originally
to NH; in'solid (NH,),NO,, + 359.6 ppm (uncorrected) from neat nitromethane (Table 2), but
reported vs fictitious ammonia standard taken at + 23.8 ppm from the reference employed; we
retrieved the original data, and carried out the recalculations as noted above.

(v) Data from ref. 815, 9.12 MHz "N spectra, field perpendicular to sample tube, referenced
to neat nitromethane, uncorrected for bulk susceptibility effects.

(w) Data from ref. 817, details as in footnote (v).

(x) "*N-labelled oxime moiety, see footnote (t).

(y) Data from ref. 797, 30.4 MHz 1N spectra, other details as in footnote (k).

(z) Data from ref. 805, 50.7 MHz "N spectra, field paraliel to sample tube, referenced to neat
nitromethane, uncorrected for bulk susceptibility effects.



Table 25. Nitrogen shielding in various sulphur-nitrogen compounds containing sulphur-nitrogen bonds

Nitrogen shielding (ppm) referred

Compound Solution or state to neat nitromethane Notes

Bu'—N=S=0 neat liquid +69 (a)

(sulphinylamine structure)

Ph—N=S=—0 neat liquid + 66 (a)
in CCl, +62.5 (b)

Substituted Ph-——NSO in CCl, (]

2-F +70.8

3-F +81.3

4-F +81.7

2,4-F, +84.6

2,6-F, +88.1

2,3,4,5,6-F; +89.6

2,3,5,6-F,-4-CF, +89.9

R'-—N\\S 4 N—R?

(sulphurdiimide structure)

R

o-tolyl in benzene +84.1 (©

p-tolyl in benzene +83.0 ()

2,4,6-Me,-phenyl in benzene +83.2 ©

Bu' ) in CDCl, +549 )

Me;Si neat liquid +61 (e
in CDCl, +54.2 (d)

Me,CISi in CDCl, +58.6 (d)

Me
N .
|: SB— in CDCl, + 89.5 (N=S) (d)
NT + 330.8 (NMe) (d)

g44M 'V 'O PUB JVINVALLS "1 ‘I)[SMONV.LIM W
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| S —_np2
R N\\S/./N R

(sulphurdiimide structure)
R! R?

Me,Si Bu'

Me;,Si Ph
Me, Si 2,4-Me,-phenyl

N7 Me
~N
| N/ B— Bu'
~
Me

OZN_Q_S\ /N—SiMc3
N=S§

neat liquid
in CDCl,
in CDCl,
in CDCl,

in CDCl,

in benzene

in D20

in benzene

in tetrahydrofuran

in benzene

NR! NR?
+58 +170
- +682
- +770
+67.7 +863
+66.5 +86.9
+330.8 (NMe)
+71 (SNS)
+ 100 (SNSi)
+12 (NO,)
+289
+260
+78 (SNS)

+145 (SNSO,)

+217

O)
(d)
(d)
C)

@
CY

(e)
(e)
(e)

(e)

@©

(e)
©

(e

AdOOSOY.LOHdS YN NIDOULIN
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Table 25. —cont.

Nitrogen shielding (ppm) referred

Compound Solution or state to neat nitromethane Notes
5
N
54 ) (2‘)\\S in CDCl, +327.0 (5-N) (f)
PN, N +205.8 (3,4-N) (f)
N S5 N \ +51.8 (1,2-N) (f)
4) (3)
\C 4
|
Ph
Cl N ! 0.25M in CCl, +263 ®
111 H (52 to —70°C)
S5 0.25M in SO, +259 (8
Cl
Cl\fN\ﬁ/Cl in CH,CI, (h)
Ng, (I:,N
R
R CNS SNS R
Me,N +211 +263 +211
Et,N +213 +240 +213
(i-Pr);N +205 +241 +220
CCl, +181 +248 -
t-Bu +191 +242 -
Ph +196 +237 -

1133
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N=S—N=R
N\S/

PPh,
P(cyclohexyl),
PPh, Me
P(o-tolyl),

Ph—C-N_ N

X 8N\
N NS

(exo) s’ N=R

R

PPh,
P(cyclohexyl),
PPh,Me
P(o-tolyl),

AsPh,

R=N,

S=N
Ph—CgN\\S><N
NS

(endo) S

PPh,
P(cyclohexyl),
PPh, Me
P(o-tolyl),

AsPh,

in CDCl,
(—40°C)

in CDCl,

(—40°C)

SNR CNS CNS SNS SNS

+275 +185 +222 +275 +142

+282

+282 +139

+274 + 188 +222 +276 + 144
+272 4190 +221 +279 +142

RNS CNS SNS
+303.8 +189.6 +2244
+320.8 +190.2 +223.9
+305.8 +190.6 +2254
+303.8 +191.7 +2234
+189.3 +227.3
+291.5 +187.4 +220.5
RNS CNS SNS
+311.2 +196.2 +214.5
+324.5 +195.7 +2134
+318.6 +197.1 +212.6
+308.3 +196.5, +214.7
41954
+308.4 +194.4 +204.9

®

@
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Table 25. —cont.

Nitrogen shielding (ppm) referred

Compound Solution or state to neat nitromethane Notes
R, Cr(CO)s
E\ I:;H in acetone )
N’
R
Bu' +259.7 (NH)
NH, +311.4 (NH)
+313.4 (NH,)
575
N\é,N in CH,Cl, x)
NR,
R CNS NR,
Me + 69 +318
Et +62 + 250
Pr' +59 +244
(SNS)*AeF; in SO, +91 o
(NS)*AeF, in SO, —202 ()]
N=S—F in benzene +115.5 (m)
in SO,(NS*F~9) —196 m
NSCl1 in SO,(NS*CI™7) —323 )]
[N(SCI),]* AeFg in SO, —19 1))
(HCSNSCH)™* AeF; in SO, +5 m

(433
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(H,CSNSCH,)* AeFy
—
(HZ(IZSNS(IJHZ)+AeF6‘
CH,—CH,

PPN* S;N-
PPN* S,N-
(Me,N),S* NSO~

K(18-crown-6)* NSO~
(Me,N),;S* SSNSO-
PPN* §;N,05

PPN* S;N,0"

PPN* S,N;

Ph,P* S;N;

PPN* S,N;0~

S,NH

S, N”

S;N-

in SO,
in SO,

in SO,

in MeCN
in MeCN
in MeCN

in tetrahydrofuran
in MeCN

in CH,Cl,

in CH,Cl,

in CHCl,

in CHCl,

in CH,Cl,

in THF (— 80°C)
in liquid NH,

in THF (4 25°C)
in liquid NH,

in THF (4 25°C)
in liquid NH,

in liquid NH,

— 134
+ 298

SNS

XNS

+27
+40
+27
+17

+173
+176
- 126
+101

—235 (S,N)
—106 (S,N)
— 139 (NSO)
+325 (NMe,)
—134

— 45 (SSNSO)
+165, +28
+155, +92
+232
+234

+276, +251, +225

+364
+364
+327
+324
—106
—107
—231

M
o

M

(n)
(n)
(n)
(n)
(n)
(n)
(n)
(n)
(n)
(n)
(n)
(o)
()]
(o)
(o)
(o)
(o)
(0)

AdOISOY.LIIdS NN NIDOULIN
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Table 25. —cont.

Nitrogen shielding (ppm) referred

Compound Solution or state to neat nitromethane Notes
S;Nj in liquid NH;, +230 (0)
S==N_ in liquid NH, + 148 (doublet) (0)
HN™=" =778 —9 (singlet) (o)
S.N,H, in liquid NH, +321.5 (o)

(a) Data from ref. 1177, 21.692 MHz “N spectra, field parallel to sample tube, referenced originally to aqueous ammonium chloride and reported
vs liquid ammonia, taken at + 380.2 ppm from neat nitromethane, conversion scheme IVd (Table 1).
(b) Data from refs. 574 and 1178, 30.414 MHz '*N spectra, field parallel to sample tube, referenced originally to liquid ammonia, +381.9 ppm from
neat nitromethane (Table 2), conversion scheme IIb (Table 1).
(c) Data from ref. 1179, 40.5 MHz'"*N spectra, field parallel to sample tube, referenced originally to neat nitromethane, uncorrected for bulk
susceptibility effects.
(d) Data from ref. 1046, 5.6 MHz'*N spectra, field perpendicular to sample tube, referenced to neat nitromethane, uncorrected for bulk
susceptibility effects.
(e) See footnote (a).
(f) Data from ref. 1180, 40.5 MHz *N spectra, other details as in footnote (b); originally, the molecule was labelled with '*N at 1,2-N and at 5-N,
but internal rearrangement led to the label scrambling over 3,4-N.
(g) Data from ref. 1181, 0.4-1.8 M solutions, 14.45 MHz N spectra, field parallel to sample tube, referenced originally to neat nitromethane,
uncorrected for bulk susceptibility effects.
(h) Data from ref. 1182, 28.915 MHz "N spectra, other details as in footnote (g).
(i) Data from ref. 908, 99% '"N-labelling, 40.5 MHz '°N spectra, other details as in footnote (b).
(j) Data from refs 152 and 227, 30.4 MHz "N INEPT spectra, and 200 MHz 'H{"*N} 2-D inverse COSY, field parallel to sample tube, referenced
" to nitromethane containing 10% benzene-dg, ca. +0.4ppm from neat nitromethane (estimated from data in Table 26), conversion scheme IIb
(Table 1).
(k) See footnote (h).
(1) See footnote (g).
(m) Data from ref. 1183, "*N spectrum, referenced originally to neat nitromethane, uncorrected for bulk susceptibility effects, spectrometer not
reported.
(n) Data from ref. 1184, 28.915 MHz "*N spectra, other details as in footnote (g).
(o) Data from refs. 809 and 810, 36.14 MHz "N spectra and 50.7 MHz '*N spectra, field parallel to sample tube referenced originally to neat
nitromethane, uncorrected for bulk susceptibility effects.
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Table 26. Nitrogen shieldings in some nitro compounds, nitramines, nitrates and related structures

Nitrogen shielding
(ppm) referred to neat

Compound Solution or state nitromethane Notes
MeNO, 0.05M™ in cyclohexane +8.50 (@)
(nitromethane) 0.3min CCl, +7.10 (b)
0.3M in benzene +4.38 (b)
0.3M in Et,O +3.91 (b)
0.3M in CHCI;4 +3.79 (b)
0.3M in CH,Cl, +3.21 (b)
0.3M in EtOH +2.70 (b)
0.3M in MeOH +2.01 (b)
0.3 M in dioxane +1.82 (b)
0.3M in CF;CH,0OH +0.88 (a)
0.3M in acetone +0.77 (b)
0.3M in MeCN +0.20 (b)
neat liquid 0.00 )
0.08m in H,0 —1.98 (b)
0.3M in DMSO —-2.01 (b)
BCH,NO, in nitromethane —0.019 (B)
CD,;NO, in nitromethane —0.038 (B)
MeONO, 0.2M in n-hexane +42.21 (d)
(methyl nitrate) 0.2m in CCl, +41.94 (@
0.2M in Et,O +40.46 )
0.2M in benzene +40.43 (d)
0.2M in CHCl, +39.99 (d)
0.2mM in CH,Cl, +39.19 (d)
0.2Mm in dioxane +38.95 (d)
0.2M in acetone +38.41 (d)
0.2M in MeOH +38.39 d)
0.2Mm in CF,CH,0H + 38.08 d)

Ad0OOSOY.LIddS YAN NIOOULIN
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Table 26. —cont.

Nitrogen shielding
(ppm) referred to neat

Compound Solution or state nitromethane Notes
0.2Mm in glycol + 38.06 d)
0.2m in DMSO +37.14 d)
EtNO, various —11.4to —4.1 (b)
Pr"NO, various —10.1to —3.8 (b)
PrNO, various —19.5t0 —14.7 (b)
Bu'NO, various —282to —21.8 (b)
CHZ (NOZ )2 10% in CHCl3 <+ 25.1 (e)
CH(NO,), 10% in CHCl, +38.2 (e
C(NO,), neat liquid +46.6 (b)
10% in CHC, +48.1 (e
CF(NO,), 10% in CHCI, +40.2 (e
(NOz)JC—C(N02)3 10% in CHC13 +47.0 (e)
(NO,),CF—CF(NO,), 10% in CHCl, +37.8 (e)
(NO,),0,CCI—CCI(NO,), 10% in CHCI, +322 (e)
MeCF(NO,), 10% in CHCl, +17.0 (e
hexanitrobenzene 10% in CH,Cl, +39.9 (e)
pentanitrobenzene 10% in CH,Cl, +35.5, +33.0, +32.8 (e)
pentanitrotoluene 10% in CH,Cl, +35.3, +34.2, +37.5 (e)
3-NH,-4-NO,-furazan 10% in acetone +32.4 (NO,) (e)
3-( p-chlorophenyl)-
4-NO,-furazan 10% in CHCl, +34.3 (e)
3-Me-4-NO,-furoxan in DMSO +31.8 (NO,) (D)
3-NO,-4-Me-furoxan in DMSO +35.1 (NO,) (D)
3,5-dinitro-isoxazole 10% in CHCl, +34.7, +39.2 (e)
3-C(NQ,), Me-4-nitro-
5-Me-isoxazole in DMSO +25.1 (4-NO,) (D)
+ 15.9 (other) (D)

9¢¢
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4.4’-dinitro-3,3’-bis-furazan
same, '*C-labelled at 4,4’

4,4'-dinitro-
5,5'-bis-isoxazole

4,4’-dinitro-3,3’-dimethyl-

S5,5’-bis-isoxazole

N-Me-tetranitropyrrole

PhNO,
(nitrobenzene)

R
O,N NO,

NO,

R

H

Me

OH

OMe

OPh
p-nitrophenoxy
p-bromophenoxy
p-Bu’-phenoxy
NH,

NHMe

NMe,
NH(cyclohexyl)
NHPh

NH( p-CN-phenyl)

10% in CHCI,
10% in CHCl,

in DMSO

in DMSO
10% in CH,Cl,

various
solvents

10-20% in DMSO

+39.4

+39.6

+24.1 (NO,)

+26.7 (NO,)

+39.3 (NO,)

+95to +122
N-2,6 N-4
+18.7 +18.7
+12.7 +183
+11.8 +146
+180 +189
+20.2 +19.6
+21.3  +198
+204 +194
+198 +19.2
+144 4168
+13.2  +16.7
+126 +17.7
+128 +174
+157 +17.7
+158 +179

e
(e)

(D)

(D)
(e)

(b)

()
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Table 26. —cont.

Nitrogen shielding
(ppm) referred to neat

Compound Solution or state nitromethane Notes

NH( p-OMe-phenyl) +153 +174

COOH +183 +20.0

COOMe +204 +208

COodCl +18.6 +20.1

Cl, +19.2 +204

SO; +122  +189

NO,

in CF,SO;H, +5.1 (2

oC

HO_ : _OH

in CF,SO,H, +33.8 ®
—20°C

0-N N

\@ S—r in MeOH (h)
NH

86¢
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NMe,
NH,
OEt
Me
Et

Cl
COMe

H OMe
SMe H
SO, Me H

02 N_CHZ_CHZ_COOH

16 0\\_‘-'/'6 o
I

in DMSO
in CHCI,
in CHCI,
in CHCI,
in DMSO

in H,0(?)

(NO,)

+8.8
+8.2
+9.3
+9.7
+9.8
+9.8
+10.6
+10.5
+113
+11.7

(NO;)

+16.7
+19.3
+18.8
+19.2
+18.1

—3.30

®

)

AdODSOYLIddS YNN NIDOULIN
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Table 26. —cont.

Nitrogen shielding
(ppm) referred to neat

Compound Solution or state nitromethane Notes
18 [
Ny ° —3.22
I
"ox® ~3.16
l
Ph . in FSO,H/SO,CIF
,C—NO, —78°C +18.3 k)
Ph
O,N
"N o 1))
R
R' R? (NO,)
Me p-tolyl in CF;COOH + 389 (Z)
in DMSO —0.8 (E)
H Me in CF,COOH +34.0
in DMSO +0.2 (E)
Me 4-Me-2-pyridyl in CF;COOH +4.1(E), +43(Z)
in DMSO —22(E), —17.2(Z)
Me 2-pyrimidyl in CF;COOH +4.1, +3.6 (E, Z)
in DMSO —25(E)

09¢
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N-Me-2-NO-4-NO,-aniline in DMSO +12.0 (NO,) (m)

3,3'-(NO,),-4,4’-(NHMe), - in DMSO +9.8, +11.4 (NO,) (m)
azoxybenzene
N-Me-2-NO-4,6-dinitroaniline in CDCl, +16.3 (4-NO,) (n)

+14.5 (6-NO,)

H H
0.N_ >¢cZ _NO,

. (NMe " in DMSO +8.5 (2,6-N) (0)
+17.7 4-N)

AdOISOULDIdS YINN NIOOULIN

NO,
[0]
Cl Cl
[ in CDCl, —-35 )
C
Me/ \N07
HZN\C/
N CSN in liquid NH, @
! ; R=H +31.2 (NO,)
R R = OMe +31.2 (NO,)
NO,
H>;N R
ZN_C/ NO, in liquid NH, @
L [ R=H +47.2 (NO,)
N R = SMe +18.2 (NO,)
) R = SO,Me +11.2 (NO)

19¢



Table 26. —cont.

