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Preface

In line with previous volumes in this series, Volume 23 of Annual Reports on
NMR Spectroscopy consists of contributions from many scientific areas.
Taken together they help to explain both the ever increasing popularity and
the quiddity of NMR.

The topics in question relate to NMR studies of isolated spin pairs in the
solid state, the oxidation-state dependence of transition metal shieldings, the
Cinderella nuclei, permutation symmetry in NMR relaxation and exchange,
nuclear spin relaxation in organic systems and solutions of macromolecules
and aggregates and NMR of coals and coal products.

It is with great pleasure that I take this opportunity to express my sincere
gratitude to the contributors for their understanding and cooperation during
the preparation of this series of reports.

University of Surrey G.A. WEBB
Guildford
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1. INTRODUCTION

One of the pioneering applications of NMR spectroscopy involved the
determination of the hydrogen-hydrogen internuclear separation for the
water molecules of hydration in CaSQ,-2H,0." Pake was able to account for
the orientation dependence of the 'H NMR frequency in single crystals of
CaSO,-2H,0 by suggesting that the two hydrogen nuclei in a given water
molecule interact via a magnetic dipole—dipole coupling. The local magnetic

ANNUAL REPORTS ON NMR SPECTROSCOPY Copyright « 1991 Academic Press Limited
VOLUME 23 ISBN 0-12-505323-1 All rights of reproduction in any form reserved



2 W.P. POWER and R.E. WASYLISHEN

HH

TH
Fig. 1. The angle # describes the orientation of the 'H~'H internuclear vector, ryy, in
the applied magnetic field, B,,.

field at one nucleus of the pair was described using the following equation,
B, = Bo £ 2(uo/dm)rg2yuh(3 cos? 6 — 1) (1)

where 7y is the magnetogyric ratio for hydrogen (protons), ryy, is the *H-'H
separation, and 6 is the angle between the 'H-'H internuclear vector and the
applied magnetic field, B, (see Fig. 1). At any given orientation of the water
proton—proton internuclear vector in By, two !H NMR transitions are
allowed. Analysis of the NMR single-crystal data indicated that the 'H-'H
separation in each water of hydration was 1.58 A. This was an important
experimental result in 1948.

Pake also examined and analysed the '"H NMR line shape of a powder
sample of CaSO,-2H,0. The observed line shape (Fig. 2) was explained by
adding the intensities of the two allowed orientation-dependent transitions
due to the intramolecular dipolar interaction over the spherical polar angles,
# and ¢, that describe the orientation of the 'H-'H internuclear vector in
B,. The line broadening of the observed powder spectrum resulted from
dipolar interactions with protons in neighbouring water molecules. The
success of Pake’s experiment can in part be attributed to the presence of
relatively isolated proton spin pairs in CaSO,-2H,O0.

Following Pake’s study, '"H NMR line shapes were calculated for triangular
arrangements of nuclei which interact by the dipole-dipole interaction.?
Nuclei at the apices of an equilateral triangle result in a more complex but
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Fig. 2. The “Pake pattern” arising from dipolar coupling between two isolated spin-}
nuclei. The characteristic features of the powder line shape correspond to 6§ =0° and
# = 90° orientations of the internuclear vector in By,

symmetric NMR line shape that has a triplet structure when broadened. Such
line shapes were observed for HNO;-H,0, HC1O,-H,0 and H,S0,-H,0,
and provided evidence for the existence and structure of the hydronium ion
(H3O07").? A tetrahedral arrangement of nuclei leads to a rather structureless
powder line shape.* ® For systems containing four or more nuclei with more
general arrangements, the calculation of the NMR line shape becomes
exceedingly difficult. However, Van Vieck’ showed that the moments of the
powder pattern can be readily calculated, providing information similar to
that obtained with exact line shape calculations. Powder ' H NMR line shapes
of the ammonium halides®!! and alkali metal borohydrides'? yielded early
estimates of the N-H and B-H bond lengths of 1.035+0.01 A and 1.255
+0.02 A, respectively, in these salts.

In the 1950s, many simple systems in addition to those mentioned above
were investigated using solid-state 'H NMR and some specific questions were
answered. For example, 'H NMR was used to help distinguish between two
proposed structures of diketene in the solid state.!® In addition. the amino
group in urea was found to be planar and not pyramidal.'*

H.C H.C.
R YT
O—C‘b O—C\\O

Early in the study of solids, it was recognized that 'H dipolar NMR line
shapes are narrowed by molecular motion.'*'¢ During the 1950s and early
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1960s, 'H NMR was acknowledged as one of the most important techniques in
characterizing molecular motion in solids. One of the points that became
apparent from these studies was that if one was going to use dipolar NMR to
obtain accurate structural information, it generally would be necessary to
work at low temperature where motional averaging of the dipolar interactions
would be minimal.!” Also, in simple systems, such as salt hydrides, efforts were
made to correct apparent dipolar splittings for averaging resulting from
molecular vibrations and librations.!!-18:19

Early applications of dipolar NMR have been summarized in a textbook by
Andrew,?® the first textbook devoted entirely to NMR spectroscopy. In
addition, early reviews of the literature have been provided by Gutowsky!’
and Richards.?! The importance of NMR in studying molecular motion in
solids is nicely summarized in an important monograph by Parsonage and
Stavely entitled Disorder in Crystals, published in 1978.22 Also, Boden?? has
reviewed the applications of NMR in studying molecular motion in the plastic
crystalline state.

Improvements in NMR instrumentation, the development of pulse Fourier-
transform NMR?%2% and techniques such as cross-polarization?%?7 made it
possible to study rare or dilute spins such as !*C in the solid state. In the 1970s,
the most common solid-state NMR experiment for rare spins involved a
transfer of magnetization from abundant spins (invariably 'H) followed by
high-power decoupling of the abundant spins during acquisition of the rare-
spin spectrum. Under these conditions, experimentalists were able to charac-
terize magnetic shielding parameters for rare spins from both single-crystal
and powder samples. Shielding parameters obtained using these techniques
have been summarized in a text by Mehring?” and in several reviews.?834

A rare spin, in the context of the above experiments, is defined as one in
which homonuclear dipolar broadening is suppressed by magnetic dilution.
For example, in the case of !3C the natural abundance is only 1.19%; thus, in
any given organic molecule, only a small fraction of these spins will have a
neighbour that is also '3C. It is important to recognize that, although the
natural abundance of 3'P is 100%, broadening due to *!P-3!'P dipolar
interactions is generally small unless two 3!P nuclei are directly bonded or in
close proximity to one another. For example, two 3'P nuclei separated by
more than 5 A will have a homonuclear dipolar coupling constant of less than
160 Hz. We define the dipolar coupling constant, R, between two nuclei [ and S
in SI units (Hz) as (po/4m) yiyst;s > (h/2n), where y; denotes the magnetogyric
ratio of each nucleus and rig is the internuclear separation.

The developments in the early 1970s made it possible to measure 3C-'4N
dipolar couplings in single crystals of the tetracyanoplatinate(IT) anion*® and
glycine,*® and in powders of acetonitrile.®” Using single crystals of oxalic acid
dihydrate and diammonium oxalate monohydrate doped with 2-59%
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13C,037, van Willigen et al.*® were able to determine the *3C-!3C dipolar
tensor, and hence obtain the C—C bond lengths in these compounds from
NMR spectra. In 1975 and 1976, separated local field (SLF) spectroscopy
of 13C nuclei in solids was introduced by Waugh and coworkers®>*'*° to
measure '3C-'H dipolar interactions. The two-dimensional character of this
experiment displayed the '*C—'H dipolar spectrum along one axis and the
13C shielding along the other axis.

The purpose of this chapter is to review the literature in which dipolar
couplings in solid compounds are reported and comment on the information
provided by these experiments. After a brief summary of the essential
theoretical background, dipolar couplings in homonuclear spin pairs are
discussed. This is followed by a section on heteronuclear spin pairs. The
section on homonuclear spin pairs is by no means complete in that we do not
discuss every paper in which abundant spin—-abundant spin (e.g. '"H-'H and
19F_19F) dipolar interactions are reported. We have concentrated on systems
which contain “isolated spin-pairs” such as !3C-*3C, !*N-!5N and 3'P-3'P.
In general, the review focuses on literature published in the 1980s. Earlier work
has been described in a number of texts and reviews, some of which we have
already mentioned. Dipolar NMR experiments on solids have been discussed
in two excellent monographs on solid-state NMR by Mehring?” and Fyfe.*!
Some experimental aspects of solid-state NMR are described by Fukushima
and Roeder,*? Axelson*? and Jelinski and Melchior.** Publications concern-
ing the study of solids by NMR are reviewed annually in a publication of The
Chemical Society (Specialist Periodical Reports— Nuclear Magnetic Reson-
ance, edited by G. A. Webb). We have not reviewed the literature dealing
with NMR studies of liquid-crystal systems; again, this topic is reviewed
biennially in the Specialist Periodical Reports— Nuclear Magnetic Resonance.

2. BACKGROUND THEORY

2.1. Introduction

Most of the experimental NMR studies described in this review have involved
observation of spin- nuclei in a strong magnetic field. Typically, the spin-}
nucleus is dipolar coupled to at least one other nucleus of spin L. If the second
nucleus is a spin-4 nucleus and also has the same magnetogyric ratio, the spin
pair is known as a homonuclear spin pair. If the two spin-¥ nuclei have
different magnetogyric ratios, they form a heteronuclear spin pair. In addition
to being coupled by the direct dipolar interaction, the two spins in a spin pair
may be coupled by an indirect spin—spin coupling interaction, J coupling.
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Furthermore, the magnetic field at each nucleus will be modified by fields
arising from the motion of surrounding electrons, a phenomenon known as
chemical shielding. Thus, in general, it will be sufficient to express the
Hamiltonian of a spin-{ nucleus in an isolated spin pair I-S as the following
sum,

H=H,+H +H,+HS+HY 2

where the subscripts denote the relevant interactions: Z, Zeeman; rf,
radiofrequency pulse; o, chemical shielding; D, direct dipolar coupling; and J,
indirect spin—spin coupling. In general, we maintain the convention that Sis a
dilute or rare nucleus, often the one under observation, and I denotes the
nucleus, often abundant, which is the other member of the spin pair. The fact
that NMR measurements are carried out in strong magnetic fields ensures
that the various interactions in (2) are only perturbations to the dominant
Zeeman term. In heteronuclear spin systems, the high-field approximation
may not be strictly valid if the I spin is a quadrupolar nucleus, particularly if
the magnitude of the I spin quadrupolar coupling constant, (1), is comparable
with or greater than its Larmor frequency, vo(I).

2.2. The NMR interactions

We now briefly outline the important features of each of the interactions
described in (2). For completeness, the quadrupolar interaction is also
included. There are many treatments available that are more detailed and
quite varied in approach, and we refer here to a comprehensive, though
certainly not exhaustive, set of monographs by Abragam,*> Haeberlen,*5
Slichter,*” Spiess,>* Mehring,2” Gerstein and Dybowski,*® Ernst et al.*® and
Munowitz,>° as well as to reviews by Taylor et al.,’* Vaughan,*? Duncan and
Dybowski®*® and Gerstein.>*

2.2.1. The Zeeman interaction

In the presence of a strong magnetic field, a nucleus possessing spin (I > 0) will
be in one of 21 + 1 equally spaced energy levels. Transitions between these
levels are the basis of the NMR experiment. The energy difference between
levels depends on the magnetic moment of the nucleus, g, and the external
magnetic field, By,

Hy=—h"'pBy=—7,Bo1

where y, is the characteristic magnetogyric ratio for a nuclear isotope, n, and
I is the nuclear spin. The magnetic-field vector, B, is usually chosen such
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that it lies along the z axis of the laboratory frame, i.e. B, =(0,0, B,). This
allows one to express the nuclear spin I in terms of I, the component along
its axis of quantization, the magnetic field. The frequency of a pure Zeeman
transition is called the Larmor frequency, and is given by

vo = y.Bo/2m (4)

where v, is in Hz

2.2.2. The radiofrequency interaction

Transitions between the Zeeman energy levels are usually induced by
radiofrequency (rf) fields, B, applied perpendicular to the magnetic field
direction, taken as the x direction of the laboratory frame. It is a time-
dependent field,

B.¢(t) = (LB, (t)cos 01],0,0) &)

where B, is the amplitude of the radiofrequency field and w/2n is the carrier
frequency. The nuclear spin interacts with the radiofrequency field in a similar
fashion as it does with the static magnetic field, i.e.

Hrf = - YnBrf.I (6)

2.2.3. The chemical shielding interaction

As mentioned in Section 2.1, the motion of electrons in a molecule generates
magnetic fields which modify the applied field, B, at a nucleus. The induced
fields are proportional to the strength of the external field and they generally
shield the nucleus from the applied field,

H,=y,l'0'B, (7

where o is the chemical shielding tensor of the observed nucleus. This tensor
describes the three-dimensional nature of the electronic “screening” of the
nucleus, which in general will vary with the orientation of the molecule in the
magnetic field. In practice, only the symmetric part of the shielding tensor
contributes to the NMR spectrum.*® In its principal-axis system (PAS), the
diagonalized tensor is described by three orthogonal principal components,
011,03, and 655, designating the directions of least, intermediate and greatest
shielding, respectively. The values of these shielding components are absolute
values with respect to the bare nucleus. In NMR, it is common to observe
signals with respect to that of a reference, where the difference between the
sample and the reference signals is called the chemical shift, symbolized by §
and expressed in units of parts per million (ppm), as

5samp]e = 106(vsampl: - vref)/vre[ =~ 1()G(O'ref - asample) (8)
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a.
‘\3 3

> 022

/
AN U,

11

Fig. 3. The orientation dependence of the chemical shielding is described by the
angles 0 and ¢ according to (9).

The principal components of ¢ can also be expressed as chemical shifts, with
4,95, and d,, corresponding to ¢, ;, 6,, and g, , respectively. It is important
to recognize the difference between absolute chemical shielding and relative
chemical-shift values; this distinction is preserved throughout this review.
In a solid, the chemical shielding experienced by a particular nucleus varies
with the orientation of the molecule in the magnetic field B,, according to

v, = Vo[l — (0, sin?0 cos’¢ + 6,, sin*0sin?} + 035 cos?6)] 9)

where 8 and ¢ are the polar and azimuthal angles orienting the applied
magnetic field direction in the principal-axis system of the chemical-shielding
tensor, as shown in Fig. 3. In a single crystal, this leads to a variation in the
chemical shift of a nucleus as a function of orientation of the crystal in the
magnetic field. In a powder, all possible orientations of the molecule
contribute to the observed signal, and a powder line shape results, with limits
marked by inflection points at §,, and J,; and a discontinuity at d,,.
Examples of axially symmetric and nonaxially symmetric chemical shift
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»n

Fig. 4. Powder line shapes due to anisotropic chemical shift for (a) axial symmetry
(7, =0), and (b) nonaxial symmetry (7, = 0.6 in this example).

powder patterns are given in Fig. 4. In high-resolution NMR experiments,
where the chemical-shift tensor is often averaged by rapid magic angle
spinning (MAS), all anisotropic information is generally lost and only the
isotropic average, d;,, is measured, where d,,, = (8, + 8,, + 83)/3. The width
of the static powder line shape is called the chemical-shielding anisotropy,
Ao =0,, — 833, and the asymmetry parameter, r,, denotes the departure from
axial symmetry in a range from O to 1. For the case of nonaxial symmetry, more
elaborate definitions of these parameters are available elsewhere.>%-3%:46

2.24. The direct dipolar interaction

This is the through-space coupling of two nuclear spins I and S. It can be
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expressed as
Hyp =ypysh?r [ — 3(I-0)(S-1)r 21 (uo/4m) (10)

where I and S may be like or unlike spins. The Hamiltonian may be expressed
in polar coordinates as a sum of six terms, the so-called “dipolar alphabet”,

Hp=77ysh?r *[A+ B+ C+ D+ E + F](o/4n) (11)

where

A= —1,5.(3cos?’6—1)

B=(1/4)[1,S_+1_S,](3cos?8—1)

C=—G/2[LS, +1,8,]sinfcosHexp(— i)

D= —(3/2)[1,S_ +1_8S,]sinfcosfexpli¢)

E= —(3/4)1.S, sin?Oexp(— 2i¢)

F= —(3/4)1_S_sin®fexp(2ig)

For heteronuclear spin pairs, normally only term A contributes to the
observed spectra, while both terms A and B contribute to the spectra of
homonuclear spin pairs, due to the “flip-flop” operator in term B. Consequent-
ly, the equations describing the resonance frequencies for dipolar coupled
spins are different for hetero- and homo-nuclear cases. For two isolated spin-3
nuclei, the dipolar interaction leads to an orientation-dependent splitting,

vp (hetero) = v + 1R (3 cos?0 — 1) (12a)
vp(homo) = vy + 2R (3 cos?6 — 1) (12b)

where 0 is the angle between the I-S internuclear vector r and the magnetic
field direction, and R is the dipolar coupling constant, expressed in SI units as

R =[(sh)/2m)1<{ryg> ) (1o/4m) (12¢)

Typical values of R are given in Table 1. When a spin-1 nucleus is coupled to a
quadrupolar nucleus with spin I, there are 2/ + 1 transitions which arise due to
the possible values of m,;. The frequency of each transition is given by

vp (hetero) = vy + m; R (3cos?0 — 1) (12d)

In a powder sample, the dipolar NMR spectrum of an isolated spin pair will
appear as a characteristic “Pake doublet” (Fig. 2). In the case of a heteronu-
clear spin pair, the splitting between the discontinuities is R (0 =90°) and
between the outer shoulders is 2R (8 =0°). For homonuclear systems
containing a magnetically equivalent spin pair, the corresponding splittings
are 3R/2 and 3R, respectively. For an AB spin system, where the two coupled
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Table 1. Direct dipolar coupling constants for various isolated spin pairs, based on the
typical internuclear separations indicated.

Separation R
Spin pair Example (&) (kHz)
IH-'H H,O 1.51 34.888
ZH-'H HDO 1.51 5.356
ZH-2H D,0 1.51 0.822
Mp_'H P-H bond length 1.41 17.365
3sip_2H P-H bond length 1.41 2.666
3p_13C P-C single bond 1.85 1.934
31p_33C) P-Cl bond length 2.04 0.562
3p_S3Cy P-Cu bond length 230 1.061
3lp_t03Rp P—Rh bond length 2.32 0.123
B3C-'H C-H bond length 1.09 23.328
13C-2H C-H bond length 1.09 5.681
13C-13C C—C single bond 1.54 2.080
13C-13C C-C double bond 1.34 3.158
13C_14N C-N peptide bond 1.32 0.949
3C-15N C-N peptide bond 1.32 1.332
13C-19F C-F bond length 1.38 10.820
13C-35¢1 C-Cl bond length 1.77 0.534
ISN-'H N-H bond length 1.01 11.819

nuclei are like spins but are not magnetically equivalent, the situation is more
complex.38:3% The four observed transitions are not split according to the
limits given above, but are somewhere in between, depending on the degree of
mixing of the spin states. Such mixing will occur whenever the difference in
resonance frequencies for the two nuclei is on the order of, or smaller than, the
strength of the coupling between them.

The dipolar interaction is directed along the internuclear vector. r, and, in
the absence of oriented librations, is both axially symmetric (C,, symmetry)
and traceless. Therefore, the value of R is sufficient to describe the dipolar
coupling completely. Note that R depends on the separation between the two
nuclei; in principle, measurement of R can provide internuclear distances. The
observed dipolar coupling vanishes whenever the internuclear vector is
undergoing rapid isotropic motion. Averaging of the dipolar interaction can
also be accomplished in spin space.

2.2.5. The indirect spin—spin interaction

This interaction involves a coupling between two nuclear spins, mediated by
the electronic environment between the nuclei, rather than behaving as a
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through-space interaction. It can be expressed as
H,=1-J-S (13)

where J is the indirect spin—spin coupling tensor. This tensor describes the
variation in the indirect spin-spin coupling with the orientation of the
molecule in the magnetic field. In solution, only the isotropic average, J,,,, is
observed. In principle, one can measure both the anisotropy and asymmetry of
the J tensor in rigid solids. However, the anisotropy, AJ, transforms similarly
to the direct dipolar coupling, thus, the two interactions cannot be easily
separated via experiment. In practice, this leads to an effective dipolar
coupling constant, R,

Ri=R—-AJ/3 (14)

where AJ = J, — J , assuming that J is axially symmetric, with J, designating
the component oriented along the internuclear vector and J, the component
that is perpendicular. This characteristic can complicate the interpretation of
dipolar spectra, leading to erroneous results for internuclear separations
derived from the observed dipolar splitting. Reliable experimental values of
AJ are scarce in the literature; however, for any given spin pair, theoretical
calculations indicate that the magnitude of AJ is of the same order of
magnitude as, or smaller than, values for J,,,.>¢ Furthermore, on the basis of
calculations, the anisotropy in J is predicted to become more important for
coupling constants involving heavier nuclei.>’

2.2.6. The quadrupolar interaction

This interaction is important for all nuclei possessing a nuclear quadrupole
moment, i.e. all nuclei with nuclear spin I > L. It is an electrostatic interaction
between the quadrupole moment, eQ, and the electric-field gradient (EFG) at
the nucleus, and is described by

Hy = eQI-V-I/[61(2] — 1)] (15)

where I and V are the nuclear spin vector and EFG tensor, respectively.
The principal components of V (V,; =eq;;, i = 1,2,3) are defined such that
Vi3l 21V 11 21V,,1. The EFG tensor is traceless; therefore, the quadrupolar
interaction is not observed directly in solution. The strength of this interaction
is usually expressed in terms of the quadrupolar coupling constant, y, where
% =¢°Qqs3/h (in Hz), and the magnitudes of the minor components are
expressed via the asymmetry parameter, 7o =(V,; — V;)/Vs;. The orienta-
tion dependence of the quadrupolar interaction leads to a perturbation of the
NMR transition of the quadrupolar nucleus, which, to first order, is given by

vq = [3x(m; —3)/41(21 — 1)]1[(3cos*B — 1) — nosin®0 cos2¢]  (16)
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where m; is the spin state of the quadrupolar nucleus which can vary from + 1
to —I + 1,and 0 and ¢ are the angles orienting the magnetic-field vector in the
EFG tensor frame.

Equation (16) is only valid in the high-field limit, where H, » H. If this
condition is not satisfied, the axis of quantization for the quadrupolar nucleus
will be tipped away from B, In such cases, the eigenfunctions for the
quadrupolar nucleus become linear combinations of the pure Zeeman states,
and the dipolar interaction between a spin-i nucleus and a quadrupolar
nucleus is no longer given by the simple truncated heteronuclear dipolar
Hamiltonian; that is, terms of the dipolar alphabet other than term A
contribute to the observed dipolar splitting.

2.3. Separation of internal Hamiltonians

When characterizing a system using NMR, one would like to be able to
separate the various interactions that influence the NMR spectrum. A variety
of “tricks” have been developed that allow the effects of these interactions to be
turned “on” and “off”. This possibility is contained in the different spatial, spin
and field dependencies of the interactions acting on the nucleus, given in
Table 2. Rapid magic angle spinning (MAS) can be used to obtain high-
resolution spectra of solids, by removing the effects of the anisotropic terms.>®
These terms, in general, have a (3 cos? — 1) dependence; the so-calied magic
angle, 0, = 54.74°,is that angle for which (3 cos? @ — 1) equals zero. In practice,
MAS is accomplished by spinning the sample about an axis inclined at
cos~ '(1/,/3) with respect to the magnetic field. Manipulation in spin space can
also be performed. Foremost among these techniques is homonuclear
multiple-pulse decoupling,?”*¢ such as WAHUHA,*° where coupling be-
tween like nuclei is suppressed while chemical shift and heteronuclear coupling
interactions remain, albeit scaled. This has been particularly useful in the
NMR study of abundant spins in solids.*® A variety of pulse sequences have
been developed to suppress or eliminate the effect of the different interactions,
a representative sample of which is included in Fig. 5, and will be discussed in
more detail later.

It is obvious that the experimentalist has some control over the Hamil-
tonians which govern the system under observation. The effects of the
interactions can be tailored to act separately, simultaneously, and even
consecutively by applying the principles of two-dimensional NMR spec-
troscopy.*® The latter technique is particularly advantageous as it allows the
effects of the different interactions to be simultaneously resolved from, and
related to, each other via the two-dimensional spectrum. This highly
informative approach has been widely used in the study of solids by NMR,



Table 2. The NMR interactions arising from local fields and their various spatial, spin and field dependencies.

Isotropic Spin Field
Interaction average Spatial dependence dependence Dependence
Chemical shift 0is0> Tiso Ac[(3cos? B — 1) + 7, sin? 6 cos 2¢] S, Linear
Homonuclear (3R/2)(3cos? 6 —1) 31,5, -1'S None
dipolar
Heteronuclear 0 R(Bcos?H—1) LS, None
dipolar
Indirect Jiso AJ(B3cos?d0—1) 31,5, — IS (homo) None
spin-spin .S, (hetero)
Quadrupolar 0 [x/2121 — 1)][(3cos? 6 —1) 382 -8+ (2 - S)) None

— g sin® Hcos 2¢)]

vl
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Fig. 5. Some basic NMR pulse sequences for acquiring spectra of nuclei that are
members of isolated spin pairs. The relative phases of the pulses are omitted for
convenience; the interested reader should consult the original literature. (a) Standard
cross-polarization sequence, transferring polarization from abundant I spins to rare S
spins. (b) Spin-echo sequence, where S spin interactions linear in the spin operator S,
{e.g. chemical shifts and heteronuclear couplings) are refocused at 21. (c) Typical SLF
sequence. The evolution period f; may or may not include homonuclear I spin
multiple-pulse decoupling, designated by “--”. (d) MAS/SLF sequence. Note that the
experiment is timed such that anisotropic and isotropic chemical shift evolution is
refocused at t, =0, by beginning ¢, at the peak of simultaneous rotational and spin
echoes.
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including isolated spin-pair systems, as will become evident in this review.

In dipolar NMR studies, it is advantageous to work with an “isolated” spin
pair. For example, if one is studying a heteronuclear spin pair, I-S, it is
important to ensure that the influence of Hl and H} are minimal. Also, if a
third spin is present in the sample, e.g. 'H, it is important to remove dipolar
couplings to this spin. Dipolar couplings to abundant spins such as 'H and
19F are generally removed by high-power decoupling. The Hamiltonians HY
and HY can be suppressed by dilution of the I-S spin pair in unenriched
samples of the compound of interest or by matrix-isolation techniques. In
addition to the above techniques, several others have been devised to isolate
the spin pair; these methods are discussed later in this chapter.

2.4. NMR response for isolated spin-pairs

For an isolated spin pair involving first-row elements, it is usually sufficient
to consider only H,, H, and H} in (2). Under these conditions, the
orientation-dependent NMR response is described by

v(l,¢) =vo — v, —myp
= (ysBo/2m)[1 — (6, sin? O cos? ¢ + 0, sin* Osin® ¢ + o35 cos? 6)]
— mR(3cos?H—1) (17)

where v, v, and v, are defined in (4), (9) and (12d), withm; = — I, — I+ 1,...,
+ I. Examples of line shapes due to chemical shielding and dipolar coupling
for an isolated pair of spin -3 nuclei are shown in Fig. 6. However, the
orientation dependence of v, may not be the same as that of vy, i.e. they may
not be defined in the same axis system. This would make a simple
superposition of the two spectra (shown in Fig. 6) invalid. It then becomes
necessary to interpret the orientation dependence of one of the tensorial
interactions in terms of the other.

For dipolar—chemical shift powder NMR spectra, this is performed by
expressing the orientation of the dipolar coupling with respect to the chemical-
shift tensor. A rotational transformation can be applied to obtain a relation
between the two interaction reference frames in terms of the Euler angles, « and
B, which are the azimuthal and polar angles, respectively, that describe the
fixed difference in orientation between the dipolar vector and the chemicai-
shift tensor (see Fig. 7). These angles are determined by the electronic
environment around the nucleus and are a distinct physical property of a spin

pair in any particular molecule. The splitting due to dipolar coupling is given
by

vp(hetero) = +4R{3[sin fsin fcos (a— ) + cos f cosH]> —1}  (18a)
vp(homo) = + 2R {3[sin Bsin Ocos (a— ¢) + cos f cos 01 —1}  (18b)



NMR STUDIES OF ISOLATED SPIN PAIRS IN THE SOLID STATE 17

Fig. 6. Typical powder line shapes arising from (a) dipolar coupling (R = 1000 Hz)

between two spin-i nuclei, (b) anisotropic chemical shielding of a spin-! nucleus

(vi; =1200Hz, v,, =300 Hz, v;3 = — 1500 Hz), and (c) both chemical shieiding of a

spin-§ nucleus and dipolar coupling to an adjacent spin-1 nucleus (assuming r lies
along 85;).
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Fig. 7. The Euler angles « and § describe the orientation of the internuclear vector, ryg,
with respect to the chemical-shift tensor. The angles § and ¢ are defined in Fig. 3.

(cf. (12)), where the angles f and ¢ orient the magnetic-field vector in the
principal-axis system of the chemical-shift tensor. Equation (18) is now
substituted into (17) in order to describe properly the effect of dipolar coupling.
The experimental line shape is analysed, usually by fitting to spectra calculated
using (17), in order to obtain R, « and f for that particular system, as well as the
chemical-shift-tensor components. The value of R can be used to derive
internuclear separations from polycrystalline samples. Determination of the
angles o and f provides the orientation of the chemical-shift tensor with
respect to the dipolar vector. The dipolar vector usually corresponds to a
chemical bond, allowing the orientation of the chemical-shift tensor in the
molecular frame to be determined. The line shape is quite sensitive to the
values of the angles o and f, as illustrated in Fig. 8. Obviously, such
experiments can prove useful in determining magnetic shielding as well as
structural information from powder spectra.

Similar approaches can be envisaged for the analysis of spectra from
systems involving other combinations of interactions, and applied to the



NMR STUDIES OF ISOLATED SPIN PAIRS IN THE SOLID STATE 19

=90 a=Q

o
}
[

o o

30
30
, 0 \
%0 90

Fig. 8. The effect on the dipolar—chemical shift powder line shape of varying the

orientation of rg with respect to the chemical-shift tensor. (a) f = 90°, 2 = 0", 30°, 60°,

90°, (b) & =0°. B =0°, 30°, 60°, 90°. The spin pair consists of two spin-4 nuclei in these
simulations.

interpretation of spectra obtained for single-crystal, powder and rotating
samples. With the manipulation of Hamiltonians now possible using modern
experimental techniques, one can tailor the investigation to extract very
precise and valuable information for a variety of materials.

3. HOMONUCLEAR SPIN PAIRS
3.1. '"H-'H spin pairs

Many of the early dipolar NMR experiments discussed in the introduction
were performed on 'H—'H spin pairs in static fields which were small enough
that perturbations due to H, could be ignored. Much of the recent work has
been performed at higher magnetic fields using more sophisticated techniques
available with modern instrumentation or sample preparation. For example,
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Fig. 9. Homonuclear dipole-modulated 'H chemical shift powder spectra of

CCI1;COOH, as a function of t,, the dipolar evolution time, where one unit of ¢,

corresponds to 4.17 us. Spectra were obtained at 56.4 MHz. (Reproduced with
permission from Stoll et al.%?)
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Kohl et al.°° used matrix isolation to dilute the *H—'H spin pairs in a study of
HCI and (HCl),. Analysis of the 'H Pake pattern for the dimer in the argon
matrix showed that the two HCI molecules form an angle of 122°. Together
with the work of Grant’s group,®! this represented the first application of
matrix isolation to the investigation of volatile or reactive species by solid—
state NMR.

A two-dimensional experiment was applied to the proton—proton pair in
trichloroacetic acid dimers.®? The orientation of the 'H chemical-shift tensor
was determined via homonuclear dipole-modulated chemical-shiff NMR
spectra of a powder sample. The ' H magnetization was allowed to evolve for a
variable time ¢, under the influence of both *H-'H dipolar coupling and 'H
chemical shift; during ¢,, homonuclear multiple-pulse decoupling, such as
WAHUHA?®® or MREV-8%3 (used in this particular experiment), was applied
while the magnetization was detected. Fourier transformation of the ¢,
dimension yielded chemical-shift spectra that were modulated by the dipolar
interaction as a function of t,. These spectra, shown in Fig. 9, could be
analysed as a function of , to obtain the 'H-'H dipolar coupling constant,
hence, yielding ryy, and two angles which orient ryy with respect to the
principal components of the 'H chemical-shift tensor. This approach removed
ambiguities from a previous single-crystal study of this compound.®*

The 'H-'H spin pair in carboxylic acid dimers has been a popular
choice of investigators. For example, p-toluic acid (I),%* malonic acid (I)°° and
tetrafluoroterephthalic acid (III)®” have been studied, at least in part, in terms

HO_ O
CH, O heid
o)
N £ F
]
;HQ F F
C. Jd” oR C.
& “oH o “oH

of the 'H-'H dipolar coupling between the two acidic protons. Meier et al.®®
used single-crystal 'H NMR as well as 'H relaxation measurements to
determine the nature of the disorder for these protons in solid p-toluic acid-d,
{i.c. all protons with the exception of the acidic protons were replaced by
deuterium). At low temperature (26 K), one of the two tautomers of the dimer
was frozen out. The observed dipolar coupling gave a 'H-'H separation of
2.33A, from which the static dimer structure, illustrated in Fig. 10, was
obtained. The disorder was determined to be dynamic. The potential of the
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Fig. 10. The structure of p-toluic acid dimer at 26 K, determined from the 'H-'H
dipolar coupling. Distances indicated are in A. (Reproduced with permission from
Meier et al.®%)

proton motion was asymmetric with a free-energy difference between the two
sites of 1.0kJ mol™! and an activation energy of 4.8 kJ mol ™1,

Single-crystal 'H NMR spectra of malonic acid (II) were obtained by Schuff
and Haeberlen®® using a two-dimensional technique similar to that used for
trichloroacetic acid®? with two important differences. First, Fourier trans-
formation was applied to both time dimensions. This necessitated the second
difference, a modified MREV-8 decoupling sequence to allow quadrature
sensitivity in w, by preserving the t; phase information at ¢, =0. The result was
a spectrum with homonuclear dipolar couplings in w, resolved by isotropic
chemical shifts in w, for each crystallographically distinct *H. Previous 'H
chemical-shift tensor assignments for malonic acid®® were confirmed in this
manner.

Finally, precise crystal-structure information for tetrafluoroterephthalic
acid (III) was obtained by considering the ‘H-'H dipolar, 'H and !'°F
chemical-shift and *H quadrupolar interactions.®” The orientation de-
pendence of each of these interactions provided the spatial orientation of the
phenyl ring plane, carboxyl group plane and the long axis of the molecule
within the unit cell, in excellent agreement with neutron-diffraction results.
Homonuclear and heteronuclear decoupling techniques were required to
eliminate 'H-'H, 'H-!°F and !°F-!°F dipolar broadening of the various
abundant spin spectra. For example, to allow observation of the '"H-'H
dipolar splittings, the '°F nuclei were decoupled by a train of n pulses. One
point that unfortunately was not discussed in detail was the observed
asymmetry in the 'H-'H dipolar coupling (7 =0.19). Presumably, this
was due to the anisotropic libration of the protons in the dimer structure
of TIL

Recently, other investigators have considered asymmetric dipolar coupling
tensors in detail. Sodium nitroprusside (Na,Fe(CN);NO-2H,0) has two
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molecules of water of hydration per molecular unit in its crystal lattice. The 'H
NMR spectra of a single crystal of this compound were measured at
temperatures between 200 and 300 K.®® Analysis of the dipolar splittings as a
function of crystal orientation indicated that the dipolar coupling was
nonaxially symmetric. Detailed treatment of the librational averaging of
the *H-'H dipolar coupling indicated that twisting motion (about the C,
axis of H,O) through an angle of 11.5° to 16.5° was responsible. The
'H-'H separation was 1.53 A, corresponding to a H-O—H bond angle of
106.5°.

A metal dihydrogen complex, (7*-H,)W(CO);(PCy;), (Cy = cyclohexyl),
was recently investigated by Zilm et al.”® using '"H NMR spectroscopy. The
'H-'H separation was determined to be 0.89 +0.01 A. The internuclear
vector between the protons was found to undergo an in-plane torsion of about
16°. The effect of this torsion was clearly evident in the 'H powder NMR line
shape, given in Fig. 11 with the molecular structure for this class of
compounds. Contributions to the 'H spectrum from the cyclohexyl protons
were removed by applying a weak saturating pulse to the sample followed by a
solid echo sequence, or, alternatively, by obtaining spectra of a sample with
959%, perdeuterated PCy, ligands.

Asymmetry in dipolar NMR line shapes has also been noted in zero-field
NMR spectra of barium chlorate monohydrate,”! and a theoretical approach
to the interpretation of these line shapes has been developed.”? Zax et al.”?
have provided a complete description of the theory and practice of zero-field
NMR, to which those interested should refer for details.

3.2. Rare spin homonuclear spin pairs

The observation of homonuclear dipolar couplings is not limited to abundant
nuclei such as *H. Through isotopic enrichment, there has been a wide range of
studies, particularly for *H, '3C and !N, and also for 100% natural
abundance dilute nuclei such as 3'P. When abundant spins are present, the
rare spins are frequently isolated from them by high-power abundant-spin
decoupling.

Haeberlen and coworkers’#7® have used the homonuclear dipolar interac-
tion between two 2H nuclei as a reference, enabling them to obtain the
absolute sign of the 2H quadrupolar interactions. In a single crystal of malonic
acid-d,,”* small line splittings appeared in the 2H NMR spectrum when the
crystal was oriented in the magnetic field such that the dipolar coupling was on
the order of or larger than the splitting due to the quadrupolar interaction.
Such a situation was possible because the internuclear vector was at an
orientation close to the magic angle with respect to the principal component of
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Fig. 11. Powder 'H NMR spectra of (72—H,)-W(CO),(PCy,), {structure indicated
below) obtained at 300.1 MHz. (a) Experimental spectrum without suppression of
ligand proton signal; (b) spectrum obtained by applying a soft 'H pulse before a solid
echo sequence; () spectrum of sample in which the PCy, ligands were 959 deuterated.
The slight asymmetry in the intensities of the Pake doublet is due to chemical-shift
anisotropy; asymmetry in the frequencies of the singularities is due to the librational
motion of the H, ligand about the axis indicated in the structure. (Reproduced with

permission from Zilm et al.”®)
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the 2H EFG tensor. The pattern of splittings was observed to depend on the
sign of the *H quadrupolar coupling constant, y(*H), relative to the sign of the
dipolar coupling, which was known. In malonic acid, the 2H-2H vector of the
methylene-d, group was oriented at an angle of 6° with respect to the normal
to the C—C-C backbone. In a similar study,’® the application of a pulse
sequence analogous to COSY provided the sign of x(*H) with respect to the
dipolar coupling. The only modification of the COSY sequence was a change
in the mixing pulse flip angle from 90° to 54.7°. The exact form of the resulting
spectra depended on the relative signs of the dipolar and the two quadrupolar
interactions. This technique was applied to the *H nuclei of the water molecule
in a single-crystal study of K,C,0,*H,0.

Single crystals of oxalic acid dihydrate, (COOH),-2H,0. and diammonium
oxalate monohydrate, (NH,),(COO),-H,O0, have been studied using !*C
NMR.*® The '3C-'3C dipolar spectra of these doubly labelled compounds
were used to obtain information about the dipolar and chemical-shift tensors
of these *3C nuclei. Oxalic acid was found to have a peculiar ' *C chemical-shift
tensor orientation, with 4,5, the most shielded component, 26° away from the
normal to the carboxyl plane. Diammonium oxalate is unusual in that the two
13C nuclei of one oxalate anion are not generally equivalent. Thus, at various
orientations of the crystal, the 1>C spectra exhibit A,, AB and AX character, as
is evident in Fig. 12. This was the first observation of AB spectra in solids, and
the analysis appropriate to such spectra was described. For both compounds,
the C-C bond lengths derived from the observed dipolar couplings agreed
well (within 0.02 A) with X-ray diffraction values.

The first comprehensive study of powder line shapes arising from '*C-!3C
dipolar interactions was that of Zilm and Grant.?>> These authors detailed the
theory and analysis of spectra arising from AX, AB and A, spin systems, as
well as heteronuclear spin pairs, in systems where the rare spins have been
isotopically enriched. In order to reduce intermolecular dipolar interactions
and ensure that they were studying an “isolated spin pair”, Zilm and Grant
carried out their measurements on samples in an argon matrix at 20K.
Dipolar couplings to protons were eliminated by high-power proton decoup-
ling. A full treatment of the powder line shape, and the variables involved for
each type of spin system, was provided, as well as a consideration of the effects
of motional averaging, important to their matrix isolation studies. The '3C
chemical shift and dipolar tensors in methyl fluoride (*3C-!°F spin pair, AX
spin system), acetylene (}3C-'3C, A,), ethylene (}*C-!3C, A,) and acetalde-
hyde (}*C-13C, AB) were obtained by analysis of the 13C NMR powder line
shapes. The dipolar vector, along with symmetry arguments, was used to
orient the principal components of the !3C chemical-shift tensor in the
molecular frame without resorting to single-crystal analyses. In all cases, the
bond lengths derived from the dipolar NMR data were approximately 0.02 A
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Fig. 12. Experimental and calculated '>)C NMR spectra of a single crystal of
diammonium oxalate monohydrate at 73.9 MHz. Rotation of the crystal is about the
crystallographic a axis, which lies perpendicular to B,,. The extra lines apparent at the
centre of the splittings are due to natural abundance '*C nuclei that are not bonded to
another *3C. (Reproduced with permission from van Willigen et al.®)
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longer than diffraction or microwave results. These discrepancies were
probably due to inadequacies in the model used to correct for librational
averaging of the dipolar interaction. Anisotropy in the indirect coupling tensor
(AJ) could not be determined reliably because of uncertainties in the direct
dipolar couplings.

Grant and coworkers have continued to use dipolar—chemical shift
NMR to study various matrix-isolated species. The results for [1,2-
13C, Jeyclopropane’® indicated that the most shielded component of the
methylene 13C chemical shift tensor, 855, was unusual in both its low value
(—36ppm from TMS) and its orientation (perpendicular to the ring
plane). Similarly, the magnitudes and orientations of the principal compo-
nents of the chemical-shift tensors for [1,2-13C,]cyclobutane’” and [1,2-
13C,]cyclobutadiene”® were examined. The experimental results appear
to be consistent with theoretical results obtained from molecular-orbital
calculations. Unfortunately, in these latter two systems, the line shapes were
broadened considerably, leading to some ambiguity in the experimental
results.

The *C NMR spectra of trans-poly(acetylene-'3C,) were also analysed in
the same fashion to determine the !3C chemical shift tensor and the C-C bond
length in this polymer.”®8° A dynamic nuclear polarization—cross-
polarization (DNP-CP) experiment®! was used to increase sensitivity by
Overhauser enhancement of the *H magnetization through Larmor irradi-
ation of the free electron, which was then transferred to '3C by Hartmann—
Hahn matching.®? The presence of two distinct dipolar couplings, correspond-
ing to C-C bond lengths of 1.38 + 0.01 A and 1.45 4+ 0.01 A, indicated that the
bonds were non-alternating on the time scale of the dipolar coupling
(=~ 1073 ) (see also the discussion in Section 3.3).

Recently, Engelsberg and Yannoni®? have used a modified Carr- Purcell-
Meiboom-Gill (CPMG) sequence®* (see Fig. 5(b)) which incorporates cross-
polarization and proton decoupling to measure Pake doublet splittings in
isolated homonuclear spin pairs. Under ideal circumstances, the observed
dipolar splitting, A, corresponding to the 6=90° singularities, depends
linearly on the duty factor, D,

A=(3/2)R(1—D) (19)

where D =t /(27 + t,,), 2t denotes the interval between the end of a 7 pulse and
the beginning of the next one and t,, is the puise width. In a study of acetic acid,
13CH,'*COOH, at 80K, (19) was found to be applicable for D values in the
range 0.125 (2t = 67.2 us) t0 0.35(27 = 17.8 us) with t,, = 9.6 us. Thus a plot of A
vs. D was linear; extrapolation to D =0 indicated A, = 3R/2 =3192 + 15 Hz,
hence ree = 1.52 A.8% Analogous experiments on benzene-'3C,, *3C, led to
rec= 142 A after correcting the measured A, for motional averaging (rapid
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reorientation about the hexad axis).®* Note that the Carr—Purcell sequence
suppresses the chemical-shift anisotropy broadening.

The Carr-Purcell sequence®* has also been used to suppress heteronuclear
dipolar interactions in the study of **C,H, and !3*CO molecules adsorbed on
catalytic surfaces, such as Pt,®%%¢ and Ru and Rh.}” As the spin-echo
amplitude is sensitive to homonuclear !*C-!3C dipolar coupling, it can be
used to determine the separation between the carbon nuclei on a metal surface.
For ethylene chemisorbed on Pt, this was found to be 1.49 A, which
corresponds to the bond length expected for ethylidyne (C—CH,) species.?’
The homonuclear !*C-!3C dipolar coupling provided a probe of the surface
density of the CO layer on the metal particles. For Pt, the 13C NMR results
indicated that, at low surface coverages, the CO molecules adsorbed initially in
clusters, possibly to the small Pt [100] crystal faces.®¢ Various morphologies
of Ru and Rh particles on oxide supports were described from similar *3C
experiments.®” The influence of the homonuclear **C-13C dipolar interaction
on the '*C magnetization decay in a CPMG experiment®* for Rh(!}3CO),
species on a Rh/Y-zeolite catalyst was used to determine the separation
between the two carbonyl carbons (2.58 A).8® Further applications of this
sequence can be anticipated.

Homonuclear **N dipolar-chemical shift NMR spectra have been reported
for powder samples of 'N,%° and trans-azobenzene-'>N,.°° For !°N,,
spectra obtained at various field strengths at 4.2 K yielded Ag = 6, — 6, = 603
+ 28 ppm after correction for the orientational order parameter for a-N,,
known from other techniques. The N-N bond length was determined to be
1.101 +0.003 A. Crystalline trans-azobenzene contains two crystallographi-
cally nonequivalent molecules in the unit cell; however, the N MAS
spectrum of this compound indicated only one resonance with a half-width of
less than 20 Hz (1 ppm). Close inspection of the static powder pattern (Fig. 13)
revealed subtle differences in the overall *>N chemical-shift tensors of the two
sites, i.e. the identical value of §,,, was fortuitous. Analysis indicated a large
1N chemical shift anisotropy of 925 and 880 ppm for the two sites, much
larger than that observed for **N,. The slightly smaller value of Ac at one site
was attributed to the disorder reported for one site in the crystal structure. The
values of the splittings due to dipolar coupling at frequencies corresponding to
the three principal components of the **N chemical-shift tensor were used to
determine the orientation of the shift tensor. For trans-azobenzene, the
orientation was found to be similar to that observed for other !*N nuclei in 7-
bonded systems (see Section 4.1), and calculated using IGLO methods,®* with
d33 perpendicular to the molecular plane and §,, approximately along the
direction of the nitrogen lone pair.

Homonuclear ** P-3*P spin pairs have also received considerable attention
in the literature. Several investigators have found that the *!P—3!P dipolar
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Fig. 13. Powder !N NMR spectra of trans-azobenzene-'*N, at 20.3MHz. The

expanded regions are (a) the high frequency shoulder, and (b) the low frequency

shoulder, with the splittings due to dipolar coupling indicated for the crystallographic
sites 1 and 2. (Reproduced with permission from Wasylishen et al.*°)
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coupling constants derived from dipolar—chemical shift spectra yield bond
lengths that are inconsistent with those obtained with X-ray diffraction. These
discrepancies have been attributed to errors in the apparent values of R which
arise because of neglect of contributions from the anisotropy in the indirect
31p-31p spin-spin couplings (see (14)). In order to obtain estimates of
AJ('P-3'P)in Ag,P,0q, Grimmer et al.°? calculated R(*!P-3'P) from the
value of rpp obtained by X-ray diffraction. Assuming axial symmetry in the J
tensor, a value for AJ of 800 + 80 Hz was calculated for the P,O% ™ ion using
(20),

AJ = 3(Rezc — Rege) (20)

where R_,,. is the dipolar coupling constant calculated using the bond length
from diffraction experiments and R, is the value obtained directly from the
NMR spectrum. Note that any error in the difference in R values is multiplied
by 3 in obtaining AJ, and that this equation neglects the fact that R
corresponds to a motionally averaged dipolar coupling constant.8:1%-93

Subsequently, Tutunjian and Waugh®* analysed the *'P single-crystal
NMR rotation patterns of tetraethyldiphosphine disulphide at room tempera-
ture and, using the value of rpp from X-ray diffraction experiments to calculate
the direct dipolar coupling constant, R(3**P-3!P), determined that AJ(*'P—
3'P)= + 1491 + 30 Hz or + 5860 + 30 Hz. They established that the ani-
sotropy in J was essentially axially symmetric in this g-bonded system, which
has been a common assumption in most of the ensuing studies of AJ.

The 3'P NMR spectra of Mes*P = PMes* (Mes* = (2,4,6-tri-t-butyl)-
phenyl) were analysed to characterize the P chemical-shielding tensor of a
diphosphene.®> Due to the extreme breadth of the spectrum (ca. 60kHz), a
CPMG pulse sequence®* was applied. Since homonuclear dipolar couplings
are not refocused in a spin-echo experiment, a two-dimensional experiment
using a range of 7 values was necessary. The resulting spectrum, illustrated in
Fig. 14, contained pure homonuclear dipolar coupling information along w,,
and both homonuclear dipolar coupling and 3!P anisotropic chemical-shift
information along w,. The observed dipolar coupling constant, R('P, 3!P),
was 2800 Hz, much larger than predicted (2340 Hz) based on the P-P bond
length (2.034 A) from an X-ray diffraction study. The authors attributed this
discrepancy to anisotropy in the indirect coupling, — 920 Hz or + 10280 Hz.
The *!P chemical-shift anisotropy was large, 1239 ppm; the extremely high
frequency value of d,, was ascribed to the low-lying n— n* transition in this
compound. The principal components of the chemical-shift tensor were found
to be oriented such that 4,5 was perpendicular to the molecular plane and §,,
was approximately along the phosphorus lone pair.

Eckert and coworkers®%-®” have used 3'P NMR to characterize the
phosphorus sites in various phosphorus chalcogenide compounds.
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Fig. 14. Two-dimensional *'P spin-echo spectrum of Mes*P = PMes* obtained at
40.466 MHz. The horizontal axis corresponds to homonuclear dipolar coupling alone,
the summation of which is given at the top. The vertical axis contains both
homonuclear dipolar coupling and chemical shift information, summed along the side.
Note that there is no dipolar splitting apparent at the high-frequency end of
the dipolar-chemical shift line shape (vertical axis), indicating d,, is oriented close to
the magic angle with respect to the P-P bond. (Reproduced with permission from
Zilm et al.®%)

Phosphorus-31 MAS NMR of different phosphorus sulphides®® was used to
correlate 3!'P chemical-shielding tensors with their local environment. Some
AB character was evident in the spectrum of P,S, but was not analysed due to
the small value of the dipolar coupling compared with the chemical-shift
anisotropy. A more detailed treatment of the *'P—3'P dipolar coupling was
performed in the study of phosphorus-selenium glasses.’” The distribution of
phosphorus in glasses of varying composition (10-50 atom?, P) was
determined via 3! P spin-echo measurements. The second moment due to 3! P—
31P homonuclear dipolar coupling was obtained by observing the modulation
of the spin-echoes for various delays, because, as mentioned previously, these
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couplings are not refocused. The variation in the second moment as a
function of phosphorus concentration indicated that the phosphorus
distribution was random, with P—Se bond formation favoured over that of
P-P bonds at all concentrations. Only at phosphorus concentrations higher
than 25 atom%, was there evidence that P—P bonds were present.

3.3. Nutation NMR

As indicated in the introduction, second moments of abundant spin NMR line
shapes are capable of providing important structural and dynamical infor-
mation. In molecules where heteronuclear spins contribute to the abundant
spin second moment, it is desirable to have procedures available to separate
the homonuclear and heteronuclear dipolar interactions.®® The Hamiltonian
for the abundant spins describing this general problem is given by

where all symbols are standard.

Although a number of techniques are available to effect this separation,
problems arise when the heteronuclear spin, S, is a quadrupolar nucleus with a
large quadrupolar coupling constant.??1%° Under these conditions, the
quantization axis of the quadrupolar nucleus is neither along B, nor along the
principal axis of the EFG tensor. A technique applicable under these
circumstances was proposed by Yannoni and Wind.’® By subjecting the
abundant I spins to a strong resonant field using an on-resonant nutation
scheme, the [-S dipolar interaction is completely eliminated because I, is
effectively averaged to zero. The on-resonant I-spin excitation (Nut(I) ) reduces
the contribution of H} to the I spin linewidth by a factor of two and the I spin
second moment by a factor of 4.191

HNO = 4 Y (22)

Since the line shape and second moment following Fourier transformation of
the standard F1D resulting from a single pulse excitation are determined by
both homonuclear and heteronuclear dipolar interactions, it is possible to
separate HY and HY using (22) and (23),
HF® = HYY + HS 23)
In their 'H NMR study of iodic acid (HIO;), Yannoni and Wind®?® also
carried out a third experiment to confirm that HY and H} had been
successfully separated (i.e. the homonuclear *H-'H dipolar contribution and

the heteronuclear 'H-'271 dipolar contribution). They applied an off-
resonance line narrowing (LN) sequence designed to remove homonuclear
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dipolar coupling.!°? The sequence used also attenuated interactions linear in
I, (heteronuclear dipolar coupling and the I spin chemical shielding ani-
sotropy) so that

N =G H (24)

where ¢ is a scaling factor, 0 < é < 1. For HIO; at 170K, application of the
above pulse sequences indicated MY H=162kHz (Nut), MY™H 4+ MY
= 28.1 kHz (FID), implying M4¥™ = 11.9 kHz. The line-narrowing experiment
confirmed successful separation of MY and MY, giving M4~ = 12.3kHz.

The nutation experiment was subsequently applied to measure the **C-13C
dipolar coupling constant in an isolated spin pair, acetic acid (**CH,'*CO,H
n 12CH,;'2CO,H; 1:40).1°% The nutation pulse train, applied while the
protons were decoupled, was preceded by the standard cross-polarization
pulse sequence (Fig. 15). This experiment allows one to measure the homonu-
clear dipolar splitting, reduced by a factor of two, in the absence of anisotropic
chemical-shift effects. For acetic acid at 80 K, the C—C bond length determined
from the CP-nutation experiment was 1.49 +0.02A, which is in good
agreement with the X-ray result obtained at the same temperature (1.478 A)
and the value obtained from neutron diffraction (1.501 A at 133 K).

/2 pulsei spin lock/decouple
0° "\ 90°
W |
|
I

" [

nutation
CP ': pulse train f~_~
0° ! 90° I I

+!T‘+T——]:

13C i ;
receiver I l o

Fig. 15. Pulse sequence for the cross-polarization—nutation NMR experiment. The
times T and T were 8 and 17 us, respectively, and the free induction decay was sampled
during the windows, T, 6 s after 7. (Reproduced with permission from Horne et al.'9*?)
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After establishing the accuracy of the CP nutation experiment, Yannoni and
coworkers applied this technique to a number of interesting chemical systems
where it was either impossible or difficult to apply diffraction techniques. For
example, a 4% mixture of doubly '*C-enriched acetylene (=99% '3C) in
doubly '*C-depleted acetylene was polymerized by a Ziegler—Natta catalyst at
196 K to provide the cis-transoid isomer of polyacetylene (IV).1°4-1°5 Interest-
ingly, the best fit to the observed Pake NMR powder pattern which arose from
direct '3C,'3C dipolar coupling between adjacent !'3C nuclei, indicated
r(*3C,13C) = 1.37A.1°* This bond length implies that the Ziegler—Natta
reaction leaves the original 13C-labelled pair doubly bonded to one another.
On the basis of this resuit, the authors were able to propose a four-centre
acetylene insertion mechanism for polymerization of acetylene and concluded
that a metallacycle mechanism was not operative under the conditions
employed. The latter mechanism would have resulted in the !*C-enriched sites
being separated by a typical C—C single-bond distance.

v

The trans isomer of polyacetylene, prepared by heating the cis-(CH),
sample, IV, clearly displayed two overlapping Pake powder patterns of
comparable intensity.'°*'%% Analysis of the powder patterns indicated C-C
bond lengths of 1.44 A and 1.36 A, confirming a bond-alternated structure (V).
Since motion of neutral solitons along the polymer chain would lead to the
interchange of the single and double bond in trans-polyacetylene, the authors
were able to conclude that such a process is either slow (< 10%s7!) or not

operative.!9°
WA
n
A

Subsequently, Yannoni and coworkers studied the polymerization of
phenylacetylene using two different initiators.!°® In this case, the isolated spin
pairs were found mainly in a double bond (reaction 1) or a single bond
(reaction 2), as indicated below, depending on the catalyst used.

Two symmetrically substituted hexaphenylethanes, VI and VI, have been
examined using nutation NMR spectroscopy in order to establish the C-C
bond length of the ethane fragment.!®” On the basis of the NMR studies at
77K, Yannoni et al.*°7 were able to conclude that roc was between 1.64 and
1.65A in both compounds. An earlier X-ray structure of VI indicated an
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abnormally short central C—C bond length of 1.47 A,inmarked contrast to the
corresponding X-ray value for VII of 1.67 A. Thus, the dipolar NMR results,
together with MM2 calculations, led the authors to conclude that the short
C-C bond length reported for VI was grossly in error.

( ‘:‘“‘2
(23%{%]

The power of dipolar NMR studies of isolated spin pairs was nicely
illustrated by the following recent example.!°® Exaniination of the *3C CP-
nutation NMR spectra of two separate samples of doubly labelled t-butyl
cations, [13CH;'3C(CH,),]* and [CH,C(**CH,),]" (sec Fig. 16}, revealed
13C_13C separations of 1.46 A and 2.51 A, respectively. These separations
indicated that the C—~C—C bond angle was 120° (i.e. the carbon skeleton of the
t-butyl cation in C,;Hg Sb,F,,X~ was planar). This example clearly demon-
strated that in situations where single crystals of reactive carbocations are

unavailable, valuable structural information could be obtained from dipolar
NMR.
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13
13CH3 CH3
l L
B 13 /C\
~
Hye” HyC™ “CHy

Fig. 16. Experimental '*C nutation NMR spectra of ['*CH;'*C(CH,),]* and
[CH,C('*CH;),]", with overlaying simulations corresponding to the various

13C_13C distances indicated. The best fits are between 146A and 1.47A for
[**CH; "*C(CH,),]", and between 2.48 A and 2.53 A for [CH,C(**CH,),]1". (Repro-
duced with permission from Yannoni et al.'%%)

3.4. Selective detection of *C—"C connectivities

One of the primary goals of solid-state NMR has been to obtain precise
structural information from the spectra of, if possible, natural abundance
samples. The increase in sensitivity achieved by applying cross-polarization
between ‘H nuclei and rare spins®® has satisfied this to some extent.
VanderHart illustrated this in 1976 when he observed '*C-'3C dipolar
satellites in the natural-abundance !*C NMR spectrum of ultraoriented
polyethylene.!®® From the variable-temperature spectra, it was possible to
discern couplings to !3C nuclei one, two and three bonds away. The splittings
induced by 13C nuclei separated by one and three bonds agree well with those
anticipated based on X-ray diffraction results. However, the coupling between
13C nuclei separated by two bonds was smaller than expected. Less than a
year later, Garroway also showed the influence of **C—*3C dipolar coupling
in spectra of natural abundance samples.!!® Proton-decoupled '*C NMR
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spectra of static powder samples of adamantane exhibit rather large line
widths (40Hz) considering the high degree of molecular motion these
molecules undergo at room temperature. The origin of this broadening was
investigated by observing the averaging effects of various pulse sequences
{(Carr—Purcell, CPMG and solid-echo) as well as MAS. The results indicated
that natural-abundance '3C-!3C intermolecular dipolar coupling was
responsible.

One possible application of 1*C homonuclear dipolar NMR is the
establishment of '3C-'3C connectivities in natural-abundance samples, in
parallel to various solution experiments utilizing coherence transfer.’
Incorporating only one !3C label provided the first step towards achieving this
goal. Specific **C labelling was used to assign resonances in '3C CP/MAS
spectra of o-D-glucose.}'' Noti only did the intensity of the labelled '*C
resonance greatly increase, the directly bonded natural-abundance !*C nuclei
could also be identified, since their signals were extensively broadened. Under
MAS, the !3C-13C dipolar interaction behaves homogeneously; as a result it
does not split into sidebands, rather it gives rise to a severely broadened line
with a concomitant drop in signal intensity.*8

Experiments on natural-abundance samples of several amino acids and
peptides established which carbon sites were in close proximity to each other
by *3C spin exchange.''? These '*C nuclei may have been near one another
due to direct bonding or by the conformation of the molecule bringing
different fragments together. The two-dimensional '*C CP/MAS experiment
identified exchange pairs by the presence of off-diagonal cross-peaks in the
spectrum, as illustrated in Fig. 17.

Bork and Schaefer!!® have also proposed an experiment to establish
connectivities in organic compounds which is based on spin diffusion. In their
experiment, a DANTE pulse sequence was applied at a particular '3C
resonance frequency in order to invert it selectively. By introducing a
“diffusion delay”, connectivities to other '*C sites could be dctected by
observing enhanced intensities for particular signals in the difference spectra
which combined the results of experiments with and without the DANTE
sequence. This technique was illustrated using [1,2-'3C,]glycine samples.
Application to natural-abundance samples has not yet been demonstrated and
may require higher sensitivity.

One problem in detecting '3C-13C connectivities in natural-abundance
samples is that the normal one-quantum signal from an isolated *3C nucleus is
much larger than any signals due to natural-abundance '3C-'3C dipolar
coupling. It is essential to filter out these one-quantum signals from the
coupled resonances. This has been accomplished using multiple quantum
(MQ) NMR techniques,!**~!1¢ which have been developed in recent years. A
double-quantum filter would allow 13C—'3C spin pairs to be observed free of
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3¢



NMR STUDIES OF ISOLATED SPIN PAIRS IN THE SOLID STATE 39

the influence of any isolated !3C nuclei. This has been performed experiment-
ally by two groups,''’''® and the MAS applications they propose will
probably prove the most useful. Two types of MAS experiment have been
described; one simply indicates the presence of connectivities in a one-
dimensional spectrum, while the other, a two-dimensional experiment, maps
out the specific connectivities. Synchronization of pulses with sample rotation
is important in this latter MAS experiment, as it ensures that all anisotropic
information is refocused whenever manipulation or detection of the nuclear
magnetization occurs. To date, only labelled compounds have been used as
examples to illustrate the technique. Low-temperature or DNP techniques
may be required in order to obtain the sensitivity necessary for natural-
abundance samples.'!’

3.5. Rotational resonance

In the course of their work on a double-quantum filtered detection of !*C
spectra, Meier and Earl''® noticed an interesting effect at certain spinning
rates. Significant broadening of the centre bands and side bands of two
different *3C resonances of doubly labelled zinc acetate-!*C, occurred when
an integer multiple of the spinning rate matched the difference in their
chemical shifts (in Hz). This phenomenon was observed concurrently by
Raleigh et al.''® It was first described by Andrew and coworkers'2%12! over
20 years previously, who found that cross-relaxation was enhanced and line
broadening was introduced when the spinning rate, or some integer multiple of
it, matched the difference in 3! P isotropic chemical shifts of PCl; and PClg
ions in solid PCl;. When this condition was met, the B or “flip-flop™ term of the
dipolar interaction (see (11)) was introduced, promoting communication
between the two spins and producing homogeneous broadening of their
resonances.

A more quantitative treatment of this “rotational resonance” effect was
provided by Raleigh etall?? and Gan and Grant.!??® In the first
treatment,' 22 the splittings of the centre bands that occur when Av;,, = nv,,
where n=1,2,3,..., etc, and v, is the spinning rate (in Hz), were shown to
depend on the chemical-shift anisotropies and asymmetries for the two nuclei
involved, the dipolar and indirect coupling between them and, when n > 3, the
relative orientations of the tensors involved. The MAS line shapes could, in
principle, be simulated to derive this information. The oscillatory transfer of
magnetization from an inverted resonance to another resonance nv, Hz away
could also be used to obtain dipolar couplings, hence internuclear separations,
from variable-delay experiments. However, such applications require precise
knowledge of the chemical-shift tensors for the two nuclei. Gan and Grant!?3
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have used a “pseudo-spin” model to describe rotational resonance, where the
near-degenerate levels of the homonuclear spin system are expressed in terms
of the two levels of a pseudo-spin. In this formalism, Av,,, behaves like the
static magnetic field, and the flip-flop terms, reintroduced by the sample
rotation, act analogous to radiofrequency fields. Thus, resonance is achieved
when Av,, = nv.. This theory was presented for the fast and slow spinning
forms of rotational resonance without specific experimental examples.

One application of rotational resonance has been the measurement of weak
dipolar interactions in solids.'* It has been used to follow the magnetization
transfer between two !3C-labelled sites in tyrosine ethyl ester (VIII).!2* The
two sites are not directly bonded but are in close proximity as a result of the
conformation that molecule adopts in the solid state. By following the
magnetization transfer for n = 1,2, 3 conditions of Av,,, = nv,, the internuclear
distance was determined to be 5.0 + 0.5 A via simulation. The dipolar coupling
is only on the order of S0Hz in this case, indicating the potential of this
technique for observing such small interactions, and, hence, large spin—spin
separations.

OH
HC 2C
/ ~N
HYC ||
(lz ~
C /CHZ
& \?H
NH,
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4. HETERONUCLEAR SPIN PAIRS

4.1 One-dimensional NMR studies of single-crystal and powder samples

The first rigorous treatment of NMR powder patterns due to isolated
heteronuclear spin pairs was detailed by VanderHart and Gutowsky!?® in
1968. They proposed both moment and full line-shape methods of analysis to
determine chemical shift, dipolar coupling and indirect coupling information
from rigid-lattice NMR line shapes. In particular, the line-shape analysis was
described in detail for three different isolated spin pairs:

(i) a heteronuclear spin pair (S =4, I = n/2) with overall axial symmetry
and the unique chemical shielding component ¢, along ryg
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(ii) a heteronuclear spin pair (S = 3, I = n/2) with axial symmetry at spin S,
but also with an angle f>0° (designated y by VanderHart and
Gutowsky'?®) between r and ¢ ; and

(iii) a homonuclear spin pair (4, spin system, S, =S, =1%) with axial
symmetry along r,.

This approach included the effects of direct dipolar coupling and anisotropic
chemical shielding, indirect spin—spin coupling and anisotropy in the indirect
coupling. Analytical expressions were developed for cases (i) and (iii); for case
(ii), simulations of line shapes required an iterative procedure. Most import-
antly, this represented the first treatment where f #0° i.e. o, and r\g were not
coincident. This theory was subsequently applied to '°F and *'P NMR
powder spectra of BaFPQO,,'?” obtained at different field strengths, and
provided information on the sign of 'J(*°F, 3! P), the chemical-shift anisotropy
for each nucleus and the F-P bond length. A moment analysis of the '*°F
NMR spectrum yielded a '°F chemical-shift anisotropy of 182 + 22 ppm, and
also indicated substantial intermolecular '°F-!°F dipolar broadening.
Phosphorus-31 line shape analysis gave a value for Ac of — 145 + 20 ppm, and
indicated that the P-F internuclear distance was 1.63 + 0.035 A. The sign of
1J(*°F, *'P) was unambiguously determined to be negative by its influence on
the 3!P NMR line shape.

Proton and '°F NMR spectra of the FHF ~ anion in a single crystal of
KHYF, displayed very large splittings due to the large dipolar interactions in
this system.! 28 The very short H-F separation allowed the dipolar couplings
to be observed in the 'H spectra without multiple-pulse line-narrowing
techniques.*® The variation in the splitting as a function of crystal orientation
in the magnetic field yielded a 'H-!°F separation of 1.153 +0.0054, in
excellent agreement with neutron-diffraction results.

Dipolar-chemical shift powder NMR spectra were obtained for !3C in
CH,*3C'*N and for '*C and !N in CH;!3C!5N at 83K.37 Although a
theoretical treatment was not presented, simulations were included which
provided values for the !*C and !N chemical-shift anisotropies, as well as a
C-N bond length of 1.182 +0.04 &, approximately 0.03 A larger than the
value determined by microwave experiments. A later study of acetonitrile in a
B-quinol clathrate!?® gave an unacceptably long bond length derived from the
dipolar coupling; this was attributed to anisotropy in J coupling on the order
of 430 Hz.

For '*CH,'°F isolated in an argon matrix, Zilm and Grant>* derived a C~F
bond length of 1.40 +0.02A from the '3C NMR powder spectrum, only
slightly longer (0.01 A) than the values obtained from microwave and electron-
diffraction experiments. One noted feature of the ! *C NMR spectrum was the
presence of a small hump near the centre of the line shape, as shown in Fig. 18.
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Fig. 18. '3C NMR spectrum of '*CH,'°F in an argon matrix at 20K and 20.12 MHz.
(Reproduced with permission from Zilm and Grant.*?)

Zilm and Grant”® observed that the intensity of this hump was reduced if the
contact time for cross-polarization was carefully chosen. Recently, Gan
et al.'3° have attributed this feature to transverse cross-relaxation between
13C and !'°F nuclei, which arises from slowly oscillating non-secular
components of the relaxation matrix. This effect is most significant for dipole-
coupled pairs in which the internuclear vector is oriented at or near the magic
angle with respect to B,. It also causes a small reduction in the observed
dipolar splittings. However, as it has only been noted in spectra where dipolar
coupling dominates, and no physical origin has been given, it is unlikely tobe a
principal source of error in measuring the dipolar coupling constant, R. The
presence of the hump in the line shape at frequencies corresponding to
orientations near the magic angle should indicate those cases where it must be
considered. This should be distinguished from another distortion recognized
by Zilm and Grant.*® In an argon matrix, the CP '*C NMR spectrum of
acetylene-'*C, was observed to have reduced intensity at frequencies
corresponding to orientations of the C—H vector in B, at or near the magic
angle, because of extremely inefficient cross-polarization at these orientations.
Situations such as this may occur whenever one rare spin—abundant spin
dipolar interaction dominates the polarization transfer.

Other distortions in the observed dipolar spectra of spin- nuclei were
found to be introduced by neighbouring quadrupolar nuclei, as first
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noticed by Casabella.}3! The !°F NMR powder spectrum of BF, exhibited an
asymmetric splitting due to dipolar coupling to *'B, a quadrupolar I = 3/2
nucleus (80.42%; natural abundance). Any effects due to dipolar coupling to the
other boron isotope, 1°B (I = 3), were not apparent in the spectrum. The
asymmetry was attributed to the perturbations of the !'B Zeeman energy
levels by the quadrupolar interactions, resulting in uneven separations
between the four levels. Using a perturbation approach, Casabella succeeded
in simulating the '°F line shape and determined both the B-F bond length,
1.29 + 0.04 A, and the sign of the ''B quadrupolar coupling constant, positive.
This absolute-sign information was determined from the NMR spectrum; it is
usually not available from NQR experiments.*3?

Several years later, VanderHart et al.!3® obtained unreasonably short
metal-hydrogen bond lengths by moment analysis of the 'H NMR powder
line shapes of HCo(CO), and HMn(CO);. To account for the effects
of the quadrupolar interactions of >°Co (I = 7/2) and 3*Mn (I = 5/2), they
diagonalized the metal nuclei Zeeman-quadrupolar spin Hamiltonians to
describe better the metal spin energy levels. Use of these results in calculating
the dipolar 'H NMR spectrum resulted in longer bond lengths. For example,
the Co—H bond length as derived from the NMR spectrum increased from
1424 to 1.57A when quadrupolar effects were included. For the Mn-H
bond, the increase was from 1.28A to 1.42A. Curiously, this value is still
substantially less than that determined by using neutron-diffraction
experiments (1.60 A).134

A single-crystal study involving a spin-3 nucleus dipolar coupled to a
quadrupolar nucleus was performed by Spiess et al.’3° It was found that the
effect of 'H-27] dipolar coupling on the *H NMR spectrum of trans-
diiodoethylene was masked at some orientations of the single crystal, due to
orientation-dependent self-decoupling of the quadrupolar '27I (I =5/2)
nucleus. Such self-decoupling of the chlorine nuclei in matrix-isolated (HCl),
removed most of the effects of 'H-3%/3"Cl (I = 3/2) dipolar coupling, resulting
only in broadening of the 'H spectrum.®?

One of the clearest examples of the influence of the quadrupolar interaction
on dipolar splittings was provided by a single-crystal *C NMR study of
K,Pt(CN),Br, ;-3H,0.33 The variation in the !*N Zeeman energy levels, and
the accompanying variation in the '*C—'*N dipolar splitting, as a function of
crystal orientation in B, was calculated (see Fig. 19). The C and D terms of the
dipolar alphabet contribute to the observed coupling and were responsible for
the asymmetric splittings. The dipolar splitting is unaffected when the
principal component of y(**N) is directed along B,,.

Powder line shapes of spin-1 nuclei are also influenced when the high-field
approximation breaks down for a neighbouring quadrupolar nucleus. For
example, in a 13C NMR study of matrix-isolated nitromethane, Solum
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Fig. 19. (a) "“N Zeeman-quadrupolar spin energy levels and (b) 13C_14N dipolar splittings as a function of orientation of the symmetry
axis of the C=N bond with respect to B,. The dashed lines in (a) and (b) correspond to the energy levels and splittings, respectively, that
would be observed if the high-field approximation was valid. {Reproduced with permission from Stoll et al.3%)
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et al.'3 were able to determine approximate information regarding the
magnitude and orientation of the !*N EFG tensor. However, the observed
13C-14N dipolar coupling was found to have an apparent trace, possibly
arising from some molecular libration, which complicated the analysis and
made definitive conclusions difficult. In ammonium thiocyanate,'3” the
magnitude of the 1*C-1#N dipolar splitting along the unique axis of the linear
N=C=S "~ ionis unaffected by the '*N quadrupolar interaction. The C-N bond
length (1.19 A) obtained from this splitting (Fig. 20) is in excellent agreement
with neutron and X-ray diffraction results. The dynamics of the cyanide ion in
a solid solution KCN-KBr have also been investigated by using variable-
temperature solid-state '3C and !>N NMR.!38 Although the '#N quad-
rupolar coupling constant was quite large (ca. 4 MHz) compared with v,(**N)
(6 MHz), Doverspike et al.'*® were able to interpret the 1*C—'*N splittings in
the 13C spectra of **C-enriched KCN-KBr without considering the break-
down of the high-field approximation. Their results indicated a C-N bond
length for the cyanide anion of 1.21 A, derived from the *C NMR spectrum.

Quadrupolar distortions to the '3P-#N dipolar coupling in a series
of monophosphazenes'*® were found to be minimal at By =4.7T. The
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Fig. 20. '3C NMR powder spectrum of NH,SCN at B, =4.7T. The '*C chemical
shielding anisotropy is split into three subspectra due to dipolar coupling between *C
and '*N. (Reproduced with permission from Dickson et al.'37)
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P-N bond length (1.60+0.02A) in one of the monophosphazenes,
N-(triphenyl)phosphoranylidencaniline (Ph;P=NPh), was determined before
diffraction values for this compound were available;'*® when this information
was reported, the two values were found to be in excellent agreement. The
orientation of the 3!P chemical shielding tensor in this P(V) compound, with
the most shielded component directed along the P=N bond, was in marked
contrast to that observed for the P(III) compound, diphosphene,®® where the
most shielded component lies perpendicular to the molecular plane.

The !*N quadrupolar interaction appeared to have little effect on the
13C-14N dipolar coupling in the *C powder NMR spectrum of (E)-aceto-
phenone oxime'#! at 4.7 T. However, the '*C NMR powder line shape in
benzylideneaniline!4? at the same field strength could only be simulated by
considering the effect of the '*N quadrupolar interaction on the '*C-1*N
dipolar coupling. In this case, it was found that the '*C NMR spectrum was
quite sensitive to the relative orientations of the !*N EFG tensor, the '3C
chemical-shift tensor and the !3C-!*N internuclear vector. Double isotopic
enrichment with **C and *3N at the C-N double bond in both the oxime!*!
and the imine'*? permitted measurement of the principal components and
orientation of the N and '*C chemical-shift tensors. As anticipated for
carbon nuclei involved in n-bonding, the most shielded direction is per-
pendicular to the molecular plane. The >N NMR results indicated that the
nitrogen shielding in these compounds was similar to that observed for
azobenzene-'3N,,%® with the most shielded component, o5, oriented per-
pendicular to the molecular plane and ¢,, lying approximately along the
direction of the nitrogen lone pair.

By far the most popular application of one-dimensional dipolar—chemical
shift NMR spectroscopy has been to the study of compounds of biological
interest, particularly peptides.!*3> The principal components of the '3C
chemical shielding tensors, their orientation and C-N bond lengths have been
determined from dipolar NMR studies of several amino acid single crystals.
Griffin and coworkers®® were able to analyse the single-crystal NMR data for
glycine without accounting for the !*N quadrupolar interaction. The C-N
bond length was 1.509 +0.009 A, in agreement with neutron-diffraction
results. Naito et al.'** have characterized a number of amino acids in detail
using *3C NMR of single-crystal samples of L-alanine, L-serine, L-asparagine
and L-histidine. Information on the '*N EFG tensor was accessible by analysis
of the effect it had on the **C-!*N dipolar splitting. In general, the principal
component of the *N EFG tensor for peptide nitrogens is approximately 1.0
to 1.2 MHz, with #,, close to 0.2. In glycine, however, the asymmetry is much
higher, 7o = 0.54.3¢ The influence of **N on the *>*C NMR spectra of a single
crystal of L-threonine'*® proved to be a useful assignment technique of the
various !3C chemical-shift tensors.
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Isotopic enrichment with both '*C and !N in a peptide bond provides an
isolated spin pair at this chemically and biologically important site and avoids
any complications arising from *N quadrupolar interactions. Such studies
have focused on determination of the magnitudes and orientation of the
principal components of the '*C and '’N chemical shift tensors. Single-
crystal studies of [1-'*C]glycyl[*’N]glycine-HCl-H,O have been used to
characterize the 13C and !°N chemical-shift tensors at the peptide linkage.
From the !3C NMR study,'#® the '*C-1>N bond length was found to be
0.06 A longer than that obtained by X-ray diffraction; the subsequent N
analysis'*’ yielded a lower value (1.340 A) which is close to neutron (1.33 A)
and X-ray (1.325A) diffraction results. The principal components and orient-
ation of the '3C chemical-shielding tensor were found to be analogous to
reported values for carbonyl and carboxyl **C nuclei in related molecules,
with o543, the most shielded component, perpendicular to the carbonyl plane
and g,, close to the C=0 bond, leading the authors to propose that the *C
shielding parameters should be similar in all peptide bonds. Analysis of the
15N NMR spectrum indicated that the least shielded component, ¢, 4, of the
15N chemical-shielding tensor was oriented 21.3° from the N-H bond. The
near-axial symmetry of this tensor precluded orienting the other components
in the molecular frame. The nitrogen shielding parameters were also proposed
to be general for all peptide bonds. Typical orientations of peptide '*C and
15N chemical-shift tensors are given in Fig. 21, and a variety of !°N
chemical-shift-tensor components and orientations derived from '*C
dipole-coupled 3N powder NMR spectra of '3C, >N-labelled peptides are
given in Table 3.

One-dimensional dipole-coupled chemical shift powder spectra of a series of
I3C- and !°N-labelled dipeptides were used to determine the principal
components of the 3C and !’N chemical-shift tensors, as well as their
orientations relative to the '3C—!°N bond.'*® Representative *3C and N

Fig. 21. Typical orientations of chemical-shielding tensors for carbon and nitrogen
nuclei involved in a peptide bond.
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Table 3. "N NMR parameters for nitrogen nuclei involved in peptide bonds. The

parameters include the principal components of the chemical shift tensor, the 1>N-13C

dipolar coupling constants, R (and the corresponding C-N separation), and the

relative orientation of the nitrogen shift tensor with respect to the internuclear vector,

as illustrated in Fig. 7. In some cases, the data has been modified to conform to the
convention outlined in Section 2.

o, B

System 0112022, 033° R(Hz)(ren(A)) ) Ref.
GlyGly-HCl 216,71, 60 1273(1.340) 0.9,8.6 147
GlyAla 229,85,45 1150-1250 0,10 148b

(1.39-1.35)
GlyTyr 209,77,52 " 0,8 148b
GlyGly-HCI 210,60, 57 " 0,9 148b
GlyGly 211,64,41 " 0,10 148b
AlaAla 216,78, 65 1260(1.34) 5,16 148¢
AlaPro 226, 130,29 1210(1.36) 0,20 150
Gramicidin A
Gly2Ala® —_ 1275(1.34) 0,14 153
Ala3Leu* — 1275(1.34) X

*Chemical shifts are in ppm relative to external '*NH(1).

powder NMR spectra of these samples are shown in Fig. 22. The '*C
chemical-shift tensors were found to differ significantly in orientation through
the homologous series of dipeptides, as did the magnitude of the intermediate
shielding component. For the carbonyl carbon of the peptide fragment, o5,
was consistently perpendicular to the peptide plane, with g, along or close to
the C=0 bond. The orientation of the principal components of the nitrogen
chemical-shift tensor was relatively constant. In all compounds investigated,
the peptide '’N chemical-shift tensor was oriented such that ¢,, was
perpendicular to the peptide plane and ¢4 was close to the 1*C(0)-'°N bond.
The differences in chemical shielding in the series, as well as the differences
between the solution and solid-state isotropic-shift values, were attributed to
lattice effects, such as the geometry of the hydrogen-bonding networks. The
use of a standard chemical-shift tensor for **C and '*N nuclei in all peptide
bonds based on the previous single-crystal studies!*5-:47 was questioned as a
result of the variations in shielding observed in this study. The !3C and !°N
spectra in this series of dipeptides were simulated by least-squares fitting of
particular regions of the spectra in the derivative mode.'*° In order to obtain
reasonable fits from the somewhat distorted spectra, analysis was limited in
most cases to the areas of maxima and inflection points of the absorption line
shape. The use of first- and second-derivative plots of these regions increased
the sensitivity of the fitting procedure. However, it is important to recognize
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Fig. 22. (a) 1*C and (b) >N NMR powder spectra of L-[1-!3C]alanyl-L-[ }*N7alanine

at B, =4.7T. (Reproduced with permission from Hartzell et al.'*8°)

that a very high signal-to-noise ratio is required to obtain satisfactory
derivative spectra.

One important aspect of the least-squares fitting was the observation of the
high covariance between the value of the dipolar coupling constant and the
angles a and B, which orient the internuclear vector in the principal-axis
system of the chemical-shift tensor.'*® In other words, small changes in R



50 W.P. POWER and R.E. WASYLISHEN

could be accommodated by small changes in the values of the angles, resulting
in identical calculated powder spectra for a range of R, « and f§ values.
Consequently, it is often necessary either to assume a value for R based on
internuclear separations reported from other techniques and derive the
orientation of the chemical-shift tensor, or to assume an orientation for the
chemical-shift tensor and determine the internuclear separation.

The '’N chemical-shift tensor of the imide nitrogen of proline was
determined by analysis of the !3C-dipole-coupled >N NMR powder line
shape of Boc-L-[1-}3CJalanyl-L-[ 1*N]prolyl-OBz.!3° The principal compo-
nents of this tensor and its orientation were similar to those reported earlier for
other peptide nitrogens. The C—N bond length (1.36 A) was within the range
expected for peptide bonds.

The orientation and principal components of the * >N chemical-shift tensor
were determined for Boc-glycylglycyl [ *°N, 2H] glycine benzyl ester, using the
'SN-2H spin pair.!*! Two crystalline forms of this compound could be
obtained; one exhibited a typical peptide !N chemical-shift tensor, with
almost no asymmetry, while the other possessed a significantly asymmetric
chemical-shift tensor with 5, =0.44. The *H-coupled '°N powder NMR
spectra indicated no apparent difference in the shift-tensor orientations, while
the 2H NMR spectra indicated both no difference in hydrogen bonding, and,
together with >N relaxation measurements, no appreciable motion. It was
suggested that the asymmetry was due to a non-planar peptide bond, although
this could not be confirmed. The spectra from the *>N-?H spin pairs for
peptides appeared to be of better quality than those of the 13C-13N spin pairs
for peptides, and may prove attractive due to the ease with which *H
enrichment can be achieved, as the amide hydrogen is exchangeable. However,
the quality of the powder line shapes for !3C,!>N-enriched peptides has been
improved by application of COMARO-2 broad-band decoupling.!®2

The orientation dependence of the **C and SN chemical shift and the *3C-
SN dipolar coupling has been used to orient the peptide planes within Gramici-
din A, a polypeptide.!*? In these dipalar—chemical shift NMR powder spectra,
the splittings about the chemical-shift tensor principal components were ana-
lysed to provide estimates of the orientation of the !N chemical-shift tensor,
much the same as was described for homonuclear spin pairs.’® The estimates
were then refined further by simulation of the full line shape. The claim by Oas
and coworkers'*® of an invariant orientation of the peptide * °N chemical-shift
tensor was disputed in light of the results of this investigation. Cross has
determined the torsional angles ¢ and y for the amino acid sequence, D-Val-8—
L-Trp-9-D-Leu-10, using the '*C-'5N and !'’N-'H dipolar couplings.!>*
Opella and coworkers have developed a computer routine to determine
relative orientations of peptide planes in a protein backbone from such
data.!®3 Orientation dependence of the ‘3N-'H, *N-'H, '*C-'*N and
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13C-'H dipolar couplings, as well as chemical-shift or quadrupolar interac-
tions were used to derive the torsion angles ¢ and i, which were then
checked on a Ramachandran plot to obtain the secondary structure, e.g.
a-helix and fS-sheet.

Another biologically important species, the choline cation,
[(CH,;),*>N*3CH,CH,OH]*, has been investigated by !3C powder
NMR.!?® The principal components of the *3C chemical-shift tensor and their
orientation were determined with respect to the '*C-1*N bond, although
dipolar coupling to chloride and bromide counterions led to severe line
broadening.

Dipolar couplings are also evident in the NMR spectra of quadrupolar
nuclei. Stark et al.'>7 first observed splittings due to the 'H-'*N dipolar
interaction in the '*N NMR spectrum of a single crystal of N-acetylvaline, and
derived a N-H bond length of 1.06 A. Overtone "N NMR spectra'®® were
also found to be sensitive to **N-'3C and !*N-'H dipolar coupling. These
spectra have been used to derive bond lengths and orientational information
for amino acids and peptides. Scheubel et al.'*>® determined the C-O bond
length in a single crystal of benzophenone to be 1.213 4 0.005 A from the effect
of 13C-170 dipolar coupling on the !’O NMR spectrum. Dipolar coupling
between !*N and *H in urea-d, was also found to influence the “H NMR
powder spectra.!5°

Spin pairs in inorganic compounds have also been studied. Cadmium(1I)
acetate dihydrate single crystals have been investigated via '*C and '*3Cd
NMR.161-162 The *13Cd-13C dipolar interaction was evident in the carboxyl
13C resonance, and corresponded to C-Cd distances of 2.822 A and 2.783 A
for each distinct acetate ligand.!®! The !*C-'H and '*C-!!3Cd dipolar
interactions were used to differentiate between the crystallographically
distinct sites.

The 13C-!!B dipolar interaction in boron carbide was used to identify the
site occupancies for carbon.'®? Due to the different strengths of this coupling
for different carbon sites, *C spin-echo NMR experiments were able to show
that the carbon was present exclusively as C, chains. The two types of carbon
environment (terminal and central) exhibited spectra indicative of their site
symmetry.

The structure of fluorophosphate glasses has been studied using '°F and
31P NMR.!%* The second moment of the observed line shapes was interpreted
using the theory of VanderHart et al.!2®-*27 Due to the low applied magnetic
field strength, the influence of anisotropic chemical shifts was negligible. The
YF-3'P dipolar coupling corresponded to a F-P separation of approxi-
mately 1.6 A. Recent analysis by Grimmer er al.'5 of the *'P powder line
shapes of a series of polycrystalline fluorophosphates has determined
substantial anisotropies in the J coupling for the 3*P-!°F spin pair, on the
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order of 3 kHz. The P-F bond lengths from X-ray diffraction studies were used
to calculate a value for the direct dipolar coupling constant.

Theoretical calculations by Pyykké and Wiesenfeld®” indicate that the
indirect couplings involving heavier nuclei of the periodic table are substan-
tially anisotropic. This is supported by several experimental NMR studies of
solids. In a series of tellurides, Nolle and coworkers!®® found AJ between
125Te and a metal nucleus to increase as one moves down group 12 of the
periodic table, e.g. ZnTe, CdTe and HgTe. A large anisotropy in J has been
reported for the *!P-1°°Hg spin pair in [HgP(o-tolyl);(NO;),1,.1®7 From
the *!P powder NMR spectrum illustrated in Fig. 23, with the assumption of a
bond length from diffraction studies, a value of AJ(*'P,'*°Hg)= + 5170
+ 250 Hz was obtained, and the sign of J,,,(3'P, °?Hg) was determined to be
positive in a single experiment. The large value of 1 J(*1P,1%°Hg), + 9660 Hz,
compared with R(*!P, 1°°Hg), 634 Hz, provided a well-resolved separation of
the two subspectra in the 3!'P spectrum from the central line shape. This
feature, due to *' P nuclei which are bonded to Hg nuclei possessing no nuclear
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Fig. 23. *'P NMR powder spectrum of [HgP(o-tolyl);(NO;),], at B, =4.7T. The

satellites are due to *'P nuclei which are bonded directly to °°Hg (16.84% natural

abundance)and are split by 'J, _(3'P, '°°Hg). The central feature of the *'P spectrum is

due to phosphorus sites which are adjacent to Hg nuclei other than !'®°Hg.
(Reproduced with permission from Penner et al.'®”)
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spin, allowed unambiguous values for the *'P chemical-shift-tensor principal
components to be derived.

The influence of dipolar coupling on NMR spectra has also been utilized to
study small molecules on surfaces by NMR, and has been reviewed recently by
Slichter and coworkers.!®® 1% The surface species have been characterized
using spin-echo®* and spin-echo double-resonance (SEDOR)!7° experiments.
The spin-echo experiment permits measurement of homonuclear dipolar
couplings by removing the effects of anisotropic chemical shielding, hetero-
nuclear coupling and magnetic susceptibility interactions from the magnetiz-
ation at the echo maximum. The SEDOR experiment performs the identical
function for a heteronuclear spin pair, and depends on the observation of
dipolar modulation of echo formation after z pulses are applied to both of the
dipolar-coupled nuclei. The variation in the echo amplitudes as a function of
pulse spacing depends on the strength of the heteronuclear dipolar coupling,
which corresponds to the internuclear distance. SEDOR has been used to
determine dispersions, or particle sizes, in supported Pt catalysts, by
distinguishing between surface and bulk Pt on the basis of dipolar coupling to
chemisorbed !*CO.17! This technique has also been applied to the !3C-'H
spin pair in acetylene chemisorbed on Pt{111]72 and in ethylene on small Pt
clusters,®® as well as the *3C~!"0 spin pair in carbon monoxide chemisorbed
on Pd.!”® For acetylene on Pt, SEDOR results, as well as !*C spin-echo
spectra and 'H multiple-quantum NMR, were used to identify 77% of the
surface species as C=CH ,, while 23%; existed as HCCH. In this study, the C-C
bond length for the predominant species was 1.44 A, halfway between that
accepted for a C—C double bond and a C-C single bond. For ethylene
chemisorbed on Pt, the SEDOR experiment indicated that only approxi-
mately half of the ! 3C nuclei were attached to 'H, giving further evidence of the
ethylidyne structure®® (see also the discussion in Section 3.2). The '3C
isotropic chemical shift of CO adsorbed on Pd was + 540 ppm, about 310 ppm
to high frequency of the !3C shift in metal carbonyls. This was attributed to a
Knight shift promoted by the conduction band of the Pd particles. 170
SEDOR analysis provided a value for the C-O bond length of 1.20 + 0.03 A,
indicating the carbonyls were in bridging positions over Pd atoms.

4.2. Separated local field spectroscopy of static samples

One is faced with various problems when attempting to derive dipolar and
anisotropic chemical shielding information from NMR experiments on static
samples, particularly when the spin pair of interest consists of rare spins
coupled to *H nuclei. These difficulties include overlap of spectra arising from
spin pairs in crystallographically or magnetically nonequivalent sites, spin
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diffusion among the abundant spins and the relatively long range of the
dipolar interactions. These difficulties can be circumvented by using a two-
dimensional experiment which separates the dipolar and the anisotropic
chemical shifts, enabling one to measure each independently. One way of
accomplishing this is to use separated local field (SLF) spectroscopy, a two-
dimensional technique proposed in 1976 by Waugh*? to resolve rare spin (S)—
abundant spin (I) dipolar couplings from rare spin chemical shielding
parameters. In one dimension, I-S dipolar evolution occurs under homonu-
clear spin I multiple-pulse decoupling, and in the other dimension, spin S
signals are separated via their chemical shifts. Such an experiment, illustrated
in Fig. 5(c), was suggested as a means of obtaining structural information
about the abundant spins (specifically 'H) in solid samples. The symmetry of
the dipolar interactions allowed spectra to remain relatively simple despite the
influence of surrounding I spins. Implementation of homonuclear multiple-
pulse decoupling schemes scales the size of the [-S dipolar interaction. This
proves useful for 13C—'H spin pairs as it results in the **C chemical shielding
and '3*C-"H dipolar interaction being comparable in magnitude, rather than
having the dipolar coupling completely dominate the spectra.

Single-crystal SLF spectra of calcium tartrate and calcium formate
illustrated how the dipolar information was resolved via chemical-shift
differences.*® It appears that this technique is limited to cases where there is no
overlap in the chemical-shift dimension (w,), as would be provided by a single
crystal or MAS experiment. The SLF technique was also applied to carbon
atoms with zero to three protons attached, and the resulting single-crystal **C
NMR spectra displayed the patterns predicted by theory.!”* The problem of
overlapping spectra was apparent in the '*C SLF spectra of ammonium
hydrogen malonate, illustrated in Fig. 24, as the two CH, groups in the
asymmetric unit possessed identical chemical shifts but different dipolar
couplings at particular crystal orientations. However, this technique does
provide an alternative to neutron diffraction in determining proton positions
in solids. Carbon—hydrogen bond lengths of 1.09 A in diacetylene'’® and
1.10A in oriented polyethylene!’® have been reported along with the 1*C
chemical-shielding-tensor data. A similar type of experiment suited to
observation of '*N-'H splittings in **N single-crystal spectra of L-histidine
was developed!”” that separated the quadrupolar and dipolar splittings onto
orthogonal axes in a two-dimensional SLF experiment.

In 1976, Stoll et al.'"® proposed a powder experiment similar to Waugh’s
SLF technique that differed in two respects. First of all, a spin-echo was used to
refocus the chemical shift of the S spin, thus removing its effects from the
dipolar dimension (w,), and second, only the chemical-shift time dimension
was Fourier transformed. This resulted in a I dipole-modulated S chemical-
shift spectrum, providing information on the internuclear I-S separation and
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Fig. 24. 13C SLF single-crystal spectrum of NH,O,CCH,CO,H. Note that there are
two distinct splittings due to **C—'H dipolar coupling. (Reproduced with permission
from Rybaczewski et al.'”%)
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the orientation of the S chemical-shift tensor with respect to the [-S bond. The
homonuclear analogue of this experiment was also described by Stoll et al.®2
(see Section 3.1).

Linder et al.' "7 used a full two-dimensional frequency spectrum to provide
separated dipolar coupling and anisotropic chemical shielding information
from powder samples. Fourier transformation in both dimensions of the signal
array resulted in more conventional two-dimensional powder patterns, where
the point of greatest width in the dipolar dimension, i.e. the I-S bond direction,
could be easily related to the S chemical-shift-tensor orientation. “Ridge plots”
were proposed as a rapid technique to provide estimates of the various
parameters. However, both these powder techniques are limited to samples
containing only one dominant I-S spin pair; any spectral contribution from
other nuclei or interactions may lead to spectra which are too complicated to
interpret.

Studies of 13C—~'H and !>N-'H spin pairs by SLF spectroscopy have been
performed mainly on amino acids and peptides. Cross and Opella!8%-181 have
used SLF spectra to determine the orientation of particular amino acid
residues or peptide planes with respect to the protein backbone of the
bacteriophage fd coat protein. Both the '*N chemical shift and the >N-'H
dipolar splitting provided orientation information for a particular !N
enriched amino acid in this protein in solution, when compared with the
powder spectra.!®® The fd coat protein self-oriented in solution due to the
magnetic susceptibility induced by the large number of similarly oriented
carbonyl groups; thus, solid-state NMR experiments could be performed on a
“solution” sample. The three-dimensional structure of one section of this
protein was also determined in this manner.!8' The '>N-'H and 'SN-13C
dipolar and '°N chemical-shift spectra of fd coat protein with isotopically
labelled amino acid residues 40—45 provided the orientation of the amino
acids and the helical axis with respect to the protein filament axis. Detailed
analysis indicated a bend in the a-helix at Lys-43, presumably to promote
protein—DNA interactions. These techniques were also applied to compare
the amount of mobility in membrane-bound and virus-bound forms of the fd
coat protein.'®? The 'N-'H, SLF, '*N chemical shift and ?H NMR spectra
all showed that there was substantially more motion in the membrane-bound
form at both the N and C termini.

Application of '*N-'H SLF spectroscopy allowed the determination of the
orientation of [ }N7-Ala-3 in Gramicidin A embedded in a membrane.'#3 The
B-helix was found to be tilted less than 10° from the bilayer normal, indicating
that this helix may be right handed rather than left handed, as assumed.
In order to avoid miscalibration of the multiple-pulse scaling factor,

homonuclear decoupling was not applied during the dipolar evolution
period.



NMR STUDIES OF ISOLATED SPIN PAIRS IN THE SOLID STATE 57

The 3C,~*H bond length in a single crystal of L-alanine was found to be
1.073 A from SLF spectra,'®* 0.018 A longer than that determined by neutron
diffraction. In this experiment, it was possible to separate the '3C,—"H dipolar
splittings from the !°C,-'*N splittings, resulting in six lines for each
magnetically unique 3C,.

The !3C-'H spin pair in dimedone (5,5-dimethyl-1,3-cyclohexanedione)
has been studied by Takegoshi and McDowell!®® in order to determine the
extent of flip-flop spin exchange between the '*C-coupled proton and the
surrounding bath of 'H nuclei. This was performed both with and without
perturbing proton radiofrequency fields. A new experiment, EXSLF
(exchange-SLF), was used to study the 'H spin dynamics in the absence of
radiofrequency fields. Analyses with perturbing radiofrequency ficlds were
performed by studying '*C-'H cross-polarization dynamics. The results
indicated that the **C-'H spin pair in dimedone was indeed isolated.

Two-dimensional dipole-correlated 13C chemical shift NMR was used to
determine the principal values and orientation of the '3C chemical-shift
tensor in polyoxymethylene.!®¢ The !3C-'H dipolar interaction provided an
internal reference frame for this powder experiment, the results of which were
used to study molecular motion in this polymer.

Another two-dimensional dipole-modulated chemical-shift NMR
experiment has been described that can be used to study isolated I,S
systems, 87 such as !3CH, or !*NH, groups. In the first time dimension, the
system was allowed to develop under the 1-S dipolar interaction alone;
multiple-pulse homonuclear decoupling and spin echoes were used to
eliminate the effects of I-1 coupling and S chemical shifts. In the second time
dimension, under broadband I spin decoupling, only S chemical shift effects
were allowed to evolve. This experiment was performed on the N, H, group
of L-asparagine-H, 0O, providing information on N-H bond lengths, the
H-N-H bond angle and the >N chemical-shift-tensor components and
orientation. Fourier transformation of ¢, data was unnecessary, as only
three or four ¢, values were required in the analysis.

This approach has been expanded to a three spin IRS system, such
as 'H-'3C-!5N, by Hartzell et al.'®® The >N chemical-shift tensor in
L-[1-*3C]lalanyl-L-[ 1°NTJalanine was unambiguously oriented by means
of 'H dipole-modulated '3C dipole-coupled '*N powder NMR. This two-
dimensional experiment was similar to the SLF technique, as the **N-'H
dipolar interaction alone evolved during ¢, with multiple-pulse decoupling. In
t,, under 'H decoupling, the system evolved according to the '*N chemical
shift and 13N~!3C dipolar coupling, both of which were refocused at £, =0
by a '>N = pulse during ¢,. This resulted in spectra such as that shown in
Fig. 25. The angular reiations for both sets of dipolar couplings aillowed only
one consistent orientation for the 3N chemical-shift tensor. Deviations of the
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Fig. 25. 'H dipole-modulated !3C dipole-coupled **N powder NMR spectra of L-[1-

13Clalanyl-L-['*N]alanine: (a) experimental and (b) calculated. The time scale ¢,

corresponds to '*N-'H dipolar evolution, and the frequency axis w contains the

13C-">N dipolar coupling and '°N anisotropic chemical-shift information. (Repro-
duced with permission from Hartzell et al.'®¥)

peptide linkage from planarity can, in principle, be investigated using this
technique.

The dipolar interaction can be used to obtain spectra of solids analogous to
solution COSY spectra.'8%-1°° The limited resolution afforded by one-dimen-
sional 'H solid-state NMR spectra was improved by correlating the *H signals
with the chemical shifts of the '*C nuclei to which they were bonded, in both
single crystals'®? and rotating solids.?®® Coherence transfer between the 'H
and '3C spins was effected via the heteronuclear dipolar interaction between
them.
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4.3, One-dimensional MAS studies

The combined effects of chemical shielding, dipolar coupling and indirect
coupling on the spinning sidebands in slow-spinning MAS spectra of two
isolated heteronuclear spin-i nuclei, such as the !3C-*'P spin pair in
phosphonium iodides, have been described by Harris et al.'”! Their method
relies on the presence of a significant isotropic indirect coupling constant,
11 (F3C,3'P), to separate the m, = + 3 and m;= —§ subspectra due to
coupling in the MAS spectrum. Making a number of reasonable assumptions,
the sign of J,,, was assigned by simple inspection of the spinning side-band
patterns for the subspectra. Stable spinning speeds and a high signal-to-noise
ratio are essential to derive information by this side-band analysis. The theory
of Zilm and Grant®® was recast into a different set of equations and was
applied following analysis of the side-bands, such as is accomplished by using a
Herzfeld-Berger analysis.'®? These equations may also be applied to powder
spectra, and can be used to determine, among other things, the orientation of
the chemical-shift tensor from a single slow-MAS spectrum. However, on the
basis of the experimental spectra presented, the errors in the derived
parameters were quite large. This analysis could not be extended to the AX,
spin system tributyltin fluoride, where each !*°Sn nucleus was coordinated to
two 1°F, due to a low signal-to-noise ratio and the presence of impurities also
containing tin.'®? Three subspectra in a 1:2:1 ratio were apparent in the MAS
spectra, with J(1'°Sn, 1°F) = 1291 Hz. It was possible, however, to derive a
1198n chemical shift anisotropy of 355 ppm, with 5, = 0.42, from the MAS
side-band pattern.

Recently, Grimmer and Neels!®# have analysed the *'P MAS spectra of
K,Na(PO,F), via Herzfeld-Berger analysis'®? of the spinning side-bands.
The isotropic J coupling between the *'P and !°F nuclei (795 Hz) separated
the side-bands arising from each subspectrum. They obtained a value of 14735
+ 320 Hz for the *'P-1°F dipolar coupling, which corresponds to a P-F
separation of 1.46 A, assuming no anisotropy in J.

I5N' CP/MAS spectra of the platinum complex, cis-di(ammine-
N)bis(thiocyanato-S)-platinum(Il), were used to determine the '°N
chemical-shift tensor as well as dipolar and indirect coupling tensors for the
ISN-195Pt spin pair system.!®® The value of J(!°°Pt,*°N), approximately
270 Hz, was large enough to separate the m; = + } and — 3 subspectra. The
components of the >N chemical-shift tensor perpendicular to the Pt—-N bond
were shifted substantially to higher frequency, and this was attributed to the
“heavy-atom” shift. The authors reported that the '*N shielding tensor
resembled those of peptide nitrogens more closely than those of ammonium or
amine nitrogens.

VanderHart has observed field-dependent !*C chemical shifts in rotating
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solids.'*® While small in magnitude at low magnetic field, e.g. less than 1 ppm
at 1.4T, they were negligible at higher field strengths. This effect originates in
the C and D terms of the !3C-'H dipolar interaction. Strong proton
irradiation (continuous wave (CW) decoupling) causes the 'H spin to be
quantized along the radiofrequency field in the *H rotating frame. The proton
spin precesses about B, causing a sinusoidal variation in the z component of
the 'H magnetization, and dipolar coupling terms which are not averaged by
MAS contribute to the observed spectrum. The second-order shifts are
proportional to B, °. For the polymers studied, these shifts varied according
to the type of carbon: CH,, 0.70 ppm; CH, 0.34 ppm; CH (rotating), 0.07 ppm;
and C (quaternary), — 0.04 ppm. Restricted motion reduced these shifts
according to the angle of the rotation axis with respect to the C—H vector,
while isotropic motion averaged these shifts to zero.

4.4. Quadrupolar effects in MAS spectra

Soon after the acquisition of 1*C CP/MAS spectra from natural abundance
samples became routine, it was pointed out by Lippmaa and coworkers'®’
that there were field-dependent splittings in the spectra of carbons which were
directly bonded to nitrogen, of which 99.635%, is the quadrupolar I =1 *N
nuclear isotope. These splittings did not result in an equally spaced triplet, as
one might intuitively expect for J coupling to an I =1 nucleus, but in
asymmetric doublets (see Fig. 26), with a characteristic 2:1 intensity ratio.'®®
Upon substitution with ' 5N, these splittings disappeared;*®® the magnitude of
the splitting decreased as the magnetic field strength was increased.'*** These
facts indicated that the quadrupolar nature of **N is responsible for this effect.

Several theoretical treatments for the calculation of these MAS line shapes
followed, using both perturbation theory?®%2°! and diagonalization
procedures2©2:293 to calculate the **N spin eigenfunctions. Recently, Olivieri
et al.2°* have proposed a simple expression that can be used to interpret the
asymmetric splitting. As the '*N quadrupolar interaction is often of the same
order as its Zeeman interaction, the '*N spins are not fully quantized along the
magnetic field, but along some superposition of B, and the principal
component of the '*N EFG tensor. As a result, the C and D terms of the
dipolar interaction contribute somewhat to the overall dipolar coupling
between 13C and '“N; these terms are not averaged by MAS, thus they give rise
to the observed asymmetric doublet. The line shapes depend on a number of
factors: the sign and magnitude of the quadrupolar coupling constant, the
applied magnetic field strength, the dipolar coupling constant, and the relative
orientations of the quadrupolar and dipolar interactions. The contribution of
indirect J(13C, 1*N) coupling was not included in the above-mentioned papers
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Fig. 26. '3C MAS spectra for the *3C, nucleus of glycine that is dipolar coupled to an
adjacent '*N nucleus: (a) experimental, (b) calculated with line broadening and (c)
without line broadening. (Reproduced with permission from Hexem et al.'*)

since the magnitude of these couplings in isotropic systems are generally less
than 15Hz.2%

The study of **C~!*N spin pairs by >C MAS NMR has provided a wide
range of applications. For example, it has been demonstrated that one can
readily distinguish between neutral (IX) and zwitterionic (X) forms of the
tetracycline antibiotics (only the “A” ring of a general tetracycline is
shown).2%¢ In the non-ionized form, IX, the N(CHj), is not protonated and
x(**N)is large (ca. 5 MHz), whereas in X the symmetry about the !*N nucleus
is much greater and y is relatively small (ca. 1 MHz). Thus, as expected, one
observes relatively large '3C—1#N residual dipolar splittings in the 13C MAS
spectrum of anhydrous oxytetracycline, which exists in the non-ionized form
(IX), and negligible splittings in oxytetracycline dihydrate, which exists as a
zwitterionic species (X).
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+
HHN(CH,),

The *N quadrupolar coupling constant in crystalline morphine has been
determined to be — 1.5 MHz from the asymmetric splittings observed in the
13C MAS spectra of the three directly bonded carbon nuclei.?®” Harris and
coworkers?°® have used the magnitudes of the asymmetric splittings to gain
some knowledge of the electronic structure in a variety of nitrogen containing
aromatic compounds. Frey and Opella?®® have followed the changes in the
14N quadrupolar interaction of the nitrogen sites in histidine as a function of
pH by observing the changes in the *3C asymmetric doublets. These splittings
have also been observed for *C nuclei which were not directly bonded to '*N,
but are in close proximity to it by the conformation of the molecule in the solid
state.'® Presumably this type of information could provide some clues
regarding the structure of the molecule in the crystal lattice.

As with quadrupolar nuclei in solution, there is the possibility that the
effects of the quadrupolar interaction may be reduced or eliminated by “self-
decoupling”. Okazaki et al.2!! noted a reduction in the magnitude of the **N-
induced splitting of the nitrile *C resonance in stearonitrile when this
compound was in the channel of a urea inclusion complex. The splitting was
reduced from 330 Hz in the crystalline compound to 92 Hz in the inclusion
complex; this was explained in terms of a rapid rotation of the stearonitrile
molecule within the urea channel. Jonsen?!? recently proposed a theoretical
approach to account for '*N self-decoupling based on the theory of Hexem
et al.?°2, while Olivieri?!* has extended his perturbation treatment to include
the effect on the **C MAS line shape of self-decoupling of the quadrupolar **N
nucleus.

The observation of quadrupolar effects on spin-+ MAS spectra have not
been restricted to '3C—!*N spin pairs. Asymmetric splittings have also been
reported for '3C—?H systems in carbohydrates,?!-2!5 somewhat surprising
when one considers the much smaller size of typical ?H quadrupolar coupling
constants compared with those for '*N. Quadrupolar effects have also been
observed for !3C nuclei dipolar coupled to 73As in cacodylic acid?!® and to
3337C1 in fluoropolymers containing chlorine.?!?

One of the first reports of the influence of quadrupolar nuclei on MAS
spectra concerned the 3!P-%3%65Cu spin pair in triphenylphosphine
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Fig. 27. 3'P MAS spectra of bis(triphenylphosphine) copper(l) nitrate at three field
strengths corresponding to the 3P NMR frequencies indicated. (Reproduced with
permission from Menger and Veeman.?!®)

copper(I) complexes.?!® 219 In their analysis of these systems, Menger
and Veeman?!? also had to consider the influence of the sizeable indirect
coupling, J(3'P,%%%3Cu), on the 3!P line shape. *'P MAS spectra of
bis(triphenylphosphine)copper(l) nitrate were examined at three different
applied magnetic fields corresponding to **P NMR Larmor frequencies of 24,
72 and 121 MHz (Fig. 27). At 121 MHz, the *'P signal is split into two
overlapping quartets; both ®*Cu (natural abundance 69.1%) and °*Cu (natural
abundance 30.9%) are spin 3/2 nuclei and possess similar magnetogyric ratios
(7(°3Cu)/v(¢3Cu) = 1.071). A comparison of observed and calculated spectra
led the authors to conclude that J,,(3'P, ®*Cu) is approximately + 1450 Hz
and R(3'P, %3Cu) ~ 725 Hz (i.e. rop ~ 2.6 A). The 93Cu quadrupolar coupling
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constant was taken to be 30 MHz with 5, =0. Recently, Olivieri*?° has
suggested that large anisotropies in J(3!P, ®3Cu) are necessary in order to
simulate the >' P MAS spectra of (PPh;), CuNO;, shown in Fig. 27. Finally, it
is interesting to point out that, in solution, one generally cannot measure
Jiso(?1P,¢3%5Cu) in copper phosphines because of very efficient 63/65Cu
quadrupolar relaxation.

Ina '*°Sn MAS NMR study of several organotin compounds, Komoroski
et al.2*! observed two broad ! !°Sn resonances in diethyltin chloride that were
separated by ca. 770 Hz at 33.56 MHz. Since this splitting was much smaller at
higher applied magnetic field strengths, the authors concluded that 33/37Cl
quadrupolar effects must be important. A complicated ''°Sn MAS spectrum
whose centrc band spanned some 1.2kHz was observed for triphenyltin
chloride at 111.9 MHz. Although this spectrum was not explained by the
authors, Harris?2? later showed that the origin of the complex MAS line shape
observed by Komoroski et al.2?! was in part due to the breakdown of the high-
field approximation. In simulating these spectra, one must include the effect of
o128, >*Cl), which is of the order of 250 Hz in these compounds.?2%-223
Olivieri*?? has suggested that it is necessary to invoke an anisotropy in the
indirect Sn—Cl coupling constant, AJ ~ —350Hz, in order to simulate
correctly the **°Sn MAS spectrum of Ph,;SnCl. More recently, Apperley
et al.**3 have examined the *!°Sn MAS spectrum of (acetylacetonato)tin(IV)
dichloride at two fields and extended perturbation theory to deal with systems
in which a spin-} nucleus is coupled to two equivalent spin-3 nuclei (e.g.
11981 35Cl,). These authors also suggest that AJ may be significant in these
systems, — 400 to — 800 Hz.223

29Si CP/MAS spectra of tri-p-toluenechlorosilane at 17.88 MHz also show
characteristic spin-3, spin- splittings that result from the breakdown of the
high-field approximation.2®® Simulation of the experimental spectrum in-
dicated a Si—Cl bond length of 2.02 A. 3! P MAS spectra of the phosphonitrilic
chloride cyclic trimer (XI) show an extremely broad pattern (= 3 kHz) that
appears to be consistent with heteronuclear dipole—dipole coupling to
quadrupolar nuclei (}#N, *3Cl and 37Cl).224

Interestingly, the linear chloropolymer (XII) derived from XI shows a
relatively narrow *!'P MAS spectrum. This probably results from self-
decoupling of the quadrupolar nuclei as a result of molecular motion in this
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elastomeric material. Finally, it has been suggested that *C-°°Co (I = 7/2)
dipolar interactions may be responsible for the complex variable field and
temperature 3C MAS spectra observed for Co,(CO),,.2?*

In 125Te MAS spectra of (CH,);TeCl-H,O, distortions due to the
quadrupolar interaction of the chlorine nuclei were absent.?2® A symmetric
pattern due only to 'J, ('2°Te, *>37Cl) was observed, an examplc of the
extreme high-field limit expected for spin-3 nuclei coupled to quadrupolar
nuclei. The absence of dipolar contributions to the spectrum was ascribed to
either a long Te—Cl distance or a small quadrupolar coupling constant for the
chlorine nuclei.

In a recent series of papers, Olivieri and coworkers?%4:213-220-227 hyve used
first-order perturbation theory to calculate spin-3 MAS line shapes influenced
by neighbouring quadrupolar nuclei, and have expressed the magnitude of the
asymmetric splitting in terms of one convenient and simple equation. The
method outlined in these publications merits some attention and should be
applicable to most of the systems discussed in this section.

4.5. Dipolar dephasing and MAS/SLF spectroscopy

Opella and Frey2?® have shown how the !3C—'H dipolar interaction can be
used to simplify and partially edit '*C CP/MAS spectra. By placing a
“window” in the 'H decoupling between cross-polarization and acquisition,
the '*C magnetization rapidly decays for any carbon with strong '3C-'H
dipolar couplings due to dipolar dephasing of the signal. This is similar to the
SLF technique by Waugh,3®*® except that the length of this dipolar-
dephasing period is not incremented, but fixed based on the best discrimin-
ation of the different types of carbon atoms. Carbon atoms with directly
bonded *H nuclei are obviously more susceptible to dipolar dephasing than
quaternary carbons, which are relatively unaffected. In addition, any carbon
sites undergoing a high degree of motion (e.g. rapidly rotating methyl groups)
have reduced '*C-'H dipolar couplings, thus their signals are also not greatly
affected by the dephasing period. Consequently, methylene, methine and static
methyl group carbon atoms would disappear from a spectrum under dipolar
dephasing, while quaternary and rotating methyl group carbons remain,
providing a useful solid-state assignment technique. A detailed investigation
of the influence of the !3*C-'H dipolar interaction on cross-polarization and
dipolar dephasing has been performed.?2° Methylene and methine '*C nuclei
dephase quickly (< 55 us), whereas quaternary and rotating methyl ' *C nuclei
preserve their magnetization much longer. In some cases, the quaternary !3C
nuclei have been observable after a 135-180 us dephasing period.?*°

One potentially useful extension of the dipolar dephasing experiment is to
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perform it for various dephasing periods, and acquire a two-dimensional MAS
spectrum analogous to the SLF-type experiments. In 1981, a MAS/SLF
experiment was outlined??! that successfully separated the '*C-'H dipolar
and !*C chemical-shift information for Ca(H*3*CQOQ), in the two dimensions.
Rotationally synchronized pulses and spin-echoes were used, as well as
homonuclear multiple-pulse decoupling (see Fig. 5(d)). The advantages of the
MAS/SLF experiment are two-fold:

(i) MAS experiments require less time than static or single-crystal experi-
ments; and

(i) the spinning side bands due to nuclei with different chemical shifts can
be separated by a careful choice of spinning speed, resolving the
anisotropic information.

The rotationally synchronized pulses were essential to avoid phase problems,
since spin manipulation and sampling had to occur at the peak of a rotational
echo where the anisotropic part of the chemical shift was refocused. The spin-
echo refocused the isotropic shifts, thus permitting analysis of samples with
nonequivalent *C nuclei and avoiding frequency-dependent phase shifts. The
authors noted that the dipolar “slice” of a given chemical shift side band was
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Fig. 28. Calculated *C MAS/SLF spectra of a model ' 3C—"H spin pair. (Reproduced
with permission from Munowitz and Griffin.?*?)
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not necessarily symmetric, as illustrated in Fig. 28. Munowitz and Griffin?*2
later showed that this asymmetry in the dipolar dimension arose because only
certain crystallite orientations contribute to a given chemical-shift side band
due to phase variations in the orientationally dependent signals. However, the
sum of dipolar slices for all chemical-shift side bands of a given nucleus did
result in a symmetric pattern. This was illustrated for the *'P—*H spin pair of
the HPO3™ ion in MgHPQ,-6H,0. Application of the MAS/SLF technique
to a mixture of Na'*CH;COO and NaCH,'*CH,'3*COO demonstrated the
usefulness of this technique in resolving dipolar—chemical shift information
from systems containing more than one type of nucleus, ' *C in this case. The
spectral resolution obtained in this study depends on resolution in the
chemical shift or w, domain; the two-dimensional nature of the cxperiment
does not improve the resolution, as it does in correlated spectra. The authors
suggested that the MAS/SLF technique would be most useful in the study of
rare spins dipolar coupled to abundant spins, particularly to systems where
isotopic enrichment of the rare spins is not feasible.

The analysis of the side bands of MAS/SLF spectra yields very useful
information, such as the rare-spin chemical-shift tensor, the dipolar coupling
constant (hence the internuclear distance, rig), and the relative orientation of
the chemical-shift tensor with respect to the dipolar vector. One method of
obtaining this information has been presented?3® where it has also been shown
that the I-S—I bond angle of an I, S system can be derived. This was performed
on >N MAS/SLF spectra of the side chain >N H, group of L-asparagine-
[15Ny]-HZO. The N-H bond length (1.093 A) was somewhat longer than that
reported by neutron diffraction, while the H-N-H bond angle (114°) was
smaller. The dipolar side-bands corresponding to each frequency in the
chemical-shift side-band dimension were used to orient the '*N chemical-shift
tensor. The results obtained in this experiment were confirmed with a
subsequent powder SLF-type experiment.'®’

In some cases, the only information that is required from the NMR
experiment is the *>*C—'H or '’N-'H bond lengths in a particular system. In
such circumstances, it would be useful to collapse the dipolar information into
one slice corresponding to the isotropic chemical shift in w,. This was
accomplished?*# by sampling in ¢, at the peaks of the rotational echoes, thus
removing anisotropic chemical-shift information. Scaling in 7, was required
to avoid aliasing of the chemical-shift dimension due to the reduced sampling
frequency, which was achieved by a rotationally synchronized multiple-pulse
technique. However, the small spectral window for w, could be problematic
for compounds with a large chemical-shift difference between two signals of a
given rare spin.

One popular application of this MAS/SLF experiment has been to study
various compounds of biological and chemical interest.”>:?3¢ such as the
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Table 4. Comparison of N-H bond lengths for four

peptide systems, derived from MAS/SLF experiments and

neutron diffraction. Original references can be found in
Roberts et al.2%°

nu (A)

Compound NMR Neutron
GlyGly-H,O 1.061 1.0200

1.0240
GlyGly-HCI'H,O 1.063 1.034

1.038
L-HissHCI'H,O 1.093 1.070
L-Trp-HCI 1.058 0.995

measurement of N-H bond lengths in DNA,237 peptides??8-23° and am-
monium salts.?3° DiVerdi and Opella?*” modified the MAS/SLF experiment,
using off-resonance decoupling rather than the multiple-pulse methods during
t,. Rapid spinning collapsed all the 1>N-'H dipolar information into one slice
at the >N isotropic shift for each nitrogen in DNA. The solid-state structures
of three cyclic pentapeptides were investigated using ‘>’N-'H MAS/SLF as
well as **C CP/MAS and 2H NMR experiments.23® The N-H bond lengths
were determined to be 1.07 A and 1.10 A, identical within experimental error, for
the two nitrogen sites involved in intramolecular hydrogen bonding. A series
of compounds analysed using !>N-'H MAS/SLF NMR?3? gave N-H bond
lengths that were consistently 0.035 A longer than the corresponding neutron-
diffraction results, presumably due to the differences in averaging resulting
from molecular motion for the two experiments. However, it is apparent that
accurate N—H bond lengths can be obtained from NMR experiments of this
type, as evident from the data in Table 4.23° Considerable experimental detail
was included in this article on the multiple-pulse decoupling and determin-
ation of the scaling factor. This care for experimental detail was reflected in the
high precision (within 0.005 A for N—H bond lengths, 3° for ' *N chemical-shift-
tensor orientations) of the results.

Dipolar rotational spin-echo NMR was a technique proposed by Schaefer
et al.**° that resembled MAS/SLF spectroscopy,?3!+23? although there were
some slight diffcrences. The !3C n pulse was applied before t, began, and the
experiment was performed at low field (1.4 T) to reduce the number of spinning
side bands due to the chemical-shift anisotropy. A third time period was added
immediately after cross-polarization between 'H and !*C, during which the
13C magnetization was spin-locked permitting T, , decay. This allowed the
rigid and mobile '3C sites in various polymers, such as polystyrene, to be
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identified. High-frequency molecular motion decreased the value of the
multiple-pulse scaling factor to 0.44 from the theoretical value of 0.58.

The effects of such motions on the dipolar interaction can be traced with
MAS/SLF or dipolar rotational spin-echo experiments. Both '*C—"'H dipolar
MAS and slow-spinning MAS *3C spectra were used to characterize the ring
motion in phenylalanine.?*! Two crystalline forms were investigated. When
recrystallized from a water—ethanol mixture, the NMR spectra indicated that
no phenyl ring motion was occurring. Phenylalanine recrystallized from
aqueous solution had only about 50%; of the sample in which the rings were
rigid. The other 50%, corresponded to rings undergoing both 180" flips and
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Fig. 29. Experimental and calculated dipolar side bands of ' *C-'H MAS/SLF spectra

of phenylalanine recrystallized from water, as well as the static dipolar line shape to

which the spinning spectrum corresponds. The pattern at 129.1 ppm is due to the meta

carbon atoms of the pheny! rings undergoing rapid flipping, and the pattern at

128 4ppm is due to the meta carbon atoms of the phenyl rings which are rigid.
(Reproduced with permission from Frey et al.**?)
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ring wiggling (small-angle libration). Similar information was obtained by
Frey et al.2*? by applying MAS/SLF spectroscopy to the aromatic C—H spin
pairs of phenylalanine. The effects of motional averaging are clearly
manifested in the dipolar sideband distribution, shown in Fig. 29. Deuterium
NMR line-shape analysis and *3C and ?H relaxation measurements were used
to provide complimentary information on the time-scales of the motional
processes in the various samples. In the zwitterionic form of phenylalanine,
obtained by recrystallization from H,O at neutral pH, two crystallo-
graphically distinct molecules were evident, one exhibiting rapid ring flips
(ca. 10° Hz), while the rings were rigid in the other form. These are the two
spectra shown in Fig. 29. Phenylalanine recrystallized from ethanol-water
solution also had two distinct molecules in the crystal, both of which possessed
immobile pheny! rings. Finally, in phenylalanine hydrochloride recrystallized
from H,O one type of molecule was present in which motion of the rings was
very slow, i.e. on the order of 10-100 Hz for a ring-flipping rate.

The '3C-'H MAS/SLF spectra of glassy polystyrene***® showed slight
averaging of the '3C-'H dipolar interaction. Together with !3C relaxation
measurements, this provided evidence of small-amplitude low-frequency ring
and main-chain motion. However, the exact degree of motion was unclear due
to difficulties in determining the proper multiple-pulse scaling factor to be
used in interpreting the dipolar side bands. Ring flips and librations were
apparent in studies of bisphenol-A polycarbonate, with flips occurring via
a lattice distortion affecting the main chains as well,>** while studies of
poly(2,6-dimethylphenylene oxide) indicated that this polymer was rigid.
Finally, 13C—"H MAS/SLF spectra and *3C relaxation measurements were
used to compare the motional characteristics of quenched and annealed
poly(butylene)terephthalate.>*> Annealing above the glass transition tempera-
ture, T,, appeared to improve the packing of this polymer in the amorphous
regions of the sample, as the degree of motion decreased.

Several modifications and improvements to the original MAS/SLF
experiment have been proposed. Early?*® has used BLEW-12 homonuclear
multiple-pulse decoupling?*” instead of WAHUHA*® or MREV-8%? to obtain
13C-'H MAS/SLF spectra of phenylalanine hydrochloride and p-
dimethoxybenzene. The application of this sequence is advantageous due to its
more moderate radiofrequency field demands, i.e. a 90° pulse of up to 6 us
could be accommodated, compared with the 3 us maximum required by the
other multiple-pulse sequences.

Webb and Zilm?*® have described an experiment that does not require
rotational synchronization. The principal goal of their sequence was to permit
spectral assignment of '3C in solid samples on the basis of the number of
attached protons. The spinning speeds were high enough to prevent side bands
appearing in the chemical-shift dimension, w,, removing the requirement of
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rotational synchronization. The large '*C-'H dipolar coupling constant
ensured that this interaction survived in spite of spinning in w, even under
scaling due to the homonuclear multiple-pulse decoupling. The different types
of carbon atoms were distinguished by their dipolar spectra. A graphical
technique for determining ratios of the types of carbons in overlapping signals
appears useful, although it consistently underestimated the proportion of
methylene carbon atoms due to broadening of the high-order '*C spinning
sidebands.

Another approach that removed the need for the experimentally demanding
conditions of rotational synchronization and refocusing pulses has been
described by Kolbert et al.**° Sensitivity was increased by removing the delay
between the end of the evolution period and the beginning of acquisition.
During t,, the spins evolved according to heteronuclear dipolar coupling and
chemical-shift effects under homonuclear decoupling. Acquisition (t,) began
immediately after ¢,, with broad-band decoupling removing all but chemical-
shift effects. A shearing transformation*® was then applied to the two-
dimensional data matrix, resolving dipolar and chemical-shift information
onto orthogonal axes. The resulting spectra were identical to those obtained
with the original MAS/SLF sequence, and with an increased signal-to-noise
ratio.

Tt is often difficult to obtain precise measurements of small anisotropies by
MAS due to the smail number of spinning side bands. Two-dimensional spin-
echo MAS NMR has been used to avoid this problem.?*° The application of a
7 pulse at ¢,/2 to a sample rotating at v, results in the appearance of side bands
in @, at multiples of v,/2 instead of v,. This pulse interferes with the formation
of rotational echoes, thus rotor period 1, is doubled. The greater number of
side bands should permit more precise determination of small dipolar
couplings in MAS/SLF experiments or chemical-shift anisotropies in normal
CP/MAS experiments.?5!-232

Of course, another way to increase the number of side bands in w, of a
MAS/SLF spectrum is simply to spin the sample more slowly. Switched-speed
spinning NMR?233 provided slow-spinning MAS conditions during the
evolution period while maintaining high resolution fast-MAS conditions
during acquisition for a MAS/SLF experiment. During t,, the sample is spun
slowly while multiple-pulse decoupling is applied. This time period is an
integer multiple of 7, so that all anisotropic chemical-shift cffects are removed
from the dipolar dimension. At the end of ¢, the magnetization is stored along
B,. and the spinning rate is increased. At t, = 0, the magnetization is flipped
back into the transverse plane and the isotropic shift is detected under fast-
MAS conditions. The change in the spinning rate is controlled by the pulse
programmer via a voltage-driven controiler that switches the drive air flow
between two preset levels.
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Another type of sample spinning NMR experiment that maintains the
anisotropic information content of the spectrum has been performed by
setting the axis of rotation a few degrees away from the magic angle. Such
off-magic-angle spinning (off-MAS) results in a series of “side patterns”,
spinning side bands anisotropically broadened due to any inhomogeneous
interaction.?>* Using slow spinning and homonuclear decoupling, the ! *C off-
MAS spectrum has been interpreted in terms of the principal components of
the 13C chemical-shift tensor, the 3C-'H dipolar coupling, and, particularly
for the “isotropic” side pattern, the relative orientation of these two
interactions. This experiment was performed on the '>C-!H spin pair in
Ca(HCOO),. A normal !3C MAS spectrum obtained with 'H homonuclear
decoupling exhibited splitting of the side bands due to J(!*C, *H), confirming
the positive sign of this coupling constant.

Heteronuclear dipolar information has been obtained from rotating
samples using dipolar switched-angle sample spinning (SASS) NMR.?3° This
two-dimensional technique combines the anisotropic conditions of off-MAS
in one dimension with the high resolution of normal MAS in the other. Thus
the anisotropic powder pattern for each crystallographically distinct **C is
resolved by its isotropic chemical shift. During the evolution period, off-MAS
and homonuclear decoupling introduce scaling factors, S, due to the angle of
rotation and S,; due to the radiofrequency fields. A rotationally synchronized
spin-echo is used to remove chemical shifts from ¢, . After t,, the rotor axis is
stepped back to the magic angle and detection (¢,) is initiated. After two-
dimensional Fourier-transformation, the w, dimension contains J(IS) coup-
lings scaled by S, and I-S dipolar couplings scaled by S, x S, These
different scaling factors allow the two interactions to be determined easily. The
scaling of the dipolar coupling also reduces the spectral window required for
w,, relaxing the instrumental requirements for measuring large dipolar
couplings. The maximum angular departure of the rotation axis from the
magic angle was 4°. 13C spectra of the '3C—'H spin pair in several compounds,
such as calcium formate, f-quinol-methanol clathrate and the urea—trans-4-
octene inclusion complex, showed the influence of any molecular motion and
the orientation of this motion on the resulting line shapes. The instrumental
methodology has been described separately.?>®

The off-MAS experiment has been combined with SLF-type techmiques,
yielding scaled two-dimensional dipolar—chemical shift powder patterns.2%7+2%8
The experiment has been conducted in the same manner as other rotating
sample SLF methods, with rotational synchronization and homonuclear
decoupling. The scaling of the dipolar interaction by both the radio-
frequency fields and the angle of rotation is important, as is the width of the
resulting scaled dipolar line shape (in Hz), which has to be less than the
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spinning rate. The scaled patterns are similar to those obtained by using
other static two-dimensional techniques'’® with improved sensitivity and
resolution. Line shapes due to different sites were resolved by correct choice of
the angle of rotation. One interesting addition to this experiment was a third
time dimension, t5, during which an isotropic MAS spectrum was obtained,
immediately after the of-MAS/SLF spectrum, by switching the angle back to
the magic angle.?*® The result was a three-dimensional spectrum where each
isotropic shift in w, resolved a two-dimensional powder pattern in w, and w,
containing the anisotropic dipolar and chemical shift information.

Several compounds have been analysed using oft-MAS/SLF spectroscopy.
Careful choice of the scaling factors allowed resolution of several *C patterns
in one two-dimensional spectrum of a sample containing both cis- and trans-
polyacetylene?37 and of the methine, methylene and methyl *3C patterns
in isotactic polypropylene.?®® The three-dimensional technique has been
used to resolve the two crystallographically nonequivalent !3C
sites in Ca(HCOO),.2*® Small-amplitude motions in calcium formate have
also been investigated.2®® Anisotropic vibrations were found to introduce
asymmetry in the »*C-'H dipolar line shape, which is clearly evident in the
two-dimensional off- MAS/SLF powder patterns (see Fig. 30). The orientation
of these vibrations is also indicated in the two-dimensional spectra, whereas in
the one-dimensional line shapes the asymmetry in the Pake pattern may not
have been apparent due to line broadening. By applying a Morse potential for
the C-H bond stretch in the formate ion, the bending amplitudes were
estimated from the off-MAS/SLF spectra.

N

1

1 |
180 170 ppm

Fig. 30. 13C-'H off-MAS/SLF spectra of Ca('H'*COO),: (a) experimental; (b)
calculated neglecting the effect of anisotropic C—H vibrations; and (c) calculated
including these vibrations. (Reproduced with permission from Nakai ¢t al.2°%)
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4.6. Triple-resonance NMR studies

The final few techniques to be discussed rely on triple-resonance NMR,
utilizing probes tuned simultaneously to three nuclei (typically 'H, '*C and
15N). Double cross-polarization (DCP) NMR?#¢!:262 has been used to detect
the proportion of 13C—*>N bonds in a sample by observing the “drain” of
'>N magnetization induced by a matched contact to a '*C spin bath. Any
build-up of '*C magnetization was limited by phase modulation of the '3C
radiofrequency field. The difference in >N signal intensity for spectra
obtained with and without the >N — '3C drain could be analysed, giving the
fraction of directly bonded '*N-!3C pairs. In order to interpret the DCP
spectra, it isimportant to know the ! *N — 13C drain rates for different carbon—
nitrogen functionalities,*®* which depend mainly on the strength of the
3C-1N dipolar coupling. Other important experimental parameters are
the radiofrequency field amplitudes and the MAS rates, both of which have
to be closely controlled.?%?

As DCP NMR can be used to selectively detect labelled carbon—nitrogen
functionalities, it has been applied predominantly to peptide and protein
systems. Doublec cross-polarization NMR has been applied to studies of the
metabolism of ! °N, **C-asparagine in developing plants,*®! the rate of protein
turnover in soybean leaves,>®* and the polymerization of proteins and chitin in
the strengthening of insect cuticles.?®® Together with dipolar rotational spin-
echo NMR,2** DCP NMR has been used to follow the polymerization of
HCN,?%%:2¢7 proposed as one of the original reactions leading to primordial
proteins. However, polarization pathways other than 'H-!'’N-13C are
possible, permitting identification of many bonding networks. Hagaman?®%®
has used DCP NMR to assign '*C MAS spectra of organophosphorus
compounds by draining '*C magnetization to a *'P bath in a 'H-'3C-3!P
pathway.

Rotational-echo double-resonance (REDOR)?%° has been used as an
alternative to the demanding DCP NMR technique for detection of isolated
'3C-'5N spin pairs, and has been reviewed recently by Gullion and
Schaefer.?”® This experiment relies on the dephasing of the !3*C rotational
echoes in a MAS experiment by !3C—1>N dipolar coupling, analogous to the
effect of dipolar coupling on spin-echoes in SEDOR experiments by Slichter
et al.'7'7'73 The coupling is not allowed to refocus after each rotational
period by the application of >N = pulses at various times before or after
rotational echoes occur, and before acquisition begins. Although similar to
MAS/SLF techniques for '*C-'H and '’N-'H systems (see Section 4.5), the
much weaker '*C—'*N dipolar interaction necessitates that = pulses be used
rather than '*N decoupling. This removes any additional dephasing due to
off-resonance Bloch-Siegert effects and isotropic indirect coupling. Various
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one- and two-dimensional derivatives of the basic REDOR experiment have
been proposed,?7? all with the principal aim of maximizing the evolution due
to the weak '*C—1°N dipolar interaction. When performed with synchronous
sampling, REDOR results in a “Pake-spun” powder pattern, the width of
which corresponds to the '3C-'5N dipolar coupling constant.?”°

Various triple-resonance NMR experiments have been proposed by
Schneider et al.2”! for amplification, modification or elimination of splittings
in 13C spectra due to '*C—'>N dipolar coupling. Simple gated >N decoupling
during '3C acquisition removes the effects of dipolar coupling. A two-
dimensional experiment with >N decoupling during the evolution period
resolves pure 13C chemical-shift signals by means of dipolar—chemical shift
splittings in the other dimension. Gated ! >N decoupling during detection in a
two-dimensional SLF-type experiment results in ! 3C—!5N splittings that were
resolved via the isotropic '*C chemical shifts. Finally, a variation of the
previous sequence is described that preferentially detects '*C signals from
13C-15N spin pairs. All these experiments have been performed on single
crystals or oriented samples, but should also be applicable to powder samples.
Another method for selective detection of !*C—'>N spin pairs has been
proposed recently.?’? Similar to REDOR,?%° application of = pulses to one
spin of a spin pair modulates the spin-echo of the other spin, to which a = pulse
is also applied, but not necessarily simultaneously. This experiment was
performed on single crystals, and the presence of '3C-!N spin pairs was
manifested in difference spectra. Experiments on a powder sample would
probably require variable delays, i.e. a two-dimensional experiment, due to the
effect of the orientation dependence of the dipolar interaction on the pulse
spacings.

One final technique for studying heteronuclear [-S dipolar coupling is
rotary resonance recoupling.?”® Application of a weak radiofrequency field,
B,,,at the Larmor frequency of the coupling partners I of an IS spin pair hasan
interesting effect on the S spin MAS NMR line shape when v,, = nv,, where
v = —nBu/27 is the nutation frequency of the I spin and # is a small integer
(1,2,3). Under these conditions, dramatic changes in the S spin NMR
spectrum are observed, which depend on the I-S dipolar coupling constant,
the I and S spin chemical shielding tensor and the integer n. Note that, if
applied separately, either MAS or I-spin nutation would decouple the 1-S
dipolar coupling; however, when used in combination under particular
matching conditions, the spins may be recoupled. This effect is closely related
to the rotational resonance effects which may be observed in homonuclear
spin pairs when a multiple of the spinning frequency matches the separation
between a pair of isotropic chemical shifts (see Section 3.5). The hetero-
nuclear experiment has been demonstrated for the **P-*>N spin pair in
31P NMR spectra of N-methyldiphenylphosphoramidate ((C4HsO), *!P(O)



76 W.P. POWER and R.E. WASYLISHEN

SN(H)CH;).2"?* This method was proposed as a useful means of measuring
weak heteronuclear dipolar couplings.?®!

5. CONCLUDING REMARKS

In this chapter we have attempted to describe the basis of dipolar NMR
experiments. In particular, we have made an effort to relate the developments
that have taken place in this field over the last 40 years. Many new tricks have
evolved over this time expanding the potential applications.

The applications described here vary from obtaining fundamental struc-
tural information, such as bond lengths, identifying small molecules on
surfaces and describing the conformation of peptides in membranes, to
characterizing magnetic shielding tensors, J coupling tensors and, in some
cases, nuclear quadrupolar coupling tensors. These latter parameters are of
great interest, especially with the development of ever-improving theoretical
calculations. Theoreticians must have reliable experimental data with which
to test their calculations and theoretical models.

In the future, more effort will probably be devoted to attempting to recover
dipolar (structural) and other anisotropic information from high-resolution
spectra. The thrust of much recent work has been to detect and characterize
weaker interactions, such as ! 3C-!>N dipolar couplings, or couplings between
nuclei which are not directly bonded. Three-spin systems will also be a likely
focus, due to both the possibility of obtaining unambiguous structural
information, and the commercial availability of triple-resonance NMR probes
and spectrometers which can deliver the required radiofrequency fields.
Variable- or low-temperature studies will be important in correcting for bond
vibrations and molecular librations. Improvements in these corrections
should also allow more detailed experimental study of the anisotropy in the
indirect coupling tensor.

The sensitivity of the solid-state NMR experiment to internuclear separ-
ations, electronic environments and molecular motions has made it a useful
and powerful probe of microscopic structure, and it can be expected to provide
even more detailed and exciting information in the future.
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1. INTRODUCTION

It is now a third of a century since Freeman, Murray and Richards’ published
their classic paper on *°Co, establishing for the first time—and for all time—
that electron density integrated over some localized volume of a molecule is
not the only cause of magnetic shielding at a particular nucleus.
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The correlation between the 3°Co shift and the wavelength of the lowest-
energy d—d transition in octahedral complexes of the d® cobalt(III) system is
linear, and it spans a large fraction of the total *°Co shielding range. The
correlation was so striking it led to the discovery of analogous correlations in
other systems, and a paradigm of nuclear deshielding caused by low-lying
electronically excited states gained ready acceptance among NMR spectro-
scopists.

In 1950, Ramsey? had developed a general model for the shielding of nuclei
in molecules and within weeks of the Freeman, Murray and Richards
discovery, Griffith and Orgel® obtained a quantitative fit of the cobalt
chemical shifts and the molecular excitation energies to the Ramsey model.
Thereafter, there developed a school of thinking about nuclear shielding
generally in which an electronic excitation energy is the dominant
variable.

In this chapter I survey and summarize for the transition metals the
experimental evidence bearing on the question of what causes a chemical shift.
I conclude that variation in the radial size of valence-shell atomic orbitals,
caused by variation in effective nuclear charge with change in oxidation state,
is the causative factor with the greatest generality. Furthermore, while
excitation energy is certainly a major influence on nuclear shielding in some
molecules, oxidation state operating through the {r *) factor in the
paramagnetic term of Ramsey’s model influences the nuclear shielding in all
molecules.

The pattern of chemical shifts to higher frequencies—Ilower shieldings—
with increases in oxidation state is not restricted to the transition metals. It is
seen among the alkali metals where the *Na shielding of sodium(—I) is 60 ppm
greater than that of sodium(I), and in 87Rb spectroscopy the corresponding
difference is 150 ppm. In 2°5TI spectroscopy, the centre of the thallium(I)
shielding range is more highly shielded than that of the thallium(III) range by
2800 ppm, and the regular shielding increase along the series Xe(VIII)
< Xe(VI) < Xe(IV) < Xe(II) is shown in Fig. 16. Even in proton spectroscopy,
hydridic hydrogen(— 1) is more highly shielded than hydrogen(l), but for a
different reason.

The 3°Co shieldings whose original correlation® with optical wavelengths
generated the excitation-energy paradigm have in the past decade been
reanalysed in greater depth* > to reveal the instrumentality of causative factors
other than excitation energy; orbital size in particular. What the deeper
analysis reveals is that, together with and coupled to changes in excitation
energy, there are changes in both orbital size and orbital angular momentum
when one ligand is substituted for another in the octahedral array. The
magnitudes of these changes indicate that the shielding picture for *°Co,
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dominated by the excitation-energy factor, is not inconsistent with the
oxidation-state paradigm that is broadiy applicable to all atoms.

1.1. The literature of transition-metal shieldings

The NMR literature dealing with the transition metals is reviewed annually,
and the reports® prepared by Hawkes until 1985 and by Forster since then are
comprehensive. These reports greatly facilitate the search for patterns of
behaviour that extend beyond a narrow region of the periodic table.

Reviews of the literature covering all the transition metals have appeared at
regular intervals. These have been prepared by Kidd and Goodfellow in 1978,7
by Kidd in 1978,% by Dechter in 1985,° by Rehder in 1986,'° by Mason in
1987,* and by Rehder and Goodfellow in 1987.12 In addition to these reviews
covering all the transition metals including the copper and zinc triads, there
have been a number of transition metal reviews with more limited scope but
correspondingly greater detail. In 1979 Wehrli'? reviewed the quadrupolar
transition metals. In 1984 Rehder'# reviewed the first-row transition metals in
great detail and drew many theoretical correlations. Pregosin'® in 1982
reviewed the 123Pt literature. Minelli et al.'® in 1985 reviewed the chromium,
molybdenum, and tungsten NMR literature. In 1986 von Philipsborn®’
reviewed the members, primarily in their low oxidation states, of the iron,
cobalt, and nickel triads with the potential for catalytic activity.

In preparing this chapter I have drawn heavily upon these reviews and am
indebted to their authors for the work they have invested in abstracting,
collating, and analysing from a body of literature that is very large the salient
numbers, comparisons, and correlations from which a general pattern of
shielding behaviour can be elucidated.

2. THE DISPOSITION OF VALENCE ELECTRONS IN
MOLECULES

The chemist for whom NMR spectroscopy is a well-used instrument is
conversant with two different sets of scientific theory: the theory of chemical
bonding; and the theory of nuclear magnetic shielding, coupling, and
relaxation. When one is familiar with both, the NMR effects observed in the
laboratory point, through one or other bonding theory, to the structural
characteristics of a molecule.

The chemist specializing in compounds of the transition metals faces a
considerably larger body of theory on both fronts. On the bonding front, one
has not just valence-bond theory and molecular-orbital theory, but ligand-
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field theory as well. On the NMR front one faces not just chemical shifts
caused by variations in bonds with s- and p-type electrons only. One discovers
that d-electron participation in the bonding picture introduces a shielding
perturbation of major dimensions, even in molecules where all the d electrons
are spin paired.

Transition-metal compounds with unpaired electrons and spin angular
momentum are paramagnetic and not generally amenable to NMR character-
ization. But those diamagnetic compounds of the transition metals with low-
lying electronic excited states containing large increments of orbital angular
momentum exhibit Van Vieck or temperature-independent paramagnetism
(TIP), something not observed in compounds of the representative atoms.
While the orbital angular momentum may be viewed as originating in the
transition-metal molatom, it is ultimately a molecular parameter not re-
stricted to any one molatom, and its effect is to deshield all parts of the
molecule.

The ultimate purpose of bonding theories is the explanation of two things:
how the unique chemical behaviour of a pure substance is determined by the
unique topological arrangement of molatoms in its molecule; and how the
valence electrons distribute themselves within a molecule so as to favour that
particular topology over the feasible alternatives.

The first of these explanations forges the link between macroscopic
chemistry seen in the laboratory and microscopic chemistry seen in the
imagination. The other uses NMR evidence to place the molatoms and their
bonding electrons within the imagination’s picture. The definitive evidence on
molecular topology comes from X-ray diffractometry, but NMR and other
spectroscopies usually provide-—in far less time— preliminary evidence that
may be close to definitive.

2.1. Theories of chemical bonding

Providing an explanation about the location of electrons within a molecule is
what generates theories of chemical bonding. Out of Lewis’s early speculation
about the electron-pair bond have grown the two families of bonding theory
that inform chemistry today: one based on the principle of equal shares in
bonding electrons, and the other based on the principle of unequal shares
generating positive and negative oxidation states.

On the one hand we have the valence-bond (VB) and the molecular-orbital
(MO} theories, both of which start with bond-free, electrically neutral atoms,
each species being extremely high in bond-forming potential. The bonding
theory that emerges is an explanation of why, starting with that particular set
of atoms, the valence electrons redistribute themselves into bonds of various
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types among the nuclear centres in a molecule so that the particular molatom
arrangement observed is the energetically favoured one.

On the other hand we have the crystal-field (CF) and ligand-field (LF)
theories, developed since 1950 to alleviate the problem created for the earlier
bonding theories by transition-metal complexes with their seemingly anoma-
lous “coordinate” bonds. What was needed was a theory that would explain
why ligands (originally, stable molecules in which the bonding potentials of the
free atoms have been largely requited) such as NH,, H,0, CO, N,, cyclopen-
tadiene, benzene, phosphines, arsines and others should react with transition-
metal halides (also stable molecules), sometimes relegating the bonded halide
to a secondary role in satisfying the bonding requirements of the transition
metal.

A crystal-field/ligand-field theory analysis of bonding begins at the opposite
end of the electron-sharing spectrum from where a valence bond/molecular
orbital analysis begins. At the metal end of a bond, one starts with an n*
cation that is hundreds of kilojoules (per 6.02 x 1023) higher in energy than
the metal atom. At the ligand end, one starts with chemically bonded
molatoms hundreds of kilojoules lower in energy than the atoms from which
the molatoms were formed. The theoretical analysis consists of transferring
negative charge from the ligand to the metal by gradually moving the bonding
electron pair or pairs along the bond axis from the ligand towards the metal
until the point of minimum energy is reached.

Some less-than-definitive NMR thinking today about transition-metal
compounds occurs through a failure to acknowledge this salient difference
between the two families of bonding theory. Both theory sets start with all
nuclear centres fixed in their equilibrium positions defining the topology of the
molecule. However, to locate the valence electrons within this fixed frame-
work, one begins in the covalent limit of equal sharing and polarizes the
valence electrons in the directions of the more electronegative atoms. The
other theory begins in the ionic limit of unequal sharing, recognizes through
the electroneutrality principle!® that this overstates the inequality in sharing,
and depolarizes the valence electrons towards the less electronegative atoms,
in the direction of more equal sharing.

Regardless of the theoretical limit in which one starts thinking about the
disposition of valence electrons in a real molecule, the end result is one of
unequal sharing in which the “gives and takes” of each molatom during
molecule formation are accounted for by positive and negative oxidation
states that sum to zero over the uncharged molecule. But the way in which one
describes the chemical bonds after they are formed is entirely dependent on the
theoretical starting point because, of course, every actual chemical bond is
more ionic than one theoretical starting point and more covalent than the
other.
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2.2. Electron locations and chemical shifts

Along with the surprising discovery of the chemical-shift phenomenon in 1951
came the realization that NMR provides, in raw form, the most sensitive
evidence yet about the disposition of valence electrons in molecules. The
interpretive task is one of deciding in which cases a positive chemical shift
indicates:

(i) areduction in the integrated electron density assigned to that particular
nucleus;

(i1} in which cases it indicates an increase in the d:p or p:s ratio at constant
integrated density (i.e. a redistribution of electrons among orbitals
resulting in increased orbital angular momentum);

(iii) in which cases it indicates merely the proximity of low-lying electronic
excited states having greater orbital angular momentum about the
particular nucleus than has the ground state molecule under study.

These decisions are made on the basis of correlations within a structurally
related series of molecules between chemical shifts observed and independent
measures of causes (i)—(iii) above. Because these three causes are coupled to
one another, more strongly in one series than in another, it has been difficult to
decide upon cases in which one cause dominates to the point that its chemical
shift can be taken as a definitive measure of valence-electron disposition.
Many of the correlations observed are found to hold over a fairly wide range of
molecules, but fail when tested with molecules of different characteristics. The
correlations that are lacking in generality are discussed in Section 3.

The oxidation state of a particular molatom is the most primitive but also
the most general measure of integrated electron density associated with
various nuclear centres within a molecule. Every chemically bonded atom has
an oxidation state, and for electrically neutral molecules it is a zero-sum
parameter easily computed in terms of the electronegativity differences
between the parts of a molecule. Of all the chemical-shift correlations that have
been studied, the one with a molatom’s oxidation state has the fewest
exceptions. The generality of the nuclear shielding/oxidation state correlation
among the transition metals is discussed in Section 3.

3. SHIELDING CORRELATIONS LACKING IN GENERALITY

Theoretical commentary about chemical shifts falls into one of two categories.
The first is numerical analysis, the outcome of which is a set of additive
substituent constants for systems amenable to a first-order analysis, and
pairwise additive constants for systems requiring a second-order analysis. In
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transition-metal NMR the object of numerical analysis is to quantify the
shielding change at the metal when one substituent replaces another. This type
of analysis can be useful in predicting the position of a new resonance and in
making spectral assignments for complex mixtures, but substituent constants
provide only limited structural insight.

Correlation analysis of NMR shieldings is the type of theoretical commen-
tary used to gain structural insight. The objective is to find another
structurally significant observable with which to correlate the chemical shift
and then see whether chemical shifts can be used to identify the disposition of
valence electrons. Correlations provide the greatest chemical insight and it is
with these that this chapter is concerned.

The Ramsey {0, + 0,} model for nuclear shielding is the only comprehen-
sive one that has stood the test of time,” and it is an angular-momentum
model. Although the absolute magnitudes of the diamagnetic and paramagne-
tic terms are comparable, 90%, of the variation in nuclear shielding that is
manifested as a chemical shift is attributable to the variation in the orbital
angular momentum of the valence electrons associated with the nucleus, a
shielding variation that is modelled in the paramagnetic term. Somewhat
less than 109/ of the variation, modelled in the diamagnetic term, is attri-
butable to the variation in the integrated electron density associated with
the nucleus.

Because it is concerned with orbital angular momentum, this Ramsey model
does not account for the chemical shifts observed in (some) paramagnetic
molecules, and it does not work particularly well for those solids where
antiferromagnetic interactions are present. The number of chemical-shift
comparisons between solution-state and solid-state spectra is not large, but
where the comparisons have been made the solution shift and the solid shift are
usually similar. Where there is reason to believe the solid may be antifer-
romagnetic, and semiconductors are prime candidates, the solid-state shifts
are significantly different from those observed for comparable coordination in
solution. The 51V shieldings in the Cu;VE, (E =S, Se or Te) system are good
examples and are discussed in detail in Section 5.

3.1. The excitation-energy correlation

In the ecarliest *°Co studies! a strong correlation was noted between
deshielded extremes and sample colour, leading to the belief that low-lying
electronic excited states somehow cause nuclear deshielding. This connection
was not restricted to the d—d excitations of transition-metal complexes and the
effect of excited states associated with charge-transfer bands was noted in the
deshielding of 170! in organic carbonyl compounds.
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The paramagnetic term in Ramsey’s shielding model takes the form
o, = (constant/AE)(L-factor)<r >, 1ence

and the facile association of longest-wavelength absorption energy with AE in
the paramagnetic term led to an early belief that in transition-metal
compounds generally, and probably in most other compounds as well, both
the orbital angular momentum factor and the factor describing the average
radius of the valence electrons remain essentially constant from molecule to
molecule while variations in AE only cause the observed variations in nuclear
shielding.

Constancy of all factors except AE is only one circumstance in which
chemical shift and AE will be linearly correlated. If there are significant
changes in one or both of the other two factors accompanying the independ-
ently observed change in AE, there will still be a linear correlation between o,
and AE provided that the changes in the other two factors are proportional to
the changes in AE.

If, except for minor exceptions, the vast majority of all chemical systems
studied followed the excitation-energy correlation, one would opt for the
“other factors constant” interpretation of the Ramsey model. But the totality
of all evidence from 30 years of NMR spectroscopy goes against this
interpretation. While there are many systems that follow the excitation-energy
correlation there are at least as many, if not more, that go against it.

The ClI vs. I shielding effect upon the molatom to which the halogen is
bonded has been studied for most of the atoms in the periodic table. While
there are a number of well-documented cases (discussed below) that show
inverse behaviour, in the majority of cases the iodide causes the highest
shielding of any substituent, despite the fact that the electronic excited states of
the 1odide lie lower than those of the analogous chloride compound which is
related to a weaker hold upon non-bonding electrons exerted by the iodide. In
other words, in the many systems that follow the pattern of normal halogen
dependence, a dependence that has been rationalized through the {(r~3)
factor, the observed shielding runs counter to the AE predictions of the
Ramsey model.

With the “other factors constant” interpretation out of the way, the
existence of many excitation-energy correlations can mean only one thing.
Except for a few limiting cases in which the substitution of one molatom for
another happens to have a dominating influence on only one of the three
variables in the paramagnetic term, a substitution affects all three variables.
Furthermore, since the variables are not independent of each other, a change
in one correlates with changes in the others and the chemical shift observed
depends upon a blended change in each of the three factors.

Scientists generally and chemists in particular have an aversion to multi-
cause effects. They much prefer single-variable models and indeed the
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philosophical underpinning of modern science is one of minimum complexity
in theoretical models consistent with the facts being modelled —the principle
known as Occam’s razor. We cannot, however, escape the fact that the only
model to account adequately for nuclear shieldings generally contains at least
three variables.?® The preference for models of minimum complexity can be
satisfied only when, over a broad region of the landscape, one of the variables
is dominant.

Before moving on, let us be quite clear on this matter of low-lying excited
states (LLESs) and their influence on nuclear shielding. Their influence is
invoked only when one observes a deshielding that cannot be explained in
terms of some feature of the ground-state molecule. When this occurs we must
be aware that we are no longer dealing with just a ground-state molecule, but
are measuring an NMR frequency that depends on both electronic ground and
excited states—effectively, an effect dependent jointly on two different
structures.

When chemists trace the variation in some chemical aspect of bonding
along a series of related molecules, it is the ground-state molecules that are
being compared unless there is some very definite indication to the contrary.
Photochemists, for example, would not compare the ground states of several
molecules with the excited states of different molecules in the same series.
Ideally, an NMR spectrum would give us information only about ground-
state molecules or only about excited-state molecules, information that could
be used to make valid comparisons among one or the other along a series. For
molecules without low-lying excited states, this is essentially what an NMR
spectrum provides.

However, for those molecules with LLESs below about 30000cm ™!, an
NMR spectrum provides information that is not comparable with that
obtained from ground-state molecules. The spectrum cannot be obtained
without putting the molecule into a magnetic field, and as soon as we do the
ground state changes in the degree to which there were LLESs in the molecule
unperturbed by the magnetic field. The change does not occur because the
molecule has been electronically excited, but because a magnetic field has been
applied. The spectrum obtained when the resonance condition is satisfied
provides information about a new molecule that is effectively a hybrid of the
old ground and excited molecules. An uncritical comparison of shielding in
these hybrids with that in ground-state molecules can lead to conclusions that
are essentially meaningless.

3.2. Normal/inverse halogen dependence

The shieldings of all atoms are particularly sensitive to halogen substitution.
In the spectroscopies of '!'B,27Al%°Ga, ''5In,'3C,?°Si, and "’Ge, the
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tetraiodo molecule marks (or is very close to) the high-shielded limit of the
atom’s chemical shift range. By contrast, the tetrachloro molecule is on the
deshielded side of the range centre, and the tetrabromo one lies about one-
third of the way up the shielding range from the chioride, so that halogen
substituents alone account for the major part of an atom’s shielding range.
This shielding order Cl < Br« 1 with a (Br-Cl)/(1-Cl) shielding ratio of
around 0.3 has been called normal halogen dependence (NHD).®

Beyond this localized region of the periodic table, NHD has been noted in
the spectroscopies of other atoms as well, to the point where it represents the
majority and, therefore, the normal behaviour. This majority includes: Mg,
Ca, Sr, Ba; W; Mn, Tc; Ru; Co, Rh; Pt; Zn, Cd, Hg; B, Al, Ga, In; C, Si, Ge, Sn,
Pb; and Sb—a total of 24.

In the spectroscopies of nuclei with low receptivity, an F-Cl series may be
the only one available and it is tempting to try and establish the nature of the
halogen dependence by extrapolating from the F-Cl experience. However,
among systems where data for all four halogens are available and where the
chloride, bromide, and iodide data reflect the normal shielding pattern, the
shielding in the fluoride can be anomalous. In !B spectroscopy the shielding
order is Cl < F < Br, and in 27Al, *°Si and **®Sn spectroscopies the order is
Br < F < I. Similar anomalies are seen among the transition metals, sufficient
to preclude the possibility of using fluoride shieldings to predict NHD; and
vice versa.

The reason for the F anomaly can be found in the bond enthalpies of the
I,,Br,,Cl,, and F, molecules of 151,193, 255 and 160kJ, respectively,
upon which their Pauling electronegativities are, in part, based. With
electronegativities of 2.7 for I, 3.0 for Br, 3.2 for Cl and 4.0 for F, there is
obviously some additional factor—a large one—beyond electronegativity
that is present in the bonds formed by fluorine. Whatever this factor is, and it
has been variously referred to as a lone-pair effect, a long-bond effect, a low-
bond-energy effect, or just simply “the fluoride effect”, it is probably the same
factor that causes the shielding anomaly seen with fluoride substituents.

Throughout the periodic table the availability of a Cl-Br-I series of
compounds with which to test the response of nuclear shielding to substitution
is far higher than that of any comparable series, but it has recently been
observed!! that where shielding data for a S—-Se—Te series is available it tends
to mirror the pattern seen in the Cl-Br-1 series; i.e. shielding increases in the
order S < Se « Te. Since NHD is widespread among the 100-plus species of
molatom, and since it is an effect that spans over half the total shielding range
for most molatoms, a comprehensive theory of nuclear shielding has to
provide an explanation, and this the Ramsey theory does.

The valence-orbital size factor {#~*) in the Ramsey model, because it is a
cubed factor, indicates that chemical shifts are unusually sensitive to changes
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in orbital size when one bonded molatom is substituted for another at the
resonant molatom. According to the model, a substitution that enlarges the
valence orbital(s) will reduce the paramagnetic term and enhance the
shielding. In a 27Al study of the tetrahaloaluminates,?® a parallel was drawn
between the appearance of iodide at the high-shielded extreme and the
appearance of iodide at the top of the nephelauxetic or cloud-expanding series
of substituents. The nephelauxetic mechanism operating within the Ramsey
shielding model provides the rationale for normal halogen dependence.

Several commentators have suggested that an electronegativity mechanism
operating through the {(r~3) factor also explains NHD, and while the
electronegativity mechanism is qualitatively plausible, it is quantitatively less
appealing. Qualitatively, substitution of a more clectronegative molatom
diminishes the valence-orbital size, enhances the paramagnetic term, and
deshields the resonant molatom. But the ubiquitous 1/3:2/3 split in the
Cl<Br«I NHD ordering—calculated by taking the ratio of d-value
differences (Cl-Br/Cl-1) and referred to as the regular Br/l ratio of
0.33—matches the Cl < Br « I spiit for the nephelauxetic h parameters rather
than the split in electronegativities closer to 1/2:1/2.

The early transition metals found in the Sc, Ti and V triads are noteworthy
for a halogen dependence that is the exact opposite of the Cl < Br « I shielding
norm. In the spectroscopies of 43Sc, 8%Y, 13°La and '®! Ta shielding increases
in the order of Br < Cl, and in the spectroscopies of *’Ti, ' Zr, 31V and **Nb,
the shielding order is [« Br < Cl. This ordering has been termed inverse
halogen dependence (IHD) and there are two other regions of the periodic table
where this inverted ordering is observed. Among the alkali metals of the Li
group and in the spectroscopies of ®*Cu and '°°Ag of the Cu triad, inverse
halogen dependence is also observed.

Some investigators working primarily among the early transition metals
have taken issue with the “inverse” designation for a halogen dependence in
which the bromide and the iodide are less and a lot less shielded than is the
chioride.?! Even after a satisfactory theoretical model (as opposed to
speculative hypotheses) for the inversion has been provided (and I will argue
below that it has not), the fact remains that unambiguous examples of IHD
have been documented in the spectroscopies of Na, K, Rb, Cs; Sc, Y, La; Ti, Zr;
V,Nb, Ta; Ag—13 at most.

There is a third class containing examples whose halogen dependence is
ambivalent and it includes ambivalence of three types:

(i} anirregular halogen sequence in which Br does not lie between Cl and
I—copper(I) and phosphorus(IIl) appear to be of this type;

(i) molatoms exhibiting NHD in one oxidation state and IHD in
another—thallium and molybdenum fall into this category; and
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(i) examples of both NHD and IHD can be found in one oxidation state of
the same molatom—technetium presently belongs with the majority,
but further work could easily reveal that it belongs in this category.

In this context, normal carries implications neither of orthodoxy nor of
heterodoxy and serves only to designate majority behaviour, regardless of
oxidation state. It does carry a historical implication in that the Cl < Br « 1
shielding pattern was widely recognized in 1973 when the first examples of the
opposite behaviour were discovered.2%-23

As for the factor or factors causing the inversion in halogen dependence,
there are two schools of thought and it is still very much an open question.
According to the earlier school, there is a spin-orbit coupling term not
presently represented in the Ramsey model the sign of which changes
according to whether the electron configuration for the free atom ends in a
valence orbital set that is more or less than half filled.?* The more recent school
of thought sees no need for a spin—orbit coupling term and attributes the
crossover from NHD to IHD to a crossover in the Ramsey model from
domination by the {(r 3 factor—called the nephelauxetic effect—to domin-
ation by the AE factor called the spectrochemical effect.!!

Table 1 provides a summary listing arranged by periodic table grouping of
the halogen dependence of a particular atom’s nuclear shielding. The data is
presented for each atom in the form of two numbers: the first giving the
strength and direction of the halogen dependence in parts per million, and the
second (in square brackets) giving the chloride-bromide separation as a
fraction of the chloride—iodide separation—the so-called Br/I ratio. The
strength figure represents the iodide minus chloride shielding difference (i.e.
the chloride minus iodide d-value difference) per bonded halogen and the
strength value is positive for NHD and negative for IHD. In those cases where
no iodide shielding value is available, a Br/I ratio of 0.3 has been assumed and
an imputed chloride—iodide separation obtained by dividing the chloride—
bromide separation by 0.3. Imputed strength values are identified by the lack
of an accompanying Br/I ratio.

It is an implicit rule of theory construction in science that the simplest
model, the one with the fewest independent variables, is preferable provided it
explains all the salient facts. From this point of view, it would be preferable if
alternation between nephelauxetic and spectrochemical dominance alone
could account for the alternation between normal and inverse halogen
dependence without the need for spin—orbit coupling, but there are just too
many facts that do not sit comfortably within the simpler model.

It has been suggested' that the presence of low-lying magnetically active
states are sufficient to account for the inverse dependence, and low-lying p
orbitals are cited to explain IHD among the alkali metal halides. But the



Table 1. Halogen shielding dependencies of metals, by oxidation state.

Li(I)
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+279[0.3] Sn(1V)
Sb(V)

—ve
+ve

+256[0.3]
+391[0.3]
+1350

L6



93 R.G. KIDD

alkaline earth halides have the same p orbitals at roughly the same levels and
their halogen dependence appears normal. It is true that the vanadium and
niobium sequences exhibiting inverse behaviour have low-lying excited states,
but so do the high oxidation state cobalt(IIl) and the low oxidation state
cobalt(—1I) sequences in both of which the halogen dependence is normal;
weak and regular in the former and strong and regular in the latter.

Among molecules alike in other respects, iodides have lower-energy charge-
transfer excitations than chlorides, and tellurides have lower-energy ones than
sulphides. This is a generally observable pattern related to the lower ionization
energy of bonded iodine which is not restricted to any region or group within
the periodic table. The absolute magnitude of the excitation energies varies
from region to region, being generally smaller among the transition metal
halides and chalcogenides in high oxidation states, but the relative ordering in
excitation energies I < Br < Cl and Te < Se < § remains uniform throughout.
In particular, there is no well-documented evidence of a reversal in relative
orderings where the reversal from inverse to normal shielding dependence
oceurs.

If (and only if) it can be demonstrated that the absolute magnitude of the
charge transfer energies is systematically lower among all groups of molecules
showing THD, then a reversal in relative ordering is not a necessary
requirement of the spectrochemical mechanism for THD. If the incidence of
IHD were limited to systems having lower than normal excitation energies,
then the excited-state hypothesis would be very appealing. But there is no
experimental evidence pointing to such a limitation.

It may be purely fortuitous that all three episodes of inverse halogen
dependence occur in a region of the periodic table where free atoms have
insufficient valence electrons to half fill (or only enough to half fill) an s or d
subshell that subsequently contributes to the highest occupied molecular
orbital (HOMO) in the halide compound under investigation. But in the
absence of an alternative explanation that rationalizes all three episodes, the
spin—orbit coupling mechanism has considerable appeal.

If the sign change in spin—orbit coupling observed at the half-filled subshell
in some way marks a crossover from one type of shielding influence to another,
then the question as to why there is no well-documented episode of a shielding
anomaly associated with a half-filled p subshell can and should be asked.
Asking the question draws one’s attention to *' P NMR?° where there is in fact
another example of inverse halogen dependence. In phosphorus(V) both OPX,
and SPX; are strongly IHD, while in the lower oxidation state the halogen
dependence of PX; is weak and irregular like that of ®*Cu with shielding
increasing in the order I < Cl < Br.

Irregular halogen dependence persists into the next group where in 7’Se
NMR the higher oxidation state SeOX, is IHD but Se, X, and Me,SeX, are
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NHD and where in '?>Te NMR the higher oxidation state is IHD in TeX but
NHD in H,TeX, and the lower oxidation state Me,TeX, is NHD.?® A
shielding irregularity of this sort is characteristic of molatoms in periodic table
groups with and immediately to the right of a group with a half-filled subshell.
This “to-the-right” incidence of irregularity is seen most dramatically in ®*Mo
NMR where NHD and IHD are equally frequent.'®

The reason why crossover behaviour is observed to the right and not to the
left of the half-filled subshell has to do with the fact that frec-atom s*. p* and d°
configurations are only limiting approximations to the electron arrangement
shielding a molatom nucleus, and electronegative ligands pull an n + |
configuration in the direction of a half-filled shell.

Two features of the IHD associated with a half-filled p subshell call for
further comment. Why is it much less pronounced; and why does it occur after
rather than before the half-filled subshell? Both features, I think, are related to
the fact that p orbitals are antisymmetric to inversion but s and d orbitals both
have a symmetrical inversion centre. Among the early transition metals at a
point where each subshell is less than half full, there is s orbital/d orbital energy
crossing when a free transition metal atom becomes a molatom through bond
formation, and it is among the early transition metals that inverse halogen
dependence is most pronounced.

Mendeleev’s periodic law of the atom/molatom relationship is underwritten
by crossover points on one side of which bond-forming potential is driven by
negative electrons in search of a positive centre (which happens to have an
unpaired electron with which it can reduce its spin and orbital momenta); on
the other side of which bond-forming potential is driven by positive orbital
vacancies in search of an electron (with which it can reduce its spin and orbital
momenta). This is the physical principle underlying the chemical principle of
metals on the left, halogens on the right; electropositive on the left,
electronegative on the right; positive oxidation states on the left. negative
oxidation states on the right.

It is the same physical principle that underlies the negative electron/positive
hole formalism of ligand-field theory and is, of course, the one responsible for
the sign change in spin—orbit coupling at a half-filled subshell.

4. A GENERALIZED PATTERN OF SHIELDING
DEPENDENCE

In his Traité of 1789,27 Lavoisier introduced three revolutionary ideas that
continue to influence our understanding of chemicals today. The first was the
idea that combustible substances do not contain phlogiston. The second was a
new system of chemical nomenclature, compositionally based and giving
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emphasis to the oxidation rather than the dephlogistication paradigm of
combustion. It was the third of Lavoisier’s ideas that was to have a profound
influence on the way we look at substances today and on the way we interpret
their NMR spectra, particularly the spectra of metallic compounds.

By introducing for metals forming more than one oxide what he called
“different degrees of oxygenation”, Lavoisier invented the idea which today
goes under the name of oxidation state. On a philosophical level, the oxidation
state describes not a chemical attribute that is intrinsic to an unbonded atom
but one which is created in that atom by the neighbours to which it is
chemically attached. The oxidation state is a molecular and not an atomic
property even though it is associated with one constituent part of a molecule.
An atom freed of chemical bonds may have an ionic charge, but it does not
have an oxidation state. Only the chemically bonded components of a
molecule have oxidation states, and they are referred to hereafter as molatoms
to avoid confusing them with the transitory building blocks of chemistry that
have no oxidation state and no chemical properties as such.

Although oxidation states have been an integral part of the TUPAC-
approved nomenclature for inorganic compounds since 1958, chemists have
tended to regard them as merely a numerical convenience, useful for balancing
redox reactions, but having little chemical significance beyond that. What the
accurnulated evidence of NMR shieldings, particularly among the transition
metals, now tells us is that oxidation state, far from being a mere convenience,
is a primary parameter of molecular structure. It is the one that generates a
first-order picture of unequal electron sharing within a molecule, the picture
upon which the bonding subtleties such as the cis effect, the trans effect, n back-
bonding and so on are overlaid as perturbations.

When the NMR spectroscopy of transition metals was reviewed 10 years
ago,® only 3°Co, 31V, 111:*13Cd, and >*Mn had been studied over a sufficiently
wide range of ligands that the shielding limits of each had been mapped out,
however tentatively. Now the shielding range of each oxidation state of each
transition metal has been mapped to the point where, despite range overlaps, a
uniform trend in the range centres from high to low shielding with increase in
oxidation state is evident. This trend is summarized in Table 2. The details for
each transition metal are given in Section 5 where most of the shielding ranges
are presented diagrammatically.

Among the compounds of transition metals, we encounter a rich variety of
oxidation states such as is seen in Mo molatoms with eight and in Tc molatoms
with nine. Among the 30 transition metals, Hf, Ir, Pd and Au have yielded no
solution NMR spectra at all, and La(III), Ni(0), Ag(1), Zn(II), Cd(I1) and Hg(Il)
have been observed in only one oxidation state. For the remainder, the
sensitivity of nuclear shielding to a change in oxidation state has been tested,
and the picture that emerges is summarized in Table 3.
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Table 2. The ¢ shielding (in ppm) at the centre of the oxidation state range with
reference to 40.

Se(l) ~29 Y(I) 166
Sc(I1I) —67 Y(I11) —54
Z1(0) 355
Ti(IT) — 386 Zr(11) -2
Ti(IV) —1220 Zi(1V) —342
V(=1 1825 Nb(— 1) 2095 Ta(—1) 3450
V(0) 1205 Nb(I) 1830
V(V) 50 Nb(V) —565 Ta(V) 0
Cr(0) 1749 Mo(0) 1358 Ww(0) 3065
Mo(IT) 770 W(IT) 2585
Mo(IV) —945
Cr(VI) 0 Mo(VT) —1425 W(VI) — 1325
Mn(—1) 2740 Te(0) 2477
Mn(0) 2050 Te(l) 1765 Re(I) 3400
Mn(I) 900
Mn(VII) 0 Te(VII) —198 Re(VI)  —1750
Fe(0) —700 Ru(0) 1208
Fe(IT) — 6883 Ru(Il) —3250 Os(11) 2562
Os(VIIN) 0
Co(—1) 2532
Co(0) 1115 Rh(0) 1208
Co(l) —2245 Rh(1) —1190
Co(IlI) — 7403 Rh(III) 4985
P1(0) 270
PYII) —1780
P{IV) —5161

Without exception, the molatoms in their lowest oxidation states are the
most highly shielded. The progression from high to low shielding with increase
in oxidation state is fairly uniform. Furthermore, the shielding sensitivity or
“shiftability” of each molatom species, expressed in ppm per oxidation state
unit, coincides rather well with other measures of “shiftability” observed in the
past; things such as total chemical-shift range and slopes of 6(A) vs. 6(B) plots
for molatoms A and B in identically or similarly bonded environments. The
overall picture of oxidation state dependencies among the transition metals is
illustrated in Fig, 1.

This chapter documents the fact that among the 10 transition-metal triads
and well beyond them in other regions of the periodic table as well. the most
general correlation of all is one of nuclear shielding becoming uniformly lower
with increase in oxidation state. Unit change in oxidation state has an
incremental effect on effective nuclear charge, which in turn has a calculable
effect on the radius variable of the valence electrons, the point at which the
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Table 3. Shielding increments (in ppm per OSU) with reference to the highest
oxidation state.

Sc() 20 Y(I) 110
Sc(Ill)  Base Y (T11) Base
Zr(0) 180
Ti(IT) 420 Zr(1D) 170
Ti(IV) Base Zr(IV)  Base
V(=1 300 Nb(—=1I) 450 Ta(—1) 660
V(0) 290 Nb() 600
V(V) Base Nb(V) Base Ta(V) Base
Cr(0) 300 Mo(0) 470 W(0) 730
Mo(IT) 550 W(IT) 980
Mo(IV) 240
Cr(VI) Base Mo(VI) Base W(VI) Base
Mn(—1) 340 Te(0) 380
Mn(0) 290 Te(l) 330 Re(I) 860
Mn(I) 150
Mn(VI1l) Base Te(VIT)  Base Re(VII) Base
Fe(0) 3090 Ru(0) 2230
Fe(Il) Base Ru(II) Base Os(11) 430
Os(VIII) Base
Co(—1) 2480
Co(0) 2840 Rh(0) 2060
Co(I) 2580 Rh(I) 1900
Co(IIl) Base Rh(IIT) Base
Pt(0) 1360
Pt(II) 1690
Pt(IV) Base

oxidation state cause plugs into the paramagnetic term of the Ramsey
shielding model.

4.1. The orbital-size factor

Shortly after the AE variable in the Ramsey model was highlighted in 1957,
Jameson and Gutowsky?® highlighted the significant role played by the (r ~3>
variable— the inverse cube radius of the local valence electrons. It was shown
that the observed periodicity in the range of chemical shifts experienced by
different nuclei is correlated with the periodicity in free-atom {r~*) values for
valence-shell p and d electrons. Later, it was also shown?? that a nephelauxetic
mechanism operating through <{r~ 3> accounts for the extremely high
shielding (i.e. extremely low deshielding resulting from an extremely small
paramagnetic term) exerted by iodide in NHD.
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Fig. 1. Oxidation-state dependence of transition-metal shieldings.

Regardless of the sort of wavefunction one uses to describe valence orbitals,
the radial part of the function is dependent on an effective nuclear charge (Z°ff)
seen as the actual nuclear charge (Z) less a screening constant (S).

ZM=Z -5

Screening constants can be estimated in a number of different ways, but the
Slater method in which a one-electron decrement in the valence shell increases
Z°* by 0.35 has become the standard when designing the wavefunctions for
calculations of nuclear shielding.

In calculations of '3C shieldings, Pople®*° used the charge-dependent
relationship

(r 3y,,=3433a,°(1-0.323¢")

to represent the decrease in {r~*) when the net (negative) charge on a C
molatom increases by ¢~ due to substitution by atoms or groups of lower
electronegativity. The 0.323¢~ represents the increase in screening constant
and the (1 —0.323¢ ") factor represents the proportional decrease in {r~3)
that it engenders.

Being of intermediate electronegativity, carbon is as likely to be found in
negative as in positive oxidation states, and Pople’s modelling of {r™*)
variations focuses on the screening constant enhanced by increases in net
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negative charge. Negative oxidation states are the exception for metals and the
oxidation state terminology represents a focusing on net positive charge
enhanced by decreases in the screening constant. When studying metal
molatoms, the (1 —0.323¢ ) factor can be recast as (1 +0.323¢"), and the
problem reduces to one of deciding the magnitude of g™ corresponding to a
unit increase in oxidation state.

The exact increment of charge associated with one unit of oxidation state has
always been a matter of some debate among chemists, but the general
conclusion in Pauling’s postulate of essential electrical neutrality'® has never
been seriously challenged. The principle states that, in molecules, molatoms
seek to achieve net charges as close to zero as is consistent with electronegativ-
ity differences, and that only in molecules with large electronegativity
differences and maximum electron polarization will localized net charges
approach their limiting maxima of about + 0.5 at metals and about — 0.5 at
non-metals.

In the terminology of oxidation states this means that in its highest
oxidation state a metal molatom has a net charge of roughly + 0.5. When the
oxidation state is incremented by one oxidation state unit (OSU), the net
positive charge increases by roughly + 1/2n, where n is the integer designating
the molatom’s highest oxidation state. Thus, in the scandium triad one OSU
represents 0.17* while in the manganese triad one OSU represents 0.0717.

A simple replacement of Pople’s — 0.323q ™ screening factor for carbon with
+0.323¢" for the metal, plus replacement of 34.33 with the appropriate
orbital-size constant allows one to estimate the increase in the (r ™) factor as
a metal molatom assumes higher oxidation states. Based on Pauling’s
electroneutrality postulate, the magnitude of the ¢* increment accompanying
a unit increase in oxidation state is simply 0.5 divided by the maximum
positive oxidation state adopted by the molatom.

4.2. The theoretical basis for oxidation-state dependence

When a metal molatom is oxidized, it loses a half-share in one or more of its
valence electrons, and few things are more sensitive to this loss than the
magnetic shielding of the metal’s nucleus. Mossbauer, Electron Spectroscopy
for Chemical Analysis (ESCA) and similar spectroscopies also respond to
variations in oxidation state, but the response is less marked and none of
them covers as large a fraction of the chemical landscape as does NMR
spectroscopy.

Why is the nuclear shielding parameter so sensitive to what must be
extremely small variations in total electronic charge “belonging to” a
particular molatom? The sign of the oxidation-state dependence is consistent
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with a mechanism based on simple Lenz’s law diamagnetism, and in early days
of NMR when the bulk of experience was with a proton-shielding range of
10 ppm, it was just assumed that variations in the nuclear shielding of heavier
molatoms could also be explained in terms of Lamb’s diamagnetic term
evaluated by Dickinson.?!

This satisfying state of theoretical simplicity was short-lived. A more
elaborate but more reliable model for nuclear shielding appeared in a classic
trio of papers published by Ramsey in the early 1950s.32

In the Ramsey model for nuclear shielding as it is applied to all atoms
heavier than He, variations in nuclear shielding are localized in the paramag-
netic term, ¢, and chemical shifts to higher frequencies (lower fields) are seen
not simply as the lack of diamagnetic shielding but as an actively paramagne-
tic influence introduced by the orbital motion of the valence electrons. The
occurrence of NMR lines to high frequency of the bare nucleus position
confirms this view.

In the electronic ground state of a molecule, only two variables affect the o,
of its molatoms: the intrinsic orbital angular momentum of the electrons
around that nucleus, {0|L|0>, and the average radial distance of these
electrons from that nucleus, {1/r3>. The first of these is analogous to the
moving mass in classical angular momentum, and the second is a weighting
factor analogous to r2. Classical angular momentum is more sensitive to the
length of the string than to the mass of the stone. Electronic excitation energies
have no bearing on the magnetic shielding of a moiecule in its electronic
ground state, and if NMR spectra could be captured without placing the
molecule in a magnetic field they would have no bearing on the chemical shifts
observed.

Qualitatively, the effect of molatom oxidation on each of these two factors is
fairly obvious. The (0| L|0) factor is proportional to the number of electrons
whose momentum it quantifies, and when that number is reduced through
oxidation, the {0|L|0) factor is also reduced; and so also is ¢,. Because the
magnitude of this reduction is judged to be minor and is difficult to quantify, it
is usually neglected in detailed calculations.

The effect of molatom oxidation on o, through the {1/r*) factor is more
marked. Removal of electrons from a molatom’s valence shell increases the
effective nuclear charge experienced by those remaining and draws them closer
to the nucleus. In {1/r*)> even small contractions are cubed and transformed
into the major factor that causes nuclear shieldings to become uniformly lower
with increase in oxidation state.

And how do excitation energies get into the shielding picture? In each of its
electronic excited states, a molecule’s orbital magnetism and hence o, is
influenced by the same two factors affecting the ground state. As long as the
molecule is unperturbed by a magnetic field this excited-state orbital
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magnetism has no effect on the ground-state molecule. However, during the
taking of an NMR spectrum, the magnetic field creates a new electronic
ground state for the molecule, similar to the old one, but with small amounts of
(old) excited-state character mixed in. The degree of mixing is inversely
proportional to the energy separation between the ground and excited states.
The reciprocal of electronic excitation energy is, therefore, the weighting factor
which determines the degree of excited-state mixing.

If the excited state mixed in has less angular momentum than the ground
state, then of course the mixing dilutes the angular momentum and low-lying
excited states of this type would be the cause of increased shielding. But the
probability of finding an excited state with less angular momentum than the
ground state is not high. The chemical-binding force that drives free atoms
inexorably toward molatoms in ground-state molecules is one that seeks to
minimize both spin and orbital momenta.

Electronic excited states generally have more angular momentum than the
ground state and where the excitation energy is low enough—in the near-
ultraviolet or visible region—a, is likely to be near the deshielded end of the
range for that particular oxidation state. There does appear, however, to be a
maximum AE threshold around 30000cm ™' beyond which excitation
energies are so large that, regardless of orbital magnetism resident in the
excited state, the state does not become admixed to the point of enhancing o,
beyond that determined by the ground-state factors.??

In summary, the 1/AE factor to which prominent examples of deshielding
are commonly attributed is not a third shielding factor beyond the (0|L|0>
orbital angular momentum factor and its (1/r*) weighting factor. Rather,
1/AE is a mixing coefficient determining the extent to which orbital angular
momentum resident in an electronic excited state augments that in the ground
state to deshield a nucleus further.

5. THE EXPERIMENTAL EVIDENCE

5.1 The scandium triad

Scandium is named after Scandinavia where it was discovered by Nilson in
1879. Scandium shieldings (Table 4) range from a low of  + 249 in ScCl2 ™ to a
high of 6 — 116 in Sc(OH),, referenced to aqueous Sc(ClO,), at high dilution
whose signal falls two-thirds of the way up the scale.

Practically all the available data pertain to scandium(III) spanning 365 ppm
centred on § + 67. The McGlinchey group has, however, carried out several
studies on cyclopentadienyls containing scandium(I) whose shielding spans a
range of 78 ppm centred on § + 29. This oxidation-state dependence of 20 ppm
per OSU is shown in Fig. 2.
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Table 4. Nuclear properties of the scandium triad isotopes.
Quadrupole Usual
Abundance moment shift
Nucleus Spin (%) 1028 (m?) reference  Receptivity®
438¢ 7/2 100 —022 Sci* (aq) 1710
8%y 1/2 100 0 Y3* (aq) 0.67
138La 5 0.09 0.51 La3* (aq) 0.48
1391 7/2 99.9 0.22 La’*(aq) 340
171Yp 12 14.3 0 — 4.4
175y 7/2 97.4 (5) — 170

2With reference to 13C.

Yttrium is named after Ytterby in Sweden, source of the oxide from which
the Finnish chemist Gadolin isolated the element. Yttrium shieldings range
from a low of § + 126 to a high of § — 371 referenced to aqueous Y(ClO,); at
high dilution whose signal falls only one-third of the way up a scale more
heavily influenced by the lower oxidation state than is that of scandium.

Yttrium (I11) shieldings span 144 ppm centred on é + 54. EDTA-complexed
yttrium is least shielded and ligand substitution causes shielding to increases in
the order: EDTA < acetate < Cl < Br < nitrate. The yttrium(I) compounds
studied all contain cyclopentadiene (Cp) or methyl substituted Cp and span
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411 ppm centred on é — 166. The highest value of this range (268 ppm)} is
achieved when MeCp~ replaces Cl™ in (MeCp), YCl and illustrates the
dramatic shielding increase when Cp~ acts as a Lewis base. The oxidation
state dependence for yttrium of 110 ppm per OSU is shown inFig. 2.

The name lanthanum comes from the Greek lanthano meaning “"to conceal”,
and it is so named because the Swedish chemist Mosander in 1839 extracted a
new oxide from impure cerium nitrate. Lanthanum shieldings range from a
low of § + 1090 in LaBr2 ™~ to a high of  — 129 in La (MeCN)2 *, referenced to
aqueous La(ClO,); (0.5M) whose signal falls nine-tenths of the way up the
scale near the highly shielded end.

Lanthanum(I) is an unstable oxidation state that has yet to be observed.
Lanthanum(IT1) shieldings span 1219 ppm centred on ¢ + 480. Where the
coordination is six identical ligands generating octahedral symmetry, nar-
rowest linewidths in the range 200-600 Hz are observed. In La(SCN)4 -,
however, the linewidth balloons to 4400Hz and linewidths approaching
8000 Hz are not uncommon. The quadrupole moment of 0.21 barns is virtually
identical with that of *°Sc, and it is not entirely clear why the '3°La lines
should be so much wider. Both cations exchange ligands readily in solution,
and perhaps the larger La® " finds it difficult to limit the coordination number
to six, after which the symmetry deteriorates. It may also be that, coming just
before the lanthanide contraction in the periodic table, lanthanum complexes
are a lot bigger than the corresponding scandium ones and have rotational
correlation times that are a lot longer. The true reason is probably a
combination of both factors.

All three members of the scandium triad tend toward inverse halogen
dependence. The evidence is strongest in the case of La, and weaker for Y and
Sc. Although there is little evidence to indicate the effect of I™ upon these
metals, Br~ <Cl™ shielding comparisons are available. With lanthanum,
LaBr2~ demarcates the lower end of the shielding range and LaCl? ~ is more
shielded by 239 ppm; 209, of the total La shielding range. In non-aqueous
solvents, La shielding increases in the order: en < DMSO < HMPA < DMF
< MeCN, the order of solvent donor number which is also seen in the alkali-
metal cations which are unambiguously inverse halogen dependent.

5.2. The titanium triad

Discovered by Gregor in 1791, titanium was named by Klaproth in 1795 after
Titanes, one of the six primeval sons of Earth in Greek mythology. Titanium
shieldings (Table 5) range from a low of é + 2440 in Til, to a high of 50 in
TiFZ~, referenced to aqueous [NH,],TiF, whose signal demarcates the
shielded end of the range.
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Table 5. Nuclear properties of the titanium triad isotopes.

Quadrupole Usual
Abundance moment shift

Nucleus Spin (%) 10?8 (m?) reference  Receptivity®

+1Tq 52 73 0.29 TiCl (1) 0.86

49Ti 7/2 55 0.24 TiCl, (1) 1.2

917, 502 1.2 —021 Cp,ZrBr, 6.0
THE /2 18.5 33 — 1.5
1791f 9/2 13.8 37 — 0.43

*With reference to '3C.

The few data that are available are pretty evenly divided between
titanium(IV) and titanium(II) compounds. The chemical shifts for
titanium(IV) span a range of 2440 ppm centred on 6 + 1220. Those for
titanium(IT) span 520 ppm centred on ¢ + 386, for an oxidation-state de-
pendence of 420 ppm per OSU (see Fig. 3).

Both the higher and the lower oxidation states of titanium exhibit inverse
halogen dependence. In titanium(IV) the intensity is — 320 ppm per halogen
with a Br/I ratio of 0.38. In titanium(II) the intensity is 128 ppm per halogen
with a Br/I ratio 0.41.
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Fig. 3. Titanium shielding ranges.
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Zirconium was discovered by Klaproth in 1789 and was probably named
after the Arabic zargun or jargon describing the colour of the gemstone now
known as zircon. Zirconium shieldings range from a low of 4+ 875 in
Zr(NEt,), to a high of § — 384 in ZrCp, (v* — C,Hyg), referenced to ZrCp, Br,
whose signal falls about two-thirds of the way up the range.

Although NMR data on zirconium is still sparse, three different oxidation
states have been studied and they show a regular progression from higher to
lower shieldings with increase in oxidation state. Zirconium(IV) shieldings
span a range of 1066 ppm centred on 6 + 340, those for zirconium(II) span
248 ppm centred on 4 + 2, and those for zirconium (0) span 60 ppm centred on
0 — 355. As shown in Fig. 4, the oxidation-state dependence of zirconium is
175 ppm per OSU.

The shielding effects of Br and I substitution at Zr(IV) are not presently
known, but Zr(II) shows inverse halogen dependence with an intensity of
124 ppm per halogen, comparable with that found in Ti(II).

Hafnium, named after the Latin for Copenhagen, honours the city in which
it was discovered in 1923. There are two magnetically active isotopes of
hafnium, but large quadrupole moments for each taken together with
receptivities that are not high provide sufficient reason for the absence of any
solution data to date.
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5.3. The vanadium triad

Vanadium was first discovered by del Rio in 1801 and then rediscovered in
1830 by the Swedish chemist Sefstrom who named it after the Scandinavian
goddess Vanadis with reference to its multicoloured display of chromatic
virtuosity.

Vanadium shieldings (Table 6) range from a low of 6 + 1457 in V,S% " to a
high of  — 2054 in CpV (SnPh;) (CO); , referenced to VOCI, neat liquid that
occurs just below the midpoint in the shielding range. With vanadium NMR,
the dilemma of whether or not to include in the analysis the results of solid-
state studies is highly problematical. Semiconductors of the type Cu;VE,
containing vanadium (V) tetrahedrally coordinated by S, Se and Te have been
studied. In the Te compound, the vanadium resonance occurs at é + 3950 and,
if inciuded, it would quadruple the range for vanadium(V) and would almost
double the range of all vanadium shieldings.

Two factors indicate that this particular system is not comparable with
vanadium systems studied in solution. In Cu,VS,(s) the vanadium is more
highly shielded by 1345ppm than in aqueous VS3~, suggesting there is
something different about the solid. The fact that the solid is a semi-
conductor and, therefore, not magnetically dilute, confirms this view. There are
antiferromagnetic interactions in the solid with the potential to perturb in a
major way the magnetic shielding observed in isolated vanadium centres.

Vanadium(V) shieldings span 2300 ppm centred on 6 + 306. Thiovanadates
dominate the bottom of the range. VOBr; at ¢ + 450 and VOCI; at 90,
showing the THD characteristic of vanadium(V), occur in the middle of the
range. Oxyvanadates and heteropolyvanadates occur in the band from
8 — 400 to & — 600. The peroxide ligands in VO(O,)3 ™ push the vanadium(V)
up to & — 845.

Vanadium(I1I) has the d2 configuration and, like d” cobalt(I1} with which it
is spectroscopically and magnetically comparable, it is paramagnetic. The
nitrosyl complexes which have been regarded as complexes of NO~ and

Table 6. Nuclear properties of the vanadium triad isotopes.

Quadrupole Usual
Abundance moment shift
Nucleus Spin () 1028 (m?) reference Receptivity?
Sty 7/2 99.8 —0.052 VOCI,4(1) 2160
23Nb 9/2 100 —0.22 NbCI; (MeCN) 2740
181Ty 7/2 99.9 3 TaCl, (MeCN) 204

*With reference to !3C.
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classed with true vanadium(IIl) compounds® are here regarded as complexes
of NO™ and classed with the d* vanadium(I) compounds.

Vanadium(1) shieldings span 800 ppm centred on § — 1200. All compounds
belong to the system CpV(CO),L in which the variable ligand is
Ph,PCH,PPh, at the low end and PF; at the high end.

Vanadium(—I) shieldings span 500 ppm centred on & — 1775. Most
compounds belong to the system V(CO)¢_,L; in which the variable
ligand is 2-NH,-pyridine at the low end and the high end is demarcated by
VCp(CO);SnPh; .

The regular increase in shielding that accompanies a lowering in oxidation
state is shown in Fig. 5. The oxidation-state dependence between
vanadium(V) and vanadium(—1I) is 350 ppm per OSU. The vanadium(V)
range is positioned at 4+ 306 by the electronegativities of the ligands
determining the oxidation state. Within the 2300-ppm range for vanadium(V),
relative shieldings are determined by a second factor the origin of which will be
known when the cause of alternation between normal and inverse halogen
dependency has been resolved.

Vanadium(V) exhibits an inverse halogen dependence of 500 ppm between
VOBr; and VOCI, which, when extended to include the unobserved VOI, by
scaling to 1667 ppm with the usual (I-Cl)/(Br—Cl) ratio, represents 70%, of the
2300-ppm span of the oxidation state.
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Fig. 5. Vanadium shielding ranges.
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Niobium was noted by Hatchett in an ore sent to England from Connecticut
in 1801. Named after Niobe, the daughter of Tantalus in Greek mythology, it
has also gone under the names of pelopium and columbium at various times in
the past. Niobium shieldings range from a low ¢ 4+ 1910 in ScNbBr; to a high
of 6 — 2120 in Nb(CO)g , referenced to NbClg near the middle of the scale.
Chemical shifts in semiconductors containing niobium have been measured
and they have been excluded from this analysis for the reason cited above in
the case of vanadium, even though the inclusion of Cu;NbTe,(s) at 5 + 2590
(extending the low end of the shielding range by 600 ppm) would not introduce
a similarly overwhelming perturbation in the solution picture.

There is some merit in referencing niobium shifts to NbOCl;, making them
comparable with vanadium shifts.'* This advantage is offset by a linewidth of
up to 1000 Hz, making uncertainty in the NbOCI; resonance frequency
unacceptably high for a reference, and the niobium chemical shifts in this
chapter have been referenced to NbClg .

The niobium (V) range spans 3370 ppm centred on d 4+ 565. The ligands are
Se?~, S~ and O, and Br~, CI~ and F~, and the shielding increases
uniformly with substitution of a lighter ligand in the ENbCl,, ONbXj;, and
NbXg systems. The pattern of IHD observed previously for niobium(V) has
its counterpart in the Te < Se < S shieldings of the chalcogens.

Niobium(l) shieldings in a small series of Cp,Nb(CO),,(PEt;), compounds
spans 371 ppm centred on 6 — 1830. Nb(PF;)s at 6 — 2067 and Nb(CO)4 at
0 —2120 demarcate the range for an even smaller series of niobium(—1I)
compounds centred at 6 — 2095. The dependence of niobium shielding upon
oxidation state follows the regular pattern at a rate of 440 ppm per OSU and is
illustrated in Fig, 6.

Tantalum was discovered in Sweden by Ekeberg in 1802 and was named
after the Greek god Tantalus forced to sit thirsty in a pool of water that
receded whenever he attempted to drink. While extremely sparse, the solution
data available for '8 Ta are sufficient to establish that tantalum obeys both a
regular oxidation-state dependence and an IHD.

Relative to TaClg in MeCN, adopted as the reference at present, TaFg in
aqueous HF/HNO; is shielded by 2376 ppm, thus delineating IHD for
tantalum(V). Tantalum(—1I) in Ta(CO)g at & — 3450 represents the upper end
of the shielding range for tantalum and indicates a regular oxidation-state
dependence.

When included in the tantalum picture, the § + 3344, 5 + 1354, and 6 + 376
shifts for Cu,TaE ,(s) semiconductors, E = Te, Se and S, respectively, bring the
shielding range for tantalum(V) to 5700 ppm; 3700 ppm if the Te compound is
excluded leaving TaSe; ~ to delineate the range. The corresponding range of
4900 ppm for tungsten(VI) delimited by WS2~ and WF (see below) suggest it
is not unreasonable to group the semiconductor and solution data for
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Fig. 6. Niobium and tantalum shielding ranges.

tantalum. It is probable that the antiferromagnetic factor in vanadium
compounds that is anomalous in the first transition series is

(i) attenuated by the larger spacings in the analogous tantalum com-
pounds; and

(i) not particularly prominent among the complicated mix of magnetic
factors that operates in the third transition series.

Thus, with the extended data set included, Fig. 6 shows a shielding range of
5700ppm for tantalum(V) centred at J+ 2376, and an oxidation-state
dependence of 655 ppm per OSU.

From vanadium to niobium to tantalum, the oxidation-state dependence
increases uniformly from 350 to 440 to 655 ppm per OSU. Among the various
comparisons that can be made to quantify the relative shielding sensitivities of
different molatoms, these parameters reflecting the extent to which the
shielding responds to a change in oxidation state are the most reliable. They

have two advantages over comparisons between equivalently substituted
molecules:

(1) theeffect of differences in the oxidation state difference from comparison
to comparison are eliminated; and
(ii) the possibility of overstating the factor by selecting molecules from
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Table 7. Nuclear properties of the chromium triad isotopes.

Quadrupole Usual
Abundance moment shift
Nucleus  Spin VA 10?8 (m?) reference  Receptivity®
53Cr 32 96 —0.15 CrO2- (ag) 0.49
%Mo 5/2 15.7 —0.015 MoO2~(aq) 2.88
*"Mo 5/2 9.5 0.17 MoO?2 "~ (aq) 1.84
183y 12 14.4 0 WO:™ (aq) 0.059

*With reference to 13C.

opposite ends of two ranges, or understating the factor by selecting from
adjacent ends of two ranges is eliminated.

5.4. The chromium triad

It is the chromium triad (Table 7) that has seen the most dramatic growth over
the past 10 years, and out of this growth has emerged not only new oxidation
states previously undocumented by NMR but also systematic evidence of
massive deshieldings introduced by metal-metal 7 bonds and & bonds. The
NMR spectroscopy of chromium, molybdenum, and tungsten compounds has
been comprehensively reviewed in an international joint undertaking by the
La Trobe and Arizona groups responsible for much of the growth.'¢

Chromium named after the Greek chroma meaning “colour” was discovered
by the French chemist Vauquelin in 1797. The NMR of *3Cr in solution
remains stalled at CrO2 ~ and Cr(CO), only, with the chromium(0) compound
at & — 1795 relative to the chromium(VI) compound for an oxidation-state
dependence of 300 ppm per OSU as shown in Fig. 7.

Molybdenum named after the Greek molybdos meaning “lead” was dis-
covered by Scheele in 1778 and was isolated as an impure metal by the Swedish
chemist Hjelm in 1782. Shielding ranges for four oxidation states are available
and molybdenum shieldings span a total range of 5000 ppm from MoSe] ™ at
d+3145 to Mo(CO)g¢ at d — 1856 referenced to aqueous MoOZ~ whose
signal falls six-tenths of the way up the scale.

Molybdenum(VI) shieldings span 3440 ppm centred on & + 1425. MoSe} ~
marks the deshielded limit and shielding increases with substitution in the
order Se <S < O < =NPh. Molybdenum(1V) shieldings span 4510 ppm
overlapping all the molybdenum(VI) range but extending to significantly
higher shielding marked by Mo(CN)§~ at §— 1309, the range being
centred at &+ 945. The CpMo(CO),L, system comprises most of the
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molybdenum(II) class whose shieldings span 2000 ppm centred on § — 770.
The Mo(CO),,L, system comprises the molybdenum(0) class and its shieldings
span a range of 1500 ppm centred on é — 1358.

These four shielding ranges are illustrated in Fig. 8 where, although the
higher oxidation states cover more ground than do the lower ones, there is
nevertheless a steady progression from low to high shielding with decrease in
oxidation state. Taken between oxidation states VI and 0, the overall rate of
the oxidation-state dependence is 465 ppm per OSU.

Interspersed between these four even oxidation states are three odd-
numbered oxidation states representing sizeable classes of molybdenum
compounds all of which are paramagnetic. In the past decade Mo(V) and
Mo(III) compounds have appeared which are diamagnetic because of single
and triple Mo—Mo bonds, respectively. With the oxidation-state dependence
of molybdenum shifts now quantified, it is possible to interpolate imputed
values of 6 + 1185 for Mo(V) and ¢ + 90 for Mo(III) with which to compare
the metal-metal bonded molecules. The comparison casts some light on the
metal-metal bond anomaly in NMR spectroscopy.

The Mo(V)-Mo(V) molecule with only a single ¢ bond between metal
centres is shielded by 520 ppm above the imputed Mo(V) position, suggesting
an anomalous shielding contribution from a ¢ bond between two metals of the
same species. The Mo(III)-Mo(III) interaction is a triple bond and the
resonance occurs at é + 3020. After applying the 520 ppm shielding contri-
bution from the & component, the = bonds are seen to introduce an anomalous
deshielding component of 1800 ppm each.

The °5Mo signal for Mo(I)-Mo(Il) quadruply bonded molecule is
observed 500 ppm beyond the most deshielded molybdenum(VI) position.
This is deshielded by 4460 ppm from the centre of the molybdenum(II) range,
and when the anomalies for one ¢ bond and two = bonds evaluated above are
taken into account, it indicates that the § bond deshields by a further
1500 ppm.

Tungsten, named after the Swedish tung sten meaning “heavy stone” was
isolated from tungstic acid by the Spanish d’Elhuyar brothers in 1783.
Shielding ranges for tungsten(VI), tungsten(II) and tungsten(0) have been
investigated and they are illustrated in Fig. 9. Leaving aside two compounds
with high-frequency shifts at § + 6760 and & + 4408 attributable to tungsten—
tungsten quadruple and triple bonds, respectively, and one compound with a
very low-frequency shift attributable to the anomalous effect of hydride
ligands, tungsten shieldings span a range of 7250 ppm from WS3 ™ at & + 3769
to W(CO)y at & — 3486, all relative to aqueous WO2~ whose signal falls
almost exactly half-way up the present scale.

As found with molybdenum where Mo(VI) systems span two-thirds of the
total shielding range, tungsten(VI) shieldings span almost 5000 ppm from
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WS; ™ atd + 3769 to WClg at 6 + 2184 to WF at 6 — 1117. The isopolytung-
states cover a range of 200 ppm just above 00, and the heteropolytungstates
stretch to lower shieldings by about 200 ppm before paramagnetic ones are
encountered. The W (VI) shielding range is centred on 6 + 1325.

Tungsten does not have a well-developed tungsten(I'V) chemistry analogous
to that of molybdenum. Tungsten(II) shieldings span 2900 ppm centred on
0—2585. At the low end of the range are compounds in the system
W(CNCMe;);sL* and at the high end those in the system CpW(CO),L.
Tungsten(0) compounds belong to the system of substituted carbonyls and
span a range of 900 ppm centred on é — 3065. The regular trend to higher
shieldings with progressive reduction of the metal is seen again in tungsten,
with an oxidation-state dependence of 730 ppm per OSU.

With tungsten’s oxidation-state dependence quantified, the metal-metal
bond anomaly and the hydride anomaly can both be evaluated. There is no
W-W single-bond example available with which to obtain a shielding
anomaly for the g bond, but scaling the 520 ppm value for molybdenum by the
730/465 ratio in oxidation-state dependencies gives a putative 800 ppm. Using
this to account for the ¢ bond in each case, each of the = bonds in the W(III)-
W(III) triple bond deshields by 3000 ppm, and the 6 component in the W (I1)-
W(II) quadruple bond deshields by a further 3000 ppm.

In Cp, WH, there is more than the usual amount of uncertainty in assigning
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Table 8. Nuclear properties of the manganese triad isotopes.

Quadrupole Usual

Abundance moment shift
Nucleus Spin %) 1028 (m?) reference  Receptivity?
5SMn 52 100 0.4 MnO; 994
9Tc 9/2 [10° years] -0.13 TcO, 2130
185Re 52 37 28 ReO, 280
187Re 52 48 26 ReO, 490

*With reference to !3C.

an oxidation state. If it is classed as a tungsten(II) compound belonging to the
group whose shielding range is centred on 0 — 2585, then its chemical shift of
0 — 4663 suggests a shielding anomaly of 1039 ppm for each hydrogen. If it
is classed as a tungsten(0) compound bearing acidic hydrogens, then the
shielding anomaly is only 800 ppm per hydrogen.

5.5. The manganese triad

Manganese was first isolated by the Swedish chemist Gahn in 1774 using
carbon to reduce the dioxide in pyrolusite, and it was named after the Latin
magnes for magnet because of the magnetic properties associated with
pyrolusite. Manganese shieldings (Table 8) range from a low of J + 500 in
Mn(CO);(MeCN); to a high of § — 3458 in (CO);[P(OPh);], Mn-SnMe;,,
referenced to the aqueous permanganate ion whose signal is found near the
low end of the shielding range.

Of the 10 oxidation states in which manganese has been identified, four are
diamagnetic and have been characterized by NMR. The regular progression
from highest shielding in Mn(— 1) to lowest shielding in Mn(VII) is shown in
Fig. 10. The chemical shifts for Mn{— 1) compounds span 1434 ppm centred
on ¢ — 2740, those for Mn(0) compounds span 450 ppm centred on ¢ — 2050,
those for Mn(I) compounds span 2800 ppm centred on é — 900, and the
permanganate ion at 60 is the only Mn(VII) compound to have been studied.
Between the lowest and highest oxidation states, the oxidation-state de-
pendence is 340 ppm per OSU.

The iodide in the Cl, Br, I series Mn(CO);s X of manganese(I) compounds is
the most shielded, giving manganese a normal halogen dependence with an
intensity of 481 ppm per halogen with a Br/I ratio of 0.32.

Technetium (known previously as masurium) is named after the Greek
technetos meaning “artificial”, and was first manufactured (rather than
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discovered) by Segre working on the Berkeley cyclotron in 1937. It is a weak f§
emitter with a half-life of 212000 years and the only one among the first 60
species of atom with no naturally occurring isotope. Technetium shieldings
range from a low of 6+ 806 in TcO,(CN);~ to a high of § —3517 in
Tc(CO);(MeCN)(diphos)™, referenced to the aqueous pertechnetate ion
whose signal occurs near the low end of the shielding range.

The shielding ranges for Tc(0), Te(I) and Tc(VII) form a regular progression
from high to low with increase in oxidation state illustrated in Fig. 11. The
chemical shift for Tc,(CO),, at 6 — 2477 is the only Tc(0) one measured to
date. The shifts for Tc(l) compounds span a range of 3504 ppm centred at
& — 1765, and those for Tc(VII) compounds span a range of 396 ppm centred
at & + 198. Between the outer two oxidation states of these three the oxidation-
state dependence in 380 ppm per OSU.

One Tc(V) resonance has been reported to date and its position is anoma-
lous. According to the 380 ppm per OSU trend, Tc(V) should appear in
the region of 4 — 560 but in fact the Tc in TcO,(CN); ™ occurs at é + 806.

Although no technetium iodides have been studied, the bromides and
chlorides of both trans-TcX(CO);(PPh;), and cis-TcX (CO);(PMe, Ph), have
been measured. The per halogen Cl-Br separations have been divided by
0.3—the normal Br/I ratio—scaling them up to obtain imputed Cl, cf. the I
dependencies of + 247 ppm and + 173 ppm for the trans and the cis series,
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respectively. These normal halogen dependencies seen in Tc(I) are significantly
weaker than the + 481 ppm normal halogen dependence seen in Mn(I).

Rhenium was discovered in 1924 by Noddack, Tacke (Frau Noddack),
and Berg and was named after the Rhine River of their native Germany.
Only three rhenium compounds have been reported, two of them by Rehder’s
group in Hamburg, and their shieldings range from a low of 6 + 3500 in ReS,
to a high § — 3400 in Re(CO){ , relative to aqueous ReO, near the middle of
the range.

The two rhenium(VII) compounds span a range of 3500 ppm centred on
8 +1750. The welcome fact that the third compound contains rhenium(I)
enables a calculation of the oxidation-state dependence for rhenium: 860 ppm
per OSU.

5.6. The iron triad

Iron is one of the half-dozen metals dating from the pre-Christian era, and its
Old English iren precursor is not parallelled in any other language. Iron
shieldings (Table 9) range from a low of § + 11 269 in tris (bipyridyliron(II)) to
a high of § — 583 in (cyclobutadiene)iron(O)tricarbonyl, relative to neat iron
pentacarbonyl near the high end of the shielding range.
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Table 9. Nuclear properties of the iron triad isotopes.

Quadrupole Usual
Abundance moment shift
Nucleus Spin (%) 1028 (m?) reference Receptivity®
57Fe 1/2 2.2 0 Neat Fe(CO), 0.004
%9Ru 5/2 12.7 0.076 Ru(CN)¢~ 0.82
101Ry 5/2 17.1 0.44 Ru(CN){~ 1.5
18705 1/2 1.64 0 0s0, 0.001
1890)g 32 16.1 091 0s0, 2.2

2With reference to '3C.

Iron-57 has the highest oxidation-state dependence of any nucleus, with the
result that the 8800-ppm range for Fe(Il) centred on & + 6883 is separated
from the 2500-ppm range for Fe(0) centred on J + 700 by a gap of 500 ppm as
shown in Fig. 12. The iron(II) compounds are mainly porphyrin and similar
macrocyclic complexes, low-spin d® systems comparable with the cobalt(III)
complexes long recognized as deshielded extremes. The lower fifth of the
iron(0) range is occupied by the substituted ferrocenes covering 500 ppm,
while the upper four-fifths is occupied by various diene complexes of Fe(CO),
for which von Philipsborn has provided an elegant theoretical analysis.'’
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Fig. 12. Tron and ruthenium shielding ranges.
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Halogen substitution is probably incompatible with the low oxidation state
iron(0), but the chloride, bromide and iodide in the Fe(CsH {CO)),X system
have all been reported. The halogen dependence is normal with the iodide
being the most highly shielded and a Br/I ratio of 0.31. The intensity of
958 ppm per halogen is the largest among the first-row transition metals, and is
exceeded only by mercury at 977 ppm, platinum at 1017 ppm, thallium at
1465 ppm and antimony at 1353 ppm; all of which have normal halogen
dependencies.

Ruthenium, named after the Latin Ruthenia for Russia, was isolated by
Klaus in 1844 from platinum ore brought from the Ural Mountains.
Ruthenium shieldings range from a low of 6 + 7800 in Ru(NH;)Z* to a high of
d—1270 in ruthenocene, relative to aqueous Ru(CN){ ™ near the shielded
end of the range and the most highly shielded Ru(ll) environment to date.

Ruthenium(II) shieldings span a range of 8000 ppm centred on J + 3825
and, as with iron(II), the deshielded end of the range is dominated by N
bonded environments. Ru(C;H;), and Ru;(CQ),, are the only Ru(0)
compounds reported and their separation of 62 ppm defines a Ru(0) range
centred on o — 1239. These oxidation states provide an oxidation-state de-
pendence for ruthenium of 2530 ppm per OSU.

Ruthenium tetroxide is the only Ru(VIII) compound to be reported, and its
resonance position of 0 + 1931 is anomalous. In an oxidation state much
higher than all the others, the Ru(VIII) shielding should be much lower than
all the Ru(Il) environments, but it is not. There is no obvious explanation for
this anomaly.

The chloride and iodide compounds in the fac-Ru(CO),X3 system have
been reported, showing a normal halogen dependence of 235 ppm per halogen.

Osmium, named after the Greek osme meaning “a smell”, was discovered by
Tennant in 1803 in the residue left after dissolving impure platinum with aqua
regia. Its tetroxide is highly toxic, a powerful oxidizing agent, and has a strong
smell.

An arene compound of osmium (II) has been reported to be 2562 ppm more
highly shielded than the Os(VIII) in OsO,. While the trend to lower shielding
with increasing oxidation state is normal, the magnitude of the dependence is
anomalously low for a third-row atom in this region of the periodic table,
suggesting an OsO, anomaly similar to that associated with RuO, above.

5.7. The cobalt triad

Cobalt was discovered by the Swedish chemist Brandtin 1735, and it derives its
name from the German Kobold for the goblin or evil spirit thought to inhabit
mines. In 1951 the chemical-shift phenomenon in NMR spectroscopy was
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Table 10. Nuclear properties of the cobalt triad isotopes.

Quadrupole Usual
Abundance moment shift
Nucleus Spin (%) 10%8 (m?) reference Receptivity*
59Co 772 100 0.4 Co(CN)2~ 1570
103Rh 1/2 100 0 =Z=3.16MHz 0.18
191y 32 373 0.9 — 0.55
1931¢ 32 62.7 0.8 — 0.12

*With reference to 13C.

discovered when the resonance frequencies in different cobalt compounds,
resolvable to the nearest 1 ppm, were found to differ by as much 2%,.34 Forty
years later, the total span of cobalt shieldings observed is still roughly
20000 ppm, the largest range of any nucleus.

Cobalt shieldings (Table 10) range from a low of § + 15110 in aqueous
Co(H,0)2* to a high of § — 4220 in Co(PF ), , relative to aqueous Co(CN)2~
three-quarters of the way up the range. The regular progression from higher to
lower shieldings with increase in oxidation state is seen in cobalt spectroscopy
without any anomalies.

The shieldings in cobalt(Ill) compounds span 15400 ppm centred on
J + 7403, with O bonding ligands at the low end and P(OR); alkyl phosphite
ligands at the high end. In cobalt(I) compounds, the shieldings span a
much narrower range of 2790 ppm centred on é + 2245ppm, in cobalt(0)
compounds they span a range of 1490 ppm centred on § — 1115, and in cobalt
(—I) compounds they span a range of 3376 ppm centred on § — 2532. Between
the highest and lowest oxidation states, the oxidation-state dependence is
2480 ppm per OSU, second only to *”Fe in magnitude. The relationships of
these overlapping ranges to one another are all shown in Fig. 13.

The chloride, bromide and iodide compounds in the cobalt(III) series
Co(NH;)sX?™ have all been reported and they show a normal halogen
dependence with an intensity of 90 ppm per halogen and a Br/I ratio of 0.30.
Three cobalt(— I) series in which the halogen dependence is also normal and
an order of magnitude stronger have also been reported. In [Co(NO),X],,
Co(NO),X(PMe,Ph), and Co(NO),X[P(OEt),Ph] the halogen depen-
dencies and Br/I ratios are + 850 and 0.29, + 750 and 0.28, and + 860 and
0.29, respectively.

Rhodium was discovered by Wollaston in 1803 and is named after the Greek
rhodon for “rose” whose deep-red colour is adopted by many rhodium salts.
Rhodium shieldings range from a low of 6 + 9931 in Rh(H,0)2* to a high of
0 — 2050 in Rh(CH,) (cyclooctadiene). Spectroscopists have found it more
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convenient to reference rhodium chemical shifts against an absolute
field/frequency standard rather than against a specific thodium compound,
and the frequency of 3.16 MHz in the field where TMS protons resonate at
100 MHz was adopted by Kidd and Goodfellow in an early review of rhodium
NMR.’

The shielding ranges for Rh(0), Rh(I) and Rh(III)form a regular progression
from high to low with increase in rhodium oxidation state. The shifts for
rhodium(0) compounds span a range of 2500 ppm centred on 6 — 1200, those
for rhodium(l) compounds span 3400 ppm centred on ¢ + 1650, and those for
rhodium(ITI) span 9900 ppm centred on & + 4985. Between the highest and
lowest, the oxidation state dependence for rhodium is 1970 ppm/OSU.

In two series of rhodium(III) compounds—RhX,Me(CO)(PMe,Ph), and
RhXMe(CNBu')f —the chlorides, bromides and iodides have all been
observed and the halogen dependencies and Br/I ratios (+ 224 and 0.33; and
+ 419 and 0.38, respectively) are both normal.

Iridium was discovered in 1803 and was named after the Latin iris for
“rainbow”, again because of the brilliant array of colours displayed in many of
its salts. While there are two magnetically active isotopes of iridium shown in
Table 10, the low receptivity and large quadrupole moment for each are
sufficient to account for the lack of NMR observation to date.

5.8. The nickel triad

Nickel was discovered by the Swedish chemist Cronstedt in 1751 and was
named after the German Nickel for Satan or “Old Nick”, a reference to
kupfernickel or Old Nick’s copper. Nickel shieldings (Table 11) range from a
low of 4+ 267 in Ni(PCl;), to a high of § —929 in Ni(PF,),, relative to
Ni(CO), a quarter of the way up the range.

Nickel(0) is the only oxidation state to have been studied and, since most
nickel(IT) compounds are paramagnetic, the possibility of obtaining either an

Table 11. Nuclear properties of the nickel triad isotopes.

Quadrupole Usual

Abundance moment shift
Nucleus Spin (%) 10%8 (m?) reference  Receptivity?
°INj 32 12 0.2 Ni(CO), 0.24
105pg 5/2 222 0.7 PACIZ~ 14
195p¢ 1/2 338 0 PtClZ- 19.1

*With reference to '3C.
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oxidation-state dependence or a halogen dependence for nickel shieldings is
remote. Some of the d® nickel(1V) compounds are diamagnetic, but are not
particularly stable and are very difficult to maintain free of paramagnetic
impurities.

Palladium, like rhodium, was discovered by Wollaston in 1803 and was
named after the asteroid Pallus discovered about the same time, Pallus being a
Greek goddess of wisdom. We do not yet have a shielding range for palladium.
It takes at least two compounds to establish a range, and PdC12™ is the only
compound to have been studied in solution. The unexpectedly large linewidth
of 25kHz is unusual for a six-coordinate d® complex and suggests a geometry
other than octahedral.

Platinum was discovered in South America in 1841 and was named after the
Spanish plata meaning “silver”, to which the native metal bears a strong
resemblance. Platinum shieldings range from alow of  + 11847 in PtIF~ toa
high of & — 1528 in PtIZ™, relative to PtCIZ~ nine-tenths of the way up the
range.

The shielding ranges for Pt(0), Pt(II) and Pt(1V) form a regular progression
from high to low with increase in platinum oxidation state. The shifts for
platinum(IV) span 13375 ppm centred on 6 + 5160, those for platinum(II)
span 5553 ppm centred on 6 + 1780, and those for platinum(0) span 2056 ppm
centred on 6 — 270. Between the highest and the lowest states, the oxidation-
state dependence for platinum is 1360 ppm per OSU.

The halogen dependence for platinum shieldings {Fig. 15) is normal and is
astonishingly insensitive to a change in oxidation state. For both the
platinum(IV) series PtX2~ and the platinum(1]) series PtX2~ the chlorides,
bromides and iodides have all been studied. In the Pt(IV) case, the shielding
dependence is + 1008 ppm per halogen with a Br/I ratio of 0.31. In the Pt(II)
case it is + 974 ppm per halogen with a Br/I ratio of 0.27. This insensitivity of
halogen dependence in the case of platinum to a change in oxidation state can
only cast doubt on an earlier suggestion that oxidation-state change is the
primary cause of the change from THD to NHD along the series of transition
metals.

5.9. The copper triad

The number of copper NMR recordings is not large. The copper(I) oxidation
state which represents the majority of copper compounds is paramagnetic,
and the linewidths of the copper(I) compounds studied are much larger than is
to be expected for a nucleus with a quadrupole moment of only 0.2 barns; half
that of >*Mn. A good explanation for this anomaly based on the kinetic lability
of copper(I) in solution has been provided by Rehder.!*
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Fig. 15. Platinum shielding ranges.

Copper is another of the half-dozen metals dating from the pre-Christian era
and it derives its name from cuprum, the Latin designation for the island of
Cyprus where much ancient copper was obtained. Copper shieldings
(Table 12) range from a low of § + 501 in Cu(CN);~ to a high of 6 — 381 in
powdered CuBr, relative to Cu{MeCN); in acetonitrile solution just up from
the middle of the range. (Shieldings in solids may not be strictly comparable
with those in solution and they must be used with caution.)

The halogen dependence of copper shieldings is interesting. All the available
evidence comes from the cuprous halide solids where the shielding of Cu(I)

Table 12. Nuclear properties of the copper triad isotopes.

Quadrupole Usual
Abundance moment shift

Nucleus Spin (%) 10?8 (m?) reference  Receptivity®

¢3Cu 3/2 69.1 —-0.21 Cu(MeCN)y 365

65Cu 32 309 —0.19 Cu(MeCN); 201
10TAg 1/2 51.8 0 Ag*(aq) 0.20
109A¢ 1/2 48.2 0 Ag*(aq) 0.28
197Au 3R 100 0.55 — 0.14

2With reference to 1C.
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occupying tetrahedral sites in the zinc blende structure increases in the order
Ct~ 1 < Br, an ordering that is not normal. In Cu,Hgl,(s) where Cu is also
coordinated by iodides the copper is even more deshielded, and if one
calculates the dependence using Cul and CuBr the resulting [HD (normalized
to a Cl-I difference) has an intensity of 21 ppm per halogen.

Silver tailings in Asia Minor suggest people were separating it from lead
as early as 3000 B.C. Known as argentum in Latin, its English name comes
from the Anglo-Saxon seolfor or siolfur. Silver shieldings range from a low of
d +841in Ag(S,0,)3 to a high of § — 100 in AgF(s), relative to aqueous Ag™*
down by one-tenth from the top of the range.

In solution, the chloride, bromide and iodide in the system AgX(NH,Et),
have all been studied and they show a marked inverse halogen dependence of
295 ppm per halogen with a regular Br/I ratio of 0.31.

Gold (from the Latin aurum) is an old Anglo-Saxon word related to the
Sanskrit Jval and it names a metal that has been highly valued from the earliest
of times. To the NMR spectroscopist it is ironic that the same quality giving
value to gold inhibits the formation of symmetrical compounds with lines
narrow enough to be observed above the background noise. The combination
of low receptivity and a moderately large quadrupole moment make '°7Au an
unlikely source of NMR spectra.

5.10. The zinc triad

Zinc is named after the German zink and, although used for alloying in ancient
times, was rediscovered and recognized as an element in 1746 by the German
chemist Marggraf. Zinc shieldings (Table 13) range from a low of § + 418 in
Zn(SCH,CH,S); ™ to a high of 6 — 36 in an aqueous Znl,/12m HI solution
(probably Znl2"), relative to Zn2* (aq) very near the top of the range.
Aqueous solutions of zinc chloride, bromide and iodide loaded with the

Table 13. Nuclear properties of the zinc triad isotopes.

Quadrupole Usual

Abundance moment shift
Nucleus Spin (%) 10%8 (m?) reference  Receptivity®
%7Zn 5/2 4.1 0.15 Zn?*(aq) 0.67
MCd 1/2 129 0 Cd?* (aq) 6.98
3¢ 12 12.3 0 Cd2* (aq) 7.60
199Hg 1/2 16.8 0 Hg?*{aq) 5.42
2014 32 132 0.4 Hg?*(aq) 1.08

*With reference to !3C.
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corresponding hydrogen halide have all generated °’Zn spectra, but because
of the kinetic lability of the complexes there is some uncertainty as to the
stoichiometry of the species producing the signal. Making the most likely
assumption that it is ZnX2 ~ that produces the signal in each case, the halogen
dependence of zinc shieldings is normal with an intensity of 71 ppm per
halogen and a Br/I ratio of 0.30.

Cadmium was discovered by Stromeyer in 1817 and its name derives from
the Latin cadmia, the ancient name for calamine or zinc carbonate. Cadmium
shieldings range from a low of § + 829 in Cd(SCH,CH,S);” to a high of
8 —27 in a bis(diketonate) where the Cd is coordinated by six oxygens,
all relative to Cd?* (aq) near the top of the shielding range.

The chloride, bromide and iodide in the CdX3~ system exhibit a normal
halogen dependence with an intensity of 98 ppm per halogen and a Br/I ratio
0f 0.22. In solid CdX, environments the dependence is + 98 ppm per halogen,
and in solid CdXy environments it is + 147 ppm per halogen.

Mercury is named after the planet Mercury; it was known to the ancient
Chinese and Hindus, and was found in Egyptian tombs dating from 1500 B.C.
Mercury shieldings range from a low of  + 3080 in Hg(SiEt;), to a high of
& — 1185 in Hgl,, relative to Hg? *(aq) three-quarters of the way up the range.

There are a number of systems from which the halogen dependence of
mercury shieldings can be assessed. In the HgX; ™ system the dependence is
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+ 551 ppm per halogen and in the HgX,(PR;), system it is + 451 ppm per
halogen; NHD in both cases.

5.11. A non-metal

Xenon is named after the Greek xenos for “stranger” and is one of the rare gases
isolated from the atmosphere by Ramsey and Travers in 1898. It is one of the
few molatoms outside the transition metals whose chemistry is also marked by
a rich variety of oxidation states, and it has been included here at the end as
evidence that the pattern of oxidation-state dependencies created out of
transition-metal chemical shifts is not restricted to the transition metals. The
shielding ranges for Xe(VIII), Xe(VI), Xe(IV) and Xe(II) are given in Fig. 16,
showing the same regular progression from low to high shielding with decline
in oxidation state that is typical of the transition metals.
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1. INTRODUCTION

At the time of writing NMR and the Periodic Table in 1977,' a number of
I = 4 nuclei, which pose considerable difficulties, were identified.> These nuclei
were 37Fe, 89Y, !93Rh, '°7Ag, 1%°Ag, '83W and '870s. The problems
associated with these nuclei are apparent from Table 1.

The sensitivity of these nuclei is low. All the nuclei are less sensitive than 13C,
with 187Os having only 1/877 the sensitivity of **C. They resonate at low
frequency, and the purchase of additional probe(s) had to be justified. Many of
the nuclei have negative gyromagnetic ratios, possibly leading to negative
nuclear Overhauser enhancements when 'H decoupling is used. Many of the
nuclei have, or were believed to have, long relaxation times. All these problems

ANNUAL REPORTS ON NMR SPECTROSCOPY Copyright @) 1991 Academic Press Limited
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Table 1. NMR parameters of the nuclei > "Fe, 87Y, 1°3Rh, '07Ag, '®°Ag, '°°Tm, '®3W and !870Os.

Natural ~ Magnetic =~ Magnetogyric NMR Relative receptivity

abundance moment ratio frequency
Isotope N(©,) u(uy)  y(107rad T 's™ ') E(MHz) Df D¢
37Fe 2.19 0.1563 0.8644 3.231 739x10°7  419x1073
89y 100 —-0.2370 —1.3106 4.899 1.18 x 107%  0.668
103Rh 100 —0.1522 —0.8420 3.16 312x 107 0.177
107Ag 51.82 —0.1957 —1.0828 4047649 344 x10°°  0.195
10979 48.18 —0.2251 —1.2449 4653623 486x 1075  0.276
169Tm 100 —0.400 —-221 8.272 566 x 1074 3.21
183w 14.40 0.2013 1.1131 4161733 104 x 107° 589 x 1072
18705 1.64 0.1114 0.6161 2282343 200x1077  1.14x10°3

combine to make the observation of these nuclei difficult. As a consequence, up
to 1977, very few direct observations had been made of these nuclei in solution,
with one observation of 3"Fe,? two observations of #°Y,* no observations of
103Rh, six observations of 1°7:199Ag 6~ 1! three observations of 83w »11.12
and one observation of '870s.!! Most of the observations involved using
‘Quadriga’ pulsed Fourier transform technique (Section 2.3, but there were a
few direct observations. When coupling to a more sensitive nucleus was
observed, INDOR was used to observe the insensitive nucleus (see Sec-
tion 2.1). This technique was used to observe °>Fe,'® !°*Rh, 472 and
183W.15’21’22

Over recent years, NMR techniques have developed, and these nuclei can
now be readily observed. A number of general reviews have appeared which
include these nuclei, and several reviews on a limited selection of reviews have
been published. The principal general reviews are NMR and the Periodic
Table,' NMR of Newly Accessible Nuclei,>*> which contains descriptions of
103Rh and '°°Ag, Multinuclear NMR,** NMR of the First Transition Series
Nuclei (Sc to Zn),?® and Transition Metal NMR Spectroscopy.*® In addition,
there are some reviews covering part of the material in this chapter. They
include The Nuclear Magnetic Resonance Properties of Chromium, Molyb-
denum, and Tungsten Compounds,>” and NMR Spectroscopy of the Early
Transition Metals.?® There are also several reviews of the experimental
techniques, namely High-Resolution Metal-N MR Spectroscopy of Organomet-
allic Compounds,?® and Indirect Two-Dimensional Heteronuclear NMR Spec-
troscopy of Low-y Metal Nuclei (M ="83W, > Fe, '°3Rh, ' Ni).>® Within this
chapter, the techniques and then the results are examined.
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2. EXPERIMENTAL TECHNIQUES

Many of the early observations of these insensitive nuclei were performed
using INDOR. This technique required coupling to the insensitive nuclei, and
spectra were produced either by observing the sensitive nucleus, and
decoupling the insensitive nucleus, in a A-{X} experiment, e.g. 'H-{'** W}, or
by using a triple resonance relay, where sensitive nucleus is observed, a less
sensitive nucleus is irradiated, and the insensitive nucleus in irradiated, e.g. 'H-
{3'P,'®3W}. This technique uses continuous-wave observation. It is as
sensitive as the observed nucleus, but is difficult to use with signal averaging.
INDOR became disused as continuous-wave NMR spectrometers were
displaced by Fourier-transform NMR spectrometers, which are not amenable
to this technique, but are preferable for most other NMR experiments. Direct
observation of these insensitive nuclei is difficult. The observation of these
nuclei by Fourier-transform NMR spectroscopy has become much easier over
the past few years with the development of inverse detection methods,
analogous to INDOR.

2.1. INDOR

The original method for observing insensitive nuclei was INDOR. This
technique involves the use of a continuous-wave NMR spectrometer, which
has virtually become an extinct species. This is unfortunate as INDOR is
probably the easiest way to detect an NMR signal arising from an insensitive
nuclei. A 'H NMR signal, which is split by the insensitive nuclei, is chosen, and
the 'H frequency adjusted so that an outer line of the multiplet is on resonance.
A decoupling frequency is applied to the sample and the frequency swept
through the insensitive nuclei frequency range. When the insensitive nucleus
frequency is irradiated the insensitive nucleus is decoupled and the 'H signal
collapses to a singlet. When this happens, the intensity of the 'H NMR signal
decreases as the intensity is transferred from one arm of the doubiet to a central
singlet. This provides an easy and sensitive way to detect signals from
insensitive nuclei.

2.2. Direct observation

The direct observation used to be believed to be extremely difficult. This is
despite the observation of '°’Ag and °°Ag from a concentrated solution of
Ag(NQ,)as early as 1954157 The problem of observing these nuclei appears to
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have arisen from the presumed long T, values which are caused by the smali y
characteristic of these nuclei. Attempts to reduce T, by the addition of
paramagnetic ions have not been very successful. At the motional narrowing
limit, the paramagnetic contribution to the relaxation is given by

o JHerThSS + Nt | p5y3aiSE + 1. M

1272r® 2472

where y, is the permeability of a vacuum, y; is the gyromagnetic ratio of the
observed nucleus, yg is the gyromagnetic ratio of the electron, 7, and 7, are the
correlation times of the nucleus and the electron, r is the distance between the
electron and the nucleus, and ay is the hyperfine electron—nucleus interaction.
The first term represents the dipolar contribution, and is normally the only
significant term when relaxation reagents are used. The second term is the
contact term, which arises from the delocalization of the unpaired electron(s)
onto the atom, whose nucleus is being observed. If the application of
relaxation reagents to '3C and 83W are compared, the efficiency for 183W is
far lower. y(183W)? is only 0.0274 that of y(}3C)2. In addition, due to the larger
size of tungsten, compared with carbon, the relaxation reagent cannot
approach the tungsten nucleus as closely as it can the carbon nucleus. These
two factors reduce the efficiency of relaxation reagents by approximately two
orders of magnitude for the insensitive nuclei discussed in this review. There
have been a couple of reports of using tanol, 2,2,6,6-Me-4-HO-piperidine-1-
oxyl, as a relaxation agent for '°°Ag.3!-32 The tanol appears to coordinate to
silver, producing relaxation, but also a significant coordination shift. In the
presence of 0.05 M tanol, 1.0 M AgNO, has a chemical shift of 6 24.5 rather than
0, but the T, is only 0.083 s, making observation far easier.

The direct observation of !3C NMR signals benefits from nuclear
Overhauser enhancements (NOE). Where measurements have been made on
these insensitive nuclei, no significant NOE has been observed (see
Section 2.6).

Subsequent investigations have shown chemical-shift anisotropy to be the
dominant relaxation mechanism in asymmetric compounds, and spin rotation
to be the dominant mechanism in the symmetric complexes. Many early
investigations involved symmetric compounds, where the inefficient spin
rotation mechanism was the only available relaxation route. As a conse-
quence, considerable difficulties were encountered in the direct observation of
these nuclei. Provided compounds with large chemical shift anisotropy are
chosen, and high magnetic fields are used to observe the nuclei, then direct
observation is easy. This is illustrated in Fig. 1 for the *°3Rh NMR spectrum of
a 0.25 M solution of [Rh(acacCO),] which was obtained in less than 1 min.

In a more symmetric environment, 1°3Rh NMR spectra can be considerably
more difficult to record. Figure 2 shows the 12.65 MHz '°*Rh NMR spectrum
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Fig. 1. 12.65 MHz !°*Rh NMR spectrum of an 0.25 M solution of [Rh(acac)(CO),] in
CDCl,; in 2 10mm tube at 25°C. (Reproduced with permission from Cocivera et al.%*)

AN

| 1

9000 8500 5(1BRn)

Fig. 2. 12.65MHz '°*Rh NMR spectrum of an 0.80M solution of commercial
RhCl;-3H,0 after 14 h in a 10-mm tube. The recording conditions were ca. 10" pulses,
with a repetition time of 0.3s. (Reproduced with permission from Mann.?!4)
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of an 0.75M solution of commercial RhCl;-3H,0. For such symmetric
compounds, the overnight detection limit is ca. 0.1 M. Very symmetric
compounds such as [Rh(OH,)¢]** are even more difficult to detect.

In order to carry out direct observation of these insensitive nuclei, there are
a number of problems about which the spectroscopist must be aware.

(i) For many measurements it is important to know approximately the z/2
pulse. It is possible to determine this using a relatively easy sample
such as [Rh(CO),(acac)]. Alternatively, as most NMR spectra of these
insensitive nuclei are recorded using a broad band probe, the n/2 pulse
length can be determined for an easier nucleus with a similar frequency.
Often, the 7/2 pulse is relatively insensitive to frequency, and it can be
determined on a sensitive nuclei. There are two convenient nuclei, ' 3Ge
as GeCl,, which has Z = 3.488, and 3°K as saturated KCl in D,0,
which has E = 4.666. In both cases, the inherent sensitivity is relatively
low, but the short T, values of these quadrupolar nuclei make
observation easy.

(i) It appears that for most compounds of these insensitive nuclei, T,
values are dominated by chemical-shift-anisotropy relaxation. The
relaxation time is given by

1 2B2Ag?
_t PV BoAdT T, Q)
Tlsa 307[

where u, is the permeability of a vacuum, y, is the gyromagnetic ratio of
the nucleus, B, is the magnetic flux density, Ao is the chemical-shift
anisotropy, and 7, is the correlation time for molecular tumbling. This
equation only applies in the rapid tumbling limit, i.e. when w212 « 1,
where w is the NMR frequency in radians per second. As T is
proportional to B, 2, high magnetic fields reduce T, and make the
observation of the NMR signal easier. [t is therefore of no surprise that
most of the direct observations of the NMR spectra of these insensitive
nuclei have been reported using spectrometers with magnetic fields in
excess of 8.4 T.

(iii) Ifthe sample has an unknown chemical shift, it is necessary to cover the
complete chemical-shift range, which is 12 000 ppm for '°3Rh; at 9.4 T,
this corresponds to 150kHz. In order to excite uniformly over this
whole range, the observing pulse must be less than 3.3 ps. It is therefore
advantageous to be able to estimate where a signal will come. If a
narrower range is used, then it is possible that the signal could be
folded. It is therefore often necessary to run two spectra; one on a wide
sweep width to locate the signal, and a second on a narrower sweep
width to make sure that the first observed signal was not folded.
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Fig. 3. A partial '°>Rh NMR spectrum of [Rh,(O,CCF;), (p-tol-N-CHN-p-
tol), (PMe,Ph)]. (a) Recorded without instrumental temperature control. (b) Recorded
with instrumental temperature control. (Reproduced with permission from Mann.?%)

(iv)

v)

As metal chemical shifts are extremely temperature dependent,
accurate temperature control is essential. It is not normally satisfactory
to rely on the room’s air conditioning, and it is usually preferable
to use the spectrometer’s variable-temperature controller. Room-
temperature changes can produce signal broadening or multiplicity
(see Fig. 3). Spectrum (b) in Fig. 3 is the true spectrum and was
recorded with temperature control. Spectrum (a) was recorded using
only the room-temperature control. Part of the signal was recorded
while the building’s central heating was on and the rest during the night
while the central heating was off. The room’s air-conditioning could
not cope with the temperature change and produced somewhat
different daytime and night-time temperatures.

There have been no significant observations of a NOE between 'H and
these insensitive nuclei. Small NOEs, ca. 0.15, have been reported for
183w 3% put these values are negligible when compared with the
theoretical maximum '®*W NOE of 12. The relaxation is dominated
by chemical-shift anisotropy and not by dipole—-dipole interaction.
Any small residual enhancement can be unhelpful as the y values of
89y, 103Rh, 1°7Ag and '°°Ag are negative leading to negative
“enhancement”.
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2.3. Quadriga NMR spectroscopy

Quadriga®3473¢ is a pulse technique which is used to detect very weak NMR
signals with relaxation times T, and T, which are long compared with the
decay time T% of the free induction decay signals. This technique is therefore
used where the linewidth of the signal is dominated by processes other than T,
relaxation, e.g. magnetic field inhomogeneity. Four measurements with
different observation frequencies, v,, are used, where

0

ir p=0,1,2,0r3 3)

Vp = VE _
T is the time between the observation pulses, and vy is the basic observation
frequency. The experiment is

{6(vo) — acquire(0) — 6(v,) — acquire(1) — 8(v,) — acquire(2)
— 6(v3) — acquire(3)}, @)

where 6(v,) means a pulse of angle 6 at frequency v, as defined above.
Acquire(p) means acquiring the data in memory location p, i.c. four separate
computer memory locations are used. This technique gives rise to distorted
signals (see Fig. 4).

24. INEPT and DEPT

Both INEPT?®’ and DEPT?® use polarization transfer to enhance the

sensitivity of the insensitive nucleus. When the polarization transfer is between

'H and X, the signal is enhanced by y,/7x (see Table 2). As a consequence, it is,

in principle, very easy to observe NMR spectra from the insensitive nuclei

when there is significant coupling between them. The technique can be used for

other nuclei, e.g. including polarization transfer between 3'P and '#3W.3?
The simplest version of the INEPT pulse sequence is

'H Dl—%—t—nx—t—%
(5
T, )
X M1 - acquire

where D, is a relaxation delay which is typically 2 T, for the proton(s) which
is(are) coupled to the X nucleus. For most purposes, it is this sequence that is
preferred since it takes the shortest possible time. The delay, t is
1/[4J (*93Rh, 'H)]. When J ('°?Rh-'H) is substantial, e.g. in a hydride, it is
very easy to use this pulse sequence to obtain '°>Rh NMR spectra on very
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Fig. 4. 193Rh NMR spectra of three rhodium complexes, recorded with the Quadriga
Fourier-transform technique. (a) [(7°-CsH;)Rh(*-CsHg-n*)Rh(n*-C,Hg)1™; (b) [(n°-
CsHs)Rh(n*-CsHg-1*)Rh(1*-CsH ,)]"; (0) [(7°-CsHs)Rh(n*-CgHg-n*)RR(CO),] "
Tominimize double-resonance effects, a pulse repetition rate, 1/ T= 166 Hz was chosen.
Measuring times were in the range 4 x 1 hto 4 x 4 h, depending on the concentration of
the sample. Note that shielding increases from right to left. (Reproduced with
permission from Maurer et al.>'!)

little compound, but when J (*®3*Rh—!H) is small, relaxation during the pulse
sequence causes the signal to be weak. This problem becomes worse if the more
sophisticated INEPT or DEPT pulse sequences are used. This pulse sequence
produces multiplets which do not follow the usual intensity patterns. Thus
adoublet is a — 1:1 doublet, a triplet is a — 1:0:1 triplet, and a quartet is a
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Table 2. Values of optimum delay, A,,, for different
numbers of protons coupling equally to the less sensitive
nuclei to give the maximum decoupled enhancement, Eg4,,
as a function of the number of scalar coupled protons, n. t
is set equal to 1/4J(X-"H).

Aoe

1 1 1 1 1 0.093
Eqon 2 4] S] 84J 9J J
STFe 309 309 327 473 578 665
89y 204 204 216 312 382 439
103R}y 31.8 318 337 487 595 684
10770 247 247 262 318 462 531
1090 215 215 228 329 402 462
183y 240 240 254 368 449 516
1870 434 434 460 665 812 934

o

T T T

-1360 -1380 -1920 -1940 1600 -1620 -1640 S(1BRh)

Fig. 5. The 12.62 MHz '°*Rh NMR spectra obtained using the INEPT pulse sequence
with D, = 0.0074ss, corresponding to 'J(*®*Rh—'H) = 34 Hz. The spectra are referen-
ced to E = 3.16 MHz. (a) [(n*-CsMes) RhH (SiEt;)(2-C,H,)] in CD;C¢Ds, showing a
—1:1 doublet. (b) [(#*-CsMe,)(RhH,(SiEt3),] in C¢Dg, showing a —1:0:1 triplet. (c)
[(n%-CsMes)RhH,(SiEt;)] in CD3C¢Dy, showing a — 1:— t:1:1 quartet. (Reproduced

with permission from Mann.2!%)
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—1:—1:1:1 quartet. This is illustrated in Fig. 5. It is quite easy to differentiate
between the —1:1 doublet and the —1:0:1 triplet, as the separation of the
lines in the doublet is J (*>3Rh-'H), but in triplet it is 2J (*°3Rh-'H), with
J(193Rