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PREFACE

Largely on account of a continued expansion in the applications of nitrogen
NMR, Volume 11 of Annual Reports is divided into two parts. An indica-
tion of the range of areas of molecular science which are critically dependent
upon NMR investigations is provided by the diverse choice of topics covered
in Volume 11A. The review on amino acids, peptides and proteins by Dr H.
W. E. Rattle provides a current account of an area previously covered in
Volume 6B of this series. Biologically important areas of research are also
taken into account in the chapter by Professor S. Forsén and Dr B. Lindman
on >*Mg and *>’Ca NMR. The remaining three reports in Volume 11A deal
with material which, although previously dealt with inter alia, is specifically
covered for the first time in this series, the topics in question being Be-Be
couplings by Dr’s P. E. Hansen and V. Wray and the *C NMR of Group
VIII organometallic compounds by Dr P. S. Pregosin.

Volume 11B is devoted to a comprehensive and up-to-date account of
nitrogen NMR by Professor M. Witanowski and his coworkers. This review
serves to expand upon those provided previously, in Volumes 2, 5A and 7,
on this important topic.

It gives me great pleasure to express my gratitude to all of the contributors
to Volume 11 for their diligence and willing cooperation which has provided
the basis for this volume.

University of Surrey, G. A. WEBB
Guildford, Surrey, May 1981
England
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Our main aim in preparing this report is to present a comprehensive survey
of the nitrogen NMR literature that has appeared since our last review.'
Thus the present coverage extends from 1977 to late 1980. In discussing
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the numerous developments that have occurred during this period liberal
reference is made to our previous accounts of nitrogen NMR.'™

Progress has been recorded in both experimental and theoretical aspects
of nitrogen NMR during the review period. The widespread utilization of
N NMR as a practical structure elucidation technique has been referred
to in a monograph* and in two reviews.>® Concomitantly the more abundant
"N nucleus has continued to be employed in a large range of chemical
shift and quadrupolar relaxation studies.

The complementarity of the magnetic and electric properties of the two
stable isotopes is in part responsible for the extensiveness of the applications
of nitrogen NMR. A further important factor is the importance of nitrogen
in many areas of chemistry, while the final necessary ingredient is the fact
that, at about 900 ppm, the range of nitrogen chemical shifts is the largest
to be found amongst the first- and second-row nuclei.

The rather large range of nitrogen chemical shifts reflects the importance
of the lone-pair electrons to the nitrogen nuclear shielding. When the lone
pair is actively engaged in bonding, the shielding usually increases by a
substantial amount. The broad range of bonding situations available to
nitrogen is thus graphically demonstrated by its range of chemical shifts.
Consequently subtle changes in molecular structure are more likely to
produce significant screening differences in nitrogen NMR spectra than in
those of other commonly studied nuclei such as 1H, 13C, 19F, or *'P,

II. THEORY OF NITROGEN NMR PARAMETERS

Some theoretical aspects of NMR parameters have recently been presen-
ted in a treatise relating to NMR and the periodic table.” Thus only a brief
account of the theoretical background to nuclear screening and spin—spin
interactions is presented here.

A. Calculations of nitrogen shieldings

Nuclear shielding in the presence of a magnetic field is described by a
second-order tensor. Quantum mechanical expressions for its components
were first provided by Ramsey.® However, this approach has shortcomings
which have been documented elsewhere.’ Perhaps the most troublesome
of these is the production of gauge-dependent shielding data when limited
basis sets are used in the calculation. Such basis sets are usually necessary,
even for diatomic molecules, in order to perform the calculations within a
reasonable amount of computer time.

Coupled Hartree-Fock calculations of the nitrogen shielding tensor of
ammonia have been reported.'’ The wavefunctions employed are expanded
over basis sets of Gaussian functions. Four such wavefunctions, of increasing
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accuracy, are employed. By choosing the origin at the centre of mass it is
found that the diamagnetic part of the shielding tensor is almost indepen-
dent of the choice of basis set, whereas the averaged paramagnetic com-
ponent varies from —228-36 to —89-96 ppm as the basis set improves in
accuracy. These values have to be compared with an experimental determi-
nation of —89-7 ppm for the averaged paramagnetic contribution to the
nitrogen shielding of ammonia."’

In all four cases the results of the calculations are found to be gauge-
dependent. The extent of this dependence decreases as the accuracy of the
basis set increases. Thus a demonstration is provided of the sensitivity of
ab initio calculations of nuclear shielding to the choice of basis set.

The equations-of-motion method, which appears to have a greater gener-
ality than the coupled Hartree-Fock theory, has been applied to the N;
molecule.'? This approach provides a value of —110-6 ppm for the mean
nitrogen shielding, which is in good agreement with the experimental value
of —101+20 ppm."?

In nitrogen NMR spectroscopy the main interest lies in relative shielding
constants, i.e. chemical shifts, for molecules somewhat larger than N, and
NH,. Consequently a model giving gauge-dependent results with limited
basis sets leads to problems when larger molecules are under consideration.

The gauge-dependence of the calculated nuclear shielding can be
removed by the use of a molecular orbital theory incorporating gauge-
dependent atomic orbitals.'* Although some criticisms of this method have
been raised, it does give good nuclear screening results even when small
basis sets are employed.'® _

Most semiempirical calculations of nitrogen shielding data are based
upon the gauge-dependent atomic orbital formulation. Within this
framework'? the nuclear shielding, o, is expressed as a sum

_ d d d p p p
T =0 t+ T non-loc + Tinter + Tloc + T non-loc t Tinter (1)

The local diamagnetic and paramagnetic terms, oio. and oo respectively,
arise from electronic currents localized on the atom containing the nucleus
of interest. The corresponding non-local contributions are due to currents
on neighbouring atoms, while the interatomic terms are related to non-
localized currents. These latter terms usually produce a shielding contribu-
tion of a few ppm at most, which is negligible when compared with the
nitrogen chemical shift range of about 900 ppm.

As noted elsewhere,”’ by considering only the nitrogen 2s and 2p atomic
orbitals the expressions for the rotationally averaged local terms in equation
(1), for nucleus A, become

2
MHo€
12mm

d
T Aloc =

T P (vlrialv) (2)
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and

[.L()hzez occ unoce

(T.%loc = 6 2 <r73>2p Z Z (Ek—Ej)71
m™m 7K

X (CizaChiya = CiyaCrizn) L (CizgCiyn = Ciiya Crzn)
B
+ (Cj,zACk,xA - Cj.xACk.zA) Z (Cj,zBCk.xB - Cj,xBCk.zB)
B
+ (Cj.xACk.yA - CJXYACkVXA) % (ijxBCkaB - Cj-YBCk.XB) (3)

where r,a represents the separation of the electrons in orbital v from
nucleus A, P,, is the charge density relating to orbital », Cj «, is the LCAO
coefficient of the 2p, orbital on atom A in the molecular orbital j etc.
whose energy is represented by E;, and (r %), is the mean inverse cube
radius for the 2p orbitals on atom A.

Expressions analogous to equations (2) and (3) are available for the
corresponding non-local terms. In general o-ﬂo,,.loc is negligible but ohon-1oc
can be appreciable, particularly in cases of multiple bonding'”"'® as demon-
strated in Table 1. Consequently both the local and non-local contributions
to the paramagnetic component of the nitrogen shielding tensor should be
taken into account.

As noted previously,"”” o is approximately constant for nitrogen
nuclei in a variety of molecular environments. Further work'® has substanti-
ated this claim by comparison with X-ray PE data.

By suitable evaluation,'”® equation (2) may be expressed as

Oioc =202:353+4-437[3-25-0-35(9 - 5)]q 4)

where g is the total charge density on the nitrogen atom concerned. By
means of equation (4) the largest change in ofs is found to be about
15 ppm."® This occurs between NOF; and OCN™ and corresponds to about
4-5% of the value of o\ for nitrogen. The nitrogen chemical shift difference
between these two species is about 170 ppm.

It seems very probable that NOF; and OCN™ represent the limits of
charge density for nitrogen molecular environments, and thus, from
equation (4), the limits on the range of values for oh.. A reportzo based
upon a similar series of calculations exaggerates the changes in oo for a
number of nitrogen-containing species. This discrepancy probably arises
from excluding the effects of nuclear shielding on the nitrogen 2p electrons,
SLLch that the following equation rather than equation (4) is used to evaluate
Tloc -

obe =202:353+14-42¢q (5)

As a consequence of this, changes in ol are overestimated.
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Hence, in general, it appears that changes in o are not of major
significance in discussing nitrogen chemical shift differences. Usually
changes due to solvent effects outweigh those arising from a-ﬁ,c.l

INDO parameterized calculations of nitrogen shielding have been repor-
ted which include two-centre integrals of the type (¢,5/Oald.5),>" where
¢, and ¢, are atomic orbitals centred on atom B, and O, is an operator
relating to atom A. The resulting diamagnetic contributions to the nitrogen
shielding tensors in NH3;, HCN, N,O, and CH;CN are comparable to those
obtained from gauge-dependent ab initio calculations. It is suggested®’ that
this approach may supersede the empirical atom—dipole model*’® as a
means of estimating the molecular, Ramsey-type, diamagnetic shielding
terms. It cannot be stressed too frequently that such terms are not to be
compared with the gauge-independent ones represented in equations (1)
and (2).

In the period under review the significance of the contributions from the
excited electronic states to the paramagnetic term has been investigated
by comparing the results of calculations using various semiempirical par-
ameter sets. The INDO scheme usually provides a serious overestimate of
the energy separation between the ground and various excited states.”'
Thus parameters that have been specifically chosen to describe electronic
transitions, such as the CNDO/S and INDOY/S sets, are preferable for
calculations of the paramagnetic contribution to the nuclear shielding.'”'®
Since the diamagnetic term relies only on calculated charge densities, there
seems to be little to choose between the various semiempirical sets when
considering this term.

Clearly the MINDO/3 set is inadequate for a reliable estimate of second-
order properties such as nuclear shielding and spin-spin coupling con-
stants.”>** In calculations of nitrogen shielding a significant improvement
in the comparison with experimental data is obtained when the coefficients
in equation (3) evaluated from MINDO/3 calculations are combined with
excitation energies obtained from INDO/S parameterized calculations.*?
This is illustrated by calculations on nitromethane, which is recommended
as the reference standard for nitrogen NMR. The value of the nitrogen
shielding obtained from a MINDO/3 calculation is —325-33 ppm whereas
the inclusion in equation (3) of energies obtained from an INDO/S calcula-
tion yields a value of —208-05 ppr‘n.22 When equation (3) is evaluated
entirely by the INDO/S procedure the corresponding result is
—112-46 ppm,'® which is in reasonable agreement with about —130 ppm
obtained from a comparison of the spin-rotation data for ammonia and
the chemical shift data for ammonia and nitromethane.'®

It should be remembered that the model usually chosen for nuclear
shielding calculations is based upon an isolated molecule in a vacuum. For
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a more realistic comparison with experimental NMR data some account
of the medium employed should be taken. From the theoretical standpoint
this is not a simple problem. So far, the few calculations that have been
made for nitrogen nuclear shielding in the presence of solvation effects are
based upon the solvaton model.”> Within this model both Pople’s pro-
cedure, as demonstrated by equations (2) and (3), and the finite perturbation
approach have been employed. In general, significant nitrogen chemical
shift differences are predicted as the dielectric constant of the medium
varies. Taking nitromethane as an example, the nitrogen screening is
predicted by using Pople’s approach to decrease by about 29 ppm as the
dielectric constant increases from 1 to 80. For pyridine an increase of about
16 ppm is predicted in hydrogen-bonding solvents. This arises from a
decrease in the paramagnetic contribution due to the effective removal of
nitrogen lone-pairs upon hydrogen-bond formation, and is in reasonable
agreement with the measured®® increase in nitrogen shielding of about
25 ppm (Section V.J).

Recently some high precision '*N shielding measurements for nitro-
alkanes in various solvents have been reported.'?® In all cases the nitrogen
shielding increases as the dielectric constant of the medium decreases. This
trend is both qualitatively and quantitatively reproduced by INDO/S para-
meterized calculations based upon the solvaton and Pople models. Con-
sequently, the nitrogen shielding changes appear to monitor satisfactorily
the electronic redistributions which occur in the nitroalkanes as the solvent
is changed.'?' The shielding variations, predicted by the finite perturbation
praocedure for nitromethane, are found to be too small for a reliable
comparison with the experimental data.

The question of establishing an absolute shielding scale for nitrogen' has
been raised again.”’” From the theoretical point of view, estimations of
nitrogen shielding results appear in general to be satisfactorily accounted
for by employing equations (2) and (3) together with INDO/S parameters.'®
Expressing these as chemical shifts can lead to poorer agreement with
experiment owing to the introduction of medium effects. Hence
theoreticians would welcome the introduction of an absolute shielding
scale. However, it seems that such a suggestion is premature from the
experimental aspect.”” Thus the nitrogen shielding data are reported here
in ppm on the nitromethane scale' (Section III).

The majority of applications of Pople’s shielding model incorporate the
average excitation energy (AEE) approximation in the paramagnetic term.
In this procedure equation (3) becomes
ﬂoflzez 1

811'm2 E(r_3)2p % Qs (6)

P —
T Ajoc = —
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where the summation over B includes atom A, and

4 2
QAB = §5AB(PXAXB + P)’AYB +PZAZB) - E(P"AXBPYAYB +PXAXBPZAZB + PYAYBPZAZB)

+%(P"AYBP‘BYA +PXAZBPXBZA+PYAZBPYBZA) (7)

where 8ag is the Kronecker delta, the P’s are the elements of the charge-
density bond order matrix, and AE is the AEE.

In general this method is reasonably successful in accounting for gross
chemical shift trends in series of closely related molecules. However, any
attempt to choose a suitable value for AE gives rise to difficulties since it
is not directly related to any of the individually observed electronic transi-
tions in the molecules concerned.

That great care must be exercised in invoking the AEE approximation
is demonstrated by the results shown in Table 2. The average energies
expressed in the final column of Table 2 are obtained by weighting the
energies of the transitions contributing to the paramagnetic term by the
magnitude of their contributions. The large variation in these data indicates
that the AEE approach is not a very realistic method for estimating the
shielding of the diverse nitrogen environments represented in Table 2.

From equations (6) and (7) it follows that if AE, (r > )2p, and the nitrogen
bond orders remain reasonably constant, or produce cancelling changes
for a given series of molecules, then the corresponding nitrogen chemical
shifts are expected to follow charge density differences. A linear relationship
between nitrogen chemical shift and charge density has been reported for
various nitrogen-containing molecules,”® some diazo compounds,?’
triazenes,”” substituted pyrimidines,31 flavins,*? azoles,”® borazines,**
methyl-substituted anilines,>’ some 1,2,4-triazines’® and their N -oxides.>*’
The nitrogen charge densities are obtained by any one of a number of
semiempirical molecular orbital procedures.

An example of a successful application of the AEE method to the
interpretation of nitrogen shielding data is shown in Fig. 1 for some N -oxide
groups of polyazine mono-N -oxides.>*’

By using INDO/S estimates of the charge density and bond order matrix
elements in equations (6) and (7) it is possible to evaluate the product
oX AE for the N -oxides and to plot this against observed nitrogen shielding
with respect to nitromethane. The open circles in Fig. 1 correspond to
measured N -oxide screenings and the solid circle represents the unknown
compound quinazoline-1-oxide for which additivity rules*'* have been used
to estimate its nitrogen shielding.

The correlation coefficient of 0-996 for the least-squares fit of the results
given in Fig. 1 indicates the satisfactory nature of the AEE results. The
corresponding value of AE is estimated to be 5-:3+0-1 eV. Although not
comparable to any experimental electronic transition, this value of AE is
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1204
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100+

Experimental nitrogen shielding with
respect to nitromethane (ppm)

o

40t I 1 | l

-3700 -3600 -3500 -3400 -3300
Calculated values of of * ALy, (ppm eV)

FIG. 1. Comparison of observed nitrogen shielding for some N-oxide groups of polyazine
mono-N -oxides with estimates obtained from the AEE procedure using INDO/S parameter-
ized calculations.®!

higher than that reported for the parent azines.' This is quite reasonable
since the azine nitrogen lone-pair electrons will be involved in the formation
of the N -oxide bond, and thus low-energy n — 7r* transitions will no longer
be available to contribute to the paramagnetic component of the nitrogen
shielding tensor.

Hence for a closely related series of molecules the AEE approximation
can have practical consequences in that it can be easily used, for example
to assign the N -oxide resonance in polyazine mono-N -oxides. Within these
confines further applications are expected.

In the case of some picolines and lutidines,”’ the nitrogen chemical shifts
are found not to correlate with INDO charge densities owing to significant
changes in the (r_3)2,, term in equation (6). However, the range of nitrogen
shieldings observed for the molecules considered is too small for the
conclusions reached to be of great significance. For some azo compounds®®
and some 2-coordinate nitrogen compounds® a crude linear relationship
appears between the nitrogen shielding and the reciprocal energy of the
lowest energy electronic transition. Such a relationship is probably largely
fortuitous since, as shown in Table 2, the lowest energy electronic transition
is not necessarily the largest contributor to the nitrogen shielding constant.
Even when it makes the greatest contribution this is usually outweighed
by the sum of the contributions from the other transitions concerned.

Attempts have been reported to interpret nitrogen chemical shifts in
terms of rotation barriers for N-C bonds in amides, thioamides, and related
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compounds,“o some enamines,41 some alkyl- and aryl-substituted ureas,42
and a series of para-substituted N,N-dimethylbenzamides.*> A similar
approach has been adopted for the N-Si bond in silylamines** and the
N-N bond in nitrosamines, hydrazones, triazenes, and related protonated
species.*’ In general, satisfactory correlations are observed between the
nitrogen chemical shifts and the activation energies for rotation around
the bond in question (Section V.I).

Any proposal to extend this interpretation such that nitrogen chemical
shifts are considered as a means of predicting activation energies for bond
rotation should be treated with caution. Excluding those molecules where
the rotation barrier depends upon steric effects, it is clear from equations
(6) and (7) that changes in bond order, charge density, and the terms AE
and (r ), can be instrumental in producing nitrogen shielding differences.
To imply that nitrogen chemical shifts depend linearly on bond order and
charge density changes, and thus activation energies for rotation about
those bonds,“o necessitates that AE and (r_3)2p either remain constant over
the series of molecules considered or vary in a compensatory manner.

In so far as transitions involving the nitrogen lone pair of electrons
contribute to of,, increased delocalization of these electrons will tend to
lead to a larger value of AE and thus to an overall increase in nitrogen
screening. If the delocalization results in a higher N-X bond order, (r ),
is expected to increase,' ™ thus producing a decrease in the nitrogen shield-
ing constant. Consequently, if these opposing contributions to the nitrogen
shielding nullify each other, it is not unreasonable to interpret the chemical
shift differences in terms of local changes in charge densities and bond
orders. However, it is not easy to predict when such circumstances may
obtain.

Recently some dynamic >C and 'H NMR results, for the temperature
range 0-150 °C, have been applied to the estimation of barriers to N-C
internal rotation in tetramethylurea, tetramethylthiourea, N -methylaniline,
and p-nitro-N-methylaniline.*® For the first two of these molecules the
barrier is estimated to be 6-3+0-1 kcal mol ™', compared with predictions
of 11-6 and 3-2 kcal mol ' respectively from >N chemical shifts.* The
poor agreement between the calculated barrier heights, from these two
sets of experimental data, is attributed to cross-conjugation between the
nitrogen atoms and the carbonyl or thiocarbonyl groups.*®

In the case of N-methylaniline the question of cross-conjugation between
two equivalent nitrogen atoms, as encountered in the ureas, does not arise.
Consequently the barrier heights predicted by the dynamic NMR and '°N
chemical shift procedures are in reasonable agreement. The values reported
for N-methylaniline are 6-1+0-1 and 5-3 kcal mol™' from the dynamic
NMR and "°N chemical shift measurements respectively; the corresponding
data for p-nitro-N-methylaniline are about 10-11 and 8-7 kcal mol ™*.***’
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An alternative explanation has been suggested’®”® for the apparently
poor results for the ureas obtained from the '°N chemical shift approach.
This is based upon the presence of steric hindrance in the substituted ureas.
In the rotational transition state the steric effects may produce a barrier
which is not a function of electronic distribution in the ground state.
Consequently the >N chemical shift will not relate to the barrier height
in such a case since the '°’N nuclear shielding is closely dependent upon
the ground state electronic structure.

The variable agreement of the estimate of N-C barrier from these two
experimental techniques, depending upon the degree of cross-conjugation
or steric hindrance, provides a further reason for exercising caution in using
the (indirect) °N chemical shift procedure.

An attempt has been made, based upon a dipole—dipole model of nucleus-
electron interactions, to estimate the effects of ring currents on the nitrogen
shielding of some heterocycles and corresponding cations.”® The largest
calculated effect occurs for the nitrogen of indolizine, for which the value
of about 6 ppm is obtained. For the other species considered the ring
current induced shift is estimated to be in the range 1-3 ppm which is
negligible in comparison with the effects of solvation and experimental
error usually found in '>’N NMR data.

Interest in the nuclear shielding of gaseous molecules appears to be
increasing.*® In NMR experiments the dependence of nuclear shielding
upon the state of molecular rotation and vibration may be reflected in the
temperature variation of the shielding and in the observation of isotope
shifts.

The temperature dependence of the shielding arises from a variation in
the populations of the various molecular rotational and vibrational levels
and from intermolecular interactions. For a nucleus in a gaseous molecule
the shielding may be expressed*® as a function of the density (p) at a given
temperature (T) by means of the equation

o(T)=ao(T)+o(Tp +a(T)p*+- - - 8)

where oo(T) is the shielding constant of an isolated molecule and (7))
and o»(T) describe intermolecular effects. Usually o»(T) is negligibly small;
oo(T) and o;(T) may be determined by measuring o as a function of
temperature and pressure.

The first determination of oo(T) and o(T) for '°N has been reported
for N,O.*’ The magnitude of o, for the terminal nitrogen atom is about
four times that for the central nitrogen. This is consistent with the terminal
nitrogen being the more exposed of the two, as is demonstrated by its
higher shielding sensitivity in the presence of perturbing molecules.

In addition, the terminal nitrogen shielding has the greater temperature
dependence. This is most probably due to the rate of change of o, with
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respect to the nitrogen—nitrogen separation being about twice as great for
the terminal as for the central nitrogen atom.

It seems likely that further shielding studies on nitrogen nuclei in gaseous
molecules will soon be performed.*® Such investigations should provide a
basis for understanding the importance of isotope effects, hydrogen-
bonding, and various neighbouring interactions as contributors to nitrogen
nuclear shielding.

B. Calculations of nitrogen spin-spin couplings

The calculation and interpretation of indirect nuclear spin-spin interac-
tions are usually based on Ramsey’s model.>® Within this framework the
spin-spin coupling constant, J(A-B), between nuclei A and B is expressed
as a summation

J(A-B)=J(A-B)c+J(A-B)o+J(A-B)p 9

of contributions arising from the contact, orbital, and dipolar interactions
respectively. The semiempirical molecular orbital expressions for these
terms, which involve contributions from various excited electronic states, are
given elsewhere.’

The contact interaction depends upon the product of the s electron
densities at the coupled nuclei, S 2(0)S % (0), whereas both the orbital and
dipolar terms are proportional to the product of the one-centre integrals,
rHalr g, relating to the valence p electrons on nuclei A and B.

Consequently equation (9) may be rewritten as

J(A-B) = aJ'(A-B)c+ b[J'(A-B)o+J'(A-B)p] (10)

where
a=S84(0)S5(0) (11
b=)alr s (12)

Thus J'(A-B)¢, J'(A-B)o, and J'(A-B)p refer to the contact, orbital, and
dipolar contributions respectively, omitting the integral products given by
equations (11) and (12).

From equations (10)-(12) it is apparent that only a contact contribution
is expected for couplings involving protons, whereas all three terms in
equation (10) may contribute to coupling between other nuclei.

The coupling expressions appropriate to the terms in equation (10) are
usually evaluated by the sum-over-states (SOS) perturbation,54 finite per-
turbation (FP),”’ or self-consistent perturbation (SCP)56 techniques. The
computational aspects of these procedures have been reviewed by
Kowalewski.”” The INDO parameterization scheme at present appears to
provide the most successful semiempirical approach to these calculations.
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INDO parameters have been employed in calculations involving nitrogen
within the SOS, FP, and SCP schemes. These usually involve taking a and
b, from equations (11) and (12), as empirical parameters which are adjusted
to give the best agreement between theory and experiment by means of a
least-squares fitting procedure.

Both FP*® and SOS*° calculations of "J(!’N-"*C) for a variety of
molecules show that the major coupling contribution usually arises from
the contact interaction. The lone-pair electrons may play a very important
role in determining the magnitude of the contact term. An illustration of
this is provided by a comparison of 'J (**’N-">C) for pyridine and the
pyridinium ion. For the former the contact contribution is calculated to be
—0-7 Hz whereas it is —13-7 Hz for the latter.>®

This large difference arises from a low energy transition from the highest
filled non-bonding orbital in pyridine which provides a large positive
contribution to the contact term. This contribution largely cancels other
negative contributions from different electronic transitions. The absence
of the nitrogen lone pair in the pyridinium ion removes this possibility and
results in a large and negative contact contribution to the N-"C coupling.
Consequently, for ‘“‘pyridine’’ type nitrogen atoms the major contribution
to ' J(**’N-"2C) usually arises from the orbital term in equation (9), whereas
the contact term dominates most couplings involving ‘‘pyrrole” type
nitrogens.5 ?

Equations (10) and (11) indicate that, when the contact term is dominant,
the spin—spin coupling will depend upon the amount of s-character in the
single bond joining the nuclei. Thus the empirical relationship

'J(N-3C) = KSnSc (13)

is expected to be valid in this case. FP calculations show that the constant
K in equation (13) takes a value of —94.%° However, some deviations from
the linearity implied by equation (13) are observed for singly bound 'J (**N-
13C) values even when the contact term dominates the coupling. These are
attributed to the effects of lone-pair electrons in orbitals with s-character
on the coupled nuclei.®® The presence of lone pairs in orbitals with p-
character does not interfere with the linear relationship given by equation
(13).

A similar effect has been revealed by FP®' and SOS® calculations of
some ""N-'°N couplings. In this case the presence of a lone pair with
s-character produces a large and negative contribution to the contact term
due to the negative value of the '’N magnetogyric ratio. An example of
this effect is shown by (Z)B-acetylphenylhydrazine in Table 3. An analysis
of the various transitions contributing to the contact term of 'J('’N-°N)
reveals negative contributions from n(s) = o* transitions whereas those
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from o —» o* transitions can be of either sign. In (Z)B-acetylphenylhy-
drazine the nitrogen lone pair resides in a p atomic orbital thus precluding
the possibility of a contribution from n(s) = o* transitions. Consequently
the contact term is small and its positive sign is dictated by the resultant
of various o — o* transitions.

A further illustration of the importance of p lone pairs is afforded by
the various nitramines given in Table 3. For the planar molecules the lone
pairs are in p orbitals and the contact terms are small and negative, whereas
for molecules 7 and 8 a tetrahedral nitrogen atom is present resulting in
a more negative contact term and a larger value for y (ISN—ISN).62 Calcula-
tions of 'J(**’N="°N) and 1J(’N="°N) also predict negative values with
larger contributions arising from the non-contact terms.®* The importance
of the effect of geometry on the value of 'J(*’N-'°N) is shown in Fig. 2.
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FIG. 2. Variation of 'J(**N-'>N) of hydrazine as a function of dihedral angle between
nitrogen lone pairs.

Both the sign and magnitude of 'J(*’N-">N) for hydrazine are shown to
depend critically on the dihedral angle between the nitrogen lone pairs.®'

Calculations of 'J (ISN—DC) for some anilines and related molecules
reveal that the coupling is dominated by the contact interaction.>®>%%%%¢
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An FP calculation of 'J(**N-"3C) for diazomethane has used the CNDO/S
parameter scheme.®® This reveals that the coupling constant is negative in
sign and dominated by the contact mechanism. A similar conclusion is
drawn from INDO-based SCP calculations of 'J('’N-">C) for 1-methyl-
guanidine®® and methy! diazoacetate.®” Calculations involving the contact
term only have been reported for >N-"3C couplings in azaadamantane
and its hydrochloride®® and for some aromatic oximes.*® Not surprisingly,
the absence of the non-contact terms makes for a poor correlation with
experiment in the latter case. In general, longer range “N->C couplings
are dominated by the contact interaction.

When multiple bonding occurs the non-contact terms increase in magni-
tude and can dominate the spin-spin interaction.’®’" The increased impor-
tance of the orbital and dipolar terms is reflected in the relevant values of
the one-centre integral products given by a and b in equations (11) and
(12). SCP calculations on 36 values of 'J(**N-">C) produce 14-48 and
2-45 au”® for a and b, whereas the corresponding data are reported to be
10-44 and 17-66 au™® respectively for 19 'J(*’N="C) couplings.”' The
small decrease in a and the large increase in b for the triple-bond couplings,
compared with those for the single-bond case, appear to be reasonable.
The decrease in a most probably reflects the decrease in s electron density
at the nuclei due to an increase in o overlap. The concomitant increase in
b follows the smaller separation of the coupled nuclei in the triple-bonded
arrangement. All the 'J(**N="C) couplings considered are predicted to
have a negative sign.

SOS and SCP calculations of some "J(**F-'>N) values have also been
reported.”” All the 'J(**F-'°N) couplings are predicted to be positive,
whereas the J, *J, and *J couplings can be of either sign. Most of the
couplings are dominated by the contact interaction but the non-contact
terms can be important in some cases. The presence of lone pairs with
s-character entails a large positive contact contribution to all the J(F-1°N)
values considered.””

A CNDO/2 parameterized series of FP calculations has been reported
for some 'J (*'P-"°N) couplings.”® The calculations involve only the contact
term and show satisfactory agreement with the available experimental data.
A linear dependence of the calculated coupling constant on the bond order
between the coupled nuclei is reported.””

III. CALIBRATION OF SPECTRA

The confusion that has previously existed in the calibration of nitrogen
NMR spectral‘z"‘ seems to persist still, but there are some signsso'81 that
neat nitromethane (MeNO,) will be considered as the primary external
standard for referencing both for N and '’N NMR spectra. However, a
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suggestion®’ that nitrogen chemical shifts should be referred experimentally
to external neat nitromethane and then recalculated to a hypothetical
ammonia reference signal at 380-2 ppm to higher fields (lower frequencies)
from MeNQ, seems to be untenable since it introduces some additional
confusion, namely that concerned with bulk magnetic susceptibility effects.
This point is discussed further in the present section.

There are several sources of error and inconsistency as far as the measure-
ment of nitrogen chemical shifts is concerned. First of all, there are experi-
mental errors in the measurement of the relative positions of the nitrogen
resonance signals, including that of the standard employed. These can be
reduced by modern experimental techniques to below 0-1 ppm for both
>N and "*N NMR. For the latter isotope, this requires a careful lineshape
fitting, since the quadrupolar relaxation of '*N nuclei causes the correspond-
ing signal half-height width to range from a few Hz to several kHz. However,
the signals of the non-quadrupolar °N nuclei can attain widths of 10-20 Hz,
even if dynamic broadening effects are excluded; if one relies entirely on
computerized algorithms which look simply for maximum readings within
certain ranges of digitized spectra, an error of 0-5-1 ppm can easily result
for noisy spectra, even at high magnetic fields and correspondingly high
resonance frequencies.

Even the most accurate estimates of the relative positions of nitrogen
resonance signals can be wasted if unreliable standards are used.?’ Since
no internal standard (that dissolved in the sample examined) is immune to
medium effects on its resonance position,so‘81 external standards are recom-
mended. However, some popular standards, such as NH,*, NO;~, HNO;,
and Me,N”, are known to display considerable shifts of their nitrogen
resonances with changes in the corresponding counterions, salt concentra-
tion, etc. (Table 6). If the exact composition of a standard is not reported,
the uncertainty of the nitrogen shift can reach as much as 30 ppm. One
should also remember that some apparent discrepancies can result from
temperature differences between samples. If no temperature control is
provided, particularly when the pulsed Fourier-transform technique for
>N with proton decoupling is employed, the sample temperature can vary
from one experiment to another and give rise to apparent shifts.

Another source of confusion is the problem of the sign conventions used
with nitrogen shifts. The plus sign is used to denote either an increasing
or decreasing shielding referred to an arbitrary standard. The latter system
comes from the common practice in 'H and '>C NMR spectroscopy as well
as from some general recommendations. We feel, however, that the best
way to avoid confusion is to use precisely defined physical quantities or
constants. In the case of the so-called chemical shift, one is interested
ultimately in changes in the nuclear shielding involved, and it seems reason-
able to express results in terms of the latter; this corresponds to assigning
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the plus sign to the direction of increasing magnetic shielding of a nucleus.*
In order to be completely clear at this point, we shall abandon the term
“chemical shift’’ from now on and express all experimental and theoretical
results in terms of nitrogen shielding in ppm referred to that in neat liquid
nitromethane as an external standard.

One should also consider the common use of so-called paramagnetic
relaxation reagents in ">°N NMR spectroscopy as a source of perturbation
in measurements of nitrogen shielding. The reagents can introduce apparent
changes in the shielding through changes in the bulk magnetic susceptibility
of solutions, when external standards are employed. Large disturbances of
this kind are observed®® in >N measurements for nitrobenzenes in the
presence of the chromium tris(acetylacetonate), Cr(acac)s, reagent. One
can theoretically eliminate such systematic errors by measuring the suscepti-
bility and introducing due corrections, but the reagents can still induce
intrinsic changes in the shielding, due to interactions with the molecules
investigated. There have been some attempts®* to resolve such effects for
pyridine derivatives and Cr(acac)s, but the technique employed (cylindrical
samples, external and internal standards) only reveals that bulk susceptibil-
ity effects are significant. Only very recently have such intrinsic shifts
induced by relaxation reagents been measured with reasonable accuracy
(Table 7) for a variety of molecules, using a high-precision "N technique
and concentric spherical containers for sample and standard in order to
eliminate bulk susceptibility effects.®’ The data in Table 7 indicate that
Cr(acac);, the most widely used reagent, does not induce appreciable
intrinsic changes in the nitrogen shielding at concentrations that are
effective for reducing the relaxation times of nitrogen nuclei. Only in
the case of pyridine-type nitrogen atoms can such induced shifts exceed
experimental errors from other sources. However, one should be more
cautious with chelates of gadolinium, e.g. Gd(dpm); which induces
appreciable shifts (Table 7) at concentrations approaching 1:1000 molar
ratio.

Even if we assume that our measurements of nitrogen shielding are
accurate from the point of view of the errors considered, there is still a
source of apparent discrepancy between results obtained by different tech-
niques which may amount to a few ppm. This comes from the use of
external standards and the fact that standards and samples examined
generally have different bulk magnetic susceptibilities (Table 5). This prob-
lem can be evaded by employing concentric spherical sample and standard
containers. This can be easily done in '*“N NMR spectroscopy, where sample
spinning is not necessary; it is much more difficult in °"N NMR, where
sample spinning, in order to average field inhomogeneities, is critical from

* Although this is opposite to the frequency scale for chemical shifts it is consistent with the
data in references 1 and 2 to which this review refers frequently.
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the point of view of the signal/noise ratio. In the latter case it is common
practice to use cylindrical sample tubes. The true difference in the shielding
between a sample and an external reference is given by the equation

4
(Usample - Uref.)true = (Usample - O'ref.)observed - (577' —a )(Xref. - Xsample) (14)

where x is the corresponding volume magnetic susceptibility (Table 5) and
the constant a depends on sample geometry (Table 4). Thus, systematic
errors arise when external standards and samples are placed in cylindrical
tubes, but even larger discrepancies are predicted between values obtained
from measurements on electromagnet systems (external field perpendicular
to sample tube) and those on superconducting magnets (external field
parallel to sample tube). The deviation from a true shielding in the latter
case is twice as large in absolute magnitude and opposite in sign with
respect to that in the former case. Thus, even accurate results obtained in
electromagnet and superconducting magnet systems can show appreciable
differences, up to about 3-5 ppm, as calculated from the values of volume
susceptibilities in Table 5 and equation (14). Larger discrepancies can occur
when paramagnetic substances are examined; this includes the presence of
relaxation reagents. One should be wary also of the fact that the values of
a (Table 4) used in equation (14) for cylindrical samples actually refer to
infinitely long cylinders. In modern spectrometers, sample tubes of large
diameter are commonly used in order to improve sensitivity, particularly
in the case of nitrogen nuclei. Such sample tubes and the samples involved
can hardly be considered as infinite cylinders, and this can lead to further
uncertainties about the bulk susceptibility effects.

If one wants to convert experimental nitrogen shieldings reported in the
literature to a common scale, e.g. that based on neat nitromethane as
external standard, it is necessary not only to have accurate values of nitrogen
shieldings of various standards referred to the primary standard, but also
experimental details which can affect the influence of bulk susceptibilities.
The apparently simple process of the conversion from a given reference
substance (ref. II) to the primary standard (ref. I) is complicated by the
fact that either the experimental shift or the conversion constant or both
can contain bulk susceptibility effects. All such combinations, and their
results, are given in Table 4. In such conversions, we adopt the system of
using experimental values, such as they were measured, and refer the reader
to Table 4 for the conversion scheme used. Thus, conversion scheme 11
means that an apparent shielding referred to an arbitrary standard has
been added algebraically to the true shielding of the standard referred to
neat nitromethane, and that the resulting shielding referred to neat
nitromethane contains the effect of the difference between the bulk suscep-
tibilities of the arbitrary standard and the sample for a given spectrometer
geometry (field parallel or perpendicular to sample tube). Conversion
scheme IV, which is also commonly used, means that two apparent values
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have been added algebraically, and that the result contains the effect of
the susceptibility difference between neat nitromethane and the sample
involved.

From this point of view, the suggestion®?' of referring experimental
nitrogen shieldings to neat nitromethane and recalculating them to the
ammonia standard at 380-2 ppm introduces more confusion than expected.
This arises because the latter value was measured in concentric tubes with
long axes perpendicular to the external magnetic field, not to speak of the
fact that the shielding in NH; is quite sensitive to temperature, traces of
water, etc. Thus, the use of any fictitious ‘“‘standard’’ is not recommended.

The nitrogen shieldings of various standards referred to that of neat
nitromethane are given in Table 6. The values in parentheses have been
calculated from the data in Tables 4 and 5, and from equation (14). Only
the experimental values are used as conversion constants for nitrogen
shielding data reported in the literature. The calculated apparent shieldings
are given in order to show how bulk susceptibility effects can affect observa-
tions under different experimental conditions.

Let us consider an example which should show the apparent discrepancies
that may result from bulk susceptibility effects. For neat liquid pyridine at
30°C, a shielding of +62-03+0-11 ppm referred to neat nitromethane in
concentric spherical sample and standard containers (no bulk susceptibility
effects) is reported from precise '*N measurements.®®®* From '*N measure-
ments® in concentric cylindrical tubes with the external field parallel to
the tubes, shieldings of +57-3 4+ 0-2 ppm (uncorrected for bulk susceptibil-
ity) and 57-7 ppm (corrected) referred to 1 M aqueous DNO; are obtained;
in addition there is a shielding of +6-2 ppm (uncorrected) for the latter
standard referred to neat nitromethane. A simple conversion of these data
to the neat nitromethane scale gives +63-5 and +63-9 ppm, respectively.
However, the former result corresponds to scheme IV (Table 4), and
contains a contribution from the bulk susceptibility difference between
nitromethane and pyridine; the other value corresponds to scheme III, and
contains a contribution from the bulk susceptibility difference between
nitromethane and aqueous DNO,. If due corrections are calculated from
the data in Table 5, a value of +62:5+0-3 is obtained, practically within
the limits of experimental error and isotope effects from the N shielding.
Almost perfect agreement is obtained if the *‘true” shielding of 1 M HNO;
from Table 6 (+4-4 ppm) is used together with the corrected value of
+57-7 ppm for pyridine referred to 1 M DNOs,.

IV. EXPERIMENTAL TECHNIQUES

As far as nitrogen NMR studies of liquids, solutions, and gaseous sub-
stances are concerned, the spectra of *N nuclei are obtained almost
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exclusively by the pulsed Fourier-transform (PFT) technique, and
occasionally by double-resonance methods. The spectra of N nuclei are
measured by either the continuous-wave method or the PFT technique;
double-resonance methods have rather limited application here, since the
quadrupolar relaxation of '*N provides an effective mechanism for internal
decoupling of N from other nuclear spins.

Since it is often important to consider bulk susceptibility effects on
nitrogen shielding (see Section III) when external standards are employed,
one should have a simple check as to whether the external magnetic field
was parallel or perpendicular to the long axis of the sample tube system
used in a given experimental report. All spectrometer systems that are
equipped with electromagnets have probes where the long sample tube
axis is perpendicular to the external field. So far, only iron-core electromag-
nets have been in common use, which sets an upper limit of ~2:3 T for
the field; the corresponding maximum values of resonance frequencies are
7-22 MHz for "N and 10-15 MHz for **N. All systems of superconducting
magnets, where the long sample axis is always parallel to the direction of
the field, generate fields of at least 4:2 T, which corresponds to minimum
values of resonance frequencies of 13-0 MHz for '*N and 18-2 MHz for
*N. Thus, it is enough to know the resonance frequency or the field
intensity employed in order to determine the relation between the field
and the sample axis involved.

A. Pulsed Fourier-transform (PFT) technique

This is the most widely used method in "N NMR; it has already been
discussed thoroughly elsewhere,>**® so only a few important points are
raised here. In spite of the very low NMR sensitivity of >N nuclei, especially
at their low (0-36%) natural abundance, the PFT technique has recently
extended the scope of applications of N NMR spectroscopy to cover large
and complicated molecules in reasonably dilute solutions. Numerous
examples of this can be found in Sections V and VI. However, the problem
of sensitivity is still critical, and measurements of 5N natural abundance
spectra are far from being routine in execution.

Usually, in order to improve the signal/noise ratio, proton decoupling
is employed in >N NMR. Since the magnetogyric ratio for "°N is negative,
a negative nuclear Overhauser effect (NOE) may operate, which can give
an enhancement factor between 1 and —3-93 for short molecular rotation
correlation times (extreme narrowing limit). Thus, for the values of the
enhancement factor between 1 and —1, a net loss in signal intensity results,
and even complete signal nulling can occur.! The decisive role in determin-
ing the magnitude of the NOE rests with the contribution of the dipole-
dipole mechanism to the total relaxation rate of '°N. For longer correlation
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times, the limit of the NOE factor moves from —3-93 to +0-88, and the
nulling contribution of the dipole-dipole interaction changes accordingly.

There is another source of serious trouble with °N spectra, that concern-
ing the quite long (up to 100s) relaxation times for >N nuclei in atoms
that are not directly bonded to hydrogen atoms. Such slow relaxations can
require excessively long delays between pulses and prohibitively long
accumulation times for a signal to appear in the spectrum.

An unfavourable NOE can be eliminated, at least partly, by the so-called
gated decoupling technique (ref. 88, p. 292) where the decoupler is on
during the acquisition period (T,) and is off during the delay period (Ty)
between the end of acquisition and the next pulse, as expressed by the
equation

NOEgated _ Ed(l _Ea) 15

NOEcontinuous - 1- EdEa ( )
where E, =exp(—T./T), Ea=exp(—T4/T:), and T, is the relaxation time
for "*’N. However, the effectiveness of this method depends on the *N
relaxation rate.

An inverse gated decoupling technique® can be used when the NOE is
favourable, and should be retained if non-decoupled '°N spectra are
required. The decoupler is then on during the delay period Ty and is off
during the acquisition time T,. The retained NOE is expressed®® by the
equation

NOEinv.ga(ed _ 1_E‘d

= 16
NOEcontinuous 1 - EdEa ( )

Long relaxation times for '°N nuclei can be substantially reduced by the
addition of paramagnetic relaxation reagents to the experimental samples.
Such reagents should be effective in reducing T values, but simultaneously
they should not produce significant signal broadening or induce significant
changes in nitrogen shielding. One can divide relaxation reagents’ into
non-specific and specific (spin labels), from the point of view of whether
they interact specifically with certain molecular sites. For general use,
non-specific reagents are recommended, and the most popular one is
Cr(acac)s.""**>® It has been argued89 that, since Cr(111) is coordinatively
saturated in Cr(acac)s, the reagent should act via the outer-sphere relaxation
mechanism; thus it should display only weak specificity towards acidic
protons owing to possible hydrogen-bonding to its carbonyl groups.
However, the recently measured®’ induced changes in nitrogen shieldings
by Cr(acac); reveal a weak specificity towards basic nitrogen sites, such as
that in pyridine (Section III and Table 7). Needless to say, the reagent can
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apparently influence nitrogen shieldings through bulk susceptibility effects
(Section III). A specific (spin-label) relaxation reagent has been suggested
recently;89 it is Gd(untris(dipivaloylmethanate), Gd(dpm)s, which is shown
to be effective as a spin label specific to basic sites. This appears®® to be
due to the expansion of the coordination sphere of the lanthanide ion in
such octahedral complexes. One should remember, however, that such
gadolinium chelates are potent shift reagents® and can induce appreciable
changes in nitrogen shieldings when their concentration approaches a
1:1000 molar ratio with respect to the molecules investigated (Section III).
Such reagents should obviously give rise to considerable bulk susceptibility
effects. The reagents considered can be applied in non-aqueous solutions,
but recently Gd(2:2:1)** cryptate has been suggested as a shiftless relaxa-
tion reagent for aqueous solutions.’® An addition of 1-6 x 10> M of the
cryptate to aqueous formamide results in a threefold decrease in the '°N
T, value, without any observed change in nitrogen shielding. However,
since no measurements of the bulk susceptibility changes upon addition of
the reagent were made, the lack of variation in the nitrogen shielding may
result from the cancellation of opposing effects; thus further studies would
be advisable.

Methods for NMR signal enhancement, based on the PFT technique
with spin-polarization transfer in solid samples, have been known for some
time (ref. 88, p. 342). Recently, significant '’N enhancements in liquid
samples were reported’ "°>*® using the J cross-polarization (JCP) technique
which transfers spin polarization from e.g. protons to '°N via the scalar
couplings between the nuclear spins involved, e.g. J (**’N-'H). Theoretically,
one can expect an enhancement of y(*H)/y(**N) = 9-9 divided by the NOE
enhancement factor inherent in the experiment. Such gains in '°N signal
intensity are actually observed®' for NH4Cl in acidified H,O, methylam-
monium chloride in HCI/H,O, neat liquid formamide, neat liquid pyridine,
and aqueous e-caprolactam. This method looks very attractive from the
point of view of sensitivity in >N NMR, but it puts stringent requirements
on spectrometer systems. Further gains in sensitivity can be expected within
this method, since one may take advantage of the shorter relaxation times
of protons and thus much faster pulse repetition rates.”’ One should notice,
however, that in JCP experiments the cross-polarization time (7) must be
adjusted to a spin—spin coupling constant (J), since the polarization transfer
involved depends on termg involving sin’(A7J) where A is a constant.
Thus, individual values of the cross-polarization time must be adjusted to
individual "°N signals. When coupling constants are of interest in a JCP
spectrum, some complications arise because of phase shifts in multiplet
components in such a spectrum. This can be dealt with using a modified,
phase-corrected JCP technique’ which has been tested on the '°N spectrum
of aqueous NH,Cl.
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As far as "“N NMR spectra are concerned, the PFT technique has some
evident disadvantages. The quadrupolar relaxation times of '*N nuclei can
cover three or four orders of magnitude, even in a single molecule; so do
the corresponding signal widths. One can optimize the PFT technique only
for a limited range of relaxation times (ref. 1, p. 147, and references
therein); this can result in a complete loss or broadening of signals that
have widths outside this range. Moreover, the free induction decay (FID)
is fast for rapidly relaxing '*N nuclei; since some of the FID has to be
truncated in order to prevent pulse breakthrough, signal quenching occurs
which increases with an increase in signal width. One can employ refocussing
techniques (ref. 87, p. 129) in order to recover such broad signals, but the
refocussing can be done only for a narrow range of relaxation rates (and
signal widths). Consequently, one can only shift the minimum quenching
range to some arbitrary signal width. Another aspect is that traces of pulse
breakthrough can significantly influence the base-line of the spectrum
measured, and make difficult (if not impossible) any reasonable lineshape
fitting in order to obtain accurate results for nitrogen shieldings. Thus, the
PFT technique is applicable mostly to collections of *N signals of compar-
able width or to cases where only one resonance is observed. However, in
common practice one has to deal with a sharp '*N signal of the reference
used (e.g. nitromethane) and other signals of quite different widths from
the sample examined.

B. Continuous-wave method

This method is currently used in '*N but not in '’N NMR. The most
attractive variation thereof seems to be the differential saturation tech-
nique'**** which involves audiofrequency modulation of the external mag-
netic field in order to generate sidebands in addition to the central band
spectrum. By adjusting the modulation index, one can introduce large
differences between the effective radiofrequency-oscillating field (B;) which
gives rise to the central band and that responsible for the appearance of
the sidebands. Thus, different saturation levels are observed within a single
spectrum, which enables one to optimize sharp '*N signals in the sidebands
and broad signals in the central band. Lineshape fitting of theoretical
spectral curves to such experimental spectra can give a precision of better
than 0-1 ppm even for broad signals or complicated, overlapping spectra.
In a recent modification of this method® a full theoretical expression for
the lineshape was applied in the lineshape fitting procedure. This allows
one to include in the set of variables fitted (in addition to nitrogen shieldings)
signal widths, intensities, and base-line parameters, also a number of
experimental parameters such as radiofrequency and audiofrequency phase
angles, radiofrequency field intensity, and the modulation index. The
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general lineshape function used for the least-squares fitting procedure is
F(v)=A+Br+3¥ 1) (17)

where A and B are the parameters of the background line, n is the number
of non-equivalent nuclei involved, and the I terms are given by
I"(v) = JoJ\¥BA M’

) [b“’[COS(p —a)—cos(p +a)l+[sin(p —a) +sin(p + a )} (v —vy)
B+ (v —v)? +7¢2ij3

b cos(p — a) + (¥ — Vi — Vmoa) sin(p — a)
b7V + (v = vi— vmoa)* + #° B

bV cos(p +a) — (v — v; + ¥moa) sin(p + )
(BPY + (v — v+ Vmoa) + ¥ B1J1

_J2 57 cos(p +a) = (¥ = Vi~ Vmoa) Sin(p + @)
Jo (B +(v—vi=vmoa) +7 Bii

(18)

J2 b cos(p —a) + (v = vi+ Vmod) sin(p —a)]
Jo (6" 4= vitvimea) +7 BiJ3

where v is the measured frequency, v, is the resonance frequency of nucleus
i, ¥moa is the modulation frequency, p and « are the corresponding phase
angles for the modulation and radiofrequency respectively, 5" = 1/Q2#T%)
for nucleus i, ¥ = y/2m, and the J’s are the Bessel functions (of the first
kind) of the modulation index 8 = Bod/ Vmod-

Such a procedure yields not only nitrogen shieldings but also quadrupolar
relaxation times for individual nuclei, as well as the relative numbers of
nuclei corresponding to individual signals.

Usually spectrum accumulation needs to be carried out in order to
improve the signal/noise ratio; thus the sweep rates used require careful
consideration. Since the relaxation times involved are rather short (for the
sharp signal of nitromethane, T is of the order of 0-03 s), high sweep rates
can be employed. Equations (17) and (18" refer to steady-state spectra,
but experimentally sweep rates of about 200 Hz s~ are used without any
significant deviation of the observed spectra from the lineshape described
by equations (17) and (18).

In principle one could consider the application of so-called correlation
spectroscopy to "N NMR spectra. This method employs very fast sweep
rates which result in the appearance of transient effects in a spectrum, and a
deconvolution of such spectra into those corresponding to the steady-state
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condition (ref. 88, p. 78). However, this can be simply done only in the
case of a linear response of the nuclei; this therefore excludes spectral
conditions where the resonance signals can be saturated. Thus, the differen-
tial saturation technique cannot be employed within this procedure.

C. Double-resonance methods

These are used most simply and effectively for measurements of N
shieldings from the proton spectra of '*N-labelled compounds. A necessary
prerequisite for the application of such methods is a measurable coupling
between 'H and '°N. Advantage is thus taken of the much higher sensitivity
of proton NMR measurements as compared with those of >N NMR.

Recently, however, double-resonance methods based on the observation
of very weak N satellites in the proton spectra of compounds containing
'*N at its natural abundance concentration have been reported.”>*® Gen-
erally, the methods employ the PFT technique for proton spectra with a
suppression of the proton signals which arise from molecules containing
"N, and a series of decoupling experiments on the "°N satellites. The entire
procedure can be incorporated into a proper pulse sequence’® within a
two-dimensional system which, after transformation, can yield a N
spectrum.

However, such methods do not have general utility. The two-dimensional
method, apart from the possibility of generating artifacts, can be quite
time-consuming, which may reduce the theoretically expected gain in
sensitivity to a negligible level.

Double-resonance methods which involve the decoupling of N nuclei
are much less accurate, because of the internal decoupling mechanism via
the quadrupolar relaxation of "*N."? It has been shown, however, that the
decoupling of '*N can be used in '*C NMR spectra in order to reveal weak
N satellites and the *C-"°N couplings involved.”” In some specific cases,
where the N relaxation is slow (e.g. for simple isocyanides), double-
resonance methods can be employed for determining the nitrogen shield-
ings and signs of coupling constants, as has been demonstrated for
14N-decoupling in °C spectra.®®

One should remember that in any consideration of a gain in sensitivity,
that may be obtained by double-resonance methods, it is necessary to make
allowance for the NOE which can operate in "°N spectra. Usually double-
resonance techniques are employed for nitrogen atoms with directly bonded
hydrogen atoms, because of the large '7(**’N-"H) involved. In such cases
the NOE tends to yield a maximum enhancement factor of about 4. Since
there is no NOE enhancement in the double-resonance technique, even
the theoretical gain for "*’N-decoupled proton spectra can be closer to 2
rather than to y('"H)/y(*°N)=9-9.
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D. Measurement of relaxation times

Methods of measuring relaxation times have already been considered in
detail elsewhere, for "*N ' as well as for '’N.* The important point to
note is that there are routine procedures available for measuring '°N
relaxation times in most modern spectrometer systems. As far as the
relaxation times for "*N nuclei are concerned, the differential saturation
technique (Section IV.B) which is used for the accurate measurement of
"N shieldings also gives, routinely, the relaxation rates. These can be used,
according to a recent report,”® as an aid in the nitrogen shielding assignment
to individual nuclei in molecules that contain more than one nitrogen
atom.

E. Quantitative nitrogen NMR

The problem of determining the relative numbers of nuclei from the
corresponding NMR signals is of the utmost importance in applications of
NMR spectroscopy. For the differential saturation method and the associ-
ated lineshape fitting in '*N NMR, the problem is trivial, apart from errors
that may arise from the signal/noise ratio. The procedure automatically
yields the relative numbers of '*N nuclei involved, in spite of the fact that
the signals observed are usually saturated to various degrees. The situation
is certainly non-trivial in PFT "N NMR spectroscopy. In proton-decoupled
spectra, the NOE can, in principle, introduce infinite errors because of the
possibility of a complete cancellation of some signals. Long relaxation times
for some '°N nuclei can give similar results, since saturation effects in the
PFT technique can be complicated (ref. 88, p. 115); the outcome is that,
for a fixed acquisition time of the free induction decay, they decrease the
peak height of a signal without any effect on the signal width.

The question of quantitative measurements by >N NMR spectroscopic
methods has been considered recently.'® It is shown that such measure-
ments are critically dependent upon the use of both the gated decoupling
technique (in order to suppress the NOE) and effective relaxation reagents
which should be non-specific for all molecular sites. However, even such
measures do not guarantee quantitative results; the only remedy left is to
increase the pulse intervals. It is also noted that even traces of paramagnetic
impurities present in the samples examined can make impossible any
quantitative analysis, since they may act preferentially on certain molecular
structures.

F. Nitrogen NMR in nematic phases

Nitrogen NMR spectra of solutes in liquid crystals may provide informa-
tion about molecular geometries, nitrogen shieldings and their anisotropies.
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For "N nuclei, they can also yield the quadrupole coupling constants.”’
Since, in the latter case, the quadrupolar interactions are usually pre-
dominant and result in large splittings or signal broadening, it is advisable
to use weakly orienting media’® such as poly-y-benzyl-L-glutamate
(PBLG). If the anisotropy of the molecular motion and the temperature
dependence of the relaxation times of '*N are examined, it is necessary to
use liquid crystals that form the nematic phase within a large range of
temperatures.101 For investigations of the '°N natural abundance spectra
of solutes in a nematic phase, it is possible to employ the double-resonance
technique (Section IV.C) which suppresses the proton spectra of molecules
containing '*N and leaves the weak N satellites.'> The method is
especially useful for the determination of direct "’N-"H couplings. Since
the splittings observed in the '°N spectra of oriented solutes considerably
reduce the sensitivity of such measurements, N labelling of molecules
may be used profitably.'*?

A judicious use of liquid crystal solvents, those that produce linewidths
of the order of 1-2 Hz, has led to the observation of 15N satellites in a
normal PFT proton spectrum of acetonitrile.''?

The isotropic phases of p-azoxyanisole (a nematic liquid crystal) and
diethyl azoxybenzoate (a smectic-A liquid crystal) have been investigated
from the point of view of short-range order fluctuations by means of the
lineshapes of the corresponding '*N resonance signals.'"’

G. Solid-state nitrogen NMR

The resonance signals of “N in solid samples can be obtained by either
direct or indirect (double-resonance) methods.'® A direct method of
observation of the '*N resonance in a single-crystal of ammonium hydrogen
oxalate,'® using the PFT technique and proton decoupling, is reported to
yield signals with about 300 Hz half-height widths. It is expected that this
method will provide access to a variety of phenomena in solids, since the
magnetogyric ratio of '*N is low and nitrogen atoms can be considered to
be magnetically dilute; therefore the homonuclear dipolar broadenings
should be negligible. The linewidths observed, when compared with typical
values of "*N quadrupole coupling constants of 10°~10° Hz, should provide
good resolution.'®*!%’

A separation of the quadrupolar splittings from "“N-proton dipolar
splittings is shown'®® to be easily performed using a two-dimensional PFT
technique on single-crystals of L-histidine hydrochloride monchydrate for
which complicated spectra are observed.

The PFT technique can also be applied to '*N NMR studies of polycrystal-
line, powdered samples.106 Recently, an exact theoretical treatment of the
"N spectra of polycrystalline samples was presented.'®® The conventional
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continuous-wave method was used, however, for obtaining the "°N spectra
of solid, polycrystalline '°N,.'%

The double-quantum cross-polarization technique in the PFT method
can be employed profitably for both N and >N NMR spectra of solids,
resulting in a considerable gain in sensitivity for PN and *N,"° with
a substantial signal narrowing for the latter isotope.''® A combination of
magic-angle spinning and the cross-polarization technique has been used''?
for the detection of the amide and amino moieties in *N-labelled soybean
seeds, pods, and leaves; a resolution of about 10 ppm is achieved in such
N spectra.

H. Chemically induced dynamic nuclear polarization (CIDNP)

CIDNP effects on signal enhancement (as far as the absolute magnitude
is concerned) have been employed in a determination of the mechanism
of free-radical generation in the thermal decomposition of azo com-
pounds''* as shown in Table 9. One should note that the rules for predicting
CIDNP eftects should make allowance for the negative magnetogyric ratio
of >N if "’ N NMR spectra are considered.

V. GENERAL CONSIDERATIONS OF NITROGEN SHIELDING

A. Isotope effects on nitrogen shielding

Thus far, the available data' have indicated that there should not be any
significant difference between '’N and '*N shieldings. However, more
recent data’* based on a simple and convincing experiment with singly and
doubly '°N-labelled -N=N- moieties show that the shieldings for °N
in the -"’N="*N- and -'’N="°N- isotopomers can differ by 0-1-0-3 ppm
(Table 8). The measurement of such differences for mixtures of the isotopi-
cally isomeric species is straightforward, since the —'’N=""N- moiety in
an unsymmetrical molecule gives rise to a spin—spin splitting pattern in the
"N spectrum, owing to '>N-""N coupling across one bond. One may expect
that the differences result from the slightly different vibrational levels of
the molecules involved (due to a difference of 1 mass unit); therefore effects
of the same order of magnitude can be expected in terms of '*N and '°N
shielding differences, e.g. by changing from a '*C-""N to a '*C-"*N bonding
system. Nevertheless, the primary isotope effect between '*N and °N
shieldings seems to be small enough to be considered as insignificant in all
but the most precise measurements of nitrogen shielding (Section III).

B. Absolute scale of nitrogen shielding

The question of the estimation of absolute, rather than relative, nitrogen
shielding constants has already been discussed.! Some attempts have been
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made (ref. 1, p. 143, and references therein) to calculate the absolute
shieldings for simple molecules like N, and NHj; using the available values
of spin—rotational coupling constants. The latter are used in the calculation
of the paramagnetic term of the shielding constant, while the diamagnetic
term is calculated by other methods (ref. 27 and references therein).
However, more recent data’’ on nitrogen shieldings and spin-rotational
couplings for NH;, N, HCN, and CICN, as well as calculations of absolute
shieldings,27 indicate considerable discrepancies between the experimental
and calculated relative shieldings of nitrogen nuclei. This can either mean
that the calculation of the diamagnetic term is erroneous or that the reported
values of the spin-rotational coupling constants contain errors larger than
expected.”’ Anyway, it seems that so far there has not been any sound
basis for establishing an absolute scale of nitrogen shieldings, in spite of
claims to the contrary.116

C. Shift reagents in nitrogen NMR

It has already been shown (ref. 1, p. 214; ref. 2, p. 254) that lanthanide
chelates can be used for inducing changes in nitrogen shieldings, the changes
being characteristic of the various types of bonding available to nitrogen
atoms. The most effective nitrogen shift reagents seem to be dysprosium
chelates. Recently there have been two attempts at using lanthanide chelates
for spectral assignments''®> or increasing the spectral resolution of N
signals.”** In the former case, nitrogen shielding assignments to the N -oxide
moiety and the pyridine-type nitrogen atoms in diazine N-oxides (Table
10) are compared with nitrogen shifts induced by Yb(fod);, where fod is
(CF;CF,CF,COCHCOBuU") ", in order to check whether such induced shifts
can be helpful in distinguishing between the two types of nitrogen atom.
However, since the reagent is probably bound preferentially to the oxygen
atoms of the N -oxide moieties, the differentiation is not always clear. The
other case (Table 11) is concerned with the use of Eu(dpm);, where dpm
is (Bu'COCHCOBU")", and Dy(fod); for increasing the relative shielding
differences in the '°N spectra of some model polypeptides.’** The results
show that dysprosium chelates are the most effective nitrogen shift reagents,
that a ratio of 50: 1 N/Dy cannot be exceeded because of signal broadening
effects, and that shifts up to a maximum of 8 ppm can be induced under
conditions of no significant broadening of the '’N resonances. Since
the useful range of effects is rather small when these reagents are used,
simple solvent effects can be employed in order to increase the spectral
resolution for '°N signals of amino-acid residues. Moreover, the shift
reagents cannot be employed in acidic solutions or in polar solvents;
this further limits their utility in nitrogen NMR studies of peptides and
polyamides.z“4
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D. Nitrogen shielding assignments

Since nitrogen NMR spectra do not usually reveal spin-spin coupling
patterns (because of the fast relaxation rates of YN nuclei, and because of
the commonly used proton-decoupling in '°N spectra), the question of the
assignment of nitrogen shieldings is often non-trivial. Even in cases where
it is possible to obtain a proton-coupled spectrum in the presence of natural
abundance '°N or when the sensitivity problem for the latter is overcome
by '°N isotope enrichment, the spin—spin splittings observed can generally
be used only for the identification of NH, NH,, and NH; moieties, owing
to the large ">’N-"H couplings across one bond. Other couplings are less
informative, since their magnitudes do not depend clearly on the number
of intervening bonds. Some general methods, those that are based on
correlations of nitrogen shielding with structure, theoretical calculations,
empirical additivity of shielding effects, or specific labelling with isotopes
("N, '3C; the latter can be used for the observation of "*’N-">C couplings
in "N spectra) can be employed in numerous cases. Nitrogen shift reagents
(Section V.C) can also provide some information about nitrogen shielding
assignments.

Recently, '*N signal widths (and the corresponding relaxation times)
have been suggested as an aid in the assignment’’ of nitrogen resonance
signals within molecules that contain more than one type of nitrogen atom.
The method is useful for molecular systems where the structure is rather
rigid, without too much freedom for internal rotation. Such systems, which
include heteroaromatic rings containing more than one nitrogen atom, pose
some difficulties from the point of view of the nitrogen shielding assign-
ments. The method is based on a rough assumption that, within a given
rigid molecular structure, differences in rotational correlation times
between individual nitrogen atoms do not contribute significantly to the
relative relaxation rates of the corresponding "N nuclei (and the relative
"N signal widths involved). It is also assumed that the order of increasing
signal width follows that of the electric field gradients or, more precisely,
that of the values of the product given in Table 12. The latter can be
estimated from routine semiempirical molecular-orbital calculations, such
as INDO (Table 12).

E. General characteristics of the nitrogen shielding range for
diamagnetic species

The characteristic spectral ranges for nitrogen shielding in a variety of
diamagnetic molecules and ions are presented in Table 13. Generally, the
observed pattern is somewhat similar to that for '3C shieldings (for example,
ref. 117). The most screened nitrogen nuclei occur in alkylamino type
moieties which can be considered as nitrogenous analogues of alkane chains.
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At the other extreme the most deshielded nuclei occur in nitroso groups
which can be considered as nitrogenous analogues of carbonyl groups. In
between, there are nitrogen shieldings for C==N and N=N moieties. The
overall correlation reaches even further, since for example both the nitrito
group (R-O-N=O0) in nitrogen NMR and the carbonyl group (R-O-
C(=O0)R) in '*C NMR exhibit a considerable shielding increase relative to
the nitroso group and the ketone carbonyl group respectively. A strong
shielding increase is observed for the nitrogen atoms in aziridines (Table
23) and for the carbon atoms in cyclopropane. Since, however, nitrogen-
containing compounds present a larger wealth of structures than those
containing C, O, and H only, the analogy is a very rough one and includes
only a selection of structures. It should also be noted that the range of
nitrogen shieldings (~900 ppm) for diamagnetic molecules is about three
times as large as that for carbon shieldings.

F. Alkyl group effects on nitrogen shielding

If an alkyl group is attached to a nitrogen atom which in turn can be a
part of almost any molecular or ionic structure, the influence of the alkyl
function on the nitrogen shielding can be expressed approximately in terms
of the so-called a-, 8-, y-, and, eventually, 5-effects, each of which results
from replacing a hydrogen atom with an alkyl group R at the corresponding
carbon atom: N*-C®-C”-C? The a-effect is variable and hardly predict-
able. The reasons for this are obvious, since replacing an NH structure
with an N-alkyl moiety must affect hydrogen bonding influences and,
possibly, the geometry of the bonds at the nitrogen atom concerned. The
B-effect results in a considerable deshielding of the nitrogen nucleus,
roughly by 10 ppm per C-B atom. The y-effect is much smaller and in the
direction of shielding; §-effects can usually be ignored. Thus, the 8-effect
is primarily responsible for a span of about 30 ppm in nitrogen shieldings
for any alkyl-substituted nitrogen moiety, if measurements are made for
the same solvent and only one alkyl group is attached directly to the
nitrogen atom. If two or more alkyl groups can be bound to the nitrogen
atom, the range increases accordingly, as is the case for amines and amides
and for ammonium ions. The B-effect is usually quenched with an increase
in the number of C-B8 atoms at the same C-a atom; for example, the
differences in nitrogen shielding in the sequence N-Me, N-Et, N-Pr', N-Bu'
tend to decrease. Recently, measurements for N -sulphinylamines (Table
131) have shown that the B-effect is reversed for Pr'~N=S=0 and Bu'-
N=S8=0, since the latter compound is characterized by a more shielded
nitrogen nucleus than that in the isopropyl derivative. Since there are strong
arguments in favour of the “‘bent” or syn structure [1] for the N -sulphinyl-
amine moiety,118 it seems obvious that steric effects are responsible for
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the observed quenching and reversal of the B-effect. Thus, the B-effect
cannot be a result of steric effects. So far, no theoretical explanation of
the B-effect has been given. The effect seems to be quite general, not only
for nitrogen nuclei. It operates similarly for '*C shieldings''’ and probably
for other nuclei too. Since it usually dominates changes in the shielding of
alkyl-substituted moieties, a host of linear correlations between the shield-
ings of alkyl-substituted nitrogen atoms and the Bc shieldings of alkyl-
substituted carbon atoms is obtained almost automatically.lw'lm'172 There
are usually attempts (for example Tables 18 and 50) to construct additivity
schemes for alkyl-group effects on nitrogen shielding, by fitting a system
of additivity parameters to a set of experimental data. However, there are
some points that should be clearly understood as far as such additivity
schemes are concerned. If they are simple enough, they provide a means
of rough prediction of nitrogen shielding within a group of structurally
related molecules. If they are more elaborate, and based on a large set of
experimental data measured under uniform conditions, then much better
agreement between the calculated and experimental values is usually
obtained. However, the predictive value may become, ironically, close to
zero. If the experimental set of molecules examined is large, any molecule
from outside this set is almost certain to reveal additional effects, for
example, an excessive steric hindrance or large departure from the mean
geometry or rotamer population. This must result in serious deviations
from the calculated values of shielding within the additivity scheme in-
volved. On the other hand, no one would try to reproduce by this
scheme any values that are experimentally available. The significance of
such fittings of additivity schemes with sets of nitrogen shieldings lies mostly
in revealing certain trends and dominating effects. When the internal
rotation in molecules is limited, as is the case with alicyclic amines,''® any
attempt at constructing additivity schemes for nitrogen shielding has to
include parameters that reflect geometrical factors, e.g. axial or equatorial
positions of substituents etc. This must result in a significant complication
of the scheme involved, and one should remember that the increasing
number of parameters used can quickly bring the situation to a point where
the result is equivalent to the absolutely true, and equally trivial, statement
that every molecule has its own characteristic shielding.

G. Shielding of nitrogen atoms in conjugated ring systems

If an N-methyl moiety is replaced by an N-phenyl group, the effect on
the nitrogen shielding is variable, but usually deshielding takes place. If
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substituents are present in the phenyl ring, their effect on the shielding
usually reflects, at least to some degree, their electron-donating or electron-
attracting properties, especially when they occupy the ortho and para
positions relative to the nitrogen atom. In most situations, electron-donating
substituents induce some shielding of the nitrogen nuclei, while a deshield-
ing is observed as the effect of electron-attracting substituents. This is
observed for aniline derivatives (Table 37), phenylimines (Table 128),
amides (Table 57), sulphonamides (Table 69), phenylhydrazones (Table
45), and, to some extent, for arylammonium ions (Table 40). Similar effects
are reported for nitrogen atoms embedded in a conjugated ring system,
such as that of pyridine and related azines (Tables 120 and 121); here the
most effective are substituents in positions 2 and 4 relative to the nitrogen
atom. However, there are some exceptions where the opposite trend of
induced changes is observed, namely in N-sulphinylamines (Table 131)
and aryl diazonium cations (Table 135), where electron-attracting sub-
stituents give rise to increased shielding.

If six-membered conjugated heterocycles are considered, there are rather
clear and almost additive effects for the interactions between nitrogen
atoms in the relative positions shown in structures [2]-{4] (Table 122).
More complicated effects are observed in azoles and related structures

(Table 112).
D () )
N Z Z
Nig N) N
(2] (3] (4]
strong deshielding moderate shielding moderate deshielding

H. Protonation shifts in nitrogen shielding and related effects

Structural changes which may be described conventionally as those due
to the protonation of a lone electron pair on the nitrogen atom considered
can give rise to very characteristic changes in the shielding, which are
valuable in the estimation of protonation sites. Generally, the four proton-
ation shifts [5]-[8] are observed, from which it is obvious that two effects
are in competition. The protonation of a nitrogen atom within a system of

|

{

[5] —N: - ~N"—H slight deshielding

‘ ' (Table 34)
(alkyl amine)

6 I L+ .

{61 N: —» N—H variable, usually
| | slight, shielding

(Table 40)

(aryl amine)



34 M. WITANOWSKI, L. STEFANIAK AND G. A. WEBB

AN \
(7 N: - \N*—H strong shielding
/ /

) (at least 100 ppm)
(including conjugated heterocycles)

[8] =N: » =N"—H strong shielding

saturated bonds results in weak deshielding. In contrast, strong shielding
is characteristic of nitrogen atoms in unsaturated systems upon protonation,
as is found for the azine ring systems (Tables 122 and 123) and azoles
(Table 112), azobenzene (Table 136), imines (Table 128), and nitriles (ref.
2, p. 204).

Analogous changes in shielding occur for N-oxides as compared with
the parent structures. A deshielding is observed for alkylamine N -oxides
as compared with the parent amines (ref. 2, p. 184), while shielding effects
are found upon the N -oxidation of a nitrogen atom within an unsaturated
system of bonds. The latter effect is evident if we compare the shieldings
for azines (Tables 122 and 124) and their N-oxides, for oximes (Table
129) and nitrones (Table 130), for azo and azoxy compounds (Table 136),
for nitroso (Table 140) and nitro groups (Table 133), and for nitriles (Table
108) and fulminates (Table 108).

I. Correlations between barriers to internal rotation and
nitrogen shieldings

Recently, attempts have been made to find correlations between nitrogen
shielding and the barrier to internal rotation in molecules where the possible
delocalization of the lone-pair electrons from a nitrogen atom can hinder
internal rotation around one of the adjacent bonds.*®*” Such correlations
(Tables 14 and 16) are used for predicting the barriers in molecules for
which direct measurements have been either difficult or impossible to
perform. However, one should note that the correlations are local, in the
sense that they comprise only groups of structurally related molecules. If
one wants to predict a barrier to internal rotation from the correlations,
the assignment of a given structure to any of the groups can be quite
arbitrary. Moreover, such correlations are bound to fail if simple steric
hindrance is involved in the determination of the height of the barrier
considered. This point has been raised recently,40 and serious discrepancies
are found between the measured barriers for tetramethylurea and
tetramethylthiourea (Table 14) and those calculated from the nitrogen
shielding. Additionally, rather poor correlations of this type are found for
a number of urea derivatives.*?

There is still another factor to be considered for such correlations. The
data in Table 14 refer only to the rotation of the Me,N moiety; if any
other combination of alkyl groups is involved, significant effects on the
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nitrogen shielding are expected (Section V.F) which do not have any evident
relationship with the delocalization of the lone electron pair and the barriers
to internal rotation. Thus, separate correlations are needed for every
possible type of dialkyl substitution of the nitrogen atom considered.

J. Solvent effects on nitrogen shielding

The importance of solvent effects on the nitrogen shielding in almost
any type of molecular structure has been appreciated only recently, since
the modern techniques used in nitrogen NMR have provided a great deal of
reasonably accurate data for fairly dilute solutions.

Even if one excludes from consideration protonation effects which may
take place in acidic solvents, the range of solvent effects on nitrogen
shieldings in a molecule can be comparable to that of substituent effects
or other structural modifications. It is therefore important to consider
solvent effects in all attempts at finding correlations between shielding and
molecular structure, or in applications of such correlations to structural
problems in the chemistry of nitrogen-containing compounds.

The nitrogen shielding in some types of molecule reveals a range of a
few ppm for solvent effects, even if both aprotic and protic solvents are
included. These are amines (Table 24), carbodiimides (Table 55), and diazo
compounds (Table 138). Amides and related structures, oximes, and
nitroalkanes (Tables 61, 129, and 133, respectively) show a range of
10-15 ppm for solvent effects on the shielding. In nitriles (Table 108) and
azole ring systems (Table 112), the range may approach 20 ppm. In
pyridine-type ring systems and imines (Tables 122 and 128, respectively),
the largest changes are observed, up to 30 ppm. These values are on the
cautious side since not always has a sufficient variety of solvents been
examined at sufficiently low concentrations of the solutes.

For nitriles (Table 108), imines (Table 128), azoles (Table 112), and
pyridine-like systems (Tables 122 and 123), there is a clear indication that
hydrogen-bonding of protic solvents via the lone pair electrons on the
nitrogen atom gives rise to a considerable shielding of the nucleus involved.
Since the effects of hydrogen bonding are in the same direction as the
protonation shifts (Section V.H), these must always be considered when
estimates of protonation equilibria are made from nitrogen shieldings. An
attempt has been made'?° to separate theoretically the effects of hydrogen
bonding on the shielding in pyridine from other effects, by means of a
linear regression analysis of the shieldings in terms of the Kamlet-Taft
parameters which include the polarity of the solvent and its hydrogen-bond
donating properties. It is shown that hydrogen-bonding effects account for
about 80% of the observed range of nitrogen shielding in pyridine shown
in Table 120.
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Recently, it has been demonstrated for the nitrogen shielding in nitro-
alkanes (Table 133 and Section VI.W) that the effect of the polarity of the
solvent used can be significant.'>' The entire range, of about 9 ppm, of
solvent effects on the nitrogen shielding of nitromethane and other simple
nitroalkanes is reproduced quantitatively by theoretical calculations within
the solvaton approximation®>'?' which explicitly includes the dielectric
constant of the solvent used. The solvaton model'** represents the oriented
solvent distribution around each atom in the solute molecule. It is assumed
that, at infinite dilution of the solute, a number of charges (solvatons) are
induced in the solvent, that associated with each atom of the solute molecule
is a “‘solvaton’ whose charge is equal in magnitude but opposite in sign to
that of the atom with which it is associated, that there are no interactions
between solvatons, and that the strength of the molecule-solvaton interac-
tion depends upon the polarity of the solvent as expressed by its dielectric
constant. Within this framework INDO/S calculations are carried out'?*
to yield the nitrogen shielding according to the SOS procedure given by
equations (2) and (3).

The latter results seem to be important from the point of view of
monitoring changes in electron distribution, effected by changing the polar-
ity of the medium, by nitrogen shieldings. Needless to say, any serious
investigation of solvent effects on shieldings must be based on measure-
ments that eliminate bulk susceptibility effects (Section III).

VI. NITROGEN SHIELDING IN VARIOUS CLASSES
OF MOLECULE

A. Alkylamines and alkylammonium ions

The nitrogen nuclei in alkylamines are the most shielded among those
occurring in diamagnetic molecules (Table 13). Recently, a considerable
amount of data has been reported for this group of compounds (Tables
17-24). The shieldings in alkylamines with non-cyclic structures can be
expressed in terms of the additivity of the effects of the 8- and y-carbon
atoms (also Section V.F), as shown in Table 18 for solutions in cyclohexane
and in MeOH. There is a considerable effect (ca. —20 ppm) on introducing
the first 8-carbon atom in primary (RNH,) and secondary (R,NH) amines;
the second and third B-effects (those due to introducing further B-carbon
atoms at the same C) are quenched consecutively by a few ppm each,
which corresponds to the ‘“‘branching” increments in Table 18. In tertiary
amines (R;N) the first B-effect is much smaller and the quenching is even
more pronounced. Obviously, steric effects are involved and they tend to
counteract the deshielding effect of 8-carbon atoms. The introduction of
y-carbon atoms (the y-effect) results in a slight shielding of the nitrogen
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nuclei, but the mean values given in Table 18 cover small and variable
effects which are of the order of magnitude of solvent effects on the shielding
in alkylamines (Table 24), so any attempt at a detailed interpretation
thereof can be premature.

Linear correlations between the nitrogen shieldings in alkylamines and
the '°C shifts of the corresponding carbon atoms in analogous alkane
structures have been reported''® separately for primary, secondary, and
tertiary amines. Such correlations, as well as the additivity schemes con-
sidered above, show a deterioration upon passing from primary to secondary
and then to tertiary amines. This is expected (see comments in Section
V.F) since steric hindrance and deviations from an average geometry should
be significant in considerably branched structures of secondary and
especially tertiary alkylamines.

Solvent effects on the nitrogen shielding in alkylamines (Table 24) are
only a few ppm and rather irregular. It seems that hydrogen-bonding
generally results in a deshielding of the nitrogen nuclei in alkylamines, but
various other effects of the same order of absolute magnitude must be in
operation. This is in accord with the early investigations of solvent effects
on the shielding in ammonia and trimethylamine (ref. 2, p. 247, and
references therein).

The protonation of non-cyclic alkylamines to yield the corresponding
alkylammonium ions (Table 34) seems to result in a deshielding of the
nitrogen nuclei. The effect is not very large, up to —15 ppm when solutions
in MeOH are involved. However, steric effects are also important, such
that for diisopropylamine a positive (shielding) protonation shift is observed
(Table 34). The nitrogen shieldings in alkylammonium ions can be fitted
into an additivity scheme (Table 18) which is analogous to those found for
alkylamines. One should note, however, that recent investigations have
revealed a significant dependence of the shielding in alkylammonium ions
on solvent, concentration, and counterion (Table 36). It is evident that the
effects of ion aggregation can considerably influence the shielding, not to
speak of the position of the protonation equilibrium involved. Thus, caution
is advisable in the interpretation of protonation shifts.

For cyclic alkylamines, the situation is more complicated because of
hindered internal rotation and possible ring strain effects. For non-strained
ring systems, the nitrogen shielding does not depend appreciably on the
ring size (Tables 19 and 21). The effect of the alkyl group in N-alkyl
derivatives (Table 19) seems to be analogous to that in non-cyclic alkyl-
amines. Linear correlations are found between the nitrogen shielding in
piperidine and decahydroquinoline derivatives and the '*C shifts of the
corresponding cycloalkane carbon atoms.'?” However, some large devi-
ations are observed which appear to arise in some molecules on account
of the arrangement of the substituent group R in the NR moiety (or the
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lone pair electron orbital) relative to the C—C bonds in the ring. The general
structures [9] and [10] can be considered. If R = H, there is little difference
in the nitrogen shielding between structures [9] and [10],'*”""* as shown
in Table 20 [particularly data corresponding to note (d)]. If R =alkyl or
another hydrocarbon chain, the structure with the lone pair antiperiplanar
to the nearest C-C bond seems to give a strong shielding effect. This is
most evident for quinuclidine (Table 20) where the nitrogen nucleus shows
a shielding increase of ~40 ppm when compared with triethylamine (Et;N)
(Table 17). The effect of methyl substituents in the ring on the nitrogen
shielding of piperidine and N -methylpiperidine (Table 22) is most pro-
nounced when the methyl groups are in the 2- or 6-positions. This is
predictable since the observed deshielding represents the well known -
effect; one should note, however, that the configuration of the substituents
also has a significant effect.

R
N \
05 " 06 °
[9] (10]
nitrogen lone-pair orbital nitrogen lone-pair orbital
is antiperiplanar to is antiperiplanar to
bonding C-C orbitals bonding C-H orbitals

The protonation shifts of nitrogen shieldings for cyclic saturated amines
are even more complicated than those for non-cyclic alkylamines. Gen-
erally, a slight deshielding is observed (Table 35), but numerous exceptions
are found. Linear correlations with the corresponding 13C shifts of cyclo-
alkanes have been reported'*® and the additivity of effects of methyl
substituents in various positions of the ring postulated.'”® Nonetheless
recent results®” on the influence of solvents, concentrations, and counterions
(Table 36) on the shielding of cyclic ammonium ions suggest that caution
is necessary in the interpretation of protonation shifts for any type of
ammonium ion.

If we consider now the nitrogen shielding of cyclic amines where a
considerable ring strain is expected, that is the three-membered ring system
of aziridine and the four-membered ring system of azetidine (Tables 21
and 23), it is evident that the nitrogen nuclei involved are more shielded
than those in the corresponding open-chain structures or any other cyclic
structure. Generally, the effects of alkyl groups R in the NR moieties are
analogous to those observed for other amines, with the exception of
N -t-butylazetidine where the last B-effect results in shielding rather than
deshielding. However, the concentrations used (as high as 4-5 M in CDCl;)
do not allow one to exclude intermolecular effects as a possible source of
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the latter apparent shielding. There is a rough correlation between the
nitrogen shielding in substituted aziridines and the '*>C shifts of the corres-
ponding carbon atoms in cyclopropanes.'*! Additionally, the same general
features, e.g. the B- and y-effects, are observed. Attempts have been made
to rationalize the nitrogen shielding of 2-phenyl-substituted aziridines
(Table 23) in terms of conjugation between the phenyl ring and the aziridine
ring,"*! but the arguments are based on an assumed perfect additivity of
the effects of substituents and then on deviations therefrom. It seems,
however, that without a study of solvent and concentration effects on the
nitrogen shielding in aziridine systems, such arguments are not convincing.
One should also be cautious in the use of chloroform as solvent for amines,
since most amines react with it during the time required to obtain natural-
abundance '’N NMR spectra.82

Recently, an attempt has been made to determine the prevailing rotamers
in diastereomeric 2,3-diamino- and 2—hydroxy-3-amino-butanes134 on the
basis of carbon and nitrogen shieldings and relaxation times. The nitrogen
shielding data (recalculated to the nitromethane scale according to Table
6 from the original reference, saturated aqueous NH,NO;, by the conver-
sion scheme II in Table 4) are:

erythro +348-1 ppm

MeCHOHCHNH,Me threo +346-8 ppm (neat liquid)
" erythro +337-0 ppm .
MeCHOHCH(NH; " )Me threo +336-3 ppm (in H,0O)
meso +346-9 ppm Lo
MeCH(NH,)CH(NH,;)Me racemic +346-1 ppm (neat liquid)
N . 336- .
MeCH(NH, ")CH(NH; " )Me meso +3367ppm i H,0)

racemic +336-2 ppm

which do not show any significant differences between the diastereomeric
molecules involved. This is used as an argument against the gauche orienta-
tion between the OH and NH, groups (or two NH, groups) in the threo
(or racemic) isomer.

B. Enamines and enaminoketones

The conjugation of the lone pair electrons of an amino group with an
unsaturated system of bonds, as in enamines R,N-C(R)=CR,, results in
a deshielding of the nitrogen nuclei involved (Tables 13, 26, and 27) when
compared with analogous alkylamines. The effect is even more pronounced
in enaminoketones R,N-C(R)=C(R)-C(=O0)R, which can be considered
as amide vinylogues. The deshielding effect is largely reduced when there
is some steric hindrance to a coplanar conformation of the amino moiety
NR; and the double-bond system (Table 26).
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A reasonably linear correlation is found*' between the differences in
nitrogen shielding for enamine—-alkylamine pairs and the free enthalpy of
activation of restricted rotation around the N-C(=C) bonds in enamines
and enaminoketones. In a similar approach*® the shieldings in enamines
and enaminoketones are shown to fall into a linear correlation, together
with those for amides, with the Arrhenius activation energies for internal
rotation (Table 14). However, there are some limitations as far as such
correlations are concerned (Section V.I).

C. Amino groups bound to elements other than carbon

If the carbon atom in the C-NR, moiety is replaced by that of another
element, the effect on the nitrogen shielding can vary from nothing to a
considerable reduction (Tables 25, 28-31). If silicon or phosphorus atoms
are involved, there is little change from the shieldings in the analogous
alkylamines, but the pattern of the shieldings is somewhat irregular from
the point of view of correlation with structure. Large deshieldings are
observed when Br, Cl, and especially F atoms are directly bonded to the
amino group or when they are bound to the phosphorus atom in amino-
phosphines.

The silatrane structures (Table 29), where the nitrogen atom should be
involved in dative bonding with the silicon atom, are characterized by a
rather narrow range of nitrogen shielding values. However, the small
variations in the shielding upon changing the R substituent on the silicon
atom (Table 29) are explained'*® in terms of the Taft constants of the
substituents:

on(ref. to MeNO,) =356-8 — 3:-54(Taft constant)g (19)

with a standard deviation of +0-56 ppm and the correlation coefficient
r=0-989, for dilute solutions in CDClI; [Table 29; data corresponding to
note (a)]. For more concentrated solutions in acetone [Table 29; data
corresponding to note (b)], a similar correlation is obtained:'**

on(ref. to MeNQO,) =357-35—3-33(Taft constant)g (20)

with a standard deviation of £1:28 ppm and r =0-973. These correlations
can be considered as proof of the existence of the transannular bond
between N and Si in silatranes, since otherwise the R substituent would
be too far from the nitrogen to exert any significant inductive effect on it.
For substituted silatranes with R = Me, CH=CH,, Ph, and CH,Cl, correla-
tions are obtained'** between the nitrogen shielding and calculated dipole
moments of the N —Si bond. The moments are calculated from the
differences between the measured moment for a given silatrane and the
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sum of the moments for RSi(OEt); and NEt,. The resulting correlation is
found to be:

on(ref. to MeNO,) =368-4 —3-62u(N —» Si) (21)

with a standard deviation of +0-94 ppm and r = 0-994. Another approach'**

involves the differences between the experimental dipole moments for
silatranes and those from standard values of bond moments (C-0O0-8 D; Si-O
1-54; C-N 0-5; Si-C 1-2; C-H 0-3) and from X-ray geometries. This gives

on(ref. to MeNO;) =361-1-2-51u (N-Si) (22)

with a standard deviation of +1-0 ppm and r = 0-940.

The stannatrane structure [Table 29, note (c)] gives rise to two 5N
resonances, each flanked by satellites due to 9§p-!°N and '""Sn-"°N
couplings. The non-equivalence of the shieldings is explained in terms of
a trimeric structure with two equivalent and one non-equivalent nitrogen
atoms,'*° since the intensities involved are approximately 2:1; the more
shielded nitrogen nuclei (Table 29) should be those in the terminal stan-
natrane moieties.

The nitrogen nuclei in silylamines (R3;Si-NR,) (Table 28) seem to be
more shielded than those in the analogous alkylamines (R3C—NR2)137
but the conclusion that the SiMe; group exerts a positive inductive effect
since it produces more shielding in comparison with the t-butyl group'®’
seems to be based on a misunderstanding of the B-effects concerned. The
B-effect (Section V.F) which results in a deshielding of the nitrogen nucleus
in a R3C-N moiety when the R’s are changed from H atoms to C atoms
is known'? to act usually in the opposite direction to that produced by
introducing electronegative substituents R. Thus, the increasingly positive
inductive effect in such moieties seems to result in a deshielding rather
than shielding of the nitrogen nuclei. In silylamines, additional complicating
factors can affect the nitrogen shielding, since there is the possibility of
so-called (p—d)m# back-bonding between N and Si.**37 Such effects can
depend critically on a large number of structural details of a molecule,
which can explain the lack of regularity in the nitrogen shielding in silyl-
amines. On the other hand, the alkyl groups, which are bonded directly to
the nitrogen atom in Me;Si-NR,, reveal typical effects on the shielding
which are described in Section V.F.

The small amount of data available for stannylamines (R3SnNR;) indi-
cates that the nitrogen nuclei are generally more shielded than in the
corresponding silylamines (Table 25).

The phosphoramidate structures R,N-P(O)(OMe), derived from cyclic
saturated amines (Tables 21 and 30) show a slight deshielding of the
nitrogen nuclei when compared with the latter; otherwise the shieldings
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paralle]l those in saturated amines. Similar effects are observed for the
nitrogen atoms in the dialkylamino groups in 1,2,3-diazaphospholanes
[Table 30; data corresponding to note (h)].

The nitrogen shielding in aminophosphines (Table 30) tends to decrease
with an increase in the number of Cl atoms on the P atom, and with an
increasing number of phosphinyl groups on the nitrogen atom, but the
overall pattern is complicated. This is probably due to (p—p)# interactions
between P and N,'*! as well as to intermolecular effects (the data refer to
neat liquids or concentrated solutions).

In aminoboranes R;B-NR,, the shielding seems to be reduced, in com-
parison with alkylamines, owing to the delocalization of the nitrogen lone
pair towards the boron (ref. 1, p. 163, and references therein). Such effects
should be more pronounced in cases where the delocalization can be
extended over a larger conjugated system. This is actually shown'*® to be
the case for aminoboranes which contain alkyne groups attached to the
boron atom (Table 31).

D. Amino-sugars and related structures

The amino groups of amino-sugars are usually examined as the corres-
ponding ammonium groups (in hydrochlorides) or amido groups (in N-
acetyl derivatives). The distinction between these two moieties is straight-
forward from the point of view of nitrogen shielding (Table 32) since the
amido groups show a considerable deshielding of their nitrogen nuclei when
compared to ammonium ions (Table 13). Some attempts have been made
to explain the rather small differences in shielding between the «- and
B-anomers of amino-sugars'*® in terms of steric effects, mostly those of
the gauche orientation of vicinal amino and hydroxy groups, but it seems
that other effects are also important. In most cases (Table 32), the «/8
anomer ratio determined from proton NMR is reproduced reasonably well
by the relative peak heights in '’N NMR.

If the 2-NH; group in an aminopyranose (Table 32) is in the equatorial
position, there are two gauche relations thereof with respect to the two
vicinal OH groups (those in positions 1 and 3) in both of the anomers, and
the corresponding nitrogen shielding difference is small.'*®'** If the 2-NH,
group is axial, as in the mannopyranose derivative (Table 32), there are
two gauche relations in the a-anomer and only one in the S-anomer. The
resulting difference in nitrogen shielding is then much larger, about 10 ppm,
the B-anomer amino group being more shielded. Thus, it seems that such
gauche-type interactions can largely offset differences in shielding between
axial and equatorial amino groupsin pyranose derivatives,'>> as observed
for the a-anomers of glucopyranose and mannopyranose derivatives (Table
32). Generally, however, equatorial amino groups {(or their derivatives)
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show some deshielding in comparison with the axial groups. Addi-
tionally, the a-anomers are characterized by less shielding than the
B-anomers.lso

The shieldings of the amino/ammonium groups in components of the
nebramycin complex of aminoglycoside antibiotics (Table 33) have been
assigned on the basis of structural comparisons and the titration curves of
both '°N and *C shieldings.'’""'*? The latter curves yield pK, values for
individual amino groups (Table 33). Usually, titration curves of nitrogen
shieldings offer a formidable means of insight into properties of amino
groups in complicated molecular systems, and they are superior in this
respect to *C shift investigations. The case of nebramycin is a good example
of this.

E. Arylamines, arylammonium ions, and related structures

Amino groups bound to conjugated ring systems show a deshielding of
the nitrogen nuclei when compared with alkylamines (Tables 13, 37-40).
The shieldings in arylamines are similar to those found in enamines (Section
VL.B). It is quite evident that the deshielding results from the delocalization
of the lone pair from the nitrogen atom through the conjugated system,
since correlations are found between the nitrogen shieldings in substituted
anilines and aminopyridines (Table 16; Section V.I) and the barriers to
internal rotation of the amino groups.*’

A consideration of substituent effects on the shielding in arylamines can
be made most simply for aniline and its derivatives (Table 37). Since the
range of solvent effects on the shielding in anilines can amount to about
10 ppm (Table 37), and the range of substituent effects is about 30 ppm,
any comparison of substituent effects is reasonable only when solutions in
the same solvents are considered. It is suggested'”” that the magnitude of
substituent effects on the nitrogen shielding in anilines is characteristic of
the delocalization of the lone pair electrons of the nitrogen atom. If the
lone pair is not delocalized, as in the case of pyridine-type nitrogen atoms,
only small effects should be observed. This is quite erroneous, since the
comparison is made with the shielding changes in quinoline derivatives
containing substituents in the ring that does not contain the nitrogen
atom. If pyridine derivatives are considered (Table 120), the range of sub-
stituent effects turns out to be about twice as large as that for aniline
derivatives.

Generally, electron-donating substituents in positions ortho and para to
the amino group increase the shielding of the amino function whereas
electron-attracting substituents in the same positions produce the opposite
effect (Table 37). Halogen substituents should be considered separately,
since they can act in a way that is a combination of electron attraction
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(commonly termed the inductive effect) and electron release (due to the
so-called back-bonding effect, which may be depicted as the delocalization
of lone-pair electrons through the conjugated system). Their effects for
acetone solutions of anilines,155 according to Table 37, can be compared
as follows, where the values are of the shielding effect in ppm relative to
the amino nitrogen resonance of aniline:

F ortho +11-8 para +3-4
Cl +0-6 +0-5
Br —4:2 (—1-0, in DMSO)
I -11-9 -0-7

It seems evident that the back-bonding effect, which should decrease from
F to I, plays an important role in determining the nitrogen shielding. The
back-bonding effect of a halogen in positions ortho or para should generate
a negative net charge at the carbon atom adjacent to the amino group.
Thus it should reduce the delocalization of the lone pair of the latter. This
conclusion is corroborated by the shielding effects of F and Cl on the
nitrogen nucleus in pyridine (Table 120). However, substituents in the
position ortho to the amino group can give additional effects owing to steric
hindrance, direct interaction of electron charges, etc. The large deshielding
produced by the 2-I substituent is probably of such an origin.

Steric effects of alkyl substituents in positions ortho to the NMe, group
in N,N-dimethylaniline derivatives seem to result in a strong shielding of
the nitrogen nuclei'®* owing to the inhibition of conjugation of the nitrogen
lone electron pair (Table 38). However, the experimental techniques used
cast doubt on the significance of the reported values (footnote in Table
38); therefore, the reported'® correlations with carbon shieldings and
ionization potentials should be accepted with reservation.

The influence of substituents in position 8 (“‘peri’’) in 1-naphthylamines
(Table 39) seems to arise mainly from steric effects.®’

The shielding for amino groups attached to pyridine-like heterocycles
(Table 39) seems also to display conjugation effects. It is evident that amino
groups in position 3 relative to the nitrogen atom in the ring reveal a
shielding of about 20-30 ppm with respect to amino groups in positions 2
or 4; in the latter cases, the delocalization of the lone electron pair from
the amino group should generate excess charge densities on the ring
nitrogen atoms involved. Thus, nitrogen shieldings can simply distinguish
between 3-NH, groups in pyridines and 5-NH, groups in pyrimidine
derivatives respectively, and other amino groups in such systems. Since the
amino groups in positions 2, 4, or 6 in the pyridine ring (and related azine
ring systems) can be involved in tautomeric equilibria, [11] and [12], with
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amidine-type systems, and since the amino groups in such systems show
much greater shieldings (ca. +300 to +340 ppm; Table 39) than those for
the =NH or =NR groups in the tautomeric amidines (ca. +180 ppm;
Table 64), nitrogen NMR can be conveniently used for estimating the
equilibrium constants involved.

<\ JNH, & ONH N\ />NH2 = HND:NH
N N =
H

[11] [12]

The protonation shifts of nitrogen shielding upon passing from an aryl-
amine to the corresponding arylammonium ion are more complicated than
in the case of alkylamines. Since protonation destroys the conjugation of
the electron system of the amino group with the ring, the protonation shifts
are likely to depend on the degree of delocalization of the lone pair electrons
in the parent amine, as is shown by comparison of the data in Tables 37,
38, and 40. Thus, the largest shielding increases upon protonation are
observed for 2-NO, and 4-NO, substituted anilines, and the smallest effects
are found for electron-releasing substituents. One should note, however,
that it is difficult to compare sensibly the shieldings in arylamines and their
corresponding arylammonium ions if the changes are small, since both are
influenced by solvents; the latter show also a dependence on the counterion
involved (Tables 36 and 40). If steric hindrance inhibits conjugation in the
parent amine (Table 38), protonation can produce a considerable deshield-
ing of the nitrogen nucleus.

It is interesting to compare substituent effects on the nitrogen shielding
in anilinium ions (Table 40) with those in aniline derivatives (Table 37).
Halogen substituents exert comparable effects in both cases, but the nitro
groups in positions 2 or 4 produce a strong deshielding in anilines, while
the effect on the nitrogen resonance position in anilinium ions is small and
can even result in a slight shielding (2-NO, substitution). The nitrogen
shieldings in methyl-substituted anilinium ions show a fair correlation with
the >C shieldings of the corresponding methyl groups in the analogous
substituted toluenes,35 but this is not the case with the parent anilines.
Obviously, the delocalization effects in the latter do not allow one to
compare the NH; groups with methyl groups.

Attempts have been made® to correlate INDO electron densities with
the nitrogen shielding in methyl-substituted anilines and anilinium ions. It
seems that the changes in the shielding exerted by methyl substituents
(Tables 37 and 40) are too small, in comparison with solvent effects, to be
rationalized in terms of theoretical calculations.
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F. Amine N-oxides

In addition to the small amount of data (ref. 2, p. 186) on the nitrogen
shieldings in amine N-oxides, we report some unpublished results from
our own laboratories (nitrogen shielding in ppm referred to MeNO,):

Me;N—- O satd. in acetone (ref. 2) +273+5

EtzN—> O 1:10 v/vin acetone +265+1 (”N)

Me;(Ph)N - O 1:10 v/v in acetone +266+1 (“*N)

Et,(PR)N - O 1:10 v/v in acetone +249+1 (**N)

O« (Ph)N N(Ph)»0O in CD;OD +264-1 (*°N)
__/

These show that amine N -oxides reveal a considerable deshielding of their
nitrogen nuclei with respect to the parent amines (Sections VI.A and VIL.E)
and analogous ammonium ions. The shieldings exhibit the usual B-effect
for the ethyl substituents (Section V.F) as compared to the methyl-
substituted moieties. The deshielding effect of N-oxidation is opposite to
those observed for nitrogen atoms involved in unsaturated bonding systems
(Section V.H; Tables 124, 130, and 136).

G. Hydrazines, hydroxylamines, hydrazides, hydrazones, and
related structures

The nitrogen shieldings of hydrazines R,N-NR; are smaller than those
of amines (Tables 13, 41, and 43), but there is some overlap between their
ranges of occurrence. Upon substituting one of the nitrogen atoms in
H;N-NH, with methyl groups, there appears to be a deshielding of the
other nitrogen nucleus (Table 41) which is reminiscent of the B-effect
exerted by hydrocarbon moieties (Section V.F). However, the deshielding
can result from interactions between molecules, since replacing an NH
moiety with an NMe group must significantly affect both solvation and
hydrogen bonding influences. Consideration of the nitrogen shielding in
Table 43 for tetraalkylhydrazines indicates that in most cases the effect of
alkyl groups on the shielding of the nitrogen atom directly attached is
comparable to that described in Section V.F.

For hydrazines, there is an additional factor which can complicate the
shielding. In sterically unhindered hydrazines, the preferred conformation
is such as to render the nitrogen lone-pair orbitals perpendicular to each
other;'”’ steric interactions or cyclic systems can force deviations therefrom,
and these can result in significant interactions between the lone electron
pairs. These seem to produce appreciable deshielding of the nitrogen nuclei
involved, as can be seen from the data in Table 43. If the nitrogen shieldings
for hydrazines are compared with the '>C shifts in hydrocarbons derived
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formally from them by replacing N with CH, a linear correlation is
obtained'”” for strain-free hydrazines, but marked deviations are observed
for all the cyclic hydrazines presented in Table 43. There may also be other
factors that complicate the nitrogen shielding in hydrazines, such as flatten-
ing of the pyramidal conformation of the bonds at the nitrogen atoms due
to the aggregation of bulky alkyl groups.

In bicyclic hydrazines (Table 42), a trans-trans double inversion of bond
conformation at the nitrogen atoms can be observed in their 15N, 13 C, and
"H NMR spectra."'®” The values of the free enthalpies of activation for the
inversion obtained by these three spectroscopic techniques show reasonable
consistency.

A study'®® of NH proton transfer reactions in phenylhydrazine by means
of proton-coupled '°N spectra indicates that the rate of exchange at the
NH, group in PANHNH, is higher by about two orders of magnitude than
that for the NH moiety, in all the solvents examined [Table 41; data
corresponding to note (c)]. In trifluoroacetic acid, PANHNH, seems to be
protonated largely at the NH, moiety, as indicated by the deshielding for
the latter relative to the NH; signal position found in other solvents (Table
41). In order to account for the fast proton exchange at NH,, the dimers
[13] are suggested where a simultaneous exchange of protons between the
NH; groups can occur.'®®

H
VRN
PhNH-HN_ /NH~NHPh

~

[13]

In hydrazide-type structures RC(=X)NHNH;, where X=0 or S, the
nitrogen shielding for the C(=X)NH moiety is reduced, when compared
with that for hydrazines, and falls within the range characteristic of amides
and thioamides (Tables 13 and 41).

The data on the nitrogen shielding in hydroxylamine-type structures
R2N-OR are too few (Table 41) to allow one to draw any definite con-
clusions but it seems that their range should be similar to that for hydrazines.

Proton exchange reactions have been studied'® for the three types of
nitrogenous moiety that occur in hydrazine-carbothioamide structures [14]
and [15], by means of the proton-coupled '°N spectra of basic, neutral,

H,NC(=S)NHNH, MeNHC(=S)NHNH,
[14] [15]

and acidic solutions in DMSO. The hydrazino NH, group shows the fastest
exchange of protons in acidic solutions, followed by the hydrazino NH
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moiety; the slowest exchange occurs at the amido NH, group. In basic
solutions, the exchange at the NH, group of the hydrazino moiety is the
slowest and that for the hydrazino NH group is the fastest.

The Fischer indole reaction leading to indomethacin (Fig. 3) has been
followed by natural-abundance >N NMR spectra.168 The '°N resonances
characteristic of the starting hydrazide and those of the hydrazido-
hydrazone intermediate decay with time, whilst two other signals emerge
which are assigned to the amido-immonium intermediate in Fig. 3. This
assignment is corroborated by a separate experiment where cyclohexanone
is used in the first stage of synthesis; under such conditions, a relatively
stable analogous intermediate [16] is formed whose shieldings are similar
to those observed in Fig. 3. The reaction is carried out in CD;COOH/HCI,
and therefore protonated species are involved. The shieldings below
200 ppm from nitromethane are in accord with those observed for
immonium ions (Table 128).

MeO
NH;"  +193.3 ppm (=NH,")
NH +243-8 ppm (NH)
o)

[16] Cl

The hydrazone-type structure R;C=N-NR; is characterized by quite
different shieldings for the =N- and NR, moieties (Table 45). The latter
are close to those in hydrazines, but the former are smaller by ~250 ppm
and fall into the range characteristic of doubly bonded C=N moieties,
such as those in imines (Tables 13 and 128). Actually, the =N- shieldings
in hydrazones, together with those in imines and related structures, are
shown'”' to correlate linearly with the analogous '>C shifts in the corres-
ponding ethylene derivatives. The NR; shieldings in hydrazones are smaller
by ~50 ppm than those in hydrazines, probably because of some delocali-
zation of the lone pair electrons from the NR, moiety through the C=N-
NR, system. The NMe, shieldings in dimethylhydrazones (Table 45) are
shown to correlate with the barrier to internal rotation of the NMe, group
about the N-N bond according to the equation

AG o5 (17 kI mol ")
=172-0~0-5(nitrogen shielding of NMe, relative to MeNQO,)  (23)

Equation (23) has been derived for a number of Me;N~-N=X structures
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including hydrazones;*’ it is modified here in order to conform to the
nitromethane scale of shieldings. An analogous correlation is found for the
N-N bond lengths » for Me,N-N=X structures:

r(£0-004 A)

=1-224 +0-00064(nitrogen shielding of NMe; relative to MeNO;)
(24)

Thus, the delocalization of the lone pair electrons in hydrazones appears
to be reflected rather clearly in the nitrogen shielding. This is corroborated
further by the effects on the shieldings in pX-C¢H4-CH=N-NHPh (Table
45) produced by changing substituent X. Both the =N- and NHPh shield-
ings show linear correlations with the Hammett constant of the substituent
examined.'””

A number of hydrazido-type complexes (Table 44) show shieldings that
are similar to those for hydrazones. This suggests planar structures for the
hydrazido ligands, analogous to those of hydrazones.'®

Dihydrazone structures R,C=N-N=CR, are characterized by nitrogen
shieldings that are typical of C=N moieties (Tables 13 and 45).

H. Borazines and related ring systems

The borazine structure (Table 46) can be considered formally as that of
an aminoborane (Section VI.C). However, the six-membered ring structure
with six 2p electrons available for delocalization can reveal aromatic charac-
ter. This is in accord with the considerable deshielding of the nitrogen
nuclei in borazines when compared with alkylamines (Table 13) and simple
aminoboranes (ref. 1, p. 159). Alkyl groups attached to the nitrogen atoms
in borazines exert typical effects (Section V.F) on the nitrogen shielding.
The substituents on the boron atoms appear to affect the nitrogen shielding
in a way similar to that observed for conjugated systems such as arylamines
(Table 37) and pyridines (Table 120).

I. Ureas, guanidines, and related structures

In structures such as RoN-C(=X)-NR,, where X=0O for ureas and
X =NR for guanidines, the lone pair electrons of the NR, moieties can be
delocalized and render some double-bond character to the C-NR; bonds.
According to the considerations presented in the preceding subsections on
various types of amino groups, the NR, moieties in the structures concerned
should reveal a deshielding of their nitrogen nuclei when compared with
those in alkylamino groups.

The shielding of the NR, groups in guanidines (Table 47) is comparable
to those observed in enamines (Table 26). In some cases non-equivalence
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of the groups is reported which results from the syn and anti positions
relative to the C=NR system of bonds. The imino-type moiety C=N-~R
shows a deshielding of about 150 ppm relative to the NR, moieties (Table
47) but the nitrogen nuclei in the C=MN-R fragments of guanidine structures
are still shielded, by about 150 ppm, in comparison with those in imines
(Tables 13 and 128).

Protonation of the C=NR nitrogen atom in a guanidine, to yield the
corresponding guanidinium ion, removes the major structural difference
between the C=NR and NR, moieties and the difference in shieldings
apart from that which results from substituent effects (Table 47). The
nitrogen nuclei in guanidinium ions are generally deshielded by a few ppm
when compared with those of the amino-type groups of the parent
guanidines, but there is a considerable shielding relative to the imino
moieties involved.'”® Such protonation shifts of nitrogen shieldings have
been used as an argument in favour of the tautomer [17] of aryl-
guanidines.'”® The effect of para substituents on the phenyl ring of phenyl-
guanidines [Table 47; data corresponding to note (f)] on the nitrogen
shielding of the corresponding guanidinium ions is comparable to that
observed in arylammonium ions (Table 40).

(Aryl)-N=C(NH;),
(17]

Proton-coupled '°N spectra can give valuable information about nitrogen
shielding assignments for guanidine structures, and about tautomeric forms
thereof, provided that the proton exchange is slow and clear multiplet
patterns are obtained. Such spectra, taken at the natural abundance level
of '°N, provide convincing arguments in favour of the structures shown in
Table 47 for sulphaguanidine [note (b)] and amiloride [note (d)]. The same
technique has been employed for nitrogen shielding assignments of the
guanidinium moieties in streptomycin and dihydrostreptomycin (Table 48).
It should be noted that the latter case shows how guanidinium moieties
can be distinguished from ammonium moieties by means of their shielding;
another example of this is provided by the '’N spectrum of viomycin
(Table 83).

The nitrogen shieldings in the guanidino moiety of L-arginine have been
investigated within a broad range of pH values®®'7*'*" and the results are
given in Table 73. The 8-NH shielding is almost independent of pH, but
the averaged signal for the remaining part of the guanidino moiety shows
an increased shielding of the nitrogen nuclei upon protonation, in accord
with the considerations presented above.

The structure of the guanidino moiety in the methyl ester of nitroarginine
hydrochloride has been determined'®® on the basis of shieldings and N
signal multiplets in the proton-coupled '>’N NMR spectrum (Table 74).
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It is interesting to note that the proton-coupled "N spectrum of L-
arginine'®’ shows that the rate of exchange of the protons in the §-NH
group is twice as fast as that for the terminal nitrogen atoms in the guanidino
moiety.

In ureas R;NC(=O)NR;, the more electronegative oxygen atom (as
compared with the =NR group in guanidines) should promote the
delocalization of the lone pair electron from the NR; moieties. This should
result in a deshielding of the nitrogen nuclei relative to those in guanidine
NR, groups. The data in Table 49 show that this is actually the case.
However, the shielding in ureas is generally greater than in the related
amide-type structures (Tables 13 and 57). They are shown (see Section
V.I) to depart significantly from the general correlations between shielding
of amide-type structures and the barrier to internal rotation of the NR,
moieties. The effects of alkyl groups on the nitrogen shielding in ureas can
be expressed in terms of additive increments (Table 50); they are essentially
the typical effects of alkyl groups described in Section V.F. However, the
only significant parameters in Table 50 appear to be those corresponding
to the B- and y-effects, according to the considerations given in Section
V.F. The shielding effect on the nitrogen nuclei of methyl groups introduced
at the a-positions (Tables 49 and 50) is éxplained in terms of a decrease
in the lone pair delocalization upon substitution,“2 but one should be
cautious in making comparisons of the shielding in NH and NMe moieties
since solvation and other intermolecular effects can play a significant
role.

The proton-coupled 5N spectra of urea, N-methylurea, N,N’'-dimethyl-
urea, N-methyl-N'-benzylurea, and N-methyl-N'-phenylurea provide
information'®® about proton exchange rates in such molecules. For
MeNHC(=O0)NH,; in basic aqueous solutions, the rate of exchange at NH;
is about 3 times faster than at NH, and about 7-5 times faster in acidic
solutions. In basic aqueous solutions the exchange in urea is 10 times faster
than in (MeNH),C=0, but it is twice as slow in acidic solutions. For
MeNHC(=O)NHCH,Ph, the rates are approximately equal for the two
NH moieties in basic DMSO solutions. If HCI is added, the rate of the
MeNH moiety shows a four-fold increase. In MeNHC(=O)NHPh in
DMSO the rate of MeNH is 50 times higher than of PhNH in basic solutions,
but it is about 1000 times slower in acidic solutions.

An interesting application of nitrogen shieldings to sequence analysis of
linear polyureas'®* is presented in Table 51 which reveals that there are
small but clear changes in the nitrogen shielding with an increase in the
number of CH, groups in the hydrocarbon bridges. Such small changes
are hardly useful for structural analysis of monomeric species, but in
polymers dissolved in CF;COOH intermolecular effects on the shielding
are small enough to render differences of the order of 1 ppm significant
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for identification purposes. Moreover, the nitrogen shielding, in such cir-
cumstances, is sensitive to the neighbouring residues while the >C carbonyl
shieldings are not.'®* It is therefore possible to use the nitrogen shieldings
in random copolymers of urea units (Table 51) and diamine units for the
identification of sequences thereof in the polymers.

The shielding effect on the nitrogen nuclei of steric crowding is observed
for a number of urea derivatives containing cyclopropane rings [Table 49;
note (h)].

Carbamate structures R,NC(=O)OR are characterized by nitrogen
shieldings comparable to those found in ureas (Tables 13, 52, and 53). An
analogous shielding effect of steric crowding is found (compare Tables 49
and 51) for some N -cyclopropyl derivatives of carbamates. Such shielding
effects can be useful in the assignment of conformations.

Since arylamines, enamines, ureas, and carbamates are characterized by
similar shielding ranges for their nitrogen nuclei (Table 13), it is sometimes
difficult to assign nitrogen resonance signals if such structures occur together
in complicated molecules. Proton-undecoupled °N spectra can, in favour-
able cases, provide some necessary additional information as shown for
physostygmine (Table 54).

Ureas [18] are potentially tautomeric with isourea structures [19]. It has
already been shown (ref. 1, p. 174) that the shielding of the NR, moiety
is similar in both structures, but the shielding for the —=NR moiety in
isourea systems is smaller by about 100 ppm.

RZN NRz RzN NR
N S N\ 7
i ¢
o) OR
[18] [19]
RZN\ /NR2 RZN\ /NR
i il
S SR

[20] [21]

The nitrogen nuclei in thioureas R,NC(=S)NR, are considerably less
shielded than those in ureas (Table 68). In other aspects, the shieldings in
thioureas resemble those found in ureas in that they are greater than those
found in thioamides and amides, respectively. Moreover, the shielding of
the NR; moiety is almost the same in thioureas [20] and isothioureas [21],
while a deshielding by about 180 ppm is observed for the =NR moiety in
isothioureas (ref. 1, p. 174). The only example reported of the nitrogen
shielding in an isothiouronium cation, [(Me.N),C]"SMe (Table 68), seems
to indicate that the NR; groups in such cations should be characterized by
only a moderate deshielding of their nitrogen nuclei relative to those in
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thioureas. This is similar to the rather small difference in nitrogen shielding
observed between guanidine NR, groups and guanidinium ions (Table 47).

J. Carbodiimides and derived cations

In carbodiimides RN=C=NR, the nitrogen shieldings observed (Tables
13 and 55) are much greater than those for other structures containing
C=N-R moieties, except isocyanates R-N=C=0 and isothiocyanates
R-N=C=S. In this respect they resemble the rather high shielding of the
terminal carbon atoms of allenes R,C=C=CR,. Consequently, the
nitrogen shielding is not unusual, as suggested in the literature,'® but
rather typical for X=C=Y linear structures. Carbodiimides are isomeric
with cyanamides R,N-C=N, and the nitrogen shielding data for neat
dimethylcyanamide [22]*° show that spectral distinction between the two
types of structure is straightforward. The linear N-C=N structure in
cyanamides is also characterized by a rather high nitrogen shielding of the
NR; moiety (when compared with any other NR, group connected to a
system of unsaturated bonds) and the CN group (when compared with any
other cyano group, Table 108, except in cyanates RO-CN, Table 106).
The eftect of alkyl groups R in RN=C=NR on the nitrogen shielding
seems to follow the usual pattern (described in Section V.F).

+371-8 ppm (NMe,)

Me,N-C=N +184-8 ppm (CN)

(22]

Alkylation of carbodiimides leads only occasionally to the corresponding
carbodiimidium ions R,N"=C=NR; usually cyclic dimers are obtained
which are clearly distinguished by means of nitrogen NMR spectra
(Table 56).

K. Amides, thioamides, sulphonamides, and related structures

The nitrogen nuclei of amides RC(=O)NR; are more deshielded than
those of arylamines, enamines, and ureas (Tables 13, 57-67) when com-
pared with alkylamines. The deshielding most probably originates from
the delocalization of the lone pair electrons from the NR, groups since it
correlates with the height of the barrier to internal rotation of the groups
in amide systems (Section V.I). The nitrogen shielding in amides can be
significantly solvent-dependent (Table 61). The shieldings for a variety of
amides and solvents from Table 61 have been subjected to a factor analy-
sis.'”® The latter provides an indication that at least two factors are respon-
sible for the solvent shifts of the nitrogen shieldings in amides; one is
general, probably that concerned with a perturbation of the electronic
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states in amides, and the other is specific, probably that concerned with
the hydrogen-bonding properties of the NH moieties, where applicable.
The importance of the first factor seems to be supported by the fact that
the rotation of its eigenvector into a system of physically significant axes
is reasonably successful only where the latter involve the solvatochromic
shifts observed in the electronic absorption spectra given in Table 61. It
should be noted, however, that the shieldings reported in Table 61 have
not been corrected for bulk susceptibility effects; these can contribute about
0-7 ppm to the relative changes in the shielding obtained by the technique
used. A detailed study on the shielding of N-methylacetamide (Table 58)
in aqueous solutions shows that little change occurs in the shielding in basic
solutions, but there are some significant shifts in acidic solutions. The latter
do not necessarily result from the protonation of the oxygen atom in the
amide, since even at low pH values the effect is cancelled by the addition
of a solute that can compete with hydrogen-bonding of the carbonyl group
of the amide.

The effect on the nitrogen shielding of the alkyl groups R in
MeC(=O)NHR amides (Table 57) follows the regular pattern described
in Section V.F. If R is a para-substituted phenyl group, the para substituent
effects correlate roughly with the Hammett substituent constants,'”® but
their magnitudes are much smaller than those found in the case of p-
substituted anilines (Table 37). This difference is explained as being due
to the result of competition between the delocalization of the lone pair
through the carbonyl group and the phenyl ring,'*® but it is possible that
one should also consider steric effects which can force the phenyl ring out
of the plane of the amide system and thus reduce the conjugation of the
m-electron systems involved. The nitrogen shielding of MeC(=O)NHR
amides, where R =alkyl (Table 57), correlates reasonably well with the
m-electron densities at the nitrogen atoms”®’ calculated by the CNDO/2
method, but since the data refer to highly concentrated solutions in CDCl,
the agreement may be fortuitous.

Recently, the E and Z isomers of unsymmetrically N -disubstituted
amides have been shown'®’ to give separate '°N signals (Table 59). The
nitrogen shielding difference between the isomers of a given amide is rather
small, but dilution studies on aqueous solutions of N-methylformamide
and N-t-butylformamide indicate'®® that the differences are not
significantly disturbed upon dilution. This seems to exclude association
effects as the source of the variation. If one assumes that the difference in
the nitrogen shieldings comes from the difference in the delocalization of
the lone pair electrons, one would expect that the nitrogen nuclei in the
more abundant isomer would be less shielded. This is only in accord with
the data for the first two amides in Table 59; obviously other effects, such
as steric hindrance, have to be taken into account.
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The protonation of an amide structure results in a considerable deshield-
ing of the nitrogen nucleus, as shown in Table 57 [data corresponding to
notes (i) and (j)]. This is in agreement with O-protonation which is thought
to prevail for amides (ref. 192, and references therein), if we compare the
nitrogen shieldings in HC(=0)NMe, and Me,N"=CH-OMe (Table 57).

Amides are potentially tautomeric with isoamide structures. There is an
appreciable difference between their nitrogen shieldings, as is shown (Table
57) for [23] and [24] in acetone solutions. The relatively low shielding of
the nitrogen in F3CC(=O)N(SiMes), (Table 57) is assigned'” to the
existence of the tautomeric equilibrium [25]

MeC(=0O)NMe, +282 ppm MeC(OMe)=NMe +155 ppm
[23] [24]

F3CC(=0)N(SiMe3); = F,CC(OSiMe;)=NSiMe;
[25]

which should be shifted largely towards the isoamide structure.

Cyclic amides (lactams) usually represent the cis type of amide structure
(the cis arrangement of NH and C=0) which is enforced by ring geometry.
Their nitrogen shieldings do not depend significantly on ring size (Table
62). Only in the case of the nine-membered ring of 2-azacyclononanone
(Table 62) can both the cis and trans isomers exist, and they show only a
small difference in their nitrogen shieldings, analogous to those shown in
Table 59 for the E and Z isomers of non-cyclic amides. In protonating
media, such as CF;COOH, the nitrogen shielding in lactams is decreased
(Table 62), and a systematic study of the shieldingm8 reveals that it decreases
with an increase in ring size, but the effect is within about 10 ppm (from
a five-membered to a nine-membered ring) and can be hidden by solvent
effects.

The proton-coupled N spectra of lactams have been employed in the
determination of base-catalysed NH proton exchange rates."”! For aqueous
solutions, as well as those in DMSQO, it is found that the rates decrease
significantly with an increase in ring size, and the lowest rate is observed
for trans-2-azacyclononanone. In a similar investigation'®® it was shown
that 2-azacycloheptanone exchanges protons 1500 times more slowly than
2-azacycloheptathione.

A large number of nitrogen shieldings have been measured for the amido
groups in penicillin derivatives and cephalosporins (Table 63). The exocyclic
CONH moieties show shieldings typical of amides, but the four-membered
lactam rings are characterized by a considerable deshielding of the nitrogen
nuclei involved.

There are numerous structures for conjugated lactams which are
tautomeric with the corresponding hydroxy derivatives of azine and azole
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type heteroaromatic ring systems (Table 64). The nitrogen shielding in
such lactams is smaller than those for any other amides, but is larger by
about 100 ppm than those in the corresponding hydroxy-azine or hydroxy-
azole tautomers (Tables 113, 120, and 121). Therefore, nitrogen shieldings
can be used for estimating the positions of such tautomeric equilibria. For
2-OH and 4-OH substituted pyridines, and similar systems, the nitrogen
shielding clearly indicates that the lactam (‘‘pyridone”) tautomers mainly
prevail in the equilibria (Tables 113 and 120). Numerous examples of
nitrogen shieldings in conjugated lactam forms are available from studies*’>
on tetrahydropterin derivatives and folic acid (Table 64). Changes in the
shieldings that occur upon conversion between the reduced and oxidized
forms of riboflavin tetrabutyrate (Table 65) clearly reflect’”® the removal
of hydrogen atoms from the enamino and lactam NH moieties involved.
The differentiation between lactam, arylamine, and pyrrole type moieties
by means of nitrogen shieldings is shown>** by the example of chetomin,
a toxic metabolite of Chaetomium cochliodes (Table 66).

Nitrogen shielding studies'>’ on polyamide polymers dissolved in
CF3;COOH appear to open an interesting perspective for applications of
nitrogen NMR to the identification of various elements of copolymers
(Table 67). The shielding reveals small, but reproducible, changes which
depend on the diamine and the dicarboxylic acid units in the polymer chain.
Such shieldings, characteristic of homopolymers, can be helpful in the
identification of diamine units. However, as far as the diacid units are
concerned, usually ">C shieldings may be used for the differentiation
between aliphatic and aromatic structures. An example of nitrogen shielding
assignments in a copolymer chain, that of Trogamid T shown in Table 67,
is based on the assumed shielding effect of y-methyl groups (Section V.F).

In thioamide structures, the nitrogen nuclei are less shielded than in
amides (Table 68). Conjugated thiolactams (Table 64), which are
tautomeric with the corresponding SH-substituted heteroaromatic systems,
show nitrogen shieldings larger by about 100 ppm than those in the latter
systems (Table 120). They can also be employed in determinations of the
tautomeric equilibria involved.'**?°' The nitrogen shielding indicates that
2-SH and 4-SH substituted pyridines largely exist in solution as the thiolac-
tam tautomers (Tables 64 and 120). Thioamide nitrogen shieldings correlate
with the height of the barrier to internal roiation of their NR, moieties,
but they give a separate relationship from that found for amides (Section
V.I and Table 14). In addition, tetramethylurea is found to depart
significantly from the correlation.*® Thus, the deshielding of the nitrogen
nuclei in thioamides relative to those in amides bears no simple relationship
to the relative magnitude of the barriers in the two types of structure.

In sulphonamides RSO,NR;, the nitrogen shieldings are slightly greater
than those in amides (Table 69). This fact facilitates the spectral differenti-
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ation between amide and sulphonamide type linkages in peptides (Table
102). The nitrogen shieldings in sulphonamides seem to be only slightly
affected by protonating media such as CF;COOH or aqueous HCI (Table
69), but they decrease in alkaline solutions, probably because of anion
formation,205 e.g.

MCSOZNHZ <:f MCSOZNH :
+H

(26]

The effect on the nitrogen shielding of para substituents in sulphonamides
with para-substituted N -pheny! groups (Table 69) is similar to that observed
in analogous amines and amides. The magnitude of such effects seems to
decrease according to:

arylamines > N -phenylsulphonamides > N -phenylamides

L. Amino acids, peptides, polypeptides, and related structures

From the point of view of nitrogen NMR, amino acids are generally
characterized by shieldings typical of amino and ammonium groups (Table
70). Some amino acids contain other nitrogenous moieties, such as
guanidino groups, amido groups, and imidazole rings. The observed shield-
ing depends appreciably on the equilibria between cations, anions, zwit-
terions, and neutral species. The increasing acidity of the solvent used
usually results in a shielding of the amino/ammonium nitrogen in a-amino
acids, but w-amino acids show little eﬁect,m as given in Table 70 [data
corresponding to note (b)]. This means that the shielding in the former
case mainly reflects the conversion [27]

R(NH;")COO"~ :H—l R(NH;")COOH
[27]

but the effect is quenched when the NH; " group is not on the same carbon
atom as the COO /COOH group. However, the shielding of the
NH;"/NH; group in amino acids shows typical effects due to the hydrocar-
bon structure attached (Table 71), such as the 8- and y-effects (Section
V.F). The difference in the shielding of the NH;*/NH, group of individual
amino acids is often small and usually the corresponding titration curves
of the shieldings are more informative. The latter can be used for determin-
ing pK, values for individual nitrogenous moieties in amino acids. Such
curves have been determined for histidine where additional complications
arise owing to the tautomerism of its imidazole moiety (Table 72). The
nitrogen shielding®®®?'? indicates that the 7-H tautomer prevails under
conditions where the imidazole ring contains only one NH group. However,
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it is found®'” that the 7-H tautomer dominates in histidine residues which
are incorporated in a-lytic protease [see the corresponding nitrogen shield-
ings in Table 72, note (c)]. This apparently anomalous shift of the tautomeric
equilibrium is explainedm‘213 in terms of hydrogen-bonding effects
between the 7-NH of the histidyl residue and the COO™ group of the
aspartic acid residue and eventually between the 7-N of the histidyl group
and the OH group of serine. The three amino acid residues represent the
catalytic triad of the protease.

There have been data galore reported on the nitrogen shieldings of
arginine within a broad range of pH values (Table 73). The shieldings
clearly indicate that the «-NH;" and the terminal guanidino C*'(NH,),
moieties undergo deprotonation at high pH values, while the §-NH group
remains unaffected. The shieldings of arginine turn out to be rather insensi-
tive'’* to the presence of various anions (Table 73) which have been
postulated to complex with the arginine residues in enzymes. For the
nitroarginine derivative shown in Table 74, the nitrogen shieldings and '°N
signal splittings demonstrate that the nitroguanidine moiety exists in the
R-NH-C(NH,)=NNO, form.'**

Amino acids labelled with '*N can be used for tracing biosynthetic routes,
since nitrogen NMR provides a simple means of insight into the fate of
the '°N label. This has been demonstrated by the incorporation of '*N-
labelled L-valine into the penicillin G structure (this is given in Table 63).24°

Amino acid residues in peptides and other N-acyl derivatives of amino
acids are characterized by a considerable deshielding of the nitrogen nuclei
involved in the peptide linkages, when compared with the amino/
ammonium shieldings representative of free amino acids. This is clearly
predictable since the peptide linkage is actually an amido type structure
R-C(=O)NH-R. The peptide shieldings are therefore analogous to those
found in amides (Table 13). Simple N-acetyl derivatives of amino acids
can be used as model compounds for the nitrogen shielding of peptides
{Table 75). Such shielding data are actually employed’'' in the complete
assignment of the nitrogen shieldings in the peptide hormone oxytocin
(Table 82). For a-N-acetylhistidine, the nitrogen shieldings [Table 75; note
(c)] indicate that the r-H tautomer prevails, as in the case of histidine
(Table 72).

Since CF5;COOH is a convenient solvent for large polypeptide structures,
where it has been employed in numerous studies of peptide nitrogen
shieldings (Tables 75-78, 80, 81, 9599, and 102), caution is advisable
when comparing the peptide shieldings for different peptide solutions.
Trifluoroacetic acid can considerably affect the shieldings observed in
comparison with those corresponding to other solvents (Table 75). The
N -carboxyanhydrides of a-amino acids (Table 76), useful monomers for
the preparation of polypeptides, show much smaller solvent effects on their
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nitrogen shieldings than other amides. The values of the nitrogen shieldings
are comparable to those found in carbamate structures (Tables 52 and 53).

Cyclic dipeptides of the 2,5-diketopiperazine type (Table 77) show sub-
stituent effects on the nitrogen shielding which are comparable to those
found in amino acids (Table 71), but slightly different from those found in
polypeptide polymers (Table 98), if solutions in CF;COOH are compared.
There is only a small difference in the nitrogen shielding between
diastereomeric cyclodipeptides (Table 77). Such small differences can
usually be resolved only in '°N spectra taken at high magnetic fields in
superconducting magnets.'”

Since various protecting groups are commonly used in the syntheses of
peptides, it is interesting to assess their influence on the nitrogen shielding
in “protected”” amino acids (Table 78). The effects are likely to be most
pronounced in the case of the protected amino group of an amino acid
residue, but they do not exceed 1-7 ppm for the next peptide nitrogen atom
in the sequence of amino acid residues. Protecting groups that are bound
to the terminal oxygen atom in a peptide seem to exert little influence on
the nitrogen shielding (Tables 78 and 79).

A great deal of data on the nitrogen shielding of oligopeptides have been
reported recently (Tables 80 and 81). The differentiation between terminal
NH;"/NH; groups and peptide bridges is straightforward from the point
of view of shielding which is much larger, by about 100 ppm, for the former
groups. The protonation shift NH, = NH;" is towards deshielding but the
opposite effect is observed for the peptide nitrogen atoms in C-terminal
residues upon protonation of the carboxylate group, COO™ — COOH.
Since pH effects on the nitrogen shielding in aqueous solutions of oligopep-
tides can vary from one nitrogen atom to another, it is difficult to use such
shieldings for the sequence analysis of amino acid residues. A reasonable
method seems to be that employing CF;COOH as the solvent,217 since the
shieldings are more reproducible under such conditions for amino acid
residues linked to the same neighbouring residues in a peptide chain [Table
80; data corresponding to note (c)]. For example, the terminal Gly unit in
R-Gly-Gly-OH shows a characteristic shielding of about 271 ppm. In some
cases, where the differences between the nitrogen shieldings in amino acid
residues are large (this happens mainly when the amino acid structures
differ in the number of B-effects on the nitrogen shieldings; Table 71), the
assignment of the observed shielding to individual residues may be simple,
as in the case of cyclo(Gly-Pro-Gly-p-Ala-Pro) peptide [Table 80; note
(e)). The Pro and Ala shieldings are clearly distinguished from the Gly
shieldings, but further assignments are less straightforward and can require
"N labelling. The splitting of the resonances of the Gly units in an aqueous
solution of the cyclopentapeptide (Table 80) is assigned to cis-trans isomer-
ism of one of the peptide linkages, probably that of the first Gly unit.?'®
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A detailed study of N- and C-protected oligopeptides composed of either
norvaline or valine residues [Table 80; note (g)] shows that the nitrogen
shielding of peptides is influenced by a number of factors, including solvent
effects, temperature, and chain length.

The nitrogen shielding for the '*N-labelled Pro residue in H-Ala-Pro-OH
[Table 80; note (h)] reflects the presence of trans and cis isomers. The
titration curves of the shieldings give the same pK, value of 8-7 for the
amino groups in both isomers, but two values (3:23 and 2-75) for
the carboxylate group. It is suggested that the lower value corresponds to
the cis isomer. This is the basis of the assignment given in Table 80.

The nitrogen shieldings in peptide chains are more sensitive to
diastereomerism than '>C or 'H shieldings.’** The data in Table 81 show
that, under uniform experimental conditions, the differences are of the
order of 1 ppm and these can be easily resolved at high magnetic fields.
This question has been investigated further for a peptide polymer where
diastereomeric Ala-Ala units are separated by achiral units (Table 81;
-Aca-Ala-Ala- polymer). The L-L and L-D diastereomers are clearly resol-
ved in the '°N spectra,”®® and it is shown that considerable racemization
takes place in the condensation polymerization process which starts from
a single enantiomeric species of SCN(CH,)sCO-Ala-Ala-OH (Table 81).

A large number of peptide systems occurring in biologically important
molecules have been investigated by '’N NMR spectroscopy (Tables 92—
94). The assignment of the nitrogen shielding in oxytocin and prolyl-leucyl-
glycinamide has been made by a combination of '°N labelling and com-
parison with the shieldings of N-acetyl amino acids (Table 82). The same
procedure was applied to viomycin (Table 83), a cyclic peptide antibiotic,
using the information involved in the one-bond N-H spin-spin splittings
of the "°N resonances and arguments based on the 8- and y-effects of alkyl
groups, described in Section V.F. The assignment for N-9 is based on the
slowest exchange of protons which is monitored by the 'H-coupled '°N
spectra within a broad range of pH values.?** The nitrogen shieldings of
alumichrome (Table 84) are assigned on the basis of proton-decoupling
and proton chemical shift assignments225 for the peptide moieties. The
shieldings for the hydroxamate nitrogens are measured directly,’?® and the
partial non-equivalence thereof is explained in terms of a distortion of the
octahedral configuration of the ligands. In the case of [Met’]enkephalin,
one of the endogenous peptides in mammalian brain,”>’ the nitrogen
shieldings (Table 85) are assigned rather simply by comparison with those
in related model compounds. The titration curve for the nitrogen shielding
in the terminal Met moiety yields a value of pK,=2-8 for the terminal
COOH group. The '°N spectrum of bleomycin (Table 86) provides an
additional argument in favour of the revised structure thereof,**® showing
eleven nitrogen atoms, two of them in primary amide structures. The
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assignments rely upon signal multiplicities and general information on the
characteristic shielding ranges for nitrogen nuclei, such as those given in
Table 13. The tentative structure of the peptide antibiotic siomycin-A is
supported by a comparison of its "N spectrum with that of thiostrepton
(Table 87) whose structure is known. A complete assignment of nitrogen
shieldings is reported for another naturally occurring antibiotic, gramicidin-
S, which has a cyclic decapeptide structure (Table 88). The assignment is
made on the basis of the nitrogen shielding of related peptides, solvent
and deuterium exchange effects.”'® A trace of D,O in the sample results
in a considerable decrease in the signal intensities corresponding to the
D-Phe and L-Orn moieties where the NH groups are exposed to solvent
interactions. Shielding changes observed between solutions in DMSO and
in CF3;CH,OH also appear to reflect differences between solvent-exposed
and internally hydrogen-bonded C=O groups. It is argued”'® that
CF;CH,OH should form hydrogen bonds preferentially with the exposed
carbonyl groups, those adjacent to the NH moieties of L-Pro, L-Leu, and
L-Val residues. This is alleged to deshield the nitrogen nuclei in the NH
groups, and actually such deshieldings are observed (Table 88), while for
D-Phe the effect is much weaker and the NH moiety in L-Orn shows an
increased shielding. The deshielding effect is attributed to an increased
delocalization of the lone pair electrons from the NH moieties upon
hydrogen-bonding of the adjacent carbonyl groups. This is in accord with
the relationship between nitrogen shieldings and delocalization effects
described in Section VI.K for amide type structures. It seems, therefore,
that investigations of nitrogen shieldings in peptide structures can provide
an insight into the conformations of both the NH and the CO groups in
complicated molecules. In a similar study®*® on a model tetrapeptide with
the amino acid sequence corresponding to that in tropoelastin (Table 89),
deuterium exchange and solvent effects on '’N NMR signals are used to
delineate solvent-exposed and solvent-shielded nitrogen atoms. It is shown
that the Gly’ NH moiety should be exposed to solvent interactions and
deuterium exchange. In MeOH solutions of the peptide, as compared with
those in CDCl;, significant deshieldings are found (Table 89) not only for
the Gly® NH but also for the valine NH group. This is explained as the
result of destroying some of the internal hydrogen bonds by the solvent.
However, one can find an alternative explanation, missed by the authors.
In the postulated, internally hydrogen-bonded structure,”® the most
exposed carbonyl group is that adjacent to the NH moiety in the Val
residue. Using arguments such as those employed in the consideration of
gramicidin-S above, one actually expects nitrogen deshielding for the latter
residue in MeOH as solvent.

Recently, '’N NMR has been shown to provide a deep insight into the
structure of peptide type polymers and other polymers that contain amino
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acid residues in bacterial cell walls (Tables 90-93). Studies have been
undertaken®'2*” of the >N NMR spectra of intact cells, isolated cell walls,
and cell wall digests. It is found that, upon broad-band proton decoupling,
the '*N spectra of such samples show essentially only the components of
cell walls, since the NOE involved tends to null the resonances from the
insides of the cells while those corresponding to the cell wall components
are enhanced. The structures of the polymers contained in the cell walls
of some Gram-positive bacteria are shown in Table 90 and Fig. 4. The '°N
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FIG. 4. Polymers in the cell walls of some Gram-positive bacteria.

spectra obtained from '*N-labelled bacteria reveal well resolved signals of
reasonable intensity owing to the relatively large mass of the cell wall
components in the Gram-positive bacteria and the relatively small number
of different types of nitrogenous moieties in the walls.”! The latter include
5-10 types of peptide linkage, two types of free amino group, and 2-3
types of acetamido group bound to hexose rings (Table 90 and Fig. 4).
Cell wall lysozyme digest turns out to be most suitable for the assignments
of nitrogen shielding to the peptidoglycan structures, since the cleavage of
the glycan strands upon digestion does not alter the primary structure of
the peptide chains but it does increase the mobility of the latter. This results
in sharper "N NMR signals and a favourable NOE. The nitrogen shieldings
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of such digests are given in Table 91, together with their assignments. The
latter are made from specific isotope labelling experiments, changes in the
shieldings with pH, the data available for oligopeptides (Table 80), and,
for N-acetyl derivatives of amino sugars (Table 32), cell wall fraction
studies and comparisons between the digests.”>' When the assigned spectra
of the digests are compared with those of intact cells,”®" it is found that
the resonances of the peptidoglycan stems (Table 90) are missing, and the
elimination of the NOE by gated decoupling shows that the apparent
absence of the signals is not due to an unfavourable NOE. No resonances
are observed, either, that can be assigned to the glycan strands. All this
provides a strong argument in favour of the high rigidity of the glycan
strands and the peptide stems in the peptidoglycans, and the high mobility
of the crossbar and bridge regions. An exception to this is the mobile
peptide system in the peptidoglycan of Micrococcus lysodeikticus, where
the peptide chains are more sparsely distributed over the glycan strands.
This is borne out by the '°N spectra, since the same resonances are observed
in both the digest and the intact cells.?*’

An interesting application of >N NMR to the elucidation of the role of
antibiotics in the inhibition of bacterial growth has been reported.?** Their
action is associated with the inhibition of the biosynthesis of bacterial cell
walls. The °N spectra of the cell wall lysozyme digests of Bacillus lichenifor-
mis (Table 92) show that there is no significant difference in the nitrogen
shielding and the corresponding relative signal intensity between normal
cells and those treated with lethal doses of vancomycin. This proves that
there are no changes in the primary structure of cell wall peptidoglycan
due to the action of vancomycin. However, analogous spectra of the whole
cells show a decrease in the intensity of the '°N resonances of teichuronic
and teichoic acids upon vancomycin treatment, and comparison with the
spectra of the lysozyme digests, as well as additional experiments on intact
cells whose autolysins have been inactivated, indicate that the mobility of
the acid polymers is affected by vancomycin. The reduction in mobility is
probably associated with a rearrangement of teichuronic acid polymer
chains and with a complexation of teichoic acid by vancomycin.***

A comparison of the °N spectra of Escherichia coli intact cells and their
cell envelopes (Table 93) shows additional resonance signals in the latter.
These can be assigned to the peptidoglycans, since the shieldings correspond
to those found in the peptidoglycans of some Gram-positive bacteria (Tables
90 and 91; also Fig. 4). Thus, there should be much more mobility in the
peptidoglycan structure of the prepared cell envelopes when compared
with intact cells.?*®

The "N NMR signals of glycine units (marked with '°N) in haemoglobin
mixtures of Friend leukemic cells’®® show improved resolution upon
exchanging the labile amide hydrogen atoms with deuterium.
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The fate of the '°N label in D-[a-'’N]lysine has been investigated by
means of the "°N spectra®*® of the fungus Neurospora crassa. The label is
shown to migrate via L-pipecolinic acid into the «-position of L-lysine.

The elemental formula of the antibiotic nosiheptide has been determined
using a combination of '°N shielding and signal multiplicity with elemental
analysis as well as °C and '"H NMR spectra (Table 94). The °N spectrum
provides key information about the number of nitrogen atoms and the
number of hydrogen atoms directly attached to the nitrogen atoms. Since
the ">C spectra indicate 51 carbon atoms, 12 oxygen atoms attached to
carbon atoms, and 32 hydrogen atoms attached to carbon atoms, as well
as 3 hydrogen atoms in C-OH groups, and the proton spectrum shows 42
or 43 H atoms, the elemental formula is thus deduced.?*®

Nitrogen shielding can be employed for the characterization of synthetic
peptide polymers. The results of extensive investigations of such systems
are presented in Tables 95-102. Since there are solubility problems with
such polymers, usually protonating solvents such as CF;COOH are used.
The nitrogen shielding of homopolymers of the Nylon-(N + 1) type, where
N is the number of CH, groups between the peptide linkages, decreases
with an increase in N. However, the deshielding effect declines exponen-
tially, provided that solutions in the same solvent are compared (Table
95). This is explained as being due to the effect of increasing basicity of
the peptide linkages with an increase in length of the intervening
hydrocarbon chains, which makes the peptide moieties more susceptible
to protonation. This explanation is corroborated by the fact that, for a
given polyamide (Table 95), there is an evident deshielding effect in strongly
protonating media which increases in the order HCOOH < CF;COOH <
FSO;H. Trifluoroacetic acid seems to be preferred for spectral distinction
between homopolyamide structures, since it produces only partial proton-
ation of the peptide moieties and this results in maximum differentiation
between the nitrogen shieldings. Strongly or weakly protonating media
usually give much smaller changes in the shielding if one excludes the
(Gly), polymer. The nitrogen shielding of the homopolymers in CF;COOH
parallels those of the corresponding lactams (Table 62) in the same solvent.
Thus, the nitrogen shieldings are not sensitive to cis-trans isomerism of
the amide linkage.'®® Since the relaxation times of °N in peptide polymers
can be long, paramagnetic additives may be used in order to enhance the
relaxation rates, but there are limiting concentrations thereof beyond which
the '°N peak heights decline owing to signal broadening. Such limiting
concentrations have been determined for some homopolypeptides (Table
96).

Nitrogen shift reagents (Table 11) were tested™ ~ as a means of introduc-
ing relative changes in the shielding of peptides in cases where the differen-
ces between individual amino acid residues are small. However, it turns

244
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out that solvent effects can be more useful for the differentiation (Section
V.C). The assignment of the nitrogen shielding of polypeptides with
different amino acid residues within a polymer chain can be difficult if small
differences in the shielding are involved. In some cases, selective N
labelling must be used,”*® but if the assignments are made for model
polypeptides some simple rules can be established to aid the interpretation
of the nitrogen NMR spectra of peptide polymers. For sequence polymers
composed of (-X-Gly-Gly-) units, such rules are found (Table 97) where
the corresponding homopolymers serve as reference substances for the
nitrogen shielding. The data from Table 97 indicate that the strongest effect
is exerted on the shielding of the peptide nitrogen in a given amino acid
residue by the moieties that are adjacent to the N-terminal of the residue
(the “primary” effect). It is difficult to explain the numerical values of such
effects, but one should realize that the shielding of polypeptides dissolved
in CF;COOH is influenced not only by formal structural differences
between the amino acid residues involved but also by protonation effects.
Nevertheless, the simple rules can be used to distinguish between isomeric
sequences of amino acid residues in sequence polymers on the basis of
nitrogen shielding. Examples can be found in Table 95. The applicability
of the rules is also clearly shown in Table 99 for sequence polymers
composed of glycine and B-alanine units.”*®> The identification of the
individual types of peptide bridge is quite straightforward by means of
nitrogen shielding. The characteristic values obtained from the sequence
polymers can be applied to the identification of the peptide linkages in
random polymers (Table 99). One should note that in the latter case some
signal splitting is observed (Table 90) for the B-Ala-B-Ala linkages. This
is ascribed to the effects of the next nearest pair of amino acid residues.

Since any rules that employ neighbouring residue effects on the nitrogen
shielding of a given amino acid residue must assume some standard shielding
for the latter, and since the logical choice for peptide polymers is homopoly-
mers as the standards, it is interesting to compare the shielding in various
polymers with that in polyglycine (Table 98). It is evident from the data
given in Table 98 that there is some similarity in the shielding differences
between individual amino acid residues within free amino acids, cyclodipep-
tides, and homopolypeptides, but the numerical values for the latter are
significantly different from those for the other two groups.'’> Thus, only
the data for homopolymers can be used as reference shieldings for
heteropolymers.

The rather large difference in the shielding between various types of
peptide linkage in polypeptides has important consequences from the point
of view of the sequence analysis of peptide polymers.”’° A binary
copolypeptide obtained from monomers A and B contains —(A),- and
—(B),.— units. If a spectroscopic technique such as proton NMR allows one
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to distinguish only A and B, then the A/B ratio can be determined, but
this does not provide any information about the average lengths (n and
m) of the homopolymer blocks A, and B,.. The N spectra can usually

A-A  B-B  A-B B-A
[28]
distinguish between the four possible types of bonds [28] in such polypep-

tides, and the determination of the average values of n and m is made
simple by using the equations

n=Iaa/Iga) +1 (25)
m = (Igp/Iap) +1 (26)

provided that the corresponding signal intensity (I) accurately reflects the
relative numbers of nitrogen atoms involved. The latter problem can be
solved by checking or correcting the relative '°N signal intensities by means
of the corresponding proton spectra, since the relevant intensities should
obey the equation

IA('H) _Iaa(’N)+1Ipa(°N)

Is('H)  Isp("°N)+Irp(*°N) (27)

Moreover, a single copolymerization experiment can then yield the reac-
tivity ratios ra = kaa/kap and rg = kpp/kpa, where the k’s are the rate
constants for the four growing steps, since

’Az(IAA/IAB)(B’/A') (28)
g = (IBB/IBA)(A’/B,) (29)

where A’ and B’ are the starting concentrations of the monomers. In cases
when it is possible to determine only one of the average block lengths, n
or m [equations (25) and (26)], from nitrogen NMR, the A/B ratio obtained
from the proton spectra can be used for the calculation of the other value,
since n/m = A/B. Such cases occur’*’ when one of the AA and BB signals
in the nitrogen spectrum is beyond detection owing to either a low con-
centration of the BB bonds or the broadening of the corresponding signal.
The copolymerization parameters have been determined by the method
described®° for a number of copolymerizations of glycine N -carboxyanhy-
dride with y-methylglutamate, S-benzylcysteine, leucine, and valine.

A similar problem arises when the copolymerization involves b and L
enantiomers of the same amino acid derivative. The nitrogen shielding is
often sufficiently sensitive to the diastereomerism which results from a
combination of units (Table 80). If two such units are combined, two pairs
of enantiomers [29] are obtained which should show some difference in
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L-L D-D
L-D D-L
[29]
nitrogen shielding. It is reported®’! that the stereospecificity of the forma-
tion of the Bu'OCO-p,L-Val-b,L-Val-OMe diastereomers from the corres-
ponding D,L-valine derivatives can be simply observed in the '°N spectra
taken at high magnetic fields. In polypeptides the situation becomes more
complicated since various successions of D and L units can occur, but it is
usually sufficient to consider only the ““tetrads” [30] and their enantiomeric

L-L-L-L D-L-L-D L-L~D-L D-L-D-D
D-L-L-L L-L-L~D D-L-D-L L-L-D-D
[30]

counterparts (D-D-D-D etc.). Thus, if only such short-distance effects on
the nitrogen shielding are considered, there should be up to 8 different
shieldings in a D,L-homopolypeptide. It is shown?’? that for poly-p,L-lysine
the '°N resonance is only broadened with respect to that in poly-L-lysine,
but for poly-p,L-alanine at least four components are detected in the °N
signal, with some further fine structure, and the range of the splitting is
about 1-4 ppm. For poly(p,L-Phe) and poly(p,L-Ile) in CF;COOH,*** the
range of splittings increases to 2-9 and 5-5 ppm, respectively, but the
number of components in the signals is too large to be explained in terms
of the tetrads. This effect can arise from conformational differences which
should be most pronounced for bulky side-chains. Actually, the range of
the splitting follows an increase in bulkiness of the side chain, Ala<Lys<
Phe <Ile.

However, the influence of chiral centres on the nitrogen shielding in a
peptide linkage along the carboxyl direction of the peptide chain can be
different from that along the amino direction,”>® and the sets of *‘triads”
[31] should be considered. The data for diastereomeric oligopeptides
(Table 80) suggest that set A should be favoured, but one cannot exclude
severe differences in solvent effects on the nitrogen shielding, since the
results for oligopeptides refer to solutions in aprotic solvents while polypep-
tides are usually examined in solutions in CF5COOH.?** The identification
of the shielding characteristic of the isotactic triads is relatively simple since
the shielding is reproduced in the corresponding L-homopolymers and in
random copolypeptides containing L-homopolymer blocks, provided that
the polymers concerned do not differ in their secondary structures (e.g.
helical or non-helical). This is proven for poly-D,L-valine, poly-L-valine,
and copolymers of L-valine with glycine or leucine.”>® It is much more
difficult to assign shieldings to the other triads, but fortunately the
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identification of the '°N signals representing the isotactic triads is sufficient
for investigations of the stereospecificity of peptide polymerization.

Set A Set B
(stronger effect from (stronger effect from
the carboxyl end of the amino end of the
the amino acid residue amino acid residue
concerned) concerned)
L-(CO-NH)-L---L “isotactic™ L---L-(CO-NH)-L
L-(CO-NH)-L---D “heterotactic™ D---L-(CO-NH)-L
L—(CO-NH)-D---D } L---L-(CO-NH)-D
L—-(CO-NH)-D---L “syndiotactic” D---L-(CO-NH)-p

(31]

Another source of splitting of the '°N resonances in polypeptides is the
cis-trans isomerism of the amide moieties (Table 100). The effects of such
isomerism are hardly detectable in the spectra of homopolymers with NH
amide groups but they are clearly discernible in sarcosine polymers where
N-Me moieties are present. The splittings observed are comparable to
the difference in nitrogen shieldings of the E and Z isomers of amides
(Table 59).

Nitrogen shielding can also differentiate between isomeric polymers
where the isomerism results from the existence of more than one possibility
of peptide bond formation by an amino acid unit. This point is illustrated
by the example of polylysine [32] and isopolylysine [33]. The nitrogen
shielding in (1.-Lys),, and iso(L.-Lys),, shown in Table 95 [note (e¢)], indicates
that significant differences between the isomeric systems are found for the
amino groups at low pH values. The peptide nitrogen shieldings are nearly
identical in the two isomers.

(-NH-CH-CO-),, (—NH—CHZCHZCH2CH2—$H—CO—)"
((I:Hz)a NH;
NH, [33]
[32]

Coil-to-helix transitions of the secondary structure of polypeptides can
also be observed in '’N NMR spectra. For (Lys),. polymer, the signals
corresponding to the peptide nitrogens [Table 95; note (e¢)] show a small
but clearly marked increase in the nitrogen shielding and simultaneously
a significant broadening at pH 10-3. This is assigned to the helix formation
upon increasing pH. A more detailed study of such transitions has been
carried out for poly-L-ornithine (Table 101), where the spectra of the
polymer are compared with those of N-methylacetamide'®* presented in
Table 58. The comparison is made in order to distinguish the effect of a
coil-to-helix transition from solvent effects. There is also a small shift of
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the '°N resonance of the peptide nitrogen atoms in polyornithine accom-
panied by signal broadening at a pH of about 10, while no such changes
are found in the spectrum of N-Me-acetamide. This is again ascribed to
helix formation upon increasing pH. There is a weak point in this argument
since the comparison is only made with an amide, while the ornithine and
lysine polymers contain both amido groups and amino/ammonium groups.
The inflection in the titration curve of nitrogen shielding for the peptide
moieties in the latter can simply reflect the deprotonation of the NH;"
group, and the transmission of the effect of deprotonation need not involve
the coil-to-helix transformation of the structure.

Polyamides that contain sulphonamide linkages (Table 102) reveal
characteristic nitrogen shieldings for the latter, comparable to those found
in sulphonamides (Table 69). The nitrogen nuclei in the sulphonamide
linkages are significantly shielded in comparison with those in peptide
bonds. In alkaline solutions, the shielding decreases markedly, probably
owing to the deprotonation of the -SO,NH- moieties. Isomeric sequence
polymers that include sulphonamide linkages in addition to normal peptide
bonds show appreciable differences in the nitrogen shielding (Table 102).

The '°N spectrum of '’N-labelled poly-L-lysine in aqueous solutions
indicates that the side-chain amino groups bind Cu(11) ions since the 5N
signal corresponding to the amino groups [Table 95; note (i)] disappears
from tl;::z spectra taken at pH values higher than 7 in the presence of
CUClz.

M. Azides

The azido group [34] is characterized by three distinct shieldings (Tables
R
N . _
N=N"=N
[34]
13 and 103). The most shielded is the nitrogen nucleus in the R-N moiety
which resembiles the highly shielded nuclei in carbodiimides (Table 55) and
isocyanates (Table 106). The least shielded is usually the central nitrogen
nucleus, but an interchange of its shielding with that of the terminal nucleus
takes place when R is an electron-attracting group (Table 103). This is
demonstrated for triply '*N-labelled azido groups [Table 103; data corres-
ponding to notes (a) and (b)] which give simple spin—spin splittings owing
to the °*N-'°N couplings across one bond in their N spectra.z‘”‘248 The
assignment for p-toluenesulphonyl azide [Table 103; note (e)] is based on
selective °N labelling'®*> and the shieldings reported differ appreciably
from those from the older data (ref. 2, p. 199). The shielding of the azido
group bound to a phosphorus atom does not differ significantly from those
for C-bound azido groups [Table 103; note (f)].
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The shielding of the terminal nuclei in azido groups bound to C, P, or
Ge increases linearly with the frequency of the symmetric stretching vibra-
tion of the group (observed at ~1260 cm™")**® but this is limited to alkyl
derivatives. Other derivatives depart significantly from this correlation.
The '’N NMR spectra of azido groups bound to SnMes, AlMe,, GaMe,,
and AsMe, show that the azido groups undergo exchange [Table 103;
notes (g) and (h)]. For Me3;SnN; there are only two different nitrogen
shieldings for the azide ion. For other metal derivatives the signals of the
R-N and terminal atoms are distinct at low temperatures but they show
coalescence at room temperature;zss'256 this also indicates that the azido
group is exchanging on the NMR time scale.

The linear azide ion is characterized by two nitrogen shieldings owing
to its symmetry [Table 103; notes (f} and (1}], and the assignments are
based on the signal intensities.

It is shown by '’N NMR that severe scrambling of the '°N label takes
place when p-toluenesulphonyl azide labelled with "N reacts with a
nucleophile (Table 104). This provides a warning about the use of this
versatile reagent in the syntheses of "N-labelled compounds.?®” The reac-
tions [35]-{39] are postulated in order to explain the scrambling (Ts=
p-toluenesulphonyl group).

TsNH ™ +N'*NNTs

Z
[35] TsNN'*N+TsNH™
N
TsNHTs + (NN'*N)~

Ts'*NNN + (NN'*N)~

4
[36] TsNN'*N+(NN'N)~
Ts ™ + 3N, containing N

[37] Ts"+TsNN'°N  # (TsNN'’NTs)~
[38] TsNNN+TsNH™ 2 TsN™-N='’N-NHTs
it

TsNH-N='°N-N"Ts = TsNH +N'’NNTs

[39] Ts'*NNN+TsNH™ = Ts'°N -N=N-NHTs
i
Ts'’NH-N=N-N"Ts = Ts'°NH™ +NNNTs
The results of the reaction of p-toluenesulphonyl azide with the azide ion
(bottom of Table 104) can be explaim—:d257 by a formal migration of the Ts
group from TsN; to N3 . However, in order to account for the evolution of

dinitrogen an unusual reaction [40]is invoked which is similar to reaction [36]
considered above.

[40] TsN3+N;3~ — Ts” +3N,
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N. Triaza- and diaza-pentadienium cations

The conjugated cations with two terminal NR,; groups presented in Table
105 are characterized by nitrogen shieldings roughly comparable to those
found in immonium cations (Table 128). Obviously, the structures given
in Table 105 are conventional resonance structures since the positive charge
should be distributed over the entire system involved, and for the 1,5-diaza-
and 1,3,5-triaza-pentadienium cations the NR; groups should be
equivalent. The equivalence is also shown in the shielding for symmetrically
substituted NR; moieties.

The N-2 atoms in the 1,2,5-triazapentadienium salts reveal a considerable
deshielding of their nuclei (Table 105), which is considered exceptional.258
However, there is nothing unusual about the low shielding of the N-2
nucleus since it is well known (Table 13) that the N=N moieties are
characterized by such shieldings provided that there are lone pair electrons
on the atoms that are not involved in delocalized w-electron systems. The
N-2 atoms obviously belong to this class.

O. Cyanates, isocyanates, thiocyanates, and isothiocyanates

The isomeric structures of cyanates [41] and isocyanates [42] are clearly
distinguishable from each other by their nitrogen shieldings (Tables 13 and
106), and the same distinction is possible between thiocyanates [43] and
isothiocyanates [44]. The relatively large shielding of the nitrogen nuclei

[41] R-O-CN ca. +200 ppm

[42] R-N=C=0  +325to +36S5 ppm nitrogen shielding
[43] R-S-CN  ca. +100 ppm ranges

[44] R-N=C=S  +265to +290 ppm

in isocyanates and isothiocyanates is comparable to those observed in azides
(Section VI.M; Table 103) and carbodiimides (Section VI.J; Table 55).
Thus high shielding is characteristic of the R-N=X=Y structure with a
linear N=X=Y moiety. In the bent NSO structure of N-sulphinylamines
R-N=S=O0 (Table 131; Section VI.V), there is a significant deshielding
in comparison with that of the linear structure considered.

The effect of alkyl and aryl groups on the nitrogen shielding in the
compounds considered follows the general pattern described in Sections
V.F and V.G.

The distinction between the nitrogen shielding in the cyanato and
isocyanato structures, as well as that between the thiocyanato and
isothiocyanato isomers, provides a simple means of determining the type
of binding employed by the ambidentate ligands NCO and NCS in metal
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complexes. A good example of the application of nitrogen shielding to
such determinations is presented in Table 107.

The nitrogen shielding of Li(NCS) in various aprotic solvents is com-
pared261 with that of the (NCS)  anion in H,O in order to examine
association effects, and it is reported that in all cases Li(NCS) exhibits a
higher shielding than the (NCS)  anion. This is erroneous, since the recalcu-
lated data in Table 106 [note (i)], compared with the precise shielding data
for (NCS), show that Li(NCS) in dimethylformamide reveals a significant
deshielding of the nitrogen nucleus when compared with (NCS)™ in H,O.
Nevertheless, there is a greater nitrogen shielding in Li(NCS) than in
K(NCS) if the latter is dissolved in dimethylformamide. The solvents used
(Table 106) represent a decreasing ionizing ability in the order:
dimethylformamide > tetrahydrofuran > dimethyl carbonate > diethyl
ether. The dilution curves*®' of the nitrogen shielding of Li(NCS) in these
solvents are explained in terms of the equilibria [45] and [46], where the
dimer structure [47] is assumed. For the S-bonded species, chain polymers
[48] are suggested.

free ions #= ion pairs (in dimethylformamide)

[45] ion pairs # dimers (in diethyl carbonate and ether)
[46] ion pairs ¥ dimers # S-bonded species (in tetrahydrofuran)
/Li\
scN” NCs Li---NCS---Li
L’ (48]
(47]

P. Cyano and isocyano groups, and related ions and N -oxides

The cyano group in covalent cyanides [49] (nitriles) is characterized by
a narrow range of nitrogen shieldings (Table 108) which is quite distinct
from that for the isomeric isocyanides [50] (isonitriles) and that for nitrile
N -oxides (fulminates) [51].

[49] R-CN  +110to +140 ppm
[50] R-NC +180to +220 ppm nitrogen shielding ranges
[51] R-CNO +160to + 180 ppm

The protonation of a nitrile to yield the corresponding nitrilium ion R-
CNH" increases the nitrogen shielding by about 100 ppm (Table 108). This
is in accord with the considerations in Section V.H on the protonation
shifts of shieldings for nitrogen atoms that are involved in multiple bond
systems. The same applies to the increased shielding of nitrile N-oxides
when compared with nitriles.
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The effect of the group R in R—-CN is rather small from the point of
view of the nitrogen shielding, because of the intervening carbon atom of
the cyano group, but solvent effects on the shielding can be considerable
(Table 108; data for acetonitrile) since the lone electron pair on the nitrogen
atom of the linear R-CN system is exposed to interactions with solvents.

Isocyanides R-NC exhibit the normal effects of alkyl groups R on
nitrogen shielding (Section V.F) since the groups are bonded directly to
the nitrogen atom concerned.

The nitrogen shielding in fulminates RCNO and the fulminate anion
CNO' is clearly different from those in the isomeric structures of cyanates
R-OCN, isocyanates R-NCO, and the (NCO)  ion (Section VI.O).

It is evident, from the data in Table 108 for acetonitrile (MeCN), that
both hydrogen-bonding and protonation effects act in the direction of
increasing shielding. Thus, an involvement of the lone pair electrons of the
nitrogen atom in any type of bonding seems to shield the nitrogen nucleus
in the cyano group. This is amply supported by studies**® on acetonitrile
solutions of some inorganic salts, including AgNO; (Table 109). The latter
induces a significant shielding in the CN group of acetonitrile, and it is
known that within the range of concentrations used there are four MeCN
molecules in the solvation sphere of Ag”.

The nitrogen shielding of t-butyl isocyanide ligands in some palladium
complexes (Table 110) does not differ appreciably from that for the free
ligand (Table 108) but increases slightly with an increase in the electronega-
tivity of the halogen atoms bound to Pd. The large deshieldings observed
for the CN ligands in the paramagnetic systems of haemins and
haemoproteins (Table 111) are quite sensitive to the structural environ-
ments involved,”®”>*® including solvent effects. Since the >N NMR spectra
of solutions also contain a signal for the free CN™ ion, the latter must be
exchanging between the haem structure and the environment. The large
deshieldings obey the Curie law, and their origin is undoubtedly that of
direct binding to the paramagnetic centres such that some positive spin-
density is induced on the nitrogen atom of CN (contact shifts). The effects
of cis ligands, the peripheral substituent groups, on the shielding of the
nitrogen nuclei in the axially bound CN ligands seem to be small, at least
much smaller than solvent effects. On the other hand, there is a considerable
influence on the shielding upon changing the trans ligand, e.g. one of the
two CN ligands in dicyano-haemins (Table 110).

Q. Azole ring systems and related ions

Azole ring systems comprise five-membered rings of a considerably
aromatic character (six delocalized 7-electrons) with at least one nitrogen
atom. They correspond to the general structures [52]-[55] where X =CH
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or N. There are essentially two types of nitrogen atom in such ring systems.
The nitrogen atom in the NR moiety in azoles, diazoles, etc. is bound

X—X X—X
7B ] \\X
~ X\
N/ O/
R
[52] [53]
azoles, oxazoles,
diazoles, oxadiazoles
triazoles,
tetrazoles,
pentazoles
X—X X
[/ = - \X
X\ S /X A N\x//
[54] [55]
thiazoles, indolizines
thiadiazoles (azoloazines)

directly to three other atoms in a plane, and it formally supplies two 2p
electrons to the conjugated system. This is called the pyrrole type of nitrogen
atom, since it occurs in all pyrrole derivatives. The indolizine type of

14) 3)

tS)Udv

N
R

[56]
N -substituted pyrrole

nitrogen atom in structure [55] can be considered as a structural variation
of the pyrrole type. The other kinds of nitrogen atom include those in
positions X in the formulae given. This is called the pyridine type of nitrogen
atom since its structural analogues are found in pyridine and other azine
ring systems. The pyridine type of nitrogen atom is bound directly to only
two other atoms; it supplies only one 2p electron to the conjugated -
electron system involved. Its lone pair electron orbital lies in the plane of
the conjugated system and does not participate in the delocalized 7-electron
system.

There is usually a large difference between the shielding of a pyrrole
type of nitrogen atom and that for any of the pyridine type nitrogen atoms
that can occur in a given azole system (Table 112), the pyrrole type being
more shielded. However, some overlap does occur in their characteristic
shielding ranges (Table 13).
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pyrrole type +100 to +280 ppm
indolizine type +120 to +200 ppm . Ly
t Id
pyridine type (in azoles, —60 to + 145 ppm nitrogen shielding ranges

oxazoles, thiazoles, etc.)

The indolizine type nitrogen atoms are usually less shielded, by about
40 ppm, than those in analogous N-methyl azoles (ref. 1, pp. 192-193,
and references therein) and show a linear relationship with the latter, at
least for simple unsubstituted structures.

The pyrrole type nitrogen atoms are structurally related to other nitrogen
atoms whose lone pair electrons are delocalized over #-electron systems,
e.g. arylamines, enamines, amides, and similar structures. Since the conju-
gated systems of azoles are characterized by a considerable delocalization
of the lone pairs, and since the nitrogen shielding in such systems decreases
with an increase in electron delocalization, it is not unusual for pyrrole
type shieldings to be smaller than those for the other nitrogen types
considered (Table 13), including amides. However, they are still larger
than those of pyridine type nitrogen atoms and other moieties which contain
formal C=N double bonds, with no participation of the nitrogen lone
pairs in the delocalized 7-electron systems (pyridine derivatives and other
azines, imines, C=N groups in hydrazones, oximes), as is shown by the
data in Table 13.

The shielding of pyrrole type nitrogen atoms is appreciably affected by
solvents only when they are in NH moieties, but is largely unaffected in
N -substituted derivatives (Table 112). This is opposite to the shielding
trend for pyridine type atoms in azoles, which show large variations upon
changing solvent (for example, the data for N-Me-pyrazole and N-Me-
imidazole in Table 112). The latter are similar to those found for pyridine
(Table 120) and other azine ring systems. The reason for this is rather
obvious, since the pyridine type nitrogen atoms have their lone pair elec-
trons exposed to interactions with solvents and other solutes. The latter
point is clearly reflected in the behaviour of pyrrole and pyridine type
nitrogen shieldings in the presence of shift reagents (e.g. lanthanide che-
lates), as is shown in ref. 2, p. 254, and references therein. The shielding
of pyridine type nitrogen atoms shows large induced shifts by such reagents,
while those of the pyrrole type do not change significantly.

Since the pyrrole type nitrogen shielding is fairly independent of the
solvent used, approximate additivity rules have been established for them
which express the influence of the various pyridine type nitrogen atoms
that can occur in different positions of the azole ring system and the related
indolizine system.33 If we start with the shieldings of N-methylpyrrole [57]
and indolizine [58] respectively, as references, the increments shown should
be used.
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4 (3

14}

!\ 7N
Sy 2y / {3)
N N
Me X 2y
(571 (58]
Reference shielding +232 ppm +191 ppm
N-2 or N-5 (each) —54 —46
N-3 or N-4 (each) -11 -9 (N-4)
0 (N-3)
N-2 and N-3 or
N-4 and N-5 together
(additionally for each pair) =23 -20
N-3 and N-4 together
(additionally) +13 +8
N-2 and N-4 or
N-2 and N-5 or
N-5 and N-3
(additionally for each pair) +7 +10

It should be noted that the numbering system for indolizine is chosen
such as to conform to that of pyrrole.

One should be more cautious in setting up any additivity scheme for the
shielding of the pyridine type nitrogen atoms in azoles, owing to the
considerable range of solvent effects encountered. However, the following
approximate additivity scheme is found®® for the N-2 and N-3 atoms in
azoles and related systems:

Reference shielding

Increments for N-N
interactions

N-2 N-3 2,3 2,4 2,5 34
N-methyl-azoles +84 ppm +123 ppm -82 +4 =31 —-41
oxazoles +1 ppm +126 ppm ? +16 -34 —44
thiazoles +83 ppm +53 ppm -114 420 —48 -43
indolizines +78 ppm +137 ppm 98 +18 — 2N
-15 (N-3)

which show analogous changes in the shielding in all of the four groups of

molecules considered.

The shieldings of both the pyrrole type (where applicable) and the
pyridine type nitrogen atoms in azole systems (Table 112) usually provide
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a clear differentiation between the various isomeric structures found in
such systems. Only a few of the numerous examples in Table 112 are
quoted here ([59]-{63]) in order to show the potential application of

N ]

Me
[59] [60]
N -methylindole, +250 ppm N -methylisoindole, +218 ppm
N
= A\
o O O
o~ 7 /
N (0} (0]
[61] [62] [63]
anthranil, +8 ppm benzoxazole, +142 ppm benzisoxazole, +27 ppm

nitrogen shielding to structural determination. The nitrogen shieldings are
not only quite different for the different relative positions of the
heteroatoms, but they distinguish between ‘‘benzenoid’ structures (e.g.
indole, benzisoxazole, benzoxazole) and “quinoid” structures (isoindole,
anthranil).””’ A comparison of the spectral differentiation between isomeric
thiadiazoles™ [64]-[66] by 'H, '>C, and nitrogen NMR is also instructive.
It is clear from the data given in Table 112 that the nitrogen shieldings of
azole systems should be helpful in the determination of the tautomeric
equilibria which can occur for azoles with NH groups, since the shielding
of the corresponding isomeric N-methyl derivatives reveals significant
differences between the isomeric species. Tautomerism in azoles often leads
to dynamically averaged shieldings in their nitrogen NMR spectra.

'H shielding '3C shielding N shielding
ref. to TMS ref. to TMS ref. to MeNO,
N
[" W\ —8-95 ppm ~148:6 (C-4) —59 (N-3)
S/N (coincident) —-137-9 (C-5) —33 (N-2)
(64]
7\
N\S,N -8-93 -1516 +35
[65]
N-N
( ) ~7-55 1527 +10
S
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The effect of substituents on the nitrogen shielding in azoles cannot be
explained in terms of any simple electronic theory. The data for substituted
pyrroles (Table 113; see also ref. 1, pp. 179-185) indicate that electron-
attracting groups in positions 3 or 4 tend to deshield the pyrrole type
nitrogen nuclei, but it is difficult to explain the variation in magnitude of
such effects. Substituents in positions 2 or 5 give rather unpredictable
effects on the shielding. N -Phenyl and N -vinyl derivatives of pyrrole [Table
112; notes (b) and (d)] show a deshielding when compared to the N -methyl
derivatives, probably due to the extension of the delocalized -electron
system. This is supported by the fact that N-vinylpyrroles, substituted at
position 2, show an increase in shielding with respect to the parent com-
pound®”’ which can be explained in terms of non-planar structures for
some of the possible rotamers in such derivatives which arise from steric
interactions between the vinyl group and the substituent at position 2.
Boron-containing substituents in position 2 or on the nitrogen atom of
pyrrole result in a deshielding of the nitrogen nucleus, probably due to the
extended delocalization of the m-electron system over the electron-deficient
boron atoms [Table 112; notes (c) and (d)].

The protonation of a pyridine type nitrogen atom of an azole, to yield
the corresponding azolium ion, results in a large increase in shielding for
the nitrogen nucleus involved. This is typical of nitrogen atoms in unsatu-
rated systems where the lone pair does not participate in the delocalized
m-electron system (Section V.H). The protonation shifts of nitrogen shield-
ings for pyridine type nitrogen atoms in pyrazole and imidazole derivatives
(Table 112) are in the same direction as the hydrogen-bonding effects but
they are much larger than the latter.””>*”* The protonation or N -alkylation
of a pyridine type nitrogen atom formally creates another pyrrole type
nitrogen atom in the azole system involved. The shielding of such atoms
in azolium cations does not significantly deviate from the values found
for the pyrrole type nitrogen atoms in the corresponding parent azoles
(Table 112).

The deprotonation of imidazole, which yields the corresponding anion
[67] [Table 112; note (i)], has been investigated at high pH values®’® and
the nitrogen shielding for the anion deduced from the titration curve. The
shielding in the symmetric anion is much smaller than that in the symmetric
imidazolium cation [68] (Table 112) but it is still greater than that for the
pyridine type nitrogen atom in N-methylimidazole [69]. The spectra of
the three species considered show clearly that, in general, there is no simple

/:'—:';‘ ‘.‘l‘;\: /—
Nz\yN MeNvNMe N\/NMe
[67] [68] [69]
+156 ppm (in H,0) +211 ppm (in H,0) +218 ppm (NMe)

+135 ppm (N) (in H,0)
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relationship between nitrogen shielding and electron density in heteroaro-
matic systems, even if some local correlations are observed.

Two examples of the elucidation of the problem of tautomerism in azole
systems are included in the data in Table 112. The nitrogen shielding of
indazole shows?”* that the prevailing tautomer is such as indicated in the
table [note (e)]. There is also an indication of tautomerism in N-phenyl-3-
methyl-5-hydroxypyrazole?”’ [Table 112; data corresponding to note (r)].

The complexation of imidazole by Zn(11) and Cd(n1) is found to result in
an average deshielding of the nitrogen nuclei (Table 114). Using previously
determined values for the complexation constants, and nitrogen shielding
data for various concentrations of the substrates, the shielding for individual
complexes is calculated.?’**®! The dilution effects on the averaged nitrogen
shielding in aqueous imidazole solutions®’>*°* are small, and they indicate
that there is no significant association of imidazole molecules in aqueous
solution.

An example of spectral differentiation between pyrrole type nitrogen
atoms and those in amino type groups is given in Table 115 which includes
the shielding data for Rauwolfia alkaloids and related molecules.'*® The
shielding for the indole moiety (N-12) is clearly different from that of the
N-5 atoms. The former are not significantly affected by the structure of
the saturated rings attached, but the latter seem to reflect the influence of
cis and trans junctions between the saturated rings.

Azole ring systems constitute fundamental components of porphyrin ring
systems (Table 116). Both pyrrole type and pyridine type nitrogen atoms
can occur, and shielding can provide a simple means of spectral differenti-
ation between them. The '°N spectra of labelled compounds (selectively
enriched with '>C and '°N) provide information about the unusual structure
of the intermediate in the synthesis of uroporphyrinogen [Table 116; note
(a)]. In studies on the '°N spectra of octaethylporphyrin [Table 116; note
(b)], it is found that the two central hydrogen atoms exchange positions
among the four nitrogen atoms involved, but separate shieldings are ob-
served for the NH and -N= moieties at low temperatures.283 284 In the
N-methyl derivative of octaethylporphyrin, the shieldings observed show
that the NMe and NH moieties are in opposite positions with respect to
each other, since a single shielding is found for the -N= moieties. The
protonation of pyridine type nitrogen atoms in porphyrin systems results
in an increased shielding which can be even larger than those observed for
the pyrrole type nitrogen atoms in neutral molecules (Table 116). The
exchange of hydrogen atoms between the NH and =N- moieties in por-
phyrin systems can be readily observed for ’N-labelled compounds, since
reduced, averaged NH splittings are found in the spectra of exchanging
systems283 rather than the normal one-bond NH couplings for non-
exchanging NH moieties, provided that there is no significant exchange of



NITROGEN NMR SPECTROSCOPY 81

hydrogen atoms with the solvent. This is shown to be the case for the
central hydrogen atoms in octaethylporphyrin and in the monocation of
its N,N’-dimethyl derivative where the N-methyl groups occupy adjacent
positions.

The same method has been used”®® for the observation of the tautomeric
exchange of the central hydrogen atoms in protoporphyrin systems [Table
116; note (h)]. The exchange of the central hydrogen atoms is also indicated
by the spectra of meso-tetraphenylporphyrin [Table 116; notes (d) and (e)].

The effect of metal atoms, in complexes of porphyrins, on the nitrogen
shielding depends critically on whether the complexes are diamagnetic or
paramagnetic. In the former case usually some increase in the shielding
(referred to the average shielding of the parent system) is found (Table
116). Some subtle effects can be observed, as in the case of a Zn complex
of meso-tetraphenylporphyrin [Table 116; note (g)]. The latter can be
complexed with substituted pyridines, and the nitrogen shielding in such
aggregates shows small changes which produce a reasonable correlation
with the Hammett substituent constants.”® A similar study of Cd(11) com-
plexes®®® with meso-tetraphenylporphyrin and substituted pyridines indi-
cates that the shielding of the porphyrin nitrogen nuclei is even less affected
by substituents on the pyridine ring and the changes lie roughly parallel
to those observed for the analogous Zn(11) complexes. The nitrogen shield-
ing in complexes of Mg, Ni, Zn, and Cd with octaethylporphyrin follows
the order of decreasing wavelength of the absorption maxima in their
electronic spectra.’®>**> For Fe(11) low-spin complexes of octaethylpor-
phyrin [Table 116; notes (b) and (c)], the nature of the bond between the
axial ligand and Fe(11) seems to affect the nitrogen shielding of the porphyrin
ring system.?®* If CO or isocyanide ligands are involved, the bond is of the
m type, while pyridine and its derivatives are mostly o-bonded; the former
complexes are characterized by larger shieldings of the nitrogen nuclei in
the porphyrin system.

Low-spin Fe(111) complexes of meso-tetraphenylporphyrin show
nitrogen shieldings that are larger by 2000-3000 ppm than those in
the diamagnetic complex with Zn(11), which has a value of +179 ppm
from neat nitromethane (Table 116). This is typical for paramagnetic
species; the shieldings are found to increase linearly with the inverse of
temperature.

The formation of an N -oxide from an azole system results in an increased
shielding when compared with that for the parent pyridine type nitrogen
atom, in agreement with the general rules considered in Section V.H.
Examples of this can be found from the shieldings of furoxan systems [70]
(Table 117) which are the N-oxides of furazans (1,2,5-oxadiazoles) [71].
Furoxan systems are known to undergo valence tautomerization,”’® and
the barrier to the process [72], which probably occurs through the dinitroso

296,297
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/A 4\

~ /N ~ 7
0 ™ o}
[70] [71]

Nitrogen shielding  ca. +20 ppm (N — O) —20to —35 ppm
ca. Oppm(N) (Table 112)
'Y\ —C(NO)=C(NO)—
o ot T Moo
[72] [73]

structure [73], is much higher for alkyl-substituted furoxans than for ben-
zofuroxan structures. Thus, separate nitrogen signals are observed for the
former at room temperature; in contrast an averaged signal is observed
for benzofuroxan (Table 117) which splits at sufficiently low temperatures.
There is a controversy about the assignment of the nitrogen shielding for
furoxans.”’®?’® It has been argued that, since the higher shielding is more
influenced by hydrogen-bonding solvents (Table 117), it should be assigned
to the pyridine type nitrogen atom,’”® by analogy with solvent effects on
the shieldings in furazans and in other pyridine type nitrogen atoms. The
weak point in this argument is that the oxygen atom in the N— O group
is expected to be more exposed to interactions with solvents than the
pyridine type nitrogen atom in a furoxan system. Thus the difference in
the solvent effects may result from interactions with the N-oxide moiety.
In contrast to this, the '*N data®®' shown in Table 117 [note (c)] indicate
that the resonances corresponding to the more shielded nuclei have much
smaller widths, which is typical of N-oxide or nitro moieties. In addition,
the higher shielding of the furoxan ring corresponds almost exactly to
the shielding of the nitro groups of the nitrofuroxans examined. The
N-oxide moiety in the furoxan ring is structurally similar to the nitro group;
therefore the higher shieldings in Table 117 are assigned to the N-oxide
groups.

The combination of '*N and '°N data [Table 117; notes (c) and (d}]
indicates that the structures shown for the nitro derivatives of furoxans, as
well as those for the benzo-bis- and -tris-furoxans, do not undergo valence
tautomerism at rates that are fast on the nitrogen NMR time scale.”' The
valence tautomerism could in principle involve an oxygen shift within one
furoxan ring, as considered above, but it could also include adjacent
structures of furoxan rings and nitro groups, which is illustrated by [74].
The important point in this application of "“N NMR spectroscopy is that
the identification of the NO, resonance is made in a straightforward manner
on the basis of the signal widths. In addition, unresolved *N resonances
at about +20 ppm are indicated by "N NMR, since both the resolution
and the determination of the relative numbers of nitrogen nuclei are simply
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achieved by '*N lineshape fitting and the differential saturation technique®®’

described in Section IV.B.

(e}
O\\N“/O '\N_O\
//N
=\
0O &
N =N O~ S
"N\ ] \ | \ ,N
O’N O (o) N_O
[74]

The nitrogen shielding of the oxide of the benzo derivative of 1,2,5-
thiadiazole (Table 117) clearly shows the N -oxide rather than the S-oxide
structure of the compound.279

In phosphadiazoles (Table 118), the hydrogen atom can exchange its
position among three heteroatom centres including P.**> The nitrogen
shielding seems to exclude the latter possibility; comparison with the data
for N-substituted derivatives favours tautomer A shown in Table 118.

Sydnones and related structures [75] are formally the betaine isomers
of the corresponding 5-substituted 1,2,3-oxadiazoles [76] (Table 119). The

NR N
)’(( ) Rx[ N
o™ o7
[75] (76]
sydnone X =0 hypothetical 1,2,3-oxadiazole
sydnonimine X = NH
acetylsydnonimine X = NC(=O)Me
assignment of the shieldings in Table 119 is facile because of the charac-
teristically small linewidths in "N NMR and typical alkyl-group effects
(Section V.F) on the shielding for the N"~R moieties. The assignment may
be verified by selective 5N labelling,264 as indicated in note (a) in Table
119. The nitrogen shielding shows that protonation of the sydnone-like
structure occurs at the exocyclic X moiety, since there is little change in
the shielding upon protonation; also the structure of the cation derived
from sydnonimine shows a typical splitting for the NH, moiety labelled
with '°N, observed in the proton and "°N spectra. It has already been
pointed out that free sydnonimines are largely rearranged to isomeric
cyanomethyl-alkyl-N -nitrosoamines (ref. 1, pp. 187-191, and references
therein). However, the rearrangement is reversible, since upon acidification
the corresponding sydnonimine cation is obtained; nitrogen shielding data
provide unambiguous proof of the rearrangement (see Table 119). The
present data on the ’N-labelled compounds even show a distinction
between the E and Z isomers of the nitrosoamine derivative involved.
The assignment of individual isomers is based on "N signal intensities
and proton spectra.’®® It is interesting to note that the shieldings of the



84 M. WITANOWSKI, L. STEFANIAK AND G. A. WEBB

NH; and NHC(=O0)Me functions in the cations are typical of unsaturated
amines and amides respectively (Table 13). This provides further evidence
of the structure of the cations.

R. Azine ring systems and related N-oxides and ions

The nitrogen shielding in six-membered heteroaromatic ring systems
(azines, diazines, etc.), which contain at least one nitrogen atom, covers a
broad range (Tables 13, 120-122), i.e. —80 to +175 ppm from neat
nitromethane. Since the nitrogen atoms involved obviously belong to the
pyridine type, described at the beginning of the preceding section, the
shielding of azines is comparable to those found for pyridine type nitrogen
atoms in azoles (Section V1.Q), and for structurally related C—=N moieties
in imines (Table 13). Characteristic of the shielding are large solvent effects,
particularly if hydrogen-bonding is involved. This is demonstrated by
pyridine (Table 120) where hydrogen-bonding effects can induce shieldings
of up to +30 ppm with respect to those observed in aprotic solvents. The
protonation of the lone pair electrons to yield the corresponding azinium
cation (Table 123) increases the shielding by about 100 ppm. The formation
of an N-oxide structure yields a much smaller, but significant, increase in
the shielding (Table 124). All this is typical of nitrogen nuclei in unsaturated
systems where the lone pair electrons of the atom concerned do not
participate in the delocalized 7-electron system; it is considered in Sections
V.H and V.J.

A considerable part of the observed range of nitrogen shielding in azine
ring systems comes from interactions between nitrogen atoms located within
the same ring (Table 122). The effects of such interactions on the shielding
are simple and largely additive. Since the influence of solvents is large, a
reasonable comparison can be made only for aprotic solvents, such as
acetone or DMSO. If the data for simple (monocyclic) azines are compared
(Table 122) one can reproduce the shielding within +5 ppm using the
additivity scheme [77] for nitrogen—nitrogen interaction effects with the in-
crements shown. The +5 ppm margin is quite small when compared with

N

Y N < j
‘\._»'N ‘\.',‘ “‘.','
reference shielding (1,2-interaction) (1,3-interaction) (1,4-interaction)
(from least-squares fit) [77]
+60-7 ppm —85+4 ppm +29-1 ppm ~12-4 ppm

the 140 ppm range of shielding. The presence of such simple effects provides
an unambiguous assignment of the nitrogen shieldings in 1,2,4-triazine [78]
[Table 122; note (e)] which themselves show the significance of such
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nitrogen—nitrogen interactions within azine rings. These effects provide a
formidable means of distinguishing between azine structures by nitrogen

NMR.
N._ +82 ppm
AN
[78] [ j\l +2
NZ ppm

—42 ppm

If both simple azines and their benzo derivatives are considered, the set
of increments does not change appreciably:

reference shielding +64-1 ppm;
1,2-interaction —88-6 ppm; 1,3- +27-6 ppm; 1,4- —12-9 ppm

but the experimental values are reproduced to within +13 ppm on the
average, with phthalazine (Table 122) showing the largest discrepancy. The
poorer fit is exemplified by significant differences in the shielding between
the simplest systems (pyridine, quinoline, and isoquinoline) but the same
general pattern of effects remains unchanged. The additivity scheme can
be used for an unambiguous assignment of the shieldings of benzo-1,2,4-
triazine [Table 122; note (e)].

The striking additivity of large effects in the nitrogen shielding of azines,
which is indicated by empirical increments, is explained in terms of
molecular orbital calculations by the INDO method employing the AEE
approximation (Section II.A) in estimations of the relative shieldings in
simple azine systems.’®® The calculations also provide®® an independent
proof for the assignment of the nitrogen shieldings in 1,2,4-triazine systems
[Table 122; note (e)].

The question of shielding assignments for unsymmetrical benzodiazines
(cinnoline, quinazoline; Table 122} is still open, but the fact that under
the same experimental conditions the nitrogen nuclei in isoquinoline are
more shielded than those in quinoline suggests'”’ the tentative assignments
given in Table 122.

A large amount of data on substituent effects on the nitrogen shielding
in pyridine (Table 120) and pyrimidine (Table 121) have been recently
reported. Sensible comparisons can be made only for solutions in the same
solvent since most of the substituent effects are within the range of solvent
effects. Substituents in position 3 of the pyridine ring do not significantly
influence the shielding, and those for 2-substituted pyridines are hardly
predictable. This is probably due to direct interactions between the sub-
stituent and the lone pair electrons on the nitrogen atom. Substituents in
position 4 exert effects that can be compared to those found for para-
substituted anilines (Table 37), but the latter are much weaker than those
found in pyridine derivatives (Table 120). For example, the introduction
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of an alkyl group into position 4 in pyridine increases the nitrogen shielding
by about 8 ppm [Table 120; notes (c) and (h)], while in aniline the analogous
para-substitution leads to a shift by +2 ppm (Table 37). For polar aprotic
solvents such as acetone or DMSO the following approximate effects of
substituents in position 4 on the shielding of pyridine can be deduced from
the data in Table 120:

4-NH; (or NMe;) +41ppm 4-Ph +5 ppm 4-CONH; -8 ppm
4-OMe +26 4-Cl (or Br) +5 4-COMe -10

4-F +11 4-(CH=CH,) +2 4-CHO -15
4-(alkyl) +7

The largest effects (+40 to +50ppm) are observed for 2-amino and
4-amino substituents as well as for the 2-F substituent (Table 120). Since
the amino group in position 3 does not appreciably influence the shielding
of the pyridine nitrogen atom, it is fairly easy to distinguish between various
isomeric aminopyridines on the basis of the shielding of the pyridine
nitrogen atoms. Fluorine substituents induce significant changes in the
shielding, and their effects are approximately additive®*' for fluorinated
pyridine derivatives; the following are the increments to the reference
shielding (+ 62 ppm) in neat pyridine:

2-F or 6-F +43 ppm (each); 3-F or 5-F —10 ppm (each); 4-F + 11 ppm

The values given above are slightly different from those originally repor-
ted’®' since the precise value of the shielding for neat pyridine (Table 120)
is taken as reference. For pentafluoropyridine, the additivity scheme pre-
dicts a shielding of +150 ppm (referred to neat nitromethane) which
compares favourably with the experimental value of about + 148 ppm
(Table 120). The increments are used for predictions of the shielding in
unknown ﬂuoropyridiqes.m1 The following list gives the positions of fluorine
substituents in the pyridine ring followed by the predicted nitrogen shielding
in ppm referred to neat nitromethane:

2,3 495 2,6 +148 2,34 +106 2,4,5 +106 2,34,5 +96
2,4 +116 34 +63 2,3,5 +85 2,4,6 +159 2,346 +149
2,5495 3,5 +42 23,6 +138 3,45 +53 23,56 +128

It was recently shown®'® that, if a chiral substituent is present at position
2 of a pyridine ring, the enantiomers can be differentiated by the nitrogen
shieldings when an optically active proton donor is added to the solution.
The experiments have been carried out®'® with 8-benzyl-5,6,7,8-tetrahy-
droquinoline racemate [79], with the results shown. The shieldings are
measured at 18-25 MHz (field parallel to sample tube), and originally
referred to 1 M DNO;, +6-2 ppm from neat nitromethane (Table 6). They
are recalculated according to scheme IV in Table 4.
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| x
pZ
N
CH,Ph
[79]

Optically active Solvent, and solute Av. N shielding Difference between
additive concentration (ppm ref. to enantiomers
(mol %) (mol %) neat MeNO,) (ppm)
R(-)-Mandelic acid

8:7) tetrahydropyran (23-7) +76-7 0-36

(8:0) EtOH (13-5) +98-9 0-27

4-1) CH,Cl, (10-4) +87-8 0-66

(6-7) acetonitrile (16-0) +87-9 0
S(+)-Lactic acid

(23:0) tetrahydropyran (23-0) +88-6 0-16
R(+)-CF3C(OMe)

- (Ph)COOH

(2-2) CH,Cl; (10-3) +81-8 0-68
R(-)-CF;CH(OH)Ph

(17-2) CH,Cl, (17-0) +78-6 0
B-Cyclodextrin hydrate

(1-0) DMSO (8:6) +67-6 0-21

The effects of substituents on the shielding in pyrimidine derivatives [80]
(Table 121) are complicated by the asymmetry introduced with substitution
in positions 4 or 6. Substituents in position 5 do not induce appreciable
changes, and this is analogous to the weak effect of substituents in position
3 of a pyridine ring [81]. Substituents in position 2 of a pyrimidine ring

(5) 14)

16;(\m s TRy
(801" | (81]
N\%N 6} N/ (2}

2)

induce changes comparable to those of 2-substituted pyridines. Substituents
in positions 4 or 6 in pyrimidines exert different effects on the shielding
of N-1 and N-3 but they are comparable to those observed in 2- and
4-substituted pyridines respectively (Table 121). Table 121 does not include
shielding values obtained from 'H—{'*N} INDOR spectra®' of 2-substituted
pyrimidines, since they are rather inaccurate (+4 ppm) and do not differ
significantly from those in the table. However, INDOR data provide some
additional results; the following list of substituents gives the corresponding
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increments to nitrogen shielding in pyrimidine (~ 5% solutions in acetone):
2-CN -19; 2-COOEt —13; 2-1 —17; 2-SO,Me +15; 2-F +47 ppm

There are two points of interest in the values given above. The large 2-F
effect is comparable to that found in pyridines (Table 120), and the effect
of 2-1 is similar to that observed for aniline derivatives (Table 37).
Pyridine derivatives that contain substituents at positions 2 or 4 can be
involved in tautomeric equilibria ([82] and [83]) provided that the sub-
stituents contain hydrogen atoms that dissociate easily. Since there are

X
XH
S X NS
|y = L =1 |
N N” X N N
H H

[82] [831

usually large differences in the shielding between the tautomeric pairs,
often in excess of 100 ppm, the shielding provides a simple tool for the
investigation of such equilibria (compare data in Tables 120 and 64). For
hydroxypyridines (X = O), the shieldings show that the lactam (*‘pyridone’’)
tautomers largely prevail in the equilibria; the same applies to the corres-
ponding mercaptopyridines (X =S), as shown in a recent study.'>® The
shieldings for the tautomeric derivatives, as well as those for the model
compounds with NMe or XMe groups, are given in Tables 120 and 64.
However, the data for fully fluorinated 4-OH and 4-OMe pyridines [Table
120; data corresponding to note (j)] suggest that the former exists as such
rather than as the corresponding pyridone;*° the same conclusion applies
to the data on fully fluorinated 4-SH and 4-SMe pyridines. Thus, it seems
that the equilibrium constants considered depend strongly on the character
of the substituents in the ring systems.

In principle, one expects that the corresponding aminopyridines (X = NH
or NR) can be involved in tautomeric equilibria with the amidine type
tautomers, but the shieldings®®' for both ring nitrogen atoms and exocyclic
amino/imino moieties (Tables 120 and 64) show that the aminopyridine
forms largely prevail in the equilibria. In the case of aminopyrimidines
(Table 121), the shieldings for 2-NH,-pyrimidine, 2-NMe,-pyrimidine, and
the amidine type isomer show that the amino form dominates in the
equilibrium.

There seems to be little influence on the shielding of nitrogen—nitrogen
interactions when the nitrogen atoms are in different rings, as is shown for
some naphthyridines (diazanaphthalenes).”'' The anisotropy of the nitrogen
shielding in liquid pyridine has been estimated by a method based on
relaxation time measurements made at various field strengths’'? but it relies
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on an estimate of the absolute averaged shielding which is questionable
(Section V.B).

Azinium ions, which are obtained by either the protonation or the
N -alkylation of parent azines, are characterized by a significant nitrogen
shielding when compared with the parent compounds (Table 123).
However, the interpretation of such protonation shifts is complicated by
the fact that the shielding of pyridine type nitrogen atoms is sensitive to
hydrogen-bonding influences while that of the corresponding azinium ions
is sensitive to the solvents and gegenions involved. N-Alkylazinium ions
show much smaller influences on their shieldings due to solvents and anions
(Table 123). The effects of substituents on the azinium nitrogen atoms
seem to be similar to those found in parent azines. This is not unusual,
since the protonation or N-alkylation does not fundamentally change the
conjugated system of 7-electrons. A different situation exists for arylam-
monium ions since the protonation of the amino group involved destroys
the conjugation of the lone pair electrons with the ring systein (Section VI.E).

Since the protonation shifts of pyridine type nitrogen atoms are large,
they can be used to observe mono- and di-protonation processes in
pyrimidine derivatives [Table 123; note (g}]). One can assume that 3-OH
pyridine may be involved in a tautomeric equilibrium [84] with the zwit-
terion type (‘‘betaine”) isomer, but the nitrogen shielding of 3-OH- and
3-OMe-pyridines (Table 120; ca. +65ppm) and N-Me-3-oxypyridyl
betaine (Table 123; ca. +181 ppm) indicates that the 3-OH-pyridine
structure largely prevails in the equilibrium.

XOH @O_
| ) = P
N N

(84]

The N -oxides of azines (Table 123) are characterized by higher shieldings
of their nitrogen nuclei, compared with the parent azines, but the change
is smaller than that for the corresponding azinium ions (Section V.H). The
protonation of an N-oxide to yield the corresponding N -hydroxyazinium
ion (Table 124) results in a further increase in shielding. Azine N -oxides
reveal significant solvent effects, comparable to those observed in azines.
Hydrogen-bonding solvents tend to increase the shielding in both cases,
in spite of the fact that in azines the hydrogen-bonding involves the nitrogen
atoms while in azine N-oxides the oxygen atoms are most probably
hydrogen-bonded to solvent molecules. This fact makes questionable the
assignment of the nitrogen shielding of furoxan systems (Section VI.Q)
based on solvent effects,”’® and provides some further support for the
reverse assignment”9 based on nitrogen shielding and "N signal widths.
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It has already been shown that the effect of ring substitution on the
shielding of azine N-oxides is similar to those of the parent azines (ref. 1,
pp. 196-198, and references therein). This is supported by the recent data
presented in Table 124. The N-oxides of 2-hydroxy- and 4-hydroxy-
pyridines can in principle exist in tautomeric equilibria [85], but this is one
of the rare cases where the nitrogen shieldings do not differ significantly
between the tautomers, as can be estimated from the data for the methylated
derivatives given in Table 124. Thus no information about the equilibrium
is obtained from nitrogen NMR measurements.”” The lack of any
significant difference in the shieldings in this case, when compared with
that of the parent azines, is understandable in view of the fact that the
tautomeric shift of the hydrogen atom between the two oxygen atoms does
not essentially alter the bonding system of the nitrogen atom.

(85]

The question of the assignment of the nitrogen NMR spectra of N -oxides
derived from di- and tri-azines is not easy to answer if one relies only on
the shielding, since the difference between the latter for the NO and pyridine
type nitrogen atoms is sometimes not sufficiently large when both types of
nitrogen atom are present in the same ring (Table 124). However, the
assignment is simple if “N NMR data are available, since the signal widths
for the N-oxide moieties are known to be much smaller than for pyridine
type nitrogen atoms (ref. 1, p. 196). This has recently been verified by the
calculation of electric field gradients at the nitrogen nuclei of polyazine
N-oxides,*® using the method described in Section V.D and Table 12.%°
The results of the calculations®® are quoted for structures [86]-[96]; the
significance of the electric field gradient term is explained in Table 12. The
calculations indicate that the field gradients at the nitrogen nuclei in the
N -oxide moieties are so much smaller than those for the other nuclei
considered that the sharpest '*N signals are clearly predicted to represent
the N-oxide function.

o

N N
4 {4
o) o
[86] (87] [88]
0-0063 (N —» O) 0-:0070 (N — O) 0-0015 (N = O)

0-1919 (N-4) 0-1820 (N-4) 0-2462 (N-3)
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\N/YO
g8

O A
|
T¢N P N\O

o)

[89] [90] [91]
00013 (N> 0) 0-0034 (N - O) 0-0051 (N - 0)
0-2415 (N-1) 0-2303 (N-2) 0-2185 (N-3)

G & RN
N/N\O N/N N
{ !
o} )

[92] [93] [94)
0-0044 (N —» O) 0-0047 (N - O) 0-0065 (N — O)
0-2751 (N-1) 0-2541 (N-2) 0-2463 (N-2)

0-1879 (N-4)
T O
~-N P

N~ N

{ !

0 ()

[95] [96]

0-0091 (N — O) 0-0099 (N — O)
0-2739 (N-2) 0-1720 (N)
0-1765 (N-4)

Once the question of the assignment of the shielding to N -oxide moieties
in polyazine N -oxide has been settled they can be used for the localization
of the N-oxide functions in such ring systems. For example, the oxidation
of 1,2,4-triazine can lead to the isomeric N -oxides [97]-[99]. The values

N -oxide shielding data

(T)
N N N
=X =
() () ()
zN zN =N
111 N7 ™Sg N7
o .
[97] [98] [99]

+37 ppm (predicted) +73 ppm (predicted)

+43 ppm (found)

+60 ppm (predicted)

of the shielding for the N-oxide moieties can be predicted from the
previously reported additivity rules.*"? Comparison with the experimental
value for [97], the only product isolated,®” shows that the oxygen atom is
attached to N-1; the same has been demonstrated to be the case for



92 M. WITANOWSKI, L. STEFANIAK AND G. A. WEBB

benzo-1,2,4-triazine mono-N-oxide [Table 124; data corresponding to
note (i)]. The experimental values of the shielding of the N-oxide groups
in azines give an excellent correlation with shieldings obtained from AEE
calculations®”’ (Section II.A). This correlation provides further support for
the assignment of the 1,2,4-triazine N -oxide spectra and for the predicted
shielding of the N -oxide moiety of the hitherto unknown isomer [100] of
quinazoline mono-N -oxide.

SN predicted N — O shielding®*”*"?
) +92 ppm (ref. to neat MeNO,)

N

4

O

[100)

An interesting example of shielding assignments for azine, azinium, and
azolium type nitrogen atoms is provided in Table 125 for thiamine and its
protonated form vitamin B;.*°® The data indicate that protonation occurs
at N-1, provided that the assignment is correct. The '°N triplet at +274 ppm
shows that the NH, group is not protonated in vitamin B,. The large
increase in only one of the other shieldings indicates that only one of the
pyrimidine nitrogen atoms in vitamin B; is protonated. The assignment of
the shieldings to N-1, N-3, and the thiazolium nitrogen atom are then
made on the basis of selective proton-decoupling and deuterium exchange
effects.

S. Nucleosides, nucleotides, and related structures

Nucleosides and related systems (Table 126) contain pyridine type
nitrogen atoms in azine and azole rings, pyrrole type nitrogen atoms,
conjugated lactam moieties, and amino groups. We consider them separ-
ately because of the importance of this class of compound in biochemistry
and biology, and because they contain essentially only two types of
nitrogenous structure, those of purine and pyrimidine. As far as the shield-
ings are concerned for nucleoside systems, there is a simple distinction
between the amino groups (ca. +300 ppm), the pyrrole type nitrogen atoms
and lactam moieties (ca. +200 ppm), and pyridine type nitrogen atoms
(ca. + 150 ppm). Nitrogen shieldings are useful in the observation of proton-
ation sites in nucleoside systems (because of the large increase in shielding
upon protonation of a pyridine type nitrogen atom) and tautomerism
(because of the large relative shielding difference of the nitrogen nuclei in
lactam moieties when compared with pyridine type nitrogen atoms).

The detailed assignment of the shieldings for purine and pyrimidine
type nucleosides [Table 126; data corresponding to notes (a) and (b)] is
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made from observations of ’N-H couplings, protonation shifts, NOE, and
a comparison of the shielding differences between various molecules.'*%'®!
The only assignments that can be considered as tentative are those for N-1
and N-3 in adenine derivatives (Table 126), since arguments based on a
comparison of the analogous shieldings in quinazoline'*® rely upon arbitrary
assignments for the latter. The problem of the assignment of shieldings in
quinazoline and other unsymmetrical benzodiazines seems to be still open
(see Table 122 and Section VI.R), and the reverse assignment is suggested
from a comparison of the shieldings in quinoline and isoquinoline. The
higher shielding for N-3 in the adenosine system, as compared with N-1,
is also claimed on the basis of a comparison with '*N-1 labelled
adenosine.>'**'® Curiously enough, the work quoted,”'*>"* which is alleged
to contain data for the °N-1 labelled compound, is not concerned with
any aspect of nitrogen shielding. Thus, the only real argument in favour
of the relative N-1 and N-3 assignments in the nitrogen NMR spectra
of adenine derivatives comes from the fact that N-1 is supposed to
undergo protonation,’ 14313 but this amounts to an information transfer
to, rather than from, the nitrogen spectra. Nitrogen shieldings can there-
fore constitute a simple tool for identification of protonation sites
in nucleosides and nucleotides, provided that there is no ambiguity in
their assignment. The latter often require specific "*N-labelling of model
compounds.

There remains the interesting question of how shieldings reflect associ-
ation (‘‘base pairing’’) between different nitrogenous bases of nucleosides
and nucleotides. No significant effects are found'®' for the uridine-
adenosine pair, which is explained®'® as being due to the use of an unsuitable
solvent, DMSO. Investigation®'® of the '°N-3 shielding in
[3-'°N]-2',3",5"-tri-O-benzoyluridine in CDCl; reveals that addition of
5'-acetyl-2',3'-isopropylideneadenosine decreases the shielding [Table 126;
data corresponding to note (d)]. A similar study’'® has been undertaken
on the nitrogen shielding in fully '*N-labelled 2',3',5'-tri- O-acetyladenosine
in CDCl; as a function of concentration and mole fraction of 1-cyclohexyl-
uracil. Only the NH; resonance shows an increase in shielding upon
dilution. The addition of the uracil derivative affects all the shieldings
except that for N-9. The N-1, N-3, and N-7 shieldings increase by a few
ppm, while a deshielding is observed for the NH, resonance. The largest
change among the resonances of the ring nitrogen atoms occurs for N-1,
provided that the assignments for N-1 and N-3 are correct.

T. Cyclophosphazenes

Cyclophosphazene ring systems (Table 127) are characterized by rather
large nitrogen shieldings when compared with those in azines (Section
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VIL.R). This is attributed to the different -electron system in the former
which includes the phosphorus 3d orbitals, and to the non-planarity of
cyclophosphazene rings.'*> The nitrogen shielding in cyclophosphazenes
is comparable to that in the puckered ring of cyclothiazene S4N,, ca.
+247 ppm (ref. 2, p. 339, and references therein).

The effects of phosphorus substituents on the shielding are appreciable
(Table 127). Qualitatively they follow the trends observed in substituted
pyridines (Table 120).

There are indications, however, that at least some of the cyclophos-
phazene structures given in Table 127 are planar,’** which complicates the
interpretation of the shielding in such systems.

U. Imines, nitrones, oximes, and related ions

The nitrogen shielding in the C=N moiety of imines (Table 128) is
comparable to that of pyridine type nitrogen atoms in azines and azoles
(Table 13; also Sections VI.Q and VI.R). The large increase in the shielding
upon protonation of the nitrogen atom, to yield the corresponding
immonium cation (Table 128), and the smaller but significant increase in
shielding upon the formation of the N-oxide structure (nitrone; Table 130)
are characteristic of this type of nitrogen atom (Section V.H) which also
includes the pyridine type of nitrogen atom in heteroaromatic rings.
Changes due to solvent effects, particularly the characteristic increase in
shielding in hydrogen-bonding solvents (Table 128), are typical of this class
of nitrogen atom (Section V.J).

The effects of alkyl groups R in C=N-R on the shielding conform to
the general rules (Section V.F), including the significant deshielding arising
from the presence of 8-carbon atoms (the g8-effect). For phenyl derivatives
of imines, the effect of substituents in the phenyl ring of PRCH=NR is
greater than in R,C=NPh (Table 128). The effects correlate with the
Hammett substituent constants,'’> and are comparable to those found in
the shielding of arylamines (Sections V.G and VI.E). Linear correlations
are also found'”"'"? between the nitrogen shielding of imines and the >C
shieldings for the corresponding carbon atoms in analogous alkenes. The
effect of substituents is similar in the corresponding phenyl derivatives of
immonium cations (Table 128), which is analogous to the situation of
nitrogen shieldings in azines and the corresponding azinium ions (Section
VLR). The same applies to nitrones (imine N-oxides), at least for the
limited set of data in Table 130.

The large difference in shielding between the amino and imino groups
(Table 13) can be used in investigations of amino—imino tautomerism, as
is shown for 1-phenylamino-7-phenylimino-1,3,5-cycloheptatriene [Table
128; note (h)].
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The nitrogen shielding of the imino moiety (C=N) [101] is strongly
dependent on -electron delocalization effects, as indicated above for
phenyl derivatives of imines. The most pronounced effect of this type can
be found in amidine structures [102] [Table 128; note (a)] where the lone
pair from the amino moiety can be delocalized over the imino moiety.

R,C=N-R R,N-C(R)=N-R

[101] [102]
Nitrogen shielding ranges +20 to +90 ppm +140 to +180 ppm (=N-R)

The shieldings of some immonium ions are used to predict the barrier
to rotation of the NR, group in R,C=NR," (Table 14 and Section V.I).
If the lone pair electrons of the C=N moieties are involved in bonding in
a complex [Table 128; data corresponding to note (g)] there is an increase
in the shielding, similar to that occurring in the case of N-protonation or
N-oxidation. There is a large difference in the nitrogen shielding between
the C=N and S=N moieties, as indicated by the data in Table 128 [note

(i)

O OR
l /
R2C=N RzCzN
N
R
[103] [104]
Nitrogen shielding ranges +70 to +110 ppm —30 to +60 ppm

Imine N-oxides (nitrones) [103] and oximes [104] are isomeric but there
is a clear distinction between their nitrogen shieldings. The shielding in
oximes (Table 129) reveals a strong dependence on solvent effects, but a
much smaller influence from the nature of the groups R. The E,Z-isomers
of oximes with different groups R in a molecule, when compared in the
same solvent, show rather small differences in their shielding, comparable
to that for unsymmetrical amides (Table 59). There are rather large differen-
ces in the shielding between oximes and their ethers (Table 129), evidently
because of strong hydrogen-bonding and association in oximes. Generally,
for a given oxime, the smallest shielding is observed for solutions in
hydrogen-bonding acceptors, like DMSO, and the largest nitrogen shielding
is found for solutions in hydrogen-bonding donors, such as CFsCH,OH.**!
Since there is a difference of about 500 ppm between the shielding of

NOH
NO

OH
[105]
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oximes (—30 to +60 ppm from MeNO;) and of the nitroso group (ca.
—500 ppm from MeNO;; Table 140), nitrogen NMR data can be readily
applied to the determination of tautomeric equilibria (ref. 1, pp. 201-202,
and references therein) of the type [105].

V. N-Sulphinylamines, thionitrites, sulphodiimides, and
related structures

The low shielding of the nitrogen nucleiin N -sulphinylamines RN=S=0
(Table 131) is in contrast with the high shielding typical of RN=X=Y
structures, such as isocyanates (RN=C=Q0; Table 13), isothiocyanates
(RN=C=S), azides (RN=N"=N"), and carbodiimides (RN=C=NR).
However, in the latter structures, the N=X=Y moieties are linear, while
it is known that the N=S=O moiety is bent (refs 118 and 259, and
references therein) and can theoretically exist in an equilibrium [106].
Thus, the large shieldings are characteristic only of linear N=X=Y
moieties. The same applies to the small shielding of the nitrogen nuclei in
the sulphodiimide structure of PAN=S=NPh (Table 131) when compared
with carbodiimides (RN=C=NR; Table 13).

O
Il

S S
AN 7
Y7 To
R
[106]
tcis™ “trans™

The effect of alkyl groups R on the shielding in RN=S=O0 compounds
is typical (Section V.F), with one notable exceptio_n.118 There is a reversed
B -effect on the shielding upon passing from R = Pr' (or any secondary alkyl)
to R =Bu". Since the “cis” structure brings the oxygen atom close to the
methyl groups of R = Bu', this observation provides the basis of a strong
argument in favour of the ‘“cis” conformation of alkyl-N-sulphinyl-
amines.''® It indicates also that the B-effect of alkyl groups on nitrogen
shieldings is quenched, or even reversed, by steric interactions (Section
V.F). In principle, steric interactions can either result in a deformation of
the more stable ‘“‘cis”” form, or simply shift the equilibrium towards the
“trans” isomer. However, the rather abrupt change of the g-effect ob-
served for the Bu' derivative and the results of CNDO/S calculations''®
favour the deformation of the more stable ““cis”’ isomer.

N-Sulphinylamines [107] are isomeric with thionitrites [108] but there
is a vast difference in their nitrogen shieldings, the latter being characteristic
of the nitroso structure (Table 140).
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R-N=S=0 R-S-N=0O
[107] [108]
Nitrogen shielding ranges +25 to +80 ppm ~300to —400 ppm

W. Nitro groups, nitrates, and nitramines

Nitro groups have a characteristic range of shieldings extending from —30
to +70 ppm with respect to that of neat nitromethane (Tables 13, 132,
133), but some clear subdivisions of the range can be made. The nitrogen
nuclei of the nitro groups of nitroalkanes are deshielded relative to that
of MeNQO,, while conjugated nitro groups show a shielding increase together
with those nitroalkanes that bear strongly electron-attracting groups on
the carbon atoms directly bonded to the NO, groups (Table 133; also ref.
1, p. 203, and ref. 2, pp. 233-244). The largest shielding is observed for
the O-nitro and N-nitro groups in nitrates and nitramines respectively
(Tables 132 and 133).

Nitroalkanes that have hydrogen atoms on C-a [109] can be converted
into the corresponding aci-nitro isomers [111] which can be considered as

OH
R,CH-NO, =H, (R,C-NO,~ #H} R,C=N
]
O
[109] [110] [111]
Nitrogen shielding 0 to ~30 ppm +20 to +60 ppm ca. +70 ppm
ranges (ref. 2) (ref. 1)

oxime N-oxides. The latter usually rearrange slowly to the nitroalkane
structure. An analogous distinction between the nitro [112] and aci-nitro
E,Z-isomeric structures [113] and [114] by means of nitrogen shielding is
possible for nitramines,”®® as shown in Table 132. The shielding of

OR R OR
/ AN /
RzN—NOz N=N N=N
/ N N
R (o] (6]
[112] [113] [114]
Nitrogen shielding +20 to +40 ppm (NO;) +50 to +70 ppm (=NOOR)
ranges +100 to +220 ppm (NR,) +90 to +110 ppm (RN=)

MeN=N(O)OMe (Table 132) shows appreciable differences for the E and
Z isomers involved. The nitramino structures also occur in nitrourethanes
RO-C(=0)-N(R)-NO,, and are characterized by shieldings comparable
to those in nitramines.

In spite of the fact that the nitrogen atom in a nitro group occupies a
central rather than a peripheral position, there are appreciable solvent
effects on the shielding of the nitrogen nucleus (Table 133). However,
hydrogen-bonding effects are insignificant, at least when compared with
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those on the shielding of pyridine type nitrogen atoms (Sections VI.Q and
VI.R), in imines (Section VI.U), their N -oxides, and related structures. It
has been recently shown'?' that medium polarity (dielectric constant) is
mainly responsible for the observed range of solvent effects on the shieldings
in nitroalkanes. The changes induced by aprotic solvents have been repro-
duced theoretically using the solvaton model (Section V.J). This is an
important point, since it shows that nitrogen shieldings can clearly reflect
changes in the distribution of the electron charge in a molecule which are
induced by changing the polarity of the medium. For example, the observed
and calculated shieldings shown for nitromethane (since the calculations

MeNO, (0-30 M solutions)

Nitrogen shielding (ppm)

Solvent Dielectric constant at 30 °C obs. calc.
DMSO 45-8 -2:0 -0-6
dimethylformamide 375 -0-7 -0-5
none 359 0-000 -0-4
MeCN 366 +0-2 -0-4
acetone 20-4 +0-8 0-0
CH,Cl, 9-50 +3:2 +1-3
CH,Br, 6-78 +3-4 +2-3
CHCl; 5.07 +3-8 +4-3
Et,O 4-79 +3:9 +4-8
CCly 2-71 +7-1 +8-8

yield absolute shieldings, a conversion constant is introduced by a least-
squares fitting procedure) have a range of about 10 ppm for medium polarity
effects. The experimental shieldings come from high-precision '"“N measure-
ments,*>'?! with the elimination of bulk susceptibility effects by the use of
concentric spherical sample and standard containers. A similar agree-
ment'?' between the observed and calculated effects of medium polarity
on shielding is found for other nitroalkanes, namely those listed in Table
133 [note (b)].

The effect on the shielding of the structure of the alkane chain bonded
to a nitro group is typical for alkyl group effects {(Section V.F), provided
that solutions in solvents of about the same dielectric constant are compared
(Table 133). The effects make possible a simple distinction between
primary, secondary, and tertiary nitroalkanes (RCH,NO,, R,CHNO,, and
R;CNO; respectively). Nitrogen shielding provides a simple means of
distinguishing between nitroalkanes [115] and the isomeric alkyl nitrites
[116].

R-NO, R-O-N=0
[115] [116]
Nitrogen shielding ranges 0to =30 ppm ca. —190 ppm (Table 140)
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The shielding of the nitro groups attached to an aryl function does not
follow any simple rules when substituent effects are considered (Table 133
and ref. 2, p. 239). Electron-accepting groups appear to increase the
shielding, but there seems to be little differentiation between para, meta,
and ortho positions of substituents relative to the nitro group. The only
deshielding effect relative to nitrobenzene (Table 133 and ref. 2) seems to
be exerted by amino substituents.

Covalent nitrates RONO; are characterized by a relatively large shielding
of their NO, moieties (Table 133) when compared with nitro groups. In
contrast to this the nitrate ion NO;~ has a shielding comparable to that of
nitromethane. The shielding of nitric acid is extremely sensitive to its
concentration in aqueous solutions. For dilute solutions, the shielding is
essentially that for the NO;~ ion, but for neat HONO, the shielding
corresponds exactly to that of the covalent nitrate (Table 133). Thus,
nitrogen shielding appears to reflect the equilibrium [117], but this is

H*+NO;~ & HO-NO,
[117]

probably an oversimplification, since other nitrogenous ions can be involved
(Table 141) such as the NO, " ion. The large change in the shielding between
dilute and concentrated solutions of HNQOj is also reflected in the sensitivity
of the NO;~ shielding to the presence of acids [Table 133; note (a)]. The
"N spectra of mixtures of anhydrous HNO; with acetic acid anhydride327
show signals of HNO; and MeC(=0)ONO; which can be used for the
observation of changes in the equilibrium [118]. The addition of concen-
trated H,SO, results, after some time, in the appearance of a signal at
47 ppm which is evidently that of tetranitromethane C(NO;), (Table 133).

HNO; +(MeC0),0 2 MeCOONO,+MeCOOH

[118]
+42.5 ppm +68 ppm

X. Diazo compounds and diazonium salts

The terminal nitrogen nuclei (=N") of diazo compounds R,C=N"=N"
are substantially deshielded when compared with the central nuclei
(=N"=). The assignments in Table 134 are verified by selective N-
labelling and this has solved the controversy concerning their assignment
(ref. 1, p. 210, and references therein). The large relative deshielding
observed for the terminal nitrogen atoms in diazo moieties is also repro-
duced in diazonium cations (Table 135). This is opposite to the trend of
the relative shieldings of the central and terminal atoms in azides (Section
VI.M and Table 103), where the central atoms are usually less shielded.
One should note that in one report*® on the shielding of diazo compounds
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there is a considerable error in the referencing of the shielding, as indicated
in note (b) in Table 134.

When one compares the data in Table 134 with the shieldings of
diazomethane [119] (ref. 1, p. 210, and references therein; assignments
reversed in order to conform to the considerations mentioned above), a
large deshielding, by about 50 ppm, is observed for the terminal atoms
upon substituting the hydrogen atoms in diazomethane with phenyl groups.
An analogous effect is observed when fused benzene rings are added to
the structure of diazocyclopentadiene (Table 134).

CH,=N"=N"
[119]
+95 ppm (=N"=); —9ppm (=N")

The shieldings of diazoketpnes RC(=O0)-C(R)=N"=N" do not
significantly differ from those of diazo compounds. The same applies to
diazoesters ROOC-C(R)=N"=N", as is shown in Table 134. In the latter
compounds, the rotation of the COOR moiety can give rise to Z,E-
isomerism which has been observed in their nitrogen NMR spectra [Table
134; note (d)].

Nitrogen shieldings can simply distinguish between isomeric diazo
moieties and diazirine rings [120] owing to the equivalence of the nitrogen
atoms in the latter.

N
7
H,C
N
N

[120]
+47-5 ppm (Table 136)

The effects of substituents on the shieldings in p-substituted ben-
zenediazonium cations (Table 135) can be simply accounted for'®” in terms
of electron charge distribution, expressed by varying contributions from
the resonance structures [121] to the actual structure. An increase in the

e Y ek i
[(A] [121) (B]
electron-donating properties of R should cause the electron distribution
to approach that of structure [B), which should thus result in changing the
shielding to values characteristic of diazo moieties. This is actually observed
in the data presented in Table 135 when compared with those in Table
134. In contrast to this the shieldings of the diazo moieties of cyano-
substituted diazocyclopentadiene and diazo-diazacyclopentadiene (Table
134) are very similar to those of diazonium salts. This can be accounted

Z+
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for'®? in terms of the dominant contribution of the electron charge distribu-
tion depicted by the structures [122] and [123], which resemble [A], to

CN e
NC
KJEN [— H-N=N
NC Nelsg
CN
[122] [123]

the actual structure of these compounds. One should be cautious, however,
in employing such simple analogies. In particular, the effect on the shielding
of diazo compounds produced by additional benzene rings, introduced
either as phenyl substituents of diazomethane or as fused rings of diazocyc-
lopentadiene, is just opposite to that expected for the structures given
above (Table 134), i.e. deshielding is observed especially for the terminal
nitrogen atoms. According to the simple theory considered, the benzene
rings should assist in the delocalization of the excess electron charge over
the hydrocarbon moiety, thus causing the electron structure of the NN
moiety to resemble that of a diazonium ion. In order to rationalize this
discrepancy, non-linear structures of the diazo moiety are invoked,162 but
this must be considered as pure speculation, at least in the absence of any
clear supporting evidence from other sources.

In addition to the data in Table 134, nitrogen shieldings have been
reported>*’ for a number of organometallic derivatives of diazomethane
(in deuterotoluene; 10-1 MHz; field perpendicular to sample tube; referred
originally to neat aniline, +325-9 ppm from neat nitromethane; Table 37;
conversion scheme II, Table 4: '>N-enriched samples):

Nitrogenshielding (ppm)ref. toneat MeNO,

Me;SiCH=N"=N" =N'= +102:0 =N~ +386
(Me3Si),C=N"=N" +102-2 +38:9
(Me;Ge),C=N"=N" +110-9 ?

(Me3Sn),C=N"=N" +117-9 +108-9
(Me;3Pb),C=N"=N" +106-9 +104-0
Me, AsCH=N"=N" +100-9 +19-9
(Me,As),C=N"=N" +106-9 +52-9

The shieldings are greater than those for diazomethane (this section), but
the largest changes occur for the terminal atoms. A comparison of the
reactivity [124] of such organometallic derivatives of diazomethane with

R,C=N"=N"+PR’; - R,C=N—N=PR/,
[124]

phosphinesw’ shows that the diazo derivatives, which are reactive, are

characterized by differences between the shielding of the central and
terminal nitrogen atoms of at least 50-60 ppm. This indicates that the
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polarity of the diazo group rather than steric effects is probably responsible
for the reactivity towards phosphines.

Y. Azo and azoxy compounds, azimines, triazenes,
and related structures

The nitrogen nuclei of azo compounds RN=NR are usually strongly
deshielded when compared with other nitrogenous compounds (Tables 13
and 136) except those containing nitroso type groups (Tables 138 and 140).
There are two examples that depart significantly from the typical range of
shieldings of azo moieties, namely the +47-5 ppm value for aziridine and
the —618 ppm value for Me;SiN=NSiMe; (Table 136). The latter com-
pound reveals the greatest nitrogen deshielding that has so far been ob-
served in diamagnetic compounds. If these two shieldings are included in
the set of data for azo compounds, a roughly linear correlation of the
shieldings is observed® with increase in wavenumber of the lowest-energy
n- 7* transition in the corresponding UV spectra. However, the quality
of the correlation critically depends on the inclusion of the two limiting
values which deviate considerably from the other values; thus, only gross
changes in the shieldings can be accounted for by this simple relationship.

The protonation of azo compounds [Table 136; note (a)] leads to a
significant increase in the shielding, which is typical of nitrogen atoms in
unsaturated systems with lone pairs that are not involved in the m-electron
system (Section V.H). Azoxy compounds, which are N-oxides of azo
compounds, also reveal a considerable shielding of their nitrogen atoms
when compared with that of azo compounds (Table 136). This is in accord
with the general rules given in Section V.H and with the observation of
the nitrogen shielding in furoxans (Section VI.Q and Table 117). A similar
increase in the shielding for the N=N moiety, when compared with that
in azo compounds [125], is found in azimines [126] [Table 136; note (d)]
which are structural analogues of azoxy compounds [127] in the sense that

Nitrogen shielding data for N=N groups
R-N=N-R (ca. —150 ppm)

‘//////’[125]
R \‘ R

R—N:N/ (ca. +40 ppm) R—N:N: (ca. +60 ppm)
\O N-NR,
[127] [126]
the azimine structure contains an N - N dative bond in place of the N-» O
bond in the azoxy structure. Since both of the atoms in the N=N moiety
in azoxy compounds as well as in azimines show a considerable increase
in shielding with respect to that of azo compounds, there arises the question
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of the assignment of the shieldings. A study of azimines labelled with '°N
in their N=N moieties suggests,’>> on the basis of *’N-'H couplings and
the quadrupolar relaxation effects of the '*N nuclei in the remaining part
of the nitrogenous chain, that the atoms in N=N bonded to the N-N
moiety are characterized by a larger shielding (Table 136). This argument
has subsequently been used in assigning the higher shieldings of azoxy
moieties to the N-» O groups.

Azoxy compounds that can exist as geometrical isomers show significant
differences in shielding between the isomers (e.g. ¢is- and trans-azoxyben-
zene; Table 136).

In tetrazenes R,;NN=NNR; [128] the shielding of the azo moiety (N=N)
is higher by about 100 ppm than that of azo compounds (Table 136), but
the nuclei involved are still considerably deshielded when compared with
nitrogen nuclei in other diamagnetic compounds (Table 13). The shielding
of the amino moiety NR, is typical of enamino structures (Table 27).

R,N-N=N-NR, -25to —40ppm (N=N)
+280to +310 NR
[128] o ppm (NR;)

In triazenes one should separately consider two possible structures ([129]
and [130]) for which the common name is used. The shielding values for

a) ) 3) ) Q@
R-N=N-NR’; R-N=N-N=R’
(129] [130]
Nitrogen shielding ranges N-1 +20to +33 ppm —24 to —43 ppm
N-2 —65to —75 ppm —68 to — 105 ppm
N-3 +215to +230 ppm ca. +92 ppm

the amino-azo type [129] are taken from Table 136 and ref. 1, p. 209, and
references therein, for compounds where R = p-substituted phenyl and
R’'=Me; the assignments for N-1 and N-2 are tentative, based on the
effects of para-substituents (OMe, Cl, NO,) on the shielding.76 The values
for the imino-azo type [130] are based on a study’® of °N selectively and

<1

[131]

totally labelled compounds where R = p-substituted phenyl and R'is given
by [131]. The study also includes cations [133] derived from the triazene
structure [132]. The shieldings are referred to neat nitromethane, but some
complications are involved in their recalculation from the original data;*°
the *°N spectra (9-12 MHz) were referred originally to saturated aqueous
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Y
N
pX-C¢Hy N=N-N=R' N"=N-N=R'
[132] PONCH 13y
(in pyridine) (in CF3COOH)
X=H X =0Me Y=H Y = Et
N-1 —27-1 ppm —23-8 ppm
cis-isomers N-2 -77-2 -70-8
N-3 +91.6 +92:2
N-1 -43-1 —-43-4 +174-4 ppm +159-1 ppm
trans-isomers  N-2  —105-0 -96-8 -68-4 —-69:1
N-3 +91-5 +92.7 +56-7 +62:2

KNO, (~-228-9 ppm from neat nitromethane; Table 6), but the results
were reported as deshieldings from saturated NH4Cl in acidified H,O whose
shielding relative to KNO, was measured to be 590-7 ppm. This gives a
shielding of +361-8 ppm for the latter relative to nitromethane; this value
has been used in the recalculation, but it differs by about 10 ppm from the
values for NH,Cl given in Table 6. Thus, there is some uncertainty about
the calibration procedure and the standards used in the original report.
Nevertheless, the data clearly show that protonation of the imino-azo type
of triazene structure occurs at N-1.

Azo compounds can be involved in tautomeric equilibria with hydrazone
type isomers, such as presented in Table 137. Since there are large differen-
ces in the nitrogen shieldings between azo compounds and hydrazones
(Tables 13, 45, 136, and 137), the shieldings observed for potentially
tautomeric systems involving these structures should provide a facile
measure of the tautomerization equilibrium constants. However, the situ-
ation is not so simple, since the shieldings in model compounds (Table
137) show large effects due to internal hydrogen-bonding.>*' Therefore it
is not possible to approximate the shieldings in the actual tautomers by
those in the corresponding analogues where the NH and OH groups are
replaced by NMe and OMe respectively. A very interesting solution of the
problem has been recently offered.>>’ The method employs model com-
pounds that are not simple derivatives of the tautomers concerned. They
correspond closely, however, to the hydrogen-bonded structures of the
tautomers (Table 137). Their nitrogen shieldings over a wide range of
temperatures indicate that they do not tautomerize to any significant extent.
The assumed models look quite arbitrary, but the example in Table 137
provides an internal check for the calculation of the tautomeric equilibrium
since two nitrogen shieldings can be used independently for this purpose.

The observation of chemically induced dynamic nuclear polarization
effects in the '’N NMR spectra of some azo compounds undergoing thermal
decomposition is presented in Table 9 and Section I'V.H.
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Z. Nitroso compounds, nitrosoamines, and nitrites

The nitrogen nuclei of nitroso groups (Tables 13, 138, and 140) are
characterized by large deshieldings when compared with those of other
diamagnetic systems. It is therefore quite simple to identify such groups
by means of shielding data. There are also considerable differences in the
shielding between N -nitroso [134], O-nitroso [135], and C-nitroso [136]

Nitrogen shielding range
[134] R,;N-N=0 nitrosoamines +110 to + 160 ppm (R;N)
—175 to — 150 ppm (N=0)

[135] R-O-N=0O covalent nitrites ca. —190 ppm
[136] R-N=0 nitrosoalkanes and —580 to —430 ppm
aromatic nitroso
compounds

groups. The relatively small shielding of the NR, groups in nitrosoamines
when compared with that of triazenes (RN=NNR,; Section VIY),
hydrazones (R;C=NNR;; Table 45), and amides (RCONR;; Tables 14,
57, 59), can be explained, at least in part, by the considerable delocalization
of the lone pair from the NR; ‘moiety over the N-N=O system of a
nitrosoamine. This is reflected in the rather high barrier to internal rotation
(ca. 90-100 kJ mol ™ ; ref. 45 and references therein) about the N-N bonds
in nitrosoamines [137]. The same effect is probably responsible for the

[137]

rather high shielding of the nitroso groups of nitrosoamines when compared
with C-nitroso compounds (Tables 138 and 140). For some unsymmetri-
cally substituted nitrosoamines, it is possible to observe a separate shielding
for the E and Z isomers (Table 138), but the difference between them is
often small. The effect of alkyl groups on the shielding in the NR, moieties
of nitrosoamines follows the general rules described in Section V.F. Since
the effects are not connected with the delocalization considered above,
there is no correlation between the NR; shielding in nitrosoamines and
the barrier to internal rotation within this class of compounds. However,
the NMe, moieties in different classes of structures that contain =N-NMe,
systems4csan be compared from the point of view of shielding and rotational
barrier:
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Free enthalpy
of activation
Nitrogen shielding  of NMe; rotation

Structure (ppm) for NMe, (kJ mol™ ) N-N bond length (A)
Me;N-N=0 ca. +150 96 1-344

Me,N-NO, ca. +218 (62)? 1-382
Me,N-N=NPh ca. +225 57 (1-393)?
Me;N-N=CHR  ca. +282 (31)? 1-43

Me,N-NH, ca. +323 (12)? 1-45

The values in parentheses are predicted,®’ as far as the shieldings are
concerned, from the least-squares linear correlation fit with the barrier
height for a rather limited set of molecules, including Me,N-NO and a few
triazenes of the Me,N-N=NPh type. The set seems, however, to be too
small (only two types of structure are involved) to justify the extrapolation
made. A somewhat better situation exists for predicting the N-N bond
length in the triazenes from a consideration of the above data.

One should note some discrepancy between the shieldings in Me,NNO
and Et,NNO (Table 138), as measured from >N [note (b)} and 14N spectra
[note (a)]. This comes, most probably, from bulk susceptibility effects on
the !N measurements where Cr(acac); is added*® to the samples, according
to considerations discussed in Section III; the '*N data do not contain such
effects, as indicated in note (a) in Table 138.

The protonation of nitrosoamines leads to cations (Tables 138 and 139)
which are characterized by smaller differences in the shielding between
their R;N and =N-OH moieties than those between R;N and N==O in
the parent nitrosoamines. The observation of changes in the shielding of
dimethylnitrosoamine upon addition of CF;COOH and FSOsH (Table 139)
is used*’ for calculating the shielding of the cations and the equilibrium
constant for protonation.

The nitrogen shielding in ethyl nitrite Et~ONO can be considered to be
representative of alkyl nitrites, since only weak effects are expected upon
exchanging the ethyl group for other alkyls. This can be inferred from the
negligible difference between the alkyl nitrates MeONO, and EtONO,
(Table 133). There is a large difference between the shielding of nitro-
alkanes R-NO, (Table 133) and that for the isomeric structure of an alkyl
nitrite R-O-N=0 (Table 140).

In nitrosoalkanes R-NO the shielding of the NO group occurs within
the rather narrow range of —560 to — 580 ppm (Table 140) provided that
there are no substituents other than alkyl groups on the C-a atoms. In
conjugated nitroso compounds, the small amount of data available indicates
that substituents ¢n the conjugated rings can severely affect the shielding,
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as shown by the difference of about 100 ppm between the values for
nitrosobenzene and p-methoxy-nitrosobenzene (Table 140).

Conjugated nitroso compounds that contain OH groups in positions para
or ortho to NO can be involved in tautomeric equilibria with quinone-oxime
structures (Section VI.U), and since there is a large difference in the
shielding between the tautomeric species they can be used in an estimation
of the relevant tautomerization equilibrium constants.

The nitrite ion NO,  shows some deshielding of its nitrogen nucleus
when compared with that in ethyl nitrite (Table 140). This is analogous to
the difference in the shielding between alkyl nitrates and the nitrate ion
NO; (Table 133).

The difference in the shielding between the isomeric nitro and O-nitroso
(nitrito) structures is also present in the corresponding ionic species (Table
141), as has been shown**® for the reactions [138] and [139].

Me\ Me
. N
[138] SO + NO* =so’c, $*-0-NO
/ /
Me Me
_ dimethyl nitrosonium dimethylnitritosulphonium
sulphoxide ion ion
+3-3ppm —-616-8 ppm
Me\ Me\ Me\
[139] S + NO;" e, S*-O-NO + S™-NO,
/ s /
Me Me Me
nitronium dimethylnitro-
ion sulphonium ion
+131:5 ppm -616-8 ppm -257-8 ppm

AA. Dinitrogen and its complexes

The shielding of N, molecules is interesting from the point of view of
an absolute scale of nitrogen screening constants (Section V.B, also Section
I1.A). In addition, ab initio theoretical calculations can be carried out only
for relatively simple molecules such as N,. The anisotropy of the solid N,
shielding tensor is reported'” to be 603 + 28 ppm. This agrees satisfactorily
with earlier estimates' and with the value of 566-82 ppm given in Table 1
as a result of some INDO/S parameterized calculations.'® Recent data on
the shielding of N, (Table 142) can contain systematic errors of a few ppm
due to the calibration procedures involved. Some of the data [notes (a),
(b), and (d)] refer to solutions at low temperatures, for which the calibration
was probably carried out by the sample replacement method, using aqueous
NaNO; or HNQj as reference. For the measurement of gaseous N» [note
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(c)], neat nitromethane containing some Cr(acac); was employed as an
external standard. This can result in significant bulk susceptibility effects,
much larger than those calculated from equation (14) employing values of
volume susceptibilities given in Table 5.

The '°N spectra of some complexes of N, with molybdenum and tungsten
(Table 142) clearly show the inequivalence of the nitrogen atoms in the
N; ligands. The assignment of the shielding to metal-bound and terminal
nitrogen atoms is tentative (N-a denotes metal-bound atoms), since it is
based on the assumption of a larger absolute value for ">’N->'P coupling
across two bonds than across three bonds.>*” In a binuclear complex of
zirconium with N, [Table 142; note (d)], the shieldings are compatible with
the structure of the complex in the solid state as determined by X-ray
methods.*** Since '° N; molecules are studied, the assignments are based
on the observation of ’N-'°N couplings for the terminal N, ligands and
a singlet signal for the central N, moiety. At temperatures above +12 °C,
the resonances of the terminal ligands show dynamic broadening and they
collapse at about +50°C, indicating a dissociation-association process
which probably occurs through free N, molecules [140]. An analysis of the
dynamic "’N NMR spectra of the complex in toluene solution yields®*?
rate constants for the exchange and an activation energy of about
50 kJ mol™".

M-N=N & N=N &2 N=N-M
(+M)

[140]

BB. Some miscellaneous complexes containing nitrogenous ligands and
some free radicals

Nitrogen shielding provides a simple distinction between the ‘‘singly
bent” and ‘“‘doubly bent” structures of diazenido ligands,”** as shown in
Table 143. The protonation of a doubly bent ligand leads to a consider-
able increase in the shielding involved, following the rules described in
Section V.H.

The data for a number of ammino (NH3) and nitrosyl (NO) complexes
of Co, Ru, and Os [Table 144; notes (a) and (b)] indicate that the two
ligands can be simply distinguished by means of nitrogen shielding, but the
accuracy of most of the results reported is too low for any correlation with
the structure of the complexes to be made.

The shielding of the n-hexylamine ligands in complexes with Pt and Pd
[Table 144; note (c)] of the general formula [141] shows significant changes
upon changing the ligand R. There is a good linear correlation between
the shielding of Pt complexes and that of the corresponding Pd complexes.
The correlation may be useful for investigations of the structure of the
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palladium complexes, since metal-ligand coupling constants are not ob-
served in the spectra of the latter”®’ while they are available for the Pt
complexes. There seems also to be a significant difference between the
shielding of the amine ligand for the isomeric complexes with R in the
trans or cis position relative to the amine ligand. If we compare the data
for the complexes considered with a value of +360 ppm which is charac-
teristic of straight-chain primary amines (Table 17), the complexation
induces changes in the shielding which can be of either sign, depending on

the substituent R.
(R)XCl,(n-hexylamine) X=PtorPd

[141]

In rhodium(111) complexes with diaminoalkane ligands and aza-aromatic
ligands [Table 144; note (d)], an increased shielding is observed relative
to the free ligands125 [Table 17, note (i); Table 122, note (h)].

The data for some cyclopentadienyl-nitrosyl complexes of Cr, Mo, and
W, which have the general structure shown in Table 144 [data correspond-
ing to note (e})), indicate that the shielding of NO increases with an increase
in the atomic weight of the metal.”**

In the Pb(11) complex of 1,4,8,11-tetraazacyclotetradecane [Table 144;
note (f)], the NH ligands are known to occupy pairwise the non-equivalent
positions around Pb(1); this is clearly reflected in the nitrogen shieldings.>*®

Investigations of imidazole in aqueous solutions containing zinc(ir)*”
and cadmium(11)*'® ions have been reported. Hexacoordination is found
in the zinc(11) solutions and tetracoordination in the case of cadmium(i1)
ions. Upon coordination with zinc(ir) the imidazole nitrogen shielding
increases by 10-20 ppm; the corresponding increase is 8-12 ppm in the
case of cadmium(rr).

The "N spectrum of the hexanitrocobaltate(1i1) ion shows that a time-
dependent decomposition of the ion leads to the production of a cobalt(i1)
complex and nitrate ion in the solution.*’’ It appears likely that this
decomposition is responsible for the misassignment of the '*N spectrum
of this ion by earlier workers.*?! The value of 'J(**Co-'*N) is estimated
to be 46+4 Hz. In the light of these findings on hexanitrocobaltate(11r) it
would seem to be reasonable to re-examine the conclusions drawn from a
previous '“N study on the nitro complexes of platinum and palladium.421

The induced "*N chemical shifts observed in aqueous thiocyanate sol-
utions, in the presence of praseodymium(iin), neodymium(Iir), euro-
pium(1r), terbium(ir), dysprosium(ii), holmium(i), and ytterbium(in)
ions, are reported to be due to contact interactions.**” The dependence of
the shifts upon thiocyanate ion concentration suggests the formation of
inner-sphere complexes.***> Solvent effects on the '’N spectrum of 1-
methylsilatrane have been investigated for a variety of solvents. A range
of induced shifts of about 12 ppm is reported.**’
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Direct dipole~dipole coupling between *7Pb and '*N has been reported
for a single-crystal of lead nitrate.*** This coupling results in a linewidth
dependence on orientation for the >°’Pb signal which may be used to assign
the *°’Pb signals to the different sites in the cubic unit cell of lead nitrate.

A well resolved splitting of the !N signal of some non-stoicheiometric
cubic manganese nitrides has been reported.*>> The splitting decreases
with increasing temperature and is attributed to the presence of nitrogen
vacancies in the lattice.

Studies on methyl isocyanide complexes of gold(1), palladium(ir),
platinum(ir), and platinum(rv) show that the "“N chemical shifts of the
complexed ligands fall almost equally either side of that of the free
isocyanide.**? It appears that the shifts are more sensitive to the substitution
of cis-halides than to those in the trans position.***

A '“N NMR investigation of a,a -diphenyl-g-picrylhydrazyl (DPPH) has
revealed a hyperfine splitting constant of —0-042 +0-005 mT for the nitro
group.*?® For such small "N splittings in free radicals the NMR method
appears to have advantages over ELDOR, ENDOR, and triple-resonance
techniques.

The nitrogen ENDOR lines of '’N-labelled DPPH are readily detec-
ted.*?” When taken together with NMR, ESR, and triple-resonance results,
the ENDOR data provide a consistent description of the electronic structure
and dynamic processes of DPPH. "N ENDOR data are available for
single-crystals of silver(ir)- and copper(u)-tetraphenylporphyrin428 and for
single-crystals of X-irradiated hippuric acid,*** oxovanadium(1v)-porphyrin
in solid solution,*** and Coppinger’s radical both in isotropic solution and
in liquid crystals.**!

VII. CORRELATION OF NITROGEN SPIN-SPIN COUPLINGS
WITH MOLECULAR STRUCTURE

Problems concerning the magnitudes, signs, and structural correlations
of spin-spin couplings between '’N and other nuclei have already been
considered in detail."** Nitrogen coupling constants, until recently, have
been mostly measured from the spectra of '>N-coupled nuclei. With the
advent of NMR spectrometers that employ high magnetic fields and large-
bore sample containers, it has become feasible to measure "H-coupled °N
spectra within reasonable accumulation times, even at the natural-abun-
dance concentration of '’N. The same applies to the spectra of '°N nuclei
which are coupled to other nuclei with a spin of 1/2, provided that the
latter are either abundant in nature or introduced as labels.

Spin-spin couplings of '*N with other nuclei are observed only occasion-
ally, because of the rapid quadrupolar relaxation of "N nuclei in most
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molecules. Where available, couplings involving '*N can be converted to
the corresponding °N coupling constant by using the equation

J(P’N=X) = —1-4027J (**N-X) (30)

Thus, only '°N coupling constants are considered here. Spin-spin couplings
involving '°N play an important role in the application of nitrogen NMR
to the structure determination of nitrogen-containing molecules, since their
values are often characteristic of the character and number of intervening
bonds between the nuclei concerned. Multiplet patterns which result from
the couplings, which can be observed in undecoupled N spectra (occasion-
ally also in '*N spectra) often provide a means of unambiguously assigning
the resonance signal and the corresponding shielding to individual
nitrogenous moieties in molecules. It is convenient therefore to classify
*N couplings "J (*’N-X) according to the coupled nuclei X and the number
n of intervening bonds.

A. 'J(N-H)

The couplings across one bond between '°N and 'H are negative, and
their absolute magnitudes are considerably larger than those of '’N-'H
couplings across more bonds.">* Recent values of one-bond NH couplings
for a number of molecules and ions are presented in Table 145. The simplest
application of one-bond NH couplings to nitrogen shielding assignments
is concerned with the corresponding multiplet patterns in proton-coupled
nitrogen NMR spectra which allow one to identify the resonance signals
of NH;", NH; (or NH,"), and NH (or NH") moieties, provided that
intermolecular proton exchange is sufficiently slow. Numerous examples
of such applications can be found in Section VI and the corresponding
tables. If protons are exchanged within the same molecule, as is the case
with some porphyrins (Table 116; references 283 and 284), the observed
value of the coupling represents a weighted average which includes the
couplings with a given proton at the other sites of residence. Since the
absolute values of '’N-"H couplings across more than one bond are much
smaller than that across one bond, the apparent 'J(!*N-'H) is reduced
significantly in such systems. This reduction in magnitude is indicative of
the intramolecular exchange of protons. A good example of this
phenomenon is provided by the N spectra of "’N-labelled octaethylpor-
phyrin [142] in CDCI3.2%**®* At —53°C, the spectrum contains a singlet
and a doublet split by 98 Hz; the latter value is typical of 'J(**N-"H) in
pyrrole type systems. At +28 °C, only a quintet is observed, split by 24 Hz,
which is almost a quarter of the spacing at low temperatures. This indicates
that the NH protons are exchanged among the four nitrogen atoms, and
the long-range N-H couplings are close to zero.
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If major structural differences between molecules are considered, the
corresponding 'J(**N-"H) values often show a reasonable correlation with
the amount of s-character of the N-H bonds involved, but notable excep-
tions are known.” Thus it is generally unsound to try and estimate the
s-character of an N-H bond from the 'J(**N-'H) data. However, such a
correlation, which actually represents the dominating contribution of the
contact term to the coupling in numerous cases (Section II.B), makes

Approximate character

Approximate value

Structure of N-H bond of 'J(**N-"H) (Hz)
Alkylamine sp>-s ca. —65
Arylamine spz—s —80to —90
=
NH
Sy
(pyrrole type structures) spz—s ca. —95
Alkylammonium and
arylammonium ions sp°—s ca. =75
\ +
¢ Xw
(pyridinium type ions) sp’-s ca. —96
R-C=K-H sp-s ca. —135
(nitrilium ions)
R,C=NH (ketimines) spz—s ca. —50 (anomalously low)
H
/¢ 2 H 2
R,C=N sp°-s ca. —91 (typical of sp™—s
N
R bond)
(immonium ions)
R-C(=0)-NHR’ sp’-s ca. —90

(amides)
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possible a simple distinction between a variety of structures on the basis
of 'J('*N-'H) values. The values quoted are based on those in Table 145 and
in references 1, 2, and 4.

A rather high absolute value of 'J(**N-"H), (—)86-7 Hz, is found**' in
the amino NH group which links two carbohydrate ring systems in
bis(methyl-2 - O-acetyl-4,6 - O-benzylidene-3-deoxy-a-p-altropyranosid-
3-yl)amine; this is accounted for in terms of steric repulsions which may
have resulted in a flattening of the bonding arrangement in the amino
moiety.

In a study of pyrrole and its substituted derivatives”®® no evident changes
in the 'J(**N-'H) values are observed upon a change in solvent, tem-
perature, or concentration. This has been used as an argument against any
appreciable tautomerization [143] of acetylpyrroles into the isomeric imino

form.
(/ \ = /"5
R & R
N eid N
H | ]
o} _0
[143]

The data in Table 145 show that there is a small but regular difference
between the 'J(**N-'H) values for trans- [144] and cis-amide [145] struc-
tures, but this difference seems to largely vanish in polyamides dissolved
in CF;COOH.'**

3 T
R N R N
NN, NN
P i
O 0O
[144] [145]
PIEN-RE > ION-'H)

The 'J(**N-"H) couplings of a -amino-acid N-carboxyanhydrides (Table
145; ref. 185) are significantly stronger than those of amido type structures.
This is interesting, since they contain cis-amide type moieties, which are
usually characterized by weaker N-H couplings than the corresponding
trans -forms.

Since absolute values of 'J(**N-'H) are of the order of about 100 Hz,
the collapse of multiplet patterns of NH moieties in >N NMR spectra can
be used for monitoring proton exchange processes which occur at rates of
the order of 100s™'. This has actually been done for ureas,180 lactams,w1
arginine,*® and histidine.”’®
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B. 2J7(**N-'H)

The two-bond '’N-C-'H couplings across a saturated (tetracoordinate)
carbon atom are quite small in absolute magnitude, and the data in Table
146 indicate that they are generally positive in sign. It is known’ that such
couplings reveal a dependence of the orientation of the lone pair electrons
on the nitrogen atom with respect to the C-H bond. The largest values
are observed when the bond is cis to the lone pair.” This explains the
differences in the 2J(*’N-"H) couplings observed in alumichrome (Table
146; ref. 356). Attention is drawn to the small values of 2J (**’N-"H) in
silatranes (Table 146, ref. 124, and Table 29 for the geometry of their
structures), where the lone electron pair is involved in a dative bond to Si,
and the relevant dihedral angle is about 120°. If the intervening atom is
N or O, the corresponding 2J7(**N-N-'H) and *J(**’N-O-'H) couplings are
also small (Table 146; refs 77 and 357), comparable in value to the
2J(**N-C-H) coupling across a saturated carbon atom.

The situation is quite different when the intervening carbon atom is
tricoordinate as in [146] and [147]. The two-bond couplings across a
carbonyl carbon atom [146] are quite large (Table 146; ref. 373) in absolute
magnitude and can be distinguished easily from the coupling across a
saturated catbon atom.

N H H
15N=C/
N

[146] [147]

When the coupling occurs in an imino type moiety [147], which also
includes those in the aza-aromatic systems of azines and azoles, the values
of >J(**N=C-"H) depend critically on the structure of the bonds at the
nitrogen atom involved, as is shown in Tables 146 and 147. If N is a
pyridine type nitrogen atom or, generally, one with a lone pair of electrons
(in imines, oximes, etc.), the coupling is large and negative. In addition its
absolute value decreases significantly upon protonation of the lone pair.
An even more dramatic change occurs when an N -oxide is formed, since
the coupling can take a small positive value. Quite analogous observations
have been made for conjugated cyclic lactams of the uracil type (Table
146; ref. 355). The coupling is large (in absolute magnitude) if N bears a
lone pair, as is the case in the anion of 3-methyluracil, but it is reduced
considerably in the parent molecule where a hydrogen (or deuterium) atom
is attached to N. In azole systems, the two-bond N=C-H coupling is
stronger for pyridine type nitrogen atoms than for pyrrole type nitrogen
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atoms where the lone pair is involved in a delocalized w-electron system
(Table 146; refs. 208, 209, 276, 277).

C. *J(°N-'H)

In saturated systems, the coupling across three bonds (ISN—C—C—IH) can
be larger in absolute magnitude than that across two bonds.” However,
the former depends on the dihedral angle between the N-C and C-H
bonds, and should attain a maximum absolute value for 0° (cis arrangement)
and 180° (trans arrangement), and a minimum at about 90°. Thus, in the
gauche arrangement where the angle is about 60° rather small absolute
values of *J(**N-'H) are expected. All this is corroborated by the recent
data presented in Table 148 (references 367-369). A number of equations
have been suggested which relate the dihedral angle to *J(*’N-C-C-"H).
The data for ammonium ions (Table 148; ref. 369) have been fitted to a
three-parameter function

J(**N-C-C-'H)= A + B cos ¢ + C cos(2¢) (31)

where ¢ is the dihedral angle, and the following values are obtained (the
actual values refer to the coupling of N, and are recalculated here to '°N

couplings):
A=198 B=-0-79 C=212

which yield a standard deviation of about (-3 Hz between the observed
and calculated couplings.369 Somewhat different equations are suggested
for *J (ISN—C—C—IH) couplings in amino acids,367'3(’8'8°4 those of the type

37(°N-C-C-'H)=A cos’ ¢ + B cos ¢ + C (32)

For ornithyl residues in alumichrome,*™ the values of the parameters are
found to be
A=-44 B=12 C=0-15

but the *J(**N-"'H) couplings between different amino acid residues (those
across a carbonyl carbon atom) are not fitted into such a scheme. This is
in contrast with the suggested relationships (ref. 1, p. 224, and references
therein) between the dihedral angles and 3J(**N-"H) data in the systems
[148]. However, one should remember that in establishing or evaluating

15N-ﬁ—C—‘H

[148]

such correlations, the values of the angles are often taken from crystallo-
graphic data and the latter do not necessarily correspond to those in
solution.
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The three-bond '*N-'H couplings in unsaturated systems, including
aza-aromatic structures, do not differ appreciably in absolute magnitude
from those in saturated systems. This is clearly different from the situation
with °J ('>N-"H) values (Tables 146 and 147). Thus, in pyridine ring systems,
and in azoles (Table 148), the absolute values of >J('>N-'H) are smaller
than those of the corresponding 2y (*>’N-"H) but this is reversed in the
derived cations and N -oxides. It should be noted that there are opposite
trends between the *J(**N-"H) and 2J(**’N-'H) data in the following set
of aza-aromatic systems:

*7(**N-'H) (Hz) ?J(**N-"H) (Hz2)
Pyridine -1.48 -10-8
Pyridinium ion -3.98 -3.0
Pyridine N -oxide -5-32 +0-5

In azole ring systems, the >J(*>N-"H) results are often comparable to
those across only two bonds (compare Tables 148 and 146). Thus, in
aza-aromatic ring systems, the assignment and interpretation of *J ("*’N-"H)
data are not straightforward.

The *J(**’N-"H) coupling in the systems [149], which can be found in
imines and oximes, shows some effect of the geometrical relation between

s
—N=C-C-H
AN
[149]

the lone pair on the nitrogen atom and the position of the CH moiety
(Table 148; refs 357, 363, and 365). When the CH moiety is cis to the
lone pair [150], the coupling is always stronger (in absolute magnitude)
than that in the isomeric frans arrangement of the CH moiety and the lone
pair [151]). These observations are useful for the identification of Z and

R R’ R C{{
\N:C/ \N=C/ N
TN 7 e
150 > [151]
*J(N=C-C-'H) ca. —4 Hz ca. —2 Hz

E isomers of oximes and imines by means of 37(°N=C-C-'H) couplings,
in spite of the fact that the difference seems to be small, since the available
data (Table 148) show that the individual values do not depart significantly
(£0-5 Hz) from the approximate values given above. The effect of the lone
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pair orientation relative to the CH moiety is even more pronounced in
oxaziridine ring systems (Table 148; ref. 363). The difference almost
vanishes when the lone pair is replaced by a bond to an oxygen atom, as
is shown for isomeric nitrones [152] and [153] (Table 148; ref. 363) where

R R’ R o
AN / N A
C=N C=N
/ N / AN
H,C 0 H,C R'
[152] [153]
37(N=C-C-'H) -3-4Hz —~3-2Hz

R = 4-nitrophenyl and R’ = t-butyl. The same lack of significant differences
between the three-bond '*’N=N-C-'H couplings is found (Table 148; ref.
263) in aci-nitro isomers of nitramines [154] and [155] where R = methyl
and the nitrogen atoms involved in the coupling do not bear lone pair
electrons.

H,C OR H,C 0
AN / N »
N:N\ N=N\
o OR
[154] [155]
3J(N=N-C-H) (-7)5-3Hz (-75-3Hz

The data available in Table 148 suggest that the *J(**N-"H) couplings
should be negative and some doubts may arise only for those with absolute
values close to zero.

D. *N-'H coupling across more than three bonds

Some long-range "’N-'H couplings have been observed recently in
conjugated systems (Table 149). In pyridine, its cation, and its N-oxide,
the couplings across four bonds are small and positive, and show an increase
in this order; thus, the trend is in the same direction (an algebraic increase)
as that observed in the corresponding 2J (**’N-"H) couplings (Section VILB).
However, in pyridazine (ref. 1, p. 226, and references therein), the 4J(°N-
'H) coupling is negative, —0-367 Hz.

The four-bond and five-bond *N-'H couplings in nitrobenzene (Table
149) are small and negative. They are of the same sign and magnitude as
those found in nitropyrroles (ref. 1, p. 226, and references therein).

E. lJ(lsN—“C)

One-bond "°’N-"°C couplings have been reported to occur within the
range from +4:9 Hz (an oxaziridine derivative) to —77-5 Hz (2,4,6-
trimethylbenzonitrile N -oxide), but they are usually negative in sign and



118 M. WITANOWSKI, L. STEFANIAK AND G. A. WEBB

absolute magnitudes do not normally exceed 35 Hz.*'? There have been
attempts to correlate 'y (ISN—”C) data with the amount of s-character of
the N-C bonds involved, but further studies tend to discourage such
attempts.”>*'> Generally, the absolute magnitude of carbon-nitrogen
couplings across one bond (Table 150) is larger than those for the coupling
across more bonds (Table 151), and this may tempt investigators to use
the couplings for the localization of direct N-C bonds in '*C-labelled
compounds. However, the procedure can be misleading, since some 'J (*’N-
C) coupling values can be close to zero, and smaller (in absolute magni-
tude) than the corresponding long-range couplings. Such exceptions are
found when the nitrogen atoms involved bear lone pairs with considerable
s-character.*’> These include pyridine type nitrogen atoms in azines and
azoles, and imino type nitrogen atoms in imines and oximes. For pyridine
(Table 150; ref. 359) the 'J('’°N-">C) coupling is +0-62 while “J(*°N-
PC)=+2-53 and *J(**N-"’C)= —3-85Hz (Table 151). Similarly, the
coupling between 3-N and 4-C in N -methylimidazole (Table 150; ref. 276)
is only +0-9 Hz. In N-phenylpyrazole (Tables 150 and 151; ref. 277), the
coupling between 2-N and 3-C is (+)1-2 Hz while that between 2-N and
4-C is larger in absolute magnitude. As far as imines are concerned, recent
examples show (Table 150; ref. 389) that in [156] derivatives with sub-
stituents on the C-phenyl ring, the J(PN="C) couplings are larger in

Ph
N
C=N
/ AN
Me Ph
[156]

absolute magnitude than 5 Hz (contrary to reports in ref. 413), but the
'J7(*>’N-"2C) coupling which involves the adjacent carbon atom of the
N -phenyl ring is small, i.e. about 1 Hz. In oximes (Tables 150 and 151;
refs 64, 69, and 390), the absolute values of the 'J("’N="C) couplings
are about 4 Hz, but some of the corresponding 2J(**’N=C-"3C) data are
larger.

An attempt has been made to detect *C-"*N units by the corresponding
'J("*’N-"°C) data in adenine obtained by simply heating formamide with
hydrogen cyanide.387 When doubly labelled H"C"N is used, three such
units are detected (Table 150; ref. 387) in the adenine obtained, but when
doubly labelled formamide H'?*CO'*NH, is employed, no detectable
'J("*N="2C) couplings are observed in the product. This is used as an
argument in favour of a thermal fission and re-formation of the C-N bonds
in formamide molecules in the process examined. The latter conclusion
has been strongly criticized®® using arguments based upon the fact that
'J (ISN—”C) values can be quite small in some instances, and experimental
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data for adenosine are reported which show that some of the HT(PN=C)
couplings are undetectable (no coupling of 2-C is detected with two adjacent
N atoms, and only one of the couplings of 8-C has been measured, either
with 7-N or 9-N). The same should apply to the reported lack of measurable
'7(**N-"°C) data in purine obtained from doubly labelled formamide.*'’
However, experiments with doubly labelled ['*C,"*N]formamide diluted
with non-labelled formamide and heated to + 164 °C show that thermal
fission and recombination of the C-N bonds takes place,‘”6 since in the
3C spectra taken at different times there is a decrease in the intensity of
the resonances that reveal '’N-">C coupling and an increase in the intensity
of singlet peaks.

Nevertheless, one should be wary of the limitations inherent in the use
of 'J(**N-">C) data for the detection of C-N bonds, especially when
arguments are based on the absence of measurable couplings. In spite of
the limitations, there have been numerous applications of 'J(PN-20)
couplings in the identification of various structural fragments in molecules.
The observation of 'J(**N-">C) couplings in the benzylation products of
8-methylthioimidazo[4,5-g]lquinazoline (Table 150; ref. 351) has led to the
determination of the site of benzylation. The structure of the intermediate
in thé formation of urogen (Tables 116 and 150; ref. 282) is verified by
the observation of a '>)C-'°N fragment by means of 'J('’N-'C). The
biosynthetic pathway of nitrogen in the formation of streptonigrin (Table
150; ref. 388) from doubly labelled (2-'>C,1-'*N in the indole moiety)
tryptophan is traced down owing to the observation of 'J('’N-"C) in the
product. The *C resonance signals of the antibiotic nybomycin have been
assigned on the basis of the detected 'J('’N-"C) coupling in biosyntheti-
cally "’N-labelled nybomycin (Table 150; ref. 382). The 'J(*’N-"C) coup-
lings in chetomin (Table 150; ref. 204) play an important role in the
determination of its structure.

One-bond '’N-">C couplings in saturated systems (Table 150) have
absolute magnitudes of a few Hz, and they are presumably negative in
sign.”‘413 The only exception so far found is for oxaziridines (ref. 413 and
references therein), but the recent data on aziridine derivatives (Table 150;
ref. 378) provide the largest positive values of 'J(*’N-">C) ever observed,
i.e. +5 to +8 Hz. These values lie slightly outside the range of 'J(**N-">C)
couplings reported*'® and quoted at the beginning of this section. They
seem to indicate that there is relatively very little s-character in the C-N
bonds of the three-membered rings of aziridine derivatives.®’®

There is a slight increase in the absolute value of 'J(*’N-'>C) upon
passing from a saturated amine to the corresponding ammonium ion (Table
150; refs 68 and 374). In alkylammonium jons®”® there are small but
definite differences between the 'J(’N-'>C) couplings for the systems
[157]{160] when the N atom is bound to four carbon atoms. The increase
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in the absolute value of 'J (15N—”C) which occurs upon protonation of
amino groups is also evident in amino acids (Table 150; refs 221 and 376).

Absolute values of 'J(*’N-'3C)(Hz)

[157] “N-CH; 4:9t06-0
[158] “N-CH, 3-5t04-6
[159] “N-CH 1-7t0 25
(160] *N-C (quaternary) ca. 10

One-bond '’N-"C couplings with carbonyl carbon atoms have much
larger absolute magnitudes than those involving alkyl carbons and they
can be readily distinguished from each other. The absolute values of the
former range from 12 to 26 Hz, as shown by the data in Table 150, while
the latter do not exceed 10 Hz.

In arylamines, the absolute values of 'J (**N-">C) couplings with conju-
gated carbon atoms occur within a range of 10-18 Hz. Protonation of the
nitrogen atoms in arylamines results in a decrease of the corresponding
absolute values. This is opposite to the protonation effects observed in
saturated amines (Table 150). The couplings in N -aryl moieties belonging
to other structures, e.g. amides, pyrrole type nitrogen atoms in azoles, and
conjugated nitro compounds, are comparable to those found in arylamines.
However, if the nitrogen atoms involved bear lone pair electrons with
considerable s-character, as is the case for imines [161], azo type structures
[162], etc., the absolute values of 'J(**’N-'C) involving conjugated carbons
are greatly reduced (to less than 4 Hz). Good examples of this effect are

C=N N=N
AN AN
(aryl) (aryl)
[161] [162]

provided by the 'J(*?’N-'°C) data of azimines and azoxybenzenes (Table
150; ref. 329). The corresponding theoretical aspects of these observations
are dealt with in Section II.B. One-bond '*N-">C couplings across conju-
gated or double C-N bonds depend critically upon whether the nitrogen
atoms bear lone pairs with significant s-character. If such pairs are present,
as in pyridine type nitrogen atoms in azine and azole ring systems, imines,
and oximes, the couplings attain values from +1 to —7 Hz; the smallest
absolute magnitudes are found for pyridine type nitrogen atoms, and the
largest for the C=N moieties in imines (Table 150). Protonation of the
lone pair or its replacement with an N-oxide bond results in quite large
and negative couplings ranging from —10 to —22 Hz. Typical examples
of such effects can be found in pyridine [163] and related structures [164]
and [165],>>° as well as in imines [166] and their N-oxides (nitrones)
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[163] Pyridine +0-62
[164] Pyridinium ion -11-85; 'J(**N-’C) (Hz)
[165] Pyridine N-oxide -15-23
[166] C=NO ca. (-)7
AN
R
O lj(lsN:ISC) (HZ)
A
{167] C=N" ca -21
AN
R

[167].%°>%%° Such effects are also observed in azole ring systems (Table
150) where pyridine type nitrogen atoms are characterized by small ' J(**N-
3C) values compared with pyrrole type nitrogen atoms, but the difference
is largely removed upon protonation of the former.

Large absolute couplings are observed in the C="N moieties of diazo
compounds (Table 150; refs 29 and 67) which are comparable to those
found in nitrones.’®’

The largest absolute 'J(*’N-">C) value in Table 150 is that found for
the N-C= moiety in PhN(Me)-C=CMe,*** but the coupling across triple

bonds in nitriles [170] and isonitriles [169]*°? is much weaker. The absolute

[168] R;N-C(=C-R) ca. (-)36 Hz
[169] R-N*=C~ ca.(—)10 Hz
[170] R-C=N ca. (—)16 Hz

value of 'J(**N-"C) in an isonitrile increases significantly upon complexa-
tion with myoglobin and synthetic Fe(i1}-porphyrin complexes (Table 150;
ref. 393). There is also some differentiation between the 'J (ISN—”C) value
for the free cyanide ion and its square-planar and tetrahedral complexes
with metals (Table 150; ref. 394). In hydrogen cyanide [171],*'* a deuterium
isotope effect on the 7 (ISN—”C) interaction has been observed.

[171] HC=""N —18-5:0-10] 1y 1513
[172] DC="N  -188z0.10f JU N O (HI)

F. "*N-">C coupling across more than one bond

Two-bond >N-"C couplings in saturated systems of amines and
ammonium ions are usually smaller than those across one bond (Table
151), with minor exceptions. If the coupling is across a carbonyl carbon
atom, the absolute value of *J(>’N-"2C) increases significantly, to about
4-12 Hz, and this makes it possible to distinguish between the molecular
fragments [173] and [174] on the basis of two-bond couplings. The
difference is removed, however, in strongly protonating media where the
carbonyl oxygen is protonated; such protonation reduces the coupling
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across the carbonyl carbon atom to values characteristic of couplings across
a tetracoordinate carbon atom (Table 151; refs 374 and 362). The coupling
is significantly reduced when the nitrogen atom involved bears a lone pair
with significant s-character, as shown for the anion derived from 1-methyl-
uracil (Table 151; ref. 355).

|
RZISN _$_13C RZRSN_ICI:_BC
[173] [174]
Absolute 2J(**N-"3C) values 0-5 Hz 4-12 Hz

If the two-bond coupling occurs within an unsaturated or conjugated
system, and the nitrogen atom bears a lone electron pair with significant
s-character, its sign and magnitude appear to depend critically on whether
the >C nucleus involved in the coupling is cis [176] or trans [175] to the

XJC
@ 2 s
N:C\ SN:C\
/ 13C
[175] [176]
2J(°N-"0) +1to +3 Hz —7t0 —11Hz

lone pair as can be estimated from the data in Table 151 for pyridine and
related heterocycles, imines, and oximes. In pyridine type heterocycles
(azines), the relevant ring carbon atoms are always trans to the lone pair,
and the couplings are small and presumably positive in sign. When such
ring systems bear methyl substituents that are cis to the lone pair of the
nitrogen atom involved, the two-bond coupling with the methyl carbon is
fairly large and presumably negative in sign (data in Table 151 correspond-
ing to ref. 385). The effect seems to stem from a cis interaction between
the lone pair and the carbon atom concerned, since the coupling in the
trans arrangement is largely the same as in the case when the lone pair is
protonated or replaced by an N-oxide bond. The latter is shown by the
rather small difference in the 2J(*>N-'2C) values between pyridine, its
cation, and its N -oxide (Table 151; ref. 359). An analogous cis-trans effect
on the 2J(**N-">C) data is observed in azimines (Table 151; ref. 329),
where the coupling occurs across a nitrogen atom, PN=N-*C.

The rules considered above predict small absolute 2y (15N—13C) couplings
of pyridine type nitrogen atoms in azoles, and large absolute couplings of
such atoms with methyl substituents on the neighbouring carbon atoms.
The data in Table 151 seem to support these predictions.”("277

In conjugated systems and imino type systems where the nitrogen atoms
involved bear lone pairs with appreciable s-character, the 2J(**N-"0)
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couplings can be larger in absolute magnitude than the corresponding
'7(**N-"C) data (compare the results in Tables 150 and 151).

Three-bond '>N-">C couplings are, in general, negative in sign.*’> For
saturated systems, equations analogous to equation (32) have been sug-
gested (ref. 413, and references therein) which relate *J("N-"2C) values
with the dihedral angles between the C~C and N-C bonds in N-C-C-C
systems. Such equations predict maximum absolute values of *J(*’N-">C)
for dihedral angles of 0° and 180°, and minimum values for about 90°.
Recent data on ammonium ions and amines (Table 151; refs 68 and 375)
provide some support for such correlations of >J(**’N-'>C) data with the
dihedral angles of 180°, 120°, and 60°, but severe discrepancies are observed
for an angle of 0° since the absolute value of 37(°N-2C) ranges from
6-7 Hz to about zero.>”’

Three-bond '’N-'>C couplings are usually weak (their absolute magni-
tudes rarely exceed S Hz) but in some cases they are stronger than those
across two bonds. This occurs mostly in saturated ammonium ions®”* but
also in pyridine, the pyridinium ion, and pyridine N-oxide (Table 151; ref.
359). In pyridine itself, the *J(**’N-">C) coupling is larger in absolute
magnitude than any of the other pyridine '>’N-">C couplings. In nitroben-
zene (Table 151; ref. 364), the absolute value of *J(*’N-">C) is slightly
larger than that of 2](15N—'3C). Significant 3J(**N-"*C) interactions are
observed in "N=C-C="C systems, such as those of oximes (Table 151;
refs 64, 69, and 390).

The couplings between '°N and '>C that occur across more than three
bonds are generally weak, less than 1 Hz in absolute magnitude (Table
151). The only exception so far observed is for a derivative of 1,2,4-triazine
(Table 151; ref. 385) where a coupling of 3-9 Hz is found between 1-N
and a methyl group attached to a vinyl substituent (coupling across four
bonds).

G. ¥N-"N couplings

A considerable amount of data on '*’N-"°N couplings has been reported
recently (Table 152). Most of them are concerned with 'J(*’N-'°N) coup-
lings. Some additional data are reported in Table 3 together with the results
of some theoretical calculations. The latter show that 'J(**’N-'°N) is predic-
ted to be negative, with the possible exception of hydrazine type systems.

The largest "*°N-'°N coupling is observed in N -nitrosoamines, and the
smallest in hydrazino moieties, nitramines, and molecular N,. Generally,
in N=N moieties, the absolute values of the coupling occur within a range
of 10-20 Hz, with some exceptions. The latter include the N" =N~ moieties
in diazo compounds R,C=N"=N" and in azides RN=N"=N"~ (Table
152; refs 67, 248, and 256), where the coupling is less than 10 Hz. There
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is a striking difference in the absolute value of y (’SN—ISN) between
nitramines [177] and their isomeric aci forms [178]. Two-bond *’N-'°N

R;N-NO, R-N=N(O)OR
[177] [178]
Absolute 1J('SN—ISN) values ca. 6 Hz ca. 13 Hz

. . . . 247,248,256
couplings across a nitrogen atom are close to zero in azides, but

they can attain absolute values as high as about 11 Hz in some isomers of
imino type triazenes (Table 152; ref. 30). In the latter, the small amount
of data available indicates that the two-bond coupling can be critically
influenced by the geometry of the system involved. Two-bond ’N-"°N
couplings across a carbon atom can also be significant, particularly when
the intervening carbon atom is tricoordinate, i.e. belonging to a conjugated
system or to a carbonyl group. Quite interesting are the two-bond ’N-"°N
couplings between different nitrogenous ligands in Pt complexes (Table
152; refs 395 and 396), since they occur across the central Pt atom; they
indicate clearly the binding of individual nitrogen atoms to Pt. An example
of 2J(**N-"°N) coupling across a phosphorus atom has also been reported
(Table 152; ref. 142).

H. *'P-'*N couplings

One-bond '’N-*'P couplings (Table 153) cover a fairly broad range of
both positive and negative values. Therefore, their interpretation is not
straightforward when only absolute values are known.

In aminophosphines R,N-PR,, the couplings are large and posi-
tive,”>*'*? and theoretical calculations** suggest that 'J(*'P-'°N) should
depend critically on the dihedral angle between the nitrogen and phos-
phorus lone pairs, provided that there is a pyramidal geometry of bonds
at the nitrogen atom. No appreciable change is predicted*”” for a trigonal
geometry of the nitrogen bonds involved. The importance of the lone
electron pair on P in the coupling is supported by the drastic reduction in
the magnitude of 'J(*'P-'°N) in aminophosphonium ions R,N-P*R3, as
compared with aminophosphines (Table 153).

There also seems to be a significant algebraic decrease in 'J(>'P-'°N)
which can lead to large negative values thereof, upon passing from tricoor-
dinate P atoms to tetracoordinate P atoms in the series [179]-{182]. The

[179] R,N-PR,
[180] R,;N-P(=Se)R; algebraic decrease
[181] R,N-P(=S$)R; in '7(*'P-"N)

'7C'P-°N) couplings in cyclic systems are shown to reflect such structural
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details as ring size'*® and conformation of substituents,*® as shown by the
data in Table 153. In cyclophosphazenes (Tables 127 and 153; references
254, 326, 400, and 401), the 'J(*'P-'>N) coupling shows appreciable
changes upon passing from six-membered to larger ring systems. The
changes probably reflect the non-planarity of the larger rings.

A number of two-bond *'P-'°N couplings have been observed across
metal atoms in various complexes (Table 153; refs 330, 337, 346, and
396). There is a clear difference in the magnitude of the coupling in
square-planar complexes between the trans [183] and cis [184] arrange-
ments of the ligands involved in the PN-X-*'P coupling. The stronger

N, R N P
R™ P R™ R
[183] [184]

P_°N coupling between trans ligands seems to be attractive from the
point of view of structural investigations, since it has been observed for a
variety of metals and ligands.

I. ’F-"°N couplings

One-bond "°F-°N couplings are large, i.e. 150-460 Hz (ref. 2, p. 290,
and references therein), and positive in sign according to the calculations
considered in Section II.B.

Recently, a number of nitrogen—fluorine couplings across two or more
bonds have been reported (Table 154). Of these only 27 (**F-"*N) interac-
tions have significantly large absolute values. The data include the couplings
between ligands in complexes of Mo and W (Table 154; refs 346 and 404).

3. "*Pt-"*N couplings

One-bond couplings between '>’Pt and '°N have large absolute values,
from 100 to 580 Hz (Table 155). The couplings are sensitive to the nature
and arrangement of the ligands in square-planar complexes of Pt. In a
systematic study of 'J (***Pt-"°N) values of platinum complexes that contain
NH3, Cl, and (CH5),SO ligands it is possible to identify isomeric complexes
on the basis of the couplings (Table 155; ref. 405). The largest influence
on the coupling is exerted by the ligand that is trans to the nitrogen atom
involved.>*”*°® There is a linear correlation between the 'J (1°5Pt—15N) and
'7(**°Pt->'P) data for platinum complexes containing both nitrogenous and
phosphine ligands.* 7

The coupling between '°°Pt and "°N in complexes where the nitrogenous
ligands contain more than one kind of nitrogen atom can be used for the
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identification of the binding sites of platinum, as is shown for N-methyl-
imidazole ligands (Table 155; ref. 395). It is interesting to note that
quite appreciable couplings between '*°Pt and '°N across three bonds are
found, i.e. 25-33 Hz, but those across one bond are larger by an order
of magnitude.*’

The formation of the 2-ammonioethanido ligand CH, -CH,-N"HMe,
from CH,=CH, upon the addition of dimethylamine to trans-
PtCl;(CH,=CH,)(NHMe,) in CDCI; has been monitored by the changes
observed in '°Pt-"°N couplings (Table 155; ref. 408). The three-bond
195pt-'>N coupling observed in the product is comparable to the three-bond
couplings in the imidazole ligands considered above.

K. Some miscellaneous *N couplings

Some of these are collected in Table 156; they comprise mostly couplings
across one bond between '°N and a metal. Such couplings can be useful
for the identification of nitrogen atoms that are bound directly to metal
atoms. In the case of stannatranes, the coupling (Table 156; ref. 140)
reflects the existence of the transannular bond between N and Sn shown
in Table 29. The coupling between '®>Rh’'and "°N in a complex**® with an
N -sulphinylamine (Table 156) is indicative of direct Rh—-N bonding. The
bonding modes of ambidentate ligands such as (NCO)™ or (NCS)™ can be
readily established when the coupling between their nitrogen atom and the
metal atom in a complex is observed (Table 156; ref. 410). The equivalence
of the coupling between '*’Hg and the terminal nitrogen atoms in the
phenyltriazene derivative shown in Table 156 (ref. 412) indicates that the
structure must be symmetric or that the HgPh moiety must migrate between
the terminal nitrogen atoms. There is a large difference in the couplings
between *°’Pb and "°N in the complex shown in Tables 144 and 156 (ref.
339) as far as the axial and equatorial positions of the nitrogen atoms are
concerned. The larger coupling is attributed to the equatorial nitrogen
nuclei.

It has been assumed that the large difference in values of these couplings
is primarily due to contact interactions.*>* While this is probably true, the
neglect of an orbital contribution in the absence of 7 bonding may not be
justified. It is only within the AEE approximation that the orbital term
disappears for coupling between non-hydrogen nuclei.” The use of this
approximation can often lead to errors in the interpretation of coupling
constants.’

Some diamagnetic iron(111) bis-amine complexes of meso-tetraphenylpor-
phyrin are reported to have 'J(*’Fe-'>N) values in the region of 7-5-
8-0 Hz.*'' These couplings and the nitrogen chemical shifts are considered
in relation to the influence of the axial ligand on the iron—porphyrin binding
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profiles. A similar study has been performed on some comparable com-
plexes of octaethylporphyrin.®*’

The value of 'J('*’N-">C) for some alkyl isocyanides, bound to the haem
iron(ir) atom in myoglobin and tetraphenyl- and octaethyl-porphyrin
iron(1n), is reported to be sensitive to the variation of the alkyl group.393
The nitrogen nuclear screenings appear to be less sensitive in this respect.

'>N NMR studies have revealed 'J(**Co-'°N) values of 62-5(+1-0) Hz
and 63-8(+1:0) Hz respectively for the hexaamminecobalt(ii1) and
tris(ethylenediamine)cobalt(1ir1) complex ions.*** A single '°N resonance
has been observed for some mono- and di-nitroso complexes of some
Group VIB elements containing also the cyclopentadienyl ligand.338 Both
"N and N data are reported for the metal carbonyl cluster anion
[RheN(CO);s].*** The °N signal is split into a septet and the value of
1J("BRh—lSN) is 6:1 Hz. It is concluded that nitrogen is held interstitially
in the anion.

L. Some notes on recent advances in the measurement of
nitrogen couplings

Until recently, most of the data on nitrogen couplings were obtained
from "*N-enriched samples or from "*N couplings when the relevant '*N
relaxation is sufficiently slow. The improvement in sensitivity obtained in
modern NMR spectrometers has resulted in a breakthrough as far as the
possibility of measuring natural-abundance '°N spectra with retained spin—
spin splittings is concerned, but the problem of sensitivity is still a major
one. The same problem arises in the measurement of the couplings from
very weak '°N satellites in the spectra of nuclei coupled to nitrogen. Recent
applications of the cross polarization technique to the observation of '°N
multiplet patterns®>***?3**!% haye shown that the transfer of polarization
from 'H to 15N, and eventually a second transfer thereof back to 1H,415
can yield such an improvement in sensitivity from the point of view of
multiplet patterns of ‘>N resonances that the latter can be obtained with
a single pulse.>*® There are also methods®>®® for extracting weak "°N
satellites from the spectra of nuclei coupled to nitrogen by suppression of
the signals that represent molecules containing *N.

The couplings that involve '*N nuclei can also be measured indirectly,
from the corresponding proton transverse relaxation time as a function of
the 180° pulse separation in the Carr-Purcell sequence.*'®

VIII. RELAXATION PHENOMENA

The "N nuclear relaxation is usually dominated by the quadrupolar
mechanism. This results in broad lines, both in the '*N NMR spectrum
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and in the spectra of nuclei spin-spin coupled to nitrogen. Since the '°N
nucleus has I =3 its relaxation is controlled by one or more of the less
efficient relaxation processes.

A. "N relaxation

In low viscosity solutions, the extreme narrowing conditions
(2mrr)’« 1 (33)

are usually obeyed, where » is the resonance frequency of the nucleus of
interest and 7, the corresponding correlation time. When these conditions
obtain, the effect of the quadrupole moment of a '*N nucleus on its
relaxation time Tq is given by

L—3(1+”—2> 2 (34)
To 8\ 3/XT

in which the nuclear quadrupole coupling constant y (in frequency units)
between the quadrupole moment eQ and the electric field gradient eq at
the nucleus is given by

x =eqeQ/h (35)

where 7 describes the deviation of the electric field gradient from axial
symmetry. Since it is apparent from equation (35) that quadrupolar relaxa-
tion only occurs in the presence of a resultant electric field gradient at the
nucleus, the variation of this gradient due to molecular motions may be
studied by means of '*N NMR.

In the case of the neat liquids pyrimidine and pyridazine, '*N quadrupolar
relaxation rates are combined with >C-'H dipolar relaxation data to
determine the rotational correlation times for motion about each principal
axis.**” Similar "*N data are reported for pyrazine but its molecular motion
has not been analysed.435

The three reorientational correlation times and the orientation of the
'"“N quadrupole coupling tensor have been obtained for nitrobenzene.***
However, disagteement has been noted*’® between the '*N relaxation rate
data and those obtained by electric field effect measurements on the '*N
NMR spectrum of nitrobenzene.**® This appears to arise from the use of
solid-state quadrupole coupling constant measurements for the interpreta-
tion of liquid-state NMR data. The discrepancy is removed if environmental
effects on the value of y are taken into account.*'®

By knowing the principal components of the rotational diffusion tensor,
the unambiguous assignment of the '’N nuclear screening tensor for
nitrobenzene is obtained.***
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'"“N NMR relaxation rates have been measured for several singly charged
ions including the ammonium ion and those of some pseudohalogens. The
results indicate that the binding of these ions to a metal ion produces only
relatively small changes in the field gradient at the site of the nitrogen
nuclei.*”” Consequently metal macromolecule binding sites are unlikely to
be easily studied by means of '*N relaxation measurements.

"N relaxation data have been reported for aqueous solutions of n-
hexadecyltrimethylammonium bromide (CTAB) and the corresponding
chloride (CTAC) as functions of concentration.>®’ The measurements reveal
that CTAC forms spherical micelles while CTAB produces larger aggre-
gates at higher concentrations. Ammonium ions in a cationic mesophase
comprising water, ammonium chloride, and decylammonium chloride have
been investigated by '*N NMR.**® The value of x for the "N nucleus of
ﬁle ammonium ion is reported to be 3-1+0-3 MHz along the bond axis.

N quadrupolar splittings have also been observed in a counterion binding
study of the tetramethylammonium octanoate-heavy water and ammonium
octanoate-heavy water systems.**® Similar '“N splittings have been reported
for ND4" and N(CDs)," in three lyotropic lamellar systems, thus indicating
orientation of the ions.**°

The anisotropic motion of acetonitrile dissolved in a thermotropic liquid
crystal (Merck’s licrystal, phase V) has been investigated.101 The "N
relaxation data are obtained from the "*C linewidth due to the incomplete
averaging of the dipolar interactions in the nematic phase. It appears
that equations which describe the isotropic phase are not suitable for
application to a molecule dissolved in a nematic phase merely by adapt-
ing them to incorporate the partial orientation present in the nematic
phase. .

"N linewidths and relaxation times are reported for succinonitrile in the
liquid and solid I phases.**' In the case of formamide, the '*N relaxation
data are found to be very sensitive to the presence of both cations and
anions.*** These results, and other spectroscopic information, provide direct
evidence for specific ion-amide interactions and a tentative model for the
interaction of electrolytes in liquid formamide.**?

The *N and 'H relaxation rates of liquid cyanoacetylene provide infor-
mation on the translational and rotational molecular motions.**?

Recently the first observation of a quadrupolar split '*N spectrum for a
model membrane system has been reported.499 The system studied is an
aqueous dispersion of dipalmitoylphosphatidylcholine (DPPC) between 3
and 65 °C. In both the liquid-crystal and gel phases the splittings are of
the order of 10 kHz, suggesting a small order parameter for the choline
headgroup. The studies are being extended to sphingomyelin and phos-
phatidylethanolamine.**® It seems likely that "“N NMR will act as a com-
plementary probe to >'P and ’H, and thus it will provide a significant



130 M. WITANOWSKI, L. STEFANIAK AND G. A. WEBB

contribution to the determination of headgroup conformation and dynamics
in model and biological membranes.

High resolution '*N NMR spectra have been obtained for single-crystals
of ammonium hydrogen oxalate hemihydrate'®* and N -acetyl-dl-valine.'"’
In the latter case the N-H bond length is found to be 0-106 nm. The results
obtained indicate that '“N NMR spectra are relatively easy to obtain
for single-crystals and that structural determinations of moderately sized
peptides are feasible provided that the assignment of the various
nitrogen resonances can be accomplished. Exact theoretical results have
been presented for '*N nuclei in polycrystalline samples and applied to
hexamethylenetetramine.'*®

N, O dissolved in poly-y-benzyl-1L-glutamate(PBLG)-CDCl; and MBBA
has been studied by '“N quadrupole splittings and relaxation times.*** In
the case of the PBLG-CDCI; sample the ratio of the central and terminal
nitrogen quadrupole coupling constants of N,O agrees very well with
microwave data but in MBBA a discrepancy is observed which could be
due to molecular distortions.

"N relaxation data for a quinuclidine in its plastic phase rule out the
possibility of isotropic motion.**’ It is concluded that the molecules reorient
by +90° jumps about the crystallographic C4 axes with a residence time
of (22:2+2)x 107 s and by +120° jumps about the molecular C; axes
with a residence time of (5:25+2-8)x 10" '*s at room temperature.

'“N relaxation times have been reported for a series of alkyl-substituted
nucleic acid bases and mixtures thereof in DMSO-dq.**® With the exception
of the guanine NH nitrogen no significant changes in the nitrogen electronic
environment are found for any combination of bases.

From a comparison of equations (6) and (35) it appears that both af,. AE
and x depend upon the imbalance of electronic charge around nitrogen.
Thus, not surprisingly, a rough correlation between nitrogen chemical shifts
and values of y is observed for some nitroso compounds.**’

"N relaxation data have been reported for pyrrole, both as a pure liquid
and in 1,4-dioxan solution,**® 3 5-lutidine,**® 2-ﬂuoropyridine,448
nitromethane,“"’9 a series of nucleosides and nucleoside bases,344 some
indole derivatives,”** some 1,3- and 1,4-diethylpyridinium bromides,**°
some palladium(i1) complexes of t-butyl isocyanide,265 some thiocyanate
complexes of aluminium(it1) and gallium(i), and sodium nitrite.*>! The
value of y for the "N nucleus of pyridine-N-oxide has also been
evaluated.’*?

The utility of "*N linewidths as an aid to the assignment of nitrogen
chemical shifts in N-heterocycles has been further demonstrated.”® INDO
results, used in conjunction with the Townes-Daily model, provide a
satisfactory account of the relative '*N quadrupolar linewidths of various
nitrogen environments in a given molecule.’”® The results obtained are used
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to assign the nitrogen NMR spectra of some rigid N-heterocycles containing
non-equivalent nitrogen environments.

Some MNDO and MINDOY/3 calculations of the '*N coupling constants
of some fluorinated pyridines are reported to be in reasonable agreement
with experiment.**?

In the presence of a paramagnetic centre both the hyperfine and the
quadrupole coupling tensors may be evaluated. ENDOR data on solutions
of vitamin By, at liquid helium temperatures have been recorded.*’®
Analysis of the results has yielded values for both the hyperfine and
quadrupole coupling tensors of the N nucleus present in the benzimidazole
moiety.*>*> Copper(11) complexes with imidazole have a value of 1-75 MHz
for the '*N hyperfine interaction.*>* The size of this interaction permits
the observation of the zero-field quadrupolar frequencies of '*N nuclei in
the electron spin-echo envelope. "*N hyperfine coupling constants have
been reported for thiocyanate ions in the presence of some trivalent
lanthanide ions.***

Some ab initio molecular orbital calculations of values of y for the "*N
nuclei in some 5-membered ring oxygen and sulphur heterocycles are found
to provide satisfactory agreement with both NQR and microwave measure-
ments.*”” In those cases where a nitrogen atom is flanked by sulphur and
nitrogen lone-pairs, the former is reported to be the more dominant in its
effect upon the nitrogen electric field gradient.**’

The "N nuclear quadrupole coupling has been investigated for some
thermochromic and photochromic N-salicylideneanilines by means of a
'H-"*N double resonance technique applied to solids.**®***® The thermo-
chromism appears to be accompanied by intramolecular proton transfer
and an enol-keto transformation.**’

Proton-nitrogen double resonance has been employed in order to
determine the quadrupole coupling parameters for “N in the two
chemically inequivalent sites in paraelectric ammonium sulphate over
the temperature range 225-365 K.*°® At 296-1 K the values of x
and n for site I are 154:-53 kHz and 0-684, whereas for site II the
corresponding data are 115-71 kHz and 0-749. It is concluded that
hydrogen-bonding to sulphate is an important feature in determining
the ammonium ion charge distribution and thus the nitrogen field
gradient tensor.

The photoexcited triplet state of phenazine has been studied by optically
detected magnetic resonance (ODMR).*®' This has given rise to the
determination of the '*N quadrupole tensor for the lowest excited triplet
state.

Although not strictly within the confines of the present review, some
references to '*N quadrupole coupling constants obtained by NQR and
microwave spectroscopy are included for the sake of completeness.
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Microwave data have been reported for isoxazole-4D,*> cis-thionyl-
imide,*** and iminosulphur oxydifluoride.**® "*N NQR results are available
for some methylbenzonitriles,*®* coordinated 1,2-dipiperidinoethane,*®®
coordinated thiocyanate,466 coordinated imidazole*®” and imidazolate,468
carbonatotetraminecobalt(11) bromide,469 sodium, potassium, and
ammonium thiocyanates,470 some salts of hexamethylenetetramine,‘”l'472
trimethylenetrinitramine,*’> the low temperature phase of 1,4-
diazabicyclo[2,2,2]octane,*’* some explosives,*”’ sulphuric diamide and
methanesulphonamide,476 tetracyanoquinodimethane,477 various sub-
stituted  nitrobenzenes,*’®**”®  several hydroxypyrimidines,*®®  p-
azoxyanisole and some related compounds,*®' some p-substituted benzene
diazonium salts,482 several barbiturates,483 some molecular complexes of
urea,*®! some binary systems of acetonitrile and various electron donors
and acceptors,*®’ some azines,'*° sodium nitrite,**® antiferromagnetic cop-
per(11) formate diurea dihydrate,*®” some hexanitrocopper(i1) complexes, **®
K-TCNQ at various temperatures,*® the magnetic phase transition at 6 K
of dichloro(dimethylnitrosamine)copper(11),“90 some compounds with
nitrogen-sulphur bonds,**’ p-chloroaniline with p-toluidine as an
impurity,**> and some liquid crystals in their solid state.*® '*N and °H
NQR studies have revealed that cytosine hydrobromide exists in two
different crystalline forms; the difference arises from their hydrogen-
bonding schemes.***

Finally, mention is made of the presentation of the true second-order
theory of the Zeeman effect of "*N NQR with polycrystalline samples,*®’
and of a pulsed fast FT NQR spectrometer for N studies.**®

B. '*N relaxation

The relaxation of the '’N nucleus is subject to varying contributions
from the dipole-dipole, spin—rotation, chemical shielding anisotropy, and
scalar coupling mechanisms. If the '°’N nucleus has an attached proton, the
dipole—dipole interaction is usually the dominant one.'?

The *N nuclei in trans-azobenzene, dissolved in CDCl;, relax due to a
mixture of the spin-rotation, dipole-dipole, and chemical shielding
anisotropy interactions.*”” The relative proportions of these mechanisms
are found to change considerably over the temperature range 5-80 °C. In
contrast, the '°N relaxation in n-butyl nitrite occurs almost entirely by the
spin—(internal rotation) mechanism throughout the same temperature
range.*’’

In the case of cyanide ion the '°N relaxation is apparently controlled by
a combination of the chemical shielding anisotropy and spin-rotation

. . 4
Interactions. o8
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*N relaxation rates and nuclear Overhauser enhancements (NOE) have
been reported for some substituted anilines, aminobenzoic acids, and
related compounds."®” The dipole—dipole interaction dominates the '°N
relaxation process. In the cases of aniline and some substituted anilines
the NH, or NH;" groups appear to undergo rapid, but not free, internal
rotation at rates comparable to those of overall reorientation for these
molecules. Dipolar relaxation is reported to dominate the '°N relaxation
of the peptide hormone oxytocin.?'! Isotropic motion of the tocin ring is
observed.

The '’N T values of a number of aldoximes and ketoximes appear in
the region of 25-50 5.3 Although dipolar relaxation is a significant con-
tributor, other mechanisms account for 50-65% of the '°N relaxation. It
seems likely that the other processes concerned are chemical shielding
anisotropy and interactions due to the presence of paramagnetic impurities.

The effects of the addition of paramagnetic relaxation reagents on '°N
relaxation have been studied.®*®® The tris-acac complexes of chromium(111)
and iron(im1) appear to affect the >N chemical shifts of some methyl-
substituted pyridines to an extent comparable to the substituent effects.®
This is thought to be largely due to changes in bulk susceptibility upon
addition of the relaxation reagent. Consequently the problem can be
obviated by using an internal reference and an external lock.**

The acac and dpm complexes of chromium(111) appear to influence the '°N
relaxation of aseries of amines, either by means of an outer sphere mechanism
or by translational motion not involving any interaction.” In contrast the
corresponding gadolinium (111) complexes are found to be specificfor the basic
sites of amines. The relaxation rate enhancement is reported to be closely
dependent upon the availability of the nitrogen lone pair. This gives rise to the
. possibility of '°N spin labelling due to the differences of basicity and steric
effects. An example of such spin labelling is afforded by a -methyltryptamine
[185]. In the absence of a relaxation reagent two, almost equally intense, '°N
signals are observed. The addition of Gd(dpm); causes the more highly
screened resonance to be nulled whereas the other remains unchanged. The
greater basicity of the primary amine nitrogen suggests that its signal isthe one
influenced by the relaxation reagent. Stereoselective sensitivity to Gd(dpm),
is shown by both acetaldoxime and propanaldoxime.*** The preference of
the relaxation agent is about three times as great for the syn isomer as it

is for the anti isomer.
@UCHZ—CIIH—CHj
N NH, [185]
H
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Note: Shieldings are expressed throughout in ppm.

A complete list of tables is given on p. 489.



TABLE 1

The results of some INDO/S calculations of the paramagnetic contributions to some nitrogen shielding tensors, their average values and anisotropy,
and some nitrogen chemical shifts compared with experimental data'®

9¢t1

Calculated (ppm) Experimental (ppm)
Molecule ohe o on-toc o Ao 5 o’ Ao 5 Ref.
-69 60328
N, -377-88 —8-51 -61-76 566-82 -50-70 {_100*20 {657120 -70-2+1-5 1
CN™ -338-52 -9.72 -18-41 507-78 -94-05 -102-48+0-09 1
[0O=N=07" -309-62 -10-99 -6-21 464-38 -106-25 -129x2 1
N -
[0/ ‘\_O -621-77 7-16 -290-07 712-60 177-61 228-89+0-25 1

? _

,: g -416-29 2-83 -94-98 420-50 -17-48 -115+20 2105 3.70+0-12 1
0=C=N —294-48 -3-58 3271 441-18 -145-17 155 -302:91+0-14 1
CHg—ﬁEC —228-64 ~5-69 91-46 355-75 -203-92 { 13(5)1:20 36073 -218+0-5 51

/N AN
H " H -214-84 0-0 112-12 63-03 -224-58 [;22120 39+10 -381-93+£0-14 1
9
/N —440-64 9-07 —-112-46 444-94 0-0 .
7\ 0-0



H\
é-I:Ia =Ng (Na)

/
/ C\
C;HsO (@] (Ng)
Z-isomer
H\
cfz=N, Mo
/
/C\
(0} OC2H5 (NB)
E-isomer
CH,0CO
3 N (N,)
/C—Na =Ng
CH,0CO (Ng)
CeHs (N,)
/C—N‘x =Ng
CeHs (Ng)
H
N- o+ (N.)
C-N, =N,
(Ng)
C¢HsCO

~322-37

—456-87

—-318-09

—452-01

-293-36

—398-62

—357-43

—498-39

-312:21
—447-09

4-35

-1-40

421

-1-29

1-99

-2-25

674

1-08

366
-1-46

3-20

-132-60

7-47

-127-51

29-52

-75-70

~28-45

-170-98

12:70
-122-84

101-0

166-0

91-50

153-0

164-06

71-34

57-70

284-61

105-0
164-0

~115-66

20-14

-119-93

15-05

—141.98

-36:76

—84-01

58-52

-125-16
10-38

5
L
5
Lt

{
l

-113-70
165-79
—2417*

-49- 49
115+2*

11370
165-79
—2417*

—49- 49
115+2*

-177-49

-58-19

-130-69
55+2*
5-41
—86+2*
-165-19
—59:59

67
29
52
67
29
52

67
29
52
67
29
52

29

29

29
52

29
52
29
29

* Reversed assignments are suggested as a result of the calculations reported here.

Leld



TABLE 2

Some contributions to the paramagnetic component of the nitrogen shielding tensor (ppm) from various electronic transitions'®

Average
weighted
value of
transition
energies

Molecule oc—o* n—o* o> ¥ n— r* 7—oo* eV)

N, -12-47 —281-68 —83:70 10-69
CN™ -14-90 —242-57 -81-03 9:29
NO,"* -197-03 -112-57 17-89
NO,~ -54-11 6-54 —-146-68 -351-00 -76-58 7-91
NO;~ -55-57 7-29 -195-28 -77-27 —98-27 14-08
OCN™ -5-05 -6-77 -116-15 -167-50 9:76
CH;3NC -114-07 -104-76 15-53
(EH;—I;IEN -59-69 -58:23 -50-65 -52:711 -162-54 11.91
éHz—I:J-EI:I -39-52 —98-59 28-16 -59-87 -408-76 6:52
[N-N-NJ~ -40-68 -122-09 -98-28 18-13
[N-N-N]~ -5-19 -105-15 -123-95 12-02
NH,3 ~79-46 -131-82 14-66
CH3;NO, —83-98 10-09 —164-78 -130-38 —45-53 12-64

8¢1



N s 7 N2 -62-08 ~-43-30
CNa=Na (Ng) —43.92 -71.78
cZo g N ~69-52 -29-11
s _s59. _s0.
C,HsO (Ng) 59-55 50-29
cngocg
N — (N,) ~84-63 -21-25
/C‘N":Nﬁ (Ng) —88:57 -32.42
CH,0C0
C6H5\
C-N = (Ne) -81-34 -17-17
Na=Ns (Ng) ~67-41 —45.22
CeHs
H
No s (N,) -109-08 -42-81
CN=Ns (Ng) ~70-20 ~66-49
C¢HsCO

—43-24
320
—-50-81
-5-81

-64-16
-27-82

-52-29
0-60

~42-28
3-80

~39:26
-51-58
~28-39
~39.77

—-20-39
-23-58

-15-56
—-28-40

-29-85
-38-93

-125-20
—278-59
-121-67
-279-35

~96-91
-220-33

-169-99
~340-4

—68-57
-242-67

14:36
8:32
14-53
8-40

15-76
9-63

12-71
7-67

14-82
8-49

* Transitions contributing less than 5 ppm to o® have been omitted.

6¢l
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TABLE 3
The results of some INDO-SOS calculations of lJ(N—N) compared with experiment (Hz)"2
Calculated
Species Experi-
contact orbital  dipolar total mental  Ref.
(o]
\ +
1. N-—N -23-01 1-17 6-35 -15-49 +11.7 74
/ N
O o]
CH,C¢Hs
2 N—N -18-25 0-87 0-69 -16-69 +19:0 75
V4 AN
(e] CH,C¢H5
CeHs
3 N—N -18.39 4:26 -0-02 -22-68 +22-0 76
7
[0} CeHs
[0 CH,
Ne S
4. N—N -3-00 -2-55 0-08 -5-47 +4-9 75,76
-/ AN
O CH;
O CH,
N\
:ItJ—N/ NO,
5.0 -2-27 -1-82 0-15 -3.94 +4.9 75
O,N NO,
NO,
N7
6. O,NN NNO, -3-53 -1-62 0-16 -4-99 +4-5 75
N
NO,
O,N—N—__-N—NO,
7. N/ -7-12 0:43 0-49 —6:20 +89 75
|
NO,
-5-72 -1-35 0-24 -6-83 +8-5 75

N7
8. O,NN >NN02
LN
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TABLE 3—cont.

Calculated

Species Experi-
contact orbital  dipolar total mental  Ref.

@ -10-61 -1-38 0-26 -11-72 +10-7 75

10.@ ~4-36 0-65 067  -3-04 %67 715
11. @—N=N—N(CH,)2 ~1369  -0-34 052 1352 140 76

12. O,N N=N—N(CH,), -12:91 —0-41 049 —-1283 %134 76

Q

13. CH,0 N=N—N(CH,), -13:12 -0-38 049  ~13.02 140 76

Q

|
14. N—N-—COCH, 2-31 0-90 0-64 3-85 +3-6 77

Q.

Z -isomer
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TABLE 4
Conversion schemes for shielding constants (o) referred to different reference signals
No. (Usample_arel.") (O ret.l1 ~ Tres.1) (O'sample = Oretan) H{Orer.l1 — Tretl)
I true true (Fsample ~ Tref.ihrue (= A0rer1)
11 apparent true AG 1+ G — @) (Xret.tt — Xsampte)
11 true apparent AG er1+ (37 — @) (Xret.1 — Xrett)
v apparent apparent Ag,er +Gm—a)(xrer1 — Xsample)

ref. I = primary reference (external neat nitromethane is used in the present review)
ref. II = any secondary reference actually employed
true = true difference between shielding constants

apparent = apparent difference between shielding constants, as estimated from the positions
of the resonance signals involved

a = 0 for magnetic field (By) parallel to concentric cylindrical sample tubes
a =27 for B, perpendicular to concentric cylindrical sample tubes
a =41/3 for spherical sample containers

x = volume magnetic susceptibility



TABLE 5

Volume bulk magnetic susceptibilities at 30 °C

Substance (neat liquid, if not

stated otherwise) Volume susceptibility X 10° Ref.
C(NO2)s ~0-358 80
MeNO, -0-387 80
Acetone -0-456 80
MeCN -0-518 80
MeOH —0-523 80
Et,O —0-522 80
MeCOOH -0-549 80
n-Hexane —0-558 80
MeNH; (liquid under pressure) -0-564 80
EtOH -0-569 80
n-Butylamine -0-591 80
Dioxan -0:591 80
Pyridine -0-597 80
Diisopropylamine -0-598 82
Benzene -0-609 80
~HNO; (70% w/w in H,0) -0-618 80
Dimethyl sulphoxide -0-618 82
N-Methylpiperidine -0-619 82
Cyclohexane -0-623 80
cis-2,6-Dimethylpiperidine -0-635 82
CCl, —-0-684 80
CS, -0:693 80
HNO; (1 M in H,0) -0-715 82
H,O -0-716 80
CH,Cl, -0-717 80
NH4NO; (satd. in H,0) -0-722 80
H,S0, (100%) -0-723 80
NaNO; (satd. in H,0) -0-729 80
CHCl; -0-730 80
NH,CI (satd. in H,0) -0-769 80
CHzBrz -0-932 80

143
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TABLE 6

Nitrogen shieldings used as conversion factors for various reference substances”

Nitrogen shielding referred to neat nitromethane

true apparent
external field external field
perpendicular parallel to
Standard Solution or state to sample tube sample tube
MeNO, neat liquid 0-0000
NaNO; satd. in H,0 +3.7 (+3-0)° (+5:1)°
0-30 M in H,O +3-5 (+2-8)* (+4-9)*
HNO; or DNO3;  1-0 M in H,0 +4-4 (+3-7)° +6:2°
(+59)°
7-0 M in H,O +12+6
10-0 M in H,O +18-2
15-7 M in H,O +31-3
(70% w/w)
NH,NO, satd. in H,O +359-6 (NH,) . (+358-9)° (+361-0)
+4-0 (NO3) (+3-3)® (+5-4)°
4Min2MHNO;  +359-1 (NH,) (+358-4)° (+360-5)"
+5-6 (NO3) (+4-9)° (+7:0)°
S5min2M HNO; +359-0 (NH,) (+358-3)" (+360-4)"
+4:6 (NO3) (+3-9)° (+6-0)°
5Min2M HCI +358-0 (NHy)
+5:2 (NO3)
4-5Min3MHCI  +357-1 (NH,)
+6:3 (NO3)
NH,CI satd. in H,0 +352:9 (+352-1)* (+354-7)°
satd. in 2M HCl ~ +352-5
2:9min 1 M HCI +355-3¢
1Min 10M HCl  +349-9
NH; neat liquid +381-9 +380-2¢
C(NO;)s neat liquid +46-6
Me,N"CI~ satd. in H,0O +336-7
0-3 M in H,0 +337.7 (+337-0)° (+339-1)°
2Min H,0 +339-0°
Me,N*1~ 0-3Min H,0 +337-3 (+336-6)° (+338-7)°
K*(NCO)~ satd. in H,O +302-9
0-3Min H,0O +302-6
NaNO, satd. in H,O -228-9
0:3Min H,0O ~227-6

(a) Data from ref. 80, if not stated otherwise.
(b) Calculated values; bulk susceptibilities from Table 5 are used.
(c) Data from ref. 82.
(d) Data from ref. 81 and ref. 4; the value for 2:9 M NH,Cl in 1 M HCI seems to be
unreliable, since the sample revealed a change of about 2 ppm in the shielding after 2 years

of use.



TABLE 7

Changes in nitrogen shielding induced by some relaxation reagents
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Nitrogen shielding referred to neat nitromethane (induced shielding

in parentheses)

neat liquid + Cr(acac); neat liquid + Gd(dpm);

Compound neat liquid (1: 100 molar ratio) (1:1000 molar ratio)
MeNO, 0-0000 —0:07+0-06 reagent insoluble
MeN=C=0 +365-42+0-06 +365-30+0-08 +365-24+0-07
(-=0-12+0-10) (—0-18+0-12)
HC(=O0)NMe, +277-01+0-09 +277-13+0-07 +278:07+0-08
(+0-12+0-11) (+1:06+0-12)
MeCN +135-83+0-06 +135-81+0-07 +135:79+0-16*
(—=0-02+0-11) (-0-04+0-11)
Pyridine +62:03+0-11 +62-44+0-06 +68:69+0-12
(+0-41+£0-12) (+6:61+0-16)
NEt; +333:40+0-14 reagent insoluble +334:39+0-12
(+0-99+0-18)
MeN=C=S§ +289-80+0-07 +290-01+0-07 +290-08 +0-02

(+0-21+0-10)

(+0-28+£0-07)

Data from ref. 85; '*N continuous-wave spectra; 433 MHz; high-precision differential
saturation technique with full lineshape fitting; concentric spherical sample/standard contain-
ers in order to eliminate bulk susceptibility effects; 30+ 1 °C.

*1:10 000 molar ratio.
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TABLE 8

Isotope effects on nitrogen shielding

Difference in
Approximate shielding shielding between

referred to external MN'SN and '*N"°N
Molecule Solvent neat nitromethane isotopomers
(ONNO,)*” 2Na* D,0O +43-5 (NO?) +0-24
+28 (NO;?) +0-13
[ONN(0)SO,1*™ 2K D,0 ~58 (ON?) +0-21
+47 (NSO;3?) +0-10
N©O)NOo ?
/
H,C 2Na® D,0 +87-5 (NCHy) +0-14
N =375 (NO) +0-21
N(O)NO
ON-NO, CH,Cl, (-100°C) -292 -0-37
-63 -0-03
[Et,NN(O)NO]™ Et;NH,”  CDCl; (—10°C) +138 ?
-33'5 +0-24

Data from ref. 74; 30% '*N-enriched N-N moiety containing ~9% of NN isotopomer; 5N
spectra; isotope effects estimated from unsymmetrical locations of NN singlets inside the correspond-
ing "’N'°N doublets.



TABLE 9
Chemically induced dynamic nuclear polarization (CIDNP) effects on **N NMR spectra

CPh3 radical paiI:
/‘5N=‘5N = Ph-"’"N="°N::CPh; — Ph-'>"N="°N-+-CPh;,
60°C ™ '4
Ph benzene Ph- + lsNg + ‘CPh}
CIDNP "*N-Ph *NCPh, N,
Predicted enhanced absorption; twice that of NCPh, enhanced absorption emission
Found enhanced absorption at —141; 26 times that of NCPh; enhanced absorption at —165 emission signal at +70-5
CMe,C"°N
N=N
Ph/
/‘
ISN=N radical pair /
/ AN >
Ph CMe,C=""N == Ph-"’N=N--CMe,C="*N — Ph-"*N=N-+-CMe,C='°N
benzene \‘ ir
) Ph + "*N'*N+-CMe,C"*N
Ph-">’N=N-""N=CMe,
{
Ph-">’N=NH
(additional absorption at —180)
CIDNP *N-Ph c="N “N=N
Predicted enhanced absorption emission emission
Found enhanced absorption at —150 (cis) and —128 (trans) emission at +112 (cis) and +122 (trans) emission signal at +70-5

Data from refs 114 and 86; '*N NMR spectra of labelled compounds; 10-14 MHz; originally referred to external aqueous NaNQj, +3-7 ppm
from neat nitromethane (Table 6); recalculated to the latter standard.

Lyl
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TABLE 10
Nitrogen shieldings induced in model N-oxide structures by the Yb(fod); shift reagent

Induced nitrogen shielding referred to parent
compound without shift reagent

Structure N—->O ~-N=
‘ X
-119: -86-0
2N 3
N
{
(¢}
>
N
-31- +4.7
N
l
o]
N
AN
[ ~85-6 -76-7
pZ
N
{
(o}

N
T \© —44-5 —28-5
o

Data from ref. 115; solutions in CHCls; results extrapolated to 1:1 molar ratio of
chelate to solute; N spectra; 10-1 MHz; field perpendicular to sample tube; data
uncorrected for bulk susceptibility effects.
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TABLE 11
Effects of shift reagents on the nitrogen shieldings in polypeptides

Sample Nitrogen shielding referred to neat MeNO,*

PhCH,0CO-Gly-Leu-Leu-OMe

0-5Min CH2C12
no reagent +305-7 +261-8 +261-3
+Eu(dpm); (1:60) +306-8 +263-1 +267-4
+Dy(fod)s (1:60) +310-6 +267-0 +264-5
+Dy(fod)s (1:20) broad broad +273.9
0-5M in HCOOH +309-8 +259-5 +257-9

PhCH,0CO-Ala-Leu-Leu-OMe
0-5Min CH2C]2

no reagent +290-6 +260-8 +260-8
+Dy(fod); (1:60) +295-4 +265-3 +265-3
0-5 M in HCOOH +288-1 +260-0 +257-5

Data from ref. 244; N (natural abundance and '’N-enriched compounds) spectra;
9-12 MHz; field perpendicular to sample tube; referred originally to NO; in aqueous
NH4NO;, +4-0 ppm from neat nitromethane (Table 6); conversion scheme II (Table 4);
changes in shielding may contain a considerable share of bulk susceptibility effects.

* Assignments follow the sequence of amino acid residues in the corresponding formulae;
Gly =glycine; Leu=leucine; Ala=alanine; dpm=(Me3CCOCHCOCMe,;)"; fod=
(CF3CF,CF,COCHCOCMe,;)".
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TABLE 12
N signal linewidths as an aid to nitrogen shielding assignmenls99
Calculated value Nitrogen
of electric N signal shielding
Nitrogen field gradient half-height referred to
Molecule atom term* width (Hz) neat MeNO,
(4)
Y e N-2 0-2324 395 +20
o’N N-4 0-1302 117 +140
7 N-1 0-0715 89 +141
AN N-2 0-2672 342 +75
(2)
()
ZN=N N-1 0-0577 54 +178
N\/> N-4 0-1238 270 +132
X0
MeN 0-4439 126 +306-5
Me-N=N"=N" =N= 0-:0032 13 +131-7
=N 0-0707 19 +168-9
Me,;N 0-5261 280 +372
Me;N-CN CN 00234 125 +185

* This is expressed as (eqma,‘)z(l + n2/3), where €qmay is the maximum absolute component
of electric field gradient at the nitrogen nucleus (in the principal axis system) and 7 is the
asymmetry parameter; they are calculated by the INDO method; the term should be propor-
tional to the quadrupolar relaxation rate for isotropic rotation and a constant correlation time.



TABLE 13

Characteristic nitrogen shielding ranges for various classes of molecule
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Nitrogen shielding referred

to neat nitromethane

Name General formula lower limit  upper limit
Ammonia NH; +378 +400
Alkylamines NR; +300 +390
Hydrazines R;N-NR; +255 +335
Hydroxylamines R,;N-OR +260 +330
Arylamines (aryl)-NR, +290 +345
Silylamines R;Si-NR, +320 +380
Aminophosphines R,P-NR; +200 +370
Aminoboranes R,;B-NR; +260 +370
O
Silatranes RSieN +345 +360
o)
Chloramines RNCl;, R;NCI +180 +340
Ammonium ion NH," +350 +360
Alkylammonium ions NR,* +310 +360
Arylammonium ions (aryl)-NR;" +320 +340
Enamines R,C=CR-NR,; +300 +335
Isocyanates R-N=C=0 +325 +365
Cyanamides R,;N-CN +320 +380 (R,N)
+180 +200 (CN)
Enaminoketones RC(=O0)CR=CR-NR, +270 +300
Ureas R;N-C(=O0)-NR, +260 +320
Carbamates RO-C(=0)-NR, +280 +315
Guanidines (R;N);C=NR +295 +335 (R,N)
+175 +220 (=NR)
Guanidinium ions C*(NR3); +275 +310
Azides R-N=N"=N~ +260 +320 (RN)
+130 +150 (=N*=)
+140 +180 (=N")
Anmides, lactams, peptides RC(=0)-NR; +235 +285
Thioureas R,;N-C(=S)-NR, +250 +300
Thioamides RC(=S)-NR; +220 +250
Isothiocyanates R-N=C=§ +265 +290
Hydrazones R,C=N-NR, +205 +285 (NR;)
+15 +60 (=N-)
Carbodiimides RN=C=NR +270 +300
Isocyanides (isonitriles) R-N"=C~ +180 +220
Cyanates R-O-CN +190 +210
Fulminates
(nitrile N -oxides) R-C=N->0 +160 +180
Cyanides (nitriles) R-CN +110 +140
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TABLE 13—cont.

Nitrogen shielding referred

to neat nitromethane

Name General formula lower limit  upper limit
Thiocyanates R-S-CN +85 +105
Imides (RC=0)NR +180 +200
Immonium ions R,C=N"R; +160 +200
Nitrilium ions R-C=N'R +235 +250
Azoles (pyrrole type =
nitrogen atoms) — NR +100 +280
Azoles, oxazoles,
thiazoles (pyridine type
nitrogen atoms) —-60 +14S
Azolium ions ;NJ‘ *NR +170 +220
R
+
NR .
Sydnone type structures _X[ \\N +80 +115 (N"R)
o~ +5 +35 (-N=)
/A
Furoxans N\ /\N\‘ -5 +25
o O
Azolo.a;ines N =
(indolizine type
nitrogen atoms) N 4 +120 +200
Azines (pyridine type ' =
nitrogen atoms) P -80 +175
N
Azinium ions +160 +265
| X
Azine N-oxides N7 +40 +170
¢
O
Imines R,C=NR +20 +90
Oximes R,C=N-OR -30 +60



TABLE 13—cont.
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Nitrogen shielding referred
to neat nitromethane

Name General formula lower limit  upper limit
Nitrones R,C=N(— O)R +70 +115
Diazonium ions R-N"=N +120 +160 (N™)
+15 +60 (=N)
Diazo compounds R,C=N"=N" +80 +155 (N*)
=70 +65(=N")
Sulphinylamines R-N=S§=0 +25 +80
Nitrates R-0O-NO; +40 +70
Nitramines R,N-NO, +100 +225 (RN)
+10 +45 (NOy)
gem-Polynitroalkanes R,C(NO,)3, RCINO,),,
C(NO,), 0 +50
Aromatic nitro compounds (aryl)-NO, +7 +40
Nitroalkanes R-NO, -30 +2
Azoxy compounds R-N=N(— 0)-R +20 +75 (N, NO)
Triazenes R-N=N-NR; +20 +35 (RN)
=75 —70 (=N-)
+215 +230 (NR,)
Nitrosoamines R;N-N=0O +110 +160 (R;N)
-175 -150 (NO)
T N=N
Diazirine ring \/ ca. +50
CH,
Nitrites R-O-N=0 ca. —190
Azo compounds R-N=N-R -170 -120
(R =alkyl or aryl)
Azo bridges X-N=N-X -620 -25
(X = heteroatom)
Thionitrites R-S-N=0O -410 -330
Nitroso compounds R-N=0O —580 —430
Some important inorganic molecules and ions
Ammonium ion NH,* +350 +360
Ammonia NH; +378 +400
Isocyanic acid HNCO ca. +355
(Iso)cyanate ion (NCO)~ ca. +303
Hydrazoic acid HN=N*=N" ca. +300 (HN)
ca. +130 (NV)
ca. +165 (N")
Azide ion (NNN)™ ca. +281 (terminal N)
ca. +132 (central N)
Isothiocyanic acid HNCS ca. +265
(Iso)thiocyanate ion (NCS) ca. +172
Cyanide ion CN™ ca. +104
Hydrogen cyanide HCN ca. +130
Fulminate ion (CNO)~ ca. +175
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TABLE 13—cont.

Name

General formula

Nitrogen shielding referred
to neat nitromethane

lower limit  upper limit

Nitrogen oxides

Nitric acid
Nitrate ion
Nitrite ion
Nitronium ion
Nitrosyl ion

NNO
ONNO,

N204
N205
HONO;
NO;~
N027
N02+
NO*

ca. +143 (central N)
ca. +227 (terminal N)

ca. —300 (NO)
ca. —65 (NO,)
+11 +20
+48 +62
+3 +40
+3 +6
ca. —228
ca. +130
ca. +3

Data from this book and from refs 1 and 2 for diamagnetic substances.
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TABLE 14

Correlations between nitrogen shieldings and barriers to internal rotation of the Me,;N moiety
in amides, thioamides, and related structures®

Nitrogen shielding referred  Activation energy of
Molecule (in neat liquid or to neat nitromethane for rotation, E,
chlorinated solvent) the Me;N moiety (kJ mol_l)

experimental data

Me,NCHO +277-4 86-2
Me,NCOMe +283.9 77-5
Me,NCOPh +281-7 73.7
Me,NCOCI +286-3 72-9
Me,NCOCCl, +289-5 67-8
Me,NCH=CHCHO +291-2 69-9
Me,NCH=CHCOMe +300-6 60-7
Me,NCH=NPh +301-8 61-5
Me,NCH=CHPh +326-2 377
Me,NCHS +227-8 92-1
Me,NCSMe +2371 86-7
Me,NCSCI +236-0 79:5
Me,NCSSMe +246-6 67-0
Me,NC*(SMe)NMe, +271-3 39-8

values predicted from
nitrogen shieldings

Me;N* =CH,(CF,C00") +158-7 1938
Me;N"=CHCI (Cl") +218-0 140-2
Me,N*=CHOMe (SO;F ") +2381 121-8
Me,NCOMe-AICl, +244-3 116-4
(Me;N),CO-SbCl; +308-5 582
Me,NCOOMe +3157 515
(Me,N),CO +319-0 { ;2.2 found®)
Me,NCH —CHPh +347-9 222
N/
CH,
Me,;NCH=CHMe +353.0 17-6
(Me;N),CS +294.7 {;2: (found®)

(a) Data from ref. 40 and references therein; originally referred or recalculated to aqueous
NaNO, standard, +3-7 ppm from neat nitromethane (Table 6); the following correlations
were suggested, separately for amides and thioamides:

amides and related structures
E,(x2-8kJmol ')=338.9 —0-9085(nitrogen shielding of Me;N referred to MeNO,)

thioamides and related structures
E.(+3-3kImol ')=389.9— 1-277(nitrogen shielding of Me;N referred to MeNO,)

where the equations are modifications of the original ones which refer to kcal mol ™' units of
E, and deshieldings relative to that in aqueous NaNO;.
(b) Data from ref. 46 where the predictions of barriers from nitrogen shielding data are

criticized.
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Correlation between nitrogen shieldings and barriers to internal rotation in R;N-N=X

TABLE 15

molecules

Molecule

Nitrogen shielding (ppm)
referred to neat nitromethane
for the R,N moiety (solvent
or state in parentheses)

AG g5 for rotation around
N-N bond (kJ mol™")

Me,N-N=0O
Me,;N-N=NPh
Me;N-N=N-C¢H4NO;p
MezN—N=N-C(,H4'C|p
Me,;N-N=N-CcH4-CH;p
Me;N-NO,
Me,N-N=CHR
MezN—NHZ

Et,N-N=0

Pri;N-N=0

+150-4 (neat liquid)
+229-9 (in CDCl;)
+219-2 (in CDCl,)
+228-3 (in CDCls)
+233-6 (in CDCl;)
+219-7

+282-7

+320-3

+126-0 (neat liquid)
+110-9 (neat liquid)

96-2 (in PhNO,)
57-3 (in CDCl5)
65-6 (in CDCl3)
581 (in CDCly)
54-3 (in CDCl3)
(62-2) (predicted)
(31-0) {predicted)
(11-9) (predicted)
97-0 (neat liquid)
98-2 (neat liquid)

Data from ref. 45 and references therein; originally referred or recalculated to aqueous
NaNO; standard, +3-7 ppm from neat nitromethane (Table 6); correlation found for the

Me;N derivatives:

AGj’qs(MezNN:X)(:tlJ kJ mol ') = 172-0 —0-50(nitrogen shielding referred to MeNO;)

after introducing corrections due to conversion to neat nitromethane scale of nitrogen

shieldings.
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TABLE 16
Suggested correlations between barrier to internal rotation of the NR; moiety and nitrogen
shielding
Type of structure Correlation
NMe,
X
I NMe, AGT= 219-6 —0-59(nitrogen shielding of NMe, ref. to MeNO,)
>
N
X
NH, NH,
aG*t =206-9 —0-56(nitrogen shielding of NH; ref. to MeNO;)
X
X
NH,
@X AGT =213-2 - 0-56(nitrogen shielding of NH; ref. to MeNO,)
Y

Data from ref. 47 and references therein; original equations have been modified here in
order to conform to nitrogen shieldings referred to neat nitromethane.
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TABLE 17

Nitrogen shieldings in some alkyl amines

Nitrogen shielding
referred

Compound Solution to neat nitromethane  Notes
NH; neat liquid +381:93+0-14 (a)
+380-2 (d)
various solvents see ref. 1, p. 151
MeNH, neat liquid +378:73£0-15 (a)
neat liquid, —20°C +382:2 (b)
varjous solvents see ref. 1, p. 151
2 M in MeOH +377-3 (c)
EtNH, 2 M in cyclohexane (0 °C) +355-1 (c)
2 M in MeOH (0°C) +355-4 (©)
Pr"NH, 2 M in cyclohexane +360-7 (c)
2 ™M in MeOH +359-6 (c)
various solvents see Table 24
Bu"NH, 2 M in cyclohexane +360-4 (c)
2 M in MeOH +359-4 (c)
Bu'NH, 2 M in cyclohexane +364:2 (©)
2Min MeOH +362-7 (c)
Me,CHCH,CH,;NH, 2 M in cyclohexane +360-2 (c)
2Min MeOH +359.3 (c)
Me;CCH,;NH, 2 M in cyclohexane +368:7 (c)
2 M in MeOH +367-6 (c)
Pr'NH, 2 M in cyclohexane +337-2 ()
2 M in MeOH +338-1 (c)
Bu‘NH, 2 M in cyclohexane +342-4 (c)
2 M in MeOH +342-2 (c)
neat liquid +339-8 (d)
QNH 2 M in cyclohexane +340-8 (c)
z 2 M in MeOH +340-4 (c)
NH, 2 M in cyclohexane +340-8 (c)
Bu! 2 M in MeOH +340-4 (©)
NH,
2 M in cyclohexane +349-6 (c)
Bu! 2 M in MeOH +349.7 (©
2 M in cyclohexane +346-5 (c)
NH, 2 M in MeOH +346-5 ()
Bu‘NH; 2 M in cyclohexane +322+4 (c)
2 M in MeOH +324-3 (c)
(Et)Me,;CNH, 2 M in cyclohexane +328:4 (c)
2 M in MeOH +328:6 (c)



TABLE 17—cont.

159

Nitrogen shielding
referred

Compound Solution to neat nitromethane Notes
2 M in cyclohexane +322-5 (c)
NH, 2 M in MeOH +323.7 (c)
Me,NH neat liquid, —20 °C +374-3 (b)
80% v/v in benzene +372-2 (f)
2 M in cyclohexane (0 °C) +371-1 (c)
2 M in MeOH (0°C) +369-5 (c)
(Me)(Et)NH 2 M in cyclohexane +352-8 (c)
2 M in MeOH +352-0 (c)
Et,NH 2 M in cyclohexane +333-0 (c)
2 M in MeOH +333.7 (c)
Pr",NH 2 M in cyclohexane +342-2 (¢)
2 M in MeOH +340-5 (c)
various solvents see Table 24
Bu",NH 2 M in cyclohexane +341-7 (c)
. 2 M in MeOH +340-0 (c)
Bu',NH 2 M in cyclohexane +346-4 (c)
2 M in MeOH +345-2 (c)
Pr',NH 2 M in cyclohexane +305-1 [19)
2 M in MeOH +306-5 (c)
various solvents see Table 24
Me;3N neat liquid +368-59+£0-10 (a)
neat liquid, —20 °C +372.7 (b)
neat liquid, +4 °C +372:2 (f)
2 M in cyclohexane +366-9 (c)
2 M in MeOH +363-1 (c)
various solvents see p. 151 of ref. 1
EtNMe, 2 M in cyclohexane +355:2 (c)
2 M in MeOH +351-3 (c)
Pr"NMe, neat liquid +358-2 (b)(H)
2 M in cyclohexane +358:4 (c)
2 M in MeOH +352-8 (c)
Bu"NMe, 2 M in cyclohexane +358-4 (¢)
2 M in MeOH +352:8 (c)
Bu'NMe, 2 M in cyclohexane +359-0 (c)
2 M in MeOH +354-8 (c)
Me,CHCH,CH,;NMe, 2 M in cyclohexane +358-4 (c)
2 M in MeOH +352:9 (c)
MeNEt, 2 M in cyclohexane +343-1 (c)
2 M in MeOH +340'5 (©)
Et;N neat liquid +333:40+0-14 (h)
+331-9 (b)
2 M in cyclohexane +333-6 (c)
2 M in MeOH +332:0 (c)
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TABLE 17—cont.

Nitrogen shielding
referred

Compound Solution to neat nitromethane Notes
Pr'’NMe, 2 M in cyclohexane +353-0 (c)
2 M in MeOH +347-5 (c)
Bu*NMe, 2 M in cyclohexane +358-9 (c)
2 M in MeOH +349-6 (c)
O—NMCZ 2 M in cyclohexane +353.9 (c)
2 M in MeOH +347-7 (c)
Bu‘\k7\NMez 2 M in cyclohexane +353-7 (c)
Bu'NMe, 2 M in cyclohexane +348-8 (c)
2 M in MeOH +342.5 ()
(Et)Me,CNMe, 2 M in cyclohexane +354-6 (c)
2 M in MeOH +344-9 (c)
@ 2 M in cyclohexane +348-9 ©
NMe,
MeNPr", 2 M in cyclohexane +350-0 (c)
2 M in MeOH +343.8 (c)
MeNBu", 2 M in cyclohexane +349.7 (<)
2 M in MeOH +343-6 (c)
MeNBuU', 2 M in cyclohexane +350-7 (c)
2 M in MeOH +349-4 (¢)
MeNPr', 2 M in cyclohexane +336-5 (©)
2 M in MeOH +330-3 (c)
Me;CCH;,;NMe, 2 M in cyclohexane +364-9 (c)
HOCH,CH,;NH, neat liquid +362+2 (e)
HOCH,CH,CH,NH, neat liquid +358+2 (e)
H,NCH,CH,;NH, 2Min CDCl; +366-1 (i)
MeCH(NH,;)CH,;NH, 2 M in CDCl, +369-0, +349-8 (i)
H,NCH,CH,CH;,NH, 2 M in CDCly +354-1 (i)
(HOCH,CH,);N 0:3M in CDCl; +354-0 (g)
0-3 M in acetone +355-4 (g)
0-3 M in MeOH +354-1 (g)
0:3min H,O +348-3 (g)
NMe, neat liquid +347-9 ()
Ph

(a) Data from ref. 80; '*N continuous-wave spectra; 4-33 MHz; high-precision differential
saturation technique with full lineshape fitting; 30 °C; concentric spherical sample/standard
containers in order to eliminate bulk susceptibility effects; referred to neat nitromethane.

(b) Data from ref. 47; '*N natural abundance spectra; 9-12 MHz; field perpendicular to
sample tube; referred originally to aqueous NaNOj, +3-7 ppm from neat nitromethane (Table
6); conversion scheme II (Table 4).
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(c) Datafromref. 119; '“N natural abundance spectra; 18-25 MHz; field parallel to sample
tube; referred originally to 1 M DNO;, +6-2 ppm from neat nitromethane (Table 6); conver-
sion scheme IV (Table 4).

(d) Data from ref. 81; 5N natural abundance spectra; 10-09 MHz; field perpendicular to
sample tube; referred originally to neat nitromethane; uncorrected for bulk susceptibility
effects.

(e) Data from ref. 123; 5N natural abundance spectra; 27-4 MHz; low-precision measure-
ments referred originally to Me,N*, +337 ppm from neat nitromethane (Table 6).

(f) Data from ref. 41; >N natural abundance spectra; 10-1 MHz; field perpendicular to
sample tube; referred originally to NO; ™ in dilute aqueous NH,NO3;, probably +3-7 ppm
from neat nitromethane (Table 6); conversion scheme II (Table 4).

(g) Data from ref. 124; *N-labelled compound; 5N spectrum; 9-12 MHz; field perpen-
dicular to sample tube; referred originally to neat nitromethane; uncorrected for bulk suscepti-
bility effects.

(h) Data from ref. 85; details as in note (a).

(i) Data from ref. 125; 5N natural abundance spectra; 10-09 MHz; field perpendicular
to sample tube; referred originally to what was reported as aqueous NH,Cl (+352:9 ppm
from neat nitromethane; Table 6), but the reported shift for pyridine suggests that aqueous
NH,NO; was used, +359:6 ppm from neat nitromethane (Table 6); conversion scheme II
(Table 4).

(j) Data from ref. 40; !*N natural abundance spectra; 6-08 MHz; field perpendicular to
sample tube; referred originally to dilute HNO3, probably +3-7 ppm from neat nitromethane
(Table 6); conversion scheme II (Table 4).
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TABLE 18

Additivity rules for alkyl effects on nitrogen shielding in amines and ammonium ions' '’

Nitrogen shielding

amine (in amine hydrochloride
Parameter assignment® cyclohexane) (in MeOH) (in MeOH)
Starting value for RNH,
or RNH;" (R=Me) +378-8 +377:2 +361-8
Each C-8 —22-6 -21.3 -15-2
Each C-y +3-8 +34 +2-2
Each branching at C-a +4-9 +5-0 +3-6
Additionally for each
branching at C-« if there
is C-vy at the same residue +1:8 +0:6 -0:4
Starting value for R;NH or
R,;NH," (R=Me) +361-3 +369-8 +356-6
Each C-8 -19:0 -18-3 -13-5
Each C-y same as for RNH, or RNH;"
Branching effects same as for RNH, or RNH;"
Starting value for R3N or +366-7 +362-1 +349-2
R;NH" (R=Me)
Each C-8 -11-7 -10-5 -91
Each C-y +2:2 +1-8 +0-9
Each branching at C-a +8-2 +5-7 +3-6
Additional branching effect same as for RNH, or RNH;"

* Starting values are recalculated in order to fit the neat nitromethane scale of nitrogen
shieldings; the predicted value for any alkyl amine is obtained by summation of effects of all
C-B and C-y atoms and all branchings at C-a.
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TABLE 19

Nitrogen shieldings in some simple cyclic amines

Nitrogen shielding referred to neat nitromethane
(solvents and solutions specified in footnotes)

P QY@

Substituent
R R R R Et,NR
H +343-5 (a) +343-2 (a) +350-1 (a)
+343-5 (d) +342:5(d)
+342-1 (e) +343-2 (e)
+342-1(f)
Me +339-5 (a) +343-5 (a) +347-7 (a)
+340-8 (¢)
+342-8 (d)
+340-6 (e)
+340-8 (f)
Et . +329-4 (d)
+328:2 (e)
Pr" +329-1 (a) +333-4 (a) +337-5 (a)
Bu' +329-8 (a) +334-1(a) +338-7 (a)
Ph,CHCH,~ +330-3 (a) +334-6 (a) +338:9 (a)
Cyclopentyl +315-9 (a) +320:9 (a) +327-1 (b) +324-5 (a) +326-3 (b)
+314:2 (b) +320-5 (b) +324-7 (b)
Cyclohexyl +318:6 (a) +327:1 (a) +331:5(b) +330-2 (a) +326-2 (b)
+319:4 (b) +327-0(b) +330-1 (b)
Cycloheptyl +319:5(b) +328:7 (b)
Cyclooctyl +317-7 (b)
2-Me-cyclohexyl +319:1 (b)
pr +326-5(d)
+342-2 (e)

(a) Data from ref. 41; ‘N natural abundance spectra; 10-1 MHz; field perpendicular to sample tube;
referred originally to NO3 ™ in aqueous 0-5 M NH4NO;, probably +3-7 ppm from neat nitromethane
(Table 6); conversion scheme II (Table 4); 80% v/v solutions in benzene-dg.

(b) Data from ref. 126; '°N natural abundance spectra; 18:25 MHz; field parallel to sample tube;
referred originally to 1 M DNO;, +6-2 ppm from neat nitromethane (Table 6); conversion scheme IV
(Table 4); 20 mol % solutions in cyclohexane; Cr(acac); added in order to shorten T, time.

(¢) Data from ref. 81; 5N natural abundance spectra; 10-09 MHz; field perpendicular to sample
tube; referred originally to neat nitromethane; uncorrected for bulk susceptibility effects; neat liquids,
Cr(acac); added.

(d) Data from ref. 127, details as in note (b); 2 M solutions in cyclohexane.

(e) See footnote (d); 2 M solutions in MeOH.

(f) Data from ref. 128; °N natural abundance spectra; 10-09 MHz; field perpendicular to sample
tube; referred originally to 2-9 M NH4Cl in 1 M HC], but reported relative to ‘‘anhydrous ammonia’’,
+380-2 ppm from neat nitromethane (Table 6); conversion scheme II (Table 4); neat liquids.
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TABLE 20
Some additional nitrogen shielding data for cyclic amines
Nitrogen
shielding
referred to neat
Compound Solution nitromethane Notes
R=H 2 M in cyclohexane +327-3 (a)
/N R=Me 2 M in cyclohexane +333-6 (a)
R 2 M in MeOH +330-9 (a)
W R=H 2 M in cyclohexane +330-8 (a)
/ R=Me 2 M in cyclohexane +356:4 (a)
Me R
R=H 2 M in cyclohexane +337-8 (a)
R=Me 2 M in cyclohexane +345-7 (a)
/N 2 M in MeOH +341-6 (a)
R
Decahydroquinoline
derivatives
/?/NH
neat liquid +342-1 (b)
Piperidine
Me
ZEL/N” neat liquid +324-9 (b)
</ NH neat liquid +352-2 (b)
R=H 2 M in benzene +322-0 (a)
R 2 M in MeOH +323:5 (a)
N R=Me 2 M in cyclohexane +342-2 (a)

2-Azaadamantane
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TABLE 20—cont.

Nitrogen
shielding
referred to neat
Compound Solution nitromethane Notes
R? R R?
NPT = [ fT
1 1 |
R R R
[A] [B] 2-4 M in benzene
R' R?
predominant
R=H conformer
H Me B +328:8 (d)
Me H B +330-6 (d)
H Bu' B +324-5 (d)
Bu' H A +325-9 (d)
H H B +325.9 d)
R=Me
H Me B +334-4 (d)
Me H A +354-2 (d)
H Bu' B +333-3 (d)
Bu' H A +352-0 (d)
H H B +331-7 (d)
N
mMC 2 M in cyclohexane +318-2 (a)
2:-1Min CDCl, +317-9 (b)
Me

N 2 M in cyclohexane +327-3 (a)
0-3min CDCl; +327-0 (a)

Quinolizidine derivatives

in benzene +372:7 (a)
in H,O +361:2 (a)
N

Quinuclidine

Me 1\I‘] 0-2 M in CDCl, +330-1 (NMe) (©)
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TABLE 20—cont.

Nitrogen
shielding
referred to neat
Compound Solution nitromethane Notes
N ~
Me _ 0-2M in CDCl, +327-6 (NMe) (c)
N
Nicotine

= 0-2 M in CDCl, +329-4 (NMe) (©)

N
Me
Me
v
N
H in CHCl, 432141 (a)

/
N
o@ in CHCl, +342:6 (a)
Mo

O CH,O0H

Scopolamine

(a) Data from ref. 127, "N natural abundance spectra; 18:25 MHz; field parallel to sample tube;
referred originally to 1 M DNO,, +6-2 ppm from neat nitromethane (Table 6); conversion scheme IV
(Table 4).

(b) Data from ref. 128; '°N natural abundance spectra; 10-09 MHz; field perpendicular to sample
tube; referred originally to 2-9 M NH,ClI in 1 M HCIl, but reported relative to ‘“‘anhydrous ammonia”,
+380-2 ppm from neat nitromethane (Table 6); conversion scheme IV (Table 4).

(c) Data from ref. 129; '*N natural abundance spectra; 10-1 MHz; field perpendicular to sample
tube; referred originally to neat nitromethane; uncorrected for bulk susceptibility effects.

(d) Data from ref. 130; N natural abundance spectra; 10-09 MHz; field perpendicular to sample
tube; referred originally to neat nitromethane, but reported relative to NH;, +380-2 ppm from neat
nitromethane (Table 6); uncorrected for bulk susceptibility effects.
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Trends in nitrogen shieldings in cyclic amines

1-9-2 l—ﬁ»z

DNMe = <>NMe
l~12<1 1-2.5

[CNPO)OMe), 2 NP(O)XOMe),

-14:2

—

[
e

1—1.9

] CNP(O)(OMe)z

-0-3
—

+2-9

0-7

+1-2
NH — NH
N/ G

2 -09

1-5
(  NMe 2 GNMe

.5 l—7~1

{ NPOYOMe), == NP(O)(OMe),

Data from ref. 131 for 4-8 M solutions in CDCl;.

L91
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Nitrogen shieldings in methyl-substituted piperidines

TABLE 22

Nitrogen shielding referred to neat nitromethane for

solutions specified

structures and

()

N
H Me
2Min 2Min 2Min 2Min

Substituent cyclohexane MeOH cyclohexane MeOH
None +342:5 +343-2 +342-5 +337-6
2-Me +325.3 +326-8 +331-3 +329-3
3-Me +343-2 +343-4 +343-8 +340-6
4-Me +343.7 +344-2 +343-2 +340-8
cis-2,6-Me, +306-9 +309-7 +318-1 +317-2
trans-2,6-Me, +316-4 +317-7 +335-8 +331-7
cis-3,5-Me, +342.7 +342-6 +343-5 +340-5
trans-3,5-Me, +353-5 +353.6 +351-3 +347-9
cis-2,3-Me, +336-1

trans-2,3-Me, +324:6 +331-1

3,3-Me, +349-8 +350-4 +347-6 +3449
4,4-Me, +343-9 +344-4 +342-9

2,2,6,6-Me, +298-5 +298-8 +329-5 +324-7

Data from ref. 127; '°N natural abundance spectra; 18-25 MHz; field parallel to sample
tube; referred originally to 1 M DNO3, +6-2 ppm from neat nitromethane (Table 6); conver-
sion scheme IV (Table 4).
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Nitrogen shieldings in some aziridines and azetidines (4-5 M solutions in

CDCl,)

Nitrogen shielding referred to neat

Substituents nitromethane
R

[CNR NH

R

H +388-7 +388.7

Me +379:5 +369-7

Et +363-8 +372-3

Pr" +366-6

Bu" +366-6

Pr' +350-0 +372-9

Bu' +346-7 +376-8

R'" R* R’ R* R?

Me Me H H +351-6 Rin

Me H H Me +364-3 ENR‘

H Me Me H +349-5 R3=

Me H Me H +355-2 H

R' R? R?

H H H +362-4

Me H H +347-1 R?

H Me H +358:7 Rm

H H Me +340-9 ENH

Ph H H +344-1 Ph=

H Ph H +357.9 R?

H H Ph +337-0

Me Me H +338-7

R

H +354.9

Me +348-7

Et +3352 <>NR

P +337-8

Pr' +323-9

Bu' +328:2

Data from ref. 131; 'SN natural abundance spectra; 10-09 MHz; field
perpendicular to sample tube; referred originally to neat nitromethane
(uncorrected for bulk susceptibility effects), but reported relative to ‘‘anhy-
drous ammonia’’, +380-2 ppm from neat nitromethane (Table 6).
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Solvent effects on nitrogen shielding in aliphatic amines and aniline®

Nitrogen shielding

ref. to neat MeNO,

solvent shift ref.

to solution in

protonation shift

Amine Solvent and concentration (mol %) uncorrected® corrected® cyclohexane in MeOH*
Pr"NH, cyclohexane (19-4) +360-7 0-0000
neat liquid (100) +359-6 -1-1
DMSO (19-4) +358-4 =23
Bu'OH (19+9) +355-2 -5-5
MeOH (8:3) +359:6 -1-1 -11-7
H,0 (19-4) +356-6 -4-1
Et,NH cyclohexane (19-4) +333-0 +331-8 0-0000
neat liquid (100) +333-4 +332:6 +0-8
DMSO (19-6) +334-6 +333.9 +2-1
Bu'OH (19-0) +332.3 +331-1 -0-7
MeOH (19-4) +333.7 +333-1 +1-3 -29
H,O (19-4) +332-5 +331-2 -0-6
Pr",NH cyclohexane (19-2) +342-2 0-0000
neat liquid (100) +342.2 0-0
DMSO (19-0) +342.9 +0-7
Bu'OH (23-1) +340-2 -2-0
MeOH (23-1) +340-5 -1.7 -84
Pr',NH cyclohexane (19-4) +305-1 +304-1 0-0000
neat liquid (100) +305-0 +303-7 -0-4
DMSO (9-2) +306-5 +305-7 +1-6
Bu'OH (21-4) +304-6 +303-6 -0-5
MeOH (8:3) +306-5 +306:0 +1-9 +4-9

0L1
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Pyrrolidine

O

Piperidine

Me
[
Me
cis-2,6-Me,-
piperidine

R,

2-Azaadamantane

cyclohexane
neat liquid
DMSO
CHCl,
Bu'OH
MeOH
H,O0

cyclohexane
neat liquid
DMSO
CHCl;
Bu'OH
PrOH
EtOH
MeOH
H,0O

cyclohexane
Bu'OH
MeOH

benzene
Bu‘OH
MeOH

(19-4)
(100)

(19-4)
(19-4)
(19-4)
(19:3)

(8-3)
(19-4)

(17-8)
(100)
(19-4)
(19-4)
(19-4)
(19-4)
(19-4)
(19:9)
(19-4)
(10-0)

(19-4)
(17-2)
6:3)

(8-2)
(8-6)
(6-3)

+343.5
+343.7
+342-9
+342.2
+340-2
+342-5
+342-1
+340-8

+342:5
+342-8
+343-3
+342-2
+341-4
+342-1
+342-8
+343:2
+341-9
+341-8

+306-8
+307-2
+309-7

+322:0
+319-8
+323-5

+342-4
+342.5
+341-7
+340-3
+338-9
+341-4
+341-3
+338-8

+341:4
+341-6
+342-4
+340-6
+340-2
+341-0
+341-9
+342:6
+340-4
+340:4

+305-8
+306-2
+309-0

0-0000
+0-1
-0-7
-2-1
-3-5
-1-0
-1-1
-36

0-0000
+0-2
+1-0
-0-8
-1-2
-0-4
+0-5
+1:2
-1-0
-1-0

0-0000
+0-4
+3-2

0-0000
-2-2
+1-5

-10-4

-1-8

+7-4

+3-9

L1



TABLE 24—cont.

Nitrogen shielding

ref. to neat MeNO, solvent shift ref.
to solution in protonation shift

Amine Solvent and concentration (mol %) uncorrected® corrected” cyclohexane in MeOH*

cyclohexane (19-4) +342-8 +341-8 0-0000
{ NMe neat liquid (100) +342.7 +341-7 -0-1

DMSO (12-4) +341-9 +340-8 -1-0

CHCl; (19-4) +340-7 +338-8 -3-0

Bu'OH (26-6) +342-0 +340-9 —-0-9

MeOH (19-4) +340-6 +339-4 -2:4 -7-9

H,0 (19-4) +340-8 +339-1 -2-7

cyclohexane/ (18-8) +327-0 +325.9 0-0000
@Nﬂz benzene (4:1)

Bu'OH (7-4) +324-9 +323.5 -2-4

MeOH (8-3) +328-5 +327-8 +1-9 +5:6

(a) Data from ref. 82; '°N natural abundance spectra; 18-25 MHz; field parallel to sample tube; referred originally to 1 M DNQO;, +6-2 ppm
(uncorrected) or +4-8 ppm (corrected) from neat nitromethane (Table 6).

(b) The values contain bulk susceptibility difference effects between nitromethane and sample (conversion scheme IV, Table 4).

(¢} The values are taken from the original data and corrected for bulk susceptibility, using conversion scheme I (Table 4).

(d) The values represent nitrogen shielding in the corresponding hydrochloride in MeOH relative to the parent amine in the same solvent.

Ll



TABLE 25

Nitrogen shieldings in some miscellaneous alkylamino moieties

Compound Nitrogen shielding ref. 14N resonance half-height
(neat liquid) to neat MeNO,; (+ 3 ppm) width (Hz)
Bu'NHMe +334 275
Bu'N(BMe,), +217 ?
Bu‘N(SnMe,), +322 ?
N(SnMe3;); +385 ?
EtN(SnMes), +376 ?
[(Me;N);AlL +372 850
Me,NPMe, +373 204
(Me;N),S +332 342
Me,NSCI +306 235
Me,NCI +291 238
Bu'NCl, +187 300
MeNCl, +221 260
Me,N-SCN +317 (Me;N) ?

Data from ref. 137; '*N continuous-wave spectra; 7-22 MHz; field perpendicular
to sample tube; referred originally to saturated aqucous NaNOj, +3-7 ppm from

_neat nitromethane (Table 6); conversion scheme II (Table 4).
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TABLE 26

Nitrogen shieldings in some enamines, enaminoketones, and related structures

Unsaturated
substituent

Nitrogen shielding referred to neat nitromethane (solvents given in footnotes)

-

9

(J

-

O

N
R RNMe, RNEt, R R R
-4 +310-9¢
Q‘ +335-1° +310-7" igigab +gig,gh +312:7" +315-3°
a R +306-7¢ +307-3° . +312.1° a
Q— +333-8 +310-2 £306.9" 1307.3" +311-9 +311.6° +317-9
Q +323.8° +326-1"
Me
@ +309-1% +313-6°
Me
+307-4°
MeCH=CH- +353.0°

vLl



+2540°'8

trans-PhCH=CH- +326.2° +301-1 +303:6 +309-8
Me,C=CH- +351-2° +322-2° +325-6° +330-1°¢
Ph,C=CH- +329-3¢ +301-9° +304-0° +312-9¢
trans-O,NCH=CH- +266-7°
{amine)
+326-9°
Me

(¢]
Q/ +299-0° +274-6° +280-4° +291-7¢

O

o) Me
Me/”\}\ +297.9° +272:9° +276-3° +284-6°
H,COOH
/=< +274-6°

HOOCCH,

(a) Data from ref. 41; '°N natural abundance spectra; 10-1 MHz; field perpendicular to sample tube; referred originally to NO;™ in 0-5M
NH4NO;, +3-7 ppm from neat nitromethane (Table 6); conversion scheme II (Table 4); Cr(acac); added; 80% solutions in benzene-dg,.

(b) Data from ref. 126; '°N natural abundance spectra; 18-25 MHz; field parallel to sample tube; referred originally to 1 M DNO;, +6:2 ppm
from neat nitromethane (Table 6); conversion scheme IV (Table 4); Cr(acac),; added; 20 mol % solutions in cyclohexane.

(¢) Data from ref. 40; "°N natural abundance spectra; 6808 MHz; field perpendicular to sample tube; referred originally to aqueous NaNOs,
+3:7 ppm from neat nitromethane (Table 6); conversion scheme II (Table 4).

—
~
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TABLE 27

Some additional data on nitrogen shielding in enamino type moieties

Nitrogen shielding
referred to neat

Compound Solution nitromethane Notes
CN
NC
%NHPr" 80% in benzene +263-5 (a)
CN
O
‘ I COOMe 10% v/v in DMSO +292 (b)
Me NH, (70°0)
¢)
(o]
| | COOH 10% v/v in DMSO +283 (b)
Me NH, (70°C)
(6]
CONH,
I I 0:-1mMin DO, pD=7 - +279-8 (NMe) (c)
N
Me
CONH, .
| | 0-1mMin D,O, pD=7 +264-2 (N-ADP) (¢)
)
ADP-Ribose
( N—N=N—N ) neat liquid +312+5 (d)
MeNH-N=CMe, neat liquid +298+ 3 (NH) (d)
Me;N-N=N-NMe, neat liquid +279+ 3 (NMe,) (d)
Et;N-N"=C~ neat liquid +264 + 3 (NEt,) (d)
(Me;Si);N-N=CH, neat liquid +241+3 (NSi) d)
(Me;Si),N-N=CCl, neat liquid +216+3 (NSi) (d)
(Me;Si),N-N=CF, neat liquid +300+ 3 (NSi) (d)
(Me;Si),N-P=NSiMe, neat liquid +264 +3 (amine) (d)

(a) Data from ref. 41; see footnote (a) in Table 26.

(b) Data from ref. 135 'H{'*N} INDOR spectra; 100/7-22 MHz; field perpendicular to
sample tube; referred originally to Me,N*Cl™, +336-7 ppm from neat nitromethane (Table
6); conversion scheme II (Table 4).

(c) Data from ref. 136; '*N-labelled nitrogen atom in the ring system; N spectra;
10-14 MHz; field perpendicular to sample tube; referred originally to 1 MND,Cl, +352-9 ppm
from neat nitromethane (Table 6); conversion scheme II (Table 4).

(d) Data from ref. 137 and ref. 38; '*N continuous-wave spectra; 7-22 MHz; field perpen-
dicular to sample tube; referred originally to saturated aqueous NaNO3, + 37 ppm from neat
nitromethane (Table 6); conversion scheme I1 (Tabie 4).



TABLE 28

Nitrogen shieldings in some silylamines and related structures
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Nitrogen shielding

14
N resonance

referred to neat half-height
Compound Solvent nitromethane width (Hz) Notes
(H;Si),NPF, CDCl3/SiMey +330-2 (a)
Me;SiN(Me)Ph none +326+3 1200 (b)
[(Me;Si);N],Be none +325+1 192 (b)
(Me;Si),NPh none +291+3 1200 (b) -
(Me;Si),NPMe, none +348+1 135 (b)
[(Me;3Si),N1,S none +345+3 ? (b)
(Me;Si);NSSiMe;, none +333+3 ? (b)
(Me;Si);NSOSiMe; none +312+3 1100 (b)
(Me;Si),NSBr none +309+3 ? (b)
(Me,Si),NCl none +346+1 180 (b)
(Me;Si);NBr none +314+3 355 (b)
(Me;Si),NI none +416+3 ? (b)
(Me;Si);N-NC none +320+3 (amine) 423 (b)
(Me;Si);N-N=C=S§ none +266+ 3 (amine) ? (b)
(Me;Si);N-SCN none +369 + 3 (amine) ? (b)
(Me;Si);NSi(Me)NCl, none +320+ 5 (amine) ? " (b)
+239+5 (NCl,) ? (b)
Cl none +298+3 ? (b)
/N\ .
Me, Si SllMe2
CIN\ _/NCI
Si
Me,
%r none +269+3 ? (b)
Mezslx SIiMe2
BrN\ ./NBr
Si
Me,
(Me;Si);NSnN(SiMe;), benzene +255+3 317 (b)
tetrahydrofuran +248+5 ? (b)
none +214+15 ? (b)
(Me;Si),NPbN(SiMe;), hexane +174+3 ? (b)
(Me;Si);NHgMe none +291+3 ? (b)
(Me,Si),NLi toluene +326+3 342 (b)
tetrahydrofuran +334+3 280 (b)
diglyme +333e3 271 (b)
(Me;Si),NNa toluene +341+3 348 (b)
tetrahydrofuran +337+3 370 (b)
diglyme +340+3 314 (b)
diglyme/crown ether +328+3 ? (b)
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TABLE 28 —cont.

Nitrogen shielding !N resonance

referred to neat half-height

Compound Solvent nitromethane width (Hz) Notes
(Me;Si);NK toluene +315+3 400 (b)
tetrahydrofuran +326+3 433 (b)
diglyme +325+3 387 (b)
(Me;Si),NBu" none +322+3 ? (b)
Me;SiNHBu' none +325+3 225 (b)
(Me;Si);NSiMe,NH, none +360+3 (NH) ? (b)
+341+3 (NSi) ? (b)
Me;SiNHSiMe,NHSiMe; none +344 1 100 (b)
Me;SiNMe, CDCl, +381-0 (©)
Me,HSiNMe, CDCl; +383-4 (c)
Me,(Ph)SiNMe, CDCl; +384.0 (©)
Ph,(Me)SiNMe, CDCl, +370:6 (c)
Cl,(Ph)SiNMe, CDCl, +364-1 (c)
Ci3SiNMe, CDCl; +357-1 (c)
Me;SiNEt, CDCl,4 +354-0 (c)
Me,HSINEt, CDCl; +377-0 (c)
Me,(Bu")SiNEt, CDCl, +353-6 (c)
Me,(Ph)SiNEt, CDCl, +352-0 (c)
Ph,(Me)SiNEt, CDCl; +345-0 (c)
(Ph)(Me)(CH,=CH)SiINEt, CDCl, +340-0 (©)
Ph,(CI)SiNEt, CDCl, +341-1 (c)
Cl,(Ph)SiNEt, CDCl, +334-0 (c)
Ph,SiNEt, CDCl,4 +305-0 (<)
Cl;SiNEt, CDCl, +327-6 (c)
Ph,(CD)SiNPr, CDCls +3186 (©)
Clz(Ph)SiNPriz CDCl, +313-5 (c)
C1,SiNPr’, CDCl; +307-0 (c)

(a) Data from ref. 138; '*N-labelled compound; "H{**N} double-resonance spectra; 100/10-1 MHz;
field perpendicular to sample tube; referred originaily to aqueous NMeyl, +337-3 ppm from neat
nitromethane (Table 6); conversion scheme II (Table 4).

(b) Data from ref. 137; '*N continuous-wave spectra; 7-22 MHz; field perpendicular to sample tube;
referred originally to saturated aqueous NaNOj3, +3:7 ppm from neat nitromethane (Table 6); conver-
sion scheme II (Table 4).

(c) Data from ref. 44, 5N natural abundance spectra; 9-12 MHz; field perpendicular to sample tube;
referred originally to aqueous NaNO3, see note (b).



TABLE 29

Nitrogen shieldings in silatrane and stannatrane structures
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Nitrogen shielding
referred to neat

Compound Solution nitromethane Notes
R O
O~ S'(; 0
XD
N
Silatrane structure
R=H 0-001 M in CDCl; +352-6 (a)
Me 0-001 M in CDCl; +357-8 (a)
0-3Min CDCl; +357-3 (b)
0-3 M in acetone +357-2 (b)
0-:3 M in CD;0OD +356-5 (b)
CH,=CH 0-:001 M in CDCl, +355-2 (a)
0-3 M in acetone +356-0 (b)
Ph 0-001 M in CDCl; +354-7 (a)
0-3 M in acetone +355-5 (b)
CICH, 0-001 M in CDCl, +352-5 (a)
0-3M in CDCl; +352:5 (b)
0-3 M in acetone +353-0 (b)
MeO 0-3 M in acetone +354-9 (b)
EtO 0-001 M in CDCl, +351-5 (a)
0-3 M in acetone +352-4 (b)
ICH, 0:001 M in CDCl, +353-2 (a)
Cl,CH 0-001 M in CDCl; +350-3 (a)
Cl 0-001 M in CDCl, +347-2 (a)
Br 0-001 M in CDCl; +346-5 (a)
Et;N*CH, 0-001 M in CDCl, +350-2 (a)
R
I /O

()~\Sf;§fi>
CA
N

Stannatrane structure

R=Me

none

+358-2; +363-8

(c)

(a) Data from ref. 139; '*N-labelled compounds; 1H{’SN} double-resonance spectra;
90/9-12 MHz; field perpendicular to sample tube; referred to neat nitromethane; uncorrected

for bulk susceptibility effects.

(b) Data from ref. 124; '*N-labelled compounds; N spectra; 9-2 MHz; field perpendicular
to sample tube; referred to neat nitromethane; uncorrected for bulk susceptibility effects.

(c) Data from ref. 140; '*N-labelled compound; N spectrum; 9-12 MHz; field perpen-
dicular to sample tube; referred originally to aqueous NO; ™, probably +3-7 ppm from neat

nitromethane (Table 6); conversion scheme II (Table 4).
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TABLE 30

Nitrogen shieldings in amino groups bound to phosphorus atoms

Nitrogen shielding

referred to neat

Compound Solvent nitromethane Notes
P(NMe,), none +352+2 (a)
+340%S5 (d)
MeP(NMe,), CH,Cl, +346+2 (a)
Me,PNMe, none +373+2 (a)
(Me,P);NMe, none +345+3 (a)
CIP(NMe,), none +334+3 (a)
BrP(NMe,), none +322+3 (a)
P(NEt,); none +329+3 (a)
CIP(NEt,), none +284+3 (a)
F,PNH, none +315-9 (b)
F,PNMe, none +320+2 (a)
Cl,PNMe, none +318+2 (a)
Br,PNMe, none +311+3 (a)
C1,PNEt, none +264+3 (a)
Cl{(Me)PNMe, CDCl, +329+3 (a)
(F,P);NH benzene-dg +251-0 (b)
(Cl,P);NMe none +267+3 (a)
(F,P);N benzene-dg +198-3 (b)
Me
N
\
(e
/
N
Me
R =Me CH,Cl, +344+3 (a)
Cl none +322+3 (a)
Br CH,Cl, +309x3 (a)
OMe CH,Cl, +324+3 (a)
SMe CH,Cl, +339+3 (a)
NMe; benzene {rsmmey  ®
NEt, benzene { i;g; ; 2:)543 (h)
NP CDC; {Cseomm  ®
none {+357 -5 (NMe) ©
+289-7 (NPr'y)
N(Me)Pr' benzene-dg {:gg; ; g?/’i‘z:’r i (h)
NHPh benzene +284-2 (NHPh) (b)
O=P(NMe,); none +358+5 (d)
S=P(NMe,), none +348+5 (d)



TABLE 30—cont.
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Nitrogen shielding
referred to neat

Compound Solvent nitromethane Notes
Ir\q'le S CHCl;/benzene +289-5 (NHPh) (b)
\ g
A
/ N\
N NHPh
e
Me benzene +284-2 (NHPh) {b)
N\ /Se
14
N NHPh
M * .
Nc Me CH,Cl, +370-7 (NHPh) (b)
N/ -
/P( I
N  NHPh
Me
Me,;NP(OMe), none +322+3 (a)
Me,NP(SMe), CH,Cl, +326+3 (a)
Me,PNHPh benzene +309-1 (b)
Me,P(=0O)NHPh DMSO +293-6 (b)
Me,P(=S)NHPh dioxan +301-0 (b)
Me,P(=Se)NHPh CH,Cl, +304-6 (b)
Me,P(=Te)NHPh benzene/CH,Cl, +308-0 (b)
(MesP*-NHPh)I~ CH,Cl, +322:3 (b)
[(MeS)Me,P"-NHPh]I~ CHCl, +315-9 (b)
[Me,P-N(BH;)Ph], CH,Cl, +285-3 b)
Bu';PNHPh mesitylene +321-6 (b)
Bu';P(=0)NHPh CH,Cl,/mesitylene +316-7 (b)
Bu',P(=S)NHPh CHCl;/mesitylene +321-3 (b)
Bu',P(=Se)NHPh CHCl;/mesitylene +325-8 (b)
[Bu';P"(Me)NHPh]I~ DMSO +339-6 (b)
[Bu',P*(SeMe)NHPh]I™ DMSO +323-7 (b)
Bu',P-N(Ph)SnMe; CH,Cl,/benzene +340-3 (b)
Me,P-N(Ph)SnMe, benzene +332-8 (b)
Me,P(=S)-N(Ph)SnMe, benzene +307-8 (b)
(Me,;N),P-NHPh benzene +297-5 (NHPh) (b)
Me,;N-P(NHPh), benzene +297-2 (NHPh) (b)
MeN=P(NMe,); benzene-dsg +354-4 (N=P) (e)
(MCgSi)zN NI{le
P P(NMe,)s benzene-dg +309:7 (NMe) (e)
Me,;SiN NSiMe,
(H3Si);NPF, CDCl3/SiMey +330-2 (i)
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TABLE 30—cont.

Nitrogen shielding
referred to neat

Compound Solvent nitromethane Notes
Bu'
0\
/P(F)th benzene +313-0 (f)
Ph,C NH
[N-P(=0)OMe), benzene-ds +367-4 @
J;N—P(:O)(OMe)z benzene-dq +3522 @
Me
/EN -P(=0){(OMe), benzene-ds +340-9 (g)
Me Me
Me
N-P(=0)(OMe), benzene-dg +338-4 (cis-Me,) (g)
Me +338-1 (trans-Me;) (g)
Me
j;N—P(=O)(OMe)2 benzene-d, +327-2 (g)
Me Me
Me Me
EN -P(=0)(OMe), benzene-d, +320-5 (g)
Me™ “Me
<;N -P(=0)(OMe), benzene-dg +346:2 (g)
CN —P(=0)(OMe), benzene-dg +334-4 (g)
< N -P(=0)(OMe), benzene-ds +333-7 (g)
GN -P(=0)(OMe), benzene-d +333-6 (g)
benzene-d +337-0 (g)

O
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TABLE 30—cont.

Nitrogen shielding
referred to neat

Compound Solvent nitromethane Notes
(CH,)g N -P(=0)(OMe), benzene-ds +335:4 (g)
Et,N-P(=0)(OMe), benzene-dg +335:4 (g)

(a) Data from ref. 141; '*N continuous-wave spectra; 7-22 MHz; field perpendicular to
sample tube; referred originally to saturated aqueous NaNO,;, +3-7ppm from neat
nitromethane (Table 6); conversion scheme II (Table 4).

(b) Data from ref. 142; '*N-labelled compounds; 'H{'*N} double-resonance spectra;
100/10-1 MHz; field perpendicular to sample tube; referred originally to aqueous Me,N*1",
+337-3 ppm from neat nitromethane (Table 6); conversion scheme 11 (Table 4).

(c) Data quoted in ref. 141 [see note (a)] under ref. 4b there.

(d) Data from ref. 143; '*N continuous-wave measurements (wide-line spectrometer);
3 MHz; referred originally to NH,” in NH;NO3, +359-5 ppm from neat nitromethane (Table
6); low-precision results.

{e) Data from ref. 144; "*N-labelled compounds; 5N spectra; 9-12 MHz; field perpen-
dicular to sample tube; referred originally to neat nitromethane; uncorrected for bulk suscepti-
bility effects.

(f) Data from ref. 145; "*N-labelled compound; N spectrum; 9-12 MHz; field perpen-
dicular to sample tube; referred originally to saturated aqueous NaNQO;, +3-7 ppm from neat
nitromethane; see note (a).

(g) Data from ref. 146; °N natural abundance spectra; 10-138 MHz; field perpendicular
to sample tube; referred or;ginally to nitromethane (90% in C¢Dg); Cr(acac); added.

(h) Data from ref. 147; "*N natural abundance spectra; 18-25 MHz; field parallel to sample
tube; referred originally to neat nitromethane; uncorrected for bulk susceptibility effects.

(i) Data from ref. 138; "*N-labelled compound; "H{'’N} double-resonance spectrum;
100/10-1 MHz; details as in note (b).
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TABLE 31

Nitrogen shieldings of amino groups in some alkynyl boranes

Nitrogen shielding

Compound referred to neat
(neat liquid) nitromethane
(Me;N),BC=CMe +327

Me

N\
[ /BCECPh +314

N

Me
(Et;N),BC=CB(NEL;), +249

Me

N Me

\ ’
[ ,BCECB\ ] +309

N N

Me Me
Et;NB(C=CH), +236
Et;NB(C=CMe), +242

Data from ref. 148; '*N continuous-wave spectra; 7-22 MHz; field
perpendicular to sample tube; referred originally to saturated aqueous
NaNOj, +3-7 ppm from neat nitromethane (Table 6); conversion

scheme II (Table 4).



Nitrogen shieldings and relative signal intensities for some amino sugars and their derivatives

TABLE 32

Nitrogen shielding referred
to neat nitromethane

15N peak height
intensity ratio

'H integral
intensity ratio

Compound (solutions specified in footnotes) a-anomer B-anomer a/B a/B Notes
HO CH,0H
(0}
HO
RNH
OH

2-Amino-2-deoxy-D-glucopyranose hydrochloride +346-5 +348-1 61/39 63/37 (a)
(R=H+HCI) +346-4 +348:8 63/37 63/37 (b)
2-Acetamido-2-deoxy-D-glucopyranose +258:6 +259-3 69/31 68/32 (a)
(R=COMe) +259-1 +259-9 64/36 68/32 (b)
2-Benzamido-2-deoxy-D-glucopyranose, in DMSO +267-0 +267-4 90/10 ? (a)
(R=COPh)

HO CH,0H

(0]
HO
RNH
OH

2-Amino-2-deoxy-D-galactopyranose hydrochloride +347-8 +349:2 55/45 42/53 (a)
(R=H+HCQl) +348-1 +350-2 63/37 58/42 (b)
2-Acetamido-2-deoxy-D-galactopyranose +258-8 +259:6 56/44 65/35 (a)
(R=COMe) +259-4 +260-2 63/37 65/35 (b)

(64/36, integral)

$81



TABLE 32—cont.

Nitrogen shielding referred
to neat nitromethane

5N peak height
intensity ratio

'Y integral
intensity ratio

Compound (solutions specified in footnotes) a-anomer B-anomer a/B a/B Notes
CH,0H
HO NHR
(0]
HO
OH
2-Amino-2-deoxy-D-mannopyranose hydrochloride +350-4 +357-8 40/60 43/57 (a)
(R=H+HQ1) +350-8 +358:3 43/57 43/57 (b)
2-Acetamido-2-deoxy-D-mannopyranose +267-0 +267-4 60/40 57/43 (a)
(R=COMe) +262-8 +269-6 63/37 57/43 (b)
6-Deoxy-1,2:3,5-di-O-isopropylidene-6-phthalimido- +227-1 (c)
a-D-glucofuranose
6-Deoxy-1,2:3,5-di-O-isopropylidene-6-phthalimido- +226-6 (c)

a-D-glucopyranose

Methyl 5-deoxy-1,2:3,4-di-O-isopropylidene-5-phthalimido-  +226-5

a-D-ribofuranoside

2-Acetamido-1,3,4,6-tetra-O-acetyl-2-deoxy-a-D-
glucopyranose

6-Amino-6-deoxy-1,2:3,5-di-O-isopropylidene-a-D-
glucofuranose

+270-4

+368-1

(c)

(c)

(c)
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6-Amino-6-deoxy-1,2:3,5-di-O-isopropylidene- +367-5 (c)

a-D-galactopyranose

2,3,4-Tri-O-acetyl-B8-D-xylopyranosy! cyanide +124-1 (c)
(cyano group)

(a) Data from ref. 149; '*N natural abundance spectra; 18-25 MHz; field parallel to sample tube; referred originally to 1 M DNO;, +6-2 ppm
from neat nitromethane (Table 6); conversion scheme IV (Table 4); 25% aqueous solutions if not stated otherwise.

(b) Data fromref. 150; 15N natural abundance spectra; 9-12 MHz; field perpendicular to sample tube; referred originally to NO; ™ in4:5 M NH4NO,
in 3 M HCl, +6-3 ppm from neat nitromethane (Table 6); conversion scheme II (Table 4); 1-4 M solutions in H,O/DMSO (9:1).

(c) See note (b), but solutions in CDCl3/C¢Fs (9:1).

L81



188

TABLE 33

Nitrogen shieldings in aminoglycoside (Nebramycin) antibiotics from Streptomyces tenebrarius
(0.5-1.0 M solutions in H,0/D,0, 9:1)

CH,0OH
H (;;) 0]
z 7 OH
O
HO
HO )
H,N
NH
o’
Nitrogen shieldings referred to neat nitromethane
Substituent R N-1 N-3 N-2' N-7' N-4”
(common name of compound) pH (?) ?)

+338-1 +339-6 +338-8 +343-9 +345-3
+338-1 +339-5 +338-7 +343-9 +345-1
+338-4 +339-6 +338:7 +344-3 +345:3
+340-2 +3399 +339-2 +346-7 +346-1
+343-4 +340-7 +340-7 +351-4 +348-8
+344-8 +342-9 +345-3 +354-1 +354-4
9 +346-0 +346-0 +347-4 +355-3 +356-1
10-3  +346-2 +347-1 +347-8 +355-3 +356-4
11 +346-5 +347-4 +348-3 +355-3 +356-8

H (‘“‘factor-2’, Apramycin)

BN e RV I N}

OH (““factor-7", Oxyapramycin) 4 +338-4 +339-8 +344-3 +343-9 +345-4
9-5 +346-9 +347-3 +356-3 +355-3 +356-5
CH, OR3
(6)
CHZNHZ
HO
zﬂb NH2
P‘a)"z
R' R* R? pH N-1 N-3 N-2' N-6' R? R®
OH OH H 4 +338-6 +340-7 +344-2 +351-4
(“factor-3") 10-4 +342-6 +347-6 +356-3 +363-8
OH NH,; CONH, 4 +338:6 +340-5 +344.0 +351-4 +345-4 +302:4
(“factor-4") 10-5 +346-2 +347-7 +356-2 +363-8 +354-2 +3033
OH NH, H 4 +339-2 +340-4 +344:3 +351-4 43454
(““factor-5, Kanamycin-B) 9-5 +346-0 +347-4 +356-1 +363:2 +354'1

11 +346-2 +347-5 +356-2 +363-7 +354:1
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TABLE 33—cont.

R' R? R? pH N-1 N-3 N-2' N-6' R? R?

H NH, CONH, 11 +346:1 +347-7 +347.8 2 ? +303-4
(“‘factor-5'")

H NH, H +3381 +340-1 +339-0 +350-8 +344-9

3
(““factor-6"’, Tobramycin) 4 +338-2 +340-1 +339-1 +350-8 +344-9
5 +338:7 +340-2 +339-1 +350-9 +345-0
6 +341-5 +340-9 +339-3 +351:2 +345-4
7 +343-6 +342'5 +341-2 +3519 +347-8
8 +344-7 +345-3 +344-7 +354:3 +351-8
9 +345-4 +347-2 +347-2 +359-1 +353.5
10 +345-9 43473 +347-9 +362:'1 +354-0
11 +346-0 +347-4 +348-0 +363:4 +354:1

H NH; H (N-6'-acetyl) 10 +346:7 +347-6 +348-2 +261:2 +354-2
(“factor N-6'-acetyl-6"")

H,N | HO V)
NH,

N

3 2
R' R? pH N-1 N-3 N-2' R!
NH, H 10-7 +346:0 +347-4 +348:2 +363-0
(“factor-8"’, Nebramine)
OH H 91 +346-1 +347:2 +347-9

(“factor-9”, Lividamine)

pK, values for nitrogen atoms in factors 2 and 6

N-1 N-3 N-2' N-6' N-7' N-3” N-4"
Factor-2 6:6 82 77 6:7 75
Factor-6 62 7-4 7-6 8-6 7-4

Data from ref. 151 and ref. 152; '°N natural abundance spectra; 10-09 MHz; field perpendicular to
sample tube; referred originally to 2-9 M NH,Cl in 1 M HCl, +355-3 from neat nitromethane (Table
6); conversion scheme IV (Table 4).
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TABLE 34

Nitrogen shieldings in some alkylammonium ions

Nitrogen shielding

referred to
parent amine

referred in MeOH
to neat (protonation

Compound Solution nitromethane  shift) Notes
NH," see Table 6

MeNH," CI” 1Min MeOH +361-4 -15-9 (a)
EtNH," CI” 1Min MeOH +346-7 -8-7 (a)
Pr"NH," C1~ 1Min MeOH +349-0 -10-6 (a)
Bu"NH;" CI~ 1MinMeOH +348-8 -10-6 (a)
Bu'NH;" CI” 1min MeOH +351-1 ~11-6 (a)
Me,CHCH,CH,;NH;" CI~ 1Min MeOH +348.7 -10-6 (a)
M(_E;CCH2NH3+ Ct~ IMin MeOH +354:0 -13-6 (a)
Pr'’NH,;" Cl' I1MinMeOH +334:0 —4-1 (a)
Bu’NH;" 1Min MeOH +3359 -6:3 (a)
<:>—NH cr IMin MeOH +3353 -5-1 (a)
Bu' b - .

NH," Cl 1™Min MeOH +335.7 -5-3 (a)
BU‘% 1Min MeOH +341:6 ~8-1 (a)
NH," CI”

@/NH ar 1Min MeOH +339-5 -7-0 (a)
Bu'NH," 1Min MeOH +323-7 -0-6 (a)

Et)Me2CNH3 Cl 1Min MeOH  +325-2 -3-4 (a)
@NH; ClI- 1Min MeOH +323:2 -0-4 (a)
Me,NH," CI” 1Min MeOH +356:6 -12-9 (a)
(Me)}Et)NH," CI- 1Min MeOH +343.7 —-8-3 (a)
Et;NH," CI” 1Min MeOH +330-1 -3-6 (a)
Pr",NH," CI” 1Min MeOH  +333.8 -6-7 (a)
Bu_"zNHz* Cl” 1Min MeOH +333-5 —6-5 (a)
Bl_x'zNH2+ Cl 1Min MeOH +337-8 -7-5 (a)
Pr'sNH,” CI° I1MinMeOH +310-0 +3-5 (a)
Me;NH* CI™ 1Min MeOH +349-4 —13-4 (a)
(Et)Me,NH™ CI™ 1Min MeOH +340-0 -11-3 (a)
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TABLE 34—cont.

Nitrogen shielding

referred to
parent amine

referred in MeOH
to neat (protonation
Compound Solution nitromethane  shift) Notes
Pr"Me,NH" CI” 1Min MeOH +340-9 -11-9 (a)
Bu"Me,NH" CI~ 1Min MeOH +340-9 -11-9 (a)
Bu'Me,NH"* CI” 1Min MeOH +342:3 -12:5 (a)
{Me,CHCH,CH,)Me,NH"* CI~ 1Min MeOH +340-8 -12-1 (a)
(Me3CCH,)Me,NH™ CI~ 1Min MeOH +343:5 ? (a)
Pr'Me,NH* CI” 1Min MeOH +333.7 -13-8 (a)
Bu*Me,NH" CI™ 1Min MeOH +333:6 -16-0 (a)
QNH*MCZ (ol iMin MeOH +333.6 -14-1 (a)
Bu'mNH*Mez cr 1MinMeOH +334.0 ? (a)
Bu'Me,NH" CI™ 1Min MeOH +326-5 -16:0 (a)
(EtMe,C)Me,NH" C1I~ 1Min MeOH +326:7 -18:2 (a)
@~NH*M¢2 Cl- 1Min MeOH +326-0 ? (a)
Pr";NH "Me CI” 1Min MeOH +333:2 -13-3 (a)
Bu",NH"Me CI~ 1MinMeOH +3324 ~-11-2 (a)
Bu’;NH*Me C1~ 1MinMeOH +335:1 -14-3 (a)
Pr',NH "Me CI™ 1Min MeOH +317-0 -13.3 (a)
Et,NH "Me CI” iMin MeOH +331:1 -9-4 (a)
Et;NH* CI™ 1mMin MeOH +322-8 -9.2 (a)
Pr";NH* CI” 0:3Min H,O +334.0 -12:3 (d)
H3N"CH,CH,NH;" (Cl"), in HCI/H,0 +344-3 (c)
(CF;C0O0 ), in CF;COOH  +351-0 (b)
H;N*(CH,);NH;" (CI7), in HClI/H,O +342:6 (c)
(CF;CO07), in CF;COOH +349-4 (b)
H;N*(CH,)4,NH;"(CF;CO0 ), in CF;COOH  +348-9 (b)
H;N*(CH,)sNH; " (CF;CO0 ), in CF;COOH  +348'8 (b)
H,N"(CH,)sNH;*(CF;CO0 ), in CF;COOH  +348-8 (b)
MeCH(NH;")CH,;NH; " (Cl7), in HCI/H,0 +337.9, (c)
+351-9

(a) Data from ref. 119; !N natural abundance spectra; 18-25 MHz; field parallel to sample tube;
referred originally to 1 M DNQO;, +6-2 ppm from neat nitromethane (Table 6); conversion scheme IV
(Table 4).
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Footnotes to Table 34 continued.

{(b) Data from ref. 132; '*N natural abundance spectra; 9-12 MHz; field perpendicular to sample
tube; referred originally to NO; ™ in aqueous NH4NO;, +4:0 ppm from neat nitromethane (Table 6);
conversion scheme II (Table 4).

(c) Data from ref. 125; '*N natural abundance spectra; 10-09 MHz, field perpendicular to sample
tube; referred originally to what was reported as aqueous NH,Cl, but the reported shielding for pyridine
in CHCI, suggests that NH;NO; was used, +359:6 ppm from neat nitromethane (Table 6); conversion
scheme II (Table 4).

(d) Data from ref. 124; "*N-labelled compound; 9-12 MHz; field perpendicular to sample tube;
referred originally to neat nitromethane; uncorrected for bulk susceptibility effects.

TABLE 35

Nitrogen shieldings in some cyclic ammonium ions

Nitrogen shielding in solvent specified (1 M solutions if not stated
otherwise)

referred to neat nitromethane
referred to parent

in CHCl;/MeOH amine in MeOH
Compound in CHCl; (82:18 mol ratio) in MeOH (protonation shift)
{ NH," CI” +337-5 +351-0 -2-2
2-Me +324-1 +325:0 +328-3 +1-5
3-Me +334-6 +336:0 +340-0 -33
4-Me +335-8 +337-4 +341-3 -2-8
cis-2,6-Me, +313-5 +314-6 +4-9
trans-2,6-Me, +317-5 +319-2 +1-5
cis-3,5-Me, +333-6 +334:5 +338:3 -4-3
trans-3,5-Me, +339:3 +340-6 +344.9 -8-7
cis-2,3-Me;, +326-9 +328:7 +331-8 ?
trans-2,3-Me, +320-8 +324-6 +326-7 ?
3,3-Me; +337:5 +338:7 +343-8 -6:6
4,4-Me, +336:2 +340-5 -39
2,2,6,6-Me, +301-8 +302-3 +3:5
; :NHZ* Cl” +325-9 +2:4
NH," CI” +325-8 +328:7 ?

8(eq.)-Me +332-3 ?
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TABLE 35—cont.

Nitrogen shielding in solvent specified (1 M solutions if not stated
otherwise)

referred to neat nitromethane
referred to parent

in CHCl;/MeOH amine in MeOH
Compound in CHCl, (82:18 mol ratio) in MeOH (protonation shift)
NH," CI” +331:2 +334-7 ?

CNH{ cr +328-3 +333-4 -9:1
¢ NH*Me CI™ +334-1 +335:3 -53
2-Me . trans +325:6 +325-9 -34

cis +330-9 +332:1 ?
3-Me trans +338-1 ?

cis +332:7 +334-0 —6-6
4-Me trans +334-0 +335:2 -5-6

cis +336:4
cis-2,6-Me, NMe(ax.) +324-3 +324-1 ?

NMe(eq.) +317-6 +316:6 —0-6
trans-2,6-Me, +320-7 +320-2 -9:5
cis-3,5-Me, NMe(ax.) +336-6 ?

NMe(eq.) +331.9 +333:2 -71
trans-3,5-Me, +335-9 +339-0 -89
cis-2,3-Me, cis/cis [ +327-2 +328-1 ?

cis/trans +330:5 +330:9 ?
trans-2,3-Me, NMe(ax.) +330:7 +330-7 ?

NMe(eq.) {+324-9 +325:6 ?
3,3-Me, +335.2 +337-0 -7.2
4,4-Me, +334-0 +334.9 ?
2,2,6,6-Me, +311-5 +309-1 -15-6
@NH*Me (o +326:2 +326-2 -11-3

NH*Me CI”
NMe(ax.) +332:0 +3334 ?
NMe(eq.) +325-9 +326'6 -4-3

8(eq.)-Me +334-0 +336-8 ?
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TABLE 35—cont.

Nitrogen shielding in solvent specified (1 M solutions if not stated
otherwise)

referred to neat nitromethane
referred to parent

in CHCl;/MeOH amine in MeOH
Compound in CHCl; (82:18 mol ratio) in MeOH (protonation shift)
NH*Me Ci~
NMe(inside) +331.7 +334.0 -7-6
NMe(outside) +327-5 +328-4 ?
CNH*Me cr +323.8 +325-7 -10-7

< NH*Et CI” +326-2 +326-0 -2-2
( NH*PriCl” +320-6 +319-2 -5-0

}[l Me
N+

ClI™ +325:0 +326-2 ?
H

NZ Me
m CI” +319:0 +319-9 ?
@ - +348-5 -137

T Cl
H

+

Data from ref. 133; SN natural abundance spectra; 18-25 MHz; field parallel to sample tube; referred
originally to 1 M DNO,, +6:2 ppm from neat nitromethane (Table 6); conversion scheme IV (Table 4).



Solvent and gegenion effects on nitrogen shielding in ammonium ions and anilinium ion

TABLE 36

Nitrogen shielding

referred to neat nitromethane

protonation shift

Concentration ammonium parent amine in referred to parent

Ammonium ion Solvent (mol %) Gegenion ion cyclohexane amine in cyclohexane
Bu'NH;" CHCl,3 7-3 Cl- +324-1 +342:4 -18-3
73 I +319-5 -22-9
CH,Cl, 5-1 I +319-6 -22-8
DMSO 56 I +333-1 -9-3
CF,COOH 67 ClI- +333-2 -92
7-4 CF;CO0O~ +336-0 -64
MeOH 4.0 Cl™ +335-9 -6:5
3-8 I +336-2 -6-2
4.2 CF;CO0O~ +338:3 -4-1
m CHCl, 92 ar +324-1  +3253 -12
NH," 7-3 I~ +321-3 -4-0
Me MeOH 4.0 cr +328-3 +3-0
(2-Me-piperidinium) 3.8 I +328:4 +3-1

Me

Me CHCl13;/MeOH (82:18) 7-9 ar +313-5 +306-9 +6-4
(cis-2,6-Me;-piperidinium) MeOH 4.5 ClI~ +314-6 +7-7
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TABLE 36—cont.

Ammonium ion

Solvent

Concentration

Nitrogen shielding

referred to neat nitromethane

ammonium parent amine in

protonation shift
referred to parent

(mol %) Gegenion ion cyclohexane amine in cyclohexane
CHCL 10-8 Cl- +3334 +342-7 -9-3
Me 7-7 ClI~ +336:6 —-6-1
72 " +329:6 -13-1
?;\ N 7-7 CF;CO0~ +340-7 -2:0
Me NH, 77 BF,” +341-3 -1-4
(cis-3,5-Me,-piperidinium) 8-0 MeCOO™ +340-5 -2-2
MeOH 85 ClI- +336:0 —6-3
4-0 (o +338-3 —4-4
38 I” +338:9 -3.8
4.0 CF;CO0O~ +341-0 -1.7
3.8 BF,~ +341:2 -1-5
4-2 MeCOO™ +340-5 -2-2
Me CHCl; 10-8 Cl- +338:6 +353.5 -149
77 Cl- +339-3 -14:2
NH," 7-2 I . +334-9 -18:4
77 CF,COO +347-1 -6-4
Me 7-7 BF,~ +348:5 -50
(trans-3,5-Me,-piperidinium) 80 MeCOO™ +346-9 —6-6
MeOH 85 Cl- +343.0 -10-5
4.0 (ol +344.9 -86
3.8 I +345-5 -8:0
4.0 CF;CO0O~ +347-9 -5-4
3-8 BF,~ +348-3 -52
42 MeCOO™ +347-2 -6-3

961



m CHCl,
NH*Me DMSO
(N -Me-piperidinium) MeOH
M
X\e;\\ CHCI,
Me NH*Me
(N,cis-3,5-Me,-piperidinium)
MeOH
H,0
Me
CHCl,
X\;\\NH "Me
Me
(N,trans-3,5-Mes-piperidinium) MeOH
H,0O
NH*Pr
MeOH

NH.* CHCl,/MeOH (70:30)
3 MeOH

77
89
4-0

13-1
9-0
12-6
7-3
8-3
4-6
3-8
52

13-1
9-0
12-6
7-3
83
4-6
3-8
32

0-9
8-0
4-2
3-8

5-2
4.0

C
(o
crr

cr
(ol

-
Cr-
Cr
r
-

cr
(o

-
cr
Cr
-
-

Ccr
r

Cl
-

cr
Cr-

+334-1
+334-8
+335:3

+331.9
+331.7
+329-8
+330-0
+332-6
+333.3
+333:5
+333-9

+336-3
+335-9
+334-5
+334-4
+338-0
+339-0
+339-2
+339.7

+320:6
+319-6
+319-2
+319-2

+328-2
+332:6

+342-8

+343-4

+351-3

+326-5

+327-0

-87
8.0
7.5

-11-5
-11-7
-13-6
-134
-10-8
-10-1

~9-9

~9-5

-15-0
~15-4
-16-8
-16-9
-13-3
-12:3
-121
-12-6

5.9
—69
-73
-7-3

+1:2
+5-6

Data from ref. 82; "N natural abundance spectra; 18-25 MHz; field parallel to sample tube; referred originally to 1 M DNO;, +6-2 ppm from

neat nitromethane (Table 6); conversion scheme IV (Table 4).
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TABLE 37

Nitrogen shieldings in aniline and its derivatives

Nitrogen shielding

referred to neat

substituent effect referred

to parent amine

Compound Solution nitromethane in acetone in DMSO neat Notes
1 M in DMSO +321-3 (0-000) (a)
@NH2 25% in DMSO +322:5 0-000 (b)
10 M in acetone +322-3 0-000 (c)
Aniline neat+10% CgDg +323.8 (d)
neat liquid +325-9 0-000 (b)
2 M in cyclohexane +327-0 (e)
2 M in MeOH +328:5 (e)
see also Table 24
Substituted anilines:
2-F 1-0 M in acetone +334-1 +11-8 (c)
2-OMe 1-0 M in acetone +332.7 +10-4 (c)
4-NH, 25% in DMSO +329-5 +7-0 (b)
4-OH 25% in DMSO +329:2 +6-7 (b)
4-OMe neat liquid +329.2 +3.4 (b)
satd. in DMSO +328-2 +5-8 (b)
4-F 1-0 M in acetone +325-7 +3-4 (c)
4-Me neat liquid +328-7 +2:4 (b)
satd. in DMSO +325-0 +2:5
2-Me neat liquid +328-0 +2-1 (b)
2-Cl 1-0 M in acetone +3229 +0-6 (c)
4-Cl 1-0 M in acetone +322-8 +0-5 (c)
3-NH, neat liquid +324.4 -1-5 (b)
25% in DMSO +322-8 +0-3 (b)
6 mo!l % in DMSO +322-1 (+0-8) H)
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4-1 1-0 M in acetone +321-6 -0-7 (c)
4-Br satd. in DMSO +321-5 -1-0 (b)
2-CF; 1-0 M in acetone +320:3 -2-0 (c)
2-CN satd. in DMSO +314-1 (NH,) -84 (b)
2-Br 1-0 M in acetone +318-1 -4-2 (c)
4-SO,NH, 1 ™M in DMSO +313-6 (aniline) (-=7-9) (a)
4-SO,N=C(NH3), 8 g/18 ml DMSO +315-5 (aniline) -10-4 (g)
2-COPh 10 M in acetone +311-4 -10-9 (c)
4-COMe 25% in DMSO +311:2 -11-3 (b)
2,4,6-Br; 1:0 M in acetone +310-7 -11-6 ()
2-1 10 M in acetone +310-4 -11-9 (c)
2-COMe neat liquid +313-8 -12-1 (b)
4-CN 1 ™M in DMSO +308-6 (aniline) (=127 (a)
4-NO, 1-0 M in acetone +307-4 -14.9 (c)
25% in DMSO +302-2 -20-3 (b)

satd. in DMSO +302-8 (b)

3Min DMSO +302+2 (h)

1M in DMSO +302:0 (-19-3) (a)

2-Cl-4-NO, 1-0 M in acetone +307-1 -15-2 (c)
2-NO, 1-0 M in acetone +306-7 -15-6 (c)
2-NO,-4-Cl 1-0 M in acetone +305-4 -16-9 (c)
2,3-(NO;), satd. in DMSO +289-8 -32.7 (b)
2-COOH 4 M in DMSO +309-4 -16-3 (1)
2-COO ™ Na* 4 M in DMSO +322:6 -33 (i)
3-COOH 4 M in DMSO +316-0 -99 (1))
3-COO Na* 4 M in DMSO +323.5 —2-4 (1)
+335(?) (h)

4-COOH 4 M in DMSO +306-2 -19-7 (1)
4-COO Na* 4Mmin D,O +315-5 (1)
25% in DMSO +337.2 0-000 (b)

2M in MeOH +338-0 (e)

2 M in cyclohexane +339-7 (e)

N,N -Dimethylaniline neat liquid +339-8 0-000 (b)
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TABLE 37—cont.

Nitrogen shielding

referred to neat

substituent effect referred
to parent amine

Compound Solution nitromethane in acetone  in DMSO  neat Notes

Substituted:
4-OMe 25% in DMSO +343-2 +6-0 (b)
4-Me neat liquid +342-1 +2-3 (b)
4-Br neat liquid +337-6 -2-2 (b)
4-COMe neat liquid +327-2 -12-6 (b)
4-COPh neat liquid +326:6 -13-2 (b)
4-CN neat liquid +325-4 (NMe,) -14-4 (b)
4-CHO neat liquid +323-1 -16-7 (b)
4-NO; 10% in DMSO +316:5 (NMe,) =207 (b)
4-NO neat liquid +309-5 (NMe,) -30-3 (b)

(a) Data from ref. 154; 15

from neat nitromethane (Table 6); conversion scheme IV (Table 4).

(b) Data from ref. 47; *°

NaNOj;, +3:7 ppm from neat nitromethane (Table 6); conversmn scheme II (Table 4).

(¢) Data from ref. 155;

(d) Data from ref. 81;

uncorrected for bulk susceptlblhty effects.
(e) Data from ref. 119; details as in note (a).
(f) Data from ref. 83; details as in note (a).
(g) Data from ref. 156; detaxls as in note (a); 'H-coupled spectra.

(h) Data from ref. 123;

reported relative to Me.,N +337 ppm from neat nitromethane (Table 6), low-precision measurements (+2 ppm).

(i) Data from ref. 157;

+352-9 ppm from neat nitromethane (Table 6); conversion scheme II (Table 4).

N natural abundance spectra; 18-25 MHz; field parallel to sample tube; referred originally to 1 M DNO;, +6:2 ppm
N natural abundance spectra; 9-117 MHz; field perpendicular to sample tube; referred originally to saturated aqueous

'*N-labelled amino group; "H{**N} INDOR spectra; referred originally to 'H acetone lock at 89 999 809-7 Hz and the
corresponding TMS frequency of 89 999 622-1 Hz; for conversion, according to scheme II (Table 4) and for magnetic field perpendicular to sample

tube, a value of 9- 1230299 MHz was used for neat nitromethane resonance (calculated from data in ref. 80 and ref. 2, p. 172).
'*N natural abundance spectra; 10-09 MHz; field perpendicular to sample tube; referred originally to neat nitromethane;

N natural abundance spectra; 27-4 MHz; field parallel to sample tube; referred originally to aqueous NH,Cl, but

>N natural abundance spectra; 27-4 MHz; field parallel to sample tube; referred originally to saturated aqueous NH,Cl,
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TABLE 38

201

Nitrogen shielding in methyl-substituted N,N-dimethylanilines and corresponding aryl-

ammonium ions

Nitrogen shielding referred to neat nitromethane

for parent amine

for corresponding ammonium ion

Compound (neat liquid) (2M in C¢D¢+2 eq. of CF;COOH)
@NMez (+339-8; Table 37) +329-2 (?7)

2-Me +350-5 +330-7

3-Me +340-7 +329-2

4-Me +342-4 +330-2

2,3-Me, +351-0 +331-0

2,6-Me, +367-3 +330-4

2,4,6-Me; +369-0 +331:2

2,4-Et, +371-3 +331-0

2,4-Pr, +374-0 +332-6

Data from ref. 164,

results.

5N natural abundance spectra; 10-1 MHz; originally referred to
nitromethane in deuteriobenzene, but reported relative to 29 MNH,Cl in 1 MHCI,
+351-85 ppm from the nitromethane reference used,; if this conversion constant is used in
recalculation, severe discrepancies with the data in Table 37 are obtained, e.g. +332:2 instead
of +339-8 for neat N,N-dimethylaniline, and therefore the latter value is used here as the
reference shielding; the shieldings for the arylammonium ions are recalculated using the
351-85 ppm conversion constant, but since the content of deuteriobenzene in nitromethane
was not reported, a systematic error up to about 4 ppm may be involved; since Cr(acac); was
added to the amines, this can produce additional uncertainty about the significance of the



TABLE 39

Nitrogen shieldings in aryl amines (other than simple aniline derivatives)

Nitrogen shielding

referred to parent

referred to neat amine in:
Compound Solution nitromethane CHCl, DMSO Notes
©E> neat liquid +312-9 (a)
N
H
©j>M . neat liquid+10% CeDs +294-6 (b)
N neat liquid +295-6 (a)
H
R NH,
R=H 6 mol % in CHCl,4 +329-2 0:00 (c)
6 mol % in DMSO +321-9 0-00 (c)
NO, 6 mol % in CHCl, +324:5 (NH,) —4-7 (c)
6 mol % in DMSO +320-1 (NH,) -1-8 (c)
CN 6 mol % in DMSO +319-5 (NH;) -2-4 (c)
NH, 6 mol % in CHCl; +320-8 -84 (©)
6 mol % in DMSO +316-8 -5-1 (c)
Cl 6 mol % in CHCl, +320:4 —-8-8 (©)
6 mol % in DMSO +314-8 -7-1 (c)
Br 6 mol % in CHCl, +319-5 -9:7 (c)
6 mol % in DMSO +314:5 -7-4 (c)
1 6 mol % in CHCl, +318-0 -11-2 (c)

6 mol % in DMSO

+313-4 -85

(c)
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Substituent in phenyl ring:

4-OMe
4-Me
4-C1
3-OMe
3-Cl
3-NO,
4-NO,

@
| ~NH,
N

Substituted:
6-OH
5-NO,

()
H,NN ZNH,
o

s

N

Substituted:
6-OMe

satd. in DMSO

satd. in DMSO
satd. in DMSO
satd. in DMSO
satd. in DMSO
satd. in DMSO
satd. in DMSO
satd. in DMSO

1:3 v/vin acetone
neat liquid

satd. in DMSO
0-5M in DMSO

25% in DMSO
25% in DMSO

25% in DMSO
0-5M in DMSO
1:3 v/vin acetone

25% in DMSO
0-5M in DMSO

25% in DMSO

+323-1

+328:5
+325.2
+322:5
+322:2
+321-3
+317-6 (NH)
+303-8 (NH)

+311-8(NH,)

+310£3(NH,)
+310-6 (NH,)
+308-3 (NH,)
+307-3 (NHy)
+307-8 (NH,)

+314-8 (NH;,)
+289-0 (NH,)

+309-6 (NH,)
+309-1 (NH,)

+328-3 (NH,)
+334:3(NH,)
+329:5 (NH,)
+325-3 (NH,)

+337-2 (NH,)

0-00

+5-4
+2-1
-0-6
-0-9
-1-8
-5-5
-19-3

0-00

+6:5
-19-3

0-00

+7-7

(d)

(e)
(e)

(e)
®

(i)
(h)
(e)
)

(e)

£0¢T



TABLE 39—cont.

Nitrogen shielding

referred to neat referred to parent
Compound Solution nitromethane amine Notes
NH, 1:3 v/vin acetone +317-2(NH,) ()
R +323+3(NH,) (h)
| 25% in DMSO +312-2 (NH,) (e)
NZ 0-5 M in DMSO +312-0 (NH,) )
+312-8 (NH;) 8
H
N\"NH 25% in DMSO +338:3 (3-NH,) (e)
| 2 +322:5 (4-NH,) te)
= 0-5M in DMSO +336-9 (3-NH;,) (f)
N +322:0 (4-NH,) (®
“XYNH,
| 0-5 M in DMSO +313:5 (2-NH,) ®
N ? +330-4 (3-NH,) )
| o~ neat liquid+Cr(acac), +324-1 (NMe,) (e)
~NMe, 1:3v/vin acetone +323-0 (i)
N +31943 (h)
NMe,
A neat liquid+Cr(acac), +328-6 (NMe,) (e)
| 1:3v/vin acetone +328:6 (i)
N +329+3 (h)

0T



MeO

MeO
OMe

MeO
MeO

1:3 v/vin acetone

1:3v/vin acetone

1:3 v/vin acetone

1:3v/vin acetone

25% in DMSO

0-5™Min DMSO

0-5Min DMSO

0-5 M in DMSO

0-5™Min DMSO

+340-0
+342+3

+308+3

+318+3

+336+3

+299-7 (NH,)

+297-9 (NH,)

+311-9 (NMe;)

+298-4 (NH,)

+302-3 (NH,)

(1)
(h)

(h)

(h)

(e)
(f)

4

(f)

S02



TABLE 39—cont.

Nitrogen shielding

referred to neat

referred to parent

Compound Solution nitromethane amine Notes
NH,
| SN 0-5 M in DMSO +301-6 (2-NH,) ()
ZNH, +299-6 (4-NH,) ()
N
NH,
MeO | SN 0-5 M in DMSO +304-6 (2-NH,) )
MeO N/)NH2 +3023 (4-NH;) ®)
OMe
Cl
NH,
NN 0-5 M in DMSO +300-9 (2-NH;?) ®
Et | JNH +299-4 (4-NH,?) (f)
N 2
NH,
SN
l J 0-5M in DMSO +305-1 (2-NH,) ®
N* NH: +302-6 (4-NH,) ®
NH,
0-5 M in DMSO +297-7 (2-NHy)

s
cl N/)NHZ

+296-6 (4-NH,)

®
ity

90¢



NH,

HZN©

MeO
NH
MeO | \I:I
H,N N/)
NH,
HZNl >N
N/)
NH,
B
H,N N/)NHz
NH,
MeO | SN
MeO H,N N/)NH2
NH,
B
Ly
NH,
~

0-5Min DMSO

0-5 M in DMSO

0-5 M in DMSO

0-5™M in DMSO

0:5M in DMSO

0-5M in DMSO

0-5 ™M in DMSO
(dissolved as hydrochloride,
1 eq. 4 M NaOH added)

+309-1 (NH,)

+304-5 (NH;)

+305-9 (4-NH,)
+338-0 (5-NH,)

+304-0 (2-NH;)
+306-0 (4-NH, 6-NH,;)

+305-5 (2-NH)
+306-4 (4-NH2, 6-NH2)

+308-2 (piperidyl)
+306-2 (4-NH,, 6-NH;)

+311:2 (2-NHy)
+316-3 (4-NH,)
+357-3 (5-NH,)

()

()

it}
4§

té
()

n
()

0
®

®
®
()

L0T



TABLE 39—cont.

Compound

Solution

Nitrogen shielding

referred to neat
nitromethane

referred to parent
amine

Notes

NH,
H,N l \N
Ph™ ™ N/)NH’

NH,

HZN(\N
H,N N/)
:
NH
S,
!

o

0:5 M in DMSO
(dissolved as hydrochloride,
1 eq. 4 M NaOH added)

0-S™Min DMSO
(dissolved as hydrochloride,
1 eq. 4 M NaOH added)

0-5 M in DMSO
0-5 M in H,0

0-5Min DMSO

0-5M in DMSO

+303-4 (2-NH,)
+311-5 (4-NH,)
+341-9 (5-NH,)

+309:6 (4-NH,, 6-NH;)
+346-9 (5-NHy)

+304-8 (NH,)
+305-5 (NH3)

+306-2

+307.4 NH2)

+308-6

+309.5 (NH2)

(0
0
{f

4]
®

(f)

)
(0

()
®

80¢



NH
MC 2/‘0
WN
Y N/)NHz
(5)
HIN[ jin/
2
HZN[ \j:-:

NH,

\NHZ
NMe2
NMe2
Me,N [ \j:{(

NC
NC[ \>NH’

IZ

Z:l'.'

NC
E DNH, Cr
NC

Tz

0-5 M in DMSO

in DMSO

in DMSO

in DMSO

in DMSO

in DMSO/MeOH

in DMSO/H,0O/HCI

{

+308-1

+311.1 NH)

+298-6 (3-NH;)
+301:3 (5-NHy)

+297-7 (3-NH3)
+290-0 (5-NH,)

+300-5 (3-NH,)
+302-1 (5-NH,)

+298-4 (3-NH,)
+319-1 (5-NMe,)

+326-6 (NH,)

+319-3 (NH,)

4
®

)
()

6)]
0]

)
§)

§)
()

(k)

60¢



TABLE 39—cont.

Nitrogen shielding

referred to neat referred to parent
Compound Solution nitromethane amine Notes
NH,
N\ .
| S in DMSO +324-0 (NH,) (0))
N~/
NH,
Me
NG
i S in DMSO +318-8 (NH;) M
N=/
NH,
S
HN%S
r'~1§/ in DMSO +314-9 (NH,) )

NH,

012



(a) Data from ref. 128; '*N natural abundance spectra; 10-09 MHz; field perpendicular to sample tube; referred originally to 2:9 MNH,Cl in
1 M HC], but reported relatxve to ‘‘anhydrous ammonia”, +380-2 ppm from neat pitromethane (Table 6); conversion scheme IV (Table 4).

(b) Data from ref. 81; '*N natural abundance spectra; 10-09 MHz; field perpendncular to sample tube; referred originally to neat nitromethane;
uncorrected for bulk susce{)txbnhty effects.

(c) Data from ref. 83; N natural abundance spectra; 18:25 MHz; field parallel to sample tube; referred originally to 1 M DNO;, +6-2 ppm
from neat nitromethane (Table 6); conversion scheme IV (Table 4).

(d) Data from ref. 41; '>N natural abundance spectra; 10-1 MHz; field perpendicular to sample tube; referred originally to NO3~ in aqueous
0-5 M NH,NO;, +3-7 ppm from neat nitromethane (Table 6); conversion scheme II (Table 4).

(e) Data from ref. 47; 5N natural abundance spectra; 9-117 MHz; field perpendicular to sample tube; referred originally to saturated aqueous
NaNO,, +3-7 ppm from neat nitromethane (Table 6); conversion scheme II (Table 4).

(f) Data from ref. 115; '*N natural abundance spectra; 10-1 MHz; field perpendicular to sample tube; referred originally to NH,NO; and
originally recalculated to neat nitromethane scale; conversion scheme IV (Table 4).

(g) Data from ref. 158; 15N natural abundance spectra; details as in note (c).

(h) Data from ref. 159; 14N continuous-wave spectra with lineshape fitting; 4-33 MHz; field perpendicular to sample tube; referred originally to
neat nitromethane.

(i) Data from ref. 160; '>N natural abundance spectra; 18:25 MHz; field parallel to sample tube; referred originally to neat nitromethane;
uncorrected for bulk susceptibility effects.

(j) Data from ref. 161; details as in note (c).

(k) Data from ref. 162; details as in note (c).

(I) Data from ref. 163; details as in note (c).
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TABLE 40

Nitrogen shieldings in some arylammonium ions

Nitrogen shielding

protonation
referred to  substituent effect shift
neat referred to referred
nitrogen parent ion in: to parent
Ion Solution methane HFSO; C¢Dg¢ H,O  amine Notes
1:0 M in HFSO, +331-0 0-00 (a)
2 M in CF3;COOH
@NH{ +10% CeDs +329:2 0-00 (b)
Cl7,2Min H,0 +330:1 0-00 (b)
Ct™, 2 M in MeOH +332:6 +4-1 (c)
Substituent in
phenyl ring:
2-F 1-0 M in HFSO; +340-7 +9.7 (a)
2,6-Me, 2 M in CF;COOH +334-8 +5:6 b)
’ Cl7,2Min H,0 +335:2 +5-1 (b)
2-NO;-4-Cl 1-0M in HFSO; +334:4 +3-4 (a)
2,4-Me, 2 M in CF;COOH +332-4 +3:2 (b)
2-NO, 1:0 M in HFSO, +333-6 +2:6 (a)
2,5-Me, 2 M in CF;,COOH +331-6 +2:4 (b)
2-Me 2 M in CF;COOH +331-5 +2-3 (b)
Cl7, 2mMin H,0 +332.4 +2-3 (b)
2-Cl 1-:0 M in HFSO; +333:1 +2-1 (a)
4-F 1-:0 M in HFSO, +332-6 +1-6 (a)
4-Cl 1-0 M in HFSO, +332:2 +1:2 (a)
4-Me 2 M in CF;COOH +330-7 +1-5 (b)
Cl7, 2min H,0 +331:0 +0-9 (b)
3,4-Me, 2 M in CF;COOH +330-1 +0-9 (b)
4-Br 1-0 M in HFSO; +331-9 +0-9 (a)
3-Me 2™ in CF;COOH +330-0 +0-8 (b)
3-Br 1-0 M in HFSO, +331-6 +0-6 (a)
4-1 1-0 M in HFSO, +331:6 +0-6 (a)
4-NO;-2-Cl 1-0M in HFSO, +331-5 +0-5 (a)
3,5-Me, 2 M in CF;COOH +329:6 +0-4 (b)
3-NO, 1-0 M in HFSO, +330-9 -0-1 (a)
4-NO, 1:0 M in HFSO, +329-9 ~-1-1 (a)
2-Br 1-0 M in HFSO; +328:2 -2-8 (a)
2,4,6-Br, 1-0 M in HFSO4 +325:3 -57 (a)
2-1 1:0 M in HFSO, +320:6 -10-4 (a)
2-COOH 4 M in DMSO
+1eq. CF;COOH +319:3 d)
3-COOH 4 M in DMSO
+1eq. CF;,COOH  +325-1 (d)

4-COOH 4 M in DMSO
+1eq. CF;COOH +319-0 (d)
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TABLE 40—cont.

Nitrogen shielding

protonation
referred to shift
neat referred
nitrogen to parent
Ion Solution methane amine Notes

<j>NHMe2+ 2™ in MeOH, CI” +330-8 -7-6 (c)

(a) Data from ref. 155; *N-labelled compounds; 'H{**N}INDOR spectra; see note (c) in Table 37.

(b) Data from ref. 35; >N natural abundance spectra; 10-09 MHz; field perpendicular to sample
tube; referred originally to 2:9 M NH,Cl in 1 M HCI, +355-3 ppm from neat nitromethane (Table 6);
conversion scheme IV (Table 4).

(c) Data from ref. 119; '°N natural abundance spectrum; 18-25 MHz; field parallel to sample tube;
referred originally to 1 M DNO3;, +6-2 ppm from neat nitromethane (Table 6); conversion scheme IV
(Table 4).

(d) Data from ref. 157; *N natural abundance spectra; 27-4 MHz; field parallel to sample tube;
referred originally to saturated aqueous NH,Cl, +352-9 ppm from neat nitromethane (Table 6);
conversion scheme II (Table 4).
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TABLE 41

Nitrogen shieldings in some hydrazines, hydrazides, hydroxylamines, and related structures

Nitrogen shielding
referred to

neat nitromethane
(assignments in
order of nitrogen-

Compound Solution containing moieties) Notes
H;NNH, neat liquid +334-8 (a)
in H,O +330-7 (a)
H,NNH;"HSO,~ in H,O +335-6 (b)
MeNHNH, neat liquid +328:0, +305'5 (a)
Me,NNH, neat liquid +322-7, +281-4 (a)
MeNHNHMe neat liquid +306:6 (a)
Me,NNHMe neat liquid +307-7, +285:3 (a)
PhNHNH, neat liquid +294-8, +320-0 (c)
20% v/vin EtsN +294-8, +320.4 (c)
20% v/v in DMSO +294-5, +320-6 (c)
20% v/v in CHCl; +295-2, +320-0 (c)
20% v/v in EtOH (absolute) +295-3, +320-3 (c)
20% v/v in 80% EtOH +296-5, +319-0 (c)
20% v/v in CF3CH,OH +297-7, +320-2 (c)
20% v/v in CF;COOH +295-6, +315-4 (c)
PhNHNHPh in dioxan +287:6 (a)
Ph,NNH, neat liquid 7, 42932 (a)
(Me;Si);NN(SiMes), neat liquid +296+3 (d)
Me
.’
1‘{ in CDCl,(50 °C) +269-6 (e)
N
AN
Me
Me
\N/
\ in CDCl4(50°C) +277-7 (e)
N
AN
Me
Me
7
N in CDCl3(50 °C) +285:6 (e
N
AN
Me
Me
7
N in CDCl3(50 °C) +282:6 (e)
N
N
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TABLE 41-—cont.

Nitrogen shielding

referred to

neat nitromethane

(assignments in

order of nitrogen-
Compound Solution containing moieties) Notes

, +240-0 (N) (£)
Cl C(=O)N(NH,") OMe in CD;COOH/HCI {+298'2(NH3+) e
‘ +220-6 (N) ()
() C(—O)N OMe in CD;COOH/HCI {+164_4(C=N) s

?HZC Me)—
CH,COOH
H,NC(=S)NHNH, in DMSO +277-7, +255-6,
+316-0 (2)
MeNHC{(=S)NHNH, in DMSO +273-9, +259-1,
+319-2 (g)
H,NOCH,Ph neat liquid +254+3 (d)
(Me;Si),NOSiMe;, neat liquid +334+3 (d)

(a) Data from ref. 1, p. 170, recalculated from R. L. Lichter and J. D. Roberts, J. Amer. Chem.
Soc., 1972, 94, 4904, details as in note (¢).

(b) Data from ref. 165; '*N-labelled compound; '°N spectrum; 18-24 MHz; field parallel to sample
tube; referred originally to neat nitromethane; uncorrected for bulk susceptibility effects.

(¢) Data from ref. 166; '*N natural abundance spectra; 18-25 MHz; field parallel to sample tube;
referred originally to 1 M DNOj;, +6-2 ppm from neat nitromethane (Table 6); conversion scheme 1V
(Table 4).

(d) Data from ref. 137; '*N continuous-wave spectra; 7-22 MHz; field perpendicular to sample tube;
referred originally to saturated aqueous NaNO;, +3-7 ppm from neat nitromethane (Table 6); conversion
scheme II (Table 4).

(e) Data from ref. 167, details as in note (c).

(f) Data from ref. 168; 'SN natural abundance spectra; 10-1 MHz; referred originally to internal
NH,Cl in acidic solution, assumed to correspond to a shielding of +352 ppm (Table 4).

(g) Data from ref. 169; details as in note (c); proton-decoupled and coupled 5N natural abundance
spectra.
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TABLE 42
Comparison of AG" values for trans-trans double inversion in cyclic hydrazines
Me Me
N N
| = ]
/N .. N
~MC -~ \MC
AGT values from NMR spectra (kJ mol™Y)
Compound N 'H 3¢
/Me
SN 58-48 55-26 55-26
N (at 209 K)
AN
Me
Me
/
"N 5174 51-74 ?
N (at 281 K)
AN
Me
Me
N 5320 5320 50-53
\N (at 252 K)
N
Me

Data from ref. 167; originally reported in kcal mol~'.



TABLE 43

Nitrogen shieldings in some tetraalkylhydrazines

Compound
(1-5-3-0 M solutions in
1:1 acetone-nitromethane)

Nitrogen shielding referred
to internal nitromethane
standard

Me,NNMe,
EtMeNNMeEt
Me,NNMeEt
Me,;NNEt,
Me,NNMeBu"
Me,NNMePr"
Me,NNMeBu'
Et;NNEt,

Pr",NNPr",
Pr'MeNNMePr'

COv ()

Z-2Z Zz—Z Z

() 8% % i
)

NMe

z__
Z
(e

Z-Z

SO0

()
O

+303-6

+296-3

+307-4 (NMe,)
+290-5 (NMeEt)
+313-1 (NMey)
+276-4 (NEt,)
+307-5 (NMe,)
+294-4 (NMeBu")
+307-6 (NMe;)
+294-5 (NMePr™)
+307-3 (NMe,)
+295-8 (NMeBu')
+284-8

+290-0

+291-6

2779

+303-7
+302-0

+284-4

+259-2

+285-1

+258-2

+285-1

+272-4

217
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TABLE 43 —cont.

Compound Nitrogen shielding referred
(1-5-3-0 M solutions in to internal nitromethane
1:1 acetone-nitromethane) standard

NMe
l +271-3
NMe
Et
><:TT'M" +2701
Et NMe
N
| +256-9
N
(CIOX,
[ +277-8
N Et
~

H,N-NH,; +295-7

Data from ref. 170; '5N natural abundance spectra; 10-1 MHz; referred
originally to internal nitromethane, but réported relative to Me,NNMe;;
0-087 M Cr(acac); content in the samples.

TABLE 44

Nitrogen shieldings in some hydrazido complexes

Nitrogen shielding referred
to neat nitromethane

Complex (solution in CH,Cl;) -N- -NH,

trans-[MoF(NNH,)(Ph,PCH,CH,PPh;),]BF, +83-3 +243-9
trans-[WF(NNH;)(Ph,PCH,CH,PPh,),|BF, +101-4 +255-1
[Mo(NNH,)(quinolin-8-olate)(PMe,Ph);]Cl +64-3 +220-8
[W(NNH,)(quinolin-8-olate)(PMe,Ph);]Cl +82-1 +241-6
[MoCI{NNH,)}pyridine)(PMe,Ph);]Cl +72-8 +227.0
[WCI(NNH,)(pyridine)(PMe,Ph);]Cl +90-6 +240-6

Data from ref. 165; '*N-labelled compounds; '°N spectra; 18-24 MHz; field parallel to
sample tube; referred originally to neat nitromethane; uncorrected for bulk susceptibility
effects.



TABLE 45

Nitrogen shieldings in some hydrazones

219

Compound (geometric
isomer designation

Nitrogen shielding

referred to

neat nitromethane

in parentheses) Solution =N- -NR, Notes
(E)-MeCH=N-NMe, neat liquid +26-6 +282-0 (a)
(E)-EtCH=N-NMe, neat liquid +28-1 +283-0 (a)
(E)-Pr"CH=N-NMe, neat liquid +26:2 +282-6 (a)
(E)-Pr'CH:N—NMez neat liquid +30-7 +284-0 (a)
(E)-Bu'CH=N-NMe, neat liquid +24-9 +281-7 (a)
(E)-PhCH=N-NMe, neat liquid +27-4 +276-9 (a)(b)
(E)-PhCH,CH=N-NMe, neat liquid +26-8 +280-7 (a)(b)
Me,C=N-NMe, neat liquid +29-7 +289-7 (a)(b)
(E)-MeC(Et)=N-NMe, neat liquid +25-2 +291-0 (a)(b)
Et,CH
/C:N—NMez neat liquid +17-9 +291-3 (a)
(MeO),CH
R@CH:N—NHPh
R=0Me 20 mol % in DMSO +60-0 +239-0 (c)
Me 20 mol % in DMSO +56-4 +237-9 (c)
H 20 mol % in DMSO +54-0 +237-0 (c)
Cl 20 mol % in DMSO +52-8 +236-1 (c)
NO, 20 mol % in DMSO +43-4 +230-3 (c)
CI@(lfN(@Cl)—N:C(Me)CH;CHZCOOH
(0] in CD;COOH/HCI +164-4 +220-6 (d)
Me\
/CZN\ neat liquid +17:2 (b)
H N=CHMe
Pr"
\C N liquid 14-5 b
= neat liqui +14-
_ N q (b)
H N=CHPr"
Pr
AN
C=N neat liquid +21-4 (b)

\ i
H N=CHPr
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TABLE 45—cont.

Nitrogen shielding
referred to

Compound (geometric neat nitromethane
isomer designation
in parentheses) Solution =N- -NR, Notes
Ph\

C=N 1:1v/vin CHCl3 +19-4 (b)

e N
H N=CHPh
PhCH,
C=N 1:1v/vin CHCl; +20-1 (b)
7 N

H NCHCH,Ph
CH,=N-N(SiMe3;), neat liquid +8+3 +241+3 (e)
CCl,=N-N(SiMe;), neat liquid +45+3 +216+3 (e)
CF,=N-N(SiMe3;), neat liquid +182+3 +300+3 (e)

(a) Data from ref. 45, **N natural abundance spectra; 9-117 MHz; field perpendicular to sample
tube; referred originally to aqueous NaNOj, +3-7 ppm from neat nitromethane (Table 6); conversion
scheme II (Table 4); samples contained 0-1 M Cr(acac)s.

(b) Data from ref. 171; 5N natural abundance spectra; details as in note (a).

(¢) Data from ref. 172; !SN natural abundance spectra; 18:25 MHz; field parallel to sample tube;
referred originally to 1 M DNO3, +6-2 ppm from neat nitromethane (Table 6); conversion scheme IV
(Table 4).

(d) Data from ref. 168; '*N natural abundance spectra; 10-1 MHz; field perpendicular to sample
tube; referred originally to NH,Cl internal standard in an acidic solution, ca. +352 ppm from neat
nitromethane (Table 6).

(e) Data from ref. 137; "*N continuous-wave spectra; 7-22 MHz; field perpendicular to sample tube;
referred originally to saturated aqueous NaNQOj3, +3-7 ppm from neat nitromethane (Table 6); conversion
scheme II (Table 4).
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TABLE 46

Nitrogen shieldings in borazines> and related structures'”>

N
Rl?/ \|BR,
RN NR
\B/
R
Borazine structure Nitrogen shielding !N resonance
referred to neat half-height
R R’ Solvent nitromethane width (Hz)
H H none +282 ?
Me H Et,0 +275 116
Et H benzene +257 155
PhCH, H CH,Cl, +239 ?
H Me CH,Cl, +294 105
Me Me CH,Cl, +279 190
H Et benzene +295 225
Me Et Et,0 +279 773
H Ph CH,Cl, +272 ?
Me . C6F5 CH2C12 +249 ?
H F benzene-dg +317 ?
Me F CH,Cl, +311 245
Et F benzene-dg +288 385
H Cl benzene-dg +284 197
Me Cl benzene-dg +278 266
Et Cl benzene-dg +260 305
PhCH, Cl CH,Cl, +249 ?
Ph Cl CH,Cl, +231 ?
H Br benzene-ds +278 195
Me Br CH,Cl, +258 267
Et Br CH,Cl, +250 380
Et NCO CH,Cl, +284 (NEt) ?
+346 (NCO) ?
Me NCS CH,Cl, +284 (NMe) ?
+268 (NCS) ?
Et NCS CH,Cl, +273 (unresolved) ?
Et CN CH,Cl, +244 (NE) ?
+112 (CN) ?
H OMe CH,Cl, +306 380
Me SMe CH,Cl, +285 ?
H NMe, benzene-dg +316 (NH) ?
0

+359 (NMe,)
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TABLE 46—cont.

Solvent

Nitrogen shielding
referred to neat
nitromethane

14

N resonance
half-height
width (Hz)

CDCl,

CDCl,

Data from refs 34 and 173; "N continuous-wave spectra; 7-22 MHz; field perpendicular
to sample tube; referred originally to saturated aqueous NaNO;, +3:7 ppm from neat
nitromethane (Table 6); conversion scheme II (Table 4); accuracy not better than +1 ppm
for signals with half-height width of ca. 100 Hz, +3 ppm for ca. 300 Hz, and at least £5 ppm
for broader signals.

TABLE 47

Nitrogen shieldings in guanidines and guanidinium ions

Nitrogen shielding

referred to

Compound Solution neat nitromethane Notes
PhN=C(NMe,), in CDCl, +176:5 (N=C) (e)
+325-2
+324-8}(NM°2) te)
neat liquid +175-4 (N=C) (c)
Me
_ in CDCl, +174-7 (N=C) (e)
N=C(NMe,), +325:3 (NMe,) (e)
Me
in CDCl; +175-1 (N=C) (e)
Me N=C(NMe,), +327-9
+317-9}(NM62) (e
Me
Et
@ in CDCl, +174-9 (N=C) (e)
Et N=C(NMe,), +327.7
+312~9}(NM°2) ©

Et
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TABLE 47—cont.

Nitrogen shielding
referred to

Compound Solution neat nitromethane Notes
MeOOC N=C(NMe,) in CDCly +179-1 (N=0Q) (e)
22 +322-3 (NMe,) (e)
PhCH,N=C(NMe,), in CDCl, +184-5 (N=C) (e)
+339.7
+321-9}(NM"'2) ()
Pri
N=C(NM in CDCl; +178:5 (N=C) (e)
(NMe.), +327-3 (NMe,) (e)
Pri
Me
N
[ >=NPh in CDCl, +205:7 (C=N) @)
N +312:0 (NMe) (e)
Me
HN=C(NMe,), in CDCls +211-1 (C=NH) (e)
+354-1 (NMey) (e)

x<€_—)>1\m—c*(r~n-{2)2 cr

X=0OMe 16 mol % in DMSO  +303-3 (NH,) )
+283-1 (NH) ()

Me 14 mol % in DMSO  +302:7 (NH,) ®
+281-4 (NH) )

H 20mol % in DMSO  +302-4 (NH,) ()
+280-4 (NH) )

Cl 20 mol % in DMSO  +301-5 (NH,) (f)
+281-7 (NH) (f)

NO, 6 mol % in DMSO +297-7 (NH,) ()
+277-4 (NH) (3]

+11-7 (NOy) (f)

C*(NH,): HCO5~ 2 M in H;O +307-9 (a)
+NaCl(1:1) +307-2 (a)

+HPO,4(1:1) +306-8 (a)

+HBF,(1:1) +308-9 (a)

+HCI(1: 1) +307-9 (a)

in DMSO +315-5 (H,N-aryl) (b)

HZN@502N=C(NH2)2 +301-2 (=CNH,) (b)
+218:5 (C=N) (b)
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TABLE 47—cont.

Nitrogen shielding
referred to

Compound Solution neat nitromethane Notes
Arginine see Table 73
Viomycin see Table 83
[ j in DMSO +296-6 (=CNHy,, triplet) (d)
CON=C(NH,), +203:6 (N=C, singlet) (d)
cl- in DMSO +293:6 (=CNH,, triplet) (d)
CONH =C(NH,), +260-3 (NH", doublet) (d)
Amxlonde
N\
NE ]N”z in DMSO +309-6 (NMe,) (d)
ZCON=C(NMe,), +176:8 (N=C) (d)
Mez in DMSO +296-9 (=CNH,) (d)
CON C(NH,), +203-0 (N=C) (d)

(a) Data from ref. 174; '’N natural abundance spectra; 18-25 MHz; field parallel to sample tube;
referred originally to 1 M DNO;, +6-2 ppm from neat nitromethane (Table 6); conversion scheme IV
(Table 4).

(b) Data from ref. 156; details as in note (a); proton-undecoupled spectra.

(c) Data from ref. 175; ‘N natural abundance spectra; 9-12 MHz; field perpendicular to sample
tube; referred originally to aqueous NaNO,, +3-7 ppm from neat nitromethane (Table 6); conversion
scheme II (Table 4); Cr(acac), added.

(d) Data from ref. 161; undecoupled spectra; details as in note (a).

(e) Data from ref. 4, pp. 68-69, quoted as unpublished results by M. Franzen-Sieveking, D. Leibfritz,
and R. L. Lichter; °N spectra; 10-1 MHz; field perpendicular to sample tube; referred originally to
2:9M NH,Cl in 1 M HCI, but reported relative to ‘‘anhydrous ammonia™, +380-2 ppm from neat
nitromethane (Table 6); conversion scheme IV (Table 4).

(f) Data from ref. 176; details as in note (a).
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TABLE 48

Nitrogen shielding in streptomycin and dihydrostreptomycin

*C(NH,),

1 OH
R HN .
o ONNHC (NH,),
OH H,0
Me Streptomycin: R=—CHO == —CH(OH),
HO O Dihydrostreptomycin: R=-CH,OH

NH,"Me
(o]
OH
HOCH,
HO
Nitrogen shielding referred to neat nitromethane,
and signal multiplicity due to NH coupling
Streptomycin Dihydrostreptomycin
sulphate sulphate
Type of nitrogen atom (3xH,S0,) (3xH,S04)
Guanidine NH +292-3 (doublet) +292-3 (doublet)
+292-8 (doublet) +293-0 (doublet)
Guanidinium C*(NH,), +305-6 (triplet) +305-6 (triplet)
+306-3 (triplet) +306-3 (triplet)
Ammonium NH, "Me +344-8 (singlet) +344-9 (singlet)

Data from ref. 177; !N natural abundance spectra of saturated aqueous solutions at pH §;
36-48 MHz; field parallel to sample tube; referred originally to NO; ™ in aqueous NHNO;,
+4-0 ppm from neat nitromethane (Table 6); conversion scheme II (Table 4).



TABLE 49

Nitrogen shieldings in some ureas and related structures

Nitrogen shielding referred to neat nitromethane

4 M in dimethyl-

2 M in dimethyl-

Compound formamide formamide 4 M in DMSO other solvents Note
(H,N),C=0 +305-2 +305-3 +302-6 (a)
+302-2 (H,0) (b)
+304-2 (c)
+302-1 (H,0) (d)
+305-0 (H,0) (e)
MeNHC(=O0O)NH, +311-2 (NH) +311-5 +310-2 (a)
+307-3 (NH,) +307-5 +304-7 (a)
+307-5 (e)
+307-7}(H20) (e)
(MeNH),C=0 +313-6 +313-6 +312:2 (a)
+310-5 (H,0) (e)
Me,NC(=O)NH, +314-7 (Me,N) +319-4 (a)
+307-5 (NH,) +303-9 (a)
Me,NC(=0)NHMe +317-3 (Me;N) +316:7 (a)
+312-6 (NH) +311-5 (a)
(Me,N),C=0 +316-7 +317-6 +316-7 (a)
+319:0 (neat) ()
EtNHC(=O)NH, +293-0 (NH) +293-5 +292-2 (a)
+307-3 (NHy) +307-6 +307-6 (a)
Pr"NHC(=O0)NH, +296-5 (NH) +296-6 +295-8 (a)
+307-3 (NH,) +307-8 +305-1 (a)
Pr"NHC(=0O)NHMe (Pr"NH) +296.1](H o) (e)
_ (NHMe) +310:7) 2 (e)
Pr'NHC(=O0O)NH, +279-6 (NH) +279-5 +278:5 (a)
+308-4 (NH,) +307-2 +307-2 (a)

+279-0

+305-5}(H20)

9CC



Pr'NHC(=O)NHMe
Bu"NHC(=O)NH,
Bu'NHC(=O)NH,
Bu‘'NHC(=0)NH,
Bu'NHC(=0)NHMe
PhNHC(=0)NH,
PhNHC(=0)NHMe
PhCH,NHC(=0)NHMe
(EtNH),C=0
(Bu"NH),C=0
(PhNH),C=0

HoNC(=O)NHC(=0)NH:2
(biuret)

L
CIH
II\IH

ITIH

L2

+296-4(NH)
+307-3 (NH,)
+297-9 (NH)
+307-2 (NHy)
+276-3 (NH)
+306-1 (NH2)

+274-5(NH)
+302-7 (NH)

+295-3
+297-8
+272-6

+296-6
+307-6
+298-3
+307-6
+275-5
+306-4

+274-6
+303-2

+295-6
+297-8
+272-6

(Pr'NH) +281:6
(NHMe) +313-7
+295:6
+305-1

+275-0

+303.9

+278-2 (Bu'NH)
+313.5 (NHMe)
+273-4

+300-7

+276-2 (PhNH)
+308-9 (NHMe)
+298-5 (CH,NH)
+313.5 (NHMe)
+294.5

+294-5

+2714

+272-3

+258-0 (NH)
+297-0 (NH,)

+272-9 (30°C)
+273:6 (90°C)

+279-0
+310-6

Jin0

(e)
(e)

(b)
(b)

(b)
(b}

LT



TABLE 49—cont.

8T

Nitrogen shielding referred to neat nitromethane

Compound 4 M in DMSO other solvents Note
o)
+272:6 (NH) (b)
+305-7 (NH,) (b)
CIH
NHCONH,

NHC(=O)NMe, (NH) +285-3] (CDCLy) (h)
[>< OEt (NMe,) +315-8 3 {h)
@(OE" (NH) +296~8}(CDCI ) (h)

. 3
NHC(=0)NMe, (NMe,) +316-0 (h)
NHC(=0)NMe,
OEt (NH) +292-7} (h)
d\ (NMe,) +3156 (CDCl) (h)
OEt
(NH) +282-1 (CDCl;) (h)

NHC(=0)NMe,

€

(NMe,) not observed

(h)



NHC(=0)NMe,

OEt (NH) +292-7} (h)
(NMe,) +315.5 CPCh) (h)

NHC(=O)NMe,
OEt (NH) +295-5 (h)
(NMe,) +315~3](CDC13) (h)

(a) Data from ref. 42; '°N natural abundance spectra; 10-09 MHz; field perpendicular to sample tube; referred originally to neat nitromethane
but reported relative to “anhydrous ammonia®, +380-2 ppm from neat nitromethane (Table 6); uncorrected for bulk susceptibility effects.

(b) Data from ref. 178; *N-labelled and non-labelled compounds; N spectra; 9:12 MHz; field perpendicular to sample tube; referred originally
to NO; ™ in saturated aqueous NH,;NO3, +4-0 ppm from neat nitromethane (Table 6); conversion scheme II (Table 4).

(c) Data from ref. 66; 'N-labelled compounds; 5N spectra; 10-1 MHz; field perpendicular to sample tube; referred originally to Me,N™,
+336-7 ppm from neat nitromethane (Table 6); conversion scheme II (Table 4).

(d) Data from ref. 179; continuous-wave *N spectra; 4-33 MHz; high-precision differential saturation technique with full lineshape fitting;
concentric spherical sample{standard containers in order to eliminate bulk susceptibility effects; referred to neat nitromethane.

(e) Data from ref. 180; '°N natural abundance spectra; 18:25 MHz; field parallel to sample tube; referred originally to 1 M DNO;, +6-2 ppm
from neat nitromethane (Table 6); conversion scheme IV (Table 4).

(f) Data from ref. 40; '>N natural abundance spectra; 6-:08 MHz; field perpendicular to sample tube; referred originally to dilute DNO;, probably
+3-7 ppm from neat nitromethane (Table 6); conversion scheme II (Table 4).

(g) Data from ref. 181; 5N natural abundance spectra; 9-12 MHz; field perpendicular to sample tube; referred originally to NH, " in 5 M NH,NO;
in 2 M HNO;, +359-0 ppm from neat nitromethane (Table 6); conversion scheme II (Table 4).

(h) Data from refs 182 and 183; '°N natural abundance spectra; 10-13 MHz; field perpendicular to sample tube; referred originally to 1M
2-pyrrolidone, +265-5 ppm from neat nitromethane; conversion scheme II (Table 4).

6C¢
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TABLE 50

Nitrogen shielding increments for carbon atoms in ureas

e 8 v a B8 v &
C—C—C—N—ﬁ-N— -C-C-C
O
reference shielding=+307-62 ppm
Carbon atom Nitrogen shielding Number of data
position increment involved
a +4:64+0-40 13
B —-16-61+0-56 7
vy +1-81+0-53 4
8 +0-67+0-92 2
v +0-99+0-37 12
&' —0-51+0-58 8
€' +0-36+0-87 4
Data from ref. 42; reference shift recalculated to neat nitromethane.
TABLE 51
Nitrogen shieldings in some linear polyureas
Nitrogen shielding referred
to neat nitromethane for
Polymer structure solutions in CF;COOH

-NH-(CH,),,-NH-CO-

n=2 +296-6
3 +293-4
4 +291-6
6 +291-0
8 +290-8
12 +290-6
~NH~(CH,)¢~NH-CO-NH~(CH,), ~NH-CO- N(CH),.N  N(CHp)eN
n=2 +297-5 +289-5
3 +294-0 +290-0
4 +292:3 +290-7
6 +291.0 +291:0
8 +291.2 +290-6
12 +291-4 +290-5
Me Me
—NH@NH—CO—NH—(CHZ),,—NH—CO— N(CH,),N N@
n=2 +294-1 +282:3
3 +290-8 +282:0
6 +287-2 +283-4
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TABLE 51—cont.

Nitrogen shielding referred
to neat nitromethane for

Polymer structure solutions in CF;COOH
-NH NH-CO-NH-(CH,),-NH-CO- N(CH,).N N N
Me Me
n=2 +286-9 +284:6, +281-8
—NH@CHZ@NH—CO—NH—(CHZ),,-NH—CO—
N(CH,).N N- -CH,- -N
n=2 +294-7 +279-1
3 +291-0 +280-1
4 +288-9 +280-6
6 +287-8 +281-0
12 +287-2 +281-2
-NH-(CH,)¢~-NH-CO-NH-X-NH-CO- N(CH,;)¢N NXN
X= +286-7 +281-2

@S—S@ +287-4 +281:4
@O@ +287-6 +282:0

Random copolymer of urea unit* with

1,3-diaminopropane unit +294-1
{1,6-diaminohexane unit +290-1
1,3-diaminobenzene unit +286-7
+280-6
Random copolymer of urea unitt with

1,3-diaminopropane unit +294-1
{l,ﬁ-diaminohexane unit +291-0
1,3-diaminobenzene unit +290-1
+286-7

+280-7

Data from ref. 184; '*N natural abundance spectra; 9-12 MHz; field perpendicular to sample tube;
referred originally to NO; ™ in aqueous NH4NO3;, +4-0 ppm from neat nitromethane (Table 6); conver-
sion scheme II (Table 4); 1-5 g polymer in 7 ml CF;COOH.

* Copolymer obtained from 1,3-diaminopropane, 1,3-diaminobenzene, and 1,6-hexamethyl-
enediisocyanate.

+ Copolymer obtained from 1,3-diaminopropane, 1,6-diaminohexane, 1,3-diaminobenzene, and 1,6-
hexamethylenediisocyanate.
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TABLE 52

Nitrogen shieldings in some carbamates

Nitrogen
shielding referred
to neat
Compound Solution nitromethane Notes
MeOC(=0)NMe, neat liquid +315-7 (a)
Me NHC(=0)OMe
OEt 1 M in acetone +287-7 (b)
Me
Me OEt
1 M in acetone +280-7 (b)
Me NHC(=0)OMe
Me NHC(=0)OMe
1 M in acetone +293-5 (b)
Me OEt
Other carbamate structures see Table 53

(a) Data from ref. 40; N natural abundance spectra; 6:08 MHz; field perpendicular to
sample tube; referred originally to ‘dilute HNO;”, probably +3-7ppm from neat
nitromethane (Table 6); conversion scheme II (Table 4).

(b) Data from refs 182 and 183; "N nautral abundance spectra; 10-13MHz; 1M
2-pyrrolidone, +265-5 ppm from neat nitromethane; conversion scheme II (Table 4).

TABLE 53

Solvent effects on nitrogen shieldings in some carbamate structures

Nitrogen shielding referred to neat nitromethane for solutions in:

Compound CF;COOH HCOOH H,0 DMSO pyridine
EtOC(=0)NH;, +305-9 +305-9 +305-0 +305-3 +307-6
PhCH,0C(=0)NHCH,COOH +303-7 +303-5 +304-2
(2}
Nko +299.3 +300-8 +302-8 +305-0 +305-6
H
(2-oxazolidinone)
O
| i +259-3 +258:4 +255-3
N~ O
H

(1,3-oxazine-2,6-dione)

Data from ref. 185; 5N enriched and non-enriched compounds; SN spectra; 9:12 MHz; field
perpendicular to sample tube; referred originally to NO;™ in aqueous NH4NO;, +4-0 ppm from neat
nitromethane (Table 6); conversion scheme II (Table 4); 20% w/w solutions.
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TABLE 54

Nitrogen shieldings in physostigmine

Me
MeNHCOO NMe (saturated solution in CDCl;)
N
Me
Nitrogen shielding
referred to
neat nitromethane Signal structure Assignment
+308-1 doublet MeNHC(=0)-
+308-8 singlet Aryl-N(Me)-
+322-8 unresolved multiplet -N(Me)-

Data from ref. 186; '°N natural abundance spectra; gated decoupling (NOE and coupling
retained) of protons; 10-09 MHz; field perpendicular to sample tube; referred originally to
aqueous NH,Cl, +352-9 ppm from neat nitromethane (Table 6); conversion scheme II

(Table 4).
TABLE 55
Nitrogen shieldings in some carbodiimides
Nitrogen shielding
Compound R'N=C=NR? referred to neat
R! R? Solution nitromethane
Pr Pr 20% v/v in cyclohexane +277-9
20% v/v in Et;N +277-4
20% v/v in Me,SO, +277:2
20% v/v in Mel +277-1
neat liquid +277-1
20% v/v in CHCl, +276-6
20% v/v in DMSO +276-2
20% v/v in CF;CH,OH +274-0
20% v/v in CF3;CH,0OH [ +274-9
(80°C) +252-1 (isourea derivative)
cyclohexyl cyclohexyl 10% v/v in Mel +281-2
10% v/v in Me,SO, +281-1
, 10% v/v in CHCI, +280-7
Pr' Bu' o . +275-8 (Pr'N=)
20% v/v in cyclohexane {+267~6 (Bu'N=)

Pr' Ph o . +283-7 (PhN=)
20% v/v in DMSO {+270-8 (PrN=)

+294.4
Et CH,CH,CH,NMe, neat liquid {+297-2
+359-1 (NMe,)

Data from ref. 189; °N natural abundance spectra; 18-25 MHz; field parallel to sample tube; referred
originally to 1 M DNOj, +6-2 ppm from neat nitromethane (Table 6); conversion scheme IV (Table 4).
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TABLE 56
Nitrogen shieldings in cyclic dimeric cations derived from carbodiimides
R
. Me N. Me
+ _ 7\ /
2x(R=N=C=N X)) - N=C_+ C=N + MeX + X~
AN / N N
R R N R
R
Nitrogenshieldingreferred toneatnitromethane
2
R X Solvent RN= RN + NMeR
cyclohexyl I Mel +145-9 +241-5, +243-8 +264-4
v MeSO,~ Me,SO, +145-1 +241-2, +243-0 +264-1
Pr' MeSO,~ Me,SO, +142-0 +241-1, +242-8 +263-4

Data from ref. 189; '*N natural abundance spectra; 18-25 MHz; field parallel to sample
tube; referred originally to 1 M DNO;, +6:2 ppm from neat nitromethane (Table 6); conver-
sion scheme 1V (Table 4).

TABLE 57

Nitrogen shieldings in some amides and related structures

Nitrogen shielding
referred to

Compound Solution neat nitromethane Note
HC(=O0O)NH, neat liquid + 10% acetone +267-8 (a)
10 mol % in H,O +267-8 (b}
various solvents see Table 61
MeC(=0)NH, 4 mol % in CDCl; +276-8 (c)
HC(=0O)NHMe neat liquid see Table 60
neat liquid+ 10% CgDs +269-8 (a)
MeC(=0)NHMe neat liquid see Table 60
neat liquid + 10% C¢Ds +272-8 (a)
1:3 v/vin acetone +277-7 (d)
1:1v/vin acetone +275-3 (e)
1-5M in DMSO +276-2 (f)
in H;O, pH 6.5 +262-4 (f)
pH 125 +262-2 )
40 mol % in CDCl, +274-4 (©)
MeC(=O)NHEt neat liquid see Table 60
40 mol % in CDCl; +255-4 (c)
MeC(=O)NHPr' 40 mol %in CDCl, +244-1 (c)
MeC(=O)NHBu' 40 mol % in CDCl, +242-8 (c)
MeC(=O0O)NHPr" 40 mol % in CDCl; +260-4 (c)
MeC(=O)NHBU' 40 mol % in CDCl, +262-4 (c)
MeC(=O)NHBu" 40 mol % in CDCl, +260-5 (c)
MeC(=0)NH(CH,);Me 40 mol % in CDCl,4 +260-2 (c)
MeC(=O)NHBu* 40 mol % in CDCl; +246-5 (c)
MeC(=O)NHCMe,Et 40 mol % in CDCl, +245-5 (c)



TABLE 57 —cont.

235

Nitrogen shielding
referred to

Compound Solution neat nitromethane Note
MeC(=0O)NHCH,CH,Ph 40 mol % in CDCl; +262-3 (c)
MeC(=0O)NH-CgH,4-OMep 5 mol % in DMSO +249-1 (c)
MeC(=O)NH-C¢H4-Mep 5 mol % in DMSO +247-8 (c)
MeC(=O)NHPh 5 mol % in DMSO +247-0 (c)
MeC(=0O)NH-CgH,4-Clp S mol % in DMSO +248:2 (c)
MeC(=O)NH-C¢H4 NO;,p 5 mol % in DMSO +242-1 (NH) (c)
MeC(=0)NlN Bu' in CDCl, +246-7 (@
Bu'
in CDCl, +255-0 (g)
MeC(=O)NH
HC(=0O)NMe, neat liguid +277-01+0-09 (h)
+277-4 (1)
neat liquid + 10% CgDsg +276-4 (a)
0-:30M in H,O +264-59+0-10 (h)
various solvents see Table 61
MeC(=0)NMe, neat liquid +281-6 (e)
+283-9 @)
1:1v/vin acetone +282-1 (e)
+282-2 )
2Min Et;0 +282-8 (e)
1 M in Et,O +286-1 (e)
0-5Min Et,0 +287-6 (e)
MeC=NMe 1:1v/vin acetone +155-5 (e)
OMe +155-2 (d)
(isoamide isomer)
MeC(=0)NMe,-HCI in CDCl; +210£10 1)
{Me,N*=CH-OMe) FSO;~ in CHCI,CHCl, +238-1 (i)
MeC(=0O)NMe,-SbCls in CHCI,CHCl, +308-5 (i)
PhC(=0O)NMe, 1:1v/vin CHCI,CHCl, +281-7 (i)
CIC(=0O)NMe, neat liquid +286-3 (i)
Cl3CC(=0)NMe, neat liquid +289-5 (i)
CI@C(=O)NH OMe in CD3;COOD/HCI +242-2 (amide) (k)
+184-7 (NH,") (k)

HOOCCH,CHC(Me)=NH,"CI~

CI@C(=O)NH OMe
in CD;COOD/HCI

NH,*CI~

+243-8 (amide)
+193-3 (NH,")

(k)
(k)
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TABLE 57 —cont.

Nitrogen shielding
referred to

Compound Solution neat nitromethane Note
MeC(=0)NHSiMe, neat liquid +258+3 1))
+264+7 (m)

MeC(=0)N(Me)SiMe; neat liquid +286+ 7 (m)
HC(=0)N(SiMe;), neat liquid +259+7 (m)
F3;CC(=0)N(Me)SiMe; neat liquid +275+7 (m)
F3CC(=0)N(SiMe;); neat liquid +177 (?) (m)

O

NMe neat liquid +199+3 [{}]

(0}

O

NSiMe;, neat liquid +181+3 V8]

O

(a) Data from ref. 81: '*N natural abundance spectra; 10-09 MHz; field perpendicular to sample
tube; Cr(acac); added in order to shorten T,; referred to neat nitromethane; uncorrected for bulk
susceptibility.

(b) Data from ref. 90; '*N natural abundance spectra; 1825 MHz; field parallel to sample tube;
referred originally to 1 M DNO;, +6-2 ppm from neat nitromethane (Table 6); conversion scheme IV
(Table 4).

(c) Data from ref. 190; details as in note (b).

(d) Data from ref. 179; '*N natural abundance spectra; 18:25 MHz; field parallel to sample tube;
referred to neat nitromethane; uncorrected for bulk susceptibility.

(e) Datafromref. 179; continuous-wave 14N spectra; 4-33 MHz; high-precision differential saturation
technique with full lineshape fitting; 30 °C; concentric spherical sample/standard containers in order
to eliminate bulk susceptibility effects; referred to neat nitromethane.

(f) Data from ref. 191, details as in note (b).

(g) Data from ref. 149; details as in note (b).

(h) Data from refs 80 and 85; details as in note (e).

(i) Data from ref. 40; 'SN natural abundance spectra; 6-08 MHz; field perpendicular to sample tube;
Cr(acac); added; referred originally to ‘“‘dilute HNQO;", probably +3-7 ppm from neat nitromethane
{Table 6); conversion scheme II (Table 4).

(j) Datafromref.192; 1*N measurements; low precision; 4-33 MHz; originally reported as 70 + 10 ppm
deshielding relative to parent amide.

(k) Data from ref. 168; '*N natural abundance spectra; 10-1 MHz; referred to internal NH,CI
(dissolved in sample), probably +352-0 ppm from neat nitromethane (Table 6).

() Data from ref. 137; continuous-wave '*N spectra; 7-22 MHz; low precision; referred originally
to aqueous NaNOj3, +3-7 ppm from neat nitromethane (Table 6).

{m) Data from ref. 193; details as in note (l).
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TABLE 58

Effects of additives on nitrogen shielding in N-methylacetamide (15 M in water)

Nitrogen shielding referred

pH Additive to neat nitromethane
1 1M HBr +265-8
7 none +267-4
14 1 M NaOH +267-2
2 Pr"NH; -HBr+1 M HBr +266-7
4 Pr"NH,-HBr+1 M HBr +266:7
6 Pr°NH,-HBr +266-7
7-5 Pr"NH; -HBr+ NaOH +266-7
9:0 Pr"NH,-HBr+NaOH +266:7
10-0 Pr"NH,-HBr+NaOH +266-7
11-0 Pr"NH;-HBr+ NaOH +266-7
12-0 Pr"NH,-HBr+NaOH +266-8
12-5 Pr°NH,-HBr+NaOH +266-8

Data from ref. 194; '*N natural abundance spectra; 9:12 MHz; field perpen-
dicular to sample tube; referred originally to NO; ™ in aqueous NH4;NO3, +4:0 ppm
from nest nitromethane (Table 6); conversion scheme II (Table 4).
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TABLE 59

Nitrogen shieldings in E,Z -isomers of unsymmetrically substituted amides (neat liquids)

R! (0] R? 0
V4 N Vi
(E) N—C — (Z)
R? \R3 Rl/ \R3

Nitrogen shielding relative to neat

nitromethane
R! R? R? isomer E isomer Z
H Me H +273-9 (10%) +272-3 (90%)
H Et H +256-2 (10%) +255-2 (90%)
H Bu' H +233-3 (30%) +2356 (70%)
H Ph H +241:2 (40%) +243-8 (60%)
Me Bu" H (62%) (38%)
Me PhCH, H (53%) (47%)
Me Bu" Me +271-2 (45%) +272:6 (55%)
Me H Me +274-9 (100%)
Me H Et +278-7 (100%)
Me H Pr” +276-9 (100%)
Me H Pr +280-6 (100%)
Me H Ph (25% in CDCI3) +282-3 (100%)
Me H CH,Cl1 +276-1 (100%)
Me H CH,0OMe +281-2 (100%)
Me H CH;NMe, (amide) +282:5 (100%)
Me H PhCH, +275-9 (100%)
Et H Me +257-0 (100%)
PhCH, H Me +261-1 (100%)
Ph H Pr' (30% in MeCN) +252-9 (100%)
MeOC(=0)CH, H Et +273-7 (15%) +275:0 (85%)
MeOC(=0)C(Me)H H Et (25% in CDCl;) (12%) +260-2 (88%)

Data from ref. 195; '*N natural abundance spectra; 9-12 MHz; field perpendicular to sample tube;
referred originally to aqueous NaNQOj;, +3-7 ppm from neat nitromethane (Table 6); conversion scheme
II (Table 4); isomer ratios quoted are obtained from proton spectra.
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TABLE 60

Comparison of nitrogen shieldings in cis and trans isomers of N -alkyl-substituted formamides and
acetamides

“trans’’ (Z) amide *cis" (E) amide

Nitrogen shielding
referred to neat

nitromethane “cis”
R R’ State “trans™ “eis™ content
H H neat liquid +268:6
Me H 1:5™M in CHCl, +275-2
H Me neat liquid +271-8 +273-8 8%
Me Me 1:5M in CHCl, +276.0
H Et neat liquid +253-9 +255-0 12%
H . Pr" neat liquid +257-0 +258-4 14%
H Bu" neat liquid +257-1 +258-5 14%
H (CH3)aMe neat liquid +257-0 +258-5 12%
H Bu' neat liquid +259-0 +260:6 12%
H CH,CMe; neat liquid +261-2 +262-8 11%
Me CH,CMe; 4-5m in CHCl,4 +265-5
H CH,Ph 10 M in DMSO +257-8 +259-1 13%
Me CH,Ph 4-5M in CHCl, +260-4
H CH,CH,Ph neat liquid +256-6 +260-0 14%
H Pr' 10 M in DMSO +240-3 +241-9 14%
H CH(Me)CH,;Me neat liquid +241-0 +244.9 16%
H CH(Me)CH,CH,;Me 10 M in DMSO +241-1 +244-9 14%
Me CH(Me)CH,CH,Me 4.5 ™ in CHCl; +245.8
H cyclopropyl 10 M in DMSO +252-5 +255-4 18%
H cyclopentyl neat liquid +243-8 +246-1 12%
H cyclohexyl neat liquid +242-8 +243-5 14%
H Bu' neat liquid +237-0 +235:0 22%
H C(Me),CH,;Me neat liquid +239-2 +236-8 22%
Me C{Me),CH;Me 4-5M in CHCl; +245-6

Data from ref. 373; '°N natural abundance spectra; 18-25 MHz; field parallel to sample tube; referred
originally to 1 M DNOj, +6-2 ppm from neat nitromethane (Table 6); conversion scheme IV (Table 4).
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Solvent effects on nitrogen shielding in some simple amides

Nitrogen shielding referred to neat nitromethane, in

cyclo- ethylene ethylene
Amide dioxan {(EtOCH,CH,),O hexanone P(NMe,); DMSO carbonate  MeNO, MeOH glycol H-,0
H,NCHO 2715 270-2 270-2 2660 265-4 270-S 2711 267-4 2647 2637
(Z)-MeNHCHO  271-5 2719 271-2 270-4 2689 270-1 270-4 267-4 2649 263-0
(E)-Bu'NHCHO  234:2 234-2 2338 2342 232-6 232-8 232-8 230-3 228-1 2270
(Z)-Bu'NHCHO  236-2 236-4 2359 235-8 234-1 234-6 234-8 232-5 2312 2297
Me,NCHO 278-4 279-4 278-4 2781 275-8 275-4 276:5 2729 270-2 267-8
Me,NC(=0)Me  284-5 284-7 284-6 2842 2822 2818 282-8 278-4 2758 273-4
Bulk property
of solvent
Dielectric
constant 2.2 5-7 18-3 29-6 48-9 896 386 32:6 377 785
Dipole
moment (D) 0-4 ? 2-9 55 3.9 4-9 31 1-6 2:0 1-8
Ex (k] mol™Hy* 150-7 157-0 170-8 171.2 188-3 ? 193-8 232-3 235-6 264-1

Data from ref. 196; '*N natural abundance spectra; 9-12 MHz, field perpendicular to sample tube; referred originally to aqueous NaNO;,
+3-7 ppm from neat nitromethane (Table 6); conversion scheme II (Table 4); shielding values contain bulk susceptibility effects (sample—agueous
NaNO:;).

* Solvatochromic shift measured from the UV absorption spectra of a pyridinium salt in a given solvent; K. Dimroth and C. Reichardt, Liebigs
Ann. Chem., 1969, 727, 93.

0ve



TABLE 62

Nitrogen shieldings in some simple lactams

241

Nitrogen shielding
referred to neat

Compound Solution nitromethane Notes
1-:5Min H,O,pH 6-5 +260-4 (a)
NH pH12.5 +260-3 (a)
1:5™M in DMSO +265-5 (a)
o 1-5 M in DMSO + NaOH +264-1 (a)
2-Pyrrolidone in CF;,COOH +246-4 (b)
1-5min H,O,pH 65 +260-7 (a)
NH pH 125 +260-4 (a)
in CF;COOH +243:6 (b)
(o)
2-Piperidone
1-5min H,0,pH 6'5 +257-8 (a)
pH 12-5 +257-3 (a)
NH 1-5min DMSO +263-0 (a)
+262:4 (c)
(o} 1:5 M in DMSO + NaOH +262-1 (a)
e -Caprolactam in CF;COOH +239-7 (b)
1-5Min H,0, pH 6-7 +257-8 (a)
pH12.5 +257-4 (a)
pH 13:5 +255-7 (a)
NH 1-5Min acetone +264-5 (c)
1:5min CF,CH,0OH +257-9 (c)
o 1-5 M in HCOOH +251-3 )
2-Perhydroazocinone in CF;COOH +239-7 (b)
(2-Azacyclooctanone) 1-5Min FSO3;H +234-9 (c)
2-5min DMSO +259:6 (a)(d)
2:5Min DMSO +NaOH,,  +2579 (a)
N\ in CF;COOH +237-1 (b)
o) H
E-2-Azacyclononanone (‘‘cis’")
H 2:5mMin DMSO +262-1 (a)(d)
\N 2-5Min DMSO+NaOH,,  +260-6 (a)
(0]
Z-2-Azacyclononanone (‘‘trans’)
S in CF;COOH +236:3 (b)
HN—C=0

2-Azacyclotridecanone
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TABLE 62—cont.

Nitrogen shielding
referred to neat

Compound Solution nitromethane Notes
Me
NH in CF;COOH +232:4 (b)
O
NH
. +296-4 (CH,NHCO) (e)
[/X 2Min DMSO l+230~0 (CONHCO) (e)
0T NTTO +2969 ®
H 20% w/w in DMSO [ :

Hydantoin b w/w in +230-5 ()
0 . +293-8 (f)
20% w/w in H,O {+229.9 6
. ) +294-6 ()
20% w/w in HCOOH {+232.5 ®)
o . +294-3 (f)
20% w/w in CF;COOH {+233'9 )
NH 20% w/w in pyridine +302-4 )
(k 20% w/w in DMSO +302-2 (f)
N 20% w/w in H,O +299.7 (f)
H 20% w/w in CF;COOH +298-9 (f)

2-Imidazolidinone

{a) Datafromref. 191; '5N natural abundance spectra; 18-25 MHz; field parallel to sample
tube; referred originally to 1 M DNOj, +6-2 ppm from neat nitromethane (Table 6); conver-
sion scheme IV (Table 4).

(b) Data from ref. 198; 5N natural abundance spectra; 9-12 MHz; field perpendicular to
sample tube; referred originally to NOj; in aqueous NH4NO,, +4-0ppm from neat
nitromethane (Table 6); conversion scheme II (Table 4); 1-5 g substance in 7 ml CF;COOH.

(c) Data from ref. 199; details as in note (a).

(d) Data from ref. 200; details as in note (a).

(e) Data from ref. 181; SN natural abundance spectra; 9-12 MHz; field perpendicular to
sample tube; referred originally to NH," in 5 M NH4NO; to 2 M HNO;, +359-0 ppm from
neat nitromethane (Table 6); conversion scheme II (Table 4).

(f) Data from ref. 185; natural abundance '°N spectra; 9-12 MHz; field perpendicular to
sample tube; referred originally to NO; in aqueous NH;NO;, +4-0ppm from neat
nitromethane (Table 6); conversion scheme II (Table 4).



TABLE 63

Nitrogen shieldings of the amido groups in penicillins and cephalosporins

H H
R L S Me
JREIS
N
o Y Me

COOR’

Penicillin structure

Nitrogen shielding referred
to neat MeNO,

N at ring CONH and other
Molecule Solvent junction moieties
Penicillin G R= PhCHzCONH} H,O +211:6 +264-6
R'=K DMSO +212.7 +268-7
its Me ester R'=Me benzene +221-0 +270-2
its procaine derivative R'=(H,
pH,;N-C¢H,-COOCH,CH;NEt,) DMSO +218:2 +268-0
+310-1 (amino)
+329-4 (amino)
Penicillin V R,= PhOCH,CONH H,0 +212:2 +269-8
R'=Na
its Me ester R'=Me dioxan +220-5 +274-8
Methicillin R =2,6-(OMe),-C¢H3-CONH
R'=Na H,0 +210-8 +259-5
its Me ester R'=Me benzene +218-5 +271-9
Ampicillin R =PhCH(NH,)CONH
R'=Na H,0 +210-8 +267:7
+345-7 (amino)
its Me ester R'=Me benzene +219-9 +277-1
Ph CONH- +354-2 (amino)
o\
Oxacillin R= N_ Me
R'=Na H,O +211-2 +263-2

+93-0 (isoxazole)

eve



TABLE 63 —cont.

H H

Lo S Me
R 3)<
] N Me

O :
COOR’

Penicillin structure

Nitrogen shielding referred
to neat MeNO,

N at ring CONH and other
Molecule Solvent junction moieties
its Me ester R'=Me CH,Cl,/benzene +2199 +267-6
+80-4 (isoxazole)
0
Ph /<
Hetacillin R= HN><N—
Me Me '
R'=K H,0 +223-2 +269-3 (N)
+306-7 (NH)
its Me ester R'=Me CH,Cl,/benzene +230-4 +276-9 (N)
+319-5 (NH)
0
HOH
e Me
o ; Me
COOR’
Penicillin V a-sulphoxide
R =PhOCH,CONH
R'=Na H,0 +229-4 +272-9
its Me ester R'=Me dioxan +238-0 +276-4

1444



RCONH s

Cephalosporin structure
o N__#CH,R’

R=H
R'=0COMe H,0 +226-0 +265-7
R=Me
R’'=0COMe H,O +225-6 +267-8
R =PhCH,
R'=0COMe H,O +225-6 +268:6
R =PhOCH,
R'=0COMe H,O +226-0 +274:2
R =PhC(OH)H
R'=0COMe H,O +225-7 +273.9
R={ Ven,
S

R'=0OCOMe H,O +226-0 +269-8

N=N

_ \
R= Q\N,NCHZ
R'=0OCOMe H,0 +226:2 +271-8
N=N
- \
R (\N,NCHZN—

N—N
H-,O0 +224:6 +271:6
' / 2!
R'= Me<S>S—

R =PhC(NH,)H
R'=H H,0 +225-4 +271-6

Data from ref. 197; >N natural abundance spectra; 10-09 MHz; field perpendicular to sample tube; referred originally to 2:9 M NH,Cl in
1 M HCl, +355-3 ppm from neat nitromethane (Table 6); conversion scheme IV (Table 4).
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TABLE 64

Nitrogen shieldings in conjugated cyclic lactams, thiolactams, and amidines (tautomeric or isomeric
forms of OH, SH, and NH; substituted azines and azoles)

Nitrogen shielding
referred to

Compound Solution neat MeNO, Notes
X 1:3v/vin acetone +216+2 (a)
, neat liquid +215+3 (a)
N O 1:3v/vin MeOH +214+1 (a)
Me
X X
l — | 1:3 v/v in acetone +209+2 (a)
N0 N7 OH 1:3v/vin MeOH +21242 (a)
H
O
| l 1:3 v/v in acetone +248+2 (a)
1:3v/vin MeOH +240+3 (a)
N
Me
(o)
OH
X
| | g ' satd. in acetone +222+4 (a)
N N/ 1:3v/vin MeOH +227+3 (a)
H
AN
‘ 1:3 v/vin acetone +189+2 (b)
N S 1:3v/vin MeOH +188+1 (b)
Me
X X
l < | 1:3 v/vin acetone +187+1 (b)
NS N7 SH 1:3v/vin MeOH +186=1 (b)
H
S
1:3 v/vin acetone + DMSO
| | (4:1v/v) 422542 (b)
1:3v/vin MeOH +222+1 (b)
e
S
SH 1:3 v/vin acetone +225+2 (b)
= o 1:3v/vin MeOH +218+1 (b)
i _ 1:3 v/v in acetone + DMSO
N (4:1v/v) +222x1 (b)
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TABLE 64—cont.

Nitrogen shielding
referred to

Compound Solution neat MeNO, Notes
A ) . +195+ 3 (=NMe) (b)
Q 1:3 v/v in acetone { +2373 (NMe) b)
N NMe ; { +191-3 (=NMe) (g)
Me in acetone +239-3 (NMe) (g)
x ) ) +192+3 (=NH) (b)
(l 1:3 v/vin acetone {+242:t3 (NMe) ®)
. +194-2 (=NH) (g)
NH
‘P:lde in acetone { 12426 (NMe) ®
NH
. . +168+3 (=NH) (b)
(:] 1:3 v/v in acetone {+260;t3 (NMe) b)
Me
OH .
XyCOOEt
Me ’ in DMSO +217 (c)
N (]
H
OH
, “XyCONH, i DMSO {+223 (NH) (c)
Me +281 (NH,) (c)
N 8]
N-NH . {+166~7 (NH) (d)
H,N X tn DMSO +314.9 (NH;) (@
S
Riboflavin tetrabutyrate see Table 65
Tetrahydropterin derivatives
3
o H\ . /R
3) N R!
HN" Y "’I in CF;COOH
(8)
H.N SNT ONTOSR?
H H
R'=R*=Me; R*=H +269-4 (N-1) (e)
+246-3 (N-3) (e)
+333-2 (N-5) (e)
+287-4 (N-8) (e)

+296-5 (NHy) (e)
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TABLE 64 —cont.

Nitrogen shielding
referred to

Compound Solution neat MeNO, Notes
R'=Me; R*=R*=H in CF;COOH +269-0 (N-1) (e)
+245-6 (N-3) (e)
+332-9 (N-5) (e)
+299-6 (N-8) (e)
+297-5 (NHy) (e)
R?=Me;R'=R'=H in CF;COOH +268-1 (N-1) (e)
+247-1 (N-3) (e)
+346-3 (N-5) (e)
+2861 (N-8) (e)
+297-3 (NH,) (e)
R'=R*=R*=Me in CF,COOH +270-1 (N-1) (e)
+246-3 (N-3) (e)
+330-6 (N-5) (e)
+288-8 (N-8) (e)
+295-9 (NH,) (e)
R?=R’=H; 0-7M in 6 M HCI +267-7 (N-1) (e)
. +242.8 (N-3) (e)
R =—CH2-NH2+ CONH-C,H,0, +333.5(N-5) (e)
+303-6 (N-8) (e)
(tetrahydrofolic acid) +295-5 (NH; at Cz) (e)
+319-7 (NH,inRY)  (e)
+261-4 (CONH) (e)
_CONH-C5H,0, +268:3 (N-1) (e)
N +245.5 (N-3) (e)
o i 0-7 M in CFsCOOH +251-3 (N-5) (e)
HN +300-7(N-8) (e)
+298-1(NH; at C3)  (e)
H,N k\ﬁ N +245-5 (NCO) (e)
H H +262-1 (CONH) (e)
HO' H\ M in FSO;H +263-2 (N-1) (e)
+257-9 (N-3) (e)
N)I +337-2 (N-5) ()
H,N&\+ +265:2 (N-8) (e)
+288-1 (NH,) (e)
o in HCl,, +255-8 (N-1) (e)
+242-8 (N-3) (e)
HN” ") )NH;* +350-0 (N-5) ()
HZNK + JNH, +302-6 (N-8) (e)
T;‘l +298:3(NH, at C?) ()
ﬂ in HClaq, +266:5 (N-1) ©
AN +245-6 (N-3) (e)
)j[ +194-1 (N-5) (e)
H.N \,:, +294-0 (N-8) (e)
H +296-3 (NH,) (e)
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TABLE 64 —cont.

Nitrogen shielding
referred to

Compound Solution neat MeNQO, Notes
(o} in CF;COOH +262-3 (N-1) (e)
N +236-7 (N-3) (e)
”N)I ‘jMC +84-5 (N-5) (&)
H,N'x + ~'Me +79-3 (N-8) (e)
r:l N +296-7 (NH,) (e)

CONH-CH,0,

in CF,COOH +264-1 (N-1) (e)
: +238:0 (N-3) (e)
o TH: +78:5 (N-5) ©)
N_ _CH, +58:3 (N-8) (e)
”N)I \j/ +294-8 (NH; at C2)  (e)
N o A +332:5 (NH,") (e)
N N +2622(CONH) (o)
(folic acid)
0
3)
| 0-8 M in DMSO +247-8 (N-1) ®
o’/j\‘ Y +220-2 (N-3) ®
H
(uracil)

(a) Data from ref. 1, pp. 172 and 190, and references therein; '*N spectra.

(b) Data from ref. 159 and ref. 201; continuous-wave ‘N spectra; 4:33 MHz; referred to neat
nitromethane; uncorrected for bulk susceptibility effects.

(c) Data from ref. 135; '"H{'*N} INDOR spectra at 100/7-22 MHz; field perpendicular to sample
tube; referred originally to Me,N*C1™, +337 ppm from neat nitromethane (Table 6); conversion scheme
II (Table 4).

(d) Data from ref. 163; 5N natural abundance spectra; 18-25 MHz; field parallel to sample tube;
referred originally to 1 M DNOj, +6:2 ppm from neat nitromethane (Table 6); conversion scheme IV
(Table 4).

(e) Data from ref. 202; '°N natural abundance spectra; 10-09 MHz; field perpendicular to sample
tube; referred to neat nitromethane; uncorrected for bulk susceptibility effects.

(f) Data from ref. 181; "N natural abundance spectra; 18-25 MHz; field parallel to sample tube;
referred originally to NH," in 5 M NH,NO; in 2 M HNO;, +359-0 ppm from neat nitromethane (Table
6); conversion scheme II (Table 4).

(g) Data from ref. 160; °N natural abundance spectra; 18-25 MHz; field parallel to sample tube;
referred originally to neat nitromethane; uncorrected for bulk susceptibility effects.
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TABLE 65

Nitrogen shielding in reduced and oxidized forms of riboflavin (vitamin B;)-2',3',4',5'-tetrabutyrate

R =ribose-2',3',4',5'-tetrabutyrate

Nitrogen shielding referred to neat

nitromethane
Sample N-1 N-3 N-5§
mnNR Eilr
Me I \fo reduced form
Me . NH in CDCl; +261-5 +232-8 +322-7
N 3y

H o

R
Me N /N\fo oxidized form
Me _ NH in CDCl, +182-4 +223-0 +371
N
‘o)

Data from ref. 203; *N-labelled riboflavin (N-1, N-3, and N-5); !N spectra; 10-09 MHz; field
perpendicular to sample tube; referred originally to NO;~ in NH;NO; in DMSO, reported to be
deshiclded by 2-02 ppm from a solution in aqueous HCI; this results in an uncertainty about the actual
shielding constant of the standard used (Table 6), but a value of +3-7 ppm from neat nitromethane is
assumed here as a conversion factor according to scheme II (Table 4).




TABLE 66
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Nitrogen shieldings in chetomin (toxic metabolite of Chaetomium cochliodes)

(2)

O CH,0OH
Shielding referred to

Nitrogen atom neat nitromethane Type of moietyinvolved
N-2 +261-4 amide

N-4a +229-5 amide

N-6 +301-5 arylamine

N-2' +262-2 amide

‘N-5§' +257-2 amide

N-10' +235-1 pyrrole

Data from ref. 204; biologically '*N-enriched chetin; '*N spectra; 10-14 MHz;
field perpendicular to sample tube; referred originally to 4 M NH,Cl in 2 M HCI,
+352-5 ppm from neat nitromethane (Table 6); conversion scheme II (Table 4);
assignments based on simultaneous 13C.labelling and observation of '? C-"°N one-

bond couplings.



252

TABLE 67

Nitrogen shieldings in some polyamides dissolved in trifluoroacetic acid

Nitrogen shielding
referred to neat
Polymer nitromethane

[-NH~(CH3),,~NH-C(=0)~(CH,),-C(=0)-1.

m=2 k=2 +253-5
+249-0
+247-5
+246-3
+245-6
+245-5
+255-5
+253:2
+252-0
+251-5
+251-3
+241-6
+243-4
+240-3
+238-4
+238-6

—
AN EDNNDNDNNDNNCSCONDB W

—
WP LANOTAR WD

—NH@NH—C(:O)—(CHZ)k—C(=O)-

k= +240-5
+240-6
+240-7
+240-1

+240-9

[v =

-NH~-(CH, ;m—NH—C(=0)@C(=O)—

m= +261-1
+255-3
+251-4
+249-0

+246-5

W NEAWN



TABLE 67—cont.
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Nitrogen shielding
referred to neat
nitromethane

Polymer
/@\ +248.7
-NH-(CH,)(~-NH-C(=0) C(=0)—,
O
_NH—(CHZ)M—NHN
(¢} n
m= 6 +243-5
10 +242-4
Mixed polymer “Trogamid T"
-NH-CH,-CHMe-CH,-CMe,-CH,-CH,-NH- +247-5(“A")
+ (“C") (“A”) +246:2 (uBu).
) -NH-CH,;-CMe,-CH,-CHMe-CH,-CH,-NH- +248-2 (*C”)
+ (D™ (“B™) +252:3 (*“D")
-C(=O)@C(=O)—

Data from ref. 132; '°N natural abundance spectra; 9-12 MHz; field perpendicular
to sample tube; referred originally to NO; ™ in aqueous NH4;NOj,, +4-0 ppm from neat

nitromethane (Table 6); conversion scheme II (Table 4).



254

TABLE 68

Nitrogen shieldings in some thioamides, thiourea derivatives, and related structures

Nitrogen shielding
referred to

Compound Solution neat nitromethane Notes
HC(=S8)NMe, in CHCI,CHCl, +227-8 (a)
MeC(=S)NMe, in CHCI,CHCl, +237-1 (a)
CIC(=S)NMe, in CHCI,CHCl, +236-0 (a)
MeSC(=S)NMe, in CHC1,CHCl, +246-6 (a)
MeC(=S)NHMe neat +228+3 (b)
(Me,;N),C=S§ in CHC1,CHCl, +294.7 (a)
MezN*z?—NMez in CHC1,CHCl, +271:3 (a)
SMe

H,;NC(=S)NHC(=S)NH,

S

1M in DMSO

1-5™M in DMSO

+250-7 (NH, doublet)
+272-8 (NH,, triplet)

+218-7

(c)
(c)

(d)

(a) Data from ref. 40; '°N natural abundance spectra; 6-08 MHz; field perpendicular to
sample tube; referred originally to ‘‘dilute HNO,”, probably +3:7ppm from neat

nitromethane (Table 6); conversion scheme II (Table 4).

(b) Data from ref. 137; continuous-wave “*N spectra; 7-22 MHz; originally referred to

aqueous NaNO;, +3-7 ppm from neat nitromethane.

(¢) Data from ref. 163; N natural abundance spectra; 18-25 MHz; field parallel to sample

tube; referred originally to 1 M DNQOj, +6-2 ppm from neat nitromethane (Table 6); conver-

sion scheme IV (Table 4).

(d) Data from ref. 199; details as in note (c).
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Nitrogen shielding in some sulphonamides
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Nitrogen shielding
referred to neat

Compound Solution nitromethane Note
MeSO;NH, 3Min H,O
pH1:0-1-1 +288-4 (a)
pH4:04-1 +288-4 (a)
pH6-4-6-5 +288:6 (a)
pH 8:5-8:6 +288-5 (a)
pH 10-0-10-1 +287:2 (broad) (a)
pH11-1-11-2 +277-5 (a)
pH11.7-11-8 +277-6 (a)
pH 12:3-12:4 +277-5 (a)
3Min 8 M NaOH,,. +275-8 (a)
3 M in DMSO +285-3 (a)
3 M in acetone, +289-6 (a)
3 M in MeOH +291-1 (a)
3 M in CF;COOH +293-0 (a)
MeSO,NHMe neat liquid +299+5 (b)
MeSO,NHSiMe, neat liquid +278+3 (b)
MeSO,NHBu' neat liquid +281+5 (b)
3 M in DMSO +285-7 (a)
3 ™M in CF;COOH +293-3 (a)
MeSO,NHPh 3 ™M in DMSO +297-2 (a)
3 M in CF;COOH +301-3 (a)
pH3N-C¢Hy-SO,NH, 9 mol % in DMSO +284-3, +285-9 (c)
PhSO,NH, 9 mol % in DMSO +285-9 (c)
in acetone +289+3 d)
pMe-CgH,4-SO,NH, in acetone +289+3 (d)
PhSO,NHEt 9 motl % in DMSO +281-6 (c)
PhSO,NHCH,Ph 9 mol % in DMSO +283:4 (c)
PhSO,NHCH(Me)(Pr") 9 mol % in DMSO +270-6 (c)
PhSOzNHN 9 mol % in DMSO +270-2 ©
PhSO,NMe, in Et,0 +288+3 (d)
PhSO,NE?t, 9 mol % in DMSO +280-2 (c)
PhSO;NPr", 9 mol % in DMSO +282:9 (c)
PhSOZNG 9 mol % in DMSO +280-0 (c)
PhSO,N ) 9 mol % in DMSO +278-9 (c)
Me
PhSOzN7R7 9 mol % in DMSO +276:2 (c)

Me
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TABLE 69—cont.

Nitrogen shielding
referred to neat

Compound Solution nitromethane Note
PhSO,N(CH,Ph), 9 mol % in DMSO +279-3 ©
PhSO,NH:C¢H, OMep 9 mol % in DMSO +263-0 ©
PhSO,NH-C¢H, Fp 9 mol % in DMSO +261-4 ©
PhSO,NH-C¢H,-Mep 9 mol % in DMSO +2612 ©
PhSO,NH-CgH,-Brp 9 mol % in DMSO +259-7 ©
PhSO,NHPh 9 mol % in DMSO +259-7 ©
PhSO,NH-C¢H4-CNp 9 mol % in DMSO +254-5 (NH) ©
PhSO,NH-C4H,-NO,p 9 mol % in DMSO +253-3 (NH) ©

SO

P 9 mol % in DMSO +284-4 ©)

NH

NO,
E\'N@ 9 mol % in DMSO +261-7 (NSO3) ©
SO,

PhSO,NHC(=0)Me 9 mol % in DMSO +210-8 ©

co
@: /NH 9 mol % in DMSO +221-6 (c)
SO,

(a) Data from ref. 205; >N natural abundance spectra; 9-12 MHz; field perpendicular to
sample tube; referred originally to NO;  in aqueous NH4NO;, +4:0ppm from neat
nitromethane (Table 6); conversion scheme II (Table 4).

(b) Data from ref. 137; continuous-wave '*N spectra; 7-22 MHz; field perpendicular to
sample tube; referred originally to aqueous NaNQOj;, +3-7 ppm from neat nitromethane
(Table 6); conversion scheme II (Table 4).

(c) Data from ref. 154; '*N natural abundance spectra; 18:25 MHz; field parallel to sample
tube; referred originally to 1 M DNO;, +6-2 ppm from neat nitromethane (Table 6); conver-
sion scheme 1V (Table 4).

(d) Data from ref. 206; wide-line N spectra; 3 MHz; referred originally to NH,*, in
NH4NO,, +359:6 ppm from neat nitromethane; bulk susceptibility effects insignificant as
compared with overall low precision.




Structural formulae, abbreviations, and nitrogen shielding data for amino acids

TABLE 70
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Conventional formula,

common name, and

Nitrogen shielding referred to neat

nitromethane

abbreviation Solvent cation amphion anion Notes
H,0/HCI +348-9 +347-3 3566 (a)
or NaOH +3512 +349-8 (b)
H,0/CF;COOH +3527 (b)
H,N" " COOH H,0/H,S0, +352:2 (b)
) HCOOH +352:1 (b)
Glycine (Gly) CF,COOH +353.9 (b)
97% H,SO, +352.9 (b)
FSO;H +354.0 (b)
H,0/HCI +3374 +337-1 b)
Me H,0/CF;COOH +339.7 (b)
P H,0/H,S0, +339-4 (b)
H,N” "COOH HCOOH +339.5 (b)
Alanine (Ala) 97% H,SO, +339-8 (b)
: FSO;H +340-7 (b)
MeIMe
H,0/HCl +344.0 +344-1 ¢
H,N” ~COOH 20/ ©
Valine (Val)
Me
Me
H,0/HCI +338.7 ()
H,N” ~COOH
Leucine (Leu)
H,0/HCl +343-1 (b)
Me (1) HCOOH +344.2 (b)
Me CF,COOH +345-1 (b)
97% H,SO4 +344-0 (b)
H,N™ "COOH H,O/HCl +345.7 (b)
Isoleucine (Ile) HCOOH +346-8 (b)
(®X cF,cooH +348-1 (b)
97% H,S0, +347:5 (b)
CF,COOH +337-1 (d)

)

H,N” “COOH
Phenylglycine (Phg)
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TABLE 70—cont.

Conventional formula,
common name, and

Nitrogen shielding referred to neat

nitromethane

abbreviation Solvent cation amphion anion Notes
H,0O +347-5 (b)
MeHN”" >COOH HCOOH +350-0 (b}
. CF;COOH +350-8 (b)
Sarcosine (Sar) 97% H,S04 +350-0 (b)
HO
l H,O/HCI +344-0 (c)
H,N” “COOH
Serine (Ser)
HO_ _Me
I H,0 +348 (c)
H,N” "COOH
Threonine (Thr)
HS
l H,0/HCl +338:1 +341 ©
H,N” "COOH
Cysteine [Cys(SH)]
COOH
S\s)\NH
/[ 2 H,0 +342 (c)
H,N” “COOH
Cystine (Cys-Cys)
MeS.
l H,0 +341 (©)
H,N” "COOH
Methionine (Met)
HOOC
l H,O/HClI +340-3 +342 (c)

H,N” "COOH )
Aspartic acid (Asp)
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Conventional formula,
common name, and

Nitrogen shielding referred to neat

nitromethane

abbreviation Solvent cation amphion anion Notes
COOH
H,0/HCI +3389 +338 (c)
H,N” "COOH
Glutamic acid (Glu)
NH, H,O0 +339-7 (c)
= (NH;3™)
o +267-9 ©
(amide)
H,N” "COOH H,0/HCl +338.1 ©
Asparagine (Asn) (NH,")
+268-1 (c)
(amide)
+268-6 (e)
(amide)
H,N__O H,0 +340 (c)
(NH;")
+270 ()
(amide)
+266-4 (a)
H,N” "COOH (amide)
Glutamine (Gln) H,0/NaOH +266-4 (a)
H,0/HCl +340-0 (b)
(NH;")
+268-2 (b)
(amide)
HCOOH +340-7 (b)
(NH5")
+268:6 (b)
(amide)
CF;COOH +341-7 (b)
(NH;")
+267-8 (b)
(amide)
97% H,SO0,4 +341-1 (b)
(NH;")
+269-7 (b)

(amide)
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TABLE 70—cont.

Conventional formula,
common name, and

Nitrogen shielding referred to neat
nitromethane

abbreviation Solvent cation amphion anion Notes
HZN\/\/\'/COOH H,O +339-2 (b)
(Na)
NH, +346-8 (b)
Lysine (Lys) (N.)
HCOOH +340-7 (b)
(No) (b)
+346-6 (b)
(N.)
OH CF;COOH +340-2 (b)
H,N COOH (Ng)
+346-8 (b)
NH, (N.)
Hydroxylysine (Hyl) H,O +342 ©
(Ng)
+354 (©)
(N,)
)N]\H see Table 73
H,N NH /\/\rCOOH
NH,
Arginine (Arg)
S COOH see Table 72
§/(I:I)H NH,
Histidine (His)
COOH H,0 +341-0 (c)
NH,
Phenylalanine (Phe)
COOH
+340-5 c
HO NH, H,0/HCI (c)

Tyrosine (Tyr)
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Conventional formula,
common name, and

Nitrogen shielding referred to neat

nitromethane

abbreviation Solvent cation amphion anion Notes
COOH +349 (c)
l (NH;")
N NH, H,0 +299 (©
H (NH)
Tryptophan (Trp)
H,;0 +324.7 (b)
f 5 +323-0 (a)
N COOH H,O/HCI +325-0 (a)
H HCOOH +327-1 (b)
Proline (Pro} CF;COOH +328-1 (b)
97% H,S0, +327-5 (b)
COOH
N H,0 +329 ©
I

H
Hydroxyproline (Hyp)

/\\/COOH H,O +348-5 (b)
H.N H,O/HCI +347-8 (b)
B-Alanine (8-Ala) H,0/H,S0, +348-8 (b)

H,0 +347-3 (b)
H,0/HCl +346-3 (b)
H,N.__~_-COOH H,0/CF;COOH +347.8 (b)
y-Aminobutyric acid H,0/H,S0, +347-4 (b)
(y-Abu) HCOOH +347-6 (b)
CF3;COOH +348-1 (b)
97% H,S0, +347-4 (b)

Me

~ _COOH
Mc—-]/

NH,
a-Aminoisobutyric acid

(a-Aibu)

A~~_COOH H:0 +347-8 (b)
H,N H,0/H,S0, +347-4 (b)
8§-Aminovaleric acid (§-Ava) .97% H,SO, +347-5 (b)
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TABLE 70—cont.

Nitrogen shielding referred to neat

Conventional formula, nitromethane

common name, and

abbreviation Solvent cation amphion anion Notes
H,O +347-7 (b)
H,0/H,S80, +347-3 (b)

H;N__~~_~"~_COOH HCOOH +347-9 (b)

¢ -Aminocaproic acid (e-Aca) CF3COOH +348-0 {b)
97% H,S0, +347-5 (b)

HZN/\/SOJH

Taurine (Tau) H,O +349 (c)

H,N _~_ SO;H

y-Aminopropanesulphonic

acid (y-Aps)

Sulphanilic acid (Sulf)

H,O +345 (c)
COOH (Na)
HzN/\/\/ +349 ©
NH, (N8)
Ornithine (Orn) H,O/HCl +338-9 (©)
(Na)

(a) Data from ref. 208 and ref. 209; '*N-enriched compounds; *N spectra; 9-12 MHz; field perpen-
dicular to sample tube; referred originally to NH," in 4 M NH,NO; in 2 M HNO;, +359-1 ppm from
neat nitromethane (Table 6); conversion scheme II (Table 4).

(b) Data from ref. 210; '°N natural abundance spectra; 9-12 MHz; field perpendicular to sample
tube; referred originally to NO;~ in aqueous NH4;NO;, +4-0 ppm from neat nitromethane (Table 6);
conversion scheme II (Table 4).

(c) Data quoted in ref. 1, pp. 165-166, and references therein.

(d) Data from ref. 175; 5N natural abundance spectra; details as in note (b).

(¢) Data from ref. 211; '>N natural abundance spectra; 9-12 MHz; field perpendicular to sample
tube; referred originally to NH, " in 5 M NH,NO; in 2 M HNO,, +359-0 ppm from neat nitromethane
(Table 6); conversion scheme II (Table 4).
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Changes in nitrogen shielding in amino acids relative to that in glycine in the same solvent
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Shielding change

Carbon atom

Amino acid H,0 HCOOH CF;COOH 97% H,SO,4 effects
Glycine 0 0 0 0 (arbitrary)
Alanine +12-7 -12-6 -13-3 -13-1 1x8

. L -81 -7-9 -8-8 -85
Isoleucine D —5-5 _5.3 _5.8 5.4 1xB+2xy
Sarcosine -2:3 ~2-1 -2-1 -2-9 I1Xa
Proline -25-1 =250 -25-8 -25-4 Ixa+2x8
Glutamine (N,) -11-1 -11-4 -12-2 -11-8 1xB+1xy
Lysine (N,) —10-6 -11-4 -13-7 1xB+1xy
B-Alanine -1-3 -3-8
y-Aminobutyric acid -4-8 -4-5 -5-8 -56
&-Aminovaleric acid -4-8 -54
e-Aminocaproic acid —-4-9 —4-2 -59 -5-4

Data from ref. 210; '°N natural abundance spectra; 9-12 MHz; carbon atom effects on nitrogen
shielding refer to positions of carbon atoms according to the schematic formula HOOC-C(NH,)-C*-C?-

c.
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TABLE 72

Nitrogen shielding in histidine and its derivatives

(r)

N
&CHZCH(NH;)COO' 7-H tautomer
N

H
(r)
HNT\ _
|\ CH,CH(NH,*)COO 7-H tautomer

(N>
Nitrogen shielding referred to
neat nitromethane

Compound Solution cation amphion anion Notes
Histidine H,O/(HClor +337-8 (NH;") (a)
NaOH) +205-0 (N7) (a)
+202-1(N,) (a)
+206-4 (N1) +201-4 (N,) +185-6 (N,) (b)
+204-0(N,) +148-0 (N,) +162-0(N,,) (b}
Histidine in H,O/(HClor +210-4(N,) +144-2 (N,) (c)
a-lytic protease (NaOH) +197-8 (N,,) +205:6 (N,,) (c)
r-Methylhistidine H,O/HCI +337-7 (NH3") (a)
+202-9 (N,,) (a)
m-Methylhistidine H,0/HCl +337-5(NH3") (a)
+207-4 (N,) (a)

(a) Data from ref. 212; '*N natural abundance spectra; 10-14 MHz; field perpendicular to sample
tube; referred originally to NO;~ in aqueous NH4NO,;, +4-0 ppm from neat nitromethane (Table 6);
conversion scheme II (Table 4).

(b) Data from ref. 208 and ref. 209; "5N-enriched compounds; SN spectra; 9-12 MHz; field perpen-
dicular to sample tube; referred originally to NH," in 4 M NH,NOj; in 2 M HNO,, +359-1 ppm from
neat nitromethane (Table 6); conversion scheme II (Table 4).

(¢) Data from ref. 213; '*N-labelled (singly and doubly) imidazole ring of histidine; '*N spectra;
18:25 MHz; field parallel to sample tube; referred originally to 1 M DNO;, +6-2 ppm from neat
nitromethane (Table 6); conversion scheme IV (Table 4).
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TABLE 73

Nitrogen shielding in arginine at various pH values

HOOC-CH(RH,)-CH,~CH,-CH,-NH-C(=NH)NH,

Nitrogen shielding referred to
neat nitromethane

terminal
NH « NH;
Solution a-NH; or NH;®  8-NH or C*(NH,); Notes
ca. 1M in H,0, pH 14 +349.0 +298:0 +293-0 (a)
pH 134 9 ? +300-9 (b)
pH 12 +349.0 +296-0 +310-0 (a)
pH11:5 +348.9 +296-5 +310-6 {a)
+348.7 +295-9 +309-9 (c)
pH 10-4 ? 2 +308.7 (b)
pH9-9 2 ? +307-5 (b)
pH78 +340-1 +296-4 +308-9 ()
pH7 +341-0 +296-0 +310.0 (a)
pH 6-0 +339.9 +296-4 +308-9 ()
pH 35 +340-0 +296-5 +308:9 {c)
pH1:5 +340-5 +296:6 +308-6 (c)
+NaCl, pH11-1 +348-9 +296-5 +310-6 (a)
+HPO,*", pH 10:6 +347-6 +295.8 +309-5 (a)
+HBF,, pH 89 +340-3 +297-4 +308+4 (a)
+HPO,* and H,PO,~, pH7-3 +340:6 +296-7 +309-5 (a)
+HCl, pH 6-0 +341-3 +297-0 +310-0 (a)
+ATP, pH 4:4 +341-0 +297-2 +310-2 (a)
+HBF, and NaOH, pH63 ? +296:6 +310-2 (a)
+HPO,*” and H,PO,~
and NaOH, pH63 +340-7 +296:6 +309-3 (a)

(a) Data from ref. 174, >N natural abundance spectra; 18:25 MHz; field parallel to sample tube;
referred originally to 1 M DNO;, +6-2 ppm from neat nitromethane (Table 6); conversion scheme IV
(Table 4).

(b) Data from ref. 66; **N selectively labelled arginine; '°N spectra; 10-1 MHz; field perpendicular
to sample tube; referred originally to MesN*, +336:7 ppm from neat nitromethane (Table 6); conversion
scheme II (Table 4).

(c) Data from ref. 187, details as in note (a).
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TABLE 74

Structure evidence of nitroarginine methyl ester hydrochloride in aqueous solution

Nitrogen shieldings
referred to
neat nitromethane,

Structures considered and signal multiplicities  Assignments
1’[~IH2 +12-1 (singlet) NO,
MeOC(=0)CH(NH;")CH,CH,CH,NHC=NNO
eOC( JCH(NH; )CH,CH,CH; 2 +142-2 (singlet) C=N
[A]
NHNO, +284-7 (doublet) NH
. |
MeOC(=O0O)CH(NH; " )CH,CH,CH;NHC=NH +296-8 (triplet) NH,;
[B]
NH, +339:3 (multiplet) NH;"
|
MeOC(=0)CH(NH;")CH,CH,CH,N=CNHNO,
[C] Structure indicated: [A]

Data from ref. 188; '°N natural abundance spectra; proton-decoupled and undecoupled; 9-12 MHz;
field perpendicular to sample tube; referred originally to 1 M NaNO;, +3-7 ppm from neat nitromethane
(Table 6); conversion scheme II (Table 4).
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TABLE 75

Nitrogen shielding in some N -acetyl substituted amino acids

Compound
(for abbreviations Nitrogen shielding referred to
see Table 70) Solution neat nitromethane Notes
MeCO-Gly-OH 2 M in DMSO +269-6 (a)
in CF;COOH +259.7 (b)
MeCO-Leu-OH 2 M in DMSO +257-3 (a)
in MeOH +255-4 (b)
in CF;COOH +245-8 (b)
MeCO-lle-OH 2 M in DMSO +260-0 (a)
MeCO-Asn-OH 2 M in DMSO +269-8 (CONH,) (a)
+257-4 (MeCONH) {a)
MeCO-GIn-OH 2 M in DMSO +270-4 (CONH,) (a)
+256-9 (MeCONH) (a)
MeCQO-Cys(SH)-OH 2 ™M in DMSO +260-0 (a)
MeCO-Tyr-OH 2 M in DMSO +257-2 (a)
MeCO-His-OH in H,0O +203-6 (N, cation, zwitterion) (c)
- _ +158:3 (N, anion) (c)
€00 coo +207-0 (N, cation, zwitterion) (c)
/_(\< NHCOMe /:(\< NHCoMe 1901 (N, anion) ©
HEI;V(EI) HN\VN

(a) Data from ref. 211; !5N natural abundance spectra; 9-12 MHz; field perpendicular to sample
tube; referred originally to NH," in 5 M NH4NO; in 2 M HNO,;, +359-0 ppm from neat nitromethane
(Table 6); conversion scheme II (Table 4).

(b) Data from ref. 215; >N natural abundance spectra; 9-12 MHz; field perpendicular to sample
tube; for details see footnote * in Table 78.

(c) Datafrom ref. 209 and ref. 208; '>N-labelled compounds (imidazole ring); '°N spectra; 9-12 MHz;
field perpendicular to sample tube; referred originally to NH,™ in 4 M NH,NO; in 2M HNO;,
+359-1 ppm from neat nitromethane (Table 6); conversion scheme II (Table 4).
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TABLE 76

Nitrogen shieldings in some a-amino acid N-carboxyanhydrides (oxazolidine-2,5-diones)

Nitrogen shielding referred to neat
nitromethane for solutions in:

Parent amino acid
acetone/CHCl; (abbreviations in

Structure CF;COOH acetone (1:3v/v) Table 70)
f \

] 0*0

R=H +299-1 Gly-OH
Me +285-9 +286-0 +286:-7 Ala-OH
Pr +291-8 +293-0 Val-OH
Bu' +287-4 +288-5 +289:2 Leu-OH
CH,;CH,COOMe  +289-0 v-OMe-Glu-OH
CH,CH,SMe +289-2 +289-8 Met-OH
CH,Ph +288-9 +290-0 Phe-OH
Ph +286-7 +287-4 Phg-OH

Data from ref. 185; '°N 10% enriched compounds; SN spectra; 9-12 MHz; field perpen-
dicular to sample tube; referred originally to NO3~ in aqueous NH4NOj;, +4-0 ppm from
neat nitromethane (Table 6); conversion scheme II (Table 4); 6% w/w solutions.
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Nitrogen shieldings in some cyclic dipeptides (2,5-diketopiperazines) in CF;COOH solutions

1 R®
R %
RZ N 2 4 5 6 . N
R? R“=R"=R’=R°=H if not stated otherwise

Compound

Nitrogen shielding

referred to neat
nitromethane
(assignments in order
of amino acid residues)

cyclo(Gly-Gly), R'=R*=H
cyclo(Ala-Ala), R' = R*= Me
cyclo(L-Ala-D-Ala)

cyclo(Leu-Leu), R' = R*= CH,CHMe,
cyclo(L-Leu-D-Leu)

cyclo(Val-Val), R' =R?*=Pr'
cyclo(L-Vai-D-Val)

cyclo(Phe-Phe), R' = R* = CH,Ph
cyclo(L-Phe-D-Phe)

cyclo(Tyr-Tyr), R' = R* = CH,-C¢H,-OHp
cyclo(Sar-Sar), R'=R*=H; R*=R®*=Me
cyclo(Pro-Pro), (R'R®) = (R*R®) = -CH,CH,CH,-
cyclo(a-Aibu-a-Aibu), R' = R*=R*=R*=Me
cyclo(Gly-Ala), R' =H; R*=Me
cyclo(Gly-Leu), R' = H; R*= CH,CHMe,
cyclo(Gly-Val), R' =H; R*=Pr'
cyclo(Gly-Phe), R' = H; R* = CH,Ph
cyclo(Gly-Phg), R' =H; R*=Ph
cyclo(Ala-Leu), R' = Me; R* = CH,CHMe,
cyclo(L-Ala-D-Leu)

cyclo(Ala-Val), R'=Me; R*=Pr
cyclo(L-Ala-D-Val)

cyclo(Ala-Phe), R' = Me; R® = CH,Ph
cyclo(Ala-Sar), R' =R®=Me; R*=H

+267-4
+254-5
+254-9
+257-4
+257-8
+260-3
+260-9
+256-2
+256-5
+256-7
+256-6
+238-9
+243-4
+269-9,
+269-5,
+267-5,
+265-7,
+269-0,
+253-9,
+254-0,
+251-7,
+251-9,
+250-6,
+253-9,

+252-4
+255-9
+260-7
+257-1
+253-3
+257-6
+258-4
+262-8
+263:3
+257-6
+269-5

Data from ref. 175; "N natural abundance spectra; 9-12 MHz; field perpendicular to
sample tube; referred originally to NO;~ in aqueous NH4;NO;, +4:0ppm from neat

nitromethane (Table 6); conversion scheme II (Table 4).
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TABLE 78
Effects of protecting groups in Gly-Gly dipeptides on nitrogen shielding

Nitrogen shielding referred to
neat nitromethane

Compound
(in DMSO solution) R-Gly Gly-OR
R-Gly-Gly-OH
R =pMe-C¢H,4-SO, +287-7* +272-9*
00,N-C¢Hy-S +362:4 +272-9
CF,;CO +271-0 +273-9
MeCO +269-0 +274-1
Bu'CO +277-9 +275-5
HCO +263-41
S=C=N(CH,)sCO +270-4 +274-5
CICH,CO +271-2 +274-1
PhCH,0CO-Ala- +288-9 (Ala) +274-9 (Gly-Gly)
Bu'OCO +301-2 +274-9
Ph;C ? +272-8
R-Gly-Gly-OEt
R =PhCH,0CO +302-8 +276-0
pO,N-CgH,-CH,OCO +302-4 +275-8
Cl;CCH,0CO +301-6 +275-9
2,4-(NO;),-CsH, +290-5 +274-4
pMe-CgH,4-SO; +287-8 +274-3
pMe-CgH,4-SO,-Gly- +287-6, +275-5 +273.7
PhCH,0CO-Ala- +287-7 (Ala), +275-6, +275-7
Bu'OCO +300-8 +276-4
Shielding in R-Gly (in ppm)
R-Gly-Gly-OH referred to R=HCO
R=HCO 0 (arbitrary)
MeCO +5-6
$=C=N(CH,)sCO +7-0
CF;CO +7-6
PhCH,OCONHCH,CH,CO +7-6
CICH,CO +7-8
MeCONHCH,CO +10-7
PhCH,OCONHCH(Me)CO +11-5
Bu'CO +14-5
CCl,CH,0CO +37-2
Bu'OCO +37-8
pO;N-C¢H,-CH,0CO +38-0
PhCH,0OCO +38-5

Data from ref. 214; '*N-labelled and non-labelled compounds; SN spectra; 20-27 MHz;
field parallel to sample tube; 1g peptide in 5 ml DMSO; referred originally to NO;™ in
aqueous NH4NO;, +4:0ppm from neat nitromethane (Table 6); conversion scheme II
(Table 4).

* Same as in above, but 9-12 MHz spectra and field perpendicular to sample tube.

t Quoted in ref. 214 (above), from G. E. Hawkes, E. W, Randall, and C. H. Bradley,
Nature, 1975, 257, 767.
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Solvent effects on nitrogen shielding in protected peptides
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Nitrogen shielding referred to
neat nitromethane

Peptide (assignments in order of
(for abbreviations see Table 70) Solvent amino acid residues)
(Gly),, HCOOH +272-2
H-Gly-Gly-OH HCOOH +354-2, +272-4
H-Gly-Gly-OEt-HBr CF;COOH +352:6, +272-4
MeCO-Gly-Gly-OH H,0 +266-4, +270-6*

CF;COOH +260-1, +271-4*

DMSO +269-9, +275-0*
MeCO-Leu-Gly-OH CF;COOH +246-3, +270-1*

DMSO +256-8, +274-4*
MeCO-Gly-Gly-Gly-OH CF;COOH +261:3, +271-7, +271-7*

DMSO +269-3, +275-0, +275-0*
CF;CO-Gly-Gly-OH HCOOH +274-2, +271-8

DMSO +272-1, +274-0
Bu'OCO-Gly-Gly-OH DMSO +302-3, +274-0

pyridine +303-1, +276-1
pMe-C¢H,4SO,-Gly-Gly-OH HCOOH +290-1, +270-8

DMSO +288-8, +270-4

pyridine +288-1, +274-5
pMe-CgH,4-SO,-Gly-Gly-OEt HCOOH +290-0, +270-7

DMSO +290-9, +275-4

pyridine +288-2, +276:2
pMe-CegHy-SO,-Gly-Gly-Gly-OEt HCOOH +289-8, +271-2, +271-8

DMSO +288-7, +274-8, +276:6

pyridine +288-3, +275-0, +277-6
CCl3CH,0CO-Gly-Gly-OEt HCOOH +302-3, +272-2

DMSO +302-7, +276-8

pyridine +303-6, +277-6
CF;CO-Gly-Gly-OEt HCOOH +303-5, +272-1

DMSO +303-9, +276-2

pyridine +304-7, +277-6
CF3;CO-Gly-Gly-OBu' HCOOH +303-5, +271.3

DMSO +303-8, +276-1

pyridine +304-7, +277-2
2,4-(NO,),-C¢H;3-CH,0CO-Gly-

Gly-OFEt HCOOH +303-8, +272-2

DMSO +303:6, +276-7

pyridine +304-4, +277-5
CF,CO-B-Ala-Gly-Gly-OEt HCOOH +295-9, +267-2, +272:0

DMSO +297-5, +271-0, +276'5
H-Ala-Ala-OH HCOOH +340-6, +257-8
Bu'OCO-Ala-Ala-OH DMSO +287-9, +262-2

pyridine +288-2, +262-0
CF;CO-Ala-Ala-OH HCOOH +289-4, +258:2

DMSO +289-4, +261-7

pyridine +289-7, +261:7
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TABLE 79—cont.

Nitrogen shielding referred to
neat nitromethane

Peptide (assignments in order of
(for abbreviations see Table 70) Solvent amino acid residues)
CF3CO-Ala-Ala-OEt HCOOH +289-5, +258-0

DMSO +289-5, +262-5

pyridine +290-0, +263-0
CF53CO-Phe-Ala-Ala-OMe HCOOH +292-7, +255-5, +258:3

DMSO +292-7, +261-1, +261-1

Data from ref. 214 gexcept those corresponding to footnote*); '*N natural abundance and
labelled compounds; SN spectra; 9:12 MHz; field perpendicular to sample tube; referred
originally to NO;~ in aqueous NH4NO;, +4:0ppm from neat nitromethane (Table 6),
conversion scheme 1I (Table 4); 1 g peptide in S ml solvent.

* Data from ref. 215; 5N natural abundance spectra; 9-12 MHz; field perpendicular to
sample tube; referred originally to NH," in 5 M NH,NO; in 2 M HNO3, +359-1 ppm from
neat nitromethane (Table 6); conversion scheme II (Table 4).
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Nitrogen shieldings in some oligopeptides
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Peptide
(for abbreviations

Nitrogen shielding

referred to neat nitromethane

(assignments in order of

see Table 70) Solvent amino acid residues) Notes
H-Gly-Gly-OH H;0, pH0-5 +352-3, +270-7 (a)
pH5-8 +352-8, +264-5 (a)
isoelectric +355-1, +2666 (b)
H-Ala-Gly-OH H,0, isoelectric +341.2, +2666 (b)
H-Leu-Gly-OH H,O0, isoelectric +343.0, +263-3 (b)
H-Val-Gly-OH H,O0, isoelectric +346:4, +262-0 (b)
H-Gly-Ala-OH H,0, isoelectric +354-6, +252-1 (b)
H-Gly-Leu-OH H,0, isoelectric +355-1, +254:3 (b)
H-Ala-Ala-OH H,O0, isoelectric +341-6, +252-3 (b)
H-Phe-Gly-OH H,0,pH 49 +343-6, +263.5 (b)
H-Phe-Ala-OH H,0,pH?9 +353-1, +256-5 (b)
H-Phe-Leu-OH H,;0,pH 12 +353-0, +252.8 (b)
H-Gly-Phe-OH H,0,pH9 +355-3, +2569 (b)
H-Gly-Tyr-OH H,O,pH 11 +355.2, +256-8 (b)
H-Gly-Gly-Gly-OH H,0, isoelectric +355-1, +272:9, +266-9 (b)
pHO-5 +352-3, +270-1, +271.5 (a)
pH1:5 +355-0, +272-6, +273:4 (b)
pH 119 +367-9, +273.0, +266'8 (b)
H-Ala-Gly-Gly-OH H,O0, isoelectric +340-9, +272-8, +266-8 (b)
H-Leu-Gly-Gly-OH H,O0, isoelectric +342-6, +269-9, +266:7 (b)
H-Val-Gly-Gly-OH H,0, isoelectric +346-3, +268-5, +266-5 (b)
H-Gly-Gly-Ala-OH H,0, isoelectric +355-1, +272.8, +250-7 (b)
H-Ala-Ala-Ala-OH H,0, isoelectric +341-6, +258:0, +253-2 (b)
H-Gly-Ala-Gly-OH H,0, isoelectric +355-8, +258:4, +2679 (b)
H-Gly-Leu-Gly-OH H,O0, isoelectric +355-3, +260-0, +266-1 (b)
H-Phe-Gly-Gly-OH CF;COOH +341-9, +267-7, +270-4 (c)
H-B-Ala-Gly-Gly-OH CF;COOH +347-4, +266-5, +270-0 (c)
H-£-Aca-Gly-Gly-OH CF;COOH +347-8, +263-6, +271-8 (c)
H-Gly-Gly-Glu-OH H,0,pH 4-0 ( ? ), +270-7, +256-1 (d)
pH1-9 (2 ), +2697, +259-2 (d)
H-Gly-Gly-L-His-OH H,0, pH 3-5 ( ? ), +270-5, +2579 (d)
pH1-5 (7 ), +269-3, +261-3 (d)
H-Gly-Gly-L-Val-OH H,0,pH 52 C?2 ) (?2) +2567 (d)
pH2:3 ( ? ), +270-5, +2606 (d)
H-Gly-Gly-L-Leu-OH H,;0,pH 50 (? ) (?) +2523 (d)
pH 2-7 ( ? ), #2707, +256-1 (d)
H-Gly-Gly-L-Ile-OH H,O,pH 5-4 C? ) (7?7 ) +2554 (d)
pH2-0 ( ? ), 42707, +2593 (d)
H-Glu-Cys-Gly-OH H,O,pH 0-4 +339-5, +256:8, +268-3 (a)
g pH 4-0 +337.9, +256.2, +264-8 (a)
| pH7-3 +337-6, +256:2, +2629 (a)
N pH 12:0 (7 ), +255-4, +262.4 (a)

|
H-Glu-Cys-Gly-OH
(glutathione, oxidized form)
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TABLE 80—cont.

Nitrogen shielding

Peptide referred to neat nitromethane
(for abbreviations (assignments in order of
see Table 70) Solvent amino acid residues) Notes
H-Glu-Cys(SH)-Gly-OH H,0,pH 04 +340-0, +256-8, +268-3 (a)
(glutathione, reduced pH 24 +339.5, +256-8, +267-7 (a)
form) pH7:5 ( ? ), +256-0, +262-4 (a)
pH12-5 +347-0, +252-5, +262-4 (a)
H-B-Ala-His-OH H,O, pH 0-4 +347-0, +257-2, (+203-7, +206-8) (a)
(Carnosin) imidazole ring
pH 4-5 +347-5, +253-7, ( ? , ? ) (a)
pH 8-0 +348-3, +250-1, ( ? , 72 ) (a)
pH 10-8 (2?2 ), 42491, ( ? , ?7 ) (a)
pH11.0 (? ), 42487, ( ? , ?7 ) (a)
cyclo(Gly-Pro-Gly-p-Ala-Pro) MeOH +274-6, +244-0, +262-9, +258-9,
+244-0 (e)
CHCl, (7 ), +244.0, +275-8, +261-1,
+246-7 (e)
CHCl;/acetone +276-9, +244-8, +275-7, +261-3,
+244-8 (e)
H.O {+273-2} v {+271-8} +255-5, ©)
2 s27080 07 Pl (0 ) ©
Bu'OCO-Gly-OH DMSO +296-0 f)
Bu'OCO-Val-Gly-OMe DMSO +288:6, +268-2 )
Bu'OCO-Gly-Val-Gly-OMe  DMSO +296-0, +261-9, +267-3 )
MeCO-Gly-Val-Gly-OMe DMSO +263-9, +260-9, +267-3 ()
Bu'‘OCO-L-Nva-OMe CF;CH,OH (55°C) +292-0 (g)
Bu'OCO-(1-Nva),-OMe CF;CH,OH (25°C)y  +292-0, +262-7 (g)
(63°C) +291-7, +263-7 (g)
DMSO (52°C) +291-8, +266-1 (g)
Bu'OCO-(1L.-Nva);OMe CF;CH,OH (18°C) +292:2, +2627, +261-7 (g)
(36°C) +292-0, +262-9, +262-2 (g)
(59°C) +291-9, +263-0, +262-2 (g)
DMSO (24 °C) +291-4, +265-1, +264-0 (2)
(36°C) +291-7, +265-5, +264-6 (g)
(60°C) +292:0, +266-1, +265-2 (g)
Bu'OCO-(L-Nva);-OMe CF;CH,OH (25°C) +291:9, +263:9, +262:5, +261-7 (g
(38°C) +291-9, +263-9, +263-9, +261-8 (g)
(62°C) +291-8, +263.9, +263.9, +2619 (g)
DMSQO (20°C) +291-5, +264-9, +264.6, +263:8 (g)
(40°C) +291-7, +265-3, +265-1, +264-2 (g)
(65°C) +292-0, +265:6, +265-6, +264-7 (g)
Bu'OCO-L-Val-OH CF3;CH,OH (28°C) +296-2 (g)
Bu'OCO-(L-Val),-OMe CF;CH,0OH (28 °C) +294-9, +296-2 (g)
Bu'OCO-(L-Val);-OMe CF;CH,0H (28°C) +295-1, +262-3, +262:3 (g)
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TABLE 80—cont.

Nitrogen shielding

Peptide referred to neat nitromethane
(for abbreviations (assignments in order of
see Table 70) Solvent amino acid residues) Notes
Bu'OCO-(L-Val),-OMe CF;CH,OH (28°C) +295-1, +261-7, +261.7, +259-8 (g)
(56°C) +294-9, +262-7, +261-1, +260-4 (g
MeCO-L-Val-OMe CF;CH,0H(34°C) +261:5 (g)
Bu'OCO-L-Val-NHMe CF3;CH,OH (35°C) +295-3, +274-9 (g)
H-Ala-Pro-OH
MeCHNH,* ( 7 ), +239-3(cation) (h)
H,0 ( ? ), +235-1 (amphion) (h)
o N ( 2 ), +234:8 (anion) (h)
CcCOO™
(trans)
Oy N ( 7 ), +2385 (cation) (h)
H,0O ( ? ), +234-3 (amphion) (h)
MeCHNH;' /- ( ? ), +234-2(anion) (h)
COO
(cis)

(a) Data from ref. 215; '*N natural abundance spectra; 9-12 MHz; field perpendicular to sample
tube; referred originally to NH," in 5 M NH4NOj in 2 M HNO3, +359-0 ppm from neat nitromethane
(Table 6); conversion scheme II (Table 4); 0.8-1.2 M aqueous solutions.

(b) Data from ref. 216; '*N natural abundance spectra; 18:25 MHz; field parallel to sample tube;
referred originally to 1 M DNO,, +6-2 ppm from neat nitromethane (Table 6); conversion scheme IV
(Table 4).

(c) Data from ref. 217; 15N.labelled and non-labelled compounds; 15N spectra; 18-25 MHz; field
parallel to sample tube; referred originally to NO,;  in aqueous NH4NO;, +4-0ppm from neat
nitromethane (Table 6); conversion scheme II (Table 4).

(d) Data from ref. 96; 5N natural abundance proton spectra; 90 MHz; AISEFT technique (extracting
5N satellites and double resonance); field perpendicular to sample tube; referred to neat nitromethane;
uncorrected for bulk susce?tibility effects.

(e) Data from ref. 218; '°N natural abundance and Partly labelled Gly; details as in note (b).

(f) Data from ref. 219; 5N-labelled compounds; SN spectra; 10-05 MHz; field perpendicular to
sample tube; referred originally to 0-1 M NH4Cl in 2M HCI, +352-5 ppm from neat nitromethane
(Table 6); conversion scheme II (Table 4).

(g) Data from ref. 220; details as in note (b); Nva = norvaline.

(h) Data from ref. 221; '*N-enriched Pro; '°N spectra; 9-12 MHz; field perpendicular to sample tube;
referred originally to NH, " in 4 MNH NO; in2 M HNO,, +359-1 ppm from neat nitromethane (Table 6);
conversion scheme II (Table 4).
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TABLE 81

Differentiation between diastereomeric peptide systems by means of nitrogen shielding

Nitrogen shielding referred
to neat nitromethane

Peptide (assignments in order of
(R=Bu'OCO) Solution amino acid residues)
R-1L-Ala-L-Ala-OH DMSO/acetone +287:7, +262-0
pyridine +287-3, +262-0
CF3;CH,OH +287-4, +259-6
MeCOOH +286-4, +257-2
H,0, pH9 +284-7, +259-9
H-L-Ala-L-Ala-OH CF;COOH +339-6, +256-3
R-L-Ala-D-Ala-OH DMSO/acetone +287-7, +262:4
pyridine +287-3, +262:4
CF3CH,0OH +287-4, +259:6
MeCOOH +285-2, +260-3
H,0,pH9 +284-7, +260-3
H-L-Ala-D-Ala-OH CF;COOH +339-6, +256:3
R-L-Val-L-Val-OH DMSO/acetone +293-6, +265:2
R-L-Val-p-Val-OH DMSO/acetone +294-3, +265-9
R-L-Val-L-Val-L-Val-OH DMSO/acetone +293.0, +265:3, +263-7
R-L-Val-L-Val-p-Val-OH DMSO/acetone +292-7, +264-6, +264-6
R-L-Val-L-Val-L-Ala-OMe DMSO/acetone +292-7, +264-4, +257-5
R-L-Val-L-Val-D-Ala-OMe DMSO/acetone +293-1, +264:4, +257:9
R-L-Val-L.-Val-L-Phe-OMe DMSO/acetone +293-0, +264-2, +261-0
R-L-Val-L-Val-D-Phe-OMe DMSO/acetone +293.2, +265-0, +261-4
R-L-Val-L-Val-Gly-OEt DMSO/acetone +293-0, +263-7, +262-9
R-L-Val-p-Val-Gly-OEt DMSO/acetone +294-0, +263-7, +263-2
R-L-Ala-L-Ala-D-Aja-OH DMSO/acetone +287-1, +262-4, +261-5
R-L-Ala-D-Ala-L-Ala-OH DMSO/acetone +286-9, +262:6, +261-5
R-L-Val-L-Val-D-Val-OMe DMSO/acetone +292-7, +264:6, +264:4
R-L-Val-D-Val-L-Val-OMe DMSO/acetone +293-8, +265:6, +264:5
SCN(CH,)sCO-D,L-Ala-D,L- DMSO/acetone +256-1, +262:1
Ala-OH
(e-Aca-D,L-Ala-D,L-Ala),
L-L (D-D) DMSO +253-6, +259-1, +266-8
L-D (D-L) DMSO +254-5, +260-9, +266-5
L-L (D-D) H,0, pH7 +250-5, +256:2, +260-5
L-D (D-L) H,0, pH7 +250-5, +257:2, +260-0
L-L (D-D) CF;COOH +246-0, +253:3, +255-3
L-D (D-L) CF;COOH +246-0, +252-8, +255-3
L-L (D-D) 98% H,SO, +232-9, +239-8, +245-1
L-D (D-L) 98% H,SO, +232-9, +239-8, +244-6

Data from ref. 222 and ref. 223; '°N partly labelled and non-labelled compounds; °N
spectra; 36-48 MHz; field parallel to sample tube; referred originally to NO; ™ in aqueous
NH4NO;, +4-0 ppm from neat nitromethane (Table 6); conversion scheme II (Table 4); ca.
1 g peptide in 4 ml solvent.
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TABLE 82

Nitrogen shielding assignments in oxytocin

Nitrogen shielding

Amino acid referred to neat
residue nitromethane
H3N
Cys'(NH;") +342-0
NH ® GlyZ(NHz) +2732
Gly’(NH) +269-7
Asns(NHz)} { +267-9
GIn*(NH,) +268-2
Asn’(NH) +263-7
Cys®(NH) +260-3
NH GIn*(NH) +260-3
Ile*(NH) +260-3
Leu®(NH) +257-8
NH ® Tyr>(NH) +256:4
D—( NH/\n/ Pro’(N) +242:9
Oxytocin
H\e) _H Q
® NH2 Gly’(NH,) +273-1
O“\( NH/\n/ Gly’(NH) +268:6
0 Leu®(NH) +257-7
Pro’(NH;") +327:3

Prolylleucylglycinamide

Data from ref. 211; *N-labelled and non-labelled compounds; N spectra; 18-25 MHz;
field parallel to sample tube; referred originally to NH," in 5 MNH,NO; in 2 M HNO;,
+359-0 ppm from neat nitromethane (Table 6); conversion scheme II (Table 4).
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TABLE 83
Nitrogen shieldings in viomycin

H 5
N

HO

(15)  (13)
H,NCONHCH H
N (3’3) +
HNi2e6) “H 3nNH;
o) 27 ! 35)
o 2 NHCOCH,CH—(CH,),—NH,’

H 1'2\‘})
HOH,C HoH,c §
0:3 M solution in 90% H,0/10% D,0 at pH 2-8

Nitrogen shielding

referred to neat Amino acid residues or

Nitrogen atom nitromethane other moieties

6 +281-1

7 +307-6} guanidine moiety

8 +296-0

9 +273-7 alanine type
13 +263-8 .
15 +296-3] urea moiety
20 +262-8 serine
24 +256-9 serine
27 +257-0 a,3-diaminopropionic acid
31 +336-9 lysine-H*
35 +346:7 lysine-H*
37 +266-9 a,B-diaminopropionic acid

Data from ref. 224; '°N natural abundance spectra; 27-36 and 36-48 MHz; field parallel
to sample tube; referred originally to NH," in 5 M NH4NO; in 2 M HNO3, +359-0 ppm from
neat nitromethane (Table 6); conversion scheme II (Table 4); somewhat different assignments
are made elsewhere.
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TABLE 84

Nitrogen shieldings in alumichrome

AP* cyclo(-Gly'-Gly>-Gly>-Orn*-Orn?-Orn’-)
Gly=glycine residue
Orn=§-N-acetylhydroxyornithyl residue
Nitrogen shielding referred to
neat nitromethane

Type of
Method Solvent nitrogen atom Gly' Gly> Gly® Orn' Om?> Om?
Double DMSO
resonance* (19°C) amide (+) 266-9 265-5 275-7 265-5 261-3 264-0
(70°C) amide (+) 268-1 270-0 276-3 2655 2612 264-5
CF3;CH,OH
(70°C) amide (+) 268-2 273-5 274-1 262:0 257-7 2604
Directt DMSO
45°0) amide (+) 268-8 2709 2774 267-1 262-8 2656
hydroxamate (+) 183-1 182-3 1823

* Data from ref. 225; 1H{ISN} double resonance spectra; 220/22-3 MHz; 5N-labelled alumichrome;
referred originally to tetramethylsilane proton signal at exactly 220 MHz; recalculated here to
nitromethane using a frequency of 22 300 833-3 Hz for neat nitromethane at the same magnetic field
(ref. 2, p. 172).

+ Data from ref. 226; '*N-labelled alumichrome; "N spectra; 10-13 MHz; field perpendicuiar to
sample tube; referred originally to Orn? signal, reported to be at —39-3 ppm from that of urea
(+302:1 ppm from neat nitromethane; Table 49).

TABLE 85
Nitrogen shielding in [Met’]enkephalin and related peptides

Nitrogen shielding referred to

Sample* neat nitromethane (assignments follow

(0-5 M aqueous solutions, pH 1-5) the sequence of amino acid residues)

H-Tyr-Gly-Gly-Phe-Met-OH (+) 341-8, 268-0, 2720, 260-8, 2583
(Enkephalin)

H-Phe-Met-OH (+) 341-6, 257-0

H-Gly-Gly-Phe-Met-OH (+) 335-9, 273-3, 2605, 257-6

H-Gly-Gly-OH (+) 352.4, 270-1

H-Tyr-Gly-Gly-OH (+) 341.3, 267-6, 270-7

H-Tyr-Gly-OH (+) 341-4, 267-6

Data from ref. 227; '°N natural abundance spectra; 10-05 MHz; field perpendicular to
sample tube; referred originally to NH," in aqueous NH4;NOj; at pH 2, +359-0 ppm from
neat nitromethane (Table 6); conversion scheme II (Table 4).

* Abbreviations used for amino acid residues: Gly=glycine; Tyr=tyrosine; Phe=
phenylalanine; Met=methionine.
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Structure evidence of bleomycin by '*N NMR

CONHp  NH3CL

N NH
H\)\H/Z

N "N 0 CH3 H
HzN)ﬁ/“\fO HO ‘/[]/1 ]] H\
HN
H3C N CHg H0 CH3 oM

0
Ter
0 H
OH 0 O%H
OH 0)\NH2

08¢



Nitrogen shielding relative to neat nitromethane

Nitrogen atom type and signal multiplicity due to N-H coupling
thiazole +68-6 (singlet); +77-6 (singlet)

pyrimidine +137-7 (singlet); +137-9 (singlet)

imidazole +206-2 (broad, integral intensity suggests 2 atoms)
C-terminal amide bound to dithiazole +263-6 (doublet)

-C(=O0)NH; groups +268-6 (triplet); +274-7 (triplet)

pyrimidine NH; +296-6 (triplet)

secondary amide (-CONH-) +248-2 (doublet); +263-2 (doublet); +264:5 (doublet); +265-6 (doublet)
O-carbamoyl (-O-CONH,) +305-7 (triplet)

secondary amine (NH) +343-5 (singlet, proton exchange)

ammonium group (NH; ") +344-9 (singlet, protom exchange)

Data from ref. 228; '°N natural abundance spectra for solution in methanol; undecoupled and those with inverse-gated decoupling of protons;
36-48 MHz; field parallel to sample tube; referred originally to NO;~ in H,O, probably NaNO3, +3:7 ppm from neat nitromethane (Table 6);
conversion scheme II (Table 4); key observations to structure determination: 17 nitrogen atoms including 2 primary amide moieties (-CONH,).

I8¢
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TABLE 87

Tentative assignments of nitrogen shieldings in thiostrepton and siomycin A

’ Deala
Deala W%Oe

H
Thst A Ala Deala (1) Deala

S \"/k'/LK,(& (2 Ala

Thr

(1) X=C, R'=CH,, R*=H
(2) X=CH, R'=R*=Me

Nitrogen shielding referred to neat nitromethane

Nitrogen

atom number  Siomycin A (1) Thiostrepton (2)
4,5,7,10 (+)59:2, 67-6, 68-1, 70:6 (+)58-9, 67-5, 68-1, 70-1
12, 14,15 (+)76:0, 89-3, 91-5 (+)76-2, 88-8,91-4
17 +254-1

6 +257-1 +257-2

2,3 +257-8,257-8 +257-9, +257-9

18 +258-8

17 +259-3

19 +260-8 +260-8

9 +263-2 +263-3

18 +263-5
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TABLE 87—cont.

Nitrogen shielding referred to neat nitromethane

Nitrogen

atom number  Siomycin A (1) Thiostrepton (2)
8,13 +266-9, +268-5 +267-1, +268-7
11 +269:6 +269-4

1 +284-4 +284-9

16 +335:4

16 +340-5

Data from ref. 229; solutions in CDCl;/MeOH (8:2); '*N natural abundance spectra; 36-48 MHz;
field parallel to sample tube; referred originally to NO;™ in aqueous NH,NO;, +4-0 ppm from neat
nitromethane (Table 6); conversion scheme II (Table 4).

TABLE 88
Nitrogen shieldings in gramicidin-S

cyclo(-L-Val-L-Orn-L-Leu-D-Phe-L-Pro-)
Lieu O L-val 0

L

H

D-Phe ] :
A MNAAINGIN AN NN
C C N C C N C
\ ] | i | | | Pro
0 H  L-Orn 0 H
C H : : :
/Yo s NN
N H O L-On H 0 \
o A A A A A
\C/ \C/ \N/ \C/ \C/ \N/ N
I ; I l ; | D-Phe
: H ' H
0 L-val 0 L-Leu
Nitrogen shielding referred to neat nitromethane
N-Me-Phe
gramicidin-S derivative in
Amino acid in DMSO  CF;CH,0H DMSO/MeOH DMSO/MeOH
residue (1:1) (1:1)
L-Val +261:6 +254-6 +257-8 +256-1
L-Orn +246-6 +248:2 +247-3 +247-8
L-Leu +249:3 +244-4 +248-1 +248-9
D-Phe +251:6 +248:3 +248-8
(N-Me)D-Phe +253.3
L-Pro +240-5 +236-3 +238:6 +237-9

Data fromref. 219; 5N natural abundance spectra at 52 °C; 10-05 MHz; field perpendicular
to sample tube; originally referred to 0-1 M NH,Cl in 2M HCIl, +352:5 ppm from neat
nitromethane (Table 6); conversion scheme II (Table 4).
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TABLE 89

Nitrogen shieldings in 2 model tetrapeptide for amino acid sequence in tropoelastin

Tetrapeptide structure: Bu'OCO-Val-Pro-Gly-Gly-OMe

Nitrogen shielding referred to neat nitromethane

Solvent

(0-015 M solutions) Val Pro Gly Gly-OMe
CDCl, +290-0 +237-7 +271-4 +266-8
CDCl1;/MeOH (9:1) +289-2 +237-3 +269-8 +266-2
MeOH +284:5 +235'5 +267-0 +264-3

Data from ref. 230; '*’N 20% enriched tetrapeptide; SN spectra; 10-093 MHz; field
perpendicular to sample tube; referred originally to NH,4Cl in 2 M HCIl, +352-5 ppm
from neat nitromethane (Table 6); conversion scheme II (Table 4); since the shieldings
are not corrected for bulk susceptibility effects, the observed solvent shifts
(CDCl;/MeOH) contain a contribution of about 0-5 ppm from the latter.



TABLE 90

Primary structures of cell wall peptidoglycans in some Gram-positive bacteria (according to ref. 231)

o= —o——————— B!
| meso-Dap, L-Lys |
$H3 |________p ______ J $H3
_OOC—CH—NHCO—C|H—(CH2)3—$H—Bridge—CO—CH—NHCO—(IZH—(CHz)g—ClH—NH3* «Crossbar—»
NH R’ NH R’
D-Ala | |
cO - CO
| 1y-D-Glu | | U
(CHp); ----——- - (?Hz)z Stem
(liH-COR CIH—COR v
ITIH ITH
co - 9 CcO
| I L-Ala | |
(IZH—CH3 L1 CIH—CH3
IIIH ITIH
?O ?O
Glycan Glycan
Bacteria R R’ Bridge Accessory polymer
B. licheniformis OH, NH, COO~, CONH, direct teichoic acid, teichuronic acid
B. subtilis OH, NH, COO", CONH, direct teichoic acid
S. faecalis NH, H -NHCHCH,CO- polysaccharides
CONH,
M. lysodeikticus NHCH,COO™ H -(L-Ala-y-D-Glu-L-Lys); ¢~ traces of N-acetyl aminopolysaccharides
Gly p-Ala
S. aureus NH, H —(NHCH,CO)s- teichoic acid

$8¢
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TABLE 91

Nitrogen shieldings in cell-wall lysozyme digests of some Gram-positive bacteria

Nitrogen shielding

referred to neat Assignments for structures
Bacteria nitromethane in Table 90
Bacillus licheniformis +247-2 C-terminal D-alanine
lysozyme digest, pH 7 +247-6, +250-3 alanine residues
+250-9 D-alanine in crossbar
+252-0 alanine residue
+252.7, +253-6 D-glutamate and meso-diaminopimelic acid

Bacillus subtilis
lysozyme digest, pH 7

Streptococcus faecalis
lysozyme digest, pH 7-5

peptide groups adjacent to free carboxylic
acid groups

+254-4, +255-1 acetamido groups in glycan
N -acetylmuramic acid residues and
teichuronic acid N-acetylgalactosamine

units

+255-8, +258:2 D-glutamate and meso-diaminopimelic acid
residues

+268-9, +270-5 amidated carboxylate groups (CONH;) of
D-glutamate and meso-diaminopimelic acid

. residues

+337-2 free amino groups of teichoic acid

+339:5, +345-2 see B. subtilis

+247-7 C-terminal D-alanine

+251-0 D-alanine in crossbar

+251-9 L-alanine in stem

+252-7 D-glutamate in stem

+253.9 meso-diaminopimelic acid in crossbar

+254-9, +255-9 a and 8 anomeric forms (N -acetyl groups)
of glucosamine units of glycan

+258-0 meso-diaminopimelic acid in stem

+268-6, +270-4 CONH; groups in amidated glutamate and
meso-diaminopimelic acid residues

+337-3 free amino groups of teichoic acid

+339-5 free amino groups of meso-diaminopimelic
acid

+345-2 lysine-N,, free amino groups

+251.7 alanine in stem and crossbar

+255:3 N -acetyl groups in glycan

+256-2 CONH in amidated glutamate residues

+258-0 L-lysine-N, ,,

+261:2 D-isoasparagine peptide bond in bridge

+270-3 CONHj; in amidated glutamate residues

+271-3 CONH,; of D-isoasparagine in bridge

+336-9 free amino groups of teichoic acid

+344-9 L-lysine free amino groups
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TABLE 91—cont.

Nitrogen shielding

referred to neat Assignments for structures
Bacteria nitromethane in Table 90
Micrococcus lysodeikticus +248-6 C-terminal D-alanine
lysozyme digest, pH 7 +251-5 D-alanine in bridge
+253:2 L-alanine peptide bond
+255-1 D-glutamate substituted with glycyl groups
+258-2 L-lysine-N, peptide bond
+258-7 ?
+261-4, +261-8 C-terminal glycine units in stem and bridge
Staphylococcus aureus +252-0 alanine in stem and crossbar
autolysate, pH 7 +256-7 L-lysine amido group
+268-9 glycine in pentaglycine bridge
+337-2 ?
+345-5 free amino groups in L-lysine
+350-8 N-terminal glycine residues in pentaglycine
bridge

Data from refs. 231-235; '*N-labelled (totally and selectively) bacteria; '°N spectra; 9-12 MHz; field
perpendicular to sample tube; referred originally to 4 MNH,Cl in 2M HCI, +352:5 ppm from neat
nitromethane (Table 6), but reported relative to “HNO;" at 352:5-350-9=+1-6 ppm from neat
nitromethane; conversion scheme II (Table 4).

TABLE 92

Relative intensities of '*N resonance signals of cell wall lysozyme digests of Bacillus
licheniformis

Integral intensity (estimated from
lineshape fitting and normalized to
that of the resonance at +255-1 ppm)

Resonance position (shielding relative

to neat nitromethane) normal cells Vancomycin-treated cells
+247-2 0-23 0-26
+247-6 0:20 0-20
+250-3 0-11 0-12
+250-9 0-24 0-24
+252:0 0-25 0-25
+252:7 0-24 0-22
+253:6 0-22 0-22
+254-4 0-39 0-32
+255-1 1-00 1-00
+255-8 0-37 0-36
+258:2 0-21 0-19
+268-9 0-26 0-24
+270-5 0-23 0-22

Data from ref. 233, for details see footnote in Table 91.
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TABLE 93
Nitrogen shieldings in Escherichia coli cell walls

Nitrogen shielding referred

Sample type to neat nitromethane Assignments

Intact cells +254-8, +258-3, +264-9 polypeptide amido groups
+291-0 arginine-N,
+304-2 arginine-N,, -
+335-4 meso-diaminopimelic acid in

peptidoglycan of cell envelope

+342-8 lysine-N,,
+349-8 ammonium groups of

phosphatidylethanolamine in
cell envelopes

Cell envelopes (additional signals)
+245-3, +250-3, +251-4, amido groups in
+252-9, +263-2 peptidoglycan

Data from refs 236 and 237; '°N-labelled bacteria; '*N spectra; 9-12 MHz; field perpen-
dicular to sample tube; referred originally to 2 M NH,4Cl in 2M HCI, +352-5 ppm from neat
nitromethane (Table 6), but reported relative to “HNQO;", 352:5-352:7=—0-2 ppm from
neat nitromethane; conversion scheme II (Table 4)..

TABLE 94
Structure determination of nosiheptide antibiotic by SN NMR

>N resonance of nosiheptide in DMSO solution

referred to neat nitromethane Assignments and conclusions

+61-2, +63-7, +68:5, +72:7, +75-6, +81:4 assigned to five thiazole and one
pyridine moieties; no thiazoline unit
present

+258-6 (doublet) assigned to indole unit

+259-6, +262-3, +265-8, +268-8, +270-1 (doublets) assigned to five -C(=O)NH- groups

+279-5 (triplet) assigned to single -C(=O)NH, group

total: 13 signals 13 nitrogen atoms, seven of them

bound directly to H atoms, none bound
directly to O atoms, eight H atoms
bound to N atoms

Molecular formula deduced from C: 49-6-52-4 Final formula deduced from
elemental analysis for 13 N atoms H: 38-1-48-2 experimental data

N: 13

0: 10-0-14-7 Cs51H43N13045S6

S: 5-8-6-2

Data from ref. 238; >N spectra; 18-25 MHz; field parallel to sample tube; referred originally to
NO;™ in aqueous NH4NO;, +4:0 ppm from neat nitromethane (Table 6); conversion scheme II
(Table 4).
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Nitrogen shieldings in some polypeptides
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Nitrogen shielding referred
to neat nitromethane

Polypeptide (assignments follow
(for abbreviations the sequence of
see Table 70) Solvent amino acid residues) Notes
(Gly),, Nylon-2 CF;COOH +271-4 (a)
+270-7 (b)
+270-4 (c)
+271-3 (d)
HCOOH +270-4 (e)
+271-9 )
FSO;H +257-2 {3)]
CF3CH,0OH +275-0 (f)
DMSO +276-4 f)
(B-Ala),, Nylon-3 CF;COOH +2519 (a)(f)
+251:4 (c)
+251-0 (d)
HCOOH +259-2 )
FSO3;H +238:4 f)
(y-Abu),, Nylon-4 CF;COOH +247-7 (a)
+247-4 (c)
+247-8 (d)
HCOOH +254:2 (f)
FSO;H +236-7 f)
CF;CH,0H +257-3 f)
(8-Ava),, Nylon-5 CF;COOH +244-0 (a)(d)
+243-8 (c)
HCOOH +253.3 (3]
FSO;H +235-4 )
CF;CH,0H +257-4 (f)
(e-Aca),, Nylon-6 CF;COOH +240-2 (a)}(d)
+240-1 (c)
HCOOH +252:3 (3]
FSO;H +234.7 (f)
CF;CH,0OH +257-4 f)
Nylon-7 CF;COOH +238-7 (d)
Nylon-8 CF3;COOH +237-7 (d)
HCOOH +251-1 43)
FSO3;H +234-1 (3]
CF;CH,0H +256-4 f)
Nylon-12 CF;COOH +237-2 (d)
Poly(3-aminobutyric acid) CF;COOH +237-1 (d)
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TABLE 95—cont.

Polypeptide
(for abbreviations

Nitrogen shielding referred
to neat nitromethane
(assignments follow

the sequence of

see Table 70) Solvent amino acid residues) Notes
(Ala), CF;COOH +256-3 (D:L=1:5) (a)
+255-7 (g)
(Leu),, CF3;COOH +254-7 (D:L=1:5) (a)
(Val),, CF;COOH +254-0 (D:L=1:5) (a)
(Phe),, CF;COOH +254-8 (D:L=1:3) (a)
(Pro),, CF;COOH +238-9 (a)
(Sar), CF,COOH +270-3 )
HCOOH +272-1 f)
(Ala-Ala-Gly), CF;COOH +254:4, 42562, +272-1 (a)
(Ala-Gly-Gly), CF,COOH +255-5, 42720, +271-6 (a)
HCOOH +257-0, +272:9, +272:3 (f)
H,0+25% +257-0, +272:9, +272-2 )

HCOOH

(Leu-Gly-Gly),, CF3;COOH +257-2, +270-6, +271-1 (a)
+255-82, +268-92, +269-97 (h)
(Val-Gly-Gly),, CF;COOH +259-5, +267-9, +271-1 (a)
(Phe-Gly-Gly),, CF;COOH +258-5, +268-5, +271:6 (a)
HCOOH +260-7, +270-5, +272-4 f)
(Pro-Gly-Gly),, CF;COOH +241.9, +270-2, +271-1 (a)
(B-Ala-Gly-Gly),, CF;COOH +259:-0, +265-6, +272-1 (a)
HCOOH +262-7, +267-4, +272-1 )
FSO;H +240-0, +253-4, +256-1 f)
(y-Abu-Gly-Gly),, CF3;COOH +256:6, +265-1, +271-0 (a)
(8-Ava-Gly-Gly),, CF;COOH +254-2, +264-6, +271:2 (a)
HCOOH +259-3, +267-8, +274-7 (f)
(e-Aca-Gly-Gly), CF;COOH +252:3, +264-3, +271-3 (a)
HCOOH +257-5, +267-8, +271-7 f)
(Phg), CF3;COOH +254-8 (g)
(Lys), H,0, pH7-4 +258 (amide), +349 (amine) (i)
pH1 +256-3 (amide), +343-6 (amine) (e)
pH 10 +256-9 (amide), +348-4 (amine) (e)
HCOOH +256-1 (amide) (e)
DMSO +260:7 (amide) (e)
iso(Lys), H,0, pH 1 +256-2 (amide), +340-5 (amine) (e)
pH 13 +256-6 (amide), +347-9 (amine) (e)
HCOOH +255-9 (amide) (e)



291

TABLE 95—cont.

Nitrogen shielding referred
to neat nitromethane

Polypeptide (assignments follow
(for abbreviations the sequence of
see Table 70) Solvent amino acid residues) Notes
(Ala-Gly), CF;COOH +255-2, +271-9 (a)
+255-1, +271-3 (g)
(Ala-Ala-Gly-Gly),, CF;COOH +255-4, +255-8, +272-1,
+271-9 (a)
+254-36, +254:73, +270-28,
+271-05 (h)
(y-Abu-B-Ala-Gly), CF;COOH +260-1, +246-5, +265-9 (a)
+258:40, +246-28, +265-55 G4
(B-Ala-y-Abu-Gly),, CF;COOH +259-9, +247-2, +264-6 (a)
+259-09, +247-01, +264-17 j)
(y-Abu-Ala-Gly), CF;COOH +256-5, +246-5, +271-9 (a)
+256-08, +246-31, +271-19 j)
(Ala-y-Abu-Gly), CF;COOH +255-3, 42575, +262:0 (a)
+254-99, +256-98, +261-42 )
(Val-Ala-Gly), CF;COOH +259-7, +251:9, +271-5 (a)
(Ala-Val-Gly), CF;COOH +255-0, +257-7, +267-9 (a)
(Phe-Gly), CF;COOH +259:0, +269-3 (g)
(B8-Ala-Gly),, CF;COOH +258-9, +266-8 (k)
(B-Ala-g-Ala-Gly), CF;COOH +259-6, +249-3, +266-5 (k)

(a) Data from ref. 239; '*N-labelled and non-labelled peptides; 5N spectra; 9-12 MHz;
field perpendicular to sample tube; 1-4 g polymer in 2 ml CF;COOH; referred originally to
NO;™ in aqueous NH4NOQOj3, +4:0 ppm from neat nitromethane (Table 6); conversion scheme
II (Table 4).

(b) Data from ref. 215; '*N natural abundance spectra; 9-12 MHz; field perpendicula: to
sample tube; 0-8-1-2 M solutions in H,O; referred originally to NH," in SM NH,NO, in
2 M HNO;, +359-0 ppm from neat nitromethane (Table 6); conversion scheme II (Table 4).

(c) Data from ref. 217; !5N-labelled and non-labelled compounds; 18:25 MHz; field
parallel to sample tube; details as in note (a).

(d) Data from ref. 198; '°N natural abundance spectra; details as in note (a).

(e) Data from ref. 240; >N natural abundance spectra; details as in note (c).

(f) Data from ref. 241; details as in note (d).

(g) Data from ref. 175; details as in note (d).

(h) Data from ref. 239; '*N natural abundance spectra; 36-48 MHz; field parallel to sample
tube; 1g polymer in 5ml CF3;COOH; details as in note (a); accuracy of ca. +0-07 ppm
pertains to relative positions of signals in the same spectrum only (i.e. spectral resolution).

(i) Data from ref. 242; '*N natural abundance spectra; 10-1 MHz; other details as in
note (a).

(j) Data from ref. 239; details as in note (h), but 18:25 MHz spectra.

(k) Data from ref. 243; details as in note (h).
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TABLE 96

Limiting concentrations of paramagnetic ions for slowly relaxing 5N nuclei in polypeptidesm

Cation-to-solute

Peptide* Ion Solvent (monomer) ratiot
PhCH,OCO-Gly-OH Mn?* acetone 1074
DMSO 5x107*
pyridine 107*
HCOOH 107
(Sar), Mn?* H,O 2x107*
(Gly), Dy** CF;COOH 1073
cr CF;COOH 5x107°
cu?* CF;COOH 2%x107°
Mn?* CF;COOH 2x107°
FSOsH 5x1074
(B-Ala), Mn?* HCOOH 2x10°°
CF;COOH 10°°
FSO;H 2x107?
Ccu?* CF,COOH 1074

* Gly = glycine; Sar = sarcosine; 8-Ala = B-alanine.
+ That resulting in a 20% reduction of '’N signal height.

TABLE 97
Neighbouring residue effects on nitrogen shielding in X-Gly-Gly polypeptides

Primary +secondary  Secondary +

Primary effect + tertiary effect tertiary effect
X of X upon Gly of Gly upon X of X upon Gly
Ala +0-6 -0-8 +0-2
Leu -0-8 +2-5 -0-3
Val -3.5 +5-5 -0-3
Phe -2-9 +3-8 +0-2
Pro -1.2 +3-0 -0-3
B-Ala -5-8 +7-1 +0-7
v-Abu -6-3 +8-9 +0-4
5-Ava -6-8 +10-2 -0-2
e-Aca -7-1 +12-1 +0-2
Calculated from (X-Gly-Gly),, (X-Gly-Gly),, (X-Gly-Gly),,
difference in shieldings —(Gly),, —(X), —(Gly),

for solutions in CF;,COOH

Data from ref. 239; effects refer to the following scheme:
-NH-CH(R)-C(=0)-NH-CH(R)-C(=0)-NH-CH(R)-C(=0)-NH-CH(R)-C(=0)-
\“l’_/ -

primary T secondary

tertiary
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Substituent effects on nitrogen shielding in amino acids, cyclodipeptides, and peptide
homopolymers referred to that in the corresponding glycine moieties

Nitrogen shielding referred to X = Gly

H-X-OH cyclo(X-X) X)),

X in CF;COOH in CF3COOH in CF;COOH

Gly 0-0000 0-0000 0-0000 (arbitrary)
Ala -13:3 -13-0 -15-0

Leu -11-2 -10-1 -16:6

Val -7-3 -7-3 -17-3

Phe -9-4 -11-3 -16-5

Sar -3-1 -19 -1-0

Pro -25-8 -26-0 -32:4

Phg -16-8 -16-5

Data from ref. 175, for abbreviations of amino acid residues see Table 70.

TABLE 99

Identification of amide linkages in glycine—B-alanine polymers by means of nitrogen shielding
data

Peptide polymer

Nitrogen shielding, referred to neat

nitromethane, for individual peptide linkages

(solution in CF;COOH) B-Ala-g8-Ala Gly-B-Ala B-Ala-Gly Gly-Gly
(Gly), +271.3
(B-Ala), +251-9

(B-Ala-Gly), +258-9 +266-8
(B-Ala-Gly-Gly),, +259-0 +265:6 +272-1
(B-Ala-B-Ala-Gly),, +249-3 +259-6 +266-5

random (Gly,-Ala), +259:6 +266-4 +271-8

(Gly)-B-Ala-B-Ala-(B-Ala)

i

+250-8, +252-1
| —

(8-Ala)-B-Ala-B-Ala(Gly)
(Gly)-B-Ala-g-Ala-(Gly)
(B-Ala)-B-Ala-g-Ala-(8-Ala)

Data from ref. 243; '°N natural abundance spectra; 36-48 MHz; field parallel to sample
tube; referred originally to NO;™ in aqueous NH4sNO,, +4-0 ppm from neat nitromethane
(Table 6); conversion scheme II (Table 4); 1 g polymer in 5 ml solvent.
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TABLE 100

Differentiation between cis and trans sarcosine bridges in polypeptides containing sarcosine residues

(0] (0]
)J\N/Me /U\Ir/

I Me

“eis” “trans”

Nitrogen shielding referred to neat
nitromethane (values within
parentheses represent amino acid

Proton moieties in order shown by formulae;
Polypeptide Solvent decoupling plus signs are omitted)
(Sar), H,0 no (270-45, 270-78, 270-89)
yes (271-12,271-28, 271-41)
DMSO no (276-27, 276-38, 27655, 276-65)
yes (277-08, 277-16, 277-35, 277-43)
(B-Ala-Sar-Gly), H,0 no (258:65;263-70), (267-95; 268-90),
cis + trans cis trans
(266-47,271-50; 267-50, 272-60)
cis trans
yes (261-20; 261-41), (269-02; signal nuiled),
trans cis trans cis
(269-02,270-02)
cis trans
(B-Ala-Sar-Ala), H,O no (259-60, 264:70), (267-90; 269-00),
cis+trans cis trans
(251-50, 256-60; 252-40, 257-51)
trans cis
yes (262-23; 262-50), (269-00; signal nulled),
trans cis trans cis
(254-10, 255-06)
cis trans

Data from ref. 245; '*N natural abundance spectra; 18-25 MHz; field parallel to sample tube; referred
originally to NO3~ in aqueous NH4NO;, +4-0 ppm from neat nitromethane (Table 6); conversion
scheme II (Table 4); 5 g polymer in 25 ml solvent; accuracy of ca. £0-05 ppm refers only to relative
positions of signals in the same spectrum.
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TABLE 101
Nitrogen shieldings in poly-L-ornithine

Nitrogen shielding
referred to

Solvent neat nitromethane

Polypeptide (0-8 M solutions) pH NH NH,
(Orn),, H,0 0-5-0-6 +257-0 +346-4
n =45-50 and 95-100 4.0-4-1 +257-0 +346-4
6:0-6-1 +257-0 +346-4
8-2-8-3 +257-0 +346:4
9-0-9-1 +257:2 +346-8
9-7-9-8 +257-4 +349-0
10-5-10-6 +257-8 +352-0
11-1-11-2 +257-9 +354:2
12-0-12:1 +258-1 +354-9
12-4-12:5 +258-1 +355-1
(Orn),, H,0/MeOH (7:3 v/v) 2:0-2-1 +257-9 +346-9
n=95-100 5:0-5-1 +257-9 +346-9
7-0-7-1 +257-9 +346-9
8:0-8-1 +257-9 +346-9
8:9-9-0 +257-9 +348-6
9-9-10-0 +258-2 +351:6
10-5-10-7 broad +354-6
11-4-11-5 broad +355-7
12-1-12-2 broad +355-7

Data from ref. 194, '*N natural abundance spectra; 9-12 MHz; field perpendicular to
sample tube; referred originally to NO;™ in aqueous NH4NO,;, +4-0ppm from neat
nitromethane (Table 6); conversion scheme II (Table 4).
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TABLE 102

Nitrogen shieldings in some polypeptides with sulphonamide linkages

Nitrogen shielding referred
to neat nitromethane

Polypeptide (values for sulphonamide
(for abbreviations bridge are set in italics;
see Table 70) Solvent assignments in order of residues) Notes
(y-Aps-B-Ala),, CF;COOH +248-7, +291-6 (a)
(y-Aps-e-Aca),, CF;COOH +245-6, +292-3 (b)
(Sulf-£-Aca), CF;COOH +243-1, +312-2 (b)
(Tau-e-Aca), CF;COOH +253-8, +290-1 (a)
+254-3, +291-1 (b)
HCOOH +261-4, +290-2 (c)
acetone/ DMSO +268-5, +288-0 (c)
(Tau-y-Abu), CF;COOH +255-5, +290-5 (a)
(Tau-B-Ala), CF;COOH +256-6, +290-9 (a)
H,0,pH 136 +258-5, +278-0 (a)
(Tau-Gly),, CF;COOH +264-3, +294-9 (a)
+265-0, +295-9 (b)
(Tau-Gly-Gly),, CF;COOH +265-2, +295-7, +271-2 (b)
(Tau-Gly-g-Ala),, CF;COOH +259-2, +295-9, +257-1 (b)
(Tau-B-Ala-Gly), CF;COOH +264-7, +292-0, +265-4 (b)

(a) Data from ref. 246; '°N natural abundance spectra; 9-12 MHz; field perpendicular to
sample tube; referred originally to NO;  in aqueous NH4;NO,;, +4:0ppm from neat
nitromethane (Table 6); conversion schetne II (Table 4).

(b) Same as in note (a), but 18:25 MHz spectra, field parallel to sample tube.

(c) Data from ref. 241; details as in note (a).
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TABLE 103

Nitrogen shieldings in some azides

Nitrogen shielding in the azido group
referred to neat nitromethane

Compound Solution RN central N terminal N Notes
HN,3 in Et,0 +324:5 +134-1 +178-6 (a)
CIN, in CD,Cl, +273-1  +123.7 +114-1 (a)
MeN; 30% in benzene +321-7 +130-2 +171-5 (b)
PhN3; 25% in acetone +288:5 +136:7 +147-4 (b)
EtN; neat liquid +307-7 +132-0 +169-2 (c)
0-30 M in CCl, +306-4 +132-1 +166-6 (c)
Bu'N, neat liquid +286+2 +134+2 +162+2 (d)
pO,N-CsHy'Nj 10% in DMSO +282:0 +140-0 +144-1 (b)
2,4,6-(NO,)3-C¢H,:N3  20% in DMSO +289-3 +151-1 +142-7 (b)
NC-N,4 5% in MeCN +315-3  +149.7 +147-5 (b)
N,
NTSN .
th /)N3 10% in CH,Cl, +261:-1 +1456 +134-8 (b)
N
pMe-CgHy-SO,N; in cyclohexane +243:4 +148-1 +140-2 (e)
in MeOH ? +148:6 +139:4 (e)
No R N
No—f TPN, in toluene-dsg 42902 +151-4  +165-7 )
~ //N
P
/7 N\
Ny N,
Me,P(O)N; neat liquid ? +146:7  +177 ® (*N)
in CDCl; +294-8 +147-9 +175-5 (f)
Me,P(S)N; in acetone-dg +289-9 +143-8 +170-3 f)
Me,P(Se)N; in benzene-dg +290-6 +142-8 +168-5 (f)
Et,P(O)N; neat liquid ? +146 +176 ® (*N)
in benzene-dsg +289-5 +1454 +177-3 )
Et,P(S)N; neat liquid 7 +137 +167 ) (*N)
in benzene-dg +294-2 +143-4 +172-8 f)
(MeO),P(O)N; in MeCN +304-6 +148-7 +174-2 (f)
Me;SnN; in pyridine
+71°C +272-9 +135-2 +2729 (g)
+35°C +272:2 +134:6 +272-2 (g)
-38°C +272:0 +134-5 +272-0 (g
—48°C +272:2 +134-0 +272-2 (g)
(Me,AlN;); in toluene
+35°C +316-1 +143-8 +180-5 (h)
-59°C +316:0 +144-1 +181-0 (h)

-109°C +315-3  +143-8 +180-9 (h)
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TABLE 103 —cont.

Nitrogen shielding in the azido group
referred to neat nitromethane

Compound Solution RN central N terminal N Notes
(Me;GaN3); in toluene
+35°C ? +139-5 ? (h)
—-40°C +314-7 +139-4 +189-6 (h)
-90°C +315-1 +138:6 +190-5 (h)
Me,AsN; neat liquid
+68 °C ? +136-3 ? (h)
+35°C ? +136-0 ? (h)
—-40°C +318:5 +135:9 +198-5 (h)
-60°C +317-1 +1359 +199-4 (h)
Li"Ns~ in H,O +280-4 +131-8 +280-4 )
Na*N;~ 0:30 M in H,O +280-6 +131-5 +280-6 (i)
5-13mMin H,O +281-7 +132:2 +281-7 (i)
in H,O +280-8 +131:4 +280-8 18]

(a) Data from ref. 247; '*N-labelled azido group; '°N spectra; 10-4 MHz; field perpen-
dicular to sample tube; referred originally to 1 M NaNOs,, +3-5 ppm from neat nitromethane
(Table 6); conversion scheme II (Table 4).

(b) Data from ref. 248; see note (a).

(¢) Data from ref. 179; '*N continuous-wave spectra; 4-33 MHz; high-precision differential
saturation technique with total lineshape fitting; concentric spherical sample/standard contain-
ers in order to eliminate bulk susceptibility effects; referred to neat nitromethane; standard
deviation for the shielding is less than 0-1 ppm.

(d) Data quoted from ref. 1, p. 177, and references therein.

(e) Datafromref. 162; 5N natural abundance spectra; 18:25 MHz; field parallel to sample
tube; referred originally to 1 M DNOj, +6-2 ppm from neat nitromethane (Table 6); conver-
sion scheme IV (Table 4).

(f) Data from ref. 254; details as in note (a) if not stated otherwise, or 4N continuous-wave
spectra for neat liquids; 7-23 MHz; field perpendicular to sample tube; standard as in note (a).

(g) Data from ref. 255, see note (a).

(h) Data from ref, 256, see note (a).

(i) Data from ref. 80; details as in note (c).
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TABLE 104

15N spectral data for reaction of nitrogen scrambling in p-toluenesulphonyl azide

Nitrogen shieldings referred to neat nitromethane
(signal multiplicities, and assignments
for final stages of reaction)

Starting reaction
mixture
(TS = pMe‘C(,H‘;-SOz—)

0-005 M TsNH™ Na* +240-4 (singlet) Ts'"’N=N*=N"
0-005 M TsNH, +148-2 (singlet) TsN="°N*=N"
0-0081 M TsN=N"='N" +138-3 (singlet) TsN=N*="°N"
in dry DMSO +277-7 (singlet) Na*(**NNN)~
+132-0 (singlet) Na*(N'NN)~
+285 (singlet first stage) Ts'SNH™ +Ts'*NH,
Ts'*NH, + Ts'>’NH™
+285 (triplet, final stage) Ts'*NH,
+217-8 (singlet, final stage) (Ts'°NTs)~
+70-3 P N=N
+30-3 [TsN=N'’N"Ts «» TsN"N="'°NTs]
Ts'"*N=N*=N" +240-4 (singlet) Ts'>NNN
TsN:”N*=N"} 0-012M  +148-2 (singlet) TsN'*NN
TsN=N*="*N" +138-3 (singlet) TsNN'’N
0-012 M Na*N3~ +277-7 (singlet) Na*(**NNN)~
(non-labelled) +132.0 (singlet) Na*(N'*NN)~
in DMSO +30-3 (singlet) see above
—154-1 (singlet) TsN="°NN"Ts
+70-3 (trace) BN=N

Data from ref. 257; '*N spectra; 18-25 MHz; field parallel to sample tube; referred originally to 1 M
DNOj, +6-2 ppm from neat nitromethane (Table 6); conversion scheme (Table 4).
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TABLE 105

Nitrogen shieldings in triaza- and diaza-pentadienium salts (perchlorates, 0-6 M in
DMSO)

Nitrogen shielding referred
to neat nitromethane for nitrogen
atoms and structures specified

Substituents

R' R* R R* N1 N-2 N-3 N-5
R! R3
\I:I//\/\N/
/) (5)\R4
RZ
Me Me Me Me +2573 +257-3
Ph H Me Me +237-1 +247-0
Ph H Ph H +229:3 +229-3
R! R*
\]Q//F;{\/\N/
s/ (Sl\R‘
RZ
Me Me Me Me +204:6 —28-8 +229-7
Ph H Me Me +173-1 -7-4 +215-9
Me Me Ph H +194-2 -33.3 +214-7
Ph H Ph H +184-4 -11-0 +200-0
R! R?
N+ 2 = /
N/\N/\N
/1 3) [LIAN s
RZ
Me Me Me Me +246-2 +164-9 +246-2

Data from ref. 258; '°N natural abundance spectra; 1H-undecoupled;
27-35 MHz; field parallel to sample tube; referred originally to NO;™ in 5M
NH4NO; in 2 M HNO,, +4-64 ppm from neat nitromethane, but reported relative
to NH,"; +356-25 ppm from the NO;™ standard (assumed); thus, the conversion
constant is 4:64+356-25=360-9 ppm, according to Table 6 and conversion
scheme II (Table 4).
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Nitrogen shieldings in some cyanates, isocyanates, thiocyanates, and isothiocyanates

Nitrogen shielding
referred to

Compound Solution neat nitromethane Notes
MeN=C=0 neat liquid +365:42+0-06 (a)
+365-3 (b)
EIN=C=0 neat liquid +348:6 (b)
Bu"N=C=0 neat liquid +352-1 (b)
PrN=C=0 neat liquid +335-5 (b)
<:>N:C:O neat liquid +338-3 (b)
Bu'N=C=0 neat liquid +326-0 (b)
PhN=C=0 neat liquid +333.7 (b)
pCl-CgHy'N=C=0 3™ in DMSO +334-2 (b)
O neat liquid +338:0 (b)
Me@N=C=O neat liquid +335-5, +335-9 (b)
O=C=N
P(NCO); in benzene +329%5 (c)
NCO
N
EtITJ I}JEt in CH,Cl, +346+3 (NCO) (d)
OCNB._ _BNCO
N
Et
EtOCN in Et,0O +222e1 (g)
PhOCN neat liquid +211+3 (e)
pMeO-CgH4-OCN neat liquid +215+3 (e)
pCl-C¢H,-OCN neat liquid (75 °C) +212+3 (e)
pO,N-C¢H,y OCN neat liquid (85 °C) +189+5 (OCN) (e)
K* (NCO)~ 6-2 M in H,O (satd.) +302:91+0-14 6
0:30 M in H,0 +302-60+0-14 (f)
MeN=C=S$§ neat liquid (35 °C) +289-80+0-07 (a)
3Min DMSO +289-9 (b)
EIN=C=S neat liquid +277-0 (b)
ON=C=S neat liquid +268-2 (b)
PhIN=C=S$ neat liquid +273-1 (b)
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TABLE 106—cont.

Nitrogen shielding
referred to

Compound Solution neat nitromethane Notes
(Me3Si);NN=C=S§ neat liquid +266+3 (NCS) (h)
NCS
Et!l\l/ \ITJEt
SCNB__ _BNCS in CH,Cl, +268+3 (NCS) (d)
N
Et
EtSCN neat liquid +102+2 (g)
Me,;NSCN neat liquid +86+3 (SCN) (h)
(Me;Si);NSCN neat liquid +99+3 (SCN) (h)
K™ (NCS)~ 9-51 M in H,O (satd.) +170-04+0-11 )
0-30M in H,O +174:07+0-17 f)
inf. dil. in dimethylformamide +163-2 (i)
Li* (NCS)~ inf. dil. in dimethylformamide +164 (i)
inf. dil. in dimethyl carbonate +190 i)
inf. dil. in tetrahydrofuran +196 (i)
inf. dil. in Et,O +203 (i)

(a) Data from ref. 85; "*N continuous-wave spectra; high-precision differential saturation
technique with full lineshape fitting; 4-33 MHz; concentric spherical sample/standard contain-
ers in order to eliminate bulk susceptibility effects; referred to neat nitromethane.

(b) Data from ref. 259; °N natural abundance spectra; 18-:25 MHz; field parallel to sample
tube; referred originally to 1 M DNO3;, +6-2 ppm from neat nitromethane (Table 6); conver-
sion scheme IV (Table 4).

(¢c) Data from ref. 143; "N continuous-wave measurements; wide-line spectrometer;
3 MHz; referred originally to NH," in saturated aqueous NH,NO;, +359-6 ppm from neat
nitromethane; low-precision data.

(d) Datafromref. 34; '*N continuous-wave spectra; 7-22 MHz; field perpendicular to sample
tube; referred originally to saturated aqueous NaNQj;, +3-7 ppm from neat nitromethane
(Table 6); conversion scheme II (Table 4).

(e) Data quoted from ref. 1, p. 175, and references therein.

(f) Data from ref. 80; see note (a).

(g) Data from ref. 2, p. 201, and references therein.

(h) Data from ref. 137; see note (d).

(i) Data from ref. 261; '°N natural abundance spectra; 9-117 MHz; field perpendicular
to sample tube; referred originally to aqueous NaNQO;, +3-7 ppm from neat nitromethane
(Table 6); conversion scheme II (Table 4).
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TABLE 107

Distinction between isothiocyanato and thiocyanato ligands from
nitrogen shieldings

Nitrogen shielding
referred to
Complex (solution in CH,Cl,) neat nitromethane

S-bound ligands (thiocyanates)

(BugN),[Pd(SCN),] +127-6
(BugN),[Pt(SCN),] +128-8
(BuyN),[Hg(SCN),] +138-4

N-bound ligands (isothiocyanates)

(BugN),[Zn(NCS),] +221-8

(BugN),[Cd(NCS),] +204-2

trans[Pt(NCS),(PBus);] +309-7 (doublet)

trans-[Pt(NCS)(SCN)(PBus),] +281-0 (NCS) (doublet)
? (SCN)

Data from ref. 262; °N enriched ligands; '*N spectra; 9-12 MHz;
field perpendicular to sample tube; referred originally to aqueous
NH,CI, +352.9 ppm from neat nitromethane gTable 6); conversion
scheme II (Table 4); assignments verified by ' N-"2°pt couplings in
nitrogen and platinum NMR spectra.
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TABLE 108

Nitrogen shieldings in some nitriles, isonitriles, nitrile N-oxides (fulminates), and related

structures

Nitrogen shielding referred

Compound Solution to neat nitromethane Notes
HCN neat liquid (30 °C) +129 (a)
CICN neat liquid (30 °C) +144 (a)
MeCN neat liquid +135-83+0-06 (b)
+136-4 (+135.9) (c)
0-30M in CCl, +127-44+£0-28 d)
0-30 M in MeNO, +137-77+0-32 d)
0-30 M in acetone +132:99+0-13 (d)
0-30 M in H,0 +144-95+0-26 (d)
10% v/v in CF;COOH +152-8 (c)
MeC=NH" 10% v/vin 90% H,SO, +252-2 (c)
EtCN neat liquid +136-68+0-08 (e)
+138-8 (f)
Pr"CN neat liquid +133-17x0-11 (e)
Pr'CN neat liquid +135:60+0-11 (e)
Bu'CN neat liquid +135-92+0-14 (e)
K* (CN)~ 8:5 M in H,0 (satd.) . +102:48+0-09 (d)
0-30 M in H,0 +106-11+0-12 (d)
MeN(N=0O)CH,CN neat liquid +133-2 (CN, isomer Z) (g)
+128:4 (CN, isomer E) (g)
2 ™M in MeOH +131-1 (CN, isomer Z) (h)
+126-1 (CN, isomer E) (h)
PriN(N=O)CH2CN neat liquid +133:2 (CN, isomer Z) (g)
MeN(N=0)CH(Me)CN neat liquid +132:7 (CN, isomer Z) (g)
+126:5 (CN, isomer E) (2)
trans-PhN=NC(Me,)CN in benzene +122 (CN) i)
cis-PAN=NC(Me,)CN in benzene +112 (CN) (i)
CN
NC _ . +103-9 .
N*=N in DMSO (CN) §)]
NC@E +110-0
CN
Ne=N i , ,
[ >.=N+=N in DMSO +114:2 (CN) G)
NC==y
N
NC[ \>NH2 in DMSO/MeOH +111-8 (CN) (§)]
NC N
H
H
Nep=N
NCE* NH, in DMSO/H,0/HCI +109-4 (CN) i)

IZ
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TABLE 108—cont.

Nitrogen shielding referred

Compound Solution to neat nitromethane Notes
MeNC neat liquid +219:6 (k)
EtNC neat liquid +205-1 (k)
Pr"NC neat liquid +206:0 (k)
MesCCH,NC neat liquid +211-3 (k)
PrNC neat liquid +193-4 (k)
Bu'NC neat liquid +184.9 (k)
in CHCl, +182-1 (1)
PhNC neat liquid +204 (k)
Et;NNC neat liquid +199 (NC) (m)
(Me,Si);,NNC neat liquid +215+3 (m)
2,4,6-Me;-C¢H,-CNO in CH,Cl, +169 (k)
pO,N-C¢Hs CNO in acetone +179 (CNO) (k)
in benzene +170+3 (CNO) k)
Na® (CNO)~ in H,O +180 (k)

(a) Data from ref.27; '*N continuous-wave spectra; 7-22 MHz; field perpendicular to
sample tube; referred originall, to saturated aqueous NaNOj;, +3-7 ppm from neat
nitromethane (Table 6); conversion scheme II (Table 4).

(b) Data from ref. 85; '*N continuous-wave spectra; high-precision differential saturation
technique with full lineshape fitting; 4:33 MHz; concentric spherical sample/standard contain-
ers in order to eliminate bulk susceptibility effects; referred to neat nitromethane.

(¢) Data from ref. 189; '*N natural abundance spectra; 18-25 MHz; field parallel to sample
tube; referred originally to 1 M DNO,, +6-2 ppm from neat nitromethane (Table 6); conver-
sion scheme IV (Table 4); if bulk susceptibility corrections are introduced for the value for
MeCN (the corrected value is given in parentheses), an almost perfect agreement with the
high-precision '*N measurement [note (b)] is obtained.

(d) Data from ref. 80, details as in note (b).

(e) Data from ref. 179; details as in note (b).

(f) Data from ref. 263, '°N natural abundance spectra; 9-12 MHz; field perpendicular to
sample tube; referred originally as in note (a).

(g) Data from ref. 45; details as in note (f); Cr(acac); added to the samples.

(h) Data from ref. 264; '°N selectively labelled compounds; *°N spectra; 18-25 MHz; field
parallel to sample tube; referred originally to neat nitromethane (uncorrected for bulk
susceptibility effects).

(i) Data from ref. 144; '5N-labelled compounds; SN spectra; 10-1 MHz; field perpen-
dicular to sample tube; referred originally to aqueous NO;3 ™, +3:7 ppm from neat nitromethane
(Table 6); conversion scheme II (Table 4).

(j) Data from ref. 162; details as in note (c).

(k) Data from ref. 2, p. 201, and references therein; +3-7 ppm was added to the values
that were referred to external aqueous NaNO;.

() Data from ref. 265; high-resolution '*N continuous-wave spectra; 7-14 MHz; field
perpendicular to sample tube; referred originally to NH," in aqueous NH,NO3, +359-6 ppm
from neat nitromethane (Table 6); conversion scheme II (Table 4).

(m) Data from ref. 137, details as in note (a).
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TABLE 109

Effects of solutes on nitrogen shielding in acetonitrile

Nitrogen shielding of CH3CN as solvent

Concentration referred to referred to
Solute (mol/kg solution) neat nitromethane neat CH;CN
AgNO; 098 +139:2 +3-4
2-98 +145-1 +9-2
5-07 +150-4 +14-5
8-10 +1566 +20-8
Ba(ClO,);, 1-00 +138-1 +2:2
2:61 +140-8 +4-9
3.25 +141:4 +5-6
AlCl, 0-50 +136-1 +0-2
1-18 +136-2 +0-3
2:16 +136-4 +0-6

Data from ref. 266; natural abundance '°N spectra; 9-115 MHz; field perpendicular to
sample tube; referred originally to neat MeCN, +135-83 ppm from neat nitromethane
(Table 6); conversion scheme IV (Table 4); the shifts are uncorrected for bulk susceptibility
effects, and therefore the accuracy reported (+0-05 ppm) seems to be too optimistic.
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TABLE 110

Nitrogen shieldings in t-butyl isocyanide complexes with palladium in CDCl,
solutions

Nitrogen shielding for
isocyanide groups referred
to neat nitromethane

Structure X=Cl X=Br X=1
CNBu'
Pd/ +186-1 +184-9 +181:6
/7 N\
Me OH
+189-2 +187-2 +183-4
CNBu'
P
A d
NMe, X
+188-0
/CNBu‘
pal
=N X
Ph

Data from ref. 265; high-resolution '*N spectra; 7-14 MHz; field perpen-
dicular to sample tube; referred originally to NH,"* in aqueous NH,NO3,
+359:6 ppm from neat nitromethane (Table 6); conversion scheme II
(Table 4); value for Bu'NC in chloroform is +182-1ppm from neat
nitromethane.
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TABLE 111

Nitrogen shieldings in the cyanide ion complexed with hemins and hemoproteins

R Me
Me R
protohemin R=CH=CH,
deuterohemin R=H
mesohemin R=Et
Me Me  hematohemin R =CH(OH)Me
CI‘HZ CI‘H 2 Py = pyridine
CH, CH,
COOH ("OOH
Nitrogen shielding
for CN, referred
Compound Solvent to neat nitromethane Notes
Hemins
protohemin(CN), DMSO -728 (a)(b)
DMSO/D,0(18:1) -712 (a)
DMSO/D,0(18:2) —695 (a)
DMSO/D,0(18:4) —667 (a)
pyridine —692 (b)
pyridine/D,0(20:4) —653 (a)
pyridine/D,0(20:5) —-648 (a)
pyridine/D,0(20:7) -633 (a)
MeOD -502 (b)
-496 (a)
MeOD/D,0(1:1) -476 (b)
—486 (a)
H,0, pH 9-4 —-447 (b)
H,O,pH9:2 —444 (b)
protohemin(Py)(CN) pyridine/H,0(5:1) -996 (a)
pyridine/H,0(2:1) -937 (a)
pyridine/H,0(3:2) -927 (a)
pyridine/D,0(500: 1 hemin) —985 (b)
pyridine/D,0(230: 1 hemin) —-1030 (b)
protohemin(3,5-Me,-Py}(CN) 3,5-Me,Py/D,0 (500:1 hemin) -1066 (b)
protohemin(4-acetyl-Py)(CN) 4-acetyl-Py/D,0 (500:1 hemin) -941 (b)
protohemin(N-Me-imid- N-Me-imidazole/DMSO -992 (b)
azole)(CN)
deuterohemin(CN), DMSO -734 (b)
DMSO/D,0(20:1) -712 (b)
MeOD -505 (b)
deuterchemin(Py)(CN) pyridine/D,0(230: 1 hemin) -1036 (b)
mesohemin(CN), DMSO -716 (b)
MeOD —-492 (b)

mesohemin(Py)(CN) pyridine/D,0(500: 1 hemin) —980 (b)



309

TABLE 111-—cont.

Nitrogen shielding
for CN, referred

Compound Solvent to neat nitromethane Notes
hematohemin(CN), MeOD —491 (b)
hematohemin(Py)(CN) pyridine/D,0(500: 1 hemin) -978 (b)
octaethylporphyrin(CN), DMSO -714 (b)

MeOD -470 (b)

Hemoproteins with CN ions bound
to Fe(11T) of heme

horse myoglobin H,O0,pH 6-9 —944 (c)
pH 8-0 -935 (c)

pH9-0 —-932 (c)

sperm whale myoglobin H,0, pH 8-8 -941 (c)
sperm whale mesomyoglobin H,0, pH 8-6 -906 (c)
human adult hemoglobin H,O,pH 7-3 971 {a) (c)
’ —-1043 (B) (c)

horse cytochrome ¢ H,0, pH 6:6 -838 (c)
pH7-8 —843 (c)

pH9-0 —~844 (c)

horse cytochrome ¢ H,0,pH 90 —848 (c)

(carboxymethylated)

(a) Data from ref. 267; 15N-labelled KCN; SN spectra; 10-15 MHz; field perpendicular to sample
tube; referred originally to internal NO3™, ca. +4 ppm from neat nitromethane (Table 6).

(b) Data from ref. 268; details as above.

(¢) Data from ref. 269 and ref. 270; details as above.
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TABLE 112

Nitrogen shieldings in some azoles

Nitrogen shielding
referred to

Compound Solution neat nitromethane Notes
/ \ neat liquid +231:4+0:4 (a)
0-15 M in acetone +229-6+0-4 (a)
E 0-15M in DMSO +222:3+0-4 (a)
0:-10M in CCl, +236-4+0-4 (a)

(pyrrole)

7\ neat liquid +231-4 (b)
N 1-0 M in acetone +231-6 (b)
Me

!\

) X

N

Me

X = B(NMe,), neat liquid +230 (pyrrole) (c)

B(Me)NH, neat liquid +227 (pyrrole) (c)
BEt; neat liquid +214 (c)
- 1
BCH,CH,CH,CH, neat liquid +212 (c)
BCl, neat liquid +210 (c)

l/ \S neat liquid +202 (d)
N
Ph

7\ neat liquid +206-5 (b)
N 2:0 M in acetone +205-6 (b)
CH=CH,

{/ \§ y neat liquid +208-5 (b)
N ¢ 2-0 M in acetone +207-5 (b)
CH=CH,

' AN neat liquid +216-9 (b)
N 2:0 M in acetone +212-9 (b)
CH=CH,
7\
N
X
X =GeMe, neat liquid +221 (d)
SnMe, neat liquid +222 (d)
SiMe;, neat liquid +221 (d)
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Nitrogen shielding
referred to

Compound Solution neat nitromethane Notes
PbMe, neat liquid +215 d)
PMe, neat liquid +227 d)
BMe, satd. in Et;O +186+10 (d)

2 M in CHCl; +134:7 (N=2NH) (e)

F N 4 M in DMSO +173-1 (NH) ©
N/ +79-8 (-N=) (e)
H 2 M in CF;CH,OH +143:4 (N=NH) (e)
(pyrazole) 2 M in MeCOOH +144-4 (N=2NH) (e)
2Min H,0 +139:0 (N=NH) (e)

Cl~, 2 M in MeCOOH +184-9 (e)

Cl™, 2 M in MeOH +182-0 (e)

Cl™, in HOpH 3:43 +145-5 (e)

pH 1-10 +182-9 (e)

pH 0-95 +183-9 (e)

pH 0-45 +185-1 (e

pH 0-30 +185-3 (e)

2M in CHCl3’ +180-8 (NMe) )

+76:5 (N) (e)

2 M in CF3CH,OH +182:2 (NMe) (e)

I N +94-4 (N) ©)
N’ 1:1v/vin MeOH +180+2 (NMe) )
Me +80+2 (N) ()
2 M in MeCOOH +181:4 (NMe) (e)

+93-6 (N) (e}

CF,COO", 2 M in MeCOOH +186-4 (NMe) (e)

+146-4 (NH) (e)

Cl7, in H,0, pH 5:96 +180-1 (NMe) (e)

+89:4 (NH) (e)

pH2-10 +185-6 (NMe) (e)

+138:1 (NH) (e)

pH1-71 +186-8 (NMe) (e)

+148-9 (NH) (e)

pH 1.04 +188:8 (NMe) (e)

+168-4 (NH) (e)

pH 0-06 +189-9 (NMe) (e)

+176-4 (NH) (e)

I", 2M in MeOH +184.2 (e)

I,2Min H,O +185-7 (e)
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TABLE 112—cont.

Nitrogen shielding
referred to

Compound Solution neat nitromethane Notes

2 M in CHCl, +134:3 (NCMe) (e)

Me —Me +139.8 (NCCCMe) (e)

/ \N = [_ NH 2 M in CF;CH,OH +145-7 (NCMe) (e)

N~ N7 +148:3 (NCCCMe) (e)

H 2 M in MeCOOH +151-1 (NCMe) (e)

+155-9 (NCCCMe) (e)

CF,COO7, 2 M in MeCOOH +183-2 (NCMe) (e)

+185-7 (NCCCMe) (e)

Cl°, 2 M in MeCOOH +187-0 (NCMe) (e)

+189-7 (NCCCMe) (e)

Cl™, 2 M in MeOH +184:1 (NCMe) (e)

+187-4 (NCCCMe) (e)

CI7, in H,0, pH 1-66 +186:1 (NCMe) (e)

+189-6 (NCCCMe) (e)

pH 06 +187-3 (NCMe) (e)

+190-8 (NCCCMe) (e)

2 M in CHCl, +139.8 (N2 NH) (e)

2 M in CF;CH,0H +150-2 (N¥2NH) (e)

2 M in MeCOOH +165-7 (N=NH) (e)

CF,COO07, 2 M in MeCOOH +189-0 ()

CI°, 2 M in MeCOOH +189-7 (e)

Cl', 2 M in MeOH +189-1 (e)

CI™,in H,0, pH 2:39 +190-7 (e)

pH 1-66 +191-9 (e)

N 2 M in CHCl3 +172:6 (N=NH) (2
[) 2Min H,0 +177-2 (N#NH) (g)(h)

N 2 M in CHCl, + 1 eq. of CF;CH,OH +178:6 (N =z NH) )

H 2 M in CF;CH,OH +182:4 (N&NH) (g)

(imidazole) 2Min CHCl;+1eq. of MeCOOH +186:8 (N« NH) (2)

—NH MeCOO™, 2 M in MeCOOH +206-0 (2)

() Cl™, 1-2M in MeOH +206-5 (2
N CI, in H,0 +208-2 (e)(h)

H CI", 1 M in H,0, pH 0-5 +207-0 iG)

N 1 Min H,0, pH 104 +176-0 @)

() pH 13 +175:0 (i)

N pH 14 +166-1 (i)

deduced value +156 (i)
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Nitrogen shielding
referred to

Compound Solution neat nitromethane Notes
N 27-4 mol % in cyclohexane +221-9 (NMe) (k)
[ » +117-2 (N) (k)
N 2 M in benzene +221-9 (NMe) (g)
Me +117:6 (N) (g
2 M in CHCl, +221:3 (NMe) (g)
+125:5 (N) ®)
2 M in MeOH +218-7 (NMe) (g)(k)
+134:0 (N) (g)(k)
2Min H,0 +217-7 (NMe) (g)(h)
+134:7 (N) (g)(h)
2Min CHCl3 +1 eq. of CF3CH,O0H +220-2 (NMe) (g)
+134-0 (N) (®)
2Min CHCl; +1 eq. of MeCOOH +219:2 (NMe) (g)
+140:4 (N) (®)
in H,0, pH 11-13 +216:2 (NMe) G4)
+135:2 (N) ()
CF3;CO07, 2M in CHCl, +217-0 (NMe) (g)
+196:0 (NH) (8
—NH MeCOO™, 2 M in MeCOOH +209-3 (NMe) (g)
( 3 +2042 (NH) (®
N CI~, 2 M in MeOH +208-7 (NMe) (2
Me +206-9 (NH) (g
Cl7, 2Min H,O +210-3 (NMe) (g)(h)
+209-8 (NH) (g)(h)
—NMe
C) I", 1-4 M in MeOH +210-7 ®
N
Me
Me N Me NH
(J= ()
N N
H

1-5Min CHCl,

in Hzo

2 M in CHCI; +1 eq. of CF3CH,OH

CF3COO07, 2 M in CHCl,4

MeCOO™, 2M in MeCOOH

Cl7, 2mMin H,O

+167-7 (NCMe)
+173-2 (NCCMe)
+170-6 (NCMe)
+179-0 (NCCMe)
+173-2 (NCMe)
+179-5 (NCCMe)

+201-2 (NCMe)
+205-3 (NCCMe)
+203-5 (NCMe)
+207-5 (NCCMe)
+204:8 (NCMe)
+208-8 (NCCMe)

(3]
(8)
()
()
(g
(g)

(g
()
(g)
()

()
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TABLE 112—cont.

Nitrogen shielding
referred to

Compound Solution neat nitromethane Notes
HOOC _,,  HOOC_
[\ [ in H,O +186:2 (NCCCOOH) (h)
N) — N/) +161-8 (NCCOOH)  (h)
H
Hooc"__NH
L ) Cl™, in H,0 +209-2 (NCCCOOH) (h)
N +205-9 (NCCOOH) (h)
H
NC_y
[ \ in DMSO/MeOH +326-6 (NH,) 1))
NC )NHZ +201-8 (N=2NH) )
H +111-8 (CN) )
NC_\y
T in DMSO/H,0/HCl +319-3 (NHy) m
NC u..)NHZ +205-3 (NH) m
S +109-4 (CN) m
A\ 1-0 M in CDCl, +255.4 (m)
N 1:0 M in DMSO +249.0 (m)
H
(indole)
N
N neat liquid +250+3 (f)(n)
Me
=
NMe satd. in Et,0 +218+3 (H)(n)
S
(N-Me-isoindole)
0-01 M in acetone 4268+ 1 ()
N
H
(carbazole)
satd. in acetone +278+8 (€)
+275-4
N P
Me
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Nitrogen shielding
referred to

Compound Solution neat nitromethane Notes
1:5 M in acetone +200-6 (NH) (e)
+65-1 (N) (e)
N 1-5 M in CF3;CH,OH +207-2 (NH) (e)

'\J/ +90-8 (N) (e)

H 1-:5M in MeCOOH +204-4 (NH) (e)
(indazole, prevailing +93:1 (N) (e)
tautomer) 1-4 M in MeCOOH +1 eq. of +207-9 (NH) (e)

CF;COOH +124:3 (N) (e)

(benzimidazole)

(N-Me-1,2,3-triazole)

Cl7, 1-5 M in MeCOOH
Cl", 1-2Min H,0, pH< -0-5

Ci7, 1-:3M in MeOH

satd. in acetone

satd. in acetone

0-15 M in acetone
0-15 M in DMSO

0-15 M in acetone

0-10M in CCl,

neat liquid

in acetone

+210-4 (1-NH)
+176-3 (2-NH)
+212-2 (1-NH)
+180-8 (2-NH)
+207-3 (1-NH?)

+201+2 (NMe)
+62x3 (N)

+161+1 (NMe)
+86+4 (N)

+185+2 (N NH?)
+237+4 (NH?)

+231+1 (NMe)
+134+1 (N)
+237+6 (NMe)
+127+6 (N)

+144+1 (NMe)
+12+3 (N-2)
+30+3 (N-3)

+144-5 (NMe)
+14-7 (N-2)
+27-9 (N-3)

(e)
(e)
(e)
(e)
(e)

(f)(n)
(f)(n)

(f)(n)
(B(n)

(a)
(a)

(a)
(a)
(a)
(a)

®
®
]

(@
(q)
(@
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TABLE 112 —cont.

Nitrogen shielding
referred to

Compound Solution neat nitromethane Notes
+162+2 (NMe) ()
N\ +4+4 (N-2) (f)
A +40+4 (N-3) )
N in acetone +164-7 (NMe) Q)
Me +1-5 (N-2) (q)
+41:1 (N-3) (q)

N// \ neat liquid +132+1 (NMe) 103
N +53+1 (N-2, N-5) )
Me in MeOH(1:1 v/v) +134+2 (NMe) )

(N-Me-1,2,5-triazole) +55£2 (N-2,N-5) ®

/N\
NMe neat liquid +119+1 (NMe) (£)(n)
<\ +6225 (N-2, N-5) (f)(n)

N neat liquid +174+1 (NMe) 1)

A\ +85+2 (N-2) ®

4 . +131+2 (N-4) ()
Me in acetone +173-4 (NMe) (q)

(N-Me-1,2,4-triazole) +83-7 (N-2) (q)

+130:1 (N-4) Q)
N-N

3
N in MeOH +222+2 (NMe) ()
N +82+4 (N-3,N-4) (f)

(N-Me-1,3,4-triazole)

4_ \ in CDCl, +158-7 (NMe) )
N’ +14-5 (N-2) P)
Me -8-8 (N-3) (P

(N-Me-1,2,3,4-tetrazole) +54-4 (N-4) )
R i

/A in CDCl, +98-8 (NMe) (p)

N -4-4 (N-2) (p)

Me +42-9 (N-3) (p)

(N-Me-1,2,3,5-tetrazole) +68:7 (N-5) (p)

/ \N 0-9 M in CDCl, +160-6 (NPh) (r)

N +786 (N) ()

Ph
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Nitrogen shielding
referred to

Compound Solution neat nitromethane Notes
Me
\ (A) 0:7 M in CDCl, +186:8 (NPh) r)
o) N/N (prevailing A) +54-8 (N) )
Ph
Me
\
HO / _N (B)
N
Ph
H 0-7 M in DMSO +187-4 (NPhin A) (r)
___Me (prevailing B # C, trace of A) +59-1 (N=in A) 3]
{ N\ H (© +191:2 (NPhinB=2C) (1)
O N’ +125 (broad, N & NH
Ph -’ inBaC) (r)
Z\ O neat liquid -2:9 (a)
N 01 ®
(isoxazole, 1,2-oxazole)
N L
,N neat liquid +8+1 f)
O
(benzisoxazole)
—
/O neat liquid +27+1 f)
=N
(anthranil)
(o] .
[ ) in CCl, +1241 (0)
N/ in MeOH +127+1 ®
(oxazole, 1,3-oxazole)
(0]
/> neat liquid +142+3 ®)
N
(benzoxazole)
Nﬂ
) 1:1v/vin Et;0 +140+2 (N-4) ®
N7 +20+2 (N-2) ®

(1,2,4-oxadiazole)
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TABLE 112 —cont.

Nitrogen shielding
referred to

Compound Solution neat nitromethane Notes
—N\ neat liquid -33+1 (f)
4\-/0 1:1v/vin acetone -34x1 (f)
N 1:1v/vin Et,O -32+1 3143
(furazan, 1,2,5-oxadiazole)
Me_.N 20% v/v in acetone —24-8 (s)
( b 20% v/v in CF;CH,OH -18:3 (s)
Me \N/ 20% v/v in CF;COOH -6'8 (s)
/N satd. in Et,0 -36+2 (B)(n)(t)
\0 2 M in acetone -36-3 (s)
\N/ 2 M in CF;CH,0H -29-7 (s)
(benzofurazan) 2 M in CF;COOH -22-3 (s)
OW neat liquid +82+1 (f)
4\ _N 1:1v/vin acetone +80+1 (f)
1:1v/vin Et,O +80+1 (f)
(1,3,4-oxadiazole)
\N/S satd. in Et,0 +82+1 (f)
(isothiazole, 1,2-thiazole)
N\ .
/N satd. in Et,O +76+2 (f)
S
—
S neat liquid +121+2 (f)
=~/
N
f ) neat liquid +58+1 (f)
( /) +57-2 (a)
N 0-15 M in acetone +55+1 (a)
(thiazole, 1,3-thiazole) 0-15 M in DMSO +53+£2 (a)
S
> neat liquid +62+2 (f)
N/ 0-15 M in acetone +61£1 (a)
(benzothiazole)
1:3v/vin Et,0O -33+1 (N-2) (f)
-59+1 (N-3) (f)
in acetone -307 (N-2) q)
(1,2,3-thiadiazole) -55-8 (N-3) (q)



TABLE 112—cont.

319

Nitrogen shielding
referred to

Compound Solution neat nitromethane Notes
S 1:3v/v —42+2 (N-2) (f)
\N —-62+1 (N-3) (f)
Y in acetone -44-9 (N-2) (@)
N —60-9 (N-3) Q)
N=
Q\TS 1:3v/vin Et,O +106+1 (N-2) (f)
N~ +70+1 (N-4) (f)
(1,2,4-thiadiazole)
=N -
( \ neat liquid +35+1 )
\N/ 1:1v/vin Et,0 +34x1 ()
(1,2,5-thiadiazole)
2 M in acetone +49-6 (s)
N 2 M in DMSO +50-5 (s)
=N 2 M in CF,CH,0H +60-6 )
-~ 7 2 M in CF;COOH +72-3 (s)
N satd. in Et,0 +50%1 B)(n)(t)
. +52+2 (u)
S
\ 1:1v/vin Et,O +10+2 (£)(®)
x N
N
l I 2 M in DMSO +89-3 (s)
N§S4N
/N\ 2 M in acetone +7-0 (s)
- /Se 2 M in CF;CH,0OH +25-5 (s)
N 2 M in CF;COOH +68:7 (s)
N 1M in DMSO +87:9 (N-N) )
H,N S NH, +324-0 (NHy) )
T/‘H‘\‘ 1 M in DMSO +79:0  (N-N) v)
Mek NH, +318-8 (NH,) (v)
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TABLE 112—cont.

Nitrogen shielding
referred to

Compound Solution neat nitromethane Notes
N—N
HS( )SH 1 M in absolute EtOH +114-2  (broad) w)
S

HN-NH

S

Z/\J—B: 2 M in DMSO +116-8 (N=) o)
H,N +166:7 (NH) V)
FingS +314-9 (NH,) V)

(a) Data from ref. 1, pp. 179-182, and references therein.

(b) Data fromref. 271; '*N continuous-wave spectra; 4:33 MHz; high-precision differential saturation
technique with full lineshape fitting; concentric spherical sample/standard containers in order to
eliminate bulk susceptibility effects; referred to neat nitromethane.

(c) Data from ref. 272; '*N continuous-wave spectra; 7-22 MHz; field perpendicular to sample tube;
referred originally to saturated aqueous NaNO,, +3:7 ppm from neat nitromethane (Table 6); conversion
scheme II (Table 4).

(d) Data from ref. 137, details as in note (c).

(e) Data from ref. 273; 'SN natural abundance spectra; 18-25 MHz; field parallel to sample tube;
referred originally to 1 M DNQOj, +6-2 ppm from neat nitromethane (Table 6); conversion scheme IV
(Table 4).

(f) Data from ref. 33 and references therein; 14N continuous-wave spectra; 4-33 MHz; field perpen-
dicular to sample tube; referred originally to neat nitromethane (uncorrected for bulk susceptibility
effects).

(g) Data from ref. 274; see note (e).

(h) Data from ref. 213; see note (e).

(i) Data from ref. 275; "5N-labelled compounds; N spectra; 10-158 MHz; field perpendicular to
sample tube; referred originally to Me,N”, +337-7 ppm from neat nitromethane (Table 6); conversion
scheme II (Table 4).

(j) Data from ref. 276; see note (i).

(k) Data from ref. 26; see note (e).

(1) Data from ref. 162; see note (e).

(m) Data from ref. 128; **N natural abundance spectra; 10-09 MHz; field perpendicular to sample
tube; referred originally to 29 M NH,4Cl in 1 M HC], but reported relative to ‘“‘anhydrous ammonia”,
+380-2 ppm from neat nitromethane (Table 6); conversion scheme IV (Table 4).

(n) Data from ref. 201; see note (f).

(o) Data from ref. 2, pp. 210-214, and references therein; +4 ppm was added to shieldings referred
to NO; ™ there in order to convert them to neat nitromethane scale.
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(p) Data from ref. 179, '5N natural abundance spectra; 18-25 MHz; field parallel to sample tube;
referred originally to neat nitromethane (uncorrected for bulk susceptibility effects).

(q) Data from ref. 33; 15N spectra as in note (p).

(r) Data from ref. 277; '*N-labelled compounds; 15N spectra; 9-12 MHz; field perpendicular to
sample tube; referred originally to NH,* in 5M NH4NO; in 2M HNO;, +359-0 ppm from neat
nitromethane (Table 6); conversion scheme I (Table 4).

(s) Data from ref. 278; see note (e).

(t) Data from ref. 279; see note (f).

(u) Data from ref. 206; '*N continuous-wave measurements; 3 MHz; wide-line spectrometer; referred
originally to NH," in saturated aqueous NH;NO;, +359-6 ppm from neat nitromethane (Table 6);
low-precision measurements.

(v) Data from ref. 163; see note (e); proton-coupled spectra.

TABLE 113
Substituent effects on nitrogen shielding in pyrrole ring system

(/ \5 Nitrogen shielding difference

Substituents related to pyrrole for 10% v/v
at pyrrole ring H solutions in chloroform-d
2-NO, -0-6

3-CHO -0-9

2-C(=0)Me —4-2

3-NO, —4-8

5-NO,, 2-C(=0)OMe +0-2

2-C(=0)OMe =55

4-C(=0)OMe -7-6

Data from ref. 280; 'H{*°N} double-resonance spectra; 100/10-1 MHz; referred
to pyrrole in CDCl;.



322

TABLE 114

Nitrogen shieldings obtained from factor analysis of experimental data on some imidazole
complexes

Nitrogen shielding referred

Sample to neat nitromethane Notes
N
[) in H,0, pH 10-4 +176:0 (N=2NH) (a)
N
H

(imidazole)

Imidazole + Zn{NO;), + HNO; + H,O

pH<9
Zn(imidazole)?*
n=1 +177'5 (a)
2 +181-5 (a)
3 +182.0 (a)
4 +182-0 (a)
5 +181-5 (a)
6 +181-2 (a)
Imidazole + Cd(NO3); + HNO; + H,0
pH<9
Cd(imidazole)2*
n=1 +188-4 (b)
2 +186-1 (b)
3 +184.7 (b)
4 +183-5 (b)

(a) Data from ref. 275; ’N-labelled imidazole; '°*N spectra; 10-158 MHz; field perpen-
dicular to sample tube; referred originally to imidazole (in H,O, pH 10-4), and the latter
referred to Me,N*, +337-7 ppm from neat nitromethane (Table 6); conversion scheme II
(Table 4).

(b) Data from ref. 281; details as above.
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TABLE 115
Nitrogen shieldings in tertiery-amine and pyrrole-type moieties in Rauwolfia alkaloids and related
structures
(5)
N Nitrogen shielding
12\ referred to
4 H neat nitromethane
Solution N-5 N-12
N
N 0:7mMin CDCl, +323.2 +261-8
0-7 M in DMSO +322-8 +255-6
N H Bu'
H
N
N N 0-3 M in CDCl; +336-4 +260-6
H
Bu'
1:5mMin CDCly +322:3 +262-0
1:5m in DMSO +324-0 +255+6
N H
H
N
N
N 1:0 M in DMSO +324.3 +254-8
H MeOOC
(yohimbine) OH
A\
N N
H
0-3Min CDCl; +348-3 +262-3
MeOOC OMe
MeO 0oC OMe
(reserpine) OMe
OMe
00C OMe
OMe
OMe 0-4 M in CDCl; +333:2 +264-5
N
N COOMe

(isoreserpine)
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TABLE 115—cont.

5
N Nitrogen shielding
N referred to
“1'3 H neat nitromethane
H Solution N-5 N-12

OMe

1-0 M in CDCl; +338-9

(cevadine)

MeO
MeO N  Me
. 1:0m in CDCl; +341-5
OMe
OMe

~7 neat liquid +331-5,
+331-1

(corydaline)

N

(sparteine)

N

W 1-5MinCDCl;  +326:6 +308-8
N (NH)
H

A ~—N_° 1.5MinCDCls  +327-4  +2022
N (NC=0)

(thermopsine)

Data from ref. 128; 5N natural abundance spectra; 10-09 MHz; field perpendicular to sample tube;
referred originally to NH,CI (2-9 M in 1 M HCI), but reported relative to “‘anhydrous ammonia”’ standard,
+380-2 ppm from neat nitromethane (Table 6); conversion scheme IV (Table 4).



TABLE 116

Nitrogen shieldings in porphyrin ring systems and related structures

Nitrogen shielding referred

Structure Solution to neat nitromethane Notes
R? R!
Rl RZ
in D,O +226-7 (a)
R2 R!
R! R?
(uroporphyrinogen, “uro’gen’)
R'=CH,COOH; R*=CH,CH,COOH
HOOCCH,CH;, CH,COOH
Z/ 1 \SCH,NHZ in D,O +227-4 (*NH) (a)
H
(porphobilinogen, PBG)
+225-7 (NH) (a)
in D,O +208:0 (NH hydrogen bonded (a)

(intermediate in uro’gen formation)

+189-5 to COOH)
+224-5 (doublet, "*C-'*N)

(a)
(a)

1743



TABLE 116—cont.

Nitrogen shielding referred
Structure Solution to neat nitromethane Notes
Et Et
Et Et
Et Et
Et Et
(octaethylporphyrin, OEP structure)
(OEP)H, R'=R’=H in CDCl;3(+28 °C) +194-7 (=N#NH) (b)
in CDCl;3(-53 °C) +143-4 (=N) (b)
+247-0 (NH) (b)
(OEP)H,** in CF;COOH +257-4 (NH) (b)
(OEP)MeH R'=Me,R*=H in CDCl, +129-5 (=N-) (b)
+247-0 (NH) (b)
+259-7 (NMe) (b)
(OEP)MeH,>* in CF;COOH +255-0 (NH adj. to NMe) (b)
+256:6 (NH opposite to NMe) (b)
+262:7 (NMe) (b)
(OEP)Me,H" R'=R*=Me monocation in CDCl, +187-2 (=N«&=NH") (b}
(on adjacent nitrogens) +260:0 (NMe) (b)
(OEP)Me,H,>* in CF3COOH (dication) +258-2 (NH) (b)
+264-5 (NMe) (b)
N
OEP complexes R',R’= —M—
N
Mg(OEP) 0-04 M in CDCl, +183-6 (b)
+trace of pyridine
Fe(11)(OEP)Py, 0:04 M in pyridine +191:6 (porphyrin) (b),(c)

Fe(11)(OEP)(4-Me-Py),

0-04 M in 4-Me-pyridine

+189:2 (porphyrin)

(c)

97¢



Ni(OEP)

Zn(OEP)

Cd(OEP)

Fe(11)(OEP)(Py)(octyl isocyanide)
Fe(11)(OEP){(Py)(CO)
Co(u1)(OEP){(Br)(Py)

Co(1r1)(OEP)(Br)(4-acetyl-Py)
Co(111)(OEP)(Br)(4-Me-Py)

™
Me CH,CH,COOMe

(protoporphyrin IX dimethyl ester)

coproporphyrin III tetramethyl ester
(probably -CH=CH, — -CH,CH,COOMe)

Ph
Ph Ph

Ph
(meso-tetraphenylporphyrin, TPP structure)

0-04 M in CDCl;

0-04 M in CDCl;/pyridine
0-04 M in pyridine

in pyridine

in pyridine

in CD,Cl,

in pyridine

in 4-acetylpyridine

in 4-Me-pyridine

0-02 M in CDCl5(—60 °C)

dication in CF;COOH
0-02 M in CDCl,

dication in CF;COOH

+260-7

+182-9 (porphyrin)
+176-8 (porphyrin)
+214-3 (porphyrin)
+235-0 (porphyrin)
+263-1 (porphyrin)
+263-7 (porphyrin)
+266-2 (porphyrin)
+261-0 (porphyrin)

+140-5 (singlet)
+245-5 (doublet)
+251-5 (doublet)
+140-5 (singlet)
+247-0 (doublet)
+251-5 (doublet)

(b)
(b
(b)
(c)
(©
(c)
(©
(©)
©

(h)
(h)

(h)
(h)
(h)

LTe



TABLE 116—cont.

Structure

Solution

Nitrogen shielding referred
to neat nitromethane

Notes

(TPP)H, R'=R’=H

(TPP)H,**
N
TPP complexes R'=R>=—M—
N
Cd(TPP)
Zn(TPP)

Zn(TPP) 1:1 complex with
‘ 3-CN-pyridine

4-CN-pyridine
3-CHO-pyridine
4-CHO-pyridine
2-Me-pyridine
4-COMe-pyridine
pyridine

in CDCl;3/CS,(-80°C)

0-011 M in CDCl3/acetone
(—12°C)

in CDCl;/acetone/
CF;COOH

in CDCl; + pyridine
0-02 M in CDCl;

in CDCl,
in CDCl,
in CDCl,
in CDCl,
in CDCl;
in CDCl,
in CDCl,

+135-7 (=N-, singlet)
+242-8 (NH, doublet)

+138 (=N-)
+247 (NH)
+246 (NH)

+169-6 (porphyrin)
+179-5

+179-4 (porphyrin)
+179-1 (porphyrin)
+178-8 (porphyrin)
+178-7 (porphyrin)
+178-6 (porphyrin)
+178-5 (porphyrin)
+178-0 (porphyrin)

(d)
)
(e)
(e)
(e)

{f)
(g)

(8)
(g
(g)
g
(g)
(g)
(g)

8¢



3-Me-pyridine in CDCl, +177-9 (porphyrin)(g) ()

4-Me-pyridine inCDCl; - +177-8 (porphyrin)(g) (g)
3-NH,-pyridine in CDCl, +177-8 (porphyrin)(g) ()
4-NH,-pyridine in CDCl, +177-5 (porphyrin)(g) (8)

(a) Data from ref. 282; *N-labelled pyrrole ring; 15N spectra; 8-1 MHz; field perpendicular to sample tube; reference not reported, but most
probably NH3, +380-2 ppm from neat nitromethane (Table 6); conversion scheme IV (Table 4).

(b) Data from ref. 283 and ref. 284; *N-labelled compounds; 15N spectra; 10-09 MHz; field perpendicular to sample tube; referred originally
to NO;3~ in NH4NO; in DMSO, +3-7 ppm from neat nitromethane (Table 6); conversion scheme 1II (Table 4).

(c) Data from ref. 285; details as in note (b).

(d) Data from ref. 286; "H{'*N} INDOR spectra; 100/10-1 MHz; field perpendicular to sample tube; referred originally to nitromethane in
CDCl;, +3-8 ppm from neat nitromethane (Table 6); conversion scheme II (Table 4).

(e) Data from ref. 287; *N-labelled and non-labelled compounds; '°N spectra; 18-25 MHz; field parallel to sample tube; referred originally to
what was reported as 0-1 M DNQO3, probably 1:0 M DNO3, +6-2 ppm from neat nitromethane (Table 6); conversion scheme IV (Table 4).

(f) Data from ref. 288; INDOR spectra as in note (d), but referred to TMS lock at 100 MHz; recalculated using a frequency of 10 135023 Hz
for nitromethane under these conditions.

(g) Data from ref. 289; '5N-labelled porphyrin ring; 5N spectra; 9-12 MHz; field perpendicular to sample tube; referred originally to 1 M NaNOQOj3,
+3-5 ppm from neat nitromethane (Table 6); conversion scheme II (Table 4).

(h) Data from ref. 290; '*N-labelled compounds; 15N spectra; 9-12 MHz; field perpendicular to sample tube; referred originally to 4 M NH,Cl
in 2 M HC, +352-5 ppm from neat nitromethane (Table 6); conversion scheme II (Table 4).

6Ct
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TABLE 117

Nitrogen shieldings in some furoxans (1,2,5-oxadiazole-2-N -oxides) and related structures

Nitrogen shielding

referred to

Notes (”N signals
half-height width

Structure Solution neat nitromethane in parentheses)
R R
7\
N\O/N\‘O
R=Me neat liquid +25+1 (N-»O) (a), (c) (200 Hz)
+11+3 (N) (c) (610 Hz)
1:1v/vin Et,O +25+1 (N—O) (a)
1:1v/vin acetone +25x1 (N—=>O) (a)
20% v/v in acetone +25-:3 (N> O) (b)
+13:2 (N) (b)
20% v/v in CF;CH,OH +27-9 (N- Q) (b)
+14-1 (N) (b)
20% v/v in CF3COOH +31:5 (N->Q) (b)
+12:5 (N) (b}
Et neat liquid +19+2 (N> O) (a)
1:1v/vin Et,0 +22+2 (N> O) (a)
1:1v/vin acetone +22+2 (N> O) (a)
C(=0)Me 1:1v/vin Et,0 +22+2 (N> O0) (a)
Ph satd. in acetone +25+3 (N> Q) (a)
Ce¢H4'NO,p satd. in acetone +24+2 (N> O) (a)
Br in Et,0 +26+2 (N—->0) (a)
I in Et,0 +24+3 (N—>0) (a)
(:EN\O 2 M in acetone (—10 °C) +18:0 (N—O) (b)
~ 7 +4:5 (N) (b)
N\ 2 M in acetone (+55°C) +11-2 (averaged) (b)
o]
i
(o}
L
=~ 7
N
NO, satd. in acetone +5+3 (N) (c) (700 Hz)
=N +19:0£0-4 (N->0) (c) (140 Hz)
- /0 +18:4+0-2 (NO,) (c) (33 Hz)
N +4-7 (N) (d)

Y0 +19-4 (N> O,NO,) (d)
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Solution

Nitrogen shielding
referred to
neat nitromethane

Notes (**N signals
half-height width
in parentheses)

Structure
NO')_ N
=\
O« 74 ; N/
“u
o-N 0
O
A
O-N
Na \ N
= \
/O
0 Sy
“N7 p N\
\ 0]
o-N
N
=\
(X
=~ 7
N
N
0

satd. in acetone

satd. in acetone

in acetone

—2+3 (N)
+16+5 (N> O, N)
+24x1 (N> 0O)
+23:0£0-2 (NO,)

—2.4 (N)

+6-5 (N)
+188 (N—0)
+22:4 (N-O,

NO,)

+20-9 (N—->O)
+1:5 (N)

+122+£1 (N> O)
+26x1 (N)

(c) (270 Hz)
(c) (500 Hz)
(c) (130 Hz)
(c) (40 Hz)
(d)

(d)

d)

(d)

(d)
(d)

(a)
(a)

(a) Data from ref. 279; '*N continuous-wave spectra; 4-33 MHz; field perpendicular to sample tube;
referred to neat nitromethane (uncorrected for bulk susceptibility effects).
(b) Data from ref. 278; 5N natural abundance spectra; 18-25 MHz; field parallel to sample tube;
referred originally to 1 M DNO;, +6-2 ppm from neat nitromethane (Table 6); conversion scheme IV

(Table 4).

(c) Data from ref. 291; *N spectra as in footnote (a); lineshape fitting; 14N resonance half-height
widths (in Hz) are given in parentheses.
(d) Data from ref. 291; 'SN natural abundance spectra; 18:25 MHz; field parallel to sample tube;
referred to neat nitromethane (uncorrected for bulk susceptibility effects).
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TABLE 118

Nitrogen shieldings in some phosphadiazoles

Me Me Me Me
/A o\ — /A -
P N P__N P. _NH = HP. N

N N N N

R H

(A) (B) (@)

Nitrogen shielding referred to neat
nitromethane for isotope and

Solution and nitrogen atom specified

Substituent R temperature -N= N-R

H (prevailing 40% in CCl, N +24+5 +143+3

tautomer A) (70-95 °C)

C(=0)Me 80% in CCl, N +24%5 +100+3
(70-90°C)
(ambient) N +26-5 +98-3

Ph 80% in CCl, YN +41£5 +133+3
(80-90°C)

CH,CH,CN 40% in CCl, N +26+5 +142+3
(80°C)

Data from ref. 292; '*N and '*N natural abundance spectra; 6-5 and 9-1 MHz, respectively;
field perpendicular to sample tube; referred originally to neat nitromethane (uncorrected for
bulk susceptibility effects).



333

TABLE 119

Nitrogen shieldings in some sydnones, sydnonimines, and related structures

Nitrogen shielding
referred to

Structure Solution neat nitromethane Notes
A
0 NN
(sydnone structure)
R =Me in acetone +34-6 (N-0) (a)
+108+1 (NMe) (b)
in acetone +36:2 (N-O) (c)
+112-5 (NMe) (c)
Et in acetone +36-9 (N-O) (c)
+99-1 (NEt) (c)
Pr in acetone +35-3 (N-O) (c)
+85-7 (N-Pr) ()
Bu' in acetone 72 (N-0) (c)
+80:0 (N-Bu) (©)
[—I\\J\Me Cl, in acetone ‘+32:2 (N-O) (a)
HO N +94+5 (NMe) (b)
O/

(protonated sydnone)

(hypothetical sydnonimine)

+
Me CH,CN
s

AN
rlv in MeOH +156:2  (MeN) (a)
N +131:1 (CN) (a)
\o -161-5 (NO) (a)
i .
Me CH,CN in MeOH +151'1 (MeN) (a)
\N/ +126:1 (CN) (a)
) ~-166:0 (NO) (a)
/N
o
. Cl™, in MeOH +15:0 (N-O) (a)
N\Me +104-0 (NMe) (a)
HZN[ /\N +3073 (NHy) (a)
o +16-0 (N-O) (c)
+105-8 (NMe) (c)

(protonated sydnonimine)
+309-5 (NHy) (c)
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TABLE 119—cont.

Structure Solution

Nitrogen shielding
referred to
neat nitromethane

Notes

N
NR
, [ W
MeCNS___N
I O
0]

(N -acetylsydnonimine)
R =Me in acetone

in MeOH
Et in acetone

pr' in acetone

(protonated N -acetylsydnonimine)
R=Me in MeOH

Et in MeOH

pr in MeOH

+33-6
+111-2
+197-5
+22-7
+105-5
+203-6
+33-0
+105-5
+197-3
+31-7
+85-0
+196:2

+5-5
+98-9
+250-0
+6-5
+100-4
+252:2
+6-9
+88-1
+252-2
+9-6
+79-7
+251-5

(N-O)
(NMe)
(NCOMe)
(N-O)
(NMe)
(NCOMe)
(N-0)
(NEt)
(NCOMe)
(N-0)
(N-Pr')
(NCOMe)

(N-0O)
(NMe)
(NHCOMe)
(N-O)
(NMe)
(NHCOMe)
(N-0)
(NEt)
(NHCOMe)
(N-0O)
(N-Pr))
(NHCOMe)

(©)
(c)
(<)
(a)
(a)
(a)
(c)
(c)
(c)
(c)
(c)
(c)

(a)
(a)
(a)
(c)
(c)
(c)
(c)
(©)
(c)
(c)
(c)
(c)

(a) Data from ref. 264; '°N singly labelled compounds; 1*N spectra; 9-12 MHz; field
perpendicular to sample tube; referred originally to NH," in 5M NH,NO; in 2 M HNO;,
+359-0 ppm from neat nitromethane (Table 6), but reported relative to neat nitromethane

conversion scheme II (Table 4).

(b) Data from ref. 293; 1N continuous-wave spectra; 4-33 MHz; field perpendicular to
sample tube; referred originally to neat nitromethane (uncorrected for bulk susceptibility

effects).

(c) Data from ref. 294; °N natural abundance spectra; 18-25 MHz; field parallel to sample
tube; referred originally to neat nitromethane (uncorrected for bulk susceptibility effects).
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Nitrogen shieldings in pyridine and its derivatives
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Nitrogen shielding referred to

neat nitromethane

corrected corrected,
for bulk extrapolated
Compound Solution observed susceptibility to inf. dilution Notes
neat, gaseous +54:6 +56-2+1-8 (a)
neat liquid +62:03+£0-11 same (b)
+63-5 +62-5 (a)
+62-2 (c)
0:003 mol % in C,Cl;  +60-9 +59-1 (a)
14-3 mol % in
cyclohexane +59-4 +58-4 +57-7 (a)
14-3 mol % in CCl, +62-1 +60-8 +60-5 (a)
/ 14:3 mol % in benzene +62:3 +61-3 +61-1 (a)
l 0-5M in DMSO +63-0 (d)
x> 2 M in DMSO +63-8 (e}
N 14-3mol % in DMSO  +64-0 +63-0 +63-1 (a)
(pyridine) 14-3 mol % in CH,Cl, +66-2 +64-9 +65-3 (a)
14-3 mol % in CHCl;  +69-2 +67-8 +68-7 (a), (f)
2 M in CHCl, +70-0 (g)
14:3mol % in MeOH  +79-1 +78:4 +81-1 (a)
14-3 mol % in H,0O +82-1 +80-9 +84-3 (a)
0:-5™ in H,0
(1 mol %) +84-4 same (b)
2 M in CF;CH,OH +90:2 (e)
14-3 mol % in
CF;CH,OH +92-3 +91-3 +96-1 (a)
Substituted
pyridines
2-Me neat liquid +62:3 (c)
3-Me neat liquid +61-7 (c)
4-Me neat liquid +70-2 (c)
+69-8 (h)
2,3-Me, neat liquid +62-3 (c)
2,4-Me, neat liquid +71-0 (c)
2,5-Me, neat liquid +62-7 (c)
14:5mol % in CHCl;  +70:9 (3]
14-5 mol % in
CF;CH,0OH +94.5 (f)
2,6-Me, neat liquid +62-4 (c)
3,4-Me, neat liquid +68-8 (c)
3,5-Me, neat liquid +61-7 (c)
2,4,6-Me; neat liquid +71-1 (h)
2-Et neat liquid +64:0 (c)
3-Et 0-5 ™M in DMSO +61-4 (d)
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TABLE 120—cont.

Nitrogen shielding referred to

neat nitromethane

corrected corrected,
for bulk extrapolated

Compound Solution observed susceptibility to inf. dilution Note
4-Et neat liquid +68-6 (h)
2-Pr' neat liquid +67-3 ()
4-Pr' neat liquid +67-9 (h)
2-Bu' neat liquid +64-7 (c)
4-Bu' neat liquid +67-8 (h)
2,6-Bu', neat liquid +70-4 (c)
2,4,6-Bu's in benzene +80-8 (c)
2-CH,Ph 0:-5 M in DMSO +64-3 (d)
4-CH,Ph 0-5 M in DMSO +69-7 (d)
2-Ph 0:5™M in DMSO +71-2 (d)
4-Ph 0-5 M in DMSO +67-7 (d)
2-CH=CH, 0:5 M in DMSO +71-0 (d)
4-CH=CH, 0:5 ™M in DMSO +65-1 (d)
2-CN 0:5M in DMSO +62-2 (N) (d)
+126-2 (CN) (d)
2-C(=0)Me 0-5 M in DMSO +65-7 (d)
4-C(=0)Me neat liquid +51-8 (a)
14-3 mol % in benzene +50-6 (a)
14-:3 mol % in MeOH  +64.3 (a)
2-CHO 0:5 M in DMSO +60-4 (d)
3-CHO 0:5 M in DMSO +63-3 (d)
4-CHO 0-5 M in DMSO +47-8 (d)
2-CONH, 0-5 ™M in DMSO +65-7 (N) (d)
+282:0 (NH,) (d)
3-CONH, 0:5 M in DMSO +64-5 (N) (d)
+277-1 (NH,) @)
0-1Min D,O +74-7 (N) (i)
4-CONH, 0-5 M in DMSO +56-4 (N) (d)
+275-9 (NH;) (d)
2-COOH 0-5 M in DMSO +65-4 (d)
3-COOH 0-5 M in DMSO +64-4 d)
4-COOH 0-5M in DMSO +52-0 (d)
3-COOMe 0-5 ™M in DMSO +63-3 (d)
3-COOEt 0-5 M in DMSO +61-9 (d)
2-Cl 0:5 M in DMSO +72:6 (d)
3.Cl 0:5™M in DMSO +57-8 (d)
4-Cl 0:5M in DMSO +67-9 (d)
2-Br 0-5M in DMSO +64:3 (d)
3-Br 0-5 M in DMSO +56-7 (d)
4-Br 0-5 M in DMSO +67-4 (d)
2,6-Cl, 0:-5 M in DMSO +80-6 (d)
2-C1-5-NO, 0-5 ™M in DMSO +70-6 d)
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Nitrogen shielding
neat nitromethane

referred to

corrected corrected,
for bulk extrapolated
Compound Solution observed susceptibility to inf. dilution Notes

2-F neat liquid +104-5 ()
+105+1 (1))
1:5v/vin Et,0O +105+1 ()
1:1v/vin acetone +107x1 ()
1:1v/vin MeOH +109+1 )]
3.F neat liquid +80-8 (?7) (p)
+54+2 §)]
1:5v/vin Et,O +52+2 (4
1:1v/vin acetone +56+2 §)]
1:1v/vin MeOH +58+2 (1]
4-F 1:5v/vin Et,O +73+2 (4)
2,3,4,5,6-F; neat liquid +147+2 (1}]
1:5v/vin Et,0 +146£2 1))
1:1v/vin acetone +148+2 §)]
1:1v/vin MeOH +149+2 G4)
2,6-F, +135.0 P)
2,3,5,6-F;-4-OH 1:1v/vin acetone +156+3 5)]
1:1v/vin MeOH +160+3 §)]
2,3,5,6-F;-4-OMe  neat liquid +150+3 G
1:1v/vin acetone +152+3 )
1:1v/vin MeOH +157+3 ()
2,3,5,6-F4-4-SH 1:1v/v in acetone +144+3 34)
1:3 v/v in acetone +145+3 f)]
2.3,5,6-F4-4-SMe 1:1v/vin acetone +142+2 ()
1:3 v/v in acetone +144 2 )
2,3,5,6-F4-4-NH, 1:5v/vin acetone +168+2 (N) ()
+331+3 (NH,) 1))
2,3,5,6-F;-4-NMe, 1:3v/vin acetone +165+2 (N) §))
+336+3 (NMe,) (1))
1:1v/vin MeOH +170£3 (N) ()
+341+3 (NMe,) i)

2-OH see Table 64
3-OH 1:3 v/vin acetone +67+4 (k)
1:3v/vin MeOH +71+4 (k)

4-OH see Table 64
2-OMe neat liquid +109+3 (k)
1:3 v/v in acetone +111+£2 (k)
1:3v/vin MeOH +119+2 (k)
3-OMe neat liquid +60+3 (k)
1:3 v/vin acetone +64+3 (k)
1:3v/vin MeOH +67+4 (k)
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TABLE 120—cont.

Nitrogen shielding referred to
neat nitromethane

corrected corrected,
for bulk extrapolated
Compound Solution observed susceptibility to inf. dilution Notes
4-OMe neat liquid +86-2 (a)
1:3 v/vin acetone +91+3 (k)
14-3 mol % in benzene +85-1 (a)
14-3 mol % in MeOH +103-3 (a)
2-SH see Table 64
3-SH in acetone +74+1 (]
in MeOH +88+5 1))
in acetone/MeOH +72+5 )
4-SH see Table 64
2-SMe 1:3 v/vin acetone +79+3 )]
1:3v/vin MeOH +88+4 0
3-SMe 1:3 v/vin acetone +64+1 1)
1:3v/vin MeOH +82+5 W)
in acetone/DMSO +64+3 )]
(4:1)
4-SMe 1:3 v/vin acetone +77+2 (09}
1:3v/vin MeOH +86x+4 4)]
in acetone/DMSO +82+4 1))
(4:1)
—O 0:2Min CDCl, +63:6 (pyridine) (0)
Me
N
—<j 0-2M in CDCl, +60-9 (pyridine) ©)
Me
N
—O 0-2 M in CDCl, +64-5 (pyridine) (0)
3-(NH,), 0:5 M in DMSO +114-5 (N) (d)
+313:5 (2-NH,) (d)
+330:4 (3-NH3) (d)
2,6-(NH,), 0-5 M in DMSO +149:0 (N) (d)
+309-1 (NH,) (d)
3,4-(NH,), 0-5 M in DMSO +99-3 (N) (d)
+336-9 (3-NH;) (d)
+322-0 (4-NH,) (d)
2-NH,-5-NO;, 0-5™M in DMSO +11-4 (NO,) (d)
+117-8 (N) d)

+287-6 (NH,) (d)
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Nitrogen shielding referred to

neat nitromethane

corrected corrected,
for bulk extrapolated
Compound Solution observed susceptibility to inf. dilution Notes
2-NH, 1:3 v/vin acetone +116+3 (N) 1)
+310+3 (NH,) (I
in acetone +115:-7(N) (m)
+311-8 (NH>) (m)
0-5M in DMSO +113-8 (N) (d)
+307-3 (NH;) (d)
0-5 M in DMSO +116:0 (N) (n), {m)
+307-8 (NH,) (n), (m)
3-NH, 1:3 v/vin acetone +66+3 (N) )
+334+3 (NH,) ()
in acetone +64-5 (N) (m)
+328:3 (NH,) (m)
0-5 M in DMSO +63-9 (N) (d)
+325-3 (NH,) (d)
4-NH, 1:3 v/v in acetone +106+3 (N) (1)}
+323+3 (NH,) )
in acetone +101-5 (N) (m)
+317-2 (NH,) (m)
0:5 M in DMSO +103-7 (N) (d)
+312-0 (NH;) (d)
0-5 M in DMSO +107-2 (N) (n), (m)
+312-8 (NH,) (n), (m)
2-NHMe 1:3 v/v in acetone +110+3 (N) )
+308 +3 (NHMe) ]
3-NHMe 1:3 v/v in acetone +65+3(N) [0)]
+336 +3 (NHMe) n
4-NHMe 1:3 v/vin acetone +105+3 (N) o
+318+3 (NHMe) [0)]
2-NMe, 1:3 v/vin acetone +109+3(N) ()]
+319+3 (NMe,) ()]
in acetone +112-6 (N) (m)
+323:0 (NMe,) (m)
3-NMe, 1:3 v/vin acetone +64+3(N) 1))
+342+3 (NMe,) (0]
in acetone +63-6 (N) (m)
+340-0 (NMe,) (m)
4-NMe, 1:3 v/v in acetone +102+3 (N) [4))
+329+3 (NMe,) 1)
in acetone +105-6 (N) (m)
+328-6 (NMe,) (m)
2-NH,-4-Me 0:-5 M in DMSO +119:3 (N) (d)
+308-1 (NH,) (d)
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TABLE 120—cont.

Nitrogen shielding referred to
neat nitromethane

corrected corrected,
for bulk extrapolated
Compound Solution observed susceptibility to inf. dilution Note
2-NH,-6-Me 0-5M in DMSO +112-4 (N) (d)
+307-4 (NH,) (d)
2-NH,-4,6-Me, 0-5M in DMSO +118-7 (N) (d)
+308-7 (NH,) (d)
N —
7\ %®»
— N
(2,2'-dipyridyl) 2Min CDCl; +78-9 (g)

(a) Data from ref. 26; !N natural abundance spectra; 18:25 MHz; field parallel to sample tube;
referred originally to 1 M DNO3, +6-2 ppm from neat nitromethane (Table 6); conversion scheme IV
(Table 4).

(b) Data from ref. 80 and ref. 85; '*N continuous-wavé measurements; 4-33 MHz; high-precision
differential saturation technique with full lineshape fitting; concentric spherical sample/standard contain-
ers in order to eliminate bulk susceptibility effects; referred to neat nitromethane.

(c) Data from ref. 37; '*N natural abundance spectra; 10-1 MHz; field perpendicular to sample tube;
referred originally to internal nitromethane standard, +3-1 ppm from external neat nitromethane, as
can be deduced from the reported shielding for pyridine.

(d) Data from ref. 115 and ref. 298; '°N natural abundance spectra; 10-1 MHz; field perpendicular
to sample tube; referred originally to aqueous NH4NO;; originally converted to neat nitromethane
scale (uncorrected for bulk susceptibility effects).

(e) Data from ref. 299; see note (a).

(f) Data from ref. 300; see note (a).

(g) Data from ref. 125; '°N natural abundance spectra; 10-09 MHz; field perpendicular to sample
tube; referred originally to what was reported as aqueous NH,Cl, +352-9 ppm from neat nitromethane
(Table 6), but the shift reported for pyridine suggests that aqueous NH,NO; was used actually,
+359-6 ppm from neat nitromethane (Table 6); conversion scheme 11 (Table 4).

(h) Details as in note (c), but results referred to external MeNO, in deuterobenzene; conversion
constant as in note (c).

(i) Data from ref. 136; "*N-labelled pyridine ring; '*N spectrum; 10-14 MHz; field perpendicular
to sample tube; referred originally to 1 M ND,Cl, +352-9 ppm from neat nitromethane (Table 6);
conversion scheme II (Table 4).

(j) Data from ref. 301; '*N continuous-wave spectra; 4-:33 MHz; field perpendicular to sample tube;
referred to neat nitromethane (uncorrected for bulk susceptibility effects).

(k) Data from ref. 1, p. 190, and references therein.

(1) Data from ref. 159; details as in note (j).

(m) Data from ref. 160; ‘*N natural abundance spectra; 18:25 MHz; field parallel to sample tube;
referred originally to neat nitromethane (uncorrected for bulk susceptibility effects).

(n) Data from ref. 158; see note (a).

(o) Data from ref. 26; note (a); quoted from earlier work by R. L. Lichter and J. D. Roberts, J.
Amer. Chem. Soc., 1972, 94f 2495, )

(p) Data from ref. 379; >N natural abundance spectra; 10-1 MHz; field perpendicular to sample
tube; referred originally to neat nitromethane, but reported relative to NHi, +380-2 ppm from neat
nitromethane (Table 6); uncorrected for bulk susceptibility effects.
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Nitrogen shieldings in some derivatives of pyrimidine and pyrazine
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Nitrogen shielding
referred to

Compound Solution neat nitromethane Notes
X
(\N 0-5M in DMSO +84-8 (a)
N/) neat liquid +85:4 (b)
(pyrimidine)
Substituted pyrimidjnes
4-Me 0-5M in DMSO +93-1 (N-1) (a)
+84-7 (N-3) (a)
5-Me 0-5M in DMSO +85-9 (a)
4-Ph 0-5M in DMSO +89:2 (N-1) (a)
+94-5 (N-3) (a)
2-C1 0-5M in DMSO +88:2 (a)
2-NH, 0-5™M in DMSO +129-9 (N) (a)
+297-9 (NH,) (a)
2-NMe, 0-5™M in DMSO +132-0 (N) (a)
. +311-9 (NMe,) (a)
2-NH,-4-Me 0-5 M in DMSO +138-2 (N-1) (a)
+130-3 (N-3) (a)
+299-5 (NHjy) (a)
2-NH,-4,6-Me; 0-5M in DMSO +138:0 (N) (a)
+300-4 (NH,) (a)
2-NH;-4,6-Cl, 0-5 M in DMSO +141-5 (N) (a)
+292-0 (NH,) (a)
2-NH,-4,6-(0OMe), 0-5 M in DMSO +180-2 (N) (a)
+296:4 (NH,) (a)
2,4-(OMe), 0-5M in DMSO +150-0 (N-1) (a)
+160-9 (N-3) (a)
2-Me-4-Ph 0-5M in DMSO +87-5 (a)
2,4-Me,-5-COOEt 0-5™M in DMSO +94:5 (N-1) (a)
+85-4 (N-3) (a)
2-CI-5-NO, 0-5 M in DMSO +91:3 (N) (a)
+17-6 (NO,) (a)
2,4-Cl, 0-5M in DMSO +92:6 (N-1) (a)
+94-5 (N-3) (a)
2-SMe-4-C1 0-5M in DMSO +100-5 (N-1) (a)
+102-4 (N-3) (a)
4,6-Cl, 0-5M in DMSO +93.7 (a)
2,6-Me,-4-NH, 0-5M in DMSO +121-0 (N-1) (a)
+139-2 (N-3) (a)
+299-0 (NH,) (a)
2,5-Me,-4-NH, 0-5M in DMSO +121-3 (N-1) (a)
+134-0 (N-3) (a)
+299:6 (NH,) (a)
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TABLE 121—cont.

Nitrogen shielding
referred to

Compound Solution neat nitromethane Notes
2-Me-4-NH,-5-CN 0-5M in DMSO +108-9 (N-1) (a)
+120-2 (N-3) (a)
+134-2 (CN) (a)
+288:3 (NHy) (a)
2-Et-4-NH,-5-CN 0-5M in DMSO +108-8 (N-1) (a)
+121-7 (N-3) (a)
+134-7 (CN) (a)
+288-3 (NH,) (a)
2-SMe-4-NH,-5-COOEt 0-5M in DMSO +128-8 (N-1) (a)
+142-0 (N-3) (a)
+289-4 (NH;) (a)
4-NH,-5-[CH;-C¢H,-3,4,5(0Me);] 0-5 M in DMSO +120-9 (N-1) (a)
+132-7 (N-3) (a)
+298-4 (NH;) (a)
2-Ph-4-NH,-5-{CH,:C¢H,- 0-5 M in DMSO +127-8 (N-1) (a)
3,4,5(0Me)s] +141-3 (N-3) (a)
+297-8 (NH,) (a)
2,4-(NH3), 0-5 M in DMSO +164-5 (N-1) (a)
+173-4 (N-3) (a)
+301-6 (2-NH,) (a)
+299:6 (4-NH,) (a)
2,4-(NH;),-5-[CH;+CgH,-3,4,5(0OMe);] 0-5 M in DMSO +163-0 (N-1) (a)
+174-4 (N-3) (a)
+304-6 (2-NH_y) (a)
+302:3 (4-NH,) (a)
2,4-(NH;),-5-(Cs¢H4-Clp)-6-Et 0-5™M in DMSO +176:3 (N-1,N-3) (a)
+300-9 (NH;) (a)
+299-4 (NH;) (a)
2,4-(NH;),-5,6-(-CH,CH,CH,CH,~) 0-5 ™ in DMSO +174-1 (N-1,N-3) (a)
+305-1 (NHy) (a)
+302-6 (NH,) (a)
2,4-(NH,),-6-Cl 0-5™M in DMSO +166-1 (N-1) (a)
+178-7 (N-3) (a)
+297-7 (2-NH,) (a)
+296-5 (4-NHy) (a)
4,6-(NH,) 0-5M in DMSO +149-4 (N) (a)
+309-1 (NHy) (a)
4,6-(NH,),-5-[C¢H3-3,4(OMe),] 0-5 ™M in DMSO +151-8 (N) (a)
+304-5 (NH;) (a)
4,5-(NH,)» 0-5™M in DMSO +132-6 (N-1) (a)
+133-5 (N-3) (a)
+305-9 (4-NH,) (a)
+338:0 (5-NH;) (a)
2,4,6-(NH,); 0:5™M in DMSO +189:5 (N) (a)

+304-0 (2-NH,)
+306-0 (4,6-NH,)

(a)
(a)
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Nitrogen shielding
referred to

Compound Solution neat nitromethane Notes
2,4,6-(NH;)3-5-[CsH,-3,4,5(0OMe);)] 0:5™M in DMSO +191-6 (N) (a)
+305-5 (2-NH,) (a)
+306-1 (4,6-NH,) (a)
2-|— >) -4,6-(NH;), 0-5S M in DMSO +190-2 (N) (a)
+308-2 (piperidyl) (a)
+306-2 (4,6-NH,) (a)
2,4,5-(NH,); 1 M in DMSO ? (N-1, N-3) (a)
as hydrochloride +311-2 (2-NH,) (a)
+1 eq. of 4 M NaOH +316:3 (4-NH,) (a)
+357-3 (5-NH,) (a)
2,4,5-(NH,)3-6-(CH=CHPh) 1M in DMSO as +173-0 (N-1) (a)
hydrochloride +180-2 (N-3) (a)
+1 eq. of 4 M NaOH +303-4 (2-NH,) (a)
+311-5 (4-NH,) (a)
+345-9 (5-NH,) (a)
4,5,6-(NH>), 1M in DMSO as +152:7 (N) (a)
hydrochloride +309-8 (4,6-NH,) (a)
+1 eq. of 4 M NaOH +346:9 (5-NH,) (a)
SN 0-5 M in DMSO +98-6 (N) (a)
| /g +246:9 (NMe) (a)
N~ NH +194-4 (=NH) (a)
Me
N
A
[ j 0-5M in DMSO +46-3 (a)
N/
(pyrazine)
Substituted pyrazines
2-[C(=0)N=C(NH,),]-3,5- in DMSO +53:5 (N-1) (c)
(NH,),-6-Cl +139-1 (N-4) (c)
2-[C(=0)NH*"=C(NH,),]-3,5- in DMSO, Cl™ +68-5 (N-1) (c)
(NH3),-6-Cl +147-1 (N-4) (0
2-[C(=0)N=C(NMe,),]-3,5- in DMSO +55-1 (N-1) (c)
(NH3)2 +141-2 (N-4) (c)
2-C(=0)N=C(NH;);-3-NH,-5-NMe, in DMSO +46-7 (N-1) (c)
+126-5 (N-4) (c)

(a) Data from ref. 115 and ref. 298; '*N natural abundance spectra; 10-1 MHz; field perpendicular
to sample tube; referred originally to aqueous NH4NO;; originally converted to neat nitromethane
scale; uncorrected for bulk susceptibility effects.

(b) Data from ref. 1, p. 190, and references therein.

(c) Data from ref. 161; 15N natural abundance spectra; 18-25 MHz; field parallel to sample tube;
referred originally to 1 M DNOj,, +6:2 ppm from neat nitromethane (Table 6); conversion scheme IV
(Table 4).



344

TABLE 122
Nitrogen shieldings in unsubstituted azine ring systems

Nitrogen shielding
referred to

Structure Solution or state neat nitromethane Notes
X neat liquid +62:03+0-11 (a)
- 0-5M in DMSO +63-0 (b)
N 0-3 M in acetone +64-0 (a)
. see also Table 120
(pyridine)
X
l N 0-5 M in DMSO -20-3 (b)
N
(pyridazine, 1,2-diazine)
| N neat liquid +85-4 (©
/) 0-5M in DMSO +84:8 (b)
N
pyrimidine, 1,3-diazine)
N
AN
[ j 0-S™M in DMSO +46:3 (b)
>
N
(pyrazine, 1,4-diazine)
N\\| . —42+1 (N-1) (e)
| in acetone +2+x1 (N-2) (e)
2N +82+1 (N-4) ()
N
(1,2,4-triazine)
S
rT N 0-15 M in acetone +97+1 (c)
kN/) in dioxan +98+1 (d)
(1,3,5-triazine)
PSS
N~ N .
1 ) in acetone —5+1 (d)
N \%N
(1,2,4,5-tetrazine)
1-:0 M in acetone +66-89+0-15 (i)

/
N

(quinoline)
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Nitrogen shielding

referred to

Structure Solution or state neat nitromethane Notes
X
/N 1-0 M in acetone +69-11+0-21 (i)
(isoquinoline)
X
. —-44-6 (N-17) (b)
m 0-5 M in DMSO 413 (N-27) b)
N
(cinnoline)
. ¢ +86-2 (N-17) )
S in acetone +97-4 (N-37) ()
N
. +85-5 (N-17) (b)
ij\/]\l;, 0-5 M in DMSO +96:9 (N-39) (b)
(quinazoline) +87-0 (N-17) ()
+98:4 (N-37) (g)
j in acetone +514 (f)
0-5™M in DMSO +49-8 (b)
(qumoxalme
x>
N in acetone +8-8 )
N 0:5 M in DMSO +10-3 (b)
(phthalazine)
X
in CH,Br, +94+8 (d)
=
N
(acridine)
N\
@ Q in acetone +54-0 (f)
=
N
(phenazine)
N ~78+2 (N-1) (e)
N
@ N in acetone -26+£2 (N-2) (e)
N// +99+1 (N-4) (e)

(benzo-1,2,4-triazine)
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TABLE 122—cont.

Nitrogen shielding
referred to
Structure Solution or state neat nitromethane Notes

=N N=

N\ 7 \ /

2 M in MeOH +86-5 (h)

(a) Data from ref. 80 and ref. 85; 1N continuous-wave spectra; 4:33 MHz; high-precision differential
saturation technique with full lineshape fitting; spherical sample/standard containers in order to eliminate
bulk susceptibility effects; referred to neat nitromethane.

(b) Data from ref. 115; "N natural abundance spectra; 10-1 MHz; field perpendicular to sample
tube; referred originally to aqueous NH4NOj;; converted originally to neat nitromethane scale (uncorrec-
ted for bulk susceptibility effects); Cr(acac); added to samples.

(c) Data from ref. 1, p. 190, and references therein.

(d) Data from ref. 2, p. 221, and references therein.

(e) Data from ref. 36; details as in note (a), but smaller precision.

(fy Data from ref. 302; 5N natural abundance spectra; 18:25 MHz; field parallel to sample tube;
referred originally to neat nitromethane (uncorrected for bulk susceptibility effects).

(g) Data from ref. 158; 5N natural abundance spectra; 18:25 MHz; field parallel to sample tube;
referred originally to 1 M DNO,, +6-2 ppm from neat nitromethane (Table 6); conversion scheme IV
(Table 4).

(h) Data from ref. 125; 'SN natural abundance spectra; 10-09 MHz; field perpendicular to sample
tube; referred originally to what was reported as aqueous NH,Cl, +352-9 ppm from neat nitromethane
(Table 6), but the reported shift for pyridine suggests that aqueous NH,NO; was actually used,
+359-6 ppm from neat nitromethane (Table 6); conversion scheme II (Table 4).

(i) Data from ref. 179; details as in note (a).



TABLE 123

Nitrogen shieldings in some azinium ions and related structures

Nitrogen shielding

Solution referred to neat
Cation (TFA = CF3COOH) nitromethane Notes
Cl, 0:5Min 10:0 M HCI (ca. 1 mol %) +178:96 £0-09 (doublet) (a)
Cl7, 16:0 mol % in CHCl,4 +167-8 (b)
Cl7, 15-6 mol % in DMSO +165-6 (b)
x C17, 4.0 mol % in MeOH +176-6 (b)
| CI", 4-3mol % in H,O +179-6 ()
fij/ Cl, 2Min H,O/HCl +182:7 () (c)
H CF5;COO7, 33 mol % in TFA +172-1 (d)
(pyridinium ion) CF3COO7, 20mol % in TFA/CHCI; (1:1) +175-4 (d)
CF3COO07, 14:5 mol % in TFA +184-8 (doublet) (e)
CF,COO™, 2Min TFA +179:0 )
CF,COO7, 0:5Min TFA +182-5 (g)
SOsF 7, 0:5M in FSO;H +186-9 (g)
Substituted pyridinium ions
2-Me CF;COO7, 33 mol % in TFA +171-1 (d)
CF5;COO0O™, 20 mol % in TFA/CHCl; (1:1) +175-8 (d)
3-Me CF5;COO7, 33 mol % in TFA/CHCl; (1:1) +160-3 (d)
CF;COO7, 20 mol % in TFA/CHCl; (1:1) +175-7 (d)
CF,COO7, 33 mol % in TFA +181-9 (d)
4-Me CF;COO7, 12-5 mol % in TFA/CHCI, (2:5) +174-4 (d)
CF;COO07, 20 mol % in TFA/CHCl; (1:1) +182-2 (d)
CF;COO7, 14 mol % in TFA/CHCl; (1:1) +183.7 (d)
CF,COO7, 33 mol % in TFA +185-0 (d)
CF;COO0 7, 11 mol % in TFA/CHCl; (1:1) +186-2 d)
CF3COO07, 9mol % in TFA/CHCl; (1:1) +187-1 d)
CF,COO™, 77 mol % in TFA/CHCl; (1:1) +187-5 (d)

Lye



TABLE 123—cont.

Nitrogen shielding

143

Solution referred to neat
Cation (TFA = CF,COOH) nitromethane Notes
2,3-Me, CF,COO07, 33 mol % in TFA/CHCI, (1: 1) +163-3 (d)
CF;CO07, 20 mol % in TFA/CHCl; (1:1) +176-4 (d)
CF3COO7, 33 mol % in TFA +176-6 (d)
2,4-Me, CF;CO07, 33 mol % in TFA/CHCI; (1:1) +161-0 (d)
CF;CO07, 20 mol % in TFA/CHCl; (1:1) +182:3 (d)
CF3C0OO7, 33 mol % in TFA +182-5 (d)
2,5-Me, CF;COO07, 33 mol % in TFA/CHCIl, (1:1) +150-4 (d)
CF;COO7, 20 mol % in TFA/CHCI; (1:1) +175-5 (d)
CF,COO7, 33 mol % in TFA +172-1 (d)
2,6-Me, CF;CO0O7, 20 mol % in TFA/CHCIl; (1:1) +176-0 (d)
CF;COO7, 33 mol % in TFA +175:2 (d)
CF;CO07, 14-5mol % in TFA +183-2 (doublet) (e)
3,4-Me, CF3CO07, 12-5mol % in TFA/CHC13 (2:5) +178-4 (d)
CF3COO07, 33 mol % in TFA +179-1 (d)
CF;COO7, 20 mol % in TFA/CHCl; (1:1) +182:2 (d)
CF;COO07, 14:3 mol % in TFA/CHCl, (1:1) +183-5 (d)
CF;CO07, 11-1 mol % in TFA/CHCl; (1:1) +185:6 (d)
CF3;CO07, 9-1 mol % in TFA/CHCl; (1:1) +186-8 (d)
CF,CO07, 7-7mol % in TFA/CHCl; (1:1) +187:6 (d)
CF3CO07, 4:8 mol % in TFA/CHCl; (1:1) +188-8 d)
3,5-Me; CF5;COO7, 20 mol % in TFA/CHCIl; (1:1) +176:6 (d)
CF;COO07, 33 mol % in TFA +177-6 (d)
4-C(=0)Me CI™, 4:0 mol % in MeOH +169-6 (b)
Cl7, 3-2 mol % in H,0 +171-3 (b)
CI7, 10:5 mol % in DMSO +145.7 (b)
4-C(OMe),Me Cl™, 4-0 mot % in MeOH +178-2 (b)



3-CONH,
4-OMe

2-NH,

2-NH,"*

3-NH,

3-NH,"

4-NH,

4-NH,"

2,3-(NH,),

2,6-(NH,),

Cl,0-1Min D,O,pD2

Cl7, 4:0 mol % in MeOH
Cl7, 4-1 mol % in H,0

CF;CO07, 0-5Min TFA

SO,F, 0-5M in FSO3H

SO5F, 0-5 M in FSO3H

CF;COO7, 0-5Min TFA

SO5F 7, 0-5M in FSO3H

SO5F 7, 0-:5 M in FSO3H

CF;COO7, 0-5min TFA

SOsF7, 0:5M in FSOsH

SO5F7, 0-5 M in FSO3;H

CF;CO07, 0-5min TFA

SO,F", 0-5 M in FSO,H

CF;COO7, 0-5Min TFA

+170-9 (NH")

+197-5
+199-9

+226:0 (NH")
+305-6 (NHy)
+229-5 (NH")
+292-6 (NH,)

+192-4 (NH")
+330-6 (NH;")

+184-7 (NH")
+325:2 (NHy)
+181-1 (NH*)
+334.8 (NH,)

+181-1 (NH")
+345-4 (NH;")

+220-7 (NH")
+293-0 (NHy)
+210-8 (NH")
+295-1 (NHy)

+181:6 (NH™)
+330-2 (NH,")

+219-4 (NH")
+305-0 (2-NH,)
+337-0 (3-NHy)
+219:5 (NH")
+305-0 (2-NH)
+339-5 (3-NH»)

+239-3 (NH™)
+312-3 (NHy)

(h)

{b)
(b)

(g)
e
(g)
(g)

(g)

(g)

(8)

143



TABLE 123 —cont.

Nitrogen shielding

0s¢e

Solution referred to neat
Cation (TFA = CF,COOH) nitromethane Notes
3,4-(NH;), CF;CO07,0:5Min TFA +216-9 (NH™) (g)
+339-0 (3-NH,) ()
+290-4 (4-NH,) (2)
x Cl7, 37 mol % in H,0O +180-2 (b)
I, 44 mol % in H,O +180-7 (b)
+ 1", 1 M in DMSO +179:9 (f)
{:‘de I, 1 min CF;CH,OH +181:3 )
. I, 1min TFA +182-0 H
(N -Me-pyridinium ion)
Substituted N -Me-pyridinium ions
4-C(=0)Me Cl7, 2:6 mol % in H,O +174-0 (b)
I, 4:4mol % in H,0 +174-6 (b)
3-CONH, 0-1Min D,O +171-2 (N*Me) (h)
0-1Min 70% MeOH +171-2 (N*Me) (h)
4-OMe Cl7, 4-1 mol % in H,O +201-5 (b)
I, 4-4 mol % in H,0 +201-8 (b)
I", 10:0 mol % in CHCl; +202-5 (b)
=
I\ll +NH CF;CO07, 0-5Min TFA +134-8 (N&NH") (2)
~F

i

* N

/

jos
Z=
§

(pyrimidinium monocation)



| X
HN*\/NH
(pyrimidinium dication)

Substituted pyrimidinium mono-
and di-cations

4-NH2-5-[CH2-C6H2-3,4,5(0Me)3]
dication

2-Ph-4-NH2-5-[CHz’C6H2-3,4,5(OMC):;]
dication

2-NH,
monocation

dication

2,4-(NH,),
dication+some N-1 monocation

dication

SO5F 7, 0-5 M in FSO;H

CF;CO07, 0-5Min TFA

CF;COO7, 0-5 M in TFA

SO3F7, 0-5 M in FSO;H

CF,CO07, 0-5Min TFA

SO5F7, 0-5 M in FSO,H

CF3CO07, 0-5M in TFA

SO4F7, 0-5M in FSO3;H

+182:6

+217-9 (NH™)
+218:0 (NH")
+278-3 (NH,)

+227-6 (NH")
+281-2 (NHy)
+224.2 (NH")
+230-9 (NHY)
+270-8 (NH,)

+134-8 (N=NH")
+294-3 (NHy)
+220-0 (NHY)
+286-7 (NH,)

+253-6 (1-NH*)
+231-6 (3-NH")
+296-4 (2-NH,)
+276-4 (4-NH,)
+253:6 (NH™)

+254:6 (NH™)

+293-1 (2-NHy)
+279-0 (4-NH,)

(g)

(g)
(g)
()

(g)

()
(g)
()

(g)
(g)
(g
(g)

(g)
(g)
(g)
(g)
(g)
(g)
(g)
(g)

IS¢



TABLE 123—cont.

Cation

Solution
(TFA = CF;COOH)

Nitrogen shielding
referred to neat
nitromethane

Notes

2,4-(NH;);-5-[CH,'C¢H,-3,4,5(0Me)s]
dication+some N-1 monocation

dication

2,4-(NH,);-5-(C¢H,4 Clp)-6-Et
dication

dication

2,4-(NH,),-5,6-(-CH,CH,CH,CH,-)
dication

dication

CF;CO07, 0-5Min TFA

SO5F7, 0-5M in FSO3H

CF;CO07, 0-5Min TFA

SO5F, 0-5 M in FSO3H

CF3CO07, 0-5Min TFA

SO5F 7, 0-5 M in FSO;H

+253-3 (1-NH")
+226-3 (3-NH*)
+299-0 (2-NH,)
+279-0 (4-NH,)
+252:1 (NH")

+254:3 (NH")

+293-1 (2-NHy)
+271-4 (4-NH,)

+247-5 (NH")
+294-5 (2-NH,)
+274-9 (4-NH,)
+249-9 (NH")
+250-7 (NH*)
+295-8 (2-NH,)
+274-5 (4-NH,)

+247-1 (NH")
+245-1 (NH")
+296-4 (2-NH,)
+278-7 (4-NH,)
+248-4 (NH*)
+255-2 (NH")
+297-8 (2-NH,)
+278-0 (4-NH,)

(g)
(g)
(8
(2
(g
(g)
(g)
(g

(g)

(2)

(g)

(g)
(g)

(2)
(g)
(g)

(433



2,4-(NH,),-6-Cl
dication+some N-1 and
N-3 monocations

dication

4,6-(NH;),
dication+some monocation

dication

4,6-(NH2)2-5-[CH2-C6H3-3,4(0Me)2]
dication+some monocation

dication

4,5-(NH,),»
dication

dication

2,4,6-(NHz),
dication

dication

CF;COO7, 0-5Min TFA

SO5F7, 0-5 M in FSO3;H

CF;CO07, 0-5Min TFA

SO5F7, 0-5M in FSO3;H

CF,C007, 0-5Min TFA

SO3F 7, 0-5M in FSO;H

CF5COO07, 0-5M in TFA

SO3F ", 0-5M in FSO;H

CF,COO07, 0:5Min TFA

SO5F7, 0-5 M in FSO3;H

+227-4 (1-NH")
+229-1 (3-NH")
+297-9 (2-NH,)
+283-5 (4-NH,)
+248-0 (1-NH")
+257-0 (3-NH")
+292:1 (2-NH,)
+271-8 (4-NH,)

+210-3 (NH)
+289-0 (NH,)
+233.9 (NH™)
+289-1 (NHy)

+209-9 (NH")
+297-2 (NHp)
+230-7 (NH")
+289-6 (NH;)

+215-1 (NH")
+282-3 (4-NH;)
+335-8 (5-NH;)
+216:7 (NH™)
+220-2 (NH")
+261-6 (4-NH,)
+340-9 (5-NH,)

+261-7 (NH"
+291-3 (NHy)
+260-0 (NHY)
+281-4 (2-NH_)
+264-5 (4,6-NH;)

(g)
(8)
(8)
(g)
(2)
(g)
(g)
()

(2)
(g)
(g)

(g)
(g)
(g)
(g

(g)
(g)
(g)
(g)
(g)
(g)
(g)

(8)
(g)
(g)
(g)
(2)

139



TABLE 123—cont.

1431

Cation

Solution
(TFA = CF,COOH)

Nitrogen shielding
referred to neat
nitromethane

Notes

2,4,6-(NHy)3-5-[CH, CsHj-3,4(0OMe);]
dication

dication
2- (-N >) -4,6-(NH,),
dication

dication

2,4,5-(NHz)s
monocation (N-1 hydrochloride)

2,4,5-(NH,)3-6-(CH=CHPh)
dication

CF3CO0 7, 0-5Min TFA

SO5F 7, 0-5 M in FSO3H

CF;CO07, 0-5M in TFA

SO3F, 0-5 M in FSO;H

Cl, 0-5 M in DMSO+0-2 eq. HCi

CI7, 0-5 M in DMSO dissolved as N-1 monohydrochloride
+1-0eq. HCI

+261:5 (NH")
+297-5 (2-NH,)
+295-6 (4,6-NH;)
+261-8 (NH")

+266-1 (NH™)
+295-8 (piperidyl)
+293:3 (NH,)
+261-1 (NH")
+293-9 (piperidyl)

+218-8 (NNH")
+310-1 (2 or 4-NH,)
+309:0 (2 or 4-NH,)
+336+1 (5-NH,)

+260-8 (NH")

+303-1 (2-NH,)
+279-4 (4-NH,)
+336-1 (5-NHy)

(8
(g)
()
(g
(2)

(g)
(g)
(g)
(g)

(g) -

® "
(2)
(g)



4,5,6-(NH,);
monocation

7 7
Z+ Z+
\:: \::
TZ+
jos
\ 7 E, z|’\

(quinolinium ion)

2
o
7
oy

(N -Me-3-oxypyridyl-betaine)

CI7, 0-5 M in DMSO dissolved as N-1 monohydrochloride
+0-2 eq. HC]

2 M in H,O/HCI

2 M in H,O/HCI

1:3 v/vin H,SO,

1:3 v/vin MeOH

+181-7 (N&NH")
+301-5 (4,6-NH,)
+343-2 (5-NHy)

+164-2

+148-2

+193-1

+181x1

(g)
(g)
(g)

(©

©

0]

@

§S¢



TABLE 123 —cont.

Nitrogen shielding

Solution referred to neat
Cation (TFA = CF,COOH) nitromethane Notes
AN 0:1Min D,O
@CONHZ D7 +155-0 (N*) (h)
T:l/ (dinucleotide, NAD™)
| pD7 +153-9 (N") (h)
(ADP-ribose) (mononucleotide, NMN™)
pD?2 +154-8 (N) (h)
(NAD™)
pD2 +154-1 (N) (h)
(NMN")

(a) Data from ref. 80; 1*N continuous-wave measurements; 4-33 MHz; high-precision differential saturation technique with full lineshape fitting;
concentric spherical sample!standard containers in order to eliminate bulk susceptibility effects; referred to neat nitromethane.

(b) Data from ref. 26; '°N natural abundance spectra; 18-25 MHz; field parallel to sample tube; referred originally to 1M DNOs, +6-2 ppm
from neat nitromethane (Table 6); conversion scheme IV (Table 4).

(c) Data from ref. 125; '*N natural abundance spectra; 10-09 MHz; field perpendicular to sample tube; referred to what was reported as aqueous
NH,C], +352-5 ppm from neat nitromethane (Table 6), but the reported shift for pyridine suggests that aqueous NH4;NO; was actually employed,
+359-6 ppm from neat nitromethane (Table 6); conversion scheme II (Table 4).

(d) Data from ref. 37; '°N natural abundance spectra; 10-1 MHz; field perpendicular to sample tube; referred originally to 2-9 M NH,Cl in
1 M HCl, +355-3 ppm from neat nitromethane (Table 6); conversion scheme IV (Table 4).

(e) Data from ref. 300; details as in note (b).

(fy Data from ref. 299; details as in note (b).

(g) Data from ref. 115; 15N natural abundance spectra; 10-1 MHz; field perpendicular to sample tube; referred originally to aqueous NH;NO;;
converted originally to neat nitromethane scale (uncorrected for bulk susceptibility effects).

(h) Data from ref. 136; *N-labelled pyridine ring; 15N spectra; 10-14 MHz; field perpendicular to sample tube; referred originally to 1 M ND,Cl,
+352-9 ppm from neat nitromethane (Table 6); conversion scheme II (Table 4).

(i) Data from ref. 1, p. 190, and references therein.

96¢



Nitrogen shieldings in some azine N -oxides, their cations, and isomeric structures

TABLE 124

357

Nitrogen shielding
referred to neat

Compound Solution nitromethane Notes
g 0:2Min CS, +82 (a)
| 1:0M in CDCl, +84 (a)
= in acetone +86 (b)
N in DMSO +85-5 (c)
¥ 2 M in DMSO +86-8 )
o 2 M in CF;CH,OH +99.5 (d)
(pyridine N -oxide) in H,O +99 (b)
X
.z 2 M in CF;COOH +135:7 (d)
N
OH
(N -hydroxypyridinium cation,
conjugate acid of pyridine
N -oxide)
Substituted pyridine N -oxides
and corresponding cations
2-Me in DMSO +85-5 (c)
2 M in DMSO +90-9 (d)
in H,O +100-7 (c)
2 M in CF;CH,OH +103-8 (d)
2 M in CF;COOH (cation) +141-8 (d)
3-Me in DMSO +85-5 (c)
2 M in DMSO +86-9 (d)
in H,O +99-0 (c)
2 M in CF;CH,OH +105-2 (d)
2 M in CF;COOH (cation) +141-8 (d)
4-Me in DMSO +94.3 (c)
1M in DMSO +93-6 (d)
1 M in CF3CH,0OH +106-8 (d)
in H,O +108-2 (c)
1 M in CF,COOH (cation) +146-0 (d)
2,6-Me, 1:3 v/vin acetone +91 (e)
2 M in DMSO +92-9 (d)
2 M in CF;CH,OH +107-8 (d)
2 M in CF3COOH (cation) +143-1 (d)
2,4-Me, 1:3 v/vin acetone +93 (e)
4-Ph 1M in CF;CH,OH +110-4 (d)
1 M in CF3;COOH (cation) +145.9 (d)
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TABLE 124—cont.

Nitrogen shielding
referred to neat

(isomeric to 2-OMe-pyridine
N -oxide)

Compound Solution nitromethane Notes
4-Cl 1 M in CF,CH,0OH +106-2 d)
1 M in CF;COOH (cation) +141.7 (d)
4-NO, 1M in DMSO +73-4 (N->O) (d)
1 ™M in CF3CH,OH +85-8 (N—>O) (d)
1 M in CF3COOH (cation) +112-9 (N'OH) (d)
2-Me-4-NO, satd. in acetone +74 (N—O) (ey
+15 (NOy) (e)
3-Me-4-NO, satd. in acetone +73 (N—-O) (e)
+13 (NO,) (e)
1M in DMSO +77-1 (N-»Q) (d)
1M in CF;CH,OH +90-4 (N—O) (d)
1 M in CF3COOH (cation) +122 (N*OH) (d)
‘3-Cl-4-NO;, satd. in acetone +72 (N—O) (e)
+19 (NO,) (e)
2-OMe in acetone +140+3 (f)
3-OMe in acetone +94 f)
4-OMe in acetone +102 (f)
2 M in DMSO +106-4 (d)
2 ™M in CF;CH,OH +126:2 (d)
2 M in CF3COOH (cation) +161-5 (d)
3-OH in MeOH +96 (f)
2-NMe, in MeOH +123  (N-»0) )
3-NMe, in acetone +85 (N—Q) (f)
4-NMe, in MeOH +134 (N->O) f)
2-NHMe in MeOH +138+3 (N->O) (f)
3-NHMe in acetone +86 (N—=O) (f)
4-NHMe in MeOH +146x3 (N—O) (f)

!
N o in acetone +143+3 (f)
OMe
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Nitrogen shielding

referred to neat

Compound Solution nitromethane Notes
0O
Euj in acetone +104£2 )
N
OMe R
(isomeric to 4-OMe-pyridine
N -oxide)
in acetone +55 (N—>O) (b)
X in acetone +55-8 (N—-Q) (g)
(\ 44 8D @
N 0:5 ™M in DMSO +55-1 (N—-O) (h)
N +33:6 (N-2) (h)
é 0-5m in CHCl, +54:7 (N->O) (h)
N . +32-8 (N-2) (h)
(pyridazine N -oxide) in MeOH +59 (N—O) (b)
+36  (N-2) (b)
SN in acetone +91 (N—O) (b)
(\ 0:-5 M in DMSO +90-0 (N-O) (h)
A +80-3 (N-3) (h)
\ 0-5 M in CHCl, 1899 (N—»0) (b
0 +79:5 (N-3) (h)
(pyrimidine N -oxide)
Substituted pyrimidine N -oxides
2-NH, 0-5 M in DMSO +134:0 (N—O) (h)
+130:1 (N-3) (h)
+304-8 (NH,) th)
0-5Min H,O +231:5 (N—-Q) (h)
+146:3 (N-3) (h)
+305-5 (NH;) (h)
2,6-(NH;), 0-5 M in DMSO +167-8 (N—O) (h)
+166-8 (N-3) (h)
+306-2 (NH,) (h)
+307-4 (NH,) (h)
2,6-(NH,),-5-[CH,-CeH;- 0-5 M in DMSO +168-8 (N—O) (h)
3,4,5(0OMe)s] +164-9 (N-3) (h)
+308:6 (NH,) (h)
+309-5 (NH,) (h)
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TABLE 124 —cont.

Nitrogen shielding

referred to neat

Compound Solution nitromethane Notes
2,6-(NH,),-5-(CH,COMe) 0:5™M in DMSO +169-2 (N-Q) (h)
+164-8 (N-3) (h)
+308:1 (NHj) (h)
+311-1 (NH,) (h)
N in acetone +68  (N—O) (b)
' = +78  (N-4) (b)g)
_ in acetone +70-2 (N—-O) (g)
N +78:7 (N-4) (g)
{ 0-5 M in DMSO +757 (N>0?)  (h)
o +70-4 (N-4?) (h)
(pyrazine N -oxide) 0:5M in CHCl; +75-2 (N->O0?) (h)
+69-1 (N-47) (h)
N
l N
N in acetone +43 (N—O) (1)
!
(o}
(1,2,4-triazine N-1-oxide)
x> satd. in acetone +95 (e)
in CHCl, +99 (e)
N 1 Min DMSO +101:5 )
l in MeOH +107 (e)
(o) 1M in CF3;CH,OH +112-8 d)
(quinoline N -oxide) 1 M in CF3COOH (cation) +150-3 (N"OH) (d)
Substituted quinoline N -oxides
2-OMe satd. in acetone +125+2 (e)
4-OMe satd. in acetone +118+4 (e)
1 M in acetone +115+2 (e)
in MeOH +124+5 (e)
2-Me satd. in acetone +103+4 (e)
3-Me 1 M in acetone +97 (e)
4-Me satd. in acetone +101 x4 (e)
2-Cl satd. in acetone +102 (e)
3-C1 satd. in acetone +91 (e)
4-Cl satd. in acetone +97 (e)
satd. in MeOH +108 (e)
2-Br satd. in acetone +102 (e)
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Nitrogen shielding

referred to neat

Compound Solution nitromethane Notes
3-Br satd. in acetone +94 (e)
satd. in MeOH +104 (e)
4-Br satd. in acetone +92+4 (e)
satd. in MeOH +104+2 (e)
2-CN satd. in acetone +87 (N-O) (e)
4-CN 1:3v/vin +77+4 (N-O) (e)

DMSO/acetone

2-CHO satd. in acetone +90 (e)
4-CHO satd. in acetone +86+2 (e)
2-COOH in CH,Br, +120+5 (e)
3-NO, satd. in acetone +91 (N—O) (e)
+11 (NO3) (e)
4-NO, satd. in acetone +83 (N—O) (e)
+12 (NO3y) (e)
8-OH 1 M in DMSO +111-0 (d)
1M in CF3;CH,OH +116-1 (d)
1 M in CF3COOH (cation) +144:3 (N'OH) (d)
A satd. in acetone +90 (e)
satd. in CHCl, +97 (e)
N satd. in dioxan +100+3 (e)
o satd. in MeOH +112+2 (e)

(isoquinoline N -oxide)

@Me satd. in acetone +90 (e)
/N\‘ satd. in MeOH +105+2 (e)
(0}

X
(j\/g satd. in acetone +59  (N-O) (b)

y
o)

(cinnoline N -1-oxide)

Substituted cinnoline N-1-oxides

4-Me satd. in acetone +62 (N—-O) (e)
satd. in MeOH +68 (N—O) (e)
3-NO, satd. in acetone +61 (N—O) (e)

+17 (NOy) (e)
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TABLE 124—cont.

Nitrogen shielding
referred to neat

Compound Solution nitromethane Notes
4-NO, satd. in acetone +52 (N—-O) (e)
+16 (NO;) (e)
@f\ satd. in acetone +53 (N—-O) (b)
N
Z
N~ ™o
(cinnoline N-2-oxide)
Substituted cinnoline N-2-oxides
4-Me satd. in MeOH +60 (N—>O) (e)
3-NO, satd. in acetone/DMSO +51 (N—-0) (e)
4.-COOH satd. in DMSO +57 (N—-O) (e)
satd. in acetone/DMSO +55 (N->QO) (e)
x /,O satd. in acetone +92 (N—-O) (b)
N satd. in acetone +92:2 (N->O) (g)
P +743 (N-1) (g
N 0-5M in DMSO +89:5 (N-0O?) (h)
(quinazoline N -3-oxide)
Me
> /'O
)N satd. in MeOH +107  (N—O) (e
=
N
N
= satd. in acetone +77 (N—-O) (b)
P +83 (N-4) (b)
N 0-5M in DMSO +80-7 (N—-O?) (h)
(l) +76:8 (N-47) (h)

(quinoxaline N -oxide)

N\
@ /jCl

N

¥

(phthalazine N -oxide)

satd. in MeOH

satd. in acetone
0-5 M in DMSO

+9412 (N—O)

+67 (N-O)
+68:9 (N-O)
+53-2 (N-3)

(e)

(b)
(h)
(h)
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Nitrogen shielding

referred to neat

Compound Solution nitromethane Notes
N
x
@N//N in acetone +46  (N-O) (i)
¥
O
(benzo-1,2,4-triazine N-1-oxide)
N
\WOMe
N 1:3 v/vin acetone +41 (N—O) (e)
N” satd. in MeOH +43 (N—0) (e)
4
0]
=z X
™ | P
N N satd. in acetone +90 (N—O) (e)
¢
(¢}
(1,8-naphthyridine N -oxide)
/N X
X ' =
T satd. in acetone +93 (N—-O) (e)
(0]
(1,5-naphthyridine N -oxide)
/N S
N satd. in acetone +89 (N—O) (e)
2 Z N
(0]
(1,6-naphthyridine N-6-oxide)
0]
T
N
>
[ /j satd. in DMSO +98-6 (g)
N
4
(0]

(pyrazine N,N'-dioxide)
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TABLE 124—cont.

Nitrogen shielding
referred to neat

Compound Solution nitromethane Notes
(o)
T
N
RS
@ j satd. in DMSO +108-7 (g)
=
N
¢
(0]

(quinoxaline N,N'-dioxide)

(a) Data from ref. 303; "*N-labelled compounds; 'H/'*N spectra at 100/10-1 MHz; field perpen-
dicular to sample tube; referred originally to 0-1 M nitromethane in CDCl;, +3-8 ppm from neat
nitromethane (Table 6); conversion scheme II (Table 4).

(b) Data from ref. 1, pP. 196-197, and references therein.

(c) Data from ref. 37; '°N natural abundance spectra; 10-1 MHz; field perpendicular to sample tube;
referred to internal nitromethane, in DMSO, —2-0 ppm from neat nitromethane (Table 133), and in
H,0, ~2-0 ppm from neat nitromethane (Table 133).

(d) Data from ref. 299; >N natural abundance spectra; 18:25 MHz; field parallel to sample tube;
referred originally to 1 M DNO;, +6-2 ppm from neat nitromethane (Table 6); conversion scheme IV
(Table 4).

(e) Data from ref. 304; '*N continuous-wave spectra; 4-33 MHz; field perpendicular to sample tube;
referred to neat nitromethane; uncorrected for bulk susceptibility effects.

(f) Data from ref. 305; details as in note (e).

(g) Data from ref. 306; '5N natural abundance spectra; 18-25 MHz; field parallel to sample tube;
referred originally to neat nitromethane; uncorrected for bulk susceptibility effects.

(h) Data from ref. 115; '*N natural abundance spectra; 10-1 MHz; field perpendicular to sample
tube; referred originally to aqueous NH,;NQOj; converted originally to neat nitromethane scale; uncorrec-
ted for bulk susceptibility effects; Cr(acac); added to samples.

(i) Data from ref. 307; details as in note (e).



TABLE 125

Nitrogen shieldings in thiamine and vitamin B,

Nitrogen shielding referred to neat nitromethane

Sample thiazole N-3 N-1 NH,

Thiamine vitamin B, +142 +172 +214 +274
(3 S satd. in H,O (singlet) (singlet) (singlet) (triplet)

MerN\ NH, ()CHﬁHzOH 0-9 M in ethylene glycol+NaOH
l - ) NaOH added (equiv.)

NP ey Me (S 0 +136:7  +170:9  +215.0 42730
2 0-25 +137:4 +170-1 +195'5 +278-4
*"‘Tl*”' 0-75 +139.0 +169-0 ca. 165 +287-0
1-0 +140-2 +168-0 ca. 141 +294-2

s
N

Me(” SINH, (JCHZCHZOH

HN AN o Me @cn)

2
Vitamin B,
(thiamine hydrochloride)

Data from ref. 308; !N natural abundance spectra; proton-undecoupled and selectively decoupled; 18:25 MHz; field parallel to sample tube;
referred originally to 1 M DNO3, +6-2 ppm from neat MeNO,; conversion scheme IV (Table 4).

§9¢
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TABLE 126

Nitrogen shieldings in some nucleosides, nucleotides, and related structures

Nitrogen shielding referred to neat nitromethane
for nitrogen atoms specified

Compound and solution N-1 N-3 N-7 N-9 NH, Notes
NH, &
)z N
Lo
NG N7
P o CH,0H
(4")
(") (3
HO OH
{adenosine)
0-4 M in DMSO (45 °C) +142-8 +155-7 +138-1 +209-7 +298-2 (b)
0-5 M in DMSO +145-8 +158-9 +140-9 +211-8 +300-0 (a)
+CF;COOH
0-16 eq. +153-2 +159-2 +141-6 +211-2 +299-6 (a)
0-31eq. +161-8 +159-1 +141-5 +210'6 +298-4 (a)
1-6 eq. +217-5 +157-0 +137-9 +203-6 +291-1 (a)
NH, N
=
I
e
N Lo CH,OH
OH
(2'-deoxyadenosine)
0-5 M in DMSO +145-3 +158-3 +140-5 +208-3 +299-9 (a)
O
N
HN ' \>
HN Py
N o CH,0H
HO OH
(guanosine)
0-8 M in DMSO (45 °C) +231-9 +212-9 +132-2 +209-2 +306-2 (b)
0-5 ™ in DMSO +234:2 +215-7 +134-8 +211-5 +308-2 (a)

+CF;COOH
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TABLE 126—cont.

Nitrogen shielding referred to neat nitromethane
for nitrogen atoms specified

Compound and solution N-1 N-3 N-7 N-9 NH; Notes
0-17 eq. +233-7 +215-5 +149-8 +209-8 +306-7 (a)
0-36 eq. +233-4 +216-1 +156-7 +209-2 +306-2 (a)
1-86 eq. +232-2 +217-2 +210-1 +205-6 +303-0 (a)
O
HN N\
Ny

N~ N, CH,0H

HO OH

(inosine)
0-8 M in DMSO (45 °C) +204-1 +165-2 ? +204-7 (b)
0-5 M in DMSO +206-9 +167-4 +132:9 +206-9 (a)

O

(3),

HN l

OJ’\(I)

N 5 CH,0H

HO OH

(uridine)

0-8 M in DMSO (45°C) +235-6 +221.7 (b)
0-5 M in DMSO +237-8 +223-7 (a)
1 M in H,0O (35°C) +234-0 +221:7 (b)

0
HN |Me

o
N o CH,OH

HO OH
(thymidine)
0-8 M in DMSO (45 °C) +235-3 +223-7 (b)
0-5M in DMSO +237-5 +225:2 (a)



368

TABLE 126—cont.

Nitrogen shielding referred to neat nitromethane
for nitrogen atoms specified

Compound and solution N-1 N-3 N-7 N-9 NH, Notes
NH,
g
0" N CH,0H
HO OH
(cytidine)
0-8 M in DMSO (45°C) +226:2 +169:9 +285-5 (b)
0-5™M in DMSO +228:4 +172-3 +287-2 (a)
+CF3;COOH
1-5eq. +227-3 +237-1 +275:2 (a)
1min H,O +227-3 ? +287-0 (b)
(o]
N
HNZ | \>
N
H o CH,0OH
HO OH
(xanthosine)
0-8 M in DMSO (45 °C) +225-5 +265-5 +131:2 +213-3 (b)
H
NZ N
1)
N N
= N
N ' \>
NP
H
(purine)
(numbering system of adenosine retained)
0-5M in DMSO +119-8 +100-7 +193 +193 (a)
(broad) (broad)
1.:25min H,O +128:6 +1134 +189-6 (b)

+185-8
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Nitrogen shielding referred to neat nitromethane
for nitrogen atoms specified

Compound and solution N-1 N-3 N-7 N-9 NH, Notes
(0]
HN |
OA\N
H
(uracil)
0-8 M in DMSO (45 °C) +220-2 +247-8 (b)
2',3",5'-tri-O-benzyluridine-3-'°N
0-5 M in CDCl; +226-5 (@)
+excess of 5'-acetyl-2',3'-
isopropylideneadenosine +221.7 (d)
adenosine 5'-monophosphate (AMP)
0:5 M in H,O, neutral +158-3 +166-6 +151-0 +213-2 +303-2 (a)
adenosine 5'-triphosphate (ATP)
0-5 M in H,O, neutral +157-9 +166-5 +151-2 +213:4 +303-2 (a)
pH 25 +220:5 +160-6 +145-7 +206-3 +295.0 (a)
guanosine 5'-monophosphate (GMP)
0:5 M in H,O, neutral +235-3 +217-5 +147:4 +213-4 +309-7 (a)
uridine 5’-monophosphate
0-5 M in H,O0, neutral +236-2 +222-7 (a)
thymidine 5'-monophosphate
0-5 M in H,O, neutral +235-4 +225.7 (a)
cytidine 5'-monophosphate
0:5 M in H,O, neutral +229-7 +181-4 +289-4 (a)
adenosine 3’-monophosphate
0-08 M in H,O, pH 6-10 +155-8 +162:4 +148-7 +211:6 +301-1 (c)
guanosine 3'-monophosphate
0-08 M in H,0, pH 6-10 +233-1 +214-0 +145-3 +212:0 +307-5 (c)
uridine 3’-monophosphate
0-08 M in H,0, pH 3-6 +234:3 +221:6 (c)
pH 10 +234-0 +179-0 (c)
cytidine 3'-monophosphate
0-08 min H,O, pH 6-10 +227-1 +178:7 +285-9 (c)
pH2 +227-0 +238:0 +278:0 (c)
= | CONH,
x>
N

(nicotinamide)
0-1 M in D,O, pH 7, potassium
phosphate buffer +74-7 (ring N)

(e)
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TABLE 126—cont.

Compound and solution

Nitrogen shielding referred to neat nitromethane
for nitrogen atoms specified

Notes

Z” “NCONH,

NS

TZ+

0-1™Min D,O
+CCl,COOH, pD 2

# ™3 CONH,

SN

N
Me

0-1 M in H;0, +0-05 M potassium

phosphate
0-1 M in 70% MeOH

[ii]CONHZ

N

Me
0-1Min D,O+0-05M
potassium phosphate
0-1Min 70% MeOH

= | CONH,
N
N
|
(ADP-ribose)
inD,0,pD 7
pD?2
in 70% MeQOH, pD 7

[ii]CONHZ

y
(ADP-ribose)
in D,O,§D 7
in 70% MeOH, pD 7

E%i]CONHZ
N

N

|
(ribose-phosphate)

+170-9 (NH™)

+171-2 (N*Me)

+171-1 (N"Me)

+279-8 (NMe)

+279-8 (NMe)

(NAD")

+155-0 (N*)
+154-8(N")
+154-1(N%)

(NADH)

+264:2 (ring N)
+264-1 (ring N)

(NMN)

(e)

(e)
(e)

(e)
(e)

(e)
(e)
(e)

(e)
(e)
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TABLE 126—cont.

Nitrogen shielding referred to neat nitromethane

Compound and solution for nitrogen atoms specified Notes
in D,0O, pD 7 +153-9(N™) (e)
pD?2 +154-1(NH) (e)
CONH,
|| (NMNH)
Y
(ribose-phospiate)
in D,O,pD 7 +264-1 (ring N) (e)
CIN
[Col.... _ o
M N \P//
© N\ /N
Me@i > oH o o
N
O
CH,OH

(vitamin B2)
in D,O +221 -130 (f)
(-N=) (N---Co)

(a) Data from ref. 158; '°N natural abundance spectra; 18-25 MHz; field parallel to sample tube;
referred originally to what was reported as 0-1 M DNOj, probably 1 M DNOj, +6-2 ppm from neat
nitromethane (Table 6); conversion scheme IV (Table 4); assignments from spin—spin splittings and
protonation shifts.

{(b) Data from ref. 181; '*N natural abundance spectra; 18-25 MHz; field parallel to sample tube;
referred originally to HN," in 5 M NH,NO; in 2 M HNO;, +359-0 ppm from neat nitromethane (Table
6); conversion scheme II (Table 4); ori%inal assignments for N-1 and N-3 in adenosine were reversed.

(c) Data from ref. 314 and ref. 315; SN-labelled compounds; 15N spectra; 9-12 MHz; field perpen-
dicular to sample tube; referred originally to NH," in 4 M NH,NO; in 2 M HNO;, +359-1 ppm from
neat nitromethane (Table 6)5, conversion scheme II (Table 4).

(d) Data from ref. 316; "*N-labelled N-3; '*N spectrum; 10-09 MHz; field perpendicular to sample
tube; referred originally to NO3~ in aqueous NH4NO;, +4:0 ppm from neat nitromethane (Table 6);
conversion scheme II (Table 4).

(¢) Data from ref. 136; '>N-labelled pyridine ring; '°N spectra; 10-14 MHz; field perpendicular to
sample tube; referred originally to 1:0mM ND,Cl, +352-9 ppm from neat nitromethane (Table 6);
conversion scheme II (Table 4).

(f) Data from ref. 317; **N-labelled compound; '°N spectrum; 9-12 MHz; field perpendicular to
sample tube; referred originally to neat nitromethane; uncorrected for bulk susceptibility effects.
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TABLE 127

Nitrogen shieldings in some cyclophosphazenes

Nitrogen shielding

14
N resonance

referred to half-height
Structure Solvent neat nitromethane width (Hz) Notes
R
B
o
R ZP\N - PR,
R =NMe, none +333+5 (unresolved) 410 (a)
OMe Et,O +325+5 440 (a)
F none +301+5 165 (a)
NCS Et,O +260+5 (NCS?) 750 (a)
Cl none +254+5 224 (a)
+258-8 (b)
Br CHCl, +245+5 400 (a)
R,
N=
/ AN
R,P N
I ]
PR,
P=N
R,
R=0Me Et,0 +304+5 570 (a)
F none (50 °C) +305+5 285 (a)
Cl none +248-0 (b)
Et,O +263+5 495 (a)
CDCl, +258-8 (©
Cl
N= pz\N
A\
CLP PCl,
II | none +253-3 (b)
N N
V4
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Nitrogen shielding
referred to

'“N resonance
half-height

Structure Solvent neat nitromethane width (Hz) Notes
R! R!
\P/
NS
i
2 —R2
R /P\ ~ P\ R
RZ N RZ
R'=SEt; R*=Cl CDCl, +255-9 (N between Cl) (c)
+270-9 (other two N) (c)
R'=R?=SEt CDCly +284-2 (©)
+270-0 (other two N) (c)
R'=Cl; R*=SPh CDCl; +283-8 (N between SPh) (c)
+268:3 (other two N) (c)
R'=R?>=SPh CDCl, +285-0 (©)
MR
Rz N=P/
-7 N\
P N R2
N\ /P\
2
_p=N" R
RY |
Rl
R'=SEt; R?=Cl CDCl, +259-8 (¢)

(a) Data from ref. 143; low-precision 14N continuous-wave measurements; wide-line spectrometer;
3 MHz; referred originally to NH," in saturated aqueous NH,NO;, +359-6 ppm from neat nitromethane

(Table 6).

(b) Data from ref. 324; '>N-labelled compounds; '°N spectra; 9-12 MHz; field perpendicular to
sample tube; referred originally to neat nitromethane; uncorrected for bulk susceptibility effects.
(c) Data from ref. 326; details as in note (b).
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TABLE 128

Nitrogen shieldings in some imines and immonium cations

Parent imine
(geometric isomer
designation in

Nitrogen shielding
referred to
neat nitromethane

parentheses, if imine immonium
data available) Solution =NR =NH*'R Notes
(E)-EtC(Me)=NMe neat liquid +76-0 (a)
(E)-PriC(Me)=NMe neat liquid +67-4 (a)
(E)-PhCH=CHCH=NMe 50% in CHCl, +51-8 (a)
(E)-PhCH=NMe neat liquid +59-1 (a)
36 mol % in CHCl, +62-1 (b)
PhCH=NEt 36 mol % in CHCl, +46-8 (b)
PhCH=NPr" 36 mol % in CHCl, +49-1 (b)
Pr'CH=NPI" neat liquid +54:3 (a)
PhCH=NBU' 36 mol % in CHCl; +49.2 (b) (c)
10 mol % in CF;CH,OH  +77-2 (c)
9 mol % in CF;COOH +198-3 (doublet) (c)
PhCH=NCH,CMe;, 36 mol % in CHCl; +49-3 (b)
(E)-MeCH=NPr' neat liquid +34-5 (a)
(E)-Pr"CH=NPr' neat liquid +34-2 (a)
(E)-Pr'CH=NPr' neat liquid +36-8 (a)
(E)-MeCH=CHCH=NPr' neat liquid +31:7 (a)
PhCH=NPr' 36 mol % in CHCl, +34-7 (b) (c)
10 mol % in CF;CH,OH  +61-8 (c)
9 mol % in CF;COOH +183-0 (c)
Qo)
R=0Me 20 mol % in CHCl, +44.7 (b) (c) (d)
20 mol % in MeOH +57-0 (b)
10 mol % in CF;CH,OH  +72-§ {(c)
9 mol % in CF3COOH +195-5 (c)
+193.9 )
Me 20 mol % in CHCl, +40-1 (b) (d)
20 mol % in MeOH +51-2 (b)
9 mol % in CF;COOH +187-6 (doublet) (d)
H 20 mol % in CHCl, +36-4 (b) (d)
20 mol % in MeOH +47-2 (b)
9 mol % in CF;COOH +183:6 (doublet) (d)
Cl 20 mol % in CHCl, +34:3 (b) (d)
20 mol % in MeOH +42-8 (b)
9 mol % in CF;COOH +181-9 (doublet) (d)
NO, 20 mol % in CHCl; +20-9 (b) (c) (d)
20 mol % in MeOH +27-9 (b)
10 mol % in CF3CH,OH  +44.-7 (c)

9 mol % in CF;COOH

+160-2 (doublet)
+170-3

(d)
(c)
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Parent imine
(geometric isomer
designation in

Nitrogen shielding
referred to
neat nitromethane

parentheses, if imine immonium
data available) Solution =NR =NH"R Notes
PhCH=NBu' 36 mol % in CHCl, +26-8 (b)
PhCH=NC(Et)Me, 36 mol % in CHCl, +28-0 (b)
(E)-EtC(Me)=NCH,Ph neat liquid +69-2 (a)
14-6 mol % in cyclohexane +70-2 (d)
13:5 mol % in CHCl, +83-9 (d)
10-0 mol % in EtOH +92-2 (d)
(E)-EtC(Me)=NPh neat liquid +55-1 (a)
(E)-Pr'CH=NPh neat liquid +57-3 (a)
(E)-PhCH=CHCH=NPh 50 % in CHCl; +49-6 (a)
20 mol % in CHCl, +65-1 (c)
<:>:Nph 10 mol % in CF;CH,OH  +87-5 (c)
9 mol % in CF;COOH +184-1 (doublet) ()
20 mol % in CHCl,4 +66-7 (c)
E>:NPh 10 mol % in CF;CH,OH  +88:5 (c)
9 mol % in CF;COOH +187-0 (doublet) (c)
R@CH=NPh
R =NMe, 20 mol % in CHCl, +72-9 (b)
OMe 20 mol % in CHCl, +62-6 (b) (¢}
20 mol % in DMSO +61-8 (b)
20 mol % in MeOH +71-8 (b)
10 mol % in CF;COOH +83-1 (c)
9 mol % in CF;COOH +205-9 (doublet) (c)
Me 20 mol % in CHCl, +58-1 (b) (c)
20 mol % in DMSO +56-8 (b)
10 mol % in CF3CH,OH  +79-0 (c)
9 mol % in CF;COOH +198-2 (doublet) (c)
H 50 % in CHCl; +54-4 (a)
23-7 mol % in CHCl, +54-1 (b) (c) (d)
24-4 mol % in cyclohexane +50-3 (d)
10-7 mol % in benzene +51-3 (
20 mol % in DMSO +53-7 (b)
10-8 mol % in MeOH +59-7 (b) (d)
10 mol % in CFsCH,OH  +74-0 (c)

9 mol % in CF;COOH

+193-6 (doublet)

(c)
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TABLE 128 —cont.

Parent imine
(geometric isomer
designation in

Nitrogen shielding
referred to
neat nitromethane

parentheses, if imine immonium
data available) Solution =NR =NH'R Notes
F 20 mol % in CHCl, +55-5 (b)
20 mo! % in DMSO +55-0 (b)
Cl 20 mol % in CHCl, +52-8 (b)
20 mol % in DMSO +52-2 (b)
20 mol % in MeOH +58-1 (b)
NO, 20 mol % in CHCl; +41-3 (b) (c)
20 mol % in DMSO +42-8 (b)
10 mol % in CF3CH,OH  +51-0(+55°C) (c)
9 mo! % in CF;COOH +181-7 (doublet) (c)
PhCH=N@R
R=0Me 20 mol % in CHCl, +57-6 (b) (c)
20 mol % in DMSO +56-1 (b)
10 mol % in CF3CH,OH  +77-2 (c)
9 mol % in CF;COOH +198:2 (doublet) (c)
Me 20 mol % in CHCl, +56-2 (b}
20 mol % in DMSO +54-2 (b)
H see data above
Cl 20 mol % in CHCl, +58-2 (b)
20 mol % in DMSO +57-7 (b)
NO, 20 mol % in CHCl, +57-9 (b) (c)
9 mol % in CF,COOH +199.8 (c)
Ph,C=NPh 20 mol % in CHCl, +52:3 (c)
9 mol % in CF;COOH +198:2 (c)
PhC(Me)=NPh 20 mol % in CHCl, +50-7 (c)
10 mol % in CF;CH,OH  +70:5 (c)
9 mol % in CF;COOH +189-9 (doublet) (c)
(CH,=N"Me,) CFCOO~  in CHCI,CHCl, +158:7 (e)
MeCH=NN=CHMe neat liquid +22+3 )
ocC CcO
AN
OC=Mo €O in CDCl; +76:5 @)
PhN\\ //NPh in benzene +78-5 (g)
CH—CH
Me,NCH=NPh neat liquid +149-5 (a)
Me,C=CHC(NMe,)=NPh neat liquid +139-3 (a)
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TABLE 128 —cont.

Parent imine Nitrogen shielding
(geometric isomer referred to
designations in neat nitromethane
parentheses, if imine immonium
data available) Solution =NR =NH'R Notes
(Me;N),C=NPh neat liquid +175-4 (a)
PhNH NPh

i1 0-3 M in CDBr; (26 °C) +188-1 (=NPh & NHPh) (h)
PhN NHPh
FSO,N=SMe, in acetone +293+3 (i)
FSO,N=SOF-NEt, in Et,0 +272+3 (1)
FSO,N=SOF, neat liquid +252+3 (i)
F,S=NC¢F; neat liquid +252+3 (i)
F2S=NCl neat liquid +233+3 (i)
F,S=NC(=0)F neat liquid +229+3 (i)

(a) Data from ref. 171; '*N natural abundance spectra; 9-117 MHz; fieid perpendicular to sample
tube; referred originally to aqueous NaNOj3, +3-7 ppm from neat nitromethane (Table 6); conversion
scheme II (Table 4); samples contained 0-1 M Cr(acac)s.

(b) Data from ref. 172; >N natural abundance spectra; 18:-25 MHz; field paralle} to sample tube;
referred originally to 1 M DNO;, +6-2 ppm from neat nitromethane (Table 6); conversion scheme IV
(Table 4).

(c) Data from refs 300 and 325; see note (b).

(d) Data from ref. 26; see note (b).

(e) Data from ref 40; '*N natural abundance spectra; 6-08 MHz; field perpendicular to sample tube;
referred originally to 0-5 M HNOj, +3-7 ppm from neat nitromethane (Table 6); conversion scheme 11
(Table 4).

(f) Data from ref. 39; '*N continuous-wave measurements; wide-line spectrometer; 3 MHz; referred
originally to NH, " in aqueous NH,NO;, +359-6 ppm from neat nitromethane (Table 6); low-precision
data.

(g) Data from ref. 319; "5N-enriched compounds; 15N spectra; 30-4 MHz; field parallel to sample
tube; referred originally to dimethylformamide, +277-0 ppm from neat nitromethane (Table 6); conver-
sion scheme II (Table 4).

(h) Data from ref. 320; **N-labelled compound; °N spectrum; 10-09 MHz; field perpendicular to
sample tube; referred originally to aqueous NH,Cl, +352-9 ppm from neat nitromethane (Table 6);
conversion scheme II (Table 4).

(i) Data from ref. 206; see note (f).
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TABLE 129

Nitrogen shieldings in some oximes, their ethers, and protonated forms

Nitrogen
shielding
referred to

Isomer neat
Compound designation Solution nitromethane  Notes
R' OH
/
C=N
RZ/
R' R?
H H 20 mol % in H,O +2:2 (a)
H Me E 36 mol % in CHCl; +34-6 (a) (b)
1:1v/vin CHCl; +33.9 (c)
10 mol % in CF;CH,OH +42.3 (b)
9 mol % in CF;COOH +141:2 (b)
Me H V4 36 mol % in CHCl; +30-3 (a) (b)
10 mol % in CF;CH,0H +39-5 (b)
9 mol % in CF;,COOH +141-2 (b)
H Et E 36 mol % in CHCl; +34-4 (a)
Et H V4 36 mol % in CHCl; +32-8 (a)
H Pr" E 36 mol % in CHCl, +33-5 (a)
pPr" H V4 36 mol % in CHCl, +31-6 (a)
H pr E 1:1v/vin CHCl; +35-2 (c)
36 mol % in CHCIl, +36-3 (a)
25 mol % in benzene +354 (a)
25 mol % in MeOH +31:8 (a)
25 mol % in tetrahydrofuran +24-1 (a)
25 mol % in DMSO +22:9 (a)
Pr H VA 36 mol % in CHCl; +36-2 (a)
25 mol % in benzene +35-2 (a)
25 mol % in MeOH +33:6 (a)
25 mol % in tetrahydrofuran  +24-1 (a)
25 mol % in DMSO +22-1 (a)
H Bu' E 36 mol % in CHCl; +32-7 (a)
Bu' H z 36 mol % in CHCl; +322 (a)
H Bu® E 36 mol % in CHCl; +35-0 (a)
Bu® H V4 36 mol % in CHCl; +35-1 (a)
H EtC(Me)HCH, E 36 mol % in CHCl, +32-2 (a)
EtC(Me)HCH, H V4 36 mol % in CHCI, +32-2 (a)
H Et,CH E 36 mol % in CHCl, +34-2 (a)
Et,CH H VA 36 mol % in CHCl, +32-0 (a)
H cyclohexyl E 36 mol % in CHCl, +34-2 (a)
cyclohexyl H VA 36 mol % in CHCl, +34-5 (a)
Me Me 36 mol % in CHCl; +45.9 (a)
1:1v/vin CHCl, +44.2 (c)
in Et,0 +36+3 (d)
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Nitrogen
shielding
referred to
Isomer neat
Compound designation Solution nitromethane  Notes
Me Et E 36 mol % in CHCl, +44-5 (a)
1:1v/vin CHCl, +477 (c)
Et Me Z 36 mol % in CHCl, +45-1 (a)
Me pr' E 36 mol % in CHCl, +44-5 (a)
Pr' Me V4 36 mol % in CHCl, +49-6 (a)
Me Pr" E 36 moi % in CHCl, +42:2 (a)
Pr" Me Z 36 mol % in CHCl; +45-1 (a)
Me Bu' E 36 mol % in CHCl; +43-2 (a)
Et Et 36 mol % in CHCl, +46:3 (a)
Et pr' E 36 mol % in CHCl; +44-3 (a)
Pr' Et V4 36 mol % in CHCl, +46-5 (a)
Pr Pr 36 mol % in CHCl, +43.5 (a)
Me Bu' E 36 mol % in CHCl, +42.3 (a)
Bu' Me z 36 mol % in CHCl, +45-3 (a)
Me Me;CCH, E 36 mol % in CHCl, +37-6 (a)
H pMe,N-CgHy E 20 mol % in CHCl; +38-4 (e)
20 mol % in DMSO +23-1 (e)
H pMeO-CeH, E 20 mol % in CHCl, +30-9 (e)
20 mol % in DMSO +17:2 (e)
H pMe-CeH, E 36 mol % in CHCl, +29-3 (a) (e)
20 mol % in CHCl, +26-3 (b)
10 mol % in CFsCH,0H +35-5 (b)
20 mol % in DMSO +13-2 (e)
9 mol % in CF;COOH +159-8 (b)
H Ph E 1:1v/vin CHCl, +24-7 (c)
20 mol % in CHCl, +26-3 (a) (e)
20 mol % in DMSO +10-7 (e)
in acetone +13+20 (f)
H pF-CgH,4 E 20 mol % in CHCl,4 +26:7 (e)
20 mol % in DMSO +11-9 (e)
H pCl-C¢H, E 20 mol % in CHCl; +23.5 (a) (e)
20 mol % in DMSO +9-1 (e)
H pO,N-C¢Hy E 20 mol % in DMSO —1-4 (NOH) (e)
+12:7(NO;) (e)
Ph Ph 36 mol % in CHCl, +34-2 (a)
in Et,0 +33+17 f)
Me or cyclopropyl EorZ 36mol % in CHCI; +47-8 (a)
cyclopropyl or Me
<>:NOH 36 mol % in CHCl,4 +52-4 (a)
{:>:NOH 36 mol % in CHCl, +53-0 (a)
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TABLE 129 —cont.

Nitrogen
shielding
referred to
neat
Compound Solution nitromethane  Notes
25 mol % in CF;CH,OH +60-7 (a)
neat liquid (?) +54-8 (g)
36 mol % in CHCl, +52:6 (a)
25 mol % in CHCl, +52-3 (b)
NOH 25 mol % in MeOH +50-8 (a)
25 mol % in benzene +50-5 (a)
2-5 mol % in benzene +48-3 (a)
25 mol % in DMSO +38:3 (a)
9 mol % in CF,COOH +141:2 (b)
NOH 36 mol % in CHCl, +46-8 (a)
neat liquid (?) +32:2 g)
NOH 36 mol % in CHCl, +45-7 (a)
neat liquid (?) +29-0 (2)
77N\
(CH,), C=NOH neat liquid (?) +23:6 (g)
N/
Me /OH
O:N 36 mol % in CHCl; +55-2 (a)
Me
QN 36 mol % in CHCl, +50-6 (@)
\ iquid (? .
OH neat liquid (?) +54-6 ()
Me OH
O:N 36 mol % in CHCl, +52:3 (a)
Me
<:>=N\ 36 mol % in CHCl, +52:3 (a)
OH
/OH
@:N 36 mol % in CHCl; +59-6 (a)
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TABLE 129—cont.

Nitrogen
shielding
referred to
neat
Compound Solution nitromethane  Notes
@:N\ 36 mol % in CHCl, +57-6 (a)
OH
/OH
@:N 36 mol % in CHCl, +65-2 (a)
@:N\ 36 mol % in CHCI +70-1 (a)
OH m o 3
Me,C=NOMe in Et,O +8-1 (d)
MeC(=0)C(Me)=NOH in acetone -17-6 (h)
MeC(=0)C(Me)=NOMe in acetone -30-8 (h)

(a) Data from ref. 321; '*N natural abundance spectra; 18:25 MHz; field parallel to sample tube;
referred originally to 1 M DNO;, +6-2 ppm from neat nitromethane (Table 6); conversion scheme IV
(Table 4).

(b) Data from ref. 300; see note (a).

(c) Data from ref. 171; *SN natural abundance spectra; 9-12 MHz; field perpendicular to sample
tube; referred originally to aqueous NaNQO;, +3-7 ppm from neat nitromethane (Table 6); conversion
scheme II (Table 4); samples contained 0-1 M Cr(acac)s.

(d) Data from ref. 179; **N continuous-wave spectra; 4-33 MHz; field perpendicular to sample tube;
referred originally to neat nitromethane; uncorrected for bulk susceptibility effects.

(e) Data from ref. 172; see note (a).

(f) Data from ref. 39; low-precision '*N continuous-wave spectra (wide-line spectrometer); 3 MHz;
referred originally to NH," in aqueous NH,;NOs, +359-6 ppm from neat nitromethane (Table 6). .

(g) Data from ref. 322; 'N natural abundance spectra; 27-36 MHz; field parallel to sample tube;
referred originally to saturated aqueous NH,Cl, +352-9 ppm from neat nitromethane (Table 6);
conversion scheme II (Table 4).

(h) As in note (d), but '*N natural abundance spectra; 18:25 MHz; field parallel to sample tube.
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TABLE 130

Nitrogen shieldings in some nitrones

Nitrogen shielding

Compound referred to neat

(satd. solution in acetone) nitromethane Notes
PhCH=N(O)Me +104x1 (a)
PhCH=N(O)Bu' +72+1 (a)
PhCH=N(O)Ph +95+1 (a)
PhC(Me)=N(O)Me +109+1 (a)
Ph,C=N(O)Ph +111+1 (b)
PhCH=N(O)CH,Ph +95+1 (b)

(a) Data from ref. 1, p. 201, and references therein.

(b) Data from ref. 179; '“N continuous-wave spectra; 4-33 MHz;
field perpendicular to sample tube; referred originally to neat
nitromethane; uncorrected for bulk susceptibility effects.

TABLE 131

Nitrogen shieldings in sulphinylamines, thionitrites, sulphodiimides, and related structures

Nitrogen shielding
referred to

Compound Solution neat nitromethane Notes
MeN=S=0 0-25 M in Et,0 +54-8 (a)
(sulphinylamine structure)
EtIN=S=0 1-9 M in Et,O +37-4 (a)
Pr"N=S=0 neat liquid +39:6 (a)
1:9 M in Et,0 +41-3 (a)
Bu"N=8=0 neat liquid +39:0 (a)
19 M in Et,0 +41-3 (a)
BuN=$=0 neat liquid +41-7 (a)
1-5 M in acetone +42-0 (a)
PrN=S§=0 neat liquid +252 (a)
1:9Min Et,0 +26:6 (a)
Bu'N=S8=0 neat liquid +28:6 (a)

1-8 M in Et,O +29-2 (a)
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Nitrogen shielding
referred to

Compound Solution neat nitromethane Notes
<:>N=S:O neat liquid +28-8 (b)
Bu'N=8=0 neat liquid +26-0 (a)
2:0mMin Et,0 +28+2 (c)
+27-4 (a)
PhN=S=0 neat liquid +62-1 (a)
+63-8 (b)
+66+3 (c)
1-7M in Et,0 +63:3 (a)
2:0 M in acetone +63-2 (a)
pMeO-CcHy'N=S=0 neat liquid +64-6 (b)
3 M in DMSO +65-0 (b)
pO;N-CgHyN=S=0 3 M in DMSO +70-9 (NSO) (b)
+10-9 (NO,) (b)
pMe-CgHy-N=S=0 2:0M in Et,0 +62-5 (a)
mMe-C¢HyN=S=0 2:0mMin Et,0 +63-0 (a)
oMe-C¢Hy'N=S=0 2:0Min Et,0 +66-7 (a)
2,5-Bu';-C¢H3'N=8=0 2:0Min Et,0 +79-0 (a)
Me;SIN=S=0 neat liquid +51+3 (c)
Me;NSN=S=0 neat liquid +38+5 (NSO) (c)
+342+5 (MeyN) (c)
Pr";NSN=S=0 neat liquid +57+ 10 (NSO) (c)
+330+10 (Pr";N) (c)
PhSN=S=0 neat liquid +64+4 (c)
S(N=8=0), neat liquid (100 °C) +78+3 (c)
FSO,N=$=0 neat liquid +86+3 (c)
EtSN=0 neat liquid —405+1 (c)

(thionitrite structure)

CF3SN=0 neat liquid (—80 °C) -335+1 (c)
PhN=S8=NPh in Et,O +83+3 (d)
(sulphodiimide structure) 2Min DMSO +119-9 (e)

(a) Data from ref. 118; '*N continuous-wave spectra; high-precision differential saturation
technique with full lineshape fitting; 4-33 MHz; concentric spherical sample containers in
order to eliminate bulk susceptibility effects; referred to neat nitromethane.

(b) Data from ref. 259; '°N natural abundance spectra; 18-25 MHz; field parallel to sample
tube; referred originally to 1 M DNOj3, +6-2 ppm from neat nitromethane (Table 6); conver-
sion scheme IV (Table 4); the apparent discrepancy for PANSO with the precise 14N data

[note (a)] comes most probably from bulk susceptibility effects in the 15N spectrum.

(c) Data from ref. 323; low-precision N continuous-wave measurements; wide-line
spectrometer; 3 MHz; referred originally to NH, " in saturated aqueous NH,NO;, +359-6 ppm
from neat nitromethane (Table 6).

(d) Data from ref. 204; see note (c).

(e} Data from ref. 278; see note (b).
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TABLE 132

Nitrogen shieldings in some nitramines, nitrourethanes, and their isomeric structures

Nitrogen shielding
referred to neat nitromethane

R;N, RN= NO,;, =N(O)OR
Compound Solvent groups groups
MeNH-NO, none +222-6 +24:6
Me,;N-NO, none +218-0 +25.7
MeOC(=0O)NH-NO, none +189-5 +45-3
MeOC(=0)NMe-NO, none +184-0 +41-0
EtOC(=0O)NMe-NO, none +184-7 +41-3
Me;SiN(Me)-NO, none, —30°C +202-1 +20-1
EtOC(=0)N(NO,)SiMe;* none +171-1 +38-9
MeN(NO,), none +102-1 +41-2
EtO
AN

C=N-NO, none +118:3 +20-7

Me,Si
(MeNNO,) NH," H,0 +120-0 +27-3
(MeOOCNNO,) NH,* H,O +136-9 +9:6
MeN=N(O)OMet none +110-5 +66-8
+103-1 +52-8
MeN=N(O)OSiMe;* none +93-8 +55-5
MeOC(=0)N=N(O)OMe none +107:3 +46-6
EtOC(=0)N=N(0)OPr' none +101-4 +50-4

Data from ref. 263; '*N-labelled compounds; '°N spectra; 9-12 MHz; field perpendicular
to sample tube; referred originally to aqueous NaNO,, +3-7 ppm from neat nitromethane;
conversion scheme II (Table 4).

* Mixture of isomeric species.

t Separate spectra of E and Z isomers were observed.



385

TABLE 133

Nitrogen shieldings in nitro compounds, nitrates, and related structures

Nitrogen shielding
referred to

Compound Solution neat nitromethane Notes
MeNO, 0-30 M in DMSO -2-:01+0-12 (a)
(nitromethane) 0-30 M in H,0O —1-98+0-12 (a)
0-:30 M in D,O -194+0-13 (a)
0-30Min 11:7 M HCI —-1-95+0-14 (a)
0-30 M in Me;NCHO —-0-69+0-13 (a)
neat liquid (18-42 m) 0-0000 (a)
0-30 M in MeCN +0-20+0-13 (a)
0-30 M in acetone +0:-77+0-10 (a)
0-30 M in dioxan +1-82+0-13 (a)
0-30 M in MeOH +2:01+0-13 (a)
0-30 M in EtOH +2:70+0-12 (a)
0-30 M in CH,Cl, +3-21+0:13 (a)
0-30 M in CH;Br; +3:41+0-12 (a)
0-30 M in CHCl, +3-79+0-13 (a)
0-30 M in Et,0 +3-91+0-13 (a)
0-30 M in benzene +4-38+0-11 (a)
0-30M in CCl, +7-10+0-11 (a)
EtNO, 0-30 M in DMSO -11-37x+0-16 (b)
neat liquid -10-25+0-10 (b)
0-30 M in acetone -9-37+0-11 (b)
0-:30 M in CCl4 —-4.09+0-12 (b)
Pr"NO, 0-30 M in DMSO —-10-09+0-21 (b)
0-30 M in acetone -8:31+0-14 (b)
neat liquid -7-73+0:10 (b)
0-30 M in CCl, -3.77+0-16 (b)
Bu"NO, 0-30 M in acetone -7-91+0-16 (b)
neat liquid -7-90+0-11 (b)
0-30 M in CCl, -3.87+0-16 (b)
Me(CH,)4NO, neat liquid -7-56+0-11 (b)
0-30 M in acetone -7-36+0-18 (b)
0-30 M in CCl, -3.89+0-17 (b)
Me(CH,)sNO, neat liquid -6:44+0-12 (b)
0-30 M in CCl, -3.97+0-19 (b)
Pr'NO, neat liquid -19:45+0-10 (b)
0:30 M in acetone —-19:40+0-15 (b)
0-30 M in CCl, -14-73+£0-14 (b)

0-30 M in acetone ~18:36+0-22 (b)
QNOZ neat liquid -16:27+0-11 (b)
0:30 M in CCl, -13-63+0-25 (b)
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TABLE 133 —cont.

Nitrogen shielding
referred to

Compound Solution neat nitromethane Notes
Bu'NO, 0-30 M in DMSO —28:20+0-17 (b)
0-30 M in acetone —-25-95+0-11 (b)
neat liquid —-25-51+0-11 (b)
0-30m in CCl, -21:57+0-12 (b)
C(NO,),4 neat liquid (8:31 M) +46-59+0-09 (a)
(tetranitromethane)
PhNO, 0-7 M in CHCl; (9 mol %) +9-55+0-07 (c)
(nitrobenzene) neat liquid +9:56+0-12 (a)
0-30 M in CCl, +12-18+0-18 (a)
Substituted nitrobenzenes
3-NO, 6 mol % in CHCl, +15:6 (d)
3-CN 6 mol % in CHCl, +15-1 (NO,) (d)
3-Br 6 mol % in CHCl; +13-0 (d)
3-1 6 mol % in CHCI, +12-9 (d)
3-Cl 6 mol % in CHCl, +12-9 (d)
3-NH, 6 mol % in CHCl, +8:4 (NO,) (d)
4-N=S=0 3 ™M in DMSO +10-9 (NO,) (e)
4-CH=NOH 20 mol % in DMSO +12:7 (NO,) )
4-CH=NNHPh 20 mol % in DMSO +11-3 (NO,) f)
4-CH=NPh 20 mol % in DMSO +13:2 (NO,) )
4-N=CHPh 20 mol % in DMSO +10-6 (NO,) 6
R NO,
R=NO; in CHCl, +8:6 (d)
CN in CHCl, +8-9 (NO,) (d)
I in CHCl, +5-4 (d)
Cl in CHCl; +1-9 (d)
H in CHCl, +56 (d)
NH, in CHCl, -3-1 (NOy) (d)
NO,
| = 1 M in DMSO +17-1 (NOy) ®
P 1M in CF;CH,0OH +20-2 (NO,) (g)
111 1M in CF;COOH +24-2 (NO,) (g)
(0]
NO,
XyMe .
| 1M in DMSO +13:8 (NO,) (g)
= 1 M in CF;CH,OH +16:6 (NO,) (g
1M in CF;COOH +20-1 (NO,) (g)
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TABLE 133 —cont.

Nitrogen shielding
referred to neat
Compound Solution nitromethane Notes

MeOOCCH(NH;")CH,CH,CH,C(NH;)=NNO,

in H,0 +12-1 (NO,) (h)

HNO; 100 %, liquid +42.5+0-5 [§)]

15:71 M in H,O (70:0 % w/w)  +31:31+0-08 (a)

10-00 M in H,0O +18:23+0-13 (a)

7:00 M in H,O +12-59+0-12 (a)

1:00 M in H,O +4-43+0-11 (a)

MeONO, neat liquid +40+2 (i)

EtONO, neat liquid +40+2 i)

MeC(=0)ONO, neat liquid +68+1 J)

O,N-O-NO, neat liquid +66+2 (i)
nitramines, R;N-NO, see Table 132

NO;~ K*, 0-:30 M in H,O +3-55+0-12 (a)

Na™, 0-30 M in H,O +3-53+0-12 (a)

Na*, 7-93 M in H,O (satd.) +3:70+0-12 (a)

NH,", 12-:30 M in H,O (satd.) +3.98+0-12 (a)

NH,", SMin 2 M HNO; +4-64+0-12 (a)

NH,", 8Min 2 M HCI +4:93+0-11 (a)

NH,*, SMin 2 M HC! +5-23+0-11 (a)

NH,*, 4 M in 2 M HNO; +5:55+0-11 (a)

NH,*, 4-5Min 3 M HCI +6:30+0-10 (a)

(a) Data from ref. 80; '“N continuous-wave measurements; 4-33 MHz; 30 °C; high-precision differen-
tial saturation technique with full lineshape fitting; concentric spherical sample/standard containers in
order to eliminate bulk susceptibility effects; referred to neat nitromethane.

(b) Data from ref. 121; details as in note (a).

(c) Data from ref. 179; details as in note (a).

(d) Data from ref. 83; >N natural abundance spectra; 18-25 MHz; Cr(acac); added to samples;
referred to internal nitrobenzene (9 mol % ); solutions in CHCl,; recalculated using a value of +9-55 ppm
from neat nitromethane for 9 mol % nitrobenzene in CHCl; (this table).

(e) Data from ref. 259; '*N natural abundance spectra; 18:25 MHz; field parallel to sample tube;
referred originally to 1 M DNO;, +6-2 ppm from neat nitromethane (Table 6); conversion scheme IV
(Table 4).

(f) Data from ref. 172; details as in note (e).

(g) Data from ref. 299; details as in note (e).

(h) Data from ref. 188; ‘>N natural abundance spectra; 9-12 MHz; field perpendicular to sample
tube; referred originally to 1 M NaNQO;, +3:7 ppm from neat nitromethane (Table 6); conversion
scheme II (Table 4).

(i) Data quoted from ref. 1, p. 207, and references therein.

(j) Data from ref. 327; '*N PFT measurements; 4-33 MHz; field perpendicular to sample tube;
referred to neat nitromethane; uncorrected for bulk susceptibility effects.
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TABLE 134

Nitrogen shieldings in some diazo compounds

Nitrogen shielding
referred to neat

nitromethane

Compound Solvent =N'= =N~ Notes

PhCH=N"=N" Et,0 +83-0 -563 (a)

Ph,C=N*"=N" CDCl, +77-6 -58-5 (b)
cyclohexane +76-9 -59.3 (a)
Pr'OH +76-2 -60-0 (a)
DMSO +75-4 -59-9 (a)

Q&:N n-pentane +112-4 -2:6 (a)

+ -
i
O n-pentane +102:0 -36-1 (a)
’ ]t]:ﬁ benzene +95-2 -60-2 (a)

O CDCl; +87-0 —67:0 (c)

PhC(=O)CH=N*=N" CDCl, +112-1 +6'5 (b)

PhC(=0)C(Ph)=N"=N" Et,0/tetrahydrofuran +98-9 -25-8 (a)
CDCl, +101.9 -19-6 (a)

"0
CDCl; +104-0 -30-0 (©)
+
N% _

o:@:ﬁ:ﬂ EtOH/H,0 +1233 +15-8 (@

EtOC(=0)CH=N"=N"CDCl; (20°C) +112-6 -3-6 (b) (d)
CDCl; (—50°C) {+113-7 —0‘6} )
(E,Z-isomers) +113:3 -8:0

(EtOOC),C=N"=N" CDCl, +124-4 51 (b)
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TABLE 134 —cont.

Nitrogen shielding
referred to neat
nitromethane

Compound Solvent =N*"= =N~ Notes
CN
NC . +103-9 (CN)
NC@:N_N DMSO #1533 +478 1100 0 @
CN
NC : .
E N=N DMSO +1522  +65.6 T1142(CN) )
NC =N 889 (ring)

(a) Data from ref. 162; >N natural abundance spectra and those of selectively labelled compounds;
18-25 MHz; field parallel to sample tube; referred originally to 1 M DNO;, +6-2 ppm from neat
nitromethane (Table 6); conversion scheme IV (Table 4).

(b) Data from ref. 29; '*N singly labelled compounds; *N spectra; 9-12 MHz; field perpendicular
to sample tube; referred originally to urea but reported relative to Me,N™; however, comparison with
data from ref. 67 [note (d)] shows a gross error in the calibration since the shielding for the original
reference point becomes +283-6 ppm from neat nitromethane (this value is used here for conversion),
far from that for the standard reported (Table 6); 1-2 M solutions.

(c) Data from ref. 328; >N natural abundance spectra; 9-12 MHz; field perpendicular to sample
tube; referred to unspecified “NH, """, assumed here to be that in saturated aqueous NH,Cl, +352-9 ppm
from neat nitromethane (Table 6); conversion scheme II (Table 4).

(d) Data from ref. 67, singly and doubly *N-labelled compounds; N spectra; 10-1 MHz; field
parallel to sample tube; referred originally to “NH,4CI” signal at 355-3 ppm from neat nitromethane
(Table 6; this corresponds to 2-9 M NH4Cl in 1 M HCI, uncorrected); conversion scheme IV (Table 4).

TABLE 135

Nitrogen shieldings in some diazonium salts

Nitrogen shielding referred
Diazonium cation to neat nitromethane
(solution in CHCl;/18-crown-6) Counterion -N*= =N

pR‘C6H4‘N*—=‘N

R=0" none +123-3 +15-8
OH ClI” +153-0 +57-0
OMe BF,” +154:7 +59-4
Me BF,~ +155:6 +63-1
H BF,” +156-4 +63-4
NO, BF,” +158:6 +63-2

Data from ref. 162; SN selectively labelled and unlabelled salts; 5N spectra; 18-25 MHz;
field parallel to sample tube; referred originally to 1M DNO;, +6-2ppm from neat
nitromethane (Table 6); conversion scheme IV (Table 4).



390

TABLE 136

Nitrogen shieldings in some azo compounds, azoxy compounds, azimines, and related structures

Nitrogen shielding
referred to

Compound Solution neat nitromethane Notes
trans-Ph-N=N-Ph 9-4 mol % in cyclohexane —128:5 (a)
7-4 mol % in CHCl, -127-8 (a)
6-3 mol % in Pr'OH -127-8 (a)
3-3mol % in
H,S0,/H,;0/EtOH +22:6 (a)
(3:2:3mol ratio)
trans -Ph-N=N-CPh, in benzene -141 (NPh) (b)
-165 (NCPh3) (b)
trans-Ph~-N=N-C(CN)Me, in benzene -131 (NPh) (b)
-133 (NCMe,) (b)
+122 (CN) (b)
cis-Ph-N=N-C(CN)Me, in benzene —150  (NPh) (b)
-140  (NCMe,) (b)
+112 (CN) (b)
trans-Ph-N=N-C(Ph)Me, in benzene -128 (NPh) (b)
-164 (NCMe,) (b)
cis-Ph-N=N-C(Ph)Me, in benzene -157 (NPh) (b)
-190 (NCMe,) (b)

]5N=N
NC(Ph)Me,

C(Ph)Me,
15 /
SN=N

5

in cyclopropane
(—90°C)
(—40°C)

in cyclopropane
(—90°C)
(—-40°C)

in CDCl; (-20°C)

in CDCl; (-20°C)

-164  (**N)
-172 (*N)

-150  (*N)
-154  (*N)

+36-0 (NO)
+19-8 (N)

+54-1 (NO)
+46-7 (N)

(c) (i)
(c) (i)

() ()
(c) (i)

(d)
(d)

(d)
(d)
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Nitrogen shielding
referred to

Compound Solution neat nitromethane Notes
.
(N:N in MeOCH,CH,OMe +7343 (e)
“ )
Ph\ /Ph
N=I¢J X in CDCl; (-20°C) +637 (N-2) (d
(3) (2N _ . .
N_Nijij +59:6  (N-3) (d)
(n
O
(azimine structure)
Ph
; O,
N=rtl/
/ \-
Ph N—N in CDCl; (-20°C) +64-7 (N-2) (d)
+60-5 (N-3) (d)
O
(azimine structure)
N:Nﬁph, in CH,Cl,/CHCl, 441 (*N) ()
Me,;NN=NNMe, neat liquid -25+3 (N=N) (g) (h)
(Me;Si),NN=NN(SiMe;), neat liquid -41+3 (N=N) (g) (h)
< NN=NN > neat liquid —-37+5 (N=N) (h)
Me;SiON=NOSiMe; neat liquid —68+5 (h)
MeN=NSiMe; neat liquid —271+5 (NMe) (h)
—302+5 (NSi) (h)
Me;CN=NSiMe, neat liquid —282+3 (NCMej) (h)
—290+3 (NSi) (h)
Me;SiN=NSiMe; neat liquid —618+3 (h)
Me;CN=NGeMe; neat liquid -233+3 (h)
—252+3 (h)

Me;CN=NPMe, neat liquid —-192+3

(h)
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TABLE 136—cont.

Nitrogen shielding
referred to

Compound Solution neat nitromethane Notes
pMe-C¢Hy-N=NNMe, neat liquid —65:6 (central N)  (j)
(triazene structure) +20-7 (NPh) ()
+233-6 (NMe,) (§)]
other triazenes see ref. 1, p. 209
Me;N*-N=NO, " in H,O +118+2 (central N)  (e)
+17+2 (NO,) (e)
_N
H,C_ |l in Et,O +47:5 (k)
N

(a) Data from ref. 26; '°N natural abundance spectra; 18-25 MHz; field parallel to sample tube;
referred originally to 1 M DNOj;, +6:2 ppm from neat nitromethane (Table 6); conversion scheme IV
(Table 4).

(b) Data from ref. 114; '*N-labelled compounds; SN spectra; 10-1 MHz; CIDNP experiments (Table
9); referred to NO; ', ~4 ppm from neat nitromethane (Tabie 6).

(¢) Data from ref. 86; 5N singly labelled compounds; see note (b).

(d) Data from ref. 329; '°N doubly labelled compounds; SN spectra; 10-1 MHz; field perpendicular
to sample tube; referred originally to neat nitromethane; uncorrected for bulk susceptibility effects.

(e) Data from ref. 39; '*N continuous-wave measurements; wide-line spectrometer; 3 MHz; referred
to NH," in saturated aqueous NH;NO3, +359-6 ppm from neat nitromethane (Table 6); low-precision
data.

(f) Data from ref. 162; see note (a).

(g) Data from ref. 137, 14N continuous-wave spectra; 7-22 MHz; field perpendicular to sample tube;
referred originally to saturated aqueous NaNQ3, +3-7 ppm from neat nitromethane (Table 6); conver-
sion scheme II (Table 4).

(h) Data from ref. 38; see note (g).

(i) Data from ref. 114; see note (g).

(j) Data from ref. 45; ">N natural abundance spectra; 9-12 MHz; field perpendicular to sample tube;
referred originally to aqueous NaNOs3, +3-7 ppm from neat nitromethane (Table 6); conversion scheme
II (Table 4); Cr(acac); added to the samples.

(k) Data from ref. 330; '°N natural abundance spectrum; 18-25 MHz; field parallel to sample tube;
referred originally to neat nitromethane containing some Cr(acac),; uncorrected for bulk susceptibility
effects.
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TABLE 137

Nitrogen shielding as a means of investigation of azo-hydrazone tautomerism

Nitrogen shielding
referred to

Temp. neat nitromethane
Compound Solution (K) N, Ng
Me /"i\ﬂN\Ph 10 % v/v 330 42057 +170
/] H in CDCl; 300 +205-2 +17-3
No =0’ 270 +205-4 +176
Il‘jh 240 +204:6 +17-9
(model hydrazone structure with
internal hydrogen bond)
Ph
\N:N 10 % v/v 360 -112-7 -126-4
= r in DMSO 330 —-111-5 -125-2
@ 300 -110-2 —124-2
OH
(model azo structure without
internal hydrogen bond)
PER=N 10 % v/v 330 -70-9 -128-1
H\ in CDCl; 300 —69-4 -126-9
o 270 —68-1 -125-3
But 240 -67-0 -123.7
(model azo structure with
internal hydrogen bond)
Ph 10 % v/v 330 +108-0 -32-7
N in CDCl, 310 +116:9 ~280
o 290 +126-2 -22-8
o 270 +137-4 -17-0
OO 250 +148-5 -10-6
230 +158-2 —4.7
(azo tautomer)
i calcd. calcd.
hydrazone hydrazone
gh content content
N7 s ™H 330 64:7% 65-7%
s 310 67-8% 68-7%
Z 290 71-2% 72:0%
“ 270 75-3% 75-8%
250 79-3% 80-0%
(hydrazone tautomer) 230 82:9% 83-9%

Data from ref. 331; '°N selectively labelled N-a and N-8 atoms; '*N spectra; 10-095 MHz; field
perpendicular to sample tube; referred originally to neat nitromethane; the content of hydrazone form
at a given temperature is calculated from the shieldings for N-a and N-B, respectively, in model
compounds with internal hydrogen bonds and in the tautomeric system investigated.
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TABLE 138

Nitrogen shieldings in some nitroso-amines and related structures

Nitrogen shielding referred

Solution to neat nitromethane
Compound Isomer or state R;N N=0 other Notes
Me;N-N=0 neat liquid +148-84 —155-43 (a)
(13-5M, 30°C) +0-08 +0-12
neat liquid +150-4 -152:6 (b)
(40°C)
in CFaCOOH +133-7 -115-5 (b)
(extrapolated
to inf. dil.)
Et;N-N=0 neat liquid +122.78 —160-67 (a)
(9:2M, 30°C) +0-12 +0-38
neat liquid +126-0 —-156-9 (b)
Pr",N-N=0O neat liquid +129-9 -158-8 (b)
Bu";N-N=0 neat liquid +129-9 -156-5 (b)
Pr';N-N=0 neat liquid +11009  -162-3 (b)
CN—N=O neat liquid +125-0 -152-0 (b)
< N-N=0O neat liquid +135-3 -150-9 (b)
GN—N:O neat liquid +142-7 -151-0 (b)
/N
(0] N-N=0O neat liquid +125:4 —155-5 (b)
_/
Ph,N-N=0O neat liquid +113-5 -172:2 (b)
MeN(Et)-N=0 Z,29% neat liquid +138-9 -152:6 (b)
E, 71%
MeN(Pr")-N=0 Z,21% neat liquid +140-8 -156-8 (b)
E, 79%
MeN(Bu')-N=0 E, 100% neat liquid +122-4 -158-1 (b)
MeN(Ph)-N=0 E, 100% neat liquid +145-9 -161-6 (b)
PhCH,N(Me)-N=0 Z,29% neat liquid +141-6 -152-8 (b)
E, 711% +139-5 -155.7 (b)
NCCH;N(Me)-N=0 Z,56% neat liquid +157-3 -157-0 +133:2 (b)
E, 44% +152-3 -161-3 +128:4 (b)
V4 2 ™M in CD;OH +156-2 -161-5 +131-1 (c)
E +151-1 -166-0 +126-1 (c)
EtN(Ph)-N=0 Z, 5% neat liquid ? ? b)
E, 95% +118-3 -163:2 (b)
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TABLE 138—cont.

Nitrogen shielding referred

Solution to neat nitromethane
Compound Isomer or state R,;N N=0O other Notes
PhCH,N(Et)-N=0 Z,50% neat liquid +129-2 -153-9 (b)
E, 50% +126:6 -156-2 (b)
HOCH,;CH,;N(Et)-N=0 Z, 50% neat liquid +128-3 -154-2 (b)
E, 50%
PrN(Bu')-N=0 E, 100% neat liquid +107-4 -173-2 (b)
PhCH,N(Pr')-N=0 Z,18% neat liquid +118-1 -163-1 (b)
E, 82% +120-2 -156-2 (b)
NCCH,N(Pr')-N=0 Z,93% neat liquid +134-8 -159-2 +133-2 (b)
E, 7% ? ? (b)
NCCH(Me)N(Pr')-N=0 Z, 80% neat liquid +126-5 -161-5 +132:7 (b)
E, 20% +119-7 -168-4 +126-5 (b)
Me
Z,33% neat liquid +126:6 -153-3 (b)
N-N=0 E 67%
Me,N*=N-OMe(SO;F ) in MeOSO,F +114.3 -92.9 (NOMe) (b)

(cation derived from Me,NNO under action of MeOSO,F)

(a) Data from ref. 80; '*N continuous-wave spectra; 4-33 MHz; high-precision differential saturation
technique with full lineshape fitting; concentric spherical sample/standard containers in order to
eliminate bulk susceptibility effects; referred to neat nitromethane.

(b) Data from ref. 45; SN natural abundance spectra; 9:-117 MHz; field perpendicular to sample
tube; referred originally to aqueous NaNO;, +3-7 ppm from neat nitromethane (Table 6); conversion
scheme II (Table 4); measurements carried out at elevated (40-80 °C) temperatures; Cr(acac); added
to samples.

(c) Data from ref. 264, 5N natural abundance spectra; 18-25 MHz; field parallel to sample tube;
referred originally to neat nitromethane; uncorrected for bulk susceptibility effects.
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TABLE 139

Protonation equilibria in dimethyl- N -nitrosoamine estimated by '*N shielding data

Me;N-N=0+H" 2 Me,N'=N-OH

Tobs. ~ Tamine =

Ucation_anmine(l _ 1 +4Kf(f_ 1))
2f K+1

Tint dit. ~ Tamine _ K

Ocation ~ Tamine K+1

Nitrogen shielding referred to neat nitromethane value calculated Equilibrium
neat Me;NNO infinite dilution value for cation constant K
(Tamine) (Fing.ait) (0 cation) for protonation
+150-4 (Me;N) +133~7} +124-4
-152-6 (NO) —115.5CF3COOH -97-0 2
+123-4
2 ~
? FSO;H ~99.0 10

Data from ref. 45; originally referred to aqueous NaNO; [see Table 138, note (b)]; shieldings
for the cation and values of K are obtained from concentration dependence of nitrogen
shieldings of Me,NNO, in CF;COOH and FSO;H respectively. Abbreviations used: f = mole
fraction of Me,NNO (total); K = equilibrium constant.
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TABLE 140

Nitrogen shieldings in some nitroso compounds and nitrites

Nitrogen shielding
referred to

Compound Solution neat nitromethane Notes
Bu'-N=0 neat liquid -578+3 (a)
PhC(=0)OCMe,CMe,-N=0 in Et,0 —568+3 (a)

C(=0)OCMe,CMe,NO

in Et,0 -563+3 (a)
C(=0)OCMe,CMe,NO
Ph-N=0 satd. in acetone —-529+4 (b)
satd. in Et,O —-536+3 (b)
pMeO-C¢Hy'N=0 3min Et,0 -428+10 (b)
F_F
F N=0O in Et,0 —507+3 (a)
FF
CF,CICFCI-N=0 neat liquid —428+3 (a)
EtO-N=0 neat liquid —-190+3 (a)
(ethyl nitrite)
NO,~ Na®, 0-30 M in H,O -227-60+0-33 (c)
(nitrite ion) Na*, 7-56 M in H,O (satd.) —228-89+0:25 (c)
R;N-N=O see Table 138

(a) Data from ref. 39; '*N continuous-wave measurements; 3 MHz; wide-line technique; referred
originally to NH," in saturated aqueous NH4NO3, +359-6 ppm from neat nitromethane (Table 6).

(b) Data from ref. 1, p. 208, and references therein.

(¢} Data from ref. 80; '*N continuous-wave spectra; 4-33 MHz; high-precision differential saturation
technique with full lineshape fitting; concentric spherical sample/standard containers in order to
eliminate bulk susceptibility effects; referred to neat nitromethane.
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TABLE 141
Nitrogen shieldings in some nitro and nitrito onium ions

Compound Nitrogen shielding referred
(solution in SO,, —60 °C) to neat nitromethane

NO* BF;” (PF¢7) +3-3

NO," BF, (FSO3") +131-5

Me,S*NO, BF,~ -257-8

Me,S"ONO BF,~ -616-8

Data from ref. 333; 15N-labelled compounds; 5N spectra; 8-059 MHz; field perpendicular
to sample tube; referred to 2 M NaNO;, +3-7 ppm from neat nitromethane (Table 6);
conversion scheme II (Table 4).

TABLE 142

Nitrogen shieldings in dinitrogen and its complexes

Nitrogen shielding

Solution or state referred to

Compound (THF = tetrahydrofuran) neat nitromethane Notes
N, in cyclopropane (—40°C)  +70-5 (a)
in benzene (—30°C) +70-5 (b)
gaseous +75-3 (c)
in toluene +71:7 (d)
trans-[Mo(N,),(Ph,PCH,CH,PPh,),] in THF +46-5 (a-N) (c)
+46-2 (B-N) (c)
trans-{W(N;),(Ph,PCH,CH,PPh,),] in THF +63-5 (a-N) (c)
+52:0 (B-N) (c)
cis-[Mo(N5),(PhPMe,)4] in THF +42:6 (a-N) (c)
+34-9 (8-N) (c)
cis-[W(N,),(PhPMe,),] in THF +61:2 (a-N) (c)
+35:9 (B-N) (c)
R R ~179 (central N)  (d)
N:N—%r—N:N—%r—N:N in toluene-dg :??}(terminal Ny (@

R R
(R = pentamethylcyclopentadienyl)

(a) Data from ref. 86; '*’N="*N molecules; '*N spectra; 10-1 MHz; field perpendicular to sample
tube; referred originally to NO3;~, ca. +4 ppm from neat nitromethane (Table 6); CIDNP emission
signal in experiments with diazenyl radicals.

(b) Data from ref. 86; 5N, molecules; details as in note (a).

(c) Data from ref. 380; '*N-enriched N,; "N spectra; 18-24 MHz; field parallel to sample tube;
referred originally to neat nitromethane; uncorrected for bulk susceptibility effects.

(d) Data from ref. 332; '’N-labelled N,; '°N spectra; 18-25 MHz; field paraliel to sample tube;
referred originally to 1 M DNO3, +6-2 ppm from neat nitromethane (Table 6); conversion scheme 1V
(Table 4).
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TABLE 143

Nitrogen shieldings in some diazenido ligands

Nitrogen shielding
referred to neat

Structure nitromethane
(M = metal) Solution M-N= =N-R
M-N=N

(singly bent structure)

MoBr(N=NEt)(Ph,PCH,CH,PPh,), in tetrahydrofuran +29:0 +146-8
WBr(N=NEt)(Ph,PCH,CH,PPh,), in tetrahydrofuran +28-2 +164-7
MoCI(N=NCOMe){(Ph,PCH,CH,PPh,), in tetrahydrofuran +35-4 +123.7
WCIH{N=NCOMe)(Ph,PCH,CH,PPh,), in tetrahydrofuran +32-2 +134:5
ReCl,(N=NCOPh)(pyridine)(PPh;), in toluene +55-9 +148:6
RuCl;(N=NPh)(PPh;), in CH,Cl, +46-8 non-labelled
M
AN
N=N
AN

(doubly bent structure)

RhCl,(N=N NO,)(PPh;), in CH,Cl, -327-1 non-labelled

Q

RhCl,(N=NPh)(PPh;), in CH,Cl, —298-4 non-labelled

RhCI,(NHN NO,)(PPh;), in CH,Cl, —200-1 non-labelled

Q

Data from ref. 334; '*N-labelled N=N moiety; 15N spectra; 18:25 MHz; field parallel to sample
tube; referred originally to neat nitromethane; uncorrected for bulk susceptibility effects.
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TABLE 144

Nitrogen shieldings in some complexes

Nitrogen shielding
referred to

Complex Solution neat nitromethane Notes

[Co(NH3)s(**NH3)]Cl, 0:3Min H,0 +423-4 (a)

[Co(H,'*NCH,CH,'*NH,);]Cl3 0-3 M in H,O +397-2 (a)

[Co(NH,;)sNO]Cl, in H,O +389+5 (NH,) (b)

[Co(NH3)sCI]Cl, in H,O +351+10 (b)

[Co(NH;)sNO3}(NO3), in H,O +382+10 (NH,) (b)

+4+5 (NOj) (b)

[Co(NH,3)sOH]Cl, in H,0 +337+10 (b)

[Ru(NH3)sN,]Cl, in H,O +396+10 (NH,) (b)

—24+£20 (N,) (b)
[Ru(NH3)sNOICl, in H,O +387+10 (NH,) (b)
+27+10 (NO) (b)

[Ru(NH,)sCO]Cl, in H,0 +410+10 (b)

K,(RuNOCly) in H,O +46+10 (b)

K,(RuNOBrs) in H,0 +41+£10 (b)

K»(RuNOIs) in H,O +65+10 (b)

[OsNO(NH;3)s]Cl5 in H,O +412+10 (NH,) (b)

+75+10 (NO) (b)

K,(OsNOCls) in H,0 +52+5 (b)

[OsNO(NH;),OH]Cl1 in H,O +385+5 (NH,) (b)

+62+5 (NO) (b)

K3[CoNO(CN);s] in H,O +99+25 (b)

K,{FeNO(CN)s] in H,O +56+10 (b)

(R)PtCl,[H, *N(CH,)sMe] in CDCl,

R =PBu";, trans +352:2 (c)
PPh;Me, trans +353:3 (c)
P(C¢H4 Mep)s, trans +353-1 (c)
AsBu",, trans +357-7 (<)
AsPh,Me, trans +359.7 (c)
As(CgH4'Mep)s, trans +359:2 (c)
'*NH,(CH,)sMe, trans +397-5 (c)
CH,=CH,, trans +356:6 (c)
CH,=CH,, cis +385-8 (c)

(R)PACI,[H,'*N(CH,)sMe] in CDCl,

R =PBu",, trans +357-6 (c)
PPh,;Me, trans +358:8 (c)
P(C¢H4Mep)s, trans +358-8 (c)
AsBu";, trans +360-7 (c)
AsPh,Me, trans +363:6 (c)
As(C¢HyMep)s, trans +362-1 (c)
YNH,(CH,)sMe, trans +386-1 ()

Rh(NH,CH,CH,;NH,);Cl; in H,O +391:4 (d)

Rh(MeNHCH,CH;NH,);Cl, in H,O {+344-1 (d)

+394-1

Rh(NH,CH,CH,CH;NH,),Cl; in H,0 +403-6 (d)
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Nitrogen shielding
referred to

Complex Solution neat nitromethane Notes
Rh 7\ 7\ Cl, in H,0 +173-5 (d)
=N N=— /3
Rh 7/ N N cl, in H,0 +178-8 )
—N N=— 3
trans-Rh[(NH,CH,CH,NH,),CL,]C!  in H,0 +388-2 (d
A
trans- Rh| || cLfcl in benzyl alcohol (50°C)  +168-6 (d)
P
N™ /4
hld in CDC13
X7 1Y
NO
(n°-C5sH;5)Cr(CO),(NO) -48-8 )
(n°-CsHs)Mo(CO),(NO) ~37-4 ©
(n°-CsHs)Mo(CO)(PPh;}(NO) -352 (e)
(n°-CsHs)W(CO),(NO) -16-3 (€)
(n°-CsHs5)Cr(NO)»(C)) ~184-4 (e)
(n*-CsHs5)Mo(NO),(Cl) -185-2 (e)
(n*-CsHs)W(NO),(Cl) -172-7 (e
[(n°-CsHs)Cr(NO), L, -121'5 (e)
NH HN
[ "Pb'*'2 (NO3), 0:9 M in DMSO +318:8 (equatorial) )
NH HN +325-5 (axial) )
+11-8 (NO3") (f)

(a) Data from ref. 335; *N-labelled compounds; SN spectra; 6-058 MHz; field perpendicular to
sample tube; referred originally to aqueous NaNO,, —228-9 ppm from neat nitromethane (Table 6);

conversion scheme II (Table 4).

(b) Data from ref. 336; 14N continuous-wave spectra; 4-33 MHz; low precision (broad resonances);
referred originally to NO;~ in saturated aqueous NH4NO,, +4-0 ppm from neat nitromethane

(Table 6).
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Footnotes to Table 144—cont.

(c) Data from ref. 337; '*N-labelled compounds; °N spectra; 9-12 MHz; field perpendicular to
sample tube; referred originally to aqueous NH,4Cl, +352:9 ppm from neat nitromethane (Table 6);
conversion scheme II (Table 4).

(d) Data from ref. 125; '*N natural abundance spectra; 10-99 MHz; field perpendicular to sample
tube; referred to what is reported as aqueous NH4Cl, +352-5 ppm from neat nitromethane (Table 6),
but the reported shift for pyridine in CHCIl; suggests that aqueous NH,NO; was used instead,
+359-6 ppm from neat nitromethane (Table 6); conversion scheme II (Table 4).

(¢) Data from ref. 338; '°*N natural abundance spectra; 18:25 MHz; field parallel to sample tube;
referred to what was reported as 0-1 M HNO;, probably 1 M DNO;, +6:2 ppm from neat nitromethane
(Table 6); conversion scheme IV (Table 4).

(f) Data from ref. 339; "N natural abundance spectra; 18-25 MHz; field parallel to sample tube;
referred originally to neat nitromethane; uncorrected for bulk susceptibility effects.

TABLE 145

Some “*N-'H couplings across one bond

Compound Solvent J(®°N-'H) (Hz)  Ref
ITJH; H,O
H 0-5 (—)91-2 (NH) 240
CH p
(GHa)s (-)74:6 (NHs") 240
-NH-CH-CO~|, pH 4.0 (-)92:8 (NH) 240
pH7-0 (—)87-9 (NH) 240
Me (0}
Ne” DMSO (-)90-1 (NHPh) 77
| (-)101-6 (NHCO) 77
N
H NHPh
Me O
N” DMSO (923 (NHPh) 77
Ill (-)97-6 (NHCO) 77
7N\
PhHN H
HN*(CH,CH,OH), CI” H,0 (—=)72-3 124
Bis(methyl-2-O-acetyl-4,6-O-
benzylidene-3-deoxy-a-D-
altropyranosid-3-yl)amine DMSO (—)86-7 341
@NHZ CCly (-)78:0 342
(aniline) CDCl; (-)78-0 342
acetone-dg (—)82-1 342
DMSO-ds (-)82:3 342
D,0O (—)82-6 83
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Compound Solvent 'J(®*N-'H)(Hz)  Ref.
Substituted anilines
4-Me CDCl, (—)76-5 342
4-NO, acetone-dg (—)89-9 342
DMSO (—)89-4 342
3-Cl D,0 (—)85-1 83
3-Br D,0O (-)85-3 83
3.1 D,O (—)84-4 83
3-NO, D,O (—)86-2 83
acetone-dg (-)78 (+34°C) 343
@NHMe (—)89 (—-80°C) 343
PhNH(PMe,) benzene (—)81-0 142
PhNH(PMe,0) DMSO-dg (—-)83-0 142
PhNH(PMe,S) dioxan (-)82:0 142
PhNH(PMe,Se) CH,Cl, (—-)83-0 142
PhNH(PMe,Te) benzene/CH,Cl, (-)79:5 142
PhNH(P*Mes) 1~ CH,Cl, (—)83:3 142
PhNH(P*Me,SMe) 1~ CHCl, (—)84-5 142
PhNH(P*Me,SeMe) 1~ CH,Cl, (-)82-5 142
PhNH(PBu",) mesitylene (-)80-5 142
PhNH(PBu",0) mesitylene/CH,Cl, (—)80-5 142
PhNH(PBu",S) mesitylene/CHCl, (—)78-5 142
PhNH(PBu",Se) mesitylene/CHCIl, (—)78-5 142
PhNH(P*MeBu",) I~ DMSO-dg (—)77-0 142
PhNH(P'Bu",SeMe) 1~ DMSO-dg (—)81-0 142
PhNHP(NMe,), benzene (=)79-0 142
(PhNH),PNMe, benzene (—)79-5 142
PhNHP(MeNCH,CH,NMe) benzene (—-)78-5 142
PhNHP(S)(MeNCH,CH,NMe) benzene/CHCl; (—)83-0 142
PhNHP(Se)(MeNCH,CH,NMe) benzene (—)85-8 142
PhNHP" (Me)(MeNCH,CH,NMe) 1~ CH,Cl, (—)79-8 142
X NH,
X=NH, D,0 (=)79-5 83
H D,O (—)834 83
I D,0O (—)82-5 83
Br D,O (—)86-0 83
CN D,O (—)82-5 83
NO, D,0 (-)79-9 83
Chetomin (see Table 66) CDCl, (—)87-8 (6-NH) 201
<C:>>Nl—<lg+ Cl- DCl,q (=)76:0 342
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TABLE 145—cont.

Compound Solvent '7(**N-"H) (Hz) Ref.
O,N@NH§ Ccr- DCl,, (-)76-0 342
Nucleosides and nucleotides
(see Table 126)
adenosine DMSO-dq,
02m (—)92-3* (NH,) 344
guanosine DMSO-dg,
0-2mMm (—)100-6* (NH) 344
(—)91-0* (NH,) 344
adenine DMSO-dg,
0-05mM (-)88-7* (NH,) 344
0-10m (=)91:9* (NH,) 344
9-ethylguanine DMSO-dq,
0:05M (—)87-5* (NHy) 344
(—)92-6* (NH) 344
0-10mM (—)94-3* (NH,) 344
(-)94-7* (NH) 344
0:20mMm (—)97-9* (NH,) 344
(-)107-3* (NH) 344
1-methyithymine DMSO-dg,
0-10m (=)91:2* (NH) 344
0-20m (—)92-0* (NH) 344
uracil DMSO-dq, (-)86-4* (1-NH) 344
0-05M (—)92:2*% (3-NH) 344
guanosine-3'-phosphate H,O, pH 7 (—)90-7 (NH,) 315
adenosine-3'-phosphate H,0,pH7 (—)88-2 (NHy) 315
cytidine-3'-phosphate H,0, pH7 (—)86-0 (NH,) 315
2',3',5'-tri-O-benzyluridine CDCl;, 0-5 M (=)91-3 (3-NH) 316
same + 5'-O-acetyl-2',3'-O-
isopropylideneadenosine CDCl, (—)87-5 (3-NH,
uridine moiety) 316
(H;N),C=0 D,0 (-)90-3 66
DMSO (—)88-5 178
acetone + DMSO
+ tetramethylurea (—)86-8 345
H,NC(=0O)NHC(=O0)NH, DMSO (—)88-5 (NH,) 178
(—)89-1 (NH) 178
(PhNH),C=0 DMSO (—)89-1 178
(PhNH),"*C=0 DMSO (-)87-9 178
DMSO (—)87-3 (NH) 178
O CHNHCONH, (-)87-9 (NH,) 178
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Compound Solvent 1J(ISN—IH) (Hz) Ref.
E E 13 DMSO (—)88:5 (NH) 178
(¢} CHNH °CONH, (-)87-3 (NH,) 178
(MeNH),C=0 DMSO-dg (—)88-7 345
H O
N
D,0O (—-)92-8 347
HN\n/NH DMSO (-)92:2 185
O .
DMSO (—)90-0 185
(o) (—)93 191
N H,0 (—)93 191
H CF;COOH (—)93-0 185
(—)92-5 198
(1 H,0 (-)91 191
N~ ~O
H
CDCl,,
0-05M (—)89-9* 344
o) 0-10 M (—)82-8* 344
0-25m (—)85-1* 344
N H,0 (~)90 191
DMSO (—)90 191
CF;COOH (-)92-5 198
O H,0 ()89 191
—N ©
H
GO DMSO (-)89 191
A
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TABLE 145—cont.

Compound Solvent 'y(**N-"H) (Hz) Ref.
H DMSO (—)91 191
) N
O
O
DMSO (—)93-7 185, 362
NH HCOOH/CH,Cl, (—)96-8 185
CF,COOH (=977 185, 362
O
Me H (A) H,O (-)86:9; (—)91-3 346
Neen” DMSO-d, (-)88'5 (N-H,) 361
0/ \H (B) (—)87:2 (N-Hg) 361
MeC(=0O)NH, DMSO (—)88-0 362
i
H N none (—)93-8 373
N o N\
ﬁ Me
(0]
]\'Ae
N none (—)90-2 373
\ / \
C
Il
(0]
!
H N none (-)92:2 373
N N\
ﬁ Et
(0]
I|il
H N none ? 373
NN
ﬁ H
O
i
H N none (—)92:2 373
N N\,
C Bu
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Compound Solvent 'y (ISN—’H) (Hz) Ref.
e
H N none (—)89-8 373
N ./ N\
ﬁ H
0
i
H N none (—)92-4 373
N 7N
ﬁ Pr
O
H N none ? 373
N/ N
ﬁ H
(o]
0
H N none (—)92-3 373
N 7N,
ﬁ Bu
O
?"‘
H\ /N\ none (—)86:6 373
IC| H
O
HN_i\\
OJ\O (o]
R=Me DMSO (=)97:0 185
acetone/CDCl; (—)97-8 185
. CF3COOH (-)100-8 185
Pr acetone/CDCl, (—)98:0 185
) CF;COOH (-)100-0 185
Bu' acetone/CDCl, (—)98:0 185
CF;COOH (-)100-0 185
Ph CF;COOH (-)100-0 185
O
</ o) CF,COOH (—)94-5 185
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TABLE 145—cont.

Compound Solvent 'J(*>N-"H) (Hz)  Ref.
o}
HN/<
O DMSO (~)96-8 185
PhCH,OCONHCH,COOH pyridine (-)93-0 185
DMSO (—)93-7 185
HCOOH (-)93-0 185
MeCO'*NHCH(Me)CONHMe D,0 (-)93-4 ("°NH) 347
[-NHCH,CH,C(=0)-], CF;COOH (-)93:5 198
[-NHCH,CH,CH,C(=0)-],, CF;COOH (-)94-0 198
(H,"*N);C*NHCH,CH,CH,CH(NH,)COO~ D,0, pH9-9 (-)91-7 ("*°NH,) 66
PhNHNH, none (-)68 (NH,) 346
trans-[MoF(NNH_)(Ph,PCH,CH,PPh;)]BFs CH,Cl, (-)86 346
[MoCI(NNH,)(pyridine)(PMe,Ph)]C! ‘CH,Cl, (-)83 346
[WCI(NNH,)(pyridine)(PMe,Ph)]CI CH,Cl, (—)83 346
MeNHNO, CH,Cl, (1005 263
(/ \5 ,
benzene (—)96-4 348
N
H
@ DMSO, 0-1 M (-)96-8* 344
N
H
2-Methylindole DMSO, 0-1 M (—)97-1* 344
3-Methylindole DMSO, 0-1 M (—)96-9* 344
Tryptophan DMSO (-)103-0* (ring 344
NH)
Octaethylporphyrin (OEP)
derivatives (see Table 116)
(OEP)H, CDCl4(28 °C) (-)24 (N=NH) 283
CDCl5(-53°C) (-)97 (NH) 283
(OEP)H** CF,COOH (-)93 (NH" 283
{OEP)MeH CDCl, (-)100 (NH) 283
(OEP)MeH;** CF,COOH ()92 (NHY) 283
(OEP)Me,H" CDCl,4 (-)48 (N==NH") 283
Protoporphyrin-IX dimethyl ester
(see Table 116) CDCl, (-)103+4 290
its dication CDCl, (—)90+3 290
Coproporphyrin-III tetramethyl ester
(see Table 116) CDCl, (—)100+3 290
its dication CDCl, (-)85+3 290
HN=N*=N" (hydrazoic acid) Et,0 (-)70-18 247
pO,N-C¢H,C(=0)'*NHOH DMSO (-)102 (**NH) 349
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Compound Solvent 'J('N-'H) (Hz)  Ref.
X
[ CF;COOH (-)96:3 300
L
H
X
COOH -)96-
el + e CF; (-)963 300
N
H
pMeO-CsHy*CH=NH*Ph CF,COOH (-)93-7 300
pMe-C4H,-CH=NH"Ph CF,COOH (-)93-7 300
PhCH=NH"Ph CF,COOH (—)94:6 300
PhCH=NH"-C¢H,OMep CF,COOH (—)90-2 300
MeO@CH:&HO CF,COOH (-)91.0 300
+
OZNCH=NH<:> CF,COOH (—)92:0 300
PhCH=NH"Pr' CF;COOH (-)92-4 300
PhCH=NH"Bu' CF,COOH (-)89-1 300
Ph,C=NH"Ph CF,COOH (-)92:0 300
PhC(Me)=NH"Ph CF,COOH {(-)92:0 300
<__—>-:Nn*ph CF;COOH (—)92-0 300
CF,COOH (-)95-4 300

E}NH*Ph

* Recalculated from “*N-'H couplings obtained from analysis of relaxation times.



410

TABLE 146
Some "*N-'H couplings across two bonds (absolute values if sign not given)
Compound Solvent 2J(lSN—’H) (Hz) Ref.
MeNHNO, CH,Cl, 1-0 (Me-N) 263
Me,NNO, CH,Cl, 1:0 (Me-N) 263
MeOOC-N(NO,)Me CH,Cl, 0:6 (Me-N) 263
EtOOC-N(NO;)Me CH,Cl, 0:4 (Me-N) 263
MeN(NO,), CH,Cl, 1-8 (Me-N) 263
Me CH,CN
\. ../
CDCl, 1-5 (Me-N) 352
rll 1:6 (CH,-N) 352
Va
(6]
Me CH,CN
CDCl, 1-7 (Me-N) 352
IlJ 14 (CH,-N) 352
AN
O
EtOOC-CH=N"=N" MeCN 2:8 (HC=N"=) 67
MeNHC(=0O)NHMe DMSO-d 0-7 (Me-N) 345
MeC(=O)NHMe CCl, +1-:0 (Me-N) 360
EtC(=0O)NHMe CCl, +1:2 (Me-N) 360
Pr'C(=0O)NHMe CCl, +1-2 (Me-N) 360
PhN(Me)CH,C=CH CD,Cl, >0:2 (CH,-N) 343
>0-2 (Me-N) 343
PhN(Me)C=CMe acetone-dg 0-8 (Me-N) 343
D\ o
N
H D,0 1-5 (CH-N) 347
MeCO'*NDCH(Me)CONHMe D,0 11 (CH-""N) 347
Bu'C(=0)NHMe CCly +1-2 (Me-N) 360
(0]
NH CCly +0:8 (CH,-N) 360
H H
7
H N none 15-6 (N-CO-H) 373
\C/ \Me 1-4 (N-Me) 373
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Compound Solvent 2y (ISN—IH) (Hz) Ref.
bllle
H N none 15-1 (N-CO-H) 373
\ﬁ/ Ny 1-4 (N-Me) 373
(o]
3
H N
\C/ \Et none 15-1 (N-CO-H) 373
i
(o]
i
H N
\C/ \B n none 15-:0 (N-CO-H) 373
u
I
O
W
H N
\C/ \H none 14-3 (N-CO-H) 373
il
O
0
H N
\C/ \Pi none 15-3 (N-CO-H) 373
T
Il
(0]
0
H N
\C/ \B . none 14-7 (N-CO-H) 373
u
[l
(o)
e
H N
\C/ \H none 14-4 (N-CO-H) 373
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TABLE 146—cont.

Compound Solvent 2J(*>N-'H) (Hz) Ref.
PhNHC(=O)NHMe pyridine,
1m, 30°C 2:0 (Me-N) 362
DMSO,
1mM,30°C 1:2 (Me-N) 362
D;0O/acetone,
1m,30°C <2:0 (Me-N) 362
HCOOH,
1m,30°C <20 (Me-N) 362
CF;COOH,
1m,30°C 2:4 (Me-N) 362
DMSO,
0-16 M, 30°C
0-4mM
1-6 M 1-2 (Me-N) 362
1-6 M, 80°C
16 m, 130°C
| CDCl, +2-1 (HC=N) 363
H /C \\N _Me
{
0]
CDCl; -2:3 (HC=N) 363
Me
MeNO, nematic phase +2:25 (N-Me) 371
—3-286 (direct NH
coupling) n
Silatranes (see Table 29)
CHchZ—O
N\—CHZCHz—O—SiR
CH,CH,-O
R=Me CD,0D 02 (CH,;-N) 124
CH=CH, acetone-dg 0-1 (CH,-N) 124
Ph acetone-dg 0-1 (CH,-N) 124
CH,ClI CDCl, 0-1 (CH,-N) 124
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Compound Solvent 27(**N-"H) (Hz) Ref.
F,PN(SiH3), CDCl, -3-8 (H;Si-N) 138
(F5P),NSiH, CDCl, 35 (H3Si-N) 138
F,PN(SiH5),"BH; CDCl, 4.2 (H,Si-N) 138
Amino acid residues in alumichrome
(see Table 84) DMSO-dg¢
Gly' ?:f] (CH,-N) 356
2 1-4]
Gly 0-9f (CHzN) 356
Gly? 1'1] (CH,-N) 356
y 0-4 2
1 1-5
Orn } (CH-N) 356
01
Orn? 1.0 (CH-N)
3 1'7} _
Orn 05| (CH-N) 356
Me O
\ 7
f DMSO 1-1 (N-N-H,) 77
N 12 (N-N-Hpg) 77
/7 N\
PhHN Hm®
(A)
Me O
N\ 7
? DMSO >0:4 (N-N-H,) 77
N 5.5 (N-N-Hjp) 77
7\
mH NHPh
(A)
) none 4.52 (CH-N) 280
N benzene-dg —5:36 (CH-N) 348
H
/A
H N CHO CHCl, 4.05 (CH-N) 280
H
HZ/ N \BCOMe CHCl, 4.00 (CH-N) 280
H
HZ/N\BCOOMe CHCl, 4:10 (CH-N) 280

H
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TABLE 146—cont.

Compound Solvent 27("*N-"H) (Hz) Ref.
O,N
HZ/N\BCOOMe CHCl, 3-45 (CH-N) 280
H

4) (5) 4y (5

H H H
NN = W \u H,0 ~9-6 (2-CH-N) 276

NG A ~7-2 (4,5-CH-N) 276

2) 2y
H,O -5-5 (2-CH-N) 276
HNLYINH ~4-0to —4-6

o~ (4,5-CH-N) 276
(5) 4)

H H H,0 -7-6 (2-CH-1-N) 276

>/—_\< -10-8 (2-CH-3-N) 276

MeN ~5.5 (5-CH-1-N) 276
N -9-0 (4-CH-3-N) 276
& -1:6 (Me-N) 276
H,0 -5.0 (2-CH-1-N) 276
— —5-4 (2-CH-3-N) 276

MeN-" I NH —4-4t0 -5-2
N (4-CH-3-N) 276
-1.9 (Me-N) 276

(5)
N -

HH’CH(NH’ )coo H,0, pH 109 -8-8 (2-CH-1-N) 209, 276
NLTUN -9:6 (2-CH-3-N) 209, 276
DN -6:6 (5-CH-1-N) 209, 276

2y
CH,CH(NH?)COO"
HN_ N (see Table 72) H,O0, pH 7-6 -8-2 (2-CH-1-N) 208, 209

e -10-2 (2-CH-3-N) 208, 209

(histidine) -5-9 (5-CH-1-N) 208, 209
CH,CH(NH})COOH H,0,pH 1:3 -4-6 (2-CH-1-N) 209, 276
o —6-1 (2-CH-3-N) 209, 276
HN . ZNH ~4.8 (5-CH-1-N) 209, 276
a-N-Acetylhistidine, cation/amphion H,O -4-8 (2-CH-1-N) 208
-4-6 (2-CH-3-N) 208
-4-9 (5-CH-1-N) 208
a-N- Acetylhistidine, anion H,O0 -7-9 (2-CH-1-N) 208
~9-8 (2-CH-3-N) 208
—6-6 (5-CH-1-N) 208
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Compound Solvent y (ISN—IH) (Hz) Ref.
(5)
H
e CDCl;, 4.4 (5-CH-1-N) 277
H&. _NPh 142 (3-CH-2-N) 277
SMe ,sCH,Ph
N/ N
| > DMSO-dg 12 (**N~CH,) 351
V/
S N
N
x
| acetone-dg -10-93 (CH-N) 358, 359
ZH
| X
Jn CD,0H -3:01 (CH-N) 359
N
H
AN
‘ , CDCl;, +0-47 (CH-N) 359, 303
N/ H CS, 0-35 303
{
6]
A
| acetone-dj ~11-35 (CH-N) 358
F ~ZH
N
S
Ju CDCl, 10-2 (CH-N) 350
N
N
N
@i /]H CDCl, 6'5 (CH-N) 350
N
NN
t ) nematic phase 14-7 (CH-N) 102
ZH
N
\CONH, D,0, pH7-0 9.6 (2-CH-N) 136
| 10-1 (6-CH-N) 136
INER D,0, pH 2.0 12 2-CH-N) 136
(nicotinamide) 1:3 (6-CH-N) 136
“XCONH,
H| H D,0 1-2 (2-CH-N) 136
NG 1.3 (6-CH-N) 136
Me 1-8 (Me-N) 136
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TABLE 146—cont.

Compound Solvent 2J(’N-'H) (Hz)  Ref.
OCONHZ D,0 2.4 (2-CH-N) 136
H N H 3.7 (6-CH-N) 136
Me 5.0 (Me-N) 136
Nicotinamide nucleotides
(see Table 126)
NAD* D,0O 1-2 (2-CH-N) 136
1-4 (6-CH-N) 136
2:1 (1'-CH-N) 136
NADH D,0 1:6 (2-CH-N) 136
3.6 (6-CH-N) 136
NMN"* D,0 11 (2-CH-N) 136
11 (6-CH-N) 136
2:4 (I'-CH-N) 136
NMNH D,0 2-0 (2-CH-N) 136
3-4 (6-CH-N) 136
>1:3 (1'-CH-N) 136
Antibiotic ristocetin DMSO-d, 5-12 (a-CH-NH) 354
o)
oy e D,0 3-30 (6-CH-1-N 355
o A 2 (6-CH-1-N)
N
wmD
o) 0
°N
)\ | < DN | D,0 6-34 (6-CH-1-N) 355
(6] N O N
D N
DN
Y | D,0 2.48 (6-CH-1-N) 355
0" N
CD,
o)
j’\ | D,O 2-32 (6-CH-1-N) 355
0" °N
CD,
0o
D,CN | D,0 3-36 (6-CH-1-N) 355
o)
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Compound Solvent 2J(**N-'H) (Hz) Ref.
(0]
DN D,0 10-46 (6-CH-1.N) 355
O
(o}
DN D0 2:54 (6-CH-1-N) 355 .
o D,0, pD 12-3 2-47 (6-CH-1-N) 355
CDh,
Nucleotides (see Table 126)
adenosine-3'-phosphate H,O,pH 3 12:5 (2-CH-1-N) 314, 315
14-0 (2-CH-3-N) 314, 315
10-5 (8-CH-7-N) 314, 315
9-5 (8-CH-9-N) 314, 315
H,0,pH7 14-0 (2-CH-1-N) 314, 315
15-5 (2-CH-3-N) 314, 315
10-5 (8-CH-7-N) 314, 315
guanosine-3'-phosphate H,O,pH7 10-0 (8-CH-7-N) 314, 315
H,O, pH 10 10-0 (8-CH-7-N) 314, 315
HN=N"=N" (hydrazoic acid) Et,O 2:26 (HN=N"=) 247
Ph R
N/
C
[
N
7
HO
R=CH,ClI Et,0O 1:93 (HO-N) 357
CH,Br Et,O 1-88 (HO-N) 357
CH,l Et,O 1-82 (HO-N) 357
DMSO-dg 1-91 (HO-N) 357
CH,CMe; DMSO-dg 1-75 (HO-N) 357
CH,OMe DMSO-ds 2:01 (HO-N) 357
Ph R
N ./
C
||
N
N
OH
R=Me DMSO-ds 1-77 (HO-N) 357
Et DMSO-dg¢ 1-86 (HO-N) 357
CH,CMe; DMSO-dg 1:92 (HO-N) 357
CH,OMe DMSO-dg 1-63 (HO-N) 357
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TABLE 147

Comparison of experimental and calculated values of two-bond '*N-'H couplings in
-HC=N- moieties

2y(**N-"H) (Hz)

calculated by CNDQ/2-FPT

Structure observed or INDO-FPT methods

Pyridine -10-8 -17-0

Pyridinium ion -3-0 +0-5

Pyridine N-oxide +0-5

Quinoline -11.0

Quinolinium ion -2-0

Quinoline N -oxide 0-0

Oxime -159 -15-4 (acetaldoxime)

Imine -9.9 -17-5

Imine N-oxide (nitrone) +2:1 +0-6 } see Table 146
-2:3 -3.25

Data from ref. 363, and references therein.

TABLE 148

Some '*N-'H couplings across three bonds (absolute values if sign not given)

Compound Solvent 37(**N~"H) (Hz) Ref.

D,0 1.0 (N-C-CH,) 367
0 (N-C-CHg) 367
-3.8 (N-C-CHjp) 367
D,O -1-12 (N-C-CH,) 367
-0-42 (N-C-CH¢) 367
-3.79 (N-C-CHp) 367
I:lMe2
Hy CDCl, 4-2* (N-C-CH,) 369
H 0 (N-C-CHp) 369
A
r:lMe2

H CDCl, 3-5* (N-C-CH,) 369
B 0 (N-C-CHp) 369
4.9* (N-C-CH¢) 369
H Ha



TABLE 148-—cont.
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Compound Solvent 3J(**N-"H) (Hz) Ref.
NMe,*
o)
/o CDCl, 4-8% (N-C-CH,) 369
Hg 1.0* (N-C-CHg) 369
HA
NMe,"
0
_/o CDCl, 3-6* (N-C-CH,) 369
Me Hg 1.0* (N-C-CHg) 369
HA
NMe,*
o Me cDCl, 5.0% (N-C-CH.) 369
/o 1.0* (N-C-CHg) 369
Hg
HA
NMe,"
(0] Me
_/0 CDCl, 4-8* (N-C-CH,) 369
Me Hg 0-7* (N~C-CHg) 369
HA
HC +
NMe, CDCl, 3-9% (N-C-CH,) 369
1-1* (N-C-CHp) 369
H, 0-4* (N-C-CH¢) 369
Hpg
o) NMe,*
/o CDCl, 1.3* (N-C-CH,) 369
Hg 1.0* (N-C-CHg) 369
HA
Me;C-NC (t-butyl isocyanide) in
complexes with Pd (Table 110) CDCl, 2.9* (N-C-CH3) 370
Leucine
Hs2)
D3N+:$iCOO’
Pr Heen
H
anion D,0 —2-15 (N-C-CHg2) 368
-3.15 (N-C-CHgs) 368
cation D,0 -2-47 (N-C-CHg2) 368
—3.47 (N-C-CHgs) 368
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TABLE 148 —cont.

Compound Solvent 3J(**N-"H) (Hz) Ref.
Amino acid residues in alumichrome
(see Table 84) DMSO-dg¢
Orn' 0-5 (N-C-CHg,) 356
5-0 (N-C-CHg3,) 356
5-4 (N-C-CH,;) 356
0 (N-C-CH,,) 356
Orn® 0-2 (N-C-CHg,) 356
5-8 (N-C-CHgs) 356
0-5 (N-C-CH,.) 356
0 (N-C-CH,;) 356
Orn’ 2:5 (N-C-CHg») 356
0-4 (N-C-CHg,) 356
5-8 (N-C-CH,,,) 356
0-3 (N-C-CH,;3) 356
N(CH,CH,0OH); CDCl, 3.4 (N-C-CH,) 124
acetone-dg 3.3 (N-C-CH,) 124
H,O 2-3 (N-C-CH,) 124
NH*(CH,CH,0H), CI” H,0 22 (N-C-CH,) 124
Silatranes (see Table 29)
CH,CH,-O
N-CH,CH,-0-SiR
CH,CH,-O
R=Me CDCl, 2:4 (N-C-CH,) 124
CD,0D 2-4 (N-C-CH,) 124
CH=CH, acetone-dg 2-3 (N-C-CH,) 124
Ph acetone-dg 2:3 (N-C-CH,) 124
CH,Cl1 CDCl, 2:3 (N-C-CH,) 124
OMe acetone-dg 2:2 (N-C-CH,) 124
OEt acetone-dg 2:3 (N-C-CH,) 124
MeC(=0)NH, DMSO-d -1-0 (N-CO-CHs;) 361
H,NC(=O0)NH; acetone/ DMSO/
tetramethylurea 1:7 (N-CO-NH,) 345
MeNHC(=0)NHMe DMSO-d¢ 0-1 (N-CO-NH) 345
PhNHC(=O)NHMe pyridine,
1m,30°C 1:6 (N-CO-NH) 362
DMSO,
0-16-1-6 M, 30°C 1-8 (N-CO-NH) 362
DMSO,
1-6 M, 130°C 1:8 (N-CO-NH) 362
HCOOH,
1mMm,30°C <20 (N-CO-NH) 362
CF5COOH,
1mM,30°C 2:4 (N-CO-NH) 362
FSO,H,
1m,30°C 2.0 (N-CO-NH) 362
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Compound Solvent 37("N-"H) (Hz) Ref.
O CHNHCONH, DMSO 1-8 (N-CO-NH,) 178
H O
N—://(
H D,0 1-3 (N-CO-CH) 347
MeCO"*NHCH(Me)CONHMe D,0 2:9 (**’N-C-CH,) 347
1-2 (**N-CO-CH3,) 347
MeNHNO, CH,Cl, 3-0 (N-N-CH,) 263
Me,NNO, CH,Cl, 2:5 (N-N-CH,) 263
MeOOCN(Me)NO, CH,Cl, 2.5 (N-N-CH,) 263
EtOOCN(Me)NO, CH,Cl, 2-0 (N-N-CH3) 263
MeN(NO,)SiMe, CH,Cl, 3.0 (N-N-CH3) 263
MeN(NO,), CH,Cl, 3.6 (N~-N~CH,) 263
(MeNNO;)~ NH," CH,Cl, 5-0 (N-N-CH,) 263
EtOOCN(NQ,)SiMe; CH,Cl, 0-9 (N-Si-CH3) 263
MeN(NO,)SiMe, CH,Cl, 0-6 (N-Si-CH3) 263
MeOOCN=N(O)OMe CH,Cl, 3.2 (N-O-CH3) 263
EtOOCN=N(O)OMe CH,Cl, 3-8 (N~O-CHj) 263
EtOOCN=N(O)OCHMe, CH,Cl, 2-5 (N-O-CH) 263
Me OMe
\N_N/ CH,Cl, 5-5 (N=N-CH,) 263
TN 3.5 (N-O-CH;) 263
Me O
\N_N CH,Cl, 5:3 (N=N-CHs) 263
- 3.8 (N-O-CH,) 263
OMe
Me O
AN A
N:N\ CH,Cl, 5-4 (N=N-CH,) 263
OSiMe,
Me,NP(NHPh), benzene —-3-5 (N-P-NH) 142
PhNHPMe, benzene -2-7 (N-P-CH;) 142
PhNHPMe,O DMSO-d, —1-2 (N-P-CH3) 142
PhNHPMe,S dioxan -1-2 (N-P-CH,) 142
PhNHPMe,Se CH,Cl, -1-0 (N-P-CH,) 142
PhNHPMe,Te benzene/CH,Cl, —-1-7 (N-P-CH,) 142
(PhNHP*Me,SMe) I~ CHCl, ~1:3 (N-P-CH,) 142
(PhNHP*Me,) 1~ CH,Cl, —1-4 (N-P-CH,) 142
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TABLE 148—cont.
Compound Solvent 3J(**N-'H) (Hz) Ref.
(PhNHP*Me,SeMe) 1~ CH,Cl, —1-2 (N-P-CH,) 142
(PhNH-P*Bu,Me) I~ DMSO-dg -1-2 (N-P-CHs;) 142
Me;SnN(Ph)PMe; benzene -2-1 (N-P-CH;) 142
Me;SnN(Ph)PMe,S benzene +0-2 (N-P-CHs;) 142
PhNHﬁ(Me)(MeNCHZCHzNMe)I’ CH,Cl, -1-2 (N-P-CH3) 142
(1-naphthyl) CH,Ph
AN /
/C:‘N CDCl, -3.3 (N=C-CH;) 363
Me
(1-naphthyl)
C=N CDCl; ~1-4 (N=C-CH,) 363
/ N
Me CH,Ph
(4-nitrophenyl)\
C=N CDCl, -1-5 (N=C-CHs;) 363
/ N,
Me Bu
(4-nitrophenyl)\ Bu'
C=N CDCl1 -3.4 (N=C-CH 363
. N 3 ( 3)
Me (o]
(4-nitrophenyl) (6]
AN A
C=N CDCl, -3-2 (N=C-CH,) 363
/ N
Me Bu
(4-nitropheny!) (o) Bu'
N/ N/
/C—N CDCl, —2.9 (N-C-CH,) 363
Me
(4-nitrophenyl) (0}
N /N
C——N CDCl, -0-5 (N-C-CH,;) 363
7 N,
Me Bu
MeOCH, CDCl, 371 (N=C-CH,) 357
Ne=n DMSO-de 375 (N=C-CH,) 357
y N ccl, 3-85 (N=C-CH,) 357
Ph OH CF,COOH 3.00 (N=C-CH,) 357
C]CHZ\
C=N CDCl, 4-10 (N=C-CH,) 357
/ N

Ph OH
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Compound Solvent 3J(**N~"H) (Hz) Ref.
BrCHz\
C=N\ CDCl, 4-33 (N=C-CH,) 357
Ph OH
EL,NCH,
C=N
\
/4 \<
N N CDCl, 3-68 (N=C-CH,) 357
DMSO-d; 334 (N=C-CH,) 357
Me -42 (N=C-CH,) 366
Ne=n €bcl; { 430 (N=C-CH) 357
s N DMSO-d; 4:12 (N=C-CH,) 357
Ph OH CCl, 4-23 (N=C-CH,) 357
CF,COOH 4-85 (N=C-CH,;) 357
Et\
C=N CDCl, 372 (N=C-CH,) 157
/ N
Ph OH
Me;CCH: CDCl, 4-60 (N=C-CH,) 357
C=N CCl, 460 (N=C-CH,) 357
Ph CF,COOH 5-38 (N=C-CH,) 357
Me OH
N /
/C:N CDCl, 2.0 (N=C-CH,) 366
Ph
Me,C=NOH ? 2-2 (N=C-CHj, syn) 365
4-0 (N=C-CHj;, anti) 365
Et OH
N /
/C=N CDCly ~2-6 (N=C-CH,) 366
H
Et\
C=N CDCls —4-2 (N=C-CH,) 366
/ N
H OH
S\
<j[ LN Me o 2:3 (N=C-CH,) 365
N 5.4 (N-N=CH) 365
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TABLE 148—cont.

Compound Solvent 37(**N-"H) (Hz) Ref.
S\
@ =N /H ? 3.7 (N=C-CH3;) 365
N N=C 10-0 (N-N=CH) 365
Me
Me
Me,NCH; CDCl, 3.81 (N=C-CH,) 357
\C:N DMSO-d, 3-71 (N=C-CH,) 357
VZ N CCl, 3-81 (N=C-CH,) 357
Ph OH CF,COOH 3.15 (N=C-CH,) 357
Me CH,CN
N CDCl, 0 (N-N-CH,) 352
[ 1-8 (N-N-CH,) 352
N 1-5 (N=C-CH,) 352
o
Me CH,CN
\N/ CDCl, 17 (N-N-CH,) 352
111 0 (N-N-CH,) 352
Y 15 (N=C-CH,) 352
0
EtOOCCH=N*=N" MeCN 1-0 (N=N*=CH) 67
HN=N"=N" (hydrazoic acid) Et,0 2:25 ("N=N*=N-H) 247
H
<;>NO2 acetone-dg -1.9 (N-C=CH) 364
H
Z/ \5 benzene-dg —4-55 (N-C=CH) 348
E none 5:39 (N-C=CH) 280
H H
Z/ \SCQOMc CHCl, 431 (N-C=(3)CH) 280
N 4-95 (N-C=(4)CH) 280
H
H_H
OZNZ/ \SCOOMe CHCl, 3.05 (N-C=(3)CH) 280
E 363 (N-C=(4)CH) 280
H H
{/ \§ HO CHCl,4 4-15 (N-C=(3)CH) 280
NS 5:00 (N-C=(4)CH) 280

H
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Compound Solvent 3J(**N-"H) (Hz) Ref.
O,N_H
Z/ N\XCOOMe CHCl; 5:05 (N-C=CH) 280
H
H_H
/A CHCl, 4-60 (N-C=(3)CH) 280
COMe 5.10 -
N 10 (N-C=(4)CH) 280
H
4) i3}
H H
I\ CDCl, 7-4 (1-N-N=(3)CH) 277
HEN 6:0 (1-N-C=(4)CH) 277
N 1-0 (2-N-C=(4)CH) 277
Ph
Me
\
o N CDCl, 3-5 (2-N=C-Me) 277
Ph.
H H
=
HN N N NH H,0 -2-5 (N-C=CH) 276
H_H
AR H,0 -4-01t0 —4-6
HNyZNH (N-C=CH) 276
(5) ﬁ
[\s H,0 -3.5 (1-N-C=(4)CH) 276
MeN N -1-7 (3-N-C=(5)CH) 276
H_H
[\ H,0 -3.810 —4:6
MeN:..ZNH (N-C=CH) 276
5
H_CH,CH(NH)COO"
= H,0 —2-2 (3-N-C=(5)CH) 208, 276
(HN“\?NGD pH 10-9
H(NH3)COO~
—(HCHINH;)COO H,0 -1-8 (3-N-C=(5)CH) 208, 276
HN_ N pH7-6
histidine (see Table 72)
CH,CH(NH})COO™
H,0 -3.0 (3-N-C=(5)CH) 208, 276
*/NH pH1-3

HN s
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TABLE 148—cont.

Compound Solvent *J(*N-"H) (Hz) Ref.
a-N-Acetylhistidine, H,0 —4:2 (3-N-C=(5)CH) 208
cation/amphion
a-N-Acetylhistidine, anion H,0 -2:0 (3-N-C=(5)CH) 208
XyH
l acetone-dg —-1:48 (N=C-CH) 358, 359
p
N
)
Y:J/ CD;0OH -3-98 (N=C-CH) 359
H
X H
‘ _ CDCl, -5-32 (N=C-CH) 303, 359
N CS, -5-17 (N=C-CH) 303
{
O
H, “SH acetone-dq -0-69 (N-C=(3)CH) 358
ZF —1-94 (N-C=(5)CH) 358
N
“, “NCONH, D0, pD 7:0 1-8 (N-C=CH) 136
N/ D,0, pD 2:0 4-5 (N-C=CH) 136
(nicotinamide)
H ™ CONH,
I e D,0 4-7 (N-C=CH) 136
N
Mc
H CONH,
I l D,0O 5-0 (N-C=CH) 136
N
Me
Nicotinamide nucleotides
(see Table 126)
NAD" D,O 4.5 (N-C=CH) 136
NADH D,0O 1-7 (N-C=CH) 136
NMN™* D,O 45 (N-C=CH) 136
3.5 (N-C-2'-CH) 136
NMNH D,0O 5:2 (N-C=CH) 136
Riboflavin tetrabutyrate
reduced form (see Table 65) DMSO-dg 2:1 (5-N-C-(6)CH) 203
oxidized form (see Table 65) DMSO-dg ~2  (5-N-C-(6)CH) 203
0-9 (3-N-C-(1)NH) 203
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TABLE 148—cont.

Compound Solvent 3J(**N-H) (Hz) Ref.
0
3) (5)
DN |H D,0 4-46 (1-N-C—(5)CH) 355
//J\m 2:63 (3-N-C—(5)CH) 355
0" °N
D
o)
“N H DN H
;\ = //]\ | D,0 2-81 (1-N-C-CH) 355
0N 1.73 (3-N-C-CH) 355
0
DN | D,0 4-73 (1-N-C-CH) 355
0 N 2:69 (3-N-C-CH) 355
CD,
o)
“N D,0 3-97 (1-N-C-CH) 355
J\ | 0-70 (3-N-C-CH) 355
o)
CD,
DJCN D,0 4-49 (1-N-C-CH) 355
2.75 (3-N-C-CH) 355
D, CN D,O 168 (1-N-C-CH) 355
2:72 (3-N-C-CH) 355
D,O 4-82 (1-N-C-CH) 355
D3CN 2:96 (3-N-C-CH) 355
D,0, pD 12:3 4-79 (1-N-C-CH) 355
2:93 (3-N-C-CH) 355

* Recalculated from "*N-'H couplings.



TABLE 149
Some long-range N-'H couplings (absolute values if sign not given)
Compound Solvent J(ISN—’H) (Hz) Ref.
H
~
| acetone-dg +0:27 (N=C-C=CH) 358, 359
=
N
H
AN
| CD;0OH +0:69 (N=C-C=CH) 359
.z
N
H
H
~ CDCl, +1:11 (N=C-C=CH) 303, 359
| _ CS, +1:03 (N=C-C=CH) 303
N
{
O
H
>
| acetone-d +0-69 (N=C-C=CH) 358
~ZF
N
H
N&N
Ik ) nematic phase 0:2 (N=C-N=CH) 102
=
N
O
3
DN
A [je) D0 0-25 (3-N-CCCH-6) 355
H
O” ™N
D
H
H NO acetone-dg —0-8 (N-CCCH) 364
: -0-3 (N-CCCCH) 364
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TABLE 150
Some *N-"3C couplings across one bond (absolute values if sign not given)
Compound Solvent 17(*N="3C) (Hz) Ref.
Me;CCH,NHCHMe, CDCl, 3-5 (N-CH,) 374
4-2 (N-CH) 374
its hydrochloride CDCl, 4:3 (N-CH,) 374
3:6 (N-CH) 374
N
ﬂg CDCl, 2:5 (N-CH,) 68
its hydrochloride CDCl, 4.0 (N-CH,) 68
CDCl, 3-4 (N-CH,) 374
3-1 (N-CH) 374
HN
its hydrochloride CDCl, 3.7 (N-CH,) 374
3-5 (N-CH) 374
Me
L
( D,0 63 (N-Me) 375
4-3 (N-CH,) 375
Me
Me rlf D,O 5-3 (N-Me,,) 375
~ 5-8 (N-Me.,) 375
077?/ Me 4-1 (N-CH,) 375
Me
D,0 6-0 (N-Me) 375
; 4-5 (N-CH,, ring) 375
/11‘ 4-1 (N=CH,, bridge) 375
Me
D,O 2:5 (N-CH) 374
2:6 (N-CH,) 374
Me_—7 D,0 4-9 (N-Me,,) 375
N—Me 56 (N-Me,q) 375
M M 3-8 (N-2-CH,) 375
¢ 4-2 (N-6-CH,) 37s
O
Me\/owm D,0 4-8 (N-Me,,) 375
49 (N-Me,,) 375



430

TABLE 150—cont.

Compound Solvent 17(*N-13C) (Hz) Ref.
Me
I, D,O 5-5 (N-Meay) 375
Me N_ 5-8 (N-Me.q) 375
Z/i// Me 3.6 (N-CH,) 375
Me
MﬁMeJ D,0 5.8 (N-Me) 375
1.8 (N-CH) 375
N D,0 5:6 (N-Me) 375
NMe, ~1-0 (N=C, ring) 375
@ D,0 5-3 (N-Me) 375
NMe, 1-7 (N-CH) 375
| Me D,O 5-8 (N-Me, “flagpole”) 375
\——N\ 6-0 (N-Me, “‘bowsprit’) 375
Me 3.5 (N-CH,) 375
/ D,O 5-0 (N-Me,,) 375
3 53 (N-Me.q) 375
Me \\_m 3.9 (N-2-CH,) 375
e 3-6 (N-6-CH,) 375
Me
Silatranes (see Table 29)
CH,CH,0
N—CH,CH,0—SiR
CH,CH,0
= Me CDCl, 7-8 (N-CH,) 124
CD,0D 7-8 (N-CH,) 124
CH=CH, acetone-dg 7-3 (N-CH,) 124
Ph acetone-dg 7-0 (N-CH,) 124
CH,Cl CDCl, 7-0 (N-CH,) 124
OMe acetone-dg 6-7 (N-CH,) 124
OEt acetone-ds 7-:0 (N-CH,) 124
N(CH,CH,OH), CDCl, 5.3 (N-CH,) 124
acetone-dsg 4.9 (N-CH,) 124
H,0 5.0 (N-CHy) 124
its hydrochloride H,0 4-4 (N-CH,) 124
Aspartic acid H,0
cation pH 0-5-1-3 6-4 (N-CH) 376
amphion pH 6:0-6:5 5-5 (N-CH) 376
anion pH 12:0-12:6 3.7 (N-CH) 376
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Compound Solvent 17(*N-13C) (H2) Ref.
Proline H,O
cation pHO0-4 6:6 (N-CH,) 221
pH0-5-1-3 64 (N-CH,,) 376
amphion pH 6:0-6-5 5:5 (N-CH,) 221,376
anion pH 12:0-12-6 3.4 (N-CH,) 221
2-7 376
cation 6:4 (N-CHy) 221, 376
amphion 55 (N-CHg) 376
4.9 221
anion 3-5 (N-CHj;) 221
2:7 376
Serine H,O
cation 7-3 (N-CH) 376
amphion 6-4 (N-CH) 376
anion 3:7 (N-CH) 376
Glutamic acid H,0O
cation 6:4 (N-CH) 376
amphion 5-5 (N-CH) 376
anion, 27 (N-CH) 376
Glycine H,O
cation 7-3 (N-CH,) 376
amphion 6-4 (N-CH,) 376
anion 4:6 (N-CH,) 376
Alanine H,0
cation 64 (N-CH) 376
amphion 5-5 (N-CH) 376
anion 3.7 (N-CH) 376
Valine H,O
cation 6:4 (N-CH) 376
amphion 5:5 (N-CH) 376
anion 4.6 (N-CH) 376
Isoleucine H,0
cation 6-4 (N-CH) 376
amphion 5-5 (N-CH) 376
Leucine H,0
cation 6:4 (N-CH) 376
amphion 5-5 (N-CH) 376
anion 3.7 (N-CH) 376
EtCH—-NMez
: CDCl, 5-6 (N-Me) 377
MeCH—Ft—Cl 4-3 (N-CH) 377
Mezéo
MeCH—NMe. cDpal, <2 (N-Me, ring) 377
MeCH—Pt—Cl 4-3 (N-CH, ring) 377

MezﬁH
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TABLE 150—cont.

Compound Solvent 'y (**N-"2C) (Hz) Ref.

PhCO (C)Ilclohexyl)
N CDCl, <2:0 (N-CH, cyclohexyl) 378
+5-2 (N-CH, Ph) 378
Ph +8:2 (N-CH, PhCO) 378

(cyclohexyl)
rI\J CDCl, =<3-4 (N-CH, cyclohexyl) 378
PhCO i/ +7-8 (N-CH, Ph) 378
+7-3 (N-CH, PhCO) 378

Ph
MeNHNO, CH,Cl, 8:5 (N-Me) 263
Me,NNO, CH,Cl, 9-1 (N-Me) 263
EtOOCN(NO;)Me CH,Cl, 8:1 (N-Me) 263
17-6 (N-CO) 263
MeOOCN(NO;)Me CH,Cl, 8:0 (N-Me) 263
21-0 (N-CO) 263
MeN(NO,)SiMe; CH,Cl, 6:4 (N-Me) 263
Me;CC(=0O)NHCHMe, CDCl, 9:5 (N-CH) 374
132 (N-CO) 374
its hydrochloride CDCl; 6-:3 (N-CH) 374
18-8 (N-CO) 374
CDCl, 7-5 (N-CH) 374
12:1 (N-CO) 374
D,0O 7-0 (N-CH) 347
13-2 (N-CO) 347
its hydrochloride CDCl, 6:3 (N-CH) 374
16-2 (N-CO) 374
CDCl; 8:3 (N-CH) 374
12:3 (N-CO) 374
N
H O
its hydrochloride CDCl, 7-2 (N-CH) 374
151 (N-CO) 374
H
N R
og\oko

R = Me acetone 9-8 (N-CH) 185
225 (N-CO) 185
CF;COOH 9-8 (N-CH) 185
23:0 (N-CO) 185
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Compound Solvent 171(N-"%C) (H2) Ref.
pr acetone 9-8 (N-CH) 185
23-4 (N-CO) 185
CF;COOH 9-8 (N-CH) 185
A 242 (N-CO) 185
Bu' acetone 9-8 (N-CH) 185
23-1 (N-CO) 185
CF;COOH 9.8 (N-CH) 185
23.2 (N-CO) 185
Peptides (for abbreviations see Table 70)
cyclo(Gly-L-Pro-Gly), DMSO 159 (N-CO, Gly') 381
CF;CH,0OH 17-7 (N-CO, Gly") 381
CF;COOH 18-6 (N-CO, Gly") 381
cyclo(Gly-L-Pro-Gly), DMSO 14-8 (N-CO, Gly?) 381
CF3CH,OH 15-7 (N-CO, Gly?) 381
CF;COOH 16-5 (N-CO, Gly?») 381
Bu'OCO-Gly-L-Pro-Gly-OCH,Ph CDCl, 14-3 (N-CO, Gly?) 381
DMSO 14-7 (N-CO, Gly?) 381
CF,;CH,DH 16-3 (N-CO, Gly?) 381
Bu'OCO-Gly-Gly-OMe CDCl, 15-2 (N-CO, Gly?») 381
DMSO 14-6 (N-CO, Gly?) 381
CF;CH,OH 16:3 (N-CO, Gly?) 381
(H,N),C=0 DMSO (30°C) 19-5 (N-CO) 178
D,0 202 (N-CO) 66
(PhNH),C=0 DMSO 20-8 (N-CO) 178
o)
©\/cnj© DMSO 19-5 (NH,-CO) 178
] 18:3 (NH-CO) 178
NH
(=0
NH,
T
CH
NH
¢=0 DMSO 18-6 (NH-CO) 178
NH
L0
0
(MeNH),C=0 DMSO-d, 22  (N-CO) 345
12 (N-Me) 345
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TABLE 150—cont.

Compound Solvent '7(*5N-13C) (Hz) Ref.
MeNHC(=0)NHPh pyridine, 15-9 (N-Ph) 362
1M 20-1 (N-CO) 362
DMSO, 15-9 (N-Ph) 362
1M 20-1 (N-CO) 362
DMSO, 15:9 (N-Ph) 362
16 M 20-1 (N-CO) 362
DMSO, 15-3 (N-Ph) 362
1-6 M, 130°C 18-9 (N-CO) 362
D,0/acetone, 15-9 (N-Ph) 362
M 20-1 (N-CO) 362
HCOOH, 15-3 (N-Ph) 362
1M 22:5 (N-CO) 362
CF,COOH, 14-6 (N-Ph) 362
1M 23-6 (N-CO) 362
FSO;H, 14-6 (N-Ph) 362
1M 26-1 (N-CO) 362
HC(=0)NH, none 14-0 (N-CO) 77
MeC(=0)NH, DMSO-d, -14-4 (N-CO) 361
DMSO 14-1 (N-CO) 362
DMSO, 130°C 14-1 (N-CO) 362
DMSO 14-0 (N-CO) 77
pyridine 14-1 (N-CO) 362
pyridine, 100 °C 13:6 (N-CO) 362
H,0 15-5 (N-CO) 362
CF,COOH 18-5 (N-CO) 362
H,SO, 100% 21-0 (N-CO) 362
FSO;H 21-5 (N-CO) 362
MeCONHCH,CO'*NHPh DMSO 14-6 (**N-CO) 362
15-0 (N-Ph) 362
DMSO, 130°C 14-0 (**N-CO) 362
14-2 (N-Ph) 362
CF;COOH 14:1 (N-Ph) 362
Poly-alanine CF;COOH 16-5 (N-CO) 362
FSO;H 20-0 (N-CO) 362
Poly-leucine CF;COOH
+10% MeSO5H 18-1 (N-CO) 362
FSO;H 19-5 (N-CO) 362
Poly-valine CF,COOH 17-0 (N-CO) 362
CF;COOH
+10% MeSO;H 18-0 (N-CO) 362
FSO,H 19-5 (N-CO) 362
MeCO'’NHCH(Me)CONHMe D,0 11-0 (N-CH) 347
14-5 (N-CO) 347
PhANHCOCH,COMe CDCl, 14-4 (N-Ph) 382
15-1 (N-CO) 382
o0MeO-C¢H,"NHCOCH,COMe CDCl, 14-9 (N-Ph) 382
15-4 (N-CO) 382
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Compound Solvent 'T(**N-"3C) (Hz) Ref.
M
N cDCl 11:5 (N-Me) 382
122 (N-CO) 382
o 142 (N-9-C) 382
Me
Me
o~ CDCl, 102 (N-Me) 382
116 (N-CO) 382
N~ O 13-9 (N-9-C 382
OMe . (N-9-C)
Me
X
EI\/\L cpcl, 133 (N-CO) 382
14:3 (N-9-C) 382
N @]
OMe 4
Me
AN CDCl, 8-8 (N-CH,) 382
13-5 (N-CO) 382
NYo 13-9 (N-9-C) 382
o—
" cpcl 10-1 (N-Me) 382
Me CH,00CP 3
7 ~ 12:2 (N(Me)-CO) 382
15-8 (N(Me)-C) 382
9:3 (N-CH,) 382
o 0 2
N Me 13-6 (N(CH,)-CO) 382
o 12:2 (N(CH,)-C) 382
() pyridine 12:8 (N-CO) 362
DMSO 13-4 (N-CO) 362
NH DMSO, 130°C 12-8 (N-CO) 362
: CF,COOH 14-0 (N-CO) 362
0 H.S0, 100% 14-6 (N-CO) 362
FSO;H 14-6 (N-CO) 362
oiNio
CH, CF,COOH 9-8 (N-CH,) 362
13-4 (N-CO) 362
FSO;H 6:1 (N-CH,) 362
146 (N-CO) 362

o
E

oy
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TABLE 150—cont.

Compound Solvent 17(**N-"3C) (Hz) Ref.
0O o‘C\Me2
(o) 0O .
N—CHZ pyndme-ds 10-0 (N—CHz) 383
o 13-4 (N-CO) 383
0 O-CMe,
MeC(=0O)NHNHPh DMSO 10 (N-Ph) 77
12 (N-CO) 77
0
DMSO 112 (1-N=6-CH) 355
DN 85 (3-N—4-CO) 355
A | 16-9 (1-N-2-CO) 355
07> N 16:9 (3-N-2-CO) 355
D
o) o)
j‘\)j o Djjjj] D,0 67 (1-N-6-CH) 355
0" N 0" °N
N N
o)
DN
Y | D,0 12-8 (1-N-6-CH) 355
0" N
CD,
o)
J\ | D,O 12-8 (1-N-6-CH) 355
0" N
CD,
0
D,CN
Py | D,0 11-6 (1-N-6-CH) 355
0" °N
D
122 (1-N-6-CH) 355

0
DBCE\)j D,0
N
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Compound Solvent 'y (ISN—”C) (Hz) Ref.
O
D,CN
| D,0 <1-0 (1-N-6-CH) 355
()
H,'*N-C-NH(CH,)sCH(NH,)COOH D,O
5NH pD 99 213 (’N-C =2 ®N=0) 66
pD 10-4 21-4 (*N-C= *N=C) 66
pD 13-4 18-5 (**N-C = *N=C) 66
PhNH, CDCl, 10-9 (N-Ph) 342
none 10-9 (N-Ph) 77, 342
DMSO-ds 12-1 (N-Ph) 63
PhNH,;"* CF;COOH 8-9 (N-Ph) 342
FSO,H 8:6 (N-Ph) 63
PhANHCOMe CDCl,4 14-3 (N-Ph) 342
Substituted anilines
2-Me CDCl, 10-5 (N-Ph) 342
4-OMe DMSO-d; 11-0 (N-Ph) 63
4-Me DMSO-d, 11-8 (N-Ph) 63
3-Me DMSO-d; 11-8 (N-Ph) 63
4-Br DMSO-dg 12-5 (N-Ph) 63
4-Cl DMSO-ds 12-5 (N-Ph) 63
3-OMe DMSO-dg 1;-5 (N-Ph) 63
3-CF, DMSO-d, 12-5 (N-Ph) 63
3.1 DMSO-d; 12-5 (N-Ph) 63
3-Br DMSO-ds 13:2 (N-Ph) 63
3-Cl DMSO-d, 13:2 (N-Ph) 63
4-NO, DMSO-d, 14-7 (H,N-Ph) 63
2,4-(NO,), DMSO-ds 16-9 (H,N-Ph) 63
2,4,6-Br; DMSO-d, 17-6 (N-Ph) 63
2-COOH D,0, pD 12 10-7 (N-Ph) 342
Substituted anilinium ions
3-Br FSO;H 7-9 (N-Ph) 63
4-F FSO;H 8:6 (N-Ph) 63
4-Cl FSO;H 9-1 (N-Ph) 63
4-Br FSO;H 9.2 (N-Ph) 63
4-NO, FSO;H 9.2 (H3;N*-Ph) 63
2-NO, FSO;H 10-4 (H;N*-Ph) 63
2-Cl FSO;H 10-9 (N-Ph) 63
2-Br FSO;H 11-0 (N-Ph) 63
2-NO,-4-Cl FSO;H 11-0 (HsN*-Ph) 63
2,4,6-Br; FSO;H 13-5 (N-Ph) 63
PhNHMe acetone-ds 10-3 (N-Me) 343
13:0 (N-Ph) 343
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TABLE 150—cont.

Compound Solvent 17(*N-"3C) (H2) Ref.
PhNO, acetone-dg —14-6 (N-Ph) 364
Azimines (R = phthalimide residue)
R—N~ N
\N/ \Ph CDCl;, —20°C 12:3 (N*-Ph) 329
| 2.0 (N-Ph) 329
Ph
1|>h
R—N~ N
A4 CDCl,, -20°C 13:6 (N*-Ph) 329
N 3.0 (N-Ph) 329
Ph
trans-PhN(O)=NPh CDCl;, —20°C 18-2 (NO-Ph) 329
3-7 (N-Ph) 329
cis-PhN(O)=NPh CDCl;, —20°C 12-5 (NO-Ph) 329
1-3 (N-Ph) 329
CH,=N*=N" CDCl, 240 (C=N) 29
EtOOCCH=N*=N" CDCl, 212 (C=N) 29
MeCN, 20°C 21-4 (C=N) 67
232
MeCN, -35°C }(C:N, s-cis, s-trans) 67
20-8
7\
N acetone-ds -13-0 (N-CH) 384
H
M\ = [\ H,O —-6:9 (N-2-C) 276
HN\?N NVNH -5-9 (N-4,5-C) 276
IR\ H,0 -16-2 (N-2-C) 276
HN NH ~10-6 (N—4, 5-C) 276
~\ H,O -12-2 (1-N-2-C) 276
MeNVN -1-9 (3-N-2-C) 276
-13-4 (1-N-5-C) 276
+0:9 (3-N-4-C) 276
-10-6 (1-N-Me) 276
CH,Cl, 11-3 (1-N-2-C) 276
1 (3-N-2-0O) 276
14-0 (1-N-5-C) 276
2:7 (3-N-4-C) 276
H,O —-16-7 (1-N-2-C) 276
MeN'{?fNH -16:7 (3-N-2-C) 276
—-11-4 (1-N-5-C) 276
-10-7 (3-N-4-C) 276
-10-1 (1-N-Me) 276
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Compound Solvent 1J(3N-130) (Hz) Ref.
. - H,0 —6-4 (1-N-2-C) 276, 209
,..‘CH’CH(NHS)COO -7-3 (1-N-5-C) 276, 209
NC TN -6-9 (3-N-2-C) 276,209
- —4-7 (3-N-4-C) 276,209
R - H,0 ~-10-1 (1-N-2-C) 276,209
CH 2
= 2CH(NH;)CO0 ~10-4 (1-N-5-C) 276,209
HN -2-7 (3-N-2-C) 276,209
"’\(;/"" (histidine) ~0 (3-N-4-C) 276, 209
CH,CH(NH;)COOH H,O —16-1 (1-N-2-C) 276,209
Jsen) -11-6 (1-N-5-C) 276,209
HN(_/."NH -16-0 (3-N-2-C) 276,209
-9-9 (3-N—-4-C) 276,209
a-N-Acetylhistidine H,O
amphion/cation -16-3 (1-N-2-C) 208
-10-6 (1-N-5-C) 208
-16:9 (3-N-2-C) 208
-10-7 (3-N—4-C) 208
anion ~7-4 (1-N-2-C) 208
-8:2 (1-N-5-C) 208
-6-5 (3-N-2-C) 208
—4-2 (3-N—4-C) 208
SMe ,sCH,Ph
N N
s | /> DMSO-d, 8:6 ('’N-CH,) 351
NS
N N
NH,
X N\
|15 - > DMSO-dq 72 (**N-CHyp) 351
N7 N
CH,Ph
NH,
N N\
UL ) DMSO-ds 9-3 (*N-CH,) 351
=
N
N CH,Ph
Intermediate in urogen formation
(Table 116) D,0 6-0 (**N-'3CH,) 282
JoN
N CDCl, 1-2 (2-N-3-0) 277
N 2:1 (1-N-5-C) 277

Ph
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TABLE 150—cont.

Compound Solvent lJ(’SN-”C) (Hz) Ref.
Me
\
oi N
]?f, CDCl, 31 (2-N-3-C) 277
11-0 (1-N-5-C) 277
Il Q 12:2 (1-N-Ph) 277
Me Me DMSO-d; 159 (1-N-5-C) 277
— F 18:3 (1-N-Ph) 277
04 _NH & HO{_ _N
N N
Ph Ph
Chetomin CDCl; 137 (2-N-1-CO) 204
73 (2-N-3-C) 204
v CH,_e 14-6 (4a-N—4-CO) 204
©j/ fime 5.0 (4a-N-5-C) 204
5.0 (4a-N-11a-C) 204
MCNYLCHZOH 81 (6-N-5-C) 204
11-8 (6-N-6a-C) 204
13-7 (2'-N-1'-CO) 204
7-3 (2'-N-3'-C) 204
13-7 (5'-N-4'-CO) 204
13-8 (10'-N-9'-C) 204
14-5 (10'-N-10a'-C) 204
11-5 (10'-N-10b-C) 204
Riboflavin tetrabutyrate
(see Table 65) DMSO-ds
reduced form 13-1 (3-N-4-C) 203
19:5 (3-N-2-C) 203
19-5 (1-N-2-C) 203
17-6 (1-N-10a-C) 203
11-0 (5-N-5a-C) 203
oxidized form 122 (3-N—4-C) 203
11-4 (3-N-2-C) 203
7.2 (1-N-2-C) 203
79 (1-N-10a-C) 203.
1-2 (5-N-5a-C) 203
X
| acetone-ds +0-62 (N=C) 359
~
N
X
l CD;0H -11-85 (N=C) 359
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Compound Solvent 17(**N-13C) (Hz) Ref.
X
| B CDCl, ~15:23 (N=C) 359
N —-15-24 (N=C) 303
{
o}
15
N
, NMe CDCl, 3.6 (4-1°N-3-C) 385
2N 10 (4-"’N-5-C) 385
N
15
N\
M°| S\Me CDCl, 2:6 (4-'*N-3-C) 385
Mel_ _N 07 (4-"’N-5-C) 385
N
Me,N Me
|, CDCl, 12 (4-'*N-3-C) 385
N . RUNSS
H | \\|Me 03 (4-'>N-5-C) 385
Me N//N
NEt,
Me” SN CDCl, 08 (1-'*N-2-C) 385
15 I Me ~0  (1-"*N-6-0) 385
N
Adenosine (see Table 126) DMSO-d¢ 20-5 (NH;-6-C) 386
44 (3-N-4-C) 386
19:3  (9-N-4-C) 386
104 (7-N-8-C) 386
85 (7-N-5-C) 386
11-1 (9-N-1'-C) 386
Adenine (numbering system retained
from adenosine, see Table 126) DMSO-dg 205 (NH,-6-C) 387
9-5 (3-N—4-C) 387
7-3 (7-N-5-C) 387
0
MeO
H,N =
N
o) DMSO-d, 14-6 (H,'°N-°C) 388

H,U’N

Streptonigrin
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TABLE 150—cont.

Compound Solvent 'JT(N-0) (Hz) Ref.
PhN(Me)CH,C=CH CD,Cl, 9-6 (N-Me) 343
9:6 (N-CH,) 343
12-5 (N-Ph) 343
PhN(Me)C=CMe CD,Cl, 12:2 (N-Me) 343
36:2 (N-C=) 343
16:2 (N-Ph) 343
Ph
CDCl; ~7-2 (C=N) 389
TN <0-6 (N-Ph) 389
H Ph
C-Ph-substituted derivatives CDCl, <0-6 (N-Ph) 389
4-NO, 77 (C=N) 389
4-OMe 6:6 (C=N) 389
2-Me 69 (C=N) 389
2,4,6-Me; 6:8 (C=N) 389
Ph
AN CDCl, -7-2 (C=N) 389
=N 0-6 (N-Ph) 389
Me Ph
C-Ph-substituted derivatives CDCl,
4-Me 69 (C=N) 389
0:6 (N-Ph) 389
4-NO, 7-2 (C=N) 389
1-:0 (N-Ph) 389
4-OMe 7-1 (C=N) 389
16 (N-Ph) 389
4-Cl 7-0 (C=N) 389
1-6 (N-Ph) 389
4-Br 7-1 (C=N) 389
1:3 (N-Ph) 389
2-Me 6:2 (C=N) 389
0-6 (N-Ph) 389
2,4-Me, 6:0 (C=N) 389
1-1 (N-Ph) 389

C Me CDCl, -21-5 (C=N) 363
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Compound Solvent 'J(**N-"2C) (Hz) Ref.
_C A0 CDCl, 21:2 (C=N) 363
D
Me
Ph
AN
C=N CDCl, 4.8 (C=N) 390
s N
H OH
Ph-substituted derivatives
2,4.6-Me; CDCl, 2-8 (C=N) 390
2-Cl CDCl, 5-0 (C=N) 390
DMSO 4.0 (C=N) 390
3-Cl CDCl, 4-7 (C=N) 390
DMSO 3.9 (C=N) 390
4-Cl CDCl, 4.5 (C=N) 390
DMSO 3.9 (C=N) 390
2-OMe CDCl, 51 (C=N) 390
DMSO 4-0 (C=N) 390
3-OMe CDCl, 4.9 (C=N) 390
DMSO 4-3 (C=N) 390
4-OMe CDCl,4 4.9 (C=N) 390
4-NMe, CDCl, 4.9 (C=N) 390
DMSO 3.7 (C=N) 390
2-NO, DMSO 4-2 (C=N) 390
3-NO, DMSO 3.8 (C=N) 390
4-NO, DMSO 3.7 (C=N) 390
3-CN DMSO 4-0 (C=N) 390
4-CN DMSO 4.9 (C=N) 390
4-CF, CDCl, 5-1 (C=N) 390
Ph OH
\C=N/ CDCl, 3-1 (C=N) 69
/
Me
Ph
\C_N CDCl, 3.9 (C=N) 69, 64
J/ AN acetone-d 2:4 (C=N) 64
Me OH
Ph-substituted derivatives
2-Me CDCl, 3-8 (C=N) 69
2,4,6-Me; CDCls 3.3 (C=N) 69
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TABLE 150—cont.

Compound Solvent 'J(’N-"C) (Hz) Ref.
4-Me CDCl, 3.9 (C=N) 64
4-Cl CDCl, 4.0 (C=N) 64
4-Br CDCl; 3-8 (C=N) 64
4-OMe CDCl, 3.9 (C=N) 64
4-NO, acetone-dg 2:7 (C=N) 64

NOH

CDCl, 3-8 (C=N) 69
NOH

CDCl, 4-2 (C=N) 69

)

N cDCl, 58 (N-C=) 391
15 . =N 391

N \\KCOOMe 9:0 (C=N)
CN

)

N Heweoer CDCl; 21:6 (N*=C) 391
”Ill’ | 21-3 (=N*-C") 391
= - OMe

CN

MeN"=C" benzene-d,, 6-33 (N"C) 392

EtN"=C" none 9-7 (N*C) 393

Myoglobin complex of EtINC H,O 18-5 (N*C?) 393

Fe(11)-tetraphenylporphyrin

complex with two EtNC ligands pyridine 224 (N*C") 393

Pr°N"=C" none 97 (N*C) 393

Myoglobin complex of Pr"NC H,0O 19-6 (N"C") 393

CN™ D,0 6:2 (C=N) 394

Cu(CN),>" (tetrahedral) D,0 6:8 (C=N) 394

Ni(CN).,zf (square planar) D,O 9:3 (C=N) 394

Pt(CN),*” (square planar) D,0 11-4 (C=N) 394

Cd(CN),>~ (tetrahedral) D,0 8:0 (C=N) 394

Hg(CN),* (tetrahedral) D,0O 74 (C=N) 394

EtO\
C=NNO, CH,Cl, 4.4 (C=N) 263

Me;SiO
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TABLE 151
Some '*N-"*C couplings across more than one bond (absolute values if sign not given)
Number of
intervening
Compound (and solvent) "J(ISN—”C) (Hz) bonds (n) Ref.
Me;CCH,NHCHMe, (in CDCls) 1:0 (N-C-C-Me) 3 374
1:6 (N-CH,-C) 2 374
2:6 (N-C-Me) 2 374
its hydrochloride 0-8 (N-C-C-Me) 3 374
N
(in CDCl3) <0-3 (N-C-CH) 2 68
<0-3 (N-C-C-CH,) 3 68
its hydrochloride 0-3 (N-C-CH) 2 68
0-6 (N-C-C-CH,) 3 68
Me
|
N#
@ (in D,0) 6-7 (N-C-C-CH) 3 375
I\lde
Me N* i 1 (N=C—C-—
7\/ N (in D,O) 21 (N-C-C-Me) 3 375
O/T\/ Me
Me
(in D,O) 49 (N-C-CH) 2 375
he
Me
Me\rﬁ

N—Me
M (in D,0) <0-6 (N-C-C-CH) 3 375
Me
0
MC\ZOWMC (in D;0) <0-4 (N-C-C-CH) 3 375

Me NI (in D,0) 2-1 (N-C-C-Me) 3 375
LT
N&MCJ (in D,0) 1-7 (N-C-C-CH,) 3 375
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TABLE 151 —cont.

Number of
intervening
Compound (and solvent) "J(**N-3C) (Hz) bonds (n) Ref.

@NM% (in D,O) 1-3 (N-C-C-CH) 3 375
@ (in D,0) 2-1 (N-C-C-CHy) 3 375
NMe,

Me
+ /
&N\ (in D,0O) 2-9 (N-C-C-CH,, bridge) 3 375

Me
OCMk\ (in D,0) 1-0 (N-C-C-CH,) 3 375
C/I:J—Me
Me

Silatranes (see Table 29)
CH,CH,—0
N—CH,CH,—0—SiR
AN /
CH,CH,—0O

R =Me (in CDCl;) 1-5 (N-C-C) 2 124
(in CD,0D) 1-5 (N-C-C) 2 124
CH=CHj, (in acetone-dg) 1:2 (N-C-C) 2 124
Ph (in acetone-dg) 1-2 (N-C-O) 2 124
CH,Cl (in CDCl3) 1-2 (N-C-C) 2 124
OMe (in acetone-d,) 0-8 (N-C-C) 2 124
OEt (in acetone-dg) 0-9 (N-C-C) 2 124
N(CH,CH,;OH); (in CDCl3) 2-5 (N-C-C} 2 124
(in acetone-dg) 2:8 (N-C-C) 2 124
(in H,O) 2:6 (N-C-C) 2 124
its hydrochloride (in H,0) 0-6 (N-C-C) 2 124
Me OMe

“u=n" (in CH,Cl,) 2:8 (N=N-Me) 2 263
~ 1-4 (N-O-Me) 2 263

(e}

Me O
NN (in CH,Cl,) 2:3 (N=N-Me) 2 263
1-8 (N-O-Me) 2 263



TABLE 151 —cont.

447

Number of
intervening
Compound (and solvent) "J("*N-"C) (Hz) bonds (n)  Ref.
Me (o]
AN A .
N=N (in CH,ClL) 2:0 (N=N-Me) 2 263
OSiMe;
MeOOC (0}
AN Val
N=N (in CH,Cl,) 4-5 (N=N-CO) 2 263
OMe 3.0 (N-O-Me) 2 263
Proline (see Table 70)
(in D,O) cation <0-3 (N-C-CO) 2 221
1.7 (N-C-8-C) 2 221
4.6 (N-C-y-C) 2 221
amphion <0:2 (N-C-CO) 2 221
1-7 (N-C-8-C) 2 221
4.9 (N-C-y-C) 2 221
anion 0-3 (N-C-CO) 2 221
0-7 (N-C-8-C) 2 221
3.5 (N-C-y-C) 2 221
Me;CC(=0)NHCHMe, (in CDCl;) 6-5 (N-CO-C) 2 374
its hydrochloride 2-5 (N-CO-0) 2 374
(in CDCly) 51 (N-CO-CH) 2 374
(in D,0) 4.2 (N-CO-CH) 2 347
2-1 (N-CH-CH,) 2 347
its hydrochloride (in CDCl,) 2-5 (N-CO-CH) 2 374
(in CDCl3) 7:0 (N-CO-CH) 2 374
its hydrochloride 3.5 (N-CO-CH) 2 374
N
H O
H
OJ\O o)
R=Me (in acetone) <2 {N-CH-CO) 2 185
~ {in CF;COOH) <2 (N-CH-CO) 2 185
Pr' (in acetone) 2-3 (N-CH-CO) 2 185
(in CF3;COOH) 2-3 (N-CH-CO) 2 185
Bu' (in acetone) 2-3 (N-CH-CO) 2 185
(in CF3;COOH) <3 (N-CH-CO) 2 185
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TABLE 151 —cont.

Number of
intervening
Compound (and solvent) "J(ISN—”C) (Hz) bonds (n) Ref.
MeC(=O)NH, (in pyridine) 8:8 (N-CO-Me) 2 362
(in pyridine, 100 °C) 9-3 (N-CO-Me) 2 362
(in DMSO) -85 (N-CO-Me) 2 361
8-8 (N-CO-Me) 2 362
{(in DMSO, 130°C) 8:8 (N-CO-Me) 2 362
{in H,0) 7-3 (N-CO-Me) 2 362
(in CF;COOH) 3.9 (N-CO-Me) 2 362
(in 100% H,SO,) 3-4 (N-CO-Me) 2 362
(in FSO;H) 2:9 (N-CO-Me) 2 362
MeCONHCH,'*’NHPh (in DMSO) 9.5 (N-CO-CHjy) 2 362
0o
(in DMSO, 30-130°C) 7-3 (N-CO-C) 2 362
NH (in CF;COOH) 6-1 (N-CO-C) 2 362
(in 100% H,SO4) 5-3 (N-CO-C) 2 362
o)
oiNio
, (in CF3COOH) 7.3 (N-CO-C) 2 362
CH, 2-0 (N-CH,-C) 2 362
i (in FSO;H) 2.0 (N-CH,-C) 2 362
c
ojENEjo
PhNHCOCH,COMe (in CDCls) 7-2 (N-CO-CH,) 2 382
0-5 (N-ortho-C inPh) 2 382
1-4 (N-meta-C in Ph) 3 382
0MeO-CsH,-NHCOCH,COMe
(in CDCl;) 77 (N-CO-CH,) 2 382
<0-5 (N-ortho-C in Ph) 2 382
<0-5 (N-3-C in Ph) 3 382
1-0 (N-5-Cin Ph) 3 382
(%) Me
© N (in CDCl3) 65 (N-CO-3-C) 2 382
™ 1-0 (N-C-C-5-C) 3 382
® N O 2:0 (N-C-C-7-C) 3 382
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TABLE 151 —cont.

Number of
intervening
Compound (and solvent) "J(*N-"2C) (Hz) bonds (n) Ref.
(in CDCly) 65 (N-CO-3-C) 2 382
09 (N-C-8-C) 2 382
Shie Me 09 (N-C-C-5-C) 3 382
(inCDCly)  7-6 (N-CO-3-C) 2 382
1-0 (N-C-C-5-C) 3 382
OMe }N{ 0-5 (N-C-C-7-C) 3 382
(in CDCl;)  7:9 (N-CO-3-C) 2 382
3-2 (N-C-8-C) 2 382
o 0-5 (N-C-C-5-C) 3 382
oJ 05 (N-C-C-7-C) 3 382
CH,00CPr"
) X3
(inCDCLy) 65 (N-CO-3-C) 2 382
7.2 (8-N-CO-6-C) 2 382
{BP
MeC(=O)NHNHPh (in DMSO) 12 (N-CO-Me) 2 77
0o
3 (5)
Dj‘\ | (in DMSO) 11-2 (3-N-CO-5-C) 2 355
07
D
0
DN (in D,0) 5:5 (3-N=CO-5-C) 2 355
0" °N
CD,
o}
°N
;\ | (in D,0) <1-0 (3-N-CO-5-C) 2 355
0" °N
CD,
0
DNy (in D,0) 49 (3-N-CO-5-C) 2 355
0
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TABLE 151 —cont.

Number of
intervening
Compound (and solvent) "J(**N-"'3C) (Hz) bonds (1)  Ref.
o)
D,CN _
| {in D,0) 5-5 (3-N-CO-5-C) 2 355
0" °N
CD,
MeCO'*"NHCH(Me)CONHMe (in D,0) 7-2 (**’N-CO-Me) 2 347
PhNO, (in acetone-dy) —1-7 (N-C-ortho-C) 2 364
—2:3 (N-C-C-meta-C) 3 364
0:6 (N-C-C-C-para-C) 4 364
Azimines (R = phthalimide residue)
RN~ N
AN . .
1\{ Ph {in CDCl;, =20 °C) 2:0 (N=N"-Ph) 2 329
o <0-5 (N*=N-Ph) 2 329
}l’h
RN~ N (in CDCl3, —20°C) 69 (N=N"-Ph) 2 329
\N/ 1:5 (N*=N-Ph) 2 329
i
Ph
trans-PhN(O)=NPh (in CDCl;, —20°C) 9-4 (No:NL;Ph) 2 329
<0'5 (NO=N-Ph) 2 329
¢is-PhN{O)=NPh (in CDCl;, =20°C) 2-5 (N=NO-Ph) 2 329
<0-5 (NO=N-Ph) 2 329
PhNHMe (in acetone) 2-5 (N-C-ortho-C) 2 343
{1-4 (N-C-C-meta-C) 3 343
0-5 (N-C-C-C-para-C) 4 343
Ph'>N=N*=N"(in CDCl3) 474 (N-C-ortho-C) 2 248
{2-45 (N-C-C-meta-C) 3 248
0-32 (N=-C-C-C-para-C) 4 248
(in acetone-ds) 474 ("*’N-C-ortho-C) 2 248
2.02 (**N-C-C-meta-C) 3 248
pO.N-CeHy-P’N=N"=N" (in DMSO-ds) 3.7 (**N-C-ortho-C) 2 248
1-5 (*’N-C-C-meta-C) 3 248
EtOOCCH=N"=N"(in MeCN) 37 (C=N"=N") 2 67
1.2 (N"=CH-CO) 2 67
(in MeCN, —50°C) 3.2 (C=N"=N") 2 67
/ \ (in acetone-dg) -39 (N-C=0) 2 384
N
H
=\ o [\
HNVN “— N._ NH (inH,0) 0-9 (N-C=C) 2 276

¢
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Number of
intervening
Compound (and solvent) "J('*N-'3C) (Hz) bonds (n) Ref.
HNvNH (in H,O) <05 (N-C=C) 2 276
(in H,O) —4:8 (1-N-C—4-C) 2 276
MCN/_—‘\N <05 (3-N-C-5-C) 2 276
& (in CHCl5) 5-8 (1-N-C—4-C) 2 276
1.5 (3-N-C-5-C) 2 276
[\ (in H,0) ~0-9 (1-N=C—4-C) 2 276
MeN_ . NH 0-5 (3-N-C-5-C) 2 276
Histidine (see Table 150)
amphion (in H;0) -4-6 (3-N-C-CH,) 2 208
anion (in H,0) —3-8 (3-N-C-CH;) 2 208
a-N-Acetylhistidine anion (in HO) -39 (3-N-C-CH,) 2 208
I\ (in CDCly) 1-2 (1-N-N=3-C) 2 277
N 2. 1} (1-N-C—~4-C or
Ph 6-2) 2-N-C—4-0) 2 277
1:6 (1-N-C-ortho C 2 277
in Ph)
2:0 (1-N-C-C-meta-C) 3 277
Me .
\ (in CDCl3) 13:3 (1-N-CO-4-O) 2 277
04 _N 1:5 (2-N-C—-4-C) 2 277
N 3.1 (1-N-N-3-C) 2 277
Ph <12 (2-N-N-CO) 2 277
9-8 (2-N-C-Me) 2 277
‘//' \§ 1-2 (1-N-C-ortho-C 2 277
__Me / i“c in Ph)
{ \ prme 17 (1-N-C-C-meta-C) 3 277
J N’NH HO N’N (in DMSO) 9:8 (1-N-C—4-C) 2 277
Ph Ph 7-3 (2-N-C-Me) 2 277
Chetomin (see Table 150)
(in CDCls) 7:3 (2-N-11a-C) 2 204
6-2 (4a-N-3-C) 2 204
4-2 (4a-N-10b-C) 2 204
<10 (4a-N-11-0O) 2 204
37 (6-N-10a-C) 2 204
1-1 (6-N-10b-C) 2 204
7-3 (2'-N-6'-C) 2 204
6:7 (5'-N-3'-0) 2 204
6:3 (5'-N-6'-C) 2 204
4.3 (10'-N-8'-C) 2 204
4-7 (10'-N-14a'-C) 2 204
1-5 (10'-N-5-0C) 2 204
1:3 (6-N-11a-C) 3 204
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TABLE 151 —cont.

Number of
intervening
Compound (and solvent) "J("*’N-"3C) (Hz) bonds (n)  Ref.
| = (in acetone-de) +2:53 (N-C-C) 2 359
_ —-3-85 (N-C-C-C) 3 359
N
= (in CD,OH) +2:01 (N-C-C) 2 359
o -5-30 (N-C-C-C) 3 359
N
H
N {in CDCls) +1:43 (N-C-C) 2 359
| -5-17 (N-C-C-C) 3 359
=z +1:32 (N-C-O) 2 303
Tf -5-13 (N-C-C-C) 3 303
6]
N\jMe (in CDCly) 9.3 ("’N-C-Me) 2 385
[ 09 (**N-C-6-C) 2 385
(in CDCls) 9.2 ("*N-3-C-Me) 2 385
S|Me 89 (*N-5-C-Me) 2 385
Me 1.0 (*N-C-6-C) 2 385
0-5 ("*N-C-6-C-Me) 3 385
Me,N_ _Me (in CDCl3) 105 (:N—3-C—Me) 2 385
5-5 (*’N-5-C-CH=) 2 385
| ca. 0 ("’N-C-6-C) 2 185
H \jMe ca. 0 (*’N-C-6-C-Me) 3 385
Mel_ N ca. 0 1(s“N -5.-C-C=C) 3 385
N 3.9 (**N-5-C-C=C-Me) 4 385
NEt, (in CDCls) 10-3 (*N-2-C-Me) 2 385
Me| SN 2-7 (**N-C-5-C) 2 385
asIMe 2:8 (’N-C-N-4-0) 3 385
N 0-4 (**N-C-5-C-Me) 3 385
Riboflavin tetrabutyrate (see Table 64)
oxidized form (in DMSO-ds) 85 (4-C-5-N) 2 203
8:9 (6-C-5-N) 2 203
4-0 (7-C-5-N) 3 203
PhN(Me)CH,C=CH (in CD,Cl,) 0:9 (N-CH,-C) 2 343
-2-1 (N=C-ortho-C in Ph) 2 343
0-9 (N-CH,-C-C) 3 343
—1-1 (N-C-C-meta-C) 3 343
<0-5 (N-C-C-C-para-C) 4 343
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Number of
intervening
Compound (and solvent) “J("*'N-"3C) (Hz) bonds (n) Ref.
PhN(Me)C=CMe (in acetone-dg) 5-5 (N-C-C) 2 343
—2:3 (N-C-ortho-C) 2 343
0-5 (N-C=C-Me) 3 343
—1-8 (N-C-C-meta-C) 3 343
0-5 (N-C-C-C-para-C) 4 343
Ph . _
(in CDCl3) +2-7 (N=C-Me) 2 389
C=N 8:0 (N=C-Ph) 2 389
Me/ \Ph 1-9 (N-C-ortho-C in Ph) 2 389
Ph (in CDCl3) 73 (N=C-Ph) 2 390
N 2-8 (N=C-C-ortho-C) 3 390
SN 0-8 (N=C-C-C-C- 5 390
H OH para-C)
Ph-substituted derivatives
2,4,6-Me; (in CDCl5) 6-2 (N=C-Ph) 2 390
12 (N=C-C-ortho-C) 3 390
2-Cl (in CDCl3) 7-9 (N=C-Ph) 2 390
29 (N=C-C-2-0) 3 390
0-7 (N=C-C-C-C4-C) 5 390
(in DMSO) 8-4 (N=C-Ph) 2 390
2:9 (N=C-C-2-0) 3 390
3-Cl (in CDCl3) 7:6 (N=C-Ph) 2 390
3-0 (N=C-C-2-C) 3 390
0-9 (N=C-C-C-C-4-C) 5§ 390
(in DMSO) 8-2 (N=C-Ph) 2 390
3.4 (N=C-C-2-C) 3 390
1-0 (N=C-C-C-C4-C) 5 390
4-Cl (in CDCl3) 7-6 (N=C-Ph) 2 390
3.0 (N=C-C-2-C) 3 390
(in DMSO) 8-:0 (N=C-Ph) 2 390
3.2 (N=C-C-2-0) 3 390
2-OMe (in CDCls) 7-3 (N=C-Ph) 2 390
2:1 (N=C-C-2-C) 3 390
0:7 (N=C-C-C-C-4-C) 5§ 390
(in DMSO) 7-8 (N=C-Ph) 2 390
2:5 (N=C-C-2-C) 3 390
1:0 (N=C-C-C-C-4-C) 5 390
3-OMe (in CDCl3) 7-3 (N=C-Ph) 2 390
3-1 (N=C-C-2-C) 3 390
0-8 (N=C-C-C-C4-C) 5 390
(in DMSO) 7-8 (N=C-Ph) 2 390
3:9 (N=C-C-2-0O) 3 390



454

TABLE 151 —cont.

Number of
intervening

Compound (and solvent) “J('*N-"C) (Hz) bonds (n) Ref.

4-OMe (in CDCl3) 7-3 (N=C-Ph) 2 390

37 (N=C-C-2-0) 3 390

4-NMe,; (in CDCly) 7-3 {(N=C-Ph) 2 390

29 (N=C-C-2-C) 3 390

(in DMSO) 7-8 (N=C-Ph) 2 390

2.9 (N=C-C-2-0) 3 390

2-NO, (in DMSOQ) 8-7 (N=C-Ph) 2 390

2-4 (N=C-C-2-C) 3 390

0-4 (N=C-C-C-C-4-C) 5 390

3-NO, (in DMSO) 84 (N=C-Ph) 2 390

3-5 (N=C-C-2-0) 3 390

4-NO; (in DMSO) 8:5 (N=C-Ph) 2 390

3.7 (N=C-C-2-0C) 3 390

3-CN (in DMSO) 8:2 (N=C-Ph) 2 390

3-0 (N=C-C-2-0) 3 390

4-CN (in DMSO) 7-3 (N=C-Ph) 2 390

3-7 (N=C-C-2-0) 3 390

1-0 (N=C-C-C-C-4-C) 5 390

4-CF, (in CDCl3) 9-2 (N=C-Ph) 2 390

3.2 (N=C-C-2-O) 3 390
Ph {in CDCl5) 9-3 (N=C-Ph) 2 64, 69
Ne=N 10 (N=C-Me) 2 64, 69
/ N 2-9 (N=C-C-2-O) 3 64, 69

Me OH (in acetone) 9.7 (N=C-Ph) 2 64

15 (N=C-Me) 2 64

27 (N=C-C-2-O) 3 64

Ph-substituted derivatives

2-Me (in CDCl3) 8:8 (N=C-Ph) 2 69

<0-6 (N=C-Me) 2 69

1-1 (N=C-C-2-C) 3 69

2,4,6-Me;  (in CDCly) 8:0 (N=C-Ph) 2 69

<06 (N=C-Me) 2 69

1:2 (N=C-C-2-C) 3 69

4-Me (in CDCl3) 9-2 (N=CPh) 2 64

0:7 (N=C-Me 2 64

2-8 (N=C-C-2-0) 3 64

4-Cl (in CDCl3) 9-5 (N=C-Ph) 2 64

0-8 (N=C-Me) 2 64

2-9 (N=C-C-2-0) 3 64

4-Br (in CDCl3) 9:5 (N=C-Ph) 2 64

0:6 (N=C-Me) 2 64

2:7 (N=C-C-2-C) 3 64

4-OMe (in CDCl3) 9:3 (N=C-Ph) 2 64

4-4 (N=C-Me) 2 64

2-4 (N=C-C-2-O) 3 64
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Number of
intervening
Compound (and solvent) "J("*N-'3C) (Hz) bonds (n)  Ref.
4-NO, (in acetone-dg) 10-1 (N=C-Ph) 2 64
<0:6 (N=C-Me) 2 64
3.4 (N=C-C-2-C) 3 64
Ph /OH
/C=N (in CDCl,) 1.8 (N=C-Ph) 2 69
Me ~11:6 (N=C-Me) 2 69
NOH  (in CDCly) 9.2 (N=C-Ph) 2 69
+0:9 (N=C-CH,) 2 69
0-7 (N=C-C-CH in Ph) 3 69
2.4 (N=C-C=CinPh) 3 69
NOH (in CDCl,) 8-6 (N=C-Ph) 2 69
+1-4 (N=C-CH,) 2 69
3-8 (N=C-C-CH in Ph) 3 69
29 (N=C-C=CinPh) 3 69
o
[ j (in CDCl3) 7-2 (N-C=C) 2 391
N 1.9 (N-C-CHy) 2 391
s 2:2 (N=C-CN) 2 391
N \\(COOMe 10-6 (N=C-CO) 2 391
CN 1.7 (N-C=C-CH,) 3 391
o)
[ j {in CDCl3) 2-0 (N-C-CN) 2 391
N” HewQ 3.3 (N-C-CO) 2 391
,5111+ | 3-0 (N=C-C=C) 3 391
= ~ OMe
CN
pMe-C¢H,-SO,0 CN ]
N (in CDCl}) 1.0 (N=C-CN) 2 391
N=C 10-5 (N=C-CO) 2 391

N
COOMe
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TABLE 152

Some '*N-'*N couplings (absolute values; for additional data see Table 3)

Compound (and solvent)

"J(**’N-"°N) (Hz)

Number of
intervening
bonds (n) Ref.

EtOOCCH=N"=N"(in MeCN) 56
(in MeCN, -50°C) 56
51
Ph O
N\ 7
C
l (in DMSO) 3-0
NH
PhHN
Ph O
N 7
C
| (in DMSO) 36
HN
N
NHPh

Dinitrogen complexes (DPPE = Ph,PCH,CH,PPh,)
trans-[Mo(N;),(DPPE),] (intetrahydrofuran) 4-4
trans-{W(N;),(DPPE),] (intetrahydrofuran) 5-4
cis-[Mo(N,),(PMe,Ph),] (intetrahydrofuran) 6-3
cis-{W(N,);(PMe,Ph),] (intetrahydrofuran) 6:2
{[{Zr(pentamethylcyclopentadienyl);N5},(N>)}

(in toluene, —28 °C)
MeNHNO, (in CH,Cl,)
Me,NNO; (in CH,Cl,)
MeOOCNHNO; (in CH,Cl,)
MeOOCN(Me)NO, (in CH,Cl,)
EtOOCN(Me)NQO, (in CH,Cl,)
MeN(NO,;)SiMe; (in CH,Cl,)
EtOOCN(NO;)SiMe; (in CH,Cl,)
MeN(NQ,), (in CH,Cl,)

EtO
N .
C=NNO, (in CH,Cl,)
Me;SiO

(MeNNO,)”  NH," (in CH,Cl,)
(MeOOCNNO,) NH," (in CH,Cl,)
MeN=N(O)OMe (in CH,Cl,)

MeN=N(0)OSiMe; (in CH,Cl,)

MeOOCN=N(0)OMe (in CH,Cl,)
EtOOCN=N(O)OPr' (in CH,Cl,)

N=N" 2Na® (in D,0)

6-2 (terminal N,)

49
67
4-4
6:2
59
73
6-7
12-2

14-0

12-2
164
14-0
12-8
11-0
13-9
14-4

16-9

(isomer E)
(isomer Z)

(trans)
(cis)
(trans)

1 67
1 67
1 67

1 330
1 330
1 330
1 330
1 332
1 263
1 263
1 263
1 263
1 263
1 263
1 263
1 263

1 263

263
263
263
263
263
263
263

b b b ek b b b



457

TABLE 152 —cont.

Number of
intervening
Compound (and solvent) "7(**N-'°N) (Hz) bonds (n) Ref.
o
+/ + .
N=N 2K" (in D,0) 216 1 74
_ 7 N -
(0} SO,
0 o-
AN /
N"=N
7
HZC\ 2Na* (in D,0) 17-5 1 74
N"=N
_ 7 A
(6] (6]
EIZN\
N"=N EtNH?: (in CDCl5) 16:9 (N=N) 1 74
_ N 2
O
O=NNO; (in CH,Cl,, —-100°C) 11-7 1 74
trans-PhN(O)=NPh (in CDCl;) 12-5 1 329
cis-PhN(O)=NPh (in CDCl;) 12:5 1 329
Azimines (R = phthalimide residue)
RN~ N
ANURZEN
ll\l Ph 15-0 (N=N) 1 329
Ph
(in CDCls, -20°C)
l|’h
RN~ N
AN 4
l\lJ 13-4 (N=N) 1 329
Ph
(in CDCl3, —20°C)
Hydrazido ligands
[Mo(NNH;)(quinolin-8-olate)(PMe,Ph);1Cl ~10 1 346
(in CH,Cl,)
[W(NNH,)(quinolin-8-olate)}(PMe,Ph),]Cl 8-8 1 346
(in CH,Cl3)
[MoCI(NNH,)(pyridine)(PMe,Ph);]Cl 9-8 1 346
(in CH,Cl)
[WCI(NNH,)(pyridine)(PMe,Ph);]ClI 10-5 1 346

(in CH;Cl,)
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TABLE 152—cont.

Number of
intervening
Compound (and solvent) "J(*SN-'5N) (Hz) bonds (n) Ref.
Diazenido ligands, DPPE = Ph,PCH,CH,PPh,
[MoBr(N=NEt)(DPPE), ] 12-0 1 334
(in tetrahydrofuran)
[WBr(N=NE!)(DPPE),} 11-9 1 334
(in tetrahydrofuran)
[MoCI(N=NCOMe)(DPPE),] ~12 1 334
(in tetrahydrofuran)
[WCI(N=NCOMe)(DPPE),] 12-0 1 334
(in tetrahydrofuran)
[ReCl,(N=NCOPh)(pyridine}(PPh;),] 15-0 1 334
(in toluene)
MeN=N"=N" (in benzene-ds) 14-4 (N=N") 1 248
82 (N'=N") 1 248
PhN=N"=N" (in acetone-ds) 13-4 (N=N") 1 248
7-8 (N"=N") 1 248
pO2N-C¢H N=N"=N" (in DMSO-dq) 13.8 (N=N") 1 248
7-4-(N"=N") 1 248
2,4,6-(NO3)3'CeHa'N=N"=N" (in DMSO-ds) 140 (N=N") 1 248
6-3 (N"=N) 1 248
NCN=N"=N" (in CD5CN, —-20°C) 16-0 (N=N") 1 248
6-0 (N"=N") 1 248
(NCN=N"=N"); (in CD,Cl,) 16:1 (N=N") 1 248
6-1 (N"=N") 1 248
(Me,AlIN;);  (in toluene-dg, —100°C) 11-5 (N=N%) 1 256
59 (N"=N") 1 256
(Me2GaN,); (in toluene-dg, ~90°C) 12:6 (N=N") 1 256
7-3 (N"=N") 1 256
Me,AsN; (in benzene-dy) 12:2 (N=N",N"=N") 1 256
Me;SnN;  (in pyridine) ~12 (N=N*,N'=N7) 1 255
Me,P(S)N; (in acetone-d,) 13:6 (N=N") 1 254
6-8 (N"=N") 1 254
Me,P(Se)N; (in benzene-dg) 14:3 (N=N") 1 254
68 (N"=N") 1 254
(MeO),P(O)N; (in MeCN) 14-4 (N=N") 1 254
5-8 (N"=N") 1 254
[-N=P(N;),-]3 (in toluene-dg) 122 (N=N") 1 254
5:5 (N"=N") 1 254
HN=N"=N" (in Et,0) 13-95 (N=N") 1 247
7-20 (N*=N") 1 247
CIN=N"=N"(in CD,Cl,) 24.0 (N=N") 1 247
7-8 (N"=N") 1 247
Li"(N3)~ (in D,O) 11-35 1 254
Na®(N;)" (in D,0) 11-32 1 254

CLrnOn



TABLE 152—cont.

459

Number of
intervening
Compound (and solvent) "J(**N-">N) (Hz) bonds (n) Ref.
cis, R=H (in pyridine) 189 (N=N) 1 30
15-0 (N-N) 1 30
0 (N=N-N) 2 30
trans, R=H (in pyridine) 132 (N=N) 1 30
17-7 (N-N) 1 30
10-7 (N=N-N) 2 30
trans, R=NO, (in CF;COOH) 118 (N=N) 1 30
11-8 (N-N) 1 30
59 (N=N-N) 2 30
Me
N +
>=N Et 135 (N"=N) 1 30
S \ v/ 11:8 (N-N) 1 30
N=N 5-1 (N"=N-N) 2 30
(in CF3COOH) NO,
)\ -
/N (in CDCl3) 12-8 1 227
N
Ph
Me
\
o _N (in CDCl3) 12:0 1 277
N
Ph
M\ = [\
HN\7N N\/NH 1-1 (N=C-N) 2 276
(in H,0)
™\
MeN__N .
N (in H,0) 1-1 (N=C-N) 2 276
A
MeN " .“NH (in H,0) 1.7 (N=C-N) 2 276
~
Imidazole moiety in
histidine (in H,O)
cation +0-9 (N=C-N) 2 208, 276
amphion -0-6 (N=C-N) 2 208, 209
anion -0-9 (N=C-N) 2 208,209
Imidazole moiety in
a-N-acetylhistidine (in H,O0)
cation +3-4 (N=C-N) 2 208
amphion +1:0 (N=C-N) 2 208
anion ? (N=C-N) 2 208
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TABLE 152—cont.

Number of
intervening
Compound (and solvent) "J('*N-"°N) (Hz) bonds (n) Ref.
Nucleotides (see Table 126)
guanosine-3'-phosphate
(in H,0, pH 3-7) 2-2 (1-N-C-NH,) 2 314,315
6-0 (3-N=C-NH;) 2 314,315
3.7 (3-N-C-9-N) 2 314,315
(in H,O, pH 10) 6-0 (1-N-C~NH;) 2 314, 315
6:0 (3-N=C-NH,) 2 314,315
3.7 (3-N-C-9-N) 2 314,315
adenosine-3’-phosphate
(in H,O, pH 3) 1:0 (1-N-C-NH;) 2 314,315
15 (3-N-C-9-N) 2 314,315
(in H,O,pH7) 5:2 (1-N-C~NH,) 2 314,315
2:2 (3-N-C-9-N) 2 314,315
cytidine-3'-phosphate
(in H,O, pH 3) 1-5 (3-N=C-NH,) 2 314,315
(in H;0,pH 7) 5:8 (3-N=C-NHjy,) 2 314,315
uridine-3'-phosphate
(in H,O, pH 3-7) 2:2 (N-CO-N) 2 314, 315
(H;N),C=0 (in acetone + DMSO 5-1 (N-CO-N) 2 345
+ tetramethylurea)
(MeNH),C=0 (in DMSO-dy) 5-3 (N-CO-N) 2 345
L)
CH {(in DMSO) 4-6 (N-CO-N) 2 178
TTJH
(=0
NH,
P(NMe,)(NHPh), (in benzene) 2:2 (N-P-N) 2 142
cis-Pt(NCS),[P(OPh);], ~2 (N-Pt-N) 2 396
(in CH,Cly)
cis-(NHj3),Pt(N-Me-imidazole),>” 5-4 (H3;N-Pt-3-N, 2 395
(in H,0O) imidazole)
(H,NCH,CH;NH,)Pt(H,0)(N-Me-imidazole)>* 5-1 (HoN-Pt-N, 2 395
(in H,O) imidazole)
(HZNCHZCHZNHz)(Pt(N-Me-imidazole)zz* 5:4 (HN-Pt-N, 2 395
(in H,0) imidazole)




TABLE 153

Some *'P-*N couplings (absolute values if sign not given)

Number of
intervening

Compound Solvent "JC'P-'°N) (Hz) bonds (n) Ref.
(Me;N),P none +59-1 1 73,402
(Me;N);P=S none 6-0 1 73
(Me,N),P=0 none -26-9 1 73
PhNHPMe, none +53-0 1 73

benzene-dg 53-0 1 142
PhNHP(=S)Me, none +11:3 1 73

dioxan 11-3 1 142
PhNHP(=0)Me, none -0-5 1 73

DMSO-d -0-5 1 142
PhNHP(=Se)Me, CH,Cl, +16-5 1 142,254
PhNHP(=Te)Me, benzene/CH,Cl, 36-0 1 142
(PhNH-P"Me;) I” CH,Cl, 41 1 142
(PhNHP*Me,SMe) I~ CHCl, 10-5 1 142
(PhNHP*Me,SeMe) I~ CH,Cl1, 14-0 1 142
(Me,PBH;NPh),, CH,Cl, 17-0 1 142
PhNHPBu", mesitylene 59-6 1 142
PhNHP(=S)Bu", mesitylene/CHCl, 22:2 1 142
PhNHP(=0)Bu", mesitylene/CH,Cl, 115 1 142
PhNHP(=Se)Bu", mesitylene/CHCl, 272 1 142
(PhNHP*MeBu",) I~ DMSO-dg 13-4 1 142
(PhNHP*"Bu",SeMe) 1~ DMSO-dg 23.8 1 142
PhN(PBu";)SnMe;, benzene/CH,Cl, 80-0 1 142
PhN(PMe;)SnMe; benzene 719 1 142
PhIfP(:S)Mez benzene 24.8 1 142

SnMe,

19y



TABLE 153 —cont.

Number of
intervening
Compound Solvent "J('P-"°N) (Hz) bonds (1) Ref.
PhNHP(NMe,), benzene 53-8 1 142
(PhNH),PNMe, benzene 52-8 1 142
PhNHP(MeNCH,CH;NMe) benzene 84:2 1 142
PhNHP(=S)(MeNCH,CH,NMe) benzene/CHCl; 2-6 1 142
PhNHP(=Se)(MeNCH,CH,;NMe) benzene 7-8 1 142
PhNHP* (Me)(MeNCH,CH,NMe) CH,Cl, -33 1 142
PhP(MeNCH,CH,;NMe) none 49-8 1 402
PhP[N(CH,Ph),), none 76-7 1 402
PhP(NEt;), none 75-5 1 402
Me,NP(MeNCH,CH,NMe) none 51-8 (P-NMe) 1 402
24.0 (P-NMe,) 1 402
Cl,PNMe, none 89-4 1 402
O\
@ /PNMez none 89-0 1 402
O
(Bu®)OP(MeNCH,CH,;NMe) none 57-6 1 402
F3;P(NH;),» none —81-5 1 73
F;P=NPF, none -53.2 1 73
F,PN(SiH3); CDCl, +77-5 1 138
F,PN(SiH;),-BH; CDCl, 40-9 1 138
(F,P),NSiH; CDCl,4 74-6 1 138
i
P. DMSO-dg 53 1 399
“N\O -
Me,N o O (thymidin-1-yl)

(4% 7



P.
~
o \8%Vnhymidin-l-yl)

Et;NP(=0)(OMe),
L NP(=0)OMe),

J)NP(:O)(OMe;Z

Me
NP(=0)(OMe),
Me
Me
Me
J:NP(=O)(OMC)2
Me
Me
j:NP(=O)(OMe)2
Me
Me
}NP(:O)(OMe)Z
Me Me
Me
Me
NP(=0)(OMe),
Me

Me

DMSO-dg

benzene-dg

benzene-d,

benzene-dg

benzene-dg

benzene-d,

benzene-d;

benzene-dg

benzene-d

42

42-2

9-3

10-0

4-4

10-6

43

50

399

146

146

146

146

146

146

146

146

€9



TABLE 153 —cont.

Number of
intervening
Compound Solvent "J'P-"N) (Hz) bonds (n) Ref.
<>NP(=O)(OM¢)2 benzene-d, 20-9 1 146
E)NP(=O)(OM¢)2 benzene-d, 41-2 1 146
< : b -d, 39-1 1 146
NP(=0)(OMe), enzene-dg
b -d 427 1 146
CNP(=O)(OM€)2 enzene-dg
CNP(ZO){OMC)Z benzene-dg 41-8 1 146
CNP(ZO)(OMG)2 benzene-dg 37-6 1 146
Bu' o F
N/
P—Ph benzene-dg 353 1 145
Ph,C AN
N ph
Me,P(=O)N=N"=N" CDCl, 479 1 254
4-9 2 254

14°1%



Me,P(=S)N=N"=N"
Me,P(=Se)N=N"=N"
EtzP(:O)N___N‘*:Ni
Et,P(=S)N=N"=N~
(MeO),P(=0O)N=N"=N"
Cyclophosphazenes (see Table 127)
[-N=P(N3),-1
[-N=PCl,-};
[-N=PBr,-]5
[-N=PF»-]5
[-N=P(SEt);-15

[-N=P(SPh),~-]5
[-N=PCl,-],

[-N=PCl,-]s
[-N=P(SEt),-1s
N;3P;Cl4(SEt),

N;P;Cl,(SEt),

N4P,ClLi(SEt),

N3P3Cl4(SPh),

N;P;CL(SPh),4

acetone-ds
benzene-dg
benzene-dg
benzene-dg
MeCN

toluene-dg
CDCl,

CDCl,
CDCl,
CDC(Cl,

CDClL
CDCly

cDCl,
CDCl,
CDCl,

CDCl,

CDCl,

CDCl,

CDCl,

54-75
5-05
2-70

57-4

511
45

58-0
53

14-9

17 (P-Nj)

31-7

31-8

55-8

24.9

511

51-0

53-3

6-9

6-9

23

340

34-1 (Cl,P-N-PCl,)
388 (Cl,P-N)

48-1 (P(SEt),-N)
40-3 (PCl,-N)

47-6 (P(SEt),-N)
49-4 (P(SE1),NP(SEt),)
15-5 (PCl,-N)

30-6 (P(SEt),-N)
337 (PCl,-N-PCl,)
39:4 (PCl,-N)

50-6 (P(SPh)-N)
39-7 (PCl,-N)

50-9 (P(SPh),-N)
53-5 (P(SPh);NP(SPh),)

s B o I R FS I S Ry

RV Y S N S e e N T e

254
254
254
254
254
254
254
254
254

254
326, 400
401
400
400
400
326
326
326
401
401
326
326
326
326
326
326
326
326
326
326
326
326
326
326
326

)4



TABLE 153 —cont.

Number of
intervening
Compound Solvent "J(*'P-""N) (Hz) bonds (n) Ref.
N=NP*Ph3 CH,Cl,/CHCl, 185 (**N=N-P*) 2 162
Cll
R-]\Dt—NHzCH2CH2CH2CH2CH2M€
Cl
R =PBu"; CDCl, 47 (N-Pt-P) 2 337
P(Me)Ph, CDCl, 52 (N-Pt-P) 2 337
P(C¢HsMep), CDCl, 50 (N-Pt-P) 2 337
?1
R—I"d-NHZCHzC}hCHzCHZCHzMe
Cl
R =PBu",; CDCl, 50 (N-Pd-P) 2 337
P(Me)Ph, CDCl, 54 (N-Pd-P) 2 337
P(CsHsMep), CDCl; 54 (N-Pd-P) 2 337
Pt(NO,),(PBu";), CDCl;
cis-isomer 61 {(trans-N-Pt-P) 2 337
trans-isomer 3 (cis-N-Pt-P) 2 337
cis-Pt{NCS),[P(OPh);], CDCl, 95 (trans-N-Pt-P) 2 337
7 (cis-N-Pt-P) 2 337

99y



'
O—th—O
R =PBu",
P(CsHsMep)s

P(OEt);3
cis-Pt(NCS)(SCN)[P(OPh);],

trans-[W(N,),(Ph,PCH,CH,PPh,),]
cis-[Mo{N;),(PMe,Ph),4]
cis-[W(N;)2(PMe,Ph),]

cis-[MoF(NNH,)(Ph,PCH,CH,PPh,),]BF,
trans-[WF(NNH,)(Ph,PCH,CH,PPh,),]BF,
[WCI(NNH,)(pyridine)(PMe,Ph);]Cl

CDCl,

CH,Cl,
tetrahydrofuran
tetrahydrofuran

tetrahydrofuran

CH,Cl,
CH,Cl,
CH,Cl,

50 (N-Pt-P)

53 (N-Pt-P)

76 (N-Pt-P)

91 (trans-N-Pt-P)
6 (cis-N-Pt-P)
1-9 (N-W-P)

09 (NN-W-P)

5:2 (trans-N-Me-P)
16:7 (trans-N-W-P)
1:2 (cis-N-W-P)
09 (NN-W-P)
6 (N-Mo-P)

11 (N-W-P)
5 (N-W-P)

NN NWRNNMRRWNMNDNDNNDNDD

337
337
337
396
396
330
330
330
330
330
330
346
346
346

L9V



TABLE 154

Some "F-"N couplings (absolute values if sign not given)

89

Number of
intervening
Compound Solvent "J(*°F-'°N)} (Hz) bonds (n) Ref.
S
| none -52-5 2 379,403
ZF
N
XF
| none 36 3 379
yZ
N
X
I none (—)52-3 2 379
>z
F N F
X
| CDCl,/CF,COOH (-)231 2 379
+ ZF
N
H
XF
| CDCl;/CF;COOH 31 3 379
+
N
H
Fluoro-anilines none or DMSO
2-F 0 3 379
3-F 0 4 279
4-F 15 5 379
2,4-F, 1-5 5 379
2-Me-4-F 1-5 5 379



Fluoro-anilinium ions
2-F
3-F
4-F
Fluoro-substituted N,N-dimethylanilines
2-F
3-F
4-F
2,4-F,
Fluoro-substituted acetanilides
2-F
3-F
4-F
2-Me-4-F
Fluoro-substituted benzenesulphonanilides
(substituted in Ph-NH moiety of PAINHSO,Ph)
2-F
3-F
4-F
2,4-F,

F
O\ /
P—Ph
Ph,C N/ AN

Ph

trans-[MoF(NNH,)(Ph,PCH,CH,PPh,),]BF,
trans-[WF(NNH;)(Ph,PCH,CH,PPh,)]BF,
[WFs(NMe)]~

F,PN(SiH3),

(F,P),NSiH;

CDCl,/CF;COOH

none or DMSO

DMSO

DMSO

DMSO

benzene-dg¢

CH,Cl,
CH,Cl,
none
CcDCl,
CDCl,

1-3
0-2

0-5
0-6

1-0
0-9
0-5
0-2

1.9
0-5
0-8
1-3
1-8

29

24-6 (N-P-F)

77 (N-Mo-F)
58 (N-W-F)
56 (N-W-F)
-2:6 (N-P-F)
3-2 (N-P-F)

v oW

[V RV I~ VY )

wm W bs W

W W bW

NN NN

379
379
379

379
379
379
379

379
379
379
379

379
379
379
379
379

379

145

346
346
404
138
138

69t



TABLE 155

Some '**Pt-'*N couplings (absolute values)
Number of
intervening

Compound Solvent "J(**°Pt-'*N)(Hz) bonds (n) Ref.
cis-Pt(NH;),Cl, DMSO 3122 1 405
CIPt"(NHs)3 DMSO 317 (N trans to Cl)

278 (N trans to NHj3) 1 405
cis-PtCl,(NH;3)(DMSO) DMSO 336 1 405
trans-PtCl,(NH3)(DMSO) DMSO 232 1 405
trans-CIPt" (NH;),(DMSO) DMSO 287 1 405
cis-CIPt"(NH,),(DMSO) DMSO 340-0 1 405
cis-Pt** (NH;);(DMSO) DMSO 288 (N trans to Cl) 1 405

232 (N trans to DMSO)
Pt"Cl,(NH,CH,COO") H,O 317 1 405
trans-PtCl,(NH,CH,COOH)}DMSO) H,0 244 1 405
Pt"CI(DMSO)NH,CH,COO7), N trans to DMSO H,O 226 1 405
Pt" CI(DMSO)(NH,CH,COO"), N trans to Cl H,0 330 1 405
cis-Pt(NO3),(PBu"s), CDCl, 390 1 406, 337
trans-Pt{NO;),(PBu"3), CDCl, 453 1 406, 337
trans-PtCl,(R)(NH,CH,CH,CH,CH,CH;Me)

R =PBu"; CDCl, 138-3 1 337
PMePh, CDCl, 155-9 1 337
P(C¢Hy4Mep)s CDCl, 158-8 1 337
AsBu"; CDCl,4 183-8 1 337
AsMePh, CDCl, 208-8 1 337
As(C¢HyMep)s CDCl; 207-4 1 337
n-hexylamine CDCl; 286-8 1 337
CH,=CH, CDCl, 2839 1 337

CIS-PtClz(NHzCHzCHzCHzCHzCHzMC)z DMSO 336 1 337

oLy



¢is-PtCl(CH,=CH,){(NH,CH,CH,CH,CH,CH,Me) CDCl, 2956 1 337
CDCl, 296 1 407
Pt * (H,0)(NH,CH,CH,NH,) H,0 4214 1 395
cis—Pt“(NH;)z(N—Me-imidazole)z H,O 286-5 (NH3-Pt) 1 395
4365 (3-N-Pt) 1 395
26:1 (MeN-P1) 3 395
Pt**(H,0)2(NH,), H,0 3886 1 395
Pt** (H,0)(NH,CH,CH,NH,)(N-Me-imidazole) H,0 {‘;;1 (NH;—P()} | 395
9 (3-N=Pt) 1 395
247 (MeN-Pt) 3 395
Pt**(NH,CH,CH,NH,)(N-Me-imidazole), K,O 318 (NH,-Pt) 1 395
4286 (3-N-Pt) 1 395
25-5 (MeN-Pt) 3 395
Pt** (H,0),(N-Me-imidazole), H,0 579.4 (3-N-Pt) 1 395
326 (MeN-Pt) 3 395
EtCH—NMe,
H;C—ll’t—Cl CDCl, 190 1 377
Me;S:O
MeCH—NMe,
MeCH—ll’t—Cl CDCl, 239 (Me,N-Pt) 1 377
Me,NH 299  (HN-PY) 1 377
trans-PtCly(PPh;)(NHMe,) CDCl, 171 1 408
trans-PtCl,(CH,=CH,)(NHMe,) CcDCl, 299 1 408
"’anS-PtClz(CHZ_—CH2N+HM62)(NHM62) CDClg 107 1 408
51 3 408

Ly



TABLE 156

Some miscellaneous “*N-X couplings (absolute values if sign not given)

Number of
intervening
Compound Solvent "J(lSN—X) (Hz) bonds (n) Ref.
x = 183w
[W(NNH,)(quinolin-8-olate)(PMe,Ph);]Cl CH,Cl, 114 1 346
[WCI(NNH,)(pyridine)(PMe,Ph);]Cl CH,Cl1, 124.5 1 346
[WFs(NMe)]™ CH,Cl, 98 1 404, 346
trans-{WF4(NMe)[(Me0),SO1} CH,(Cl, 140 1 404, 346
X = 119Sn/117sn
PhN(PMe,S)(SnMe,) benzene-de -47-5 (%sn-"°N) 1 142
Stannatranes (see Table 29) R=Me CDCls, —30 to +33°C 75:6;110-0 (**Sn-"°N) 1 140
CH,CH,—O (non-equivalent moieties
NZCH,CH,—0—SnR in a trimeric sptle::7ies) s
J 72-4;104-6 (" 'Sn-"N) 1 140
CH,CH,—O Bu' CDCl;, -20°C 69-9 (*'°Sn-""N) 1 140
666 (''’Sn-'°N) 1 140
X=""cd
1:1 Adducts of “1Cd-meso-tetraphenylporphyrin
with substituted pyridines (Table 116),
couplings with porphyrin nitrogens
substituent on pyridine ring:
4-CN 147-6 1 288
3-Cl 1464 1 288
4-COOMe 146-3 1 288
4-COMe 146:0 1 288
none 142-5 1 288
4-Me 141-0 1 288
4-NH, 137-4 1 288
X = 103Rh
RhCl(PPrig)z(pMe-C6H4~N=S=O) DMSO 155 1M 409

oy



X="'Ga
(Cl;'GaNCS)~
[C1,"'Ga(NCS),1™

X =%Co
Co>*(NH,CH,CH,NH,),
Co>*(NH3)s

X =""Fe
Fe(11) low-spin complexes
with meso-tetraphenylporphyrin (TPP),
couplings with porphyrin nitrogens
57Fe(11)(TPP)(pyridine),
$7Fe(11)(TPP)(morpholine),
57Fe(11)(TPP)(pyrrolidine),

X=2"Al
(C1;>’ AINCS)™
(Cl*" AINCO)~
C1,7" ANCS),~

X:199Hg
/’N\ PhN(HgPh)N=NPh
PRN_ - NPh o or v
HgPh PhN=NN(HgPh)Ph

X =27pb
Pb(11)(1,4,8,11-tetraazacyclotetradecane)(NO;),
(see Table 144)

MeCN
MeCN

D,0
D,0

pyridine/D,0O
CDCl;
CDCl,

MeCN
MeCN
MeCN
pyridine, 0-6 M
pyridine, 0-1 M

tetrahydrofuran, 0-2 M

DMSO

133*
161*

63-8
62-5

7-8
80
75

56*
56*
63*

167
<10
165
<10
154
<10

207-5 (axial-N-Pb)
19-8 (equatorial-N-Pb)

N = =N

410
410

335
335

411
411
411

410
410
410

412
412
412
412
412
412

339
339

* Recalculated from '*N couplings.

ELY



10.
11,
12.
13.
14.
15.
16.

17.
18.
19.
20.
21.
22.
23.

24,
25.

26.
27.
28.
29.
30.

31.
32.
33.
34,
3s.

36.

37.
38.
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472
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peptidoglycans, primary structure,
285
Cephalosporins, amido groups,
nitrogen shielding, 243-245
Cevadine, nitrogen shielding, 324
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Chaetomium cochliodes, toxic
metabolite, see Chetomin
Chemically induced dynamic nuclear
polarization (CIDNP), 28

effect on '°N NMR, 147
Chetomin
'J(**’N-"H), 403
'J(*N-"3C), 440
2J(**N-"2C), 451
3J(°N-"C), 451
nitrogen shielding, 251
Cinnoline, nitrogen shielding, 345
Cobalt complexes
'J(**Co-""N), 473
nitrogen shielding, 400
Conjugated ring systems, nitrogen
shielding, 32-33
Continuous wave method in nitrogen
NMR, 23-25
Corydaline, nitrogen shielding, 324
Cyanates, nitrogen shielding, 72-73,
301
Cyanide ion, hemin and hemoprotein
complexes, nitrogen shielding,
308-309
Cyano groups, nitrogen shielding, 73—
74
Cytidine, nitrogen shielding, 368

D

2'-Deoxyadenosine, nitrogen shielding,
366
Diazapentadienium cations, nitrogen
shielding, 72, 300
Diazenido ligands
'J(**N-"°N), 458
nitrogen shielding, 108, 399
Diazo compounds, nitrogen shielding,
99-102, 388-389
Diazonium salts, nitrogen shielding,
99-102, 389
Dimethylamino group, internal
rotation barrier, nitrogen
shielding and, 155
Dinitrogen and its complexes
'J(**N-"*N), 456
nitrogen shielding, 107-108, 398
Dipeptides
cyclic, nitrogen shielding, 269

SUBJECT INDEX

cyclic, substituent effects on nitrogen
shielding, 293
Gly-Gly, nitrogen shielding, protec-
ting groups and, 270
Double resonance methods, for NMR
spectra, 25

E

Electronic transitions, contributions to
nitrogen shielding tensor, 138-

139

Enamines, nitrogen shielding, 39-40,
174-175

Enamino groups, nitrogen shielding,
176

Enamino ketones, nitrogen shielding,
39-40, 174-175

[Met*]Enkephalin, nitrogen shielding,
279

Escherichia coli, cell walls, nitrogen
shielding, 288

F

Fluoro-acetanilides

3J(*°F-'°N), 469

*J(*°F~'°N), 469

SJ(*F-"*N), 469
Fluoro-anilines

3J(*°F-"°N), 468, 469

*J(**F-'°N), 468, 469

*J(*F-'°N), 468, 469
Fluoro-benzenesulphonanilides

3J(*°F-'°N), 469

ST(**F-"*N), 469

*J(*°F-""N), 469
Fluoro-pyridines

2J(*°F-'°N), 468

*J(**F-"°N), 468
Folic acid

nitrogen shielding, 249

tetrahydro-, nitrogen shielding, 248
Formamides, N -alkyl-, nitrogen shield-

ing, 239

Fulminates, nitrogen shielding, 304-305
Furazan, nitrogen shielding, 318
Furoxans, nitrogen shielding, 330
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G

Gallium complexes, 'J(''Ga-'°N), 473
Gegenion effects on nitrogen shielding,
ammonium and anilinium ions,
195-197
Glutamic acid, 'J(**N-'2C), 431
Glycine
amino acid nitrogen
changes relative to, 263
J(**N-"C), 431
Glycine—-B-alanine polymers, amide
linkages, nitrogen shielding and,
293
Gram-positive bacteria
cell wall lysozyme digests, nitrogen
shielding, 286
primary structure of cell wall pepti-
doglycans, nitrogen shielding and,
285
Gramicidin-S, nitrogen shielding, 283
Guanidines, nitrogen shielding, 50-54,
222-224
Guanidinium ions, nitrogen shielding,
222-224
Guanine, 9-ethyl-, 'J(**N-"H), 404
Guanosine, nitrogen shielding, 366

shielding

H
Hemins and hemoproteins, cyanide
complexes, nitrogen shielding,
308-309

Hetacillin, nitrogen shielding, 244
Histidine
'J(*’N-"H), 414
*J(**N-'H), 425
2J(I°N-1°C), 451
*J(’N-"C), 451
nitrogen shielding, 264
Histidine, a-N -acetyl-
'J(**N-"H), 414
3J(**N-'H), 426
'J(*N-"3C), 439
Hydantoin, nitrogen shielding, 247
Hydrazides, nitrogen shielding, 4650,
214-215
Hydrazido complexes, nitrogen shield-
ing, 218
Hydrazido ligands, 'J(**N-"°N), 457
Hydrazines
nitrogen shielding, 46-50, 214-215
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cyclic, trans-trans double inversion

in, 216
tetraalkyl-, nitrogen shielding, 217~
218
Hydrazones, nitrogen shielding, 46-50,
219
Hydroxylamines, nitrogen shielding,

46-50, 214-215

Imidazoles, nitrogen shielding, 79
Imidazole complexes, nitrogen shield-
ing, 322
Imidazole moieties, 2J('*N-'°N), 459
2-Imidazolidinone, nitrogen shielding,
242
Imines, nitrogen shielding, 94-96, 374~
377
Immonium cations, nitrogen shielding,
374-377
Indazole, nitrogen shielding, 315
Indole
nitrogen shielding, 314
2- and 3-methyl-, 'J(**N-"H), 408
Indolizines, nitrogen shielding, 76
INDO/S parameterized calculations,
nitrogen shielding tensors and,
136-137
Inosine, nitrogen shielding, 367
Internal rotation barriers, correlation
with nitrogen shieldings, 34-35,
155-157
Iron complexes
'J(*’Fe-"°N), 473
nitrogen shielding, 400
Isocyanates, nitrogen shielding, 72-73,

301

Isocyano groups, nitrogen shielding, 73—
74

Isoindole, N-methyl-, nitrogen shield-
ing, 314

Isoleucine, 'J(**N-"C), 431
Isonitriles, nitrogen shielding, 304-305
Isoquinoline, nitrogen shielding, 345
Isoreserpine, nitrogen shielding, 323
Isothiazole, nitrogen shielding, 318
Isothiocyanates
nitrogen shielding, 72-73, 301
nitrogen shielding and distinction
from thiocyanates, 303
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Isotope effects, nitrogen shielding and,
28, 146
Isoxazole, nitrogen shielding, 317

J

'J(**N-"H), 402-410

and molecular structure, 111-113
'T(’N-"°C), 429-444

and molecular structure, 117-121
'J(**°Pt-"°N), 470471

and molecular structure, 125-126
2J(**N-'H), 410-418

comparison of observed and cal-

culated values, 418

and molecular structure, 114-115
2J(**N-"2C), 445-455

and molecular structure, 121-123
3J(**’N-'H), 418-427

and molecular structure, 115-117
3J(P*N-"3C), 445455
"J(**N-'H), 428

and molecular structure, 117
"J(*°F-'*N), 468-469

and molecular structure, 125
"J(**N-"*N), 456-460

and molecular structure, 123-124
"J(*'P-'°N), 461-467

and molecular structure, 124-125

L

Lactams
nitrogen shielding, 241-242
conjugated cyclic, nitrogen shielding,
246-249
Lead complexes, nitrogen shielding,
110, 401
Leucine
'T(**N-13C), 431
*J(**N~'H), 419
Line widths of '*N signals,
nitrogen shielding assignments and,

150
Lysozyme digests of cell walls
Bacillus  licheniformis,  relative
intensities of N  resonance
signals, 287
Gram-positive bacteria, nitrogen

shielding, 286

. Nitroarginine

SUBJECT INDEX

M

Mercury complexes, 'J(**°Hg-'°N), 473
Methicillin, nitrogen shielding, 243
Molecular structure, correlation with
nitrogen spin-spin  couplings,
109-127
Molybdenum complexes
2J('P-"°N), 467
nitrogen shielding, 108, 398, 399,

401
N
Nebramycin, nitrogen shielding, 188-
189
Neighbouring residue effects on

nitrogen shielding in X-Gly-Gly
polypeptides, 292
Nematic phases, nitrogen NMR, 26
Nicotinamide
1J(*’N-'H), 415
3J(°N-"H), 426
nitrogen shielding, 369, 370
Nicotinamide nucleotides
1J(’N-'H), 416
3J(**N-"H), 426
Nicotine, nitrogen shielding, 166
Nitramines, nitrogen shielding, 97-99,
384
Nitrates, nitrogen shielding,
385-387
Nitriles and their N-oxides, nitrogen
shielding, 304-305
Nitrites, nitrogen shielding, 105-107,

97-99,

397

Nitrito onium ions, nitrogen shielding,
398

Nitro compounds, nitrogen shielding,
385-387

Nitro groups, nitrogen shielding, 97-99
Nitro ions, nitrogen shielding, 398
methyl ester hydro-
chloride, structure, 266
Nitrogen, see Dinitrogen
Nitrogen NMR spectroscopy, 1-486
calibration of spectra, 15-19
experimental techniques, 19-28
parameters, theory, 3-15
quantitative aspects, 26
solid state, samples, 27-28
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Nitrogen scrambling, in p-
toluenesulphonyl azide, 299
Nitrogen shielding

absolute scale, 28

alkyl group effects, 31-32, 162

assignments, from spectra, 30

assignments, '*N signal line widths
and, 150

calculations, 3-12

conjugated ring systems, 32-33

constants, conversion schemes for
different experimental
determinations, 142

conversion factors, for various
standards, 144

electronic transition contributions,
138-139

general considerations, 28-36

INDO/S parameterized
calculations, 136-137

internal rotation barriers and, 34—
35, 155-157

isotope effects, 28, 146

protonation shifts and, 33-34

range for diamagnetic species, 30—
31

range for various types of molecule,
151-154

relaxation reagent effects, 145

solvent effects, 35-36

" tensor, paramagnetic component,

138-139

Nitrones, nitrogen shielding, 94-96,
382

Nitrosamines, nitrogen shielding, 105-
107, 394-395

Nitrosamine, N,N-dimethyl-,
protonation equilibria, 396
Nitroso compounds, nitrogen
shielding, 105-107, 397
Nitrosyl complexes, nitrogen shielding,
108
Nitrourethanes, nitrogen shielding,
384
Nosiheptide antibiotic, structure, 288
Nucleosides, nitrogen shielding, 92-93,
366-371
Nucleotides
'J(°N-"H), 417
2J(**N-'N), 460
nitrogen shielding, 92-93, 366-371
Nylons, nitrogen shielding, 289
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o

Oligopeptides, nitrogen shielding,
273-275

Osmium complexes, nitrogen
shielding, 400

Oxacillin, nitrogen shielding, 243

Oxadiazoles, nitrogen shielding, 317,
318

1,2,5-Oxadiazole 2-N-oxides, nitrogen
shielding, 330-331

Oxazole, nitrogen shielding, 317

Oxazolidine-2,5-diones, nitrogen
shielding, 268

N-Oxides, nitrogen shielding, shift
reagents and, 148

Oximes, nitrogen shielding, 94-96,
378-381

Oxime ethers, nitrogen shielding, 378-
381

Oxytocin, nitrogen shielding, 277

4

Palladium complexes
2J('P-"N), 466
nitrogen shielding, 307, 400
Penicillins, amido groups, nitrogen
shielding, 243-245
Penicillin G, nitrogen shielding, 243
Penicillin V
nitrogen shielding, 243
a-sulphoxide, nitrogen shielding,
244
Peptides
'J(**N-"C), 433-437
nitrogen shielding, 58-70
Peptides .
diastereomeric, nitrogen shielding,
276
homopolymers, substituent effects
on nitrogen shielding, 293
protected, solvent effects on
nitrogen shielding, 271-272
Peptidoglycans of cell wall in Gram-
positive bacteria, primary
structures, 285
pH, nitrogen shielding of arginine and,
265
Phenazine, nitrogen shielding, 345
Phosphadiazoles, nitrogen shielding,
332
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Phosphazines, cyclic
'J('P-'*N), 465
nitrogen shielding, 93-94, 372-373
Phosphorus, amino-, nitrogen
shielding, 180-183
Phthalazine, nitrogen shielding, 345
Physostigmine, nitrogen shielding, 233
Piperazine, 2,5-diketo-, nitrogen
shielding, 269
Piperidine
nitrogen shielding, 164
methyl substituted, nitrogen
shielding, 168
Platinum complexes
2J(>'P-"*N), 466
'J(*°Pt-"*N), 470, 471
3J('?°Pt-"*N), 471
nitrogen shielding, 400
Polyamides, nitrogen shielding, 252-
253
Poly-L-ornithine, nitrogen shielding,
295
Polypeptides
nitrogen shielding, 58-70, 289-291
shift reagent effects on nitrogen
shielding, 149
slowly relaxing '*N nuclei, 292
sulphonamide linkages, nitrogen
shielding, 296
X-Gly-Gly, neighbouring residue
effects on nitrogen shielding,

292

Polyureas, linear, nitrogen shielding,
230-231

Porphyrins, nitrogen shielding, 325-
329

Proline

'J(*’N-"2C), 431
2J(*°N-12C), 447
Protecting groups in Gly-Gly
dipeptides, nitrogen shielding
and, 270
Protonation
N,N-dimethylnitrosamine, "°N
shielding data and, 396
shifts, in nitrogen shielding, 33-34
Pterins, tetrahydro-, nitrogen
shielding, 247
Pulsed Fourier-transform techniques in
nitrogen NMR, 20-23
Purine, nitrogen shielding, 368

SUBJECT INDEX

Pyrazine
nitrogen shielding, 344
substituted, nitrogen shielding, 343
Pyridazine, nitrogen shielding, 344
Pyridine
nitrogen shielding, 85, 344
substituted, nitrogen shielding,
335-340
Pyridine N-oxide, substituted,
nitrogen shielding, 357-364
Pyridinium ion
nitrogen shielding, 347
substituted, nitrogen shielding,
347-356
Pyrimidine
nitrogen shielding, 85, 344
substituted, nitrogen shielding,
341-343
Pyrroles
nitrogen shielding, 75
substituent effects on nitrogen
shielding, 321

Q

Quinazoline, nitrogen shielding, 345
Quinoline
nitrogen shielding, 344
decahydro derivatives, nitrogen
shielding, 164
Quinoxaline, nitrogen shielding, 345

R

Rauwolfia alkaloids, nitrogen
shielding, 323-324
Relaxation in nitrogen NMR, 127-133
14N, 128-132
N, 132-133
reagents, nitrogen shielding and,
145
time, measurement, 26
Reserpine, nitrogen shielding, 323
Rhodium complexes
LJ(*Rh-'"N), 473
nitrogen shielding, 399, 400
Riboflavin tetrabutyrate
3J(**’N-"H), 426
'J(1°N-"3C), 440
2J(*N-°C), 452
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Riboflavin tetrabutyrate (cont.)
3J(1N-"3C), 452
J(’N-"3C), 452
nitrogen shielding, 247
Ristocetin antibiotic, 'J(**N-"H), 416
Ruthenium complexes, nitrogen
shielding, 399, 400

S

Sarcosine bridges, cis and trans,
differentiation, 294
Scopolamine, nitrogen shielding, 166
Serine, 'J('*N-"2C), 431
Shift reagents in nitrogen NMR
spectroscopy, 29
N -oxides, nitrogen shielding, 148
polypeptides, nitrogen shielding,
149
Signal line widths, "*N, nitrogen
shielding assignments and, 150
Silatranes
'J(**N~'H), 412
>J(*’N-'H), 420
'J(*’N-"3C), 430
2J('*N-13C), 446
nitrogen shielding, 179
Silylamines, nitrogen shielding, 177-
178
Siomycin A, nitrogen shielding, 282-
283
Solute effects on nitrogen shielding in
acetonitrile, 306
Solvent effects on nitrogen shielding,
35-36
aliphatic amines and aniline, 170-
172
amides, 240
ammonium ions, 195-197
anilinium ions, 195-197
carbamates, 232
protected peptides, 271-272
Sparteine, nitrogen shielding, 324
Spin-spin couplings
calculations, 12-15
correlation with molecular
structure, 110-127
involving nitrogen, measurement,
127
1-bond ’N-">C, 429444
> 1-bond ’N-"°C, 445-455
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2-bond '*N-'"2C, molecular
structure and, 121-123
1PF_15N, 468-469
'9F-'SN, molecular structure and,
125
*N-'H, 428
'N-'H, one bond, 402-410
1J(**N-'H), molecular structure
and, 111-113
'*N-'H, two bonds, 410-418
2J(**N-'H), molecular structure
and, 114-115
'N-'H, three bonds, 418427
*J(**N-"H), molecular structure
and, 115-117
*N-'H, across more than three
bonds, molecular structure and,
117
'J(**N-"3C), molecular structure
and, 117-121
'J(N-N), INDO-SOS calculations,
140-141
’N-'"N, 456-460
'*N-'5N, molecular structure and,
123-124
1N-X, 472-473
3p_I5N, 461467
3'p_!SN, molecular structure and,
124-125
195pt-15N, 470-471
195pt_15N, molecular structure and,
125-126
Stannatrane
'J(*VSn-"°N), 472
LI("°Sn-"*N), 472
nitrogen shielding, 179
Streptomyces tenebrarius,
aminoglycoside antibiotics from,
nitrogen shielding, 188-189
Streptomycin
nitrogen shielding, 225
dihydro-, nitrogen shielding, 225
Streptonigrin, 'J(*°N-'3C), 441
Substituent effects on nitrogen
shielding
amino acids, 293
cyclodipeptides, 293
peptide homopolymers, 293
pyrroles, 321
Sulphinylamines, nitrogen shielding,
96-97, 382-383
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Sulphodiimides, nitrogen shielding,
96-97, 382-383

Sulphonamides, nitrogen shielding,
54-58, 255-256

Sulphonamide groups in polypeptides,
nitrogen shielding, 296

Sydnones and sydnonimines, nitrogen
shielding, 333-334

T

Tautomerism, azo-hydrazone, nitrogen
shielding and, 393
1,2,4,5-Tetrazine, nitrogen shielding,

344
Tetrazoles, N-methyl-, nitrogen
shielding, 316

Thermopsine, nitrogen shielding, 324
Thiadiazoles, nitrogen shielding, 318,
319
Thiamine, nitrogen shielding, 365
Thiazole, nitrogen shielding, 318
Thioamides
nitrogen shielding, 54-58, 254
nitrogen shielding and
dimethylamino group internal
rotation barrier, 155
Thiocyanates
nitrogen shielding, 72-73, 301
nitrogen shielding and distinction
from isothiocyanates, 303
Thiolactams, conjugated cyclic,
nitrogen shielding, 246-249
Thionitrites, nitrogen shielding, 96-97,
382-383
Thiostrepton, nitrogen shielding, 282-
283
Thiourea, nitrogen shielding, 254
Thymidine, nitrogen shielding, 367
Thymine, 1-methyl-, 'J(**N-"H), 404
Tin complexes
I (17Sn-"°N), 472
'J(*'°Sn-"°N}, 472
Transition metal complexes, nitrogen
shielding, 400-401
Triazapentadienium cations, nitrogen
shielding, 72, 300
Triazenes, nitrogen shielding, 102-104
Triazines, nitrogen shielding, 344
Triazoles, N-methyl-, nitrogen
shielding, 315, 316

SUBJECT INDEX

Tropoelastin, nitrogen shielding, 284
Tryptophan, 'J(**N-'H), 408
Tungsten complexes

2J(1°F-"°N), 469

2J(*'P-"*N), 467

3J(>'P-"°N), 467

1](183w_15N), 472

nitrogen shielding, 108, 398, 399,

401

U

Uracil
'J("*N-"H), 404
nitrogen shielding, 249, 369
Ureas
nitrogen shielding, 50-54, 226-229
nitrogen shielding increments for
carbon atoms, 230
Uridine, nitrogen shielding, 367
Urogen formation, intermediate in
'J(P*N-"2C), 439
nitrogen shielding, 325

v

Valine, 'J(**N-'C), 431

Viomycin, nitrogen shielding, 278

Vitamin B,, nitrogen shielding, 365

Vitamin B,, see Riboflavin

Vitamin B,,, nitrogen shielding, 371

Volume bulk magnetic susceptibilities,
143

X

Xanthosine, nitrogen shielding, 368

Y

Yb(fod), shift reagent, effect on N-
oxide structures, 148
Yohimbine, nitrogen shielding, 323

z

Zirconium complexes, nitrogen
shielding, 398
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