Nitrogen shielding

(ppm) referred to neat

Compound Solution or state nitromethane Notes
NMe3
Me Me
U in 70-80% H,SO, —7to +3 (NO,) ()
Me” “NO
6
4
N in acetone-d; +450 (2-N) )
0,NO 0 +449 (3-N) )
@ ono, M +45.6 (4-N) ()
@ +39.6 (6-N) (s)
(methyl-§-p-glucopyranoside tetranitrate)
(6B)
(4B) CH,0ONO, in acetone-d, +50.8 (1A-N) (s)
0,NO o . +47.4 (2A-N) (s)
O,NO CHLONO +45.0 3A-N) )
38) oNO, O 2 +40.6 (6A-N) (s)
(2B) 0,NO (1A) +46.5 (2B-N) (s)
34 ono.ONC2 +45.8 (3B-N) (s)
2a) +46.5 (4B-N) (s)
+40.1 (6B-N) (s)
(B-cellobiose octanitrate)
HONO, neat liquid +42.5 (t)

9¢
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HNO,/H,0

HNO,/H,S0,/H,0

HNO, /Bu,PO,

N,0,/HNO,
KNO,, NaNO,
(Bu,N™),_;L(NO;),

L x

La
Lu
Ce

Pr
Nd

Sm
Eu
Tb
Dy
Ho
Er

Tm
Yb

(S R RV RV R RV RV RV RV e W I WV, N NV, - N

3Min Hzo
5Min H,0
10M in H,0
(see also Table 2)
in 3m H,S0O,
in 14M H,SO,
in 24m H,SO,

0.5-3.5Mm in Bu; PO,
0.1-2M in
Bu,PO,/CClL(1:1)
liquid

0.3min H,O

in CH,Cl,

(in acetone, Pr,N*)
(in acetone, Pr,N*)

(in acetone, Pr,N*)

+5
+18
+38

+5.5
+23
+43

+26 to +37
+32to +38

+46.5 to +49.7
+3.5

NO,

+10
+10
+33
+40
+85
+ 100
+ 105
+ 126
+25
—162
—378
—267
—130
-50
—46
-2

()
(v)
W)

(v
(w)
()

™

W
W)
®

()

Ad0OOSOY.LOAdS YIAN NIOOULIN

£9¢t



Table 26. —cont.

Nitrogen shielding
(ppm) referred to neat

Compound Solution or state nitromethane Notes
UO,(NO,), - 2TBP in DEHPA + TBP + +83to +9.5 )
benzene
UO,(NO,)A - TBP in DEHPA + +103 to +10.8 )
TBP + hexane
TBP(HNO,) - xA in DEHPA + +31.8 to +36.8 )
TBP + benzene
[(H,0), Lu(NO,),]* in Hzl(l)s—:léetone—Freon-IZ at +39 (&)
[(H,0),Lu(NO,)}* in H,O-acetone-Freon-12 at +4.4 ©)
—115°C
Sn(NO,), in MeCN +28 (E)
in CF,COOH +55 (E)
in (CF,CO0),0 +82 (E)
ON NO
I\N’\N’3 : in DMSO +27.8 (NO,) @
cLL? +198.3 (3-N, anti) @)
oN ‘o +196.6 (3-N, syn) @)
TSNS in DMSO +28.7 (NO,) @
+200.6 (N) @
O o~y in DMSO +29.3 (1-NO,) @
M |\)\(3) +30.3 (3-NO,) (2)
Me +201.4 (1-N) €4
+191.6 3-N) (2)
. . in DMSO +31.2 (NO,) (2)
O N 42053 (N) )

1223
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ON_ . NO2 in DMSO +31.0 (1-NO,) @)

N* N
n\_{ @ +31.9 (3-NO,) (z)
N 1:4:: +206.8 (1-N) (2)
+195.5 3-N) 2)
0,N—N—CH,—N—NO, in DMSO +31.0 (NO,) @
(CHY] +197.3 (N) )
N-nitroguanidine solid state +12 (NO,) A)
in DMSO + 10 (NO,) (A)
in dimethylformamide +11 (NO,) (A)

(a) Data from ref. 81, high-precision '*N spectra, 36.14 MHz, referenced to neat nitromethane, field parallel to sample tube, lineshape fitting,
corrected for bulk susceptibility effects.

(b) See ref. 31; ref. S, p. 223; ref. 4, p. 385; and references therein.

(c) Arbitrary standard, see also ref. 5, pp. 17-30.

(d) Data from ref. 88, high-precision ¥N spectra, 4.33 MHz, references to neat nitromethane, + 35°C + 0.3, lineshape fitting, differential saturation
CW technique, concentric spherical sample/reference containers in order to eliminate bulk susceptibility effects.

(¢) Data from ref. 859 and 1185, 6.5 MHz "*N spectra, field perpendicular to sample tube, referenced originally to liquid 10% nitromethane in
CHCl,, + 3.8 ppm from neat nitromethane (Table 2), conversion scheme Ila (Table 1).

(f) Data from refs 360 and 1186, '*N spectra, 10.095 MHz, field perpendicular to sample tube, Cr(acac), added as a relaxation reagent, referenced
to neat nitromethane, uncorrected for bulk susceptibility effects.

(g) Data from ref. 836, '*N spectra, 99% "N label, 10.095 MHz, field perpendicular to sample tube, referenced originally to liquid NH;, + 381.9 ppm
from nitromethane (Table 2), conversion scheme Ila (Table 1).

(h) Data from ref. 273, 'H{'*N} INDOR spectra, '*N-labelled NO,, 80 MHz, field perpendicular to sample tube, referenced to neat nitromethane,
uncorrected for bulk susceptibility. ]

(i) Data from ref. 162, *N spectra, 30.4 MHz, field parallel to sample tube, referenced originally to MeNO, in MeOH (+ 1.97 ppm from neat
nitromethane) and recalculated to the latter reference, uncorrected for bulk susceptibility.

(j) Data from ref. 164, ’N spectra, "*N and "0 labels, DEPT sequence, field parallel to sample tube, referenced to neat nitromethane, uncorrected
for bulk susceptibility, solvent not specified.

(k) Data from ref. 1187, '*N spectra, 5% '*N label, 8.1 MHz, field perpendicular to sample tube, referenced originally to liquid NH,, conversion
to neat nitromethane as in footnote (g).

(1) Data from ref. 766, N DEPT spectra, 40.5 MHz, field parallel to sample tube, referred to nitromethane with 10% benzene-dg, ca. + 0.8 ppm
from neat nitromethane (Table 2), conversion scheme IIb (Table 1).

(m) Data from ref. 1062, 30.405 MHz '*N spectra, other details as in footnote (f).

(n) Data from ref. 360, details as in footnote (f).

Ad0OS0Y.LOddS YWN NIDOYULIN
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Table 26. —cont.

(o) Data from ref. 862, "*N spectrum, 10.095.MHz, referred to neat nitromethane, uncorrected for bulk susceptibility.

(p) Data from ref. 1188, '*N spectrum, spectrometer not specified, referenced to 8M HNO,, ca. + 14.5ppm from neat nitromethane (Table 2),
conversion scheme II (Table 1).

(q) Data from ref. 162, see footnote (i).

(r) Data from refs 484 and 486, "N CINDP spectra, 9.1 MHz, referenced to internal PhNMe; , ca. + 327 ppm from neat nitromethane, as can be
reckoned from the position of the resonance of HONO,, which should appear at ca. + 43 ppm from nitromethane under the experimental conditions
involved (Table 2).

(s) Data from ref. 1189, 30 and 20 MHz '*N{'H} COSY spectra, field parallel to sample tube, referenced originally to 1M NH,Cl in 10M HCI,
+ 349.9 ppm from neat nitromethane (Table 2), conversion scheme IIb (Table 1).

(1) See Table 2.

(u) Data from ref. 1190, 7.2 MHz "N spectra, field perpendicular to sample tube, referenced originally to aqueous KNO;, + 3.5ppm from neat
nitromethane (Table 2), conversion scheme Ila (Table 1).

(v) Data from ref. 742, 6.5 MHz “N spectra, field perpendicular to sample tube referenced originally to aqueous KNO;, +3.5ppm from
nitromethane (Table 2), conversion scheme Ila (Table 1).

(w) Data from ref. 743, 30.4 MHz "*N specitra, field paralle]l to sample tube, referenced to neat nitromethane, uncorrected for bulk susceptibility.

(x) Data from ref. 491, 5.74 MHz '“N specitra, referenced originally to internal nitrobenzene (10% + 10% TMS in CH,Cl,), ca. + 10ppm from
neat nitromethane, low-precision measurements, + 2 ppm.

(y) Data from refs 1191 and 1192, 9.1 MHz "N spectra, field perpendicular to sample tube, '*N-labelled NOj; , referenced originally to aqueous
NaNO,, + 3.5ppm from nitromethane, conversion scheme Ila (Table 1); see also ref. 1193, 6.5 MHz "“N spectrum, referenced to aqueous KNO,,
conversion as above. The abbreviations employed are DEHPA = HA = bis(2-ethylhexyl) phosphoric acid, A = its anion, TBP = tributyl
phosphate.

(z) Data from ref. 373, 20.3 MHz "*N spectra, referenced originally to internal nitromethane, but reported relative to liquid NH, (with an assumed
conversion constant of 380.2 ppm); this is erroneous, since the latter value is referred to neat nitromethane, and contains bulk susceptibility effects
for a field which is perpendicular to sample tube; the actual value of the nitrogen shielding for nitromethane in DMSO (— 2.0 ppm from neat
nitromethane, this table) was used here for conversion.

(A) Data from ref. 414, 20.272 MHz "N CPMAS and solution spectra, referenced to NO; in solid and aqueous NH,NO,, + 5.0 and + 4.0 ppm,
respectively, from neat nitromethane (Table 2); conversion scheme IIb (Table 1).

(B) Data from ref. 495, '"N-labelled nitromethane isotopomers, 30.4 MHz "N spectra referenced to internal 2CH,'*NO,.

(C) Data from ref. 1194, '’N-labelled nitrate, 40.561 MHz '*N spectra, referenced originally to internal NaNQ,, 3.5 ppm from neat nitromethane
(Table 2).

(D) Data from ref. 844, 30.4 MHz "N spectra and 21.7 MHz *N spectra, field parallel to sample tube, referenced originally to neat nitromethane,
uncorrected for bulk susceptibility effects.

(E) Data from ref. 1195, 7.2 MHz "N spectra, field perpendicular to sample tube, referenced originally to NO; in aqueous NH,NO;, +4.0 ppm
from neat nitromethane (Table 2), conversion scheme Ia (Table 1).

99¢
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NITROGEN NMR SPECTROSCOPY 367

Table 27. Nitrogen shieldings in diazo compounds, diazonium salts and diazoates

Nitrogen shielding (ppm)
Compound Solution or state referred to neat nitromethane  Notes
Diazo structures (=It1=) (=N7)
R,C=N*=N-" various +75t0 +155 —60to +66 (a)
H,C=N*=N~ in CD;0D +92.6 —14.0 ()]
MeCH=N*=N~ in CD,0D +176.5 —-454 (b)
EtCH=N*=N" in CD,0D +78.1 —-470 (b)
Me00§>C=N+=N‘ in CDCl, +113.6 0.0 ©
Diazonium salts (—ItI—E) (=N)
R—N=N X- various +8210 +191 +32to +166 (d)
@— N=N PFg in acetone +149.7 +66.9 (e)
in acetone +
[18-crown-6] +155.8 +634 (e)
R—©—§EN BF; 0.05M in MeCN
(if not stated othe}r'wise)
R —N=) =N)
NMe, +1333 +33.1 (¥
OMe +145.9 +57.2 [(3(3]
(0.5m in 0.Im HCI) - +57.9 ®
Me +147.8 +63.2 (f)
H +148.2 +65.2 )
F +149.9 +63.3 (3]
Cl +149.7 +62.7 '(¥)
Br +149.2 +622 (3]
I +148.5 +61.6 )
CN +1513 +64.9 ()
NO, +1514 +64.3 )
+65.2 ®
(+ I'M 18-crown-6) - +62.9 (®)
(0.1m 0.05M 18-crown-6) - - +64.6 ()
NMe; CI (in MeCNJH,0,4:1) ~ +151.7 +65.4 ®
SO,H (0.11m in 0.1M HCI) - +66.9 ®
i —
MeO—N=N in SO,F,/meF, —100°C +158.5 +293.4 (h)
Ph—N=N in SO,F,/MeF, —100°C + 156.4 +63.4 (h)
F—N=N, in SO,F,/McF, —100°C +166.1 +191.2 (h)
MeNH—N=N in SO,F,/MeF, —100°C - +166.3 (h)
Diazotates (diazoates) (—N=) (=N—0)
R—N=N—O" various —6to +18 —148to —187 (i)
(syn, anti)
Me\

N= N\OH in CD,0D +33.8 —187.2 §)]
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Table 27. —cont.

Nitrogen shielding (ppm)

Compound Solution or state referred to neat nitromethane  Notes
Me\ .
N=N_ in CD,0OD +18.8 —182.9 )
oK'
Ph,
N=N\OH in DMSO +9.5 —1735 )
Ph_ .
N=N_ in DMSO +10.0 —158.7 )]
oK'
ey inDMSO +71.4 —113.2 G)
Ph K
Semn © in DMSO +30.1 —119.9 G)

(a) See ref. 5, p. 560, and references therein.

(b) Data from ref. 837, see Table 29, footnote (s).

(c) Data from ref. 1074, 25.3¢ MHz "*N spectra, field parallel to sample tube, referenced to
neat nitromethane, uncorrected for bulk susceptibility effects; Cr(acac), added as a relaxation
reagent.

(d) See ref. 5, p. 561, and references therein.

(e) Data from ref. 900, 36.4 MHz and 18.2 MHz *N spectra, field parallel to sample tube,
referenced to neat nitromethane, uncorrected for bulk susceptibility effects.

(f) Data from refs 75 and 482, "N doubly labelled benzenediazonium ions, 9.12MHz *N
CINDP spectra, field perpendicular to sample tube; 0.05M or 0.1 M pyrene was present in the
solutions, irradiated with a high-pressure mercury lamp; enhanced absorption was observed for
the '*N signals of the diazonium ions, while emission signals of N, appeared in the spectra; the
latter signals were calibrated (+ 70.3 ppm) against neat nitromethane, uncorrected for bulk
susceptibility effects.

(g) Data from ref. 1196, '*N singly labelled ions, '*N spectra, referenced to neat nitromethane,
uncorrected for bulk susceptibility effects, spectrometer not reported, field was probably parallel
to sample tube.

(h) Data from ref. 896, '*N-labelled ions, 8.1 MHz '*N spectra, field perpendicular to sample
tube, reference not given, probably liquid ammonia at + 380.2 ppm from neat nitromethane,
uncorrected for bulk susceptibility effects.

(i) See Table 29, footnote (s) therein; see also ref. 5, p. 561, and references therein.

(j) See footnote (b).



Table 28. Nitrogen shieldings in azo, azoxy and azodioxy compounds, diazenes, triazenes, and tetrazenes

Nitrogen shielding (ppm) referred to

Compound Solution or state neat nitromethane Notes
Azo structures
R\ R ~R :
N=N N=N various —165to —80 (a)
R (R = aryl)
trans cis
Protonated forms of
azoarenes in FSO;H —76t0 —6 (a)
Azoarenes in equilibria with
hydrazone tautomers various see Table 9
But 0.5M in CHCl, —151.33 (b)
SN=N_ 0.3M in MeOH —151.60 (b)
But 0.2Mm in acetone —-151.73 (b)
0.2M in n-hexane —152.07 (b)
neat liquid —152.65 (b)
0.3Mm in CCl, — 15291 (b)
1.0M in CF;CH,0H - 159.0 (b)
Ph_ various solvents —130 to — 128 (a)
N=NGen solid, +21°C + 127, — 126 isotropic ()
—650, —621 (o)) ©
=7, =16 (6n) ©
+275, + 259 (03) (©)
Ph\N:N _Ph various solvents —151 to — 146 (a)
®)
P~ N=N solid (d)

AdOISOULOIdS YAN NIDOYLIN
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Table 28. —cont.

Nitrogen shielding (ppm) referred to

Compound Solution or state neat nitromethane Notes
R
4-OH +32°C —-957, —68.7 (N-o)
—1144, —80.5 (N-p)
2-OH-4-Bu' +33°C —65.3 (N-a)
-129.9 (N-8)
+ 50°C —65.6 (N-a)
—129.9 (N-8)
4-NMe, +29°C —-117.0 (N-§)

N No
@ SN in CDCl, ~154.7 ©
N

——» hydrazone in DMSO 6
tautomer ©+27°C —44.1 (N-a)
(@ ’\\sl ® —118.1 (N-8)
- —48.2 (N-a)

HaN Oo 50 +87°C —1214 (N-B)

(>95% azo form)
OH

0Lt
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\©\(B) OH

N=N
(@)

R' R* PR’

H
Me Br H
Me H H
Me Me H
NO, NO, H

H Br NHCOMe

Me Br NHCOMe

H H OH
Me H OH
Me Me OH

azo structures in tautomeric
equilibria with hydrazones

in CDCl,

(ca. 100% azo form)

in CDCl,

—63.9 (N-a)

—122.6 (N-p)

N-« N-8 NEt,
—93.1 —116.6 +295.9
—90.6 —1159 +295.2
—-93.0 —112.3 +296.8
—-96.0 —109.6 +297.7

—127.6 —542 42827

(+13.9; +169, NO,)

—63.8 —103.6 +289.3

(+253.4, NHCOMe)

—-514 — 1146 +296.1

(+251.5, NHCOMe)

—59.3 —1123 +287.8

(+251.9, NHCOMe)
+23.7 -81.3 +2854
+11.7 —842 4+286.9

? —71.8 +286.0

see Table 9

(®
(g)

(b
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Table 28. —cont.

Nitrogen shielding (ppm) referred to

Compound Solution or state neat nitromethane Notes
R Cc=0
4 AY
'y W IH
N C-N
o) Ph
o}
\ / . .
o\ in CDCl, @)

Cyanodiazo structures

R
B
N=N—CN
(o)

(=N—Co) (=N)  (NHPh)

? —479 +249.1
+113.7 —46.3 +247.8
in CDCl, —8.8 (=N—Li)

in CDCl,

Q)

[4%3
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4-OMe syn

anti
4-Cl syn
anti
4-Br syn
anti
4-NO, syn
anti
3-Me syn

anti

Hydroxy-azo structures
R—N=N—OH
and corresponding anions

Azoxy structures

Ph\N:N various
o¥ e in SO,, —80°C
(monoprotonated) in FSO,H/SO,
(diprotonated) in SbF;/FSO;H/SO,
CoFs.

o s in SO,, —80°C
(monoprotonated) in FSO,H/SO,
(diprotonated) in SbF,/FSO,H/SO,

N-a N-8 CN
—-1625 —121 -
—-2032 -533 -
—179.6 —488 +105.3
—-2157 —81.3 +123.1
—183.0 —545 +100.9
—218.1 —84.0 +119.6
—187.1 —-72.8 -
—2225 -—-1042 -
—186.1 —49.1 +106.0
—2208 —78.1 +1254

see Tables 27 and 29

+57t0 +64
+34to +52
+ 67
+ 50
+53
+53
+209
+ 169

+76
+63
+65
+65
+176
+ 165

(k)

(k)
(k)
M
M
(k)

9]
(k)

(m)
(m)
()
)
()
()
(n)
(o)

()
()
(n)
(n)
(n)
(n)
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Table 28. —cont.

Nitrogen shielding (ppm) referred to

Compound Solution or state neat nitromethane Notes
R
o in DMSO (0)
A
N=N
\
Ph
R
H +57.3 (NO)
+52.1 N)
OMe +64.0 (NO)
+54.5 (N)
Me +59.7 (NO)
+52.8 N)
cl + 56.5 (NO)
+56.3 N)
CF; +52.3 (NO)
+54.5 )
COMe +53.2 (NO)
+53.2 N)
CN +51.8 (NO)
+55.0 M)
NO, +50.8 (NO)
+55.6 N)
R'_
N=
o* g

R'=R’=2,4-F,-phenyl in SO, () +65.0 (NO) )

pLE
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R'=R?=2,3,5,6-F,-phenyl

R'=R*=C,F,

R'=2-NHMe-5-NO,-phenyl
R?>=2-NH,-5-NO,-phenyl

Azodioxy structures (nitroso dimers)

But (o]

~ P 4
N=N

V' ~N

o But

Diazene structure
R,N*=N~-

Triazene structure (amino-azo type)

R—N=N—NR,

in SO, ()

in SO, (?)

in DMSO

in n-hexane
0.5m
20Mm
in CC14
0.5m
2.0m
in MeOH
0.5m
1.5m
in DMSO, 1.0Mm

in solution

various

in CDCl,
25% viw

+55.9 (=N—)
+66.0 (NO)
+53.9 (=N—)
+76.0 (NO)
+62.7 (=N—)
+60.1 (NO)
+56.5 (=N—)
+65.5

+64.7

+67.6

+64.1

+63.4

+61.7

+54.7

ca. + 60 (N*)

ca. —530 (N7)

R—N= =N— NR,
—29to —72to + 169 to
+ 38 -31 + 225

(0

®

®

®

(s)
®

®
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Table 28. —cont.

Nitrogen shielding (ppm) referred to

Compound Solution or state neat nitromethane Notes
R
H (60% w/v)* +5.2 —61.5 +205.8
+6.7 —60.2 +207.4
(3%w/v) +5.7 —62.4 +205.4
4-OMe +6.2 —55.6 +210.0
4-Me +6.0 —58.6 +208.7
4-F +9.3 —59.7 +207.5
4-Br +11.0 —~61.2 +205.6
(3%w/v)* +9.7 —62.6 -
3-Br +11.5 —62.5 +204.2
4-CF, +13.0 —64.3 +203.4
4-SO,Me +154 —66.5 +199.5
3-NO, +16.2 —64.5 +201.5
4-NO, +16.5 —67.8 +198.4
(3%w/v) +17.1 —67.9 -
(3%w/v)* - —68.3 -
R
0.4M in DMSO (u)
N=N—NMe, + Cr(acac),
R
H +23.5 —-71.2 +2222
4-OMe +20.8 —68.4 +226.2
4-Me +21.7 —70.1 +224.3
4-Cl +29.0 —-71.2 +219.8
4-CONH, +28.8 —72.6 +218.2

(+ 276.2, amide)

9LE
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4-COOH
4-COOMe
4-COOEt
4-CF
4-SO,NH,

4-50,Me
4-NO,

3-CONH,

3-COOH
3-COOMe
3,5<(CF3),
3-F4-COOH
2-COHN,

2-CONH,

2-COOH
2-F-4-COOH

(fully deuteriated Me)

RI
4
HzNOC—©—N=N—N
\R2

RI

0.4M in DMSO
+ Cr(acac),

RZ

Me
Me
Me
Me
Me

Me
Et
Pr
i-Pr
t-Bu

+304 —173.3 +215.7
+314 —173.5 +2149
+31.3 —-734 +214.9
+324 —173.6 +215.2
+32.2 —73.3 +215.2
(+ 282.0, sulphonamide)
+34.5 —74.2 +212.8
+37.3 —750 +208.6
(+ 7.2, nitro group)
+26.6 —71.8 +220.4
(+275.0, amide)
+28.2 -71.8 +218.8
+29.2 -71.7 +218.8
+40.0 -734 +211.3
+35.9 -74.3 +212.0
+43.9 —68.2 +2129
(+267.2, amide)
+44.3 —68.3 +2124
(+267.2, amide)
+ 68.6 —61.8 +205.4
+46.2 -73.4 +210.2
R—N= =N— NR, CONH,
+28.8 —72.6 +2182 +276.2
+29.5 —71.5 +205.1 +276.2
+293 —72.1 +206.2 +276.2
+309 —70.8 +196.3 +276.2
+31.5 —72.6 +189.7 +276.2

(W)
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Table 28. —cont.

Nitrogen shielding (ppm) referred to

Compound Solution or state neat nitromethane Notes

Me (CH,),, +29.7 —72.0 +207.1 +276.2

Me CH,Ph +254 —728 +207.0 42759

Et Et +31.6 —70.0 +193.4 +2763

i-Pr i-Pr +33.7 —68.6 +178.0 +276.3

Me CH,CH,0H +294 —72.8 42094 +276.1

Me CH,CF, +11.6 —752 42254 +2755

Me CH,0H +20.2 —745 +1953 +2758

Et CH,0H +266 —71.2 +191.0 +276.0

Me COMe —254 739 +166.2 +274.7

Me OMe —-22 -769 +150.7 +273.5

Triazene structure (imino-azo type)

R,C=N—N=N—R various —87to —22 (C=N) (s)
—122t0 —40 (—N=) (s)

+81to +92 (=N—R) (s)

Tetrazene structure

R,N—N=N—NR, in solution ca. —35 (N=N) (s)
ca. +220 (NR,) (s)

(a) See ref. 5, pp. 563-569, and references therein.

(b) Data from ref. 31, 4.33 MHz high-precision '“N spectra, + 35 + 0.3°C, concentric spherical sample-reference containers in order to eliminate
bulk susceptibility effects, Lorentzian lineshape fitting, neat nitromethane as reference.

(c) Data from ref. 332, !N double label, 20.29 MHz '*N MAS and powder spectra, references to NH} in aqueous NH,NO,, but reported vs liquid
ammonia standard taken at + 23.8 ppm from the standard employed; in recalculation according to scheme II (Table 1), we retrieved the experimental
values and then used the shielding value of + 359.6 ppm for the actual reference with respect to neat nitromethane (Table 2); there are two
non-equivalent sites of the molecule within the crystal lattice.

(d) Data from ref. 412, 20.28 MHz'"N CPMAS spectra, referenced to solid NH,Cl, but reported vs neat nitromethane by using a conversion
constant (+ 352.5 ppm) which pertains to aqueous NH,CI; this is erroneous, since the shielding for solid NH,Cl is + 341.0 ppm (uncorrected) with

8LE
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respect to neat nitromethane (Table 2). We retrieved the experimental values and recalculated the latter using the proper constant. The 4-OH derivative

shows two non-equivalent positions within the crystal lattice.

() Data from ref. 1197, 20.3 MHz '*N spectra, field parallel to sample tube, referenced to neat nitromethane, uncorrected for butk susceptibility
effects.

(f) Data from ref. 722, '*N doubly labelled azo moiety, 10.095 MHz '*N spectra, field perpendicular to sample tube, referenced to neat nitromethane,
uncorrected for bulk susceptibility effects.

(g) Data from ref. 728, 40.55 MHz '°N spectra, field parallel to sample tube, referenced originally to neat nitromethane, uncorrected for bulk
susceptibility effects.

(h) Data from ref. 548, 40.55 MHz N spectra, field parallel to sample tube, referenced to neat nitromethane, uncorrected for bulk susceptibility
effects; Cr(acac), added as a relaxation reagent.

(i) Data from ref. 587, details as in footnote (f).

(j) Data from ref. 586, '*N-monolabelled sample, 20.3 MHz '*N spectrum, other details as in footnote (g).

(k) Data from ref. 854, 20.28 MHz '*N spectra, field parallel to sample tube, referenced originally to liquid NH;, +381.9ppm from neat
nitromethane (Table 2), conversion scheme IIb (Table 1).

(1) Data from ref. 893, 9.1 MHz '*N spectra, field perpendicular to sample tube, referenced originally to neat nitromethane, uncorrected for bulk
susceptibility effects; originally reported vs liquid ammonia taken at + 380.2 ppm from neat nitromethane.

(m) See ref. 5, p. 568, and references therein.

(n) Data from ref. 897, 30.414 MHz *N spectra, field parallel to sample tube, referencing as in footnote (k).

(o) Data from ref. 1198, 36.5MHz'’N INEPT spectra, field parallel to sample tube, referenced to neat nitromethane, uncorrected for bulk
susceptibility effects.

(p) Data from ref. 574, details as in footnote (n); solvent not reported, but the experimental value for perfluoroazoxybenzene indicates that the
solvent was the same as in footnote (n), i.e. liquid SO, at —80°C.

(q) Data from ref. 1062, 30.4 MHz "N spectra, field parallel to sample tube, referenced to neat nitromethane, uncorrected for bulk susceptibility
effects.

(r) Data from ref. 30, details as in footnote (b); the substance is a dimer of the corresponding nitroso compound, Bu'NO, in equilibrium with the
latter, and both the components are visible in the nitrogen NMR spectra.

(s) See ref. S, pp. 570-573, and references therein.

(t) Data from ref. 853, 10.095MHz'*N spectra, field perpendicular to sample tube, referenced to neat nitromethane, uncorrected for bulk
susceptibility effects; Cr(acac), added as a relaxation reagent, with exception of the cases marked with an asterisk (*); at concentrations of 3% w/v,
*N doubly and singly labelled samples were employed.

(w) Data from ref. 806, 25.36 MHz '*N spectra, referenced originally to internal nitromethane (0.25M in DMSO solvent employed), — 2.0 ppm from

neat nitromethane (Table 26); the conversion does not involve bulk susceptibility effects, because of the internal standard used, but may be affected
by interactions between nitromethane and the other solutes.
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Table 29. Nitrogen shieldings in some nitroso compounds, nitrosamines, nitrites and related structures

Nitrogen shielding (ppm) referred to

Compound Solution or state neat nitromethane Notes
Bu'—N=0 in n-hexane, (a)
2.0m —591.9
1.5m —590.8
1.0M —590.5
0.5m —590.5
in CCl,, (a)
2.0m —592.8
1.5m —592.3
1.0Mm —591.8
0.5m —591.5
in MeOH, (a)
1.5Mm —595.2
0.5m —595.6
in DMSO, 1.0M —600.7 (a)
Ph—N=0 various ca. —530 (b)
N-Me-2-nitroso-
4,6-dinitroaniline in CDCI, —485.0 (NO) ()
Bu'—0O—N=0 0.5M in (d)
(100% trans) CHCl, —207.16
DMSO —207.12
benzene —205.82
Bu'OH —204.92
CCl, —202.43
n-hexane —201.77
Et;N —201.74
Et,O —201.63
MeOH —183.07
CF;CH,OH —181.44
Bu"—O—N=0 0.5M in (d)
(cis, trans) DMSO —198.80

08¢
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Me—O—N=0
0

Clﬁa

Me C O0—N=0

Bu'—S—N=0

NaNO,

HONO

Na*[Co(NO, )]~
cis-[Co(NO,),(en),]*
trans-{[Co(NO,),(en),]*
ciss[CoCI(NO, )(en),]*
trans-[CoCI(NO, )(en),]*
Na;[Rh(NO, )]
[Rh(NO,),(H,0),_,]°*
Na;[Ir(NO,),Cl,]
Na,[Ir(NO, )]

oN |
oN—cZ K*
CN

Et,0
ccl,

in MeCN

solvent not reported

0.75M in n-hexane

0.3m in H,0

in 0.1m HCl

in H,O

in H,O

in H,O

in H,O

in Hzo

in aqueous HCl
in aqueous HCl
in H,O

in H,O

10% in H,0O
in Hzo

10% in MeOH
10% in EtOH
in EtOH

5% in Pr"OH
4% in PFOH
3% in Bu'OH

—190.62
—189.76

— 184

—220.1

—452.4

—227.6

—180.5
—-91
—83.9
—-93.9
—69.9
—-674
—88
-4
—50.8
—-524

CN

NO

+124
+130
+116
+105
+111
+94
(+13)7
(+73)7

-17
—195
— 188
—201
- 195
—116
—379
—411

()
)

(m)
(m)
(m)
(m)
(n)
(m)
(m)
(m)
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Table 29. —cont.

Nitrogen shielding (ppm) referred to

Compound Solution or state neat nitromethane Notes
[ NC o 1" in H,O +88 —210 (n)
Se-cy, | v :
| oN )
% o T in pyridine ? —435 (n)
L :C_ Z Wz:l K
ON 2
™ Ne s . in H,0 +85 —225 (o)
_ON)C—CfNH;I K in acetone +130 —125 (0)
N NO
Me, N—N=0 in acetone-dg +148.7 —155.2 ()]
in CDCl, +149.7 —1549 ©
(CHy N—N=O0
o
n=2 in Et,0 + 180.6 —280.5 @
n=3 in acetone-d, +149.9 —160.1 (p)
n=4 in CDCl, +123.8 —154.0 (r)
+123.7 —154.9 (e)
n=>5 in CDCl, +133.5 —151.6 )
O N—N=O0 in CDCl, +142.1 —153.6 (p)
?I\‘O in acetone
N COOMe (Z, 50%) +118.6 —152.1
(_7/ (E, 50%) +119.1 —1579 ()

[4:13
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R—CH
SN—N=0
Me

R

CH,CH,COOMe
CH,CH,CH,COOMe

COOMe
CO(NMe)CH,COOMe

COOH
CH,CONH,

CN

MeNH—N=0

K

N=Ns

i

in CDCl,
in CDCL
(Z, 40%)
(E, 60%)
(Z, 50%) .
(E. 50%) in CDCl,
(Z, 50%) in aqueous
(E, 50%) acetone
(E, Z) in
CD;0D/D,0 (1:1)
(E,Z)in
CD,0D/D,0 (1:1)

in CDCL

in ELLO

in DMSO,
R = Me
Et

N NO
+141.0 —1594
+139.1 —156.3
+147.0 —157.0
+149.3 —1624
+145.3 —1539
+148.0 —-159.4
+142.1 —152.0
+144.5 —158.2
- —161.3
- —-165.2
+154.9 —~156.4
+149.3 —161.3

N NO
- -171.7
+424 —133.0
+36.9 —128.9
+25.3 —127.4

(s)
(s)
)
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Table 29. —cont.

Nitrogen shielding (ppm) referred to

Compound Solution or state neat nitromethane Notes
RJ . N NO
*N—Nxg in DMSO,
Kt R = Me +18.8 —182.8 (s)
R =Pr ? —153.5 (s)
R<N . in DMSO,
“By X R = Me +18.8 -1828 (s)
R = P 9 —153.5 )]
[W\N_N\ O] K* in CD,0D +34.1 —186.8 (s)
i
MC\N N in CD,0D +33.8 —187.2 (s)
=Nwoy
G
33% vfv
Me/N\NO in CDCl, Q)]
R N NO
4-OMe +129.9 —161.3
4-Me +129.1 —163.5
4-Pr +129.0 —164.0
3-Me +128.6 — 1649
H +128.5 —1654
4-F +130.1 —165.0
3-OMe +128.7 —1659
4-Cl +130.1 —166.1

¥8¢
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4-Br
3-F
3-Ci
3-Br
3-CF,
4-CF,
3-NO,
4-NO,

ON\NAN’NO

ON- NAN’NO

in DMSO
anti-anti
anti—(syn)
(anti)-syn
syn—syn
in DMSO
anti-anti
(anti)-anti
syn—(anti)
(syn)-anti
anti—(syn)
(anti)-syn
syn—(syn)
(syn)-syn
in DMSO
anti

syn

in DMSO
anti-anti
anti—(syn)

+130.0 ~166.1
+129.2 —-167.3
+129.5 —-167.5
+129.8 —167.5
+129.8 —168.4
+129.2 —169.9
+129.8 —169.6
+128.5 —173.6
N NO

+131.1 —169.1
+133.2 ~-169.9
+134.8 —166.1
+137.7 —165.1
+132.9 —165.0
+123.2 —160.4
+133.3 —162.7
+127.5 —157.6
+135.6 — 1614
+128.5 —160.4
+137.3 —158.4
+131.5 —156.5
+134.9 —158.4
+139.2 —165.6
+135.9 —168.7
+136.7 —~169.7

(v)

(u)

()

()
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Table 29. —cont.

Nitrogen shielding (ppm) referred to

Compound Solution or state neat nitromethane Notes

(anti)-syn +137.8 —169.7
syn-syn +138.2 —169.1

ON\N/\N/NO in DMSO (u)
\__« anti—(anti) +136.8 —169.4
(anti)-anti +127.4 —169.4
Me syn—(anti) +137.6 —169.9
(syn)-anti +125.3 —169.9
anti—(syn) +139.8 —168.9
(anti)-syn +126.6 —168.9
syn—(syn) +139.9 —170.3
(syn)-syn +127.2 —168.3

ON\N,\N/NO in DMSO (u)
anti-anti +128.2 —166.5
k ) anti—(syn) +130.0 —158.1
(anti)-syn +133.5 —164.7
syn-syn +136.7 —165.6

in DMSO )
anti-anti ? —173.6
anti-(syn) ? —169.6
(j\/\/l (anti)y-syn ? —156.8
ril ril syn—syn (skew) ? —168.0

NO NO in CDCl, v)
(trans ring anti-anti ? —173.2
junction) anti—(syn) ? —169.8
(anti)-syn ? —157.4
? —167.1

syn-syn (skew)

g49M 'V "D PUB JVINVAHLS T IISMONVLIM ‘W
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Me

O

P
NO NO
(trans ring
junction)

©:pg(ooc1we)
N=0

4

N

|
Me

X (CDPPh;
*PPh,
4

N

VA
Me NO

X (ChP(OMe),
Te=

N

|

Me

in DMSO
anti-anti
anti—(syn)
(anti)-syn
syn-syn (skew)

in CDCl,
anti-anti
anti—(syn)
(anti)-syn
syn—-syn (skew)

in DMSO/H,0
(E, 65%)
(Z, 35%)

in CHCI,
(Z, 100%)

in CDCl,

in CDCl,
X =Pt
X =Pd

in CDCl,
X = Pt
X = Pd

[ QENC R Y

D D D D

+100.7
+101.1

+100.8

—185.0
—171.0
—-153.7
—159.3, —161.3

—169.9
—184.6

—183.0

—34.7 (NO)

—164.4 (NO)
~156.9 (NO)

—40.9 (NO)
— 58.2 (NO)

)

4]

(W)

(W)

(x)

()
(x)

(x)
(x)
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Table 29. —cont.

(a) Data from ref. 30, high-precision '*N spectra, 4.33 MHz, referenced to neat nitromethane, + 35°C + 0.3, lineshape fitting, differential saturation
CW technique, concentric spherical sample/reference containers in order to eliminate bulk susceptibility effects.

(b) See ref. S, pp. 574-590, and references therein.

(c) Data from ref. 360, 10.095 MHz "N spectrum, field perpendicular to sample tube, referenced originally to neat nitromethane, uncorrected for
bulk susceptibility effects.

(d) Data from ref. 31, details as in footnote (a).

(e) Data from ref. 1176, 25.35 MHz "N spectra, field parallel to sample tube, veferenced originally to neat nitromethane, uncorrected for bulk
susceptibility effects.

(f) Data from ref. 1188, spectrometer not reported, referenced to 8M HNO,, + 14.5 ppm from neat nitromethane (Table 2), conversion scheme
II (Table 1); originally reported relative to liquid ammonia reference, taken at + 366 ppm from the standard employed.

(g) Data from ref. 89, details as in footnote (a).

(h) See footnote (b).

(i) Data from ref. 1199, 14.46 MHz N spectra, field parallel to sample tube, referenced originally to NO; in saturated aqueous NH,NO,,
+ 4.0 ppm from neat nitromethane (Table 2), conversion scheme IIb (Table 1); 0.1-1.1M solutions, aged for 5min to 4h; additional signal of free
nitrite ion was observed at — 231 ppm.

(j) Data from ref. 1200, '*N-labelled NO; , 8.104 MHz °N spectra, field perpendicular to sample tube, referenced originally to saturated aqueous
NaNOQ,, —228.9 ppm from neat nitromethane (Table 2), conversion scheme Ila (Table 4); Na-aspartate gegenion, en = ethylenediamine ligand.

(k) Data from ref. 1201, low-precision "N spectra, referenced originally to aqueous NaNQ;, ca. +4ppm from neat nitromethane.

(1) Data from ref. 479, 30.42 MHz *N spectra, field parallel to sample tube, referenced originally to 1 M NaNO;, + 3.5 ppm from neat nitromethane
(Table 2), conversion scheme IIb (Table 1).

(m) Data from ref. 1202, 14.46 MHz "N spectra, field parallel to sample tube, referenced originally to NO; in saturated aqueous NH,NO;,
+ 4.0 ppm from neat nitromethane (Table 2), conversion scheme IIb (Table 1); the sharp resonances observed at + 73 ppm are probably those of N,
dissolved in the samples (see Table 31).

(n) Data from ref. 1203, low-precision N spectra, 14.4 MHz, reference not reported, but the resonance of neat pyridine, at + 52 ppm in the original
spectrum, + 62 ppm from neat nitromethane according to Table 2, was used here for recalculation.

(o) Data from ref. 1204, details as in footnote (m).

(p) Data from ref. 892, '*N-labelled NO group, 20.28 MHz '*N spectra, field parallel to sample tube, referenced originally to neat nitromethane,
uncorrected for bulk susceptibility effects; originally reported relative to liquid ammonia reference, taken at + 380.22 ppm from nitromethane; this
is erroneous, since latter value was obtained (Table 2) under conditions where the field was perpendicular to the sample tube.

(q) Data from ref. 1074, 25.4 MHz '*N spectra, field parallel to sample tube, Cr(acac); added as a relaxation reagent, referenced originally to neat
nitromethane, uncorrected for bulk susceptibility effects; original assignments are erroneously reversed as far as the amino and nitroso moieties are
concerned.

88¢
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(r) Data from ref. 1205, 18.25 MHz"*N spectra, field parallel to sample tube, originally referenced to 0.1M HNO,, +6.2ppm from neat
nitromethane, and originally recalculated to the latter, uncorrected for bulk susceptibility effects.

(s) Data from ref. 837, double '*N-labelling, 20.28 MHz '*N spectra, field parallel to sample tube, referred originally to external formamide, but
reported vs liquid ammonia; no conversion constant was reported. We use a value of + 381.9 ppm for ammonia vs neat nitromethane for recalculation
(see Table 2), conversion scheme IIb (Table 1).

(t) Data from ref. 1206, 30.4 MHz '°N spectra, field parallel to sample tube, referenced originally to neat nitromethane, uncorrected for bulk
susceptibility effects.

(u) Data from ref. 373, 20.3 MHz "*N spectra, Cr(acac); added as a relaxation reagent, referenced to internal nitromethane (solutions in DMSO),
—2.0ppm from neat nitromethane (Table 2).

(v) Data from ref. 1207, 20.28 MHz, 30.4 MHz, 36.5MHz and 50.7 MHz N spectra, field parallel to sample tube, referenced originally to
formamide in DMSO, + 264.7 ppm from neat nitromethane (Table 2), conversion scheme IVd (Table 1); the data were reported originally vs liquid
ammonia reference, taken at + 108.5 ppm from the actual standard employed.

(w) Data from ref. 1208, 25.3 MHz '°N spectra, other details as in footnote (t).

(x) Data from ref. 1209, "*N labelled NO moiety, 20.3 and 25.4 MHz '°N spectra, field parallel to sample tube, referenced originally to liquid NH,,
+ 381.9 ppm from neat nitromethane (Table 2), conversion scheme IIb (Table 1).
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390 M. WITANOWSKI, L. STEFANIAK and G. A. WEBB

Table 30. Nitrogen shieldings in nitrogen oxides, nitrogen-oxygen ions and related
species

Nitrogen shielding
(ppm) referred to

Compound Solution or state neat nitromethane Notes
R
N=N=0 N NO (a)
gaseous, 10°Pa +1473 42355
adsorbed on Na-Y
zeolite, 293K, +150.6 +228.8
220 umol g~
adsorbed on H-Y
zeolite, 293K, +146.0 +205.6
145 ymol g~!

adsorbed on H-ZSM-5
zeolite, 500 umol/g,

293K +1204  broad

353K +138.8 +191.2
adsorbed on H-ZSM-5

zeolite, 293K, +132.4 +227.9

180 gmol g~

+170 ymol g~' CO

adsorbed on 10%
H,P0,/SiO, catalyst, +147.2 +234.2
293K, 80 umol g™!

adsorbed on
y-Al, 04, 293K,
120 gmol g~',
pretreated in
vacuum at
473K for 4h + 146.8 +230.2
773K for 8h +149.2 +219.5
873K for 8h +148.3 +213.0
NO* in 50% D, SO, +28 (b)
in 98% H, SO, +5 (b)
in FSO;H -1 (b)
NO* AICI; in liquid SO,, —65°C +2.6 (c)
No'
Me l Me
a in liquid SO,, —70°C +399.1 O]
N,0, neat liquid —60 (NO,) (d)

—300 (NO) (d)
N,O, various +10to +20 (d)



Table 30. —cont.

NITROGEN NMR SPECTROSCOPY

391

Nitrogen shielding
(ppm) referred to

Compound Solution or state neat nitromethane Notes
N, O various +48 to +64 (@)
in MeCN +62 (e)
in CF;COOH +63 (e)
in (CF,C0),0 +66 (e)
NOS various ca. +133 d)
NO; [Sn(OOCCF;)]”  in MeNO, +124 (e)
HNO, neat liquid +42.5 (d)
in CF;COOH +45 (e)
in (CF;C0),0 +66 (e)
HNO, aqueous HCl —180 to —200 (d)
in 3-50% D,SO, —183to —193 (b)
H,N,0, aqueous ca. —32 d)
NO; Na*t 0.3min H,O +3.5 (d)
NO; Na* 0.3min H,0 —-227.6 d)

(a) Data from refs 1210 and 1211, 30.42 MHz *N spectra, 60% "*N enrichment at both sites,
field parallel to sample tube, referenced to neat nitromethane, uncorrected for bulk susceptibility

effects.

(b) Data from ref. 714, *N-labelled samples, 20.3 MHz '*N spectra, field parallel to sample
tube, referenced originally to liquid NH,, +381.9ppm from neat nitromethane (Table 2),
conversion scheme IIb (Table 1).

(c) Data from ref. 1212, referenced to neat nitromethane, uncorrected for bulk susceptibility
effects, other experimental details not reported.

(d) See ref. 5, pp. 587-590, and references therein.

(e) Data from ref. 1195, 7.2 MHz "N spectra, field perpendicular to sample tube, referenced
originally to NO; in aqueous NH,NO,;, +4.0ppm from neat nitromethane (Table 2), con-
version scheme Ila (Table 1).



Table 31. Nitrogen shieldings in dinitrogen and its complexes, diazenido complexes and related structures

Nitrogen shielding (ppm)

Compound Solution or state referred to neat nitromethane Notes
N, (dinitrogen) gaseous, 300K +74.2 (a)
in cyclohexane +70.2 (b)
in n-pentane +71.7 (©)
in mineral oil +71.5 (©)
in acetone,
35°C +70.5 (b)
—20to +25°C +71.5 (+71.2) (©)
—40°C +71.7 ©
—60°C +71.8 (©)
in DMSO +70.6 (+69.6) (©)
+69.8 (b)
in MeCN +71.4 (c)
in CCl, +69.8 (b)
in CHCI, +71.3 (+69.9) ©
+69.6 (b)
in CH,Cl, +71.7 (+70.3) ©
+69.9 (b)
in benzene +704 (b)
in toluene +71.6 (c)
in Et,O +70.6 b
in dioxane +70.2 (b)
in tetrahydrofuran +72.0 (c)
in MeOH +70.8 (b)
in EtOH +71.6 (+70.8) (©)
+70.4 (b)
in Bu'OH +71.6 ©
in CF;CH,OH +71.5 (b)
in MeCOOH +71.6 ©)

6t
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Dinitrogen complexes

trans-[Mo(N,), (dppe)(depe)]
:ans-[MO(Nz )2(L)(dppe)(depe)]

PhCN
p-OMe-benzonitrile
p-MeCO-benzonitrile

trans-[Mo(N, ), (depe),]

trans-[Mo(N, AlMe, )(N;)(depe), ]
;fans-[MO(N 2)2(L)(depe),]

PhCN
p-OMe-benzonitrile

trans-[Mo(N,),(dppe);]

trans-[Mo(N,AlMe; )(N,)(dppe);]
gans-[MO(Nz )2(L)(dppe):]

MeCN
n-PrCN

in H,O

in THF
in THF(?), —3°C
in THF

(=3°C)
(+25°C)
(+25°C)

in THF

in THF(?), —3°C
in toluene, + 15°C
in toluene, — 30°C
in toluene

in THF, +25°C

in THF

in THFE(?), —3°C

in toluene, —40°C
in toluene

in THF(?), —3°C

+71.5 (+70.1)
+69.6
N, N
+45.1 +45.1
+41.2 +41.2
+19.6 +30.3
+25.0 +30.2
—3.1 ?

+42.0 +43.4
+42.0 +43.0
+42.5 +438
+43.8 +46.1
+45.6 +45.6
+16.4 +31.0
+24.0 +30.9
+43.1 +42.8
+43.1 +42.8
+45.1 +45.1
+45.4 +45.4
+31.2 +34.0
+32.2 +35.9

(c, d)
(b)

(©
)

©
)
(e)
©
@
)

€)
)
(e)
®
)
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Table 31. —cont.

Nitrogen shielding (ppm)

y6t

Compound Solution or state referred to neat nitromethane Notes
PhCN +24.0 +33.0
p-OMe-benzonitrile +28.6 +33.7
p-F-benzonitrile +24.8 +35.1
p-MeCO-benzonitrile +7.0 +34.8
trans-{Mo(N,), (LY(PMe, Ph);] in THF/benzene @
L 9:1v/v)
N-Me-imidazole +37.4 +50.3
4-Me-pyridine +37.7 +51.7
.- +36.0 +50.8
3-Me-pyridine {+ 384 +55.9
.- +37.6 +49.2
3-PPh,-pyridine {+ 38.2 +52.2
PMePh, +37.6 +44.7
P(OMe), +42.9 +45.1
Ph,PCH,CH,SMe +42.7 +46.8
trans-[W(N,),(dppe)(depe)] in THF +594 +474 (e)
trans-[W(N,),(depe),] in THF, + 18°C +63.7 +52.4 0]
trans-[W(N,),(dppe),] in toluene, —40°C +66.6 +55.5 (e)
in THF(?), —3°C +60.1 +48.6 )
trans-[W(N, AlMe; )(N, )(dppe), ] in toluene +64.3 +82.2 ((3)
;fanS-[W(Nz )2(L)(dppe).] in THF(?), —3°C ®
MeCN +423 +55.5
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n-PrCN
PhCN

trans-[W(N,),(PEt,Ph),]
trans-[{W(N,),(PEt, Ph), }2(u-N)]

[W(#°-CsH;PEt, }(N,)(PEt, Ph),]
[{W(N,),(PPr;Ph), },(1-N;)]

[W(n®-C4H;PPr3)(N, )(PPr Ph),]
trans-[ReCI(N, ),(dppe),]
trans-[ReCI(N, AlMe;, )(dppe), ]
trans-[ReCl(N, ),(dmtpe), ]
trans-[ReCI(N, ),(PMe, Ph),]

trans-[ReCI(N, AlMe, )(PMe, Ph),]
[ReCI(N,)(CO){C(OH)Me}(PPh;),]
[Ru(NH;)5(N,)]Br;
mer-[OsCl,(N,)(PMe, Ph);]
mer-[OsCl, (N, AlMe; )(PMe, Ph);]
mer-[OsHCI(N, }(PMe, Ph),]
mer-[OsHBr(N,)(PMe, Ph),]
mer-{OsCl, (N, )(PEt, Ph),]
mer-[OsBr, (N, )(PEt, Ph),]
trans-[RhCI(N, ){P(C¢H,, )3 }.]
(ClsNb(N,)ReCl(PMe, Ph),]
[Cl;Ta(N,)ReCl(PMe, Ph),]

[TiCl, {(N,)ReCl(PMe,Ph), }]
[ZrCL {(N,)ReCI(PMe,Ph), }]
[HFCL, {(N,)ReCl(PMe, Ph), }]
[(THF)C1, Ti(N,)ReCl(PMe, Ph),]

(+25°C)

in THF
in THF

in THF

in THF
in CH,Cl,
in toluene
in CH,Cl,
in THF
in toluene, —40°C
in toluene
in THF
in HCl,,
in THF
in toluene
in THF
in THF
in THF
in THF
in CH,Cl,
in CHz C]z
in CH,Cl,
in CH,Cl,
in CH,Cl,
in CH,Cl,
in CHZ clz

+434
+28.1

+62.1
+64.6

+50.9
+ 66.7

+54.3
+93.2
+88.0
+914
+86.2
+87.2
+85.4
+111.2
+81.3
+120.2
+100.6
+121.0
+122.6
?

+90.7
+74.3
+76.7
+76.7
+75.9
+75.4
+68.1

+56.3
+56.3

+30.5
+44.9
+21.3 (u-N)
+48.1
+25.9 (u-N)
+72
?

+127.3

+69.1

+60.7

+63.9

+129.8
0)

+43.8
+65.2
+136.2
+67.9
+67.3
+63.4
+62.8
+59.2
+8.7
+24.2
+53.2
+95.0
+96.8
+19.0

(h)
(h)
(h)
(h)
(h)
(h)
(h)
(e
(®
(e)
©
(e)
®
(e)
(e)
(e)
(®
(e)
e
(e)
(e)
(e)
®
(®
®
(2

(@
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Table 31. —cont.

Nitrogen shielding (ppm)

Compound Solution or state referred to neat nitromethane Notes
Hexa-coordinate singly-bent diazenido complexes

M—NN-R

[ReCIINNCOPh)(py)(PPh,),] in toluene +559 + 148.6 ()
[RuClL (NN-C¢H,-NO, -4)(PPh,),] in CH,Cl, +47.7 ? §))
[RuCl;(NNPh)(PPh,),] in CH,Cl, +46.8 +185.6 6)]
[RuCl;(NN-C,H,-Me-4)(PPh,),] in CH,Cl, +46.4 ? 6))
[W(NNPh)(S,CNMe,),] in CH,Cl, +38.2 +138.0 §)]
[MoCI(NNCOMe)(dppe)] in THF +354 +123.7 0)]
[WCI(INNCOMe)(dppe),] in THF +32.2 +134.5 G)
[WBr(NNEt)(dppe).] in THF +28.2 +164.7 Q)
[WBr(NNH)dppe).] in THF +259 +187.1 6)]
[WF(NNH)(dppe).] in THF +24.6 +182.6 §))
[ReBr,(NNPh)(NNHPh)(PPh;,),] in CH,Cl, +3.7 +124.7 §)]
[MoBr(NNEt)(dppe).] in CH,Cl, +2.6 +153.6 ( j)
[Mo(PhCN)(NNEt)(dppe), [BPh,] in CH,Cl, —13.7 +134.2 G
Penta-coordinate singly-bent diazenido complexes

M—NN-R

[Fe(CO),(NNPh)(PPh,), ][PF] in CH,Cl,, 0°C —15.6 +104.2 6}
[Ir(NNPh)(dppe), I[PF,], in CH,Cl,, 0°C —46.4 +38.2 6)]
[Os(CO),(NNPh)(PPh, ), |[PF] in CH,Cl,, —10°C —58.5 +214 6)]
[IrCI(NNPh)(PPh;);][BF,] in CH,Cl,, —30°C —59.0 +229 0
[IrCI(INNPh)(PMePh,),][BF,] in CH,Cl,, 0°C —64.0 +23.6 )
[OsH(CO)(NNPh)(PPh;),] in CH,Cl,, 0°C —98.9 +355 ( j)
[RhCI(NNPh)(PMePh, ), JIPF,] in CH,Cl,, 0°C —109.2 —438 ( J)
[Ru(CO),(NNPh)(PPh,),][BF,] in CH,Cl,, 0°C —116.8 +25.2 6)]

96¢
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Tetra-coordinate singly-bent diazenido complexes

M—NN-R

trans-[IsxCINNPh)(PPh,),J{BF,] in CH,Cl,
trans-[RhCI(INNPh)(PPh, ), J[PF;] in CH,Cl,, —10°C
Doubly-bent diazenido complexes

M /NN/R

[RECHNNPh){PhP(CH,CH, CH,PPh,), }][PF) in CH,Cl,
[ReClz(NNCE )Ph)(PPh,), |{PF,] in CH,Cl,
(IrBr(NNPh)(dppe), ][PF) in CH,Cl,
[RhCI(INNPh)(dppe), [[PF;] in CH,Cl,, 0°C
[IrCl,(CO)(NNPh)(PPh; ), ] in CH,Cl,, —10°C
[RhCl, (NNPh)(PEtPh,),] in CH,Cl,
[PtCI(NNPh)(PEt,),] in THF
[RhCl,(NNPh)(PEt,),] in CH,Cl,
[Rhclz (NN‘C6 H4'N02 '4)(Pph3)2] in CHzclz
Cyclopentadienyl-diazenido complexes

[Cp Re(CO),(NN-C¢H,-OMe-4)]BF, in acetone

[Cp Re(CO),(NNPh)]BF, in acetone
[Cpme Re(CO),(NN-C;H,-OMe-4)]BF, in acetone
[Cpme Re(CO,)(NNPH)IBF, in acetone
[Cpme Re(COYMeCN)(INNC,H,-OMe-4)]BF, in acetone
[Come Re(CO)(PMe; XNNCyH,-OMe-4)]BF, in acetone

+92.1
+89.8

-1379
—84.6

—157.4
—220.5
—224.6
—2414
—241.0
—285.0
—298.4
-327.1

+17.0*
+16.1

+7.3*
+6.7

+8.5
+6.1*
469
+0.6*
+19

+239.0
+225.7

—40.2
+26.8

+72.0

—158.3
—135.3
—150.2

—162.0
?

+125.5
+125.1*

+123.0
+118.5%
+118.0
+135.1

+126.0

6))
)
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Table 31. —cont.

Nitrogen shielding (ppm)

Compound Solution or state referred to neat nitromethane Notes
[Cpme Re(CO){P(OMe), }(NNC;H,-OMe-4)]BF, in acetone +2.0* - (k)
[Cp Re(CO),N,)] in acetone +121.1* +58.2* k)
[Cpme Re(CO),(N,)] in acetone +111.0* +28.1* k)
+110.9 +26.1 k)
[Cpme Re(CO)(PMe; )}(N,)] in acetone +90.7* - k)
+90.2 +299 (k)
[Cpme Re(CO){P(OMe); }(N,)] in acetone +98.2* - k)
+98.3 +30.3 &)

(a) See ref. 5, p. 591, and references therein.

(b) Data from ref. 1213, 36.14 MHz '*N spectra, field parallel to sample/reference tubes, 10 mm/4 mm, referenced to 0.3 M nitromethane in acetone,
+0.77 ppm from neat nitromethane (Table 26), + 35.0 + 0.3°C, corrected for bulk susceptibility effects at that temperature and recalculated to neat
nitromethane scale, Lorentzian lineshape fitting employed.

(c) Data from ref. 992, 28 9 MHz '“N and 40.5 MHz *N spectra, field parallel to sample tube, + 25°C, referenced to neat nitromethane, uncorrected
for bulk susceptibility effects; the numbers in parentheses come from our recalculations by introducing due corrections for bulk susceptibility effect.

(d) Data from ref. 1096, N, dissolved in aqueous Leu-enkephalin, 28.9 MHz *N spectra, other details as in footnote (c).

(e) Data from ref. 891, '"N-labelled N,, 18.4 MHz and 36.4 MHz '°N spectra, field parallel to sample tube, referenced to neat nitromethane,
uncorrected for bulk susceptibility effects; abbreviations, dppe = Ph,PCH,CH,PPh,; depe = Et,PCH,CH,PEt,; dmtpe = Me,PCH,CH,PMe,;
THF = tetrahydrofuran.

(f) Data from ref. 894, 18.24 MHz "N spectra, samples prepared under argon, solvent not reported, probably tetrahydrofuran (THF), other details
as in footnote (e).

(g) Data from ref. 954, details as in footnote (e).

(h) Data from ref. 1214, 36.4 MHz '*N spectra, other details as in footnote (e).

(i) Data from ref. 1215, ca. 0.05M solutions, details as in footnote (e).

(j) Data from ref. 900, details as in footnote (e); py = pyridine.

(k) Data from ref. 916, unlabelled and '"N-labelled (*) samples, 40.5 MHz "*N spectra and 28.7 MHz "N spectra, field parallel to sample tube,
referenced to neat nitromethane, uncorrected for bulk susceptibility effects; abbreviations, Cp = cyclopentadienyl anion, Cpme = penta-
methylcyclopentadienyl anion.

86¢
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Table 32. Nitrogen shieldings in ammino complexes and related structures

Nitrogen shielding (ppm)

Compound Solution or state referred to neat nitromethane Notes
Pt(11) complexes .

H3N\pg/OH in D,O +435.9 (a)
HNT “oH

H3N\Pt/OHZ » in Hzo +444_8 (a)

H 3N/ ~ OH,

H3N\P[ _a sat. in D,O +430 (b)
uNT a
_ 2e in D,0,

BN, O trans to O +447.6 ©)
| BN cis to O +422.8 ©
B 2+ in D,0

H, a 2

Nspig ] trans to Cl +4288 ©
| HN NH, cis to Cl +425.0 ©
— 2+

NS, ax(Cﬂz)nNH]] in D,O t _ (a)

-~ rans cis
PN to OH, to OH,
n=1 (glycintj,) +446.6 +441.6
n = 2 (f-alanine) +446.3 +441.0
n = 3 (y-aminobutyric acid) +446.1 +440.7

AdOOSOULIAdS YAN NIDOYULIN
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Table 32. —cont.

Nitrogen shielding (ppm)

Compound Solution or state referred to neat nitromethane Notes
HN, O0C(CHy nNH; ™
N~ in D,0 (@)
trans cis
to O0C to OOC
n=1 +444.7 +424.0
n=2 +444.0 +424.1
=3 +443.7 +424.1
H;N\ ’ . ;
P' in D,O trans cis (a)
to OOC to O0OC
\ /OOC(CHz)"NH‘ 2¢ +443.8 +424.3
/ \ooc(CH),,NHx in D,O (a)
n=1 +442.9
n=2 +442.5
n=3 +442.6
H;N\ /OOC<CH),,NH; * in D,O (@)
trans cis
to OH to OH
n=2 +441.9 +437.5
=3 +441.6 +437.5

3
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Pt

[H_;N\ _ CHZ(CHz)nNHR] ”

3
Ih

HiN NH,—CH

n
n
Diie
HyN >Pt < S ((I:Hz) n
COO
n

=1 (COO trans to Me, pH = 5)
(COO cisto Me,pH = 7)
n =2 (COO trans to Me, major)
(COO cis to Me, minor)

in D,0O

in Dzo

in D,O

in D,O

trans cis

to Cl to Cl
+427.2 +444.2
+427.5 +443.6
+427.6 +443.3
to OH to OH
+436.1 +442.8
+4359 +442.5
trans cis

to O to O
+444 .4 +416.2
+444.2 +420.2
trans cis

to S toS

+ 406.6 +426.4
+ 406.2 +426.4
+401.2 +421.2
+401.2 +420.9

(@)

()

(@)

@
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Table 32. —cont.

Nitrogen shielding (ppm)

Compound Solution or state referred to neat nitromethane Notes
Me 2+
H S (CHy)
Msp Qo in D,0 @
HyN NH,—CH .
\C(X)H trans Cis
toS toS
n =1 (COO trans to Me) +406.4 +426.5
(COO cis to Me) +406.6 +426.7
n=2 +401.4 +4213
o 2+
o < i
HyN >Pt P < i, in D,O (d)
HNT N s— iy trans cis
M toS toS
(<
n =1 (isomer not assigned) + 396.6 +441.5
(isomer not assigned) +398.7 +443.5
n = 2 (major isomer) +399.1 +441.5
(minor isomer) +402.3 +441.5
coo |2+ in D,0 +401.4 (NH,Pt) G

H:N___ . SMe— CHCH,CHNH;
Pt
HN ™ SMe— CHCH,CHNH;3

(60 9]

o0p
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CH;R 2+

HN S NH in D,0
/

\
MeCONHCHCOOH
|
N,NCHCOO

|
HOOCCH, NHCOCHNHCOCH,CH, CH(COO)NH,

—CH,CH(COO)NH,
-H3N\ _s— (I:HZ +
t
HN" \NH2—CH\
. COoH in D,0
- 2
HN__ SCH—CH(NHCOOH | ** in D,0
t
HN” ~SCH— CH(NH,)COOH
™ q3+ :
o P o in D,O
|
H—C—NH;, trans to S
Me—C—M
€ ¢ cisto S
HN—Pt s———||>:—NH3
| KN NH; |

+401.1
+401.8
+400.7

+400.8

trans
to S

cis
toS

+405.1

+402.5

+392.8
+401.0
+437.7
+440.2

+425.7

(e)

©

(©

©
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Table 32. —cont.

Nitrogen shielding (ppm)

Compound Solution or state referred to neat nitromethane Notes
o * in D,0 ©
? (I:H i trans to O 44478
0 Me—C—Me I cis to O +394.9
H3N—}I’t é Pt— NH, trans to N +430.3
H}L ILH cisto N +405.1
3
H:N NH,{CH,) ,COO .
TspZ T in D,O (a)
HN OH trans cis
to OH to OH
n=2 +4374 +422.7
n=3 +437.6 +4229
HN.__ _ NHi{(CH,),COOH 2 in D,0 (a)
y P trans cis
N 2 to OH, to OH,
n=3 +444.6 +422.3
H;N\Pl/NHZ(CHJ),,C(X) in D,0 ()
HN"" ~ NHACHy,COO
n=2 +4233
n=23 +423.5

14014
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n
n
n

o

.

/\

a]

H

Z

liH;N ~p¢ _NHy(CHy ,COO

[T
W -

2+
H3N\ 0=C/
—CH2

APt

H;N\P /NHzCHzCONHz]

| BN NH,CH,CONH,

2+
BN, O °]
HN" \riJ—CH2
o”C\CH2
H;N—li't—NHz

2+
N OH,
HN” ™ OOCCH,NHCOCH,NH;

2+
\:H:,N\Pl /OOCCHZNHCOCHZNHg]

HN” ™ OOCCH;NHCOCHNH;

in Dzo

in D,O

in D,O

in D,O
trans to N
cistoN
trans to NH,
cis to NH,

in D,0O

in Dzo

trans cis

to NH, to NH,
+426.3 +424.0
+425.0 +424.2
+425.2 +424.3
trans cis

to NH, to NH,
+423.8 +4473
+424.5

+424.3

+443.5

+423.3

+445.1

trans cis

to O0C to O0C
+441.1 +446.3
+442.9

(@)

)

()

)

)

)
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Table 32. —cont.

Nitrogen shielding (ppm)

Compound Solution or state referred to neat nitromethane Notes
HN - NHLCH:CONHCH,CO0 in D,0 +424.5 €
HN" ™ NH,CH,CONHCHLCO0 .
trans Cis (f)
to O0C to O0C
— +
“’N>p./°°CC“2N“C°C“2N"-‘:| in D,0 +441.6 +425.0
H;N” ™ NHCH,CONHCH,COO
i NHCH,COOH | 2+ . trans cis
HN, 0=—¢" n D0 to NH, to NH, ®
VR —CH
| BN N, +423.9 +447.6
_ o+ . trans cis
HsN\Pt,O—C// in D,0 toN to N ®)
7N —
BNT A CH, +423.5 +446.3
C
| 07 ™ CHNH,
[ 2+
HN___ OOCCH;NHCOCH,NHCOCH,NH; ) trans cis
o, in D,O to 00C to 00C ©
r + +446.2 +444.1
BN o . trans cis
P
" in D,0 toN toN ©
¢ +4235 +446.0

90t
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T
H;N—Pt——N CH;
3N | ~c” NH,
NH; Il |
Pl—NH;

(X)CCHZNHCOCHZNHC(EHZNHCOCHZNH]

N, /OOCCHzNHCOC}bNHCOCHzNHCOCHzNH
™ 0OCCH,NHCOCH,NHCOCH,NHCOCH,NH,

2+
> /O(IDCH(Nl-lg)CH2C(X)H
™ OOCCH(NH;)CH,COOH

OOCCH;CH(NH-A)COOH]

>
b
[l
e
[

3+

in D,0O

trans to O
cisto O

in D,0

in D,0O

in H,0,
pH = 1.5

in Hzo,
pH = 1.5

in H,0,
pH = 1.5

+443.5, +443.7, +445.3
+423.3, +423.9, +4243

trans cis

to O0C to O0C
+441.1 +446.2
+441.8

trans cis

to O0OC to O0OC
+441.7 +446.2
+4429

trans cis

to O0C to OOC
+441.1 +446.2

)

)

®

®

)

)

)
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Table 32. —cont.

Nitrogen shielding (ppm)

Compound Solution or state referred to neat nitromethane Notes
_ o +
7 .
N /O—C/ in H,O0, trans cis )
AP
LH:,N NH,— CHCH,COOH pH = 1.5 to N to N
+423.7 +443.6
o |* .
( HN_ /O_C// in H,0, trans cis )

H;N/Pl\Nﬂv—CLCOOH pH =15 to N toN
_ . +4243 +4438

HN < in H,O, +439.7 )

" >ng  CHNH;3 pH = 1.5
LH3N 0 C§o
i 0 2 in H,0 160 ?is oS )0) g;
o0——C% H NH, m H,0, +446.0 (trans to H,

Bspr [ MO ’} pH = 4.5 +443.5 (cis to NH,) (f)
| H NH,— CHCH,C00 NHy +423.5 (trans to NH,) )
r 3+ .

C/,O in H,0, +442.4 (a-NH,) )

H;N\P - I (a) pH = 4.5

HN" T NH, CHCHLCOO. | Nty

HN ,NHZ—CII—ICHZCOO/ \Nl'h

N No——Cy ®

801
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+4+4

in H,0,
pH =5

solid state, two
non-equivalent positions
in crystal cell
isotropic
axx
O'yy
aZZ

in H20

in Hzo

in CDCl,

in CDCl,

+424.9 (a-NH,)
+442.0 (b-NH,)
+439.1 (c-NH;)
+447.3 (d-NH,)
+447.3 (e-NH,)
+439.1 (f-NH,)

+399.0
+456.3
+385.1
+355.7

+386.0
+429.9
+379.9
+348.3

+346.4

+ 346.6

+344.7
+344.1

+ 343

(h)

(h)

®
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Table 32. —cont.

Nitrogen shielding (ppm)

Compound Solution or state referred to neat nitromethane Notes
Pt(1v) complexes
OH OH 2+ .
ENH( | OH_ | NH:Et in H,O +373.4 (h)
ENHT | NOH” | NHE:
Pd(n) complexos
“’N\ in D0 +4318 ©
’ om
[ Sp /OHZ] 2+ in D,O +4172 ©
2+ in D,0
trans to O +431.3 ©
cisto O +415.6 ©
|:H20\P ] i in D,O +435.3 ©
M Seal in D,0 +416.5 ©
BN a
HN Cl
oral in D,0 +417.4 ©

a” SNHg

o1y
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Co(m) complexes

[Co(NH, ) ]Cl4

[Co(NH;)s[(NO; );

{Co(NH;)sLIX;

L X

CN MeSO,
NO,

SCN Cl

NO, MeSO,
NO,

NCS MeSO,

N; Clo,

I Clo,

Cl ClO,
NO,

Br Clo,
NO,

F NO,

OOCNH, Clo,

O0OCMe Ci

[Co(NH;);(H,0))(CIO, )

[Co(NH;)s(H,0)(NOs),

[Co(H,NCH,CH,NH,);}(NO;),
[Co(H,NCH,CH,NH,),(H,0),](NO;),
[Co(H,NCH,CH,NH,),L,]X,

L X

CN NO,
NO, NO,

[Co(H,NCH,CH, NH,),(O0CCOO)(NO;),

in H,0
in DMSO

in 0.01 M DCI

in DMSO

in 0.01 M DCI

in 0.012M DCIO,
in DMSO

in 0.012M DCIO,
in 0.012m DCIO,
in 0.01 M DCI

in 0.012M DCIO,
in DMSO

in 0.01 M DCI

in DMSO

in 0.012m DCIO,
in 0.01 M DCl

in 0.012m DCIO,

0.01 M in DCI
in DMSO

in aqueous DCl
in DMSO

in DMSO
in DMSO

in DMSO

+423.4
+4214
trans cis
+ 401 +437
+397.8 +423.4
? +428
+413 (unresolved)
+411 + 406
+ 441 + 420
+ 449 +424
+410 +432
+ 440 + 425
+430.3 +415.5
+435 +428
+424.5 +418.7
+ 449 +424
+443 + 427
+ 448 ?
+454 + 425
+442.4 +416.2
+395.5
+4049 +387.9
trans cis
+378.9 +399.5
+392.7 +392.7
+404.9 + 386.6

)
M

(k)
M
(k)
(k)
M
(k)
(k)
(k)
(k)
M

M
(k)
k)
(k)
)

)

M
O

®
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Table 32. —cont.

(a) Data from ref. 920, '*N-labelled ammonia, 10.1 MHz "*N spectra, field perpendicular to sample tube, referenced originally to NH; in 5M
NH,NO, in 2mM HNO;, + 359.0 ppm from neat nitromethane (Table 2), conversion scheme Ila (Table 1).

(b) Data from ref. 1216, 28.9 MHz "N spectra, field parallel to sample tube, referenced to neat nitromethane, uncorrected for bulk susceptibility
effects.

(c) Data from ref. 1217, details as in footnote (a).

(d) Data from ref. 925, details as in footnote (a).

(e) Data from ref. 927, details as in footnote (a).

(f) Data from refs 926 and 929, details same as in footnote (a).

(g) Data from ref. 349, '*N-labelled NH,, '*"N CPMAS spectra, spectrometer not reported, referenced to 5.6 m aqueous NH,Cl, + 352.9 ppm from
neat nitromethane (Table 2), uncorrected for bulk susceptibility effects.

(h) Data from ref. 923, '*N-labelled ethylamine, 25.3MHz"*N spectra, field parallel to sample tube, referenced originally to formamide,
+268.6ppm from neat nitromethane (Table 2), conversion scheme IIb (Table 1); originally reported vs fictitious ammonia standard taken at
+112.6 ppm from the reference employed (the latter value corresponds to experimental conditions where the field is perpendicular to sample tube,
Table 2).

(i) Data from ref. 839, '*N spectra, spectrometer not reported, referenced originally to neat nitromethane, uncorrected for bulk susceptibility effects.

(j) See ref. S, p. 400, and reference therein.

(k) Data from ref. 1218, 100 MHz 'H{"*N} INDOR spectra, field perpendicular to sample tube, referenced originally to aqueous Co(NH,)Cl,,
footnote (j); low-precision measurements, +2 to + 3 ppm.

() Data from ref. 1219, "*N-labelled NH, and ethylenediamine ligands, 6.06 MHz *N spectra, field perpendicular to sample tube, referenced
originally to aqueous NaNO;, +3.5ppm from neat nitromethane (Table 2), conversion scheme Ila (Table 1).

(484
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Table 33. Nitrogen shieldings in nitrosyl, thionitrosyl and nitride complexes

Solution Nitrogen shielding (ppm)
Compound or state referred to neat nitromethane Notes
“Piano-stool” type complexes
(n’-CsH;)Cr(CO),(NO) in CH,Cl, —55 (a)
(7’-CsH;)Cr(CO),(NS) in CH,Cl, — 108 (a)
(7’-CsH5)Mo(SPh),(NO) in CDCl, —36 (a)
(L = 3,5-dimethylpyrazolyl)
X = NO +4
X = NS —23
L;Mo(R")R*)(X) in CH,ClL, (a)
(L = 3,5-dimethylpyrazolyl)
R R? X (NO/NS)
co Cco NO —-17
CO CO NS —64
F F NO -14
Cl Cl NO -26
1 I NO —46
SPh SPh NO —10
OPh OPh NO —11
OEt OEt NO -9
NHPh NHPh NO -2
Ci SPh NO —-17
-Cl OPh NO -10
Cl OEt NO -17
Cl NH-C¢H,-p-Me NO —10
Cl NH-C H,-p-Br NO —11
Cl NHEt NO —-10
I NH-C,H,-p-Me NO —13
I NHEt NO —-11
I NHNMe, NO -7

Ad0DS0OYLIEdS ANN NIDOYLIN
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Table 33. —cont.

Nitrogen shielding (ppm)

Solution referred to neat

Compound or state nitromethane Notes

“Strongly bent” nitrosyls

N?°
<z S\l 23S

RN—CC 20T 2 2 NO groups )]

R = Me in CDCl, —501.3

R = Et in CDCl, —500.8

R = i-Pr in CD,Cl, —526.9
in DMSO —502.6

trans-[Co(NO)YH, NCH, CH,NH, ),)(CIO,),

X in acetone —717.5; —727.6 (b)
R N R
x| x
7 oo’ N
- N/ \N -

Me I._l e

X R NO or NS

0] Me in DMSO —-714.3
in CDCl, —521.9

O Ph in DMSO —723.0
in CD,Cl, —724.7

S Me in DMSO —672.1

q49M 'V 'D pue YVINVAILS T TISMONVLIM ‘W
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X
Co\ \
N=
R R!
X R! R
(0] H none
0] Me none
(0] H 5-Bu'
o) H 3,5-(NO,),
NH H none
N/’O
o| o
I :/\>_:—>
- N
N N
o O
R (I)H R
/N‘
o
O
! R
R! R
H none
Me none
H 3-OMe
H 5-Cl
H 5-NO,

in CD,Cl,
in CDCl,

in CD,Cl,
in CD,Cl,
in DMSO
in CD,Cl,

in DMSO

in DMSO
in CD,Cl,
in CDCI,

in CD2C]2
in DMSO
in DMSO
in DMSO

NO groups

—725.4
—726.8
—710.0
—-721.9
—820.5
—734.3; —698.5

—769.7 (NO)

(®)

(b

(b)
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Table 33. —conz.

Nitrogen shielding (ppm)

Solution referred to neat
Compound or state nitromethane Notes
Linear and slightly bent nitrosyls
Na,[Fe(CN);(NO)] in H,O +13.5 (NO) (b)
+9.9 (NO) ©)
[FeRu,;(CO),,(NO)]~ in CH,Cl, -8.6 d)
F62 (SR)Z (NO)‘ in Cchlz (c)
No R C,y-isomer C,, -isomer
R
s S\g  Me -30.5 —-23.1, —36.2
Et —314 —25.0, —36.1
(Cy) MO i-Pr —30.2 —26.7, —35.7
NO n-Bu —-314 —247, —36.0
i-Bu -313 —245, —356
Rg E‘H % tBu ~38.8 —-3L1, —37.1
t-Bu (—53°C) —36.6 —28.8, —356
() o Ph —34.2 —259, —394
CH,Ph —32.6 —28.7, —354
(Ph, PNPPh;)[Fe,S;(NO),] in CD,Cl, —-7.7, —36.0, —76.1 (NO) ©
(Ph; PNPPh;)[Fe,Se,(NO),1 in CD,Cl, —78, —29.5, —74.8 (NO) «©)
Fe,‘ S4 (N0)4 in Cchlz - 12.8 (c)
Fe,Se,(NO), in CD,Cl, —20.5 ©)
Mo(NO)(S,CNR,;), in CH,Cl, (e)
R = Me + 14 (NO)
R = Et + 14 (NO)
Mo(NS)(S;CNR, ), in CH,Cl, (e)

R = Me —42 (NS)

91y
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R = Et
X

S

N
50

X

NP(cyclohexyl),
NPMePh,
NO

(NMe,),[Mo(NO),(C4H,S;),]
(PPN)[Ru(CO);(NO)]
(PPN)[Cr(CO),(NO)]
MeCr(CO),(NO)

Nitrido structures
[FeRu,N(CO),,]~

[ €Oy 3Fe—N—Ru(Co; | “wing-tip”

(CO);Ru Ru(Co)4

" (CO)Ru—N—Ru(Co)3 |

(CO)4Fe

[W(N)Cl;(MeCN)]
[W(N)Cl; (MeCN)],
(PPh, )IW(N)CL,]

Ru(Co)3 “hinge”

in CDCY,

in D,0
in CH,Cl,
in CH,Cl,

in CH,Cl,

in CD,Cl,
in CD,Cl,
in CH,Cl,

—39 (NS)

NO

Other
nitrogen

—41
—40
— 186

—157 (NO)
—22.3 (NO)
—23.6 (NO)

—2.5 (NO)

—176.4

—137.3

—~211.2 (N)
—2227 (N)

—258.8 (N)

+336
+334

)

)
®
®
®

Y

(b)
(h)
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Table 33. —cont.

Nitrogen shielding (ppm)

Solution referred to neat

Compound or state nitromethane Notes
(PPh)[W,(N)Cl,] in CH,Cl, —251.0 (N) (h)
+309.4 @)

. . +307.6 i

a-Si; N, solid state +297.0 8
+284.9 )
- . +306.9 @)
B-Siz N, solid state { +289.7 @

(a) Data from refs 948 and 1220, 18.1 MHz "N spectra, field parallel to sample tube, referenced originally to neat nitromethane, uncorrected for
bulk susceptibility effects.

(b) Data from refs 947 and 1221, '*N-labelled NO ligands, 40.5 MHz '*N spectra, other details as in footnote (a).

(c) Data from refs 888, 895, 898 and 1222, '*N-labelled nitrosyl ligand, 36.5 MHz *N spectra, calibration as in footnote {a).

(d) Data from ref. 1223, *N-labelled samples, 30.4 MHz "*N spectra, field parallel to sample tube, referenced originaily to nitromethane in CH,Cl,,
+ 3.2 ppm from neat nitromethane (Table 2), conversion scheme IIb (Table I); reported originally vs NH; standard taken at + 379.6 ppm from the
actual reference employed; we retrieved the original values and recalculated them as indicated above.

() Data from ref. 1224, details as in footnote (a).

(f) Data from ref. 1225, 19.5 '*N spectra, field parallel to sample tube, referenced originally to NO; in aqueous NH,NQ,, + 4.0 ppm from neat
nitromethane (Table 2), conversion scheme IIb (Table 1).

(2) Data from refs. 1226 and 1227, **N-labelled NO ligands, 30.4 MHz "N spectra, field parallel to sample tube, referenced originally to
nitromethane in CHCl;, + 3.8 ppm from neat nitromethane (Table 2), conversion scheme IIb (Table 1); reported originally vs fictitious ammonia
standard taken at + 379.6ppm from the reference actually employed; we retrieved the original values and recalculated them as indicated above.

(h) Data from ref. 1228, spectrometer not specified, '*N-labelled nitrido moieties, "N spectra, calibration as in footnote {a).

(i) Data from ref. 415, *N-labelled nitrides, 30.4 MHz "N MAS spectra, referenced originally to NH} in solid NH,NO,, + 358.4 ppm from neat
nitromethane, uncorrected for bulk susceptibility effects.

187
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Table 34. Nitrogen shieldings in some vitamins, drugs and medicines

Compound

Nitrogen shielding

(ppm) referred to neat

Solution or state nitromethane Notes
Vitamins
Thiamine dihydrochloride in H,0/D,0 (4:1) +135.5 (S—C=N") (a)
+170.1 (Me—C=N)
+212.5 (NH* Me)
+272.2 (NH,)
Riboflavin see Table 21
Pyridoxol hydrochloride in DMSO +172.7 (a)
Pyridoxal hydrochloride in DMSO +166.9 (a)
Pyridoxamine dihydrochloride in H,;O/D,0 4. 1) +175.1 (NHY) (a)
+170.1 (CH,NHy)
Vitamin B,,, cyanocobalamin, Cb1(CN)
in 70% EtOH
CN moiety +87.2 (a)
+261.7
+ 263.0
+264.3
amide moieties +265.6 (a)
+269.9
+271.4
+273.1
in DMSO
amide +264.4 (b)
amide +266.3 (b)
f-amide +267.4 (b)
amide +270.0 (b)
e-amide +270.4 (b)
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Table 34. —cont.

Nitrogen shielding
(ppm) referred to neat

Compound Solution or state nitromethane Notes
b-amide +272.8 (b)
d-amide +273.5 (b)
0.01min H,O
benzimidazole
moiety
(ribose-bound N) +216.0 (b)
(Co-bound N) +192.5 (b)
CN moiety +91.3 (b)

0.01M in 0.52M H,SO,

benzimidazole

moiety
(ribose-bound N) +2079 (b)
(Co-bound N) +220.8 b)
CN moiety +82.6 (b)

Dicyanocobalamine, Cbl(CN), (b)
0.01 M in 0.1 M NaCN
a-CN moiety +95.8
B-CN moiety +102.6
benzimidazole
moiety

(ribose-bound N) +2189

(other, pendant N) +147.9
amide +264.3
amide +266.6
f-amide +267.5
amide +269.0
e-amide +271.6

oy

g4IM 'V 'O Pue JVINVALLS “T ‘DISMONVIIM ‘W



Nicotinic acid
Nicotinamide

Panthotenic acid
Calcium panthotenate
Dexpanthenol
p-Aminobenzoic acid
Biotin

Anaesthetics
R

<\ l
PhCOO MeNH*

R = COOMe (cocaine hydrochloride)
R = H (tropacocaine hydrochloride)

H2N—©—COOEI

(benzocaine)
HO

HZN@ COOMe

(ortoform)

H2N—©—coocrx2CHZNH*Et2 a-

Cr-

(procaine hydrochloride)

b-amide
d-amide
in DMSO
in DMSO

in DMSO
in DMSO
in DMSO

in DMSO
in DMSO

in DMSO/H,0 (3:1)

in CDCl,
in DMSO

in DMSO

in DMSO

+272.3
+2724

+65.4

+65.2 (—N=)
+275.1 (CONH,)
+265.9
+262.6
+264.3
+315.6
+290.2 (SCHCHNH)
+299.5 (SCH,CHNH)

+314.0
+309.2

+317.7
+310.7

+3304

+324.3 (NH*)
+306.8 (NH,)

(a)
(a)
(2)
(a)
()
(a)
(a)
(a)
(a)

©)
©

©

©

(©)
©
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Table 34. —cont.

Nitrogen shielding
(ppm) referred to neat

Compound Solution or state nitromethane Notes
BM—@—COCCHZCHZNH+MQ cl- in DMSO +339.9 (NH*) (c)
+324.0 (BuNH) ©
(tetracaine hydrochloride)
Me
I
PhCOO—C —CH,NH* Me,Cl~ in DMSO +325.3 (©)
|
Et
(stovaine hydrochloride)
,,ho_CHZ_@_CH cnen—fn. o c- in DMSO/H,0 (3:1) +329.0 ©
N/
(fomocaine hydrochloride)
CH,— OPh
CHyCH,CH,—NH 0 CF in DMSO/H,0 (3:1) +329.0 ©
—/
(ortofomocaine hydrochloride)
in CDCl, +249.5 (NHCO) (©)
+317.7 (NH) ©)

Me
+
Q—-NHCOCH:— NH\/:l Cl-
Me

(pyrrocaine hydrochloride)

(447
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Me
Q— NHCOCH ;NEt,
Me

(xylocaine)

Me
+
Me NHCOCH,;NHEt, CI”
Me

(trimecaine hydrochloride)

Cl
+
Q— NHCOCH ;NH,Bu CI™
Me

(butanilicaine hydrochloride)
CONHCHZCH2§HEt a
AN

-

N OBu
(cinchocaine hydrochloride)

Paasy
Sl

R = —CH,—CH=CH, (diocaine hydrochloride)
R = Et (fenacaine hydrochloride)

in CDCl,

in CDCl,

in DMSO

in CDCl,

in CDClL,

+259.0 (NHCO)
+335.3 (NEt,)

+248.8 (NHCO)
+324.0 (NH)

+254.5 (NHCO)
+337.5 (NH,)

+124.6 (—N=)
+261.3 (NHCO)
+323.3 (NH)

+246.7
42453

©)
©

(©)
©

()
©

©
©
©

(©)
©
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Table 34. —cont.

Nitrogen shielding
(ppm) referred to neat

Compound Solution or state nitromethane Notes
Antiepileptics
0. NH._O in DMSO
¥ R = Et (phenobarbital +226.7 d
R NH R = Me (heptobarbital) +229.8 (d)
Ph
L
O™ \z0 in DMSO +233.7 (CONHCO) @
m;m +271.7 (CONHC) (d)
Ph (phenytoin)
0. NMe 0O
Me;—NH in DMSO +241.0 (NMe) @
Ph (mephenytoin) +281.5 (NH) @
0 NMefo
Me;—O . . .
Me (trimethadione) in DMSO +2444 (d)
0. NMe 0
f,’h; (phensuximide) in DMSO +2106 d)
0. NMe o
Mes—f (ethosuximide) in DMSO +205.4 Gy

Et

1447
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NH

(o)
Ph NH
Ph
(o]

(primidone)
O _NH__O

Et
p~NH,—CgHs

(aminoglutethimide)

Ph—CH,—CONHCONH,
(phenacemide)

MeCONH—« S»—SO'_)NH:
N-N

(acetazolamide)

503
HZN—-SOZ—©—N

(sultiame)

in DMSO

in DMSO

in DMSO

in DMSO

in DMSO

+264.6

+206.9 (NH)
+320.4 (NH,)

+231.1 (NH)
+292.0 (NH,)

+241.2 (NH)

+282.4 (NH,)
+15.7 (N=CNH)
+58.3 (N=CSO0,)

+266.0 (NSO,)
+284.3 (H,NSO,)

@

(d)
(CY)

(d)
@

(d
(d)

(@)

CY)
C)
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Table 34. —cont.

Nitrogen shielding
(ppm) referred to neat

Compound Solution or state nitromethane Notes
Rl
0
& in DMSO )
R4
R} =N
R! R? K R* R*
Me Ph Cl H diazepam +52.8 (=N)
+253.0 (NMe)
Me Ph Cl OOCCH,CH,COOH oxazepam +56.7 (=N)
succinate +244.4 (NMe)
H Ph NO, H nitrazepam +54.4 (=N)
+235.0 (NH)
+12.2 (NO,)
H o0-CI-C¢H; NO, H clonazepam +45.5 (=N)
+234.1 (NH)
+12.5 (NO,)
?ONH2
N ' .
O O in DMSO +266.3 (N—CQ) (d)
_ (carbamazepine) +302.7 (CONH,) )
Carbamates
Ethyl urethan in CDCl, +307.5 (NH,) (e)
Meprobamate in DMSO +304.5 (NH,) (e)
Carlsoprodole in CDCl, +308.0 (NH,) ©)

+280.3 (NH)

©

9ty
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Diperodon (Diothane)

Bendiocarb
Physostygmine salicylate
Carbachole
Neostygmine bromide
Pyridostygmine bromide
Pentacaine chloride
Heptacaine chloride

Carbisocaine chloride

Analgesics and antipyretics
Salicylamide

Phenacetin

Benorilate

Paracematol

Phenazone

Aminophenazone

4-Aminophenazone

in DMSO

in CDCl,
in DMSO
in DMSO/H,0, 3:1
in DMSO/H,0, 3:1
in DMSO/H,0, 3:1
in CDCl,
in CDCl,

in CDCl,

in DMSO
in DMSO
in DMSO
in DMSO
in DMSO

in DMSO

in DMSO

+329.0 (N)
+274.0 (NH)
+272.8 (NH)
+310.1 (NH)
+316.5 (N)
+310.4 (H)
+308.3 (NH)
+331.1 (N*)
+302.1 (NH,)
+321.7 (N*)
+308.1 (N)
+306.7 (N)
+175.3 (ring N*)
+311.4 (NHY)
+270.3 (NH)
+326.2 (NH*)
+286.2 (NH)
+324.1 (NH)
+284.8 (NH)

+2738

+247.0

+246.9

+246.8

+242.8 (NMe)
+196.4 (CO—N)
+365.5 (NMe;)
+255.3 (NMe)
+198.8 (CO—N)
+352.1 (NH,)
+351.8 (NH,)
+260.1 (NMe)
+199.6 (CO—N)
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Table 34. —cont.

Nitrogen shielding
(ppm) referred to neat

Compound Solution or state nitromethane Notes
4-Tsopropylaminophenazone in DMSO +323.5 (N*) )
hydrochloride +242.6 (NMe) ()
+198.6 (CO—N) ()
Phenylbutazone in CDCl, +216.0 (3]
Ketazone in CDCl, +215.7 )
in DMSO +215.1 )
Benzopyrazone in CDCl, +215.0 )
Tribuzone in CDCl, +215.6 )
Cinchophen in DMSO +67.7 )
Indomethacin in DMSO +206.9 )
Diclofenac sodium in DMSO +294.4 )
Mefenamic acid in DMSQO +289.5 @)
Tolfenamic acid in DMSO +289.1 )
4-Nitrofenetol in DMSO +10.0 (NO,) )
p-Phenetidine in DMSO +325.6 )
Salacetamide in DMSO +214.8 (f)
HIV and MuLV replication inhibitors
AZT and AZU see Table 14

(a) Data from ref. 808, 10.095 MHz *N spectra, field perpendicular 1o sample tube, referenced originally to neat nitromethane, uncorrected for bulk
susceptibility effects; ca. 20% w/w or saturated solutions; vitamin B,, spectrum was measured at 40.5 MHz, field paralle] to sample tube.

(b) Data from refs. 882, 1229, 1230 and 1231, '*N-labelled samples, 30.4, 40.4 and 50.7 MHz "*N spectra, field parallel to sample tube, referenced
originally to neat nitromethane, uncorrected for bulk susceptibility effects; reported originally vs fictitious ammonia standard taken at + 380.2 ppm
from neat nitromethane; structural formulae and amide group designation are given in ref. 1229.

(¢) Data from ref. 778, details as in footnote (a).

(d) Data from ref. 1232, details as in footnote (a).

(¢) Data from ref. 1233, details as in footnote (a); also 7.196 MHz N spectra.

(f) Data from ref. 1234, details as in footnote (a).
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Addendum on *N NQR and ENDOR

While nuclear quadrupole resonance (NQR) and electron-nuclear double
resonance (ENDOR) are not quite within the scope of the present book, we
present here, as was done in our earlier accounts of nitrogen NMR,** a
comprehensive list of recent references in the field of N NQR and ENDOR:
55-57, 60, 62, 63, 65, 66, 206, 307, 313, 314, 317, 431, 464, 467, 680, 748, 874,
958, 979, 993, 1235-1331.

The references quoted refer to NQR, with the exception of refs 680, 1256,
1275, 1276, 1321, which are relevant to ENDOR.
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Index

Acetamide, nitrogen shieldings, 167
Acetazolamide, nitrogen shielding, 425
Acetonitrile
*N coupling constants, 79
nematic phases, N NMR, 31
N-Acetyl-amino acids, nitrogen
shieldings, 187-188
Acridine, nitrogen shieldings, 305
Acrylamides, alkyl group shielding,
37-38
Actinomycin D, nitrogen shieldings,
198-199
Adenosine analogue, nitrogen
shieldings, 327
Adenosines, nitrogen shieldings, 318-
320
Alanine, nitrogen shieldings, 186
polymers/copolymers, 201-202
Aluminium, N coupling constants, 79
Amanita phalloides toxins, nitrogen
shieldings, 198
Amides, nitrogen shieldings, 167-175
benzamides, 171-172
isoamides, 177-178
nicotinamide, 421
polymers, 175-176
sulphenamides, 183
sulphinamides, 182-183
sulphonamides, 179-182
thioamides, 178-179
Amidines, nitrogen shieldings, 162-163
Amido moieties, 49-50
Amines, 61
nitrogen shieldings
alkylamines, 88-91
boron/silicon coordinated, 111-112
hydroxylamines, 135
phosphorus bound, 113-114
see also Arylamines, nitrogen
shieldings
Amino acids, 50-51
nitrogen shieldings, 185-187
N-acetyl, 187-188
alanine, 186

S-aminolevulinic acid, 187
glycine, 186
histidine, 185-186
see also Proteins/peptides
Amino complexes, nitrogen shieldings,
399-412
cobalt(IIT), 411
palladium(Il), 410
platinum(lI), 399-409
platinum(IV), 410
Amino compounds, nitrogen shieldings,
96-101
boron, 114-117
lead, 124
lithium, 125-126
phosphorus, 113-114
silicon, 117-122
tin, 122-124
see also Aza compounds, nitrogen
shieldings
Amino groups, nitrogen NMR in, 47-48
p-Aminobenzoic acid, nitrogen
shielding, 421
Aminoglutethimide, nitrogen shieldings,
425
S-Aminolevulinic acid, nitrogen
shieldings, 187
Aminophenazone, nitrogen shieldings,
427
4-Aminophenazone, nitrogen
shieldings, 427
Ammonia
liquid, as ‘fictitious’ standard, 13
nitrogen NMR in, 47
nitrogen shieldings, 88
Ammonium ions
nitrogen NMR in, 47
nitrogen shieldings, 88
tetraalkylammonium, 95
Ammonium moieties, nitrogen
shieldings, 101-102
Anaesthetics, nitrogen shieldings, 421-
423
see also Drugs, nitrogen shieldings
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Analgesics, nitrogen shieldings, 427-428
Angiotensin, nitrogen shieldings, 200
Anilines, nitrogen NMR in, 48
see also Arylamines, nitrogen
shieldings
Antamanide, nitrogen shieldings, 198
Antiepileptics, nitrogen shieldings, 424-
426
Antipyretics, nitrogen shieldings, 427-
428
Apamin, nitrogen shieldings, 188
Apoflavodoxin, nitrogen shieldings
oxidized form, 314
reduced form, 315
8-Arginine-vasopressin, nitrogen
shieldings, 199
Aridicin aglycon, nitrogen shieldings,

196
Arylamines, nitrogen shieldings, 128-
130, 131-133

and protonation, 40
and substituents, 39
see also Amines; Anilines, nitrogen
NMR in
Arylammonium ions, nitrogen
shieldings, 130
Aza compounds, nitrogen shieldings,
91-95
Azacyclic systems, alkyl group
shielding, 38
Azaindolizine systems, nitrogen
shielding, 57-58
Azaphenanthrenes, nitrogen shieldings,
306
Azenes, nitrogen shieldings, 375-378
Azides, nitrogen shieldings, 207-208
Azido, nitrogen shieldings, 54
Azine SO, analogues, nitrogen
shieldings, 312-313
Azines
3J("N-X-Y-'H) coupling, 72-73
nitrogen shieldings, 282-311
acridine, 305
azaphenanthrenes, 306
azolo-azines, 270-281
cinnoline, 302
phenazines, 305
phthalazine, 302
pyrazines, 41, 296-297

pyridazines, 290-291
pyridines, 8, 282-290
pyrimidines, 291-295
quinazoline, 302
quinolines, 298-302
quinoxalines, 303-305
tetrazine, 298
triazines, 297-298
Azo compounds, 65
nitrogen shieldings, 369-372
cyanodiazo, 372-373
hydroxy-azo, 373
imines, 378
Azo-hydrazone tautomers, nitrogen
shielding, 46, 145-150
Azodioxy compounds, nitrogen
shieldings, 375
Azole systems
nitrogen shieldings
imidazoles, 240-245
mesoionic structures, 264-266
oxazoles/oxadiazoles, 256-259
pentazoles, 255
phosphazoles, 263-264
pyrazoles, 235-240
pyrroles, 40, 225-235
tetrazoles, 252-255
thiazoles/thiadiazoles, 260-263
triazoles, 245-252
pyrrole-type nitrogen atoms, 57
Azolo-azine systems, nitrogen
shieldings, 270-281
indolizines, 270-274
purines, 275-277, 325-326
without bridgehead N, 277-281
Azoxy compounds, nitrogen shieldings,
373-375

Bacteriophage T4 lysozyme, nitrogen
shieldings, 191-193

Bendiocarb, nitrogen shicldings, 427

Benorilate, nitrogen shieldings, 427

Benzamides, nitrogen shieldings, 171-
172

polybenzamides, 175

Benzococaine, nitrogen shielding, 421

Benzopyrazone, nitrogen shiclding, 428

Bilirubins, nitrogen shieldings, 229



Biliverdins, nitrogen shieldings, 230
Biotin, nitrogen shielding, 421
‘Bipolarons’, imine, 62
Biuret, nitrogen shielding, 152
Bleomycin A,, nitrogen shieldings, 189
Boratranes, nitrogen shieldings, 111
Boron
amino compounds, nitrogen
shieldings, 114-117
amino group coordinated, nitrogen
shieldings, 111
N coupling constants, 79
Bovine pancreatic trypsin inhibitor
(BPTTI), nitrogen shieldings, 188
Butanilicaine hydrochloride, nitrogen
shielding, 423

Calcium panthotenate, nitrogen
shielding, 421

Calibration, see Referencing procedures

Calmodulin, nitrogen shieldings, 190-
191

e-Caprolactam, nitrogen shieldings, 169

Carbachole, nitrogen shielding, 427

Carbamates, nitrogen shieldings, 426-
427

Carbamazepine, nitrogen shielding, 426

Carbazole, nitrogen shieldings, 227

Carbisocaine chloride, nitrogen
shielding, 427

Carbodiimides, nitrogen shielding, 166

Carbon-nitrogen couplings

multi-bond, 74
one-bond, 74

Carlsoprodole, nitrogen shielding, 426

B-Cellobiose octanitrate, nitrogen
shieldings, 362

Charge density, and nuclear shielding,

Chemically induced dynamic nuclear
polarization (CIDNP), 32-33

Chromium complexes, nitrosyl,
nitrogen shieldings, 413

CIDNP, 32-33

Cinchocaine hydrochloride, nitrogen
shielding, 423

Cinchophen, nitrogen shielding, 428

Cinnoline, nitrogen shielding, 302

INDEX 471

Clonazepam, nitrogen shielding, 426
CNDQO calculations for nuclear
shielding, 7
CNDOJ2 calculations for spin-spin
couplings, 9
Cobalt
complexes, nitrogen shieldings
amino, 411
nitrosyl, 414-415
ion (2+) as shift reagent, 36
N coupling constants, 79
Cocaine hydrochloride, nitrogen
shielding, 421
Coliphage A-cro repressor protein,
nitrogen shieldings, 194-195
Complexes
amino, 399412
cyano, 219-223
diazenido, 396-398
dinitrogen, 393-395
dinitrogen ligand, 68
heteroatomic, 59
hydrazides, 137-138
imino, 337-340
nitride, 69, 417418
‘nitro’, 66
nitrosyl/thionitrosyl, 68-69, 413-417
see also by particular metal
Continuous wave (CW) technique, in
“N NMR, 15
Conversion schemes, 85
Copper complexes
heteroaromatic, 59
imino, nitrogen shieldings, 340
Coprobiliverdin, nitrogen shieldings,
230
Correlation spectroscopy (COSY)
three-dimensional, 22-23
hetero-hetero, 22-23
homo-hetero, 22, 23
two-dimensional, 19-22
reverse, 20-22
straightforward, 19-20
Coupling constants, see *N coupling
constants
see also Spin-spin couplings
CPMAS (cross-polarization/magic
angle spinning), in "N NMR,
27-30
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CPMAS (cont.)
double cross-polarization
(DCPMAS), 30
Creatinine, nitrogen shieldings, 242
Cross-polarization, in solid-state "*N
NMR, 26
see also CPMAS (cross-polarization/
magic angle spinning), in
“N NMR
Crystals, partially oriented, 30-31
see also Solid-state NMR
Cyanamides, nitrogen shielding, 166
Cyanates, nitrogen shieldings, 54
covalent, 211
Cyanide ions, nitrogen shieldings, 219
Cyanides, nitrogen shieldings, 55-56,
212-216
Cyano complexes, nitrogen shieldings,
219-223
Cyanocobalamin, nitrogen shielding,
419-420
Cyanodiazo compounds, nitrogen
shieldings, 372-373
Cyclosporin A, nitrogen shieldings, 197
Cytidine analogue, nitrogen shieldings,
326
Cytidines, nitrogen shieldings, 323-324
Cytochrome ¢, nitrogen shieldings, 190
Cytochrome P-450,,,,, cyano ligands in,
nitrogen shieldings, 222

7-Deazaguanosines, nitrogen shieldings,
324
Deazapurines, nitrogen shieldings, 276~
277
7-deaza derivatives, 326
DEPT sequence, 18
Deuterium, and nitrogen shielding, 34—
35
Devco, nitrogen shielding, 284
Dexpanthenol, nitrogen shielding, 421
Diamagnetic species, nitrogen shielding
in, 36-41
alkyl group effects, 37-39
and protonation, 39-41
range, 36-37
self-adjusting increments approach,
39

shielding/charge density correlations,
37
and substituents on aromatic rings,
39
Diazenes, 65
nitrogen shieldings, 375
Diazenido complexes, nitrogen
shieldings, 396-398
Diazepam, nitrogen shielding, 426
Diazimines, nitrogen shielding, 5
Diazines, nitrogen shieldings
1,2-diazines, 290-291
1,3-diazines, 291-295
1,4-diazines, 296-297
Diazo compounds, 64
nitrogen shieldings, 367
cyanodiazo, 372-373
Diazoates, 64
nitrogen shieldings, 367-368
Diazonium ions, 64
Diazonium salts, nitrogen shieldings,
367
Dications, imine, 62
Dicyanamido anions, nitrogen
shielding, 166
Dicyanocobalamine, nitrogen shielding,
420-421
Dicyclofenac sodium, nitrogen
shielding, 428
Difference spectra methods in *N
NMR, 24-25
Diimides, nitrogen shieldings
carbodiimides, 166
sulphurdiimides, 348-349
see also Imides, nitrogen shieldings
Dimethylformamide, nitrogen
shieldings, 167
solvent effects, 44
Dinitrogen, 67-68
imaging, YN NMR, 25
in internal referencing, 11-12
'N-"*N spin-spin coupling, 8-9
nitrogen shieldings, 5, 392
complexes, 393-395
Diocaine hydrochloride, nitrogen
shielding, 423
Diperodon, nitrogen shielding, 426
Dipolar dephasing N CPMAS,
29



Dipolar rotational spin echo °N

CPMAS, 29

Disodium cromoglycate liquid crystal,
31

Double cross-polarization "N MAS
NMR, 30

Drugs, nitrogen shieldings
anaesthetics, 421-423
antiepileptics, 424-426
analgesics/antipyretics, 427-428
carbamates, 426-427

.Dynamic nitrogen NMR, 33-34

Electric field gradients, calculations,
10-11
see also Magnetic field, orientation,
and external referencing
Enamines/enaminones
enamine-imino tautomerism, 61-62
nitrogen shieldings, 105-110
Enamino moieties, nitrogen NMR
studies, 48
Ethosuximide, nitrogen shielding, 424
Ethyl urethane, nitrogen shielding, 426
Experimental techniques, 14-34
chemically induced dynamic nuclear
polarization (CIDNP), 32-33
dynamic nitrogen NMR, 33-34
liquids/solutions
N NMR, 15
'SN NMR, see Liquids/solutions:
N NMR techniques
partially oriented crystals, NMR in,
30-31
quantitative nitrogen NMR, 31-32
solid-state '“N NMR, 25-26
cross-polarization MAS in, 30
solid-state "N NMR, 26-30
CPMAS, 27-30
DCPMAS, 30
MASS, 27
single-crystal, 26-27
static powder, 27
static powder spectra, 27

Fenacaine hydrochloride, nitrogen
shielding, 423
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Ferricytochromes, cyano ligands in,
nitrogen shieldings, 221-222
Ferrocytochrome c,, nitrogen
shieldings, 190
Ferrodoxin, 2-Fe-2S, nitrogen
shieldings, 193
Fibroins, silk, nitrogen shieldings, 196
Field gradients, electric, calculations,
10-11
see also Magnetic field, orientation,
and external referencing
Flavins, 59-60
nitrogen shieldings in, 314-316
oxidized forms, 314-315
reduced forms, 315-316
protonation, and nitrogen shielding,
41
see also Pterin systems, nitrogen
shieldings
Flavodoxin, nitrogen shieldings
Anabaena 7120, 194
oxidized form, 315
reduced form, 316
Flow-cells, in '*N NMR, 16
Fluorine, *N-"°F couplings, 77-78
Fomocaine hydrochloride, nitrogen
shielding, 422
Formamide
hydration, and nuclear shielding, 6
nitrogen shieldings, 167
temperature effects, and proton
decoupling, 14
Fulminates, nitrogen shieldings, 55, 217
Furazans, nitro compounds, nitrogen
shieldings, 356-357
Furoxans, nitrogen shieldings, 259

Gauge included atomic orbitals
(GIAQ) method, 6
Glycine, nitrogen shieldings, 186
Gramicidin A, nitrogen shieldings, 196
Guanidines/guanidinium ions, nitrogen
shieldings, 161-162
N-nitroguanidine, 365
Guanosines, nitrogen shieldings, 320
322
in RNA, 330
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Haemoprotein-cyano units, nitrogen
shieldings, 221
Hammet equation, for aromatic
substituent effects, 39
Hartree-Fock shielding calculations, 5
Heptacaine chloride, nitrogen shielding,
427
Heptobarbital, nitrogen shielding, 424
Heteroaromatic systems
complexes, 59
N labelling studies, 58
nitrogen shielding calculation, 58
pyridine-type nitrogen atoms, 56-57
pyrrole-type nitrogen atoms, 57-58
Heteronuclear multiple quantum
correlation (HMQC) in 2-D
COSY, 20-21
Heteronuclear single quantum
correlation (HSQC) methods, 22
Histidine, nitrogen shieldings, 185-186
Human N-ras p21 protein, nitrogen
shieldings, 195
Hydrazides, nitrogen shieldings, 135~
137
complexes, 137-138
Hydrazines, nitrogen shieldings, 135
Hydrazones
nitrogen NMR in, 48
nitrogen shieldings, 140~151
azoarene tautomers, 369-371
azo-tautomers, 46, 145-150
non-tautomeric, 140-145
Hydrogen bonding, and nitrogen
shielding, 6
solvent effects, 43, 44
Hydroxamic acids, nitrogen shieldings,
179
Hydroxy-azo compounds, nitrogen
shieldings, 373
Hydroxylamines, nitrogen shieldings,
135

Imaging, ‘*N NMR, liquid nitrogen/
high-temperature
superconductor, 25

Imidazoles, nitrogen shieldings, 240-
245

hydration and, 6
tautomerism and, 46

Imides, nitrogen shieldings, 176177
see also Diimides, nitrogen shieldings
Imines, 61-62
nitrogen shieldings, 336-343
azo compounds, 378
complexes, 337-340
ethylene, 5
ketenimines, 343
nitrones, 343
oximes, 162, 163, 344-346
Individual gauge for localized orbitals
(IGLO) method, 4-5
INDO calculations for spin-spin
couplings, 9
INDOQ/S calculations for nuclear
shielding, 7
Indolizine systems, nitrogen shieldings,
270-274
Indomethacin, nitrogen shielding, 428
INDOR (internuclear double
resonance), 'H{"*N}, 24
INEPT pulse sequence, 16-18
non-selective, 17-18
selective, 18
Inosine, nitrogen shieldings, 322
Interrupted decoupling ’N CPMAS, 29
Iron
N coupling constants, 79
nitrosyl complexes, nitrogen
shieldings, 416
Isoamides, nitrogen shieldings, 177-178
Isocyanate ion, nitrogen shieldings, 211
Isocyanates, nitrogen shieldings, 54
covalent, 211
Isocyanides, nitrogen shieldings, 55
covalent, 217-219
4-Tsopropylaminophenazone
hydrochloride, nitrogen
shielding, 427
Isoquinolines, nitrogen shieldings, 301-
302
Isothiocyanates, nitrogen shieldings,
54-55
covalent, 209
ions/ligands, 210
Isotopes and nitrogen shielding, 34-36
carbon-13, 35
deuterium, 34-35
nitrogen-14, 35
oxygen-18, 35-36



Isoxazoles, nitro compounds, nitrogen
shieldings, 356-357

Kamlet-Taft analysis, and solvents, 42~
43
Ketazone, nitrogen shielding, 428
Ketenimines, 61
nitrogen shieldings, 343

Lanthanide chelates as shift reagents,
36
Lead
amino compounds, nitrogen
shieldings, 124
N coupling constants, 79
Leu-enkephalin, nitrogen shieldings,
200
Liquid crystal solutions, NMR in, 31
Liquids/solutions
“N NMR techniques, 15
N NMR techniques, 16-25
combination techniques, 24
DEPT sequence, 18
difference spectra methods, 24-25
flow-cells, 16
four-dimensional techniques, 23-24
heteronuclear magnetization
transfer, 18-19
'H {"N} INDOR, 24
INEPT pulse sequence, 16-18
low sensitivity of, 16
N enrichment, 16
three-dimensional COSY, 22-23
two-dimensional techniques, 19-22,
24
partial oriented crystals in, 30-31
Lithium
amino compounds, nitrogen
shieldings, 125-126
N coupling constants, 79
Localized orbital/local origin (LORG)
shielding calculations, 5-6
Luciferase, bacterial, nitrogen
shieldings, 314
Lumazine protein, nitrogen shieldings,
316
Lysozyme, bacteriophage T4, nitrogen
shieldings, 191-193
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Magnetic field, orientation, and
external referencing, 12
MAS spectra, bulk susceptibility effects,
14
see also CPMAS (cross-polarization/
magic angle spinning), in
N NMR
MASS spectra, "N, 27
Mefenamic acid, nitrogen shielding, 424
Mephenytoin, nitrogen shielding, 424
Meprobamate, nitrogen shielding, 426
Mercury, amino complexes, "N
coupling constants, 80
Mesoionic azole systems, nitrogen
shieldings, 264-266
Metals, see Complexes; Transition
metals
see also by particular metal
Methyl nitrate, nitrogen shieldings, 355
Methyl-8-D-glucopyranoside
tetranitrate, nitrogen shieldings,
362
Mitomycin C, nitrogen shieldings, 106
Molybdenum
N coupling constants, 79
nitrosyl complexes, nitrogen
shieldings, 413, 417

14
N
coupling constants, conversion to

N, 69
and *N NMR shieldings, 35
nuclear quadrupole moment
calculations, 10

N coupling constants, 70-80
aluminium, 79
boron, 79
carbon-nitrogen, 74-75
conversion from “N, 70
'J(5N-BC), 73-74
'J(®N-'H), 70-71
IJ(”N-”O), 80
J(N-X-'H), 72
SI(°N-X-Y-H), 72-73
lead, 79
lithium, 79
“N-"F, 77-78
"N-'H, long-range, 73
"N-PN, 75-76
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N coupling constants (cont.)
N-P, 76-77
platinum, 78
silicon, 78-79
tin, 79
transition metals, 79-80
xenon, 80
Neostygmine bromide, nitrogen
shielding, 427
Nicotinamide, nitrogen shielding, 421
Nicotinic acid, nitrogen shielding, 421
Nitramines, nitrogen shieldings, 360,
361, 362
Nitrates, 63-64
nitrogen shieldings
B-cellobiose octanitrate, 362
methyl, 355
methyl-f-D-glucopyranoside
tetranitrate, 362
Nitric acid, nitrogen shieldings, 363,
391
Nitride complexes, 69
nitrogen shieldings, 417-418
Nitriles
alkyl group shielding, 38
electric field gradients, 10
nitrogen shieldings, 55-56
N-oxides, 217
protonation and, 40
Nitrilium ions, nitrogen shieldings,
216-217
Nitrites, nitrogen shieldings, 380-381
Nitrito group, 66
‘Nitro’ complexes, 66
Nitro compounds, 63
nitrogen shieldings, 355-366
nitrobenzenes, 356, 357-358
4-nitrofenctol, 428
4-nitroguanidine, 365
nitromethane, 355
nitrosamines, 382-387
nitrotoluenes, 356
nitroalkanes, 63

nitromethane as shielding reference,

13, 14
nitrosamines, 66-67
Nitro groups, 63
Nitrogen oxides, 68
nitrogen shieldings, 390-391
see also Nitrates; Nitrites; Nitro

compounds
Nitrogen-oxygen ions, 68
nitrogen shieldings, 390-391
Nitrogen, see Dinitrogen; "“N; "N
coupling constants
Nitrones, 61
nitrogen shieldings, 343
Nitroso compounds, 66-67
nitrogen shieldings, 380, 381-382
dimers, 375
Nitroso group, nitrogen shielding
solvent effects, 44-45
Nitrosyl/thionitrosyl complexes, 69
nitrogen shieldings, 413-417
Nuclear Overhauser effect correlation
spectroscopy (NOESY), PN,
23-24
Nuclear shielding theory, 3-8
and charge density, 7-8
GIAO method, 6
Hartree-Fock shielding calculations,
5
IGLO procedure, agreement with
experiment, 4-5
independent particle model, 8
LORG procedure, 5-6
MM2 force field calculations, 8
semiempirical molecular orbital
techniques, 7
SOPPA approximation, 5
Nucleic acids, shielding calculations, 6
Nucleosides/nucleotides, 60
nitrogen shieldings, 318-331
adenosine analogue, 327
adenosines, 318-320
cytidine analogue, 326
cytidines, 323-324
7-deazaguanosines, 324
7-deazapurines, 326
guanosines, 320-322
inosine, 322
purines, 325-326
pyrimidones, 328
in RNA, 329-330
thymidine, 323
tubercidins, 324
uridines, 322-323
wyosines, 325
xanthosine, 322
Nylons, nitrogen shieldings, 176



Ortofomacaine hydrochloride, nitrogen
shielding, 422
Ortoform, nitrogen shieldings, 421
Overhauser effects, in "N NMR, 31
nuclear correlation spectroscopy, 23-
24
Overtone N NMR transitions, solid
state, 25-26
Oxazepam, nitrogen shielding, 426
Oxazole/oxadiazole systems, nitrogen
shieldings, 256-259
Oximes, 61
nitrogen shieldings, 162, 163, 344-
346
Oxygen-18, and nitrogen shielding, 35-
36

Oxytocin, nitrogen shieldings, 199

Palladium complexes, nitrogen
shieldings
amino, 410
imino, 337
Panthotenic acid, nitrogen shielding, 421
Paracetamol, nitrogen shielding, 427
Partially oriented crystals, NMR in,
30-31
Pentacaine chloride, nitrogen shielding,
427
trans-Pentalene, nitrogen shieldings,
264
Pentazole ring system, nitrogen
shieldings, 255
Peptides, see Proteins/peptides
Pfl filamentous bacteriophage coat
protein, nitrogen shieldings, 194
Phenacemide, nitrogen shielding, 425
Phenacetin, nitrogen shielding, 427
Phenazines, nitrogen shieldings in, 305
Phenazone, nitrogen shielding, 427
p-Phenetidine, nitrogen shielding, 428
Phenobarbital, nitrogen shielding, 424
Phensuximide, nitrogen shielding, 424
Phenylbutazone, nitrogen shielding, 428
Phenytoin, nitrogen shielding, 424
Phosphazenes/phosphazoles, 61
nitrogen shieldings, 263-264, 332--335
cyclic, 333-334
Phosphazoles, nitrogen shieldings, 263-
264 :
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Phosphocreatinine, nitrogen shieldings,
242
Phosphorus
amino compounds, nitrogen
shieldings, 113-114
“N-'P couplings, 76-77
Phthalazine, nitrogen shielding, 302
Physostygmine, nitrogen shielding, 427
‘Piano-stool’ nitrosyl complexes, 413
Platinum
amino complexes, nitrogen shieldings
Pt(II), 399-409
Pt(1V), 410
"N coupling constants, 78
Polarization transfer (PT), in sensitivity
enhancement, 16-18
DEPT sequence, 18
INEPT sequence, 16-18
Polymers
amide, nitrogen shieldings, 175-176
N CPMAS NMR, 28
Porphin, nitrogen shieldings, 233
Porphycen, nitrogen shieldings, 233
Porphyrin complexes, nitrogen
shieldings
cyano Fe(II), 221
low-spin Fe(III), cyano ligands, 222~
223
Powder NMR
“N, 26
5N, static, 27
Powdery solids, “N NMR 26
Primidone, nitrogen shielding, 425
Procaine hydrochloride, nitrogen
shielding, 421
Proteins/peptides, 50, 51-54
nitrogen assimilation studies, 53
nitrogen shieldings, 51-52, 188-203
see by named compound
N CPMAS NMR, 28
Proton decoupling, and temperature, 14
Proton transfers, in '*N-labelled
molecules, 33
Proton-nitrogen couplings, 71
Protonation
of pyridine-type nitrogen atoms, 57
and shielding in diamagnetic species,
39-41
Pterin systems, nitrogen shieldings, 316
see also Flavins
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Pulsed Fourier-transform (PFT) NMR
for liquid/solution spectra
“N NMR, 15
"N NMR, 16
problems for quantitative NMR, 31-
32
Purines, nitrogen shieldings, 275-277
derivatives, 325-326
Pyrazines, nitrogen shieldings, 296-297
protonation and, 41
Pyrazole ring systems, nitrogen
shieldings, 235-240
Pyrazones, benzopyrazone, nitrogen
shielding, 428
Pyridazines, nitrogen shieldings, 290-
291
Pyridine, partial orientation in solution,
30
Pyridine-type N atoms, 56
nitrogen shielding, 56-57
and solvent polarity, 43-44
Pyridines, nitrogen shieldings, 282-290
calculations, 8
Pyridoxol/pyridoxal/pyridoxamine
' hydrochlorides, 419
Pyrimidine
N NMR, "N enrichment, 16
partial orientation in solution, 30
Pyrimidines, nitrogen shieldings in,
291-295
Pyrimidone derivatives, nitrogen
shieldings, 328
Pyrrocaine hydrochloride, nitrogen
shielding, 422
Pyrrole-type nitrogen atoms, 57
nitrogen shielding, 57-58
Pyrroles, nitrogen shieldings, 225-235
protonation, 40

Quantitative nitrogen NMR, 31-32
Quinazoline, nitrogen shielding, 302
Quinolines, nitrogen shieldings, 298-
302
isoquinolines, 301-302
Quinoxalines, nitrogen shieldings, 303-
305

Radical pairs, and resonance intensity,
32-33

Referencing procedures
external, 12
analogous reference substances,
13-14
bulk susceptibility effects, 12-13,
14
‘fictitious” ammonia standard, 13
nitromethane as primary standard,
13
shieldings of reference substances,
86-87
and temperature, 14
internal, 11-12
solid samples, 14
Relaxation phenomena, 80-82
N, 80-81
BN, 81-82
Retinal, nitrogen shieldings, 340
Rhodium, "*N coupling constants, 79~

80

Riboflavin, nitrogen shieldings, 315,
419

Ribonuclease A, nitrogen shieldings,
195

RNA, nucleoside units in, nitrogen
shieldings, 329-330

Salacetamide, nitrogen shielding, 428
Salicylamide, nitrogen shielding, 427
Second-order polarization propagator
theory (SOPPA), 5
Shielding theory, see Nuclear shielding
theory
Shift reagents, 36
Sign conventions, 11
Silatranes, nitrogen shieldings, 111-112
Silicon
amino compounds, 117-122
amino group coordinated, 111-112
N coupling constants, 78-79
nitrides, 69, 418
Silk fibroins, nitrogen shieldings, 196
Silver
imino complexes
N coupling constants, 80
nitrogen shieldings, 338-339, 340
salts, as shift reagents, 36
SINEPT, 17
Single crystal spectra, "N NMR, 26



Solid-state NMR
"N, 25-26
CPMAS, 30
BN, 26-30
CPMAS, 27-30
DCPMAS, 30
MASS, 27
single-crystal, 26-27
static powder, 27
Solutions, see Liquids/solutions
Solvents, and nitrogen shielding, 41-45
examples, 41-42
and hydrogen bonding, 43, 44
Kamlet-Taft analysis system, 42-43
and polarity, 43-44
Spin—spin couplings
long-range, in reverse heteronuclear
COSY, 20-21
in "N spectra, 15
theoretical calculations, 8-9
see also "N coupling constants
Standards, see Referencing procedures
Staphylococcal nuclease, nitrogen
shieldings, 189
Stovaine hydrochloride, nitrogen
shielding, 422
Streptomyces subtilisin inhibitor (SSI),
nitrogen shieldings, 195
Succinate, nitrogen shielding, 426
Sulphenamides, nitrogen shieldings, 183
Sulphinamides, nitrogen shieldings,
182-183
Sulphonamides, 50
nitrogen shieldings, 179-182
Sulphur-nitrogen bonds, 62
Sulphur-nitrogen compounds, nitrogen
shielding in, 348-354
sulphurdiimides, 348-349
Sultiame, nitrogen shielding, 425
Superconductors, in N NMR
dinitrogen imaging, 25
Supercritical fluids as solvents, 15, 80
Surfactants, "N spectra, quadrupole
splittings, 31
Sydnone, nitrogen shieldings, 265

Tautomers
azo, nitrogen shieldings, 46, 145-150
azoarene, nitrogen shieldings, 369-
371
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enamine-imine, 61-62
nitrogen shielding in, 45-46
solid-state studies, 48
Temperature, and nitrogen shieldings,
14
Tetraalkylammonium ions, nitrogen
shieldings, 95
Tetracaine hydrochloride, nitrogen
shielding, 422
Tetrazenes, 65
nitrogen shieldings, 378
Tetrazine, nitrogen shieldings, 298
Tetrazole ring systems, nitrogen
shieldings, 252-255
Thiamine dihydrochloride, nitrogen
shieldings, 419
Thiazole/thiadiazole ring systems,
nitrogen shieldings, 260-263
Thioamides, nitrogen shieldings, 125,
178-179
Thiocyanates, nitrogen shieldings, 54
covalent, 209-210
ions/ligands, 210
Thionitrosyl complexes, 69
nitrogen shieldings, 413417
Thioredoxin, Escherichia coli, nitrogen
shieldings, 194
Thioureas, nitrogen shielding, 157-161
Thymidine, nitrogen shieldings, 323
Tin
amino compounds, nitrogen
shieldings, 122-124
"N coupling constants, 79
Transition metals, '*N coupling
constants, 79-80
see also by particular metal
Triazenes, 65
nitrogen shieldings, 375-378
Triazines, nitrogen shieldings, 297-298
Triazole ring systems, nitrogen
shieldings, 245-252
1,2,3/1,2,5 triazoles, 245-247
1,2,4/1,3,4 triazoles, 248-252
Tribuzone, nitrogen shielding, 428
Trimecaine hydrochloride, nitrogen
shielding, 423
Trimethadione, nitrogen shielding, 424
Trimethoprim, nitrogen shieldings,
292-293
protonation and, 40
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Tropacocaine hydrochloride, nitrogen
shielding, 421
Tubercidins, nitrogen shieldings, 324
Tungsten, "N coupling constants, 79
Tungsten complexes, nitrogen
shieldings
nitride, 417, 418
nitrosyl, 413
Turkey ovomucoid third domain
(OMTKY 3), nitrogen
shieldings, 194

Ureas, nitrogen shielding, 152-157
Urethanes, ethyl, nitrogen shieldings,
426
Uridines, nitrogen shieldings, 322-323
in RNA, 329-330

INDEX

Van der Waals forces, and nitrogen
shielding, 8

Vanadium, N coupling constants, 79

Vancomycin, nitrogen shieldings, 200

Vasopressin, 8-arginine, nitrogen
shieldings, 199

Vitamins, nitrogen shieldings, 419-421

Wyosines, nitrogen shieldings, 325

Xanthosine, nitrogen shieldings, 322
Xenon, '*N coupling constants, 80
Xylocaine, nitrogen shielding, 423

Zero-field NMR, proton-"*N double
resonance, 25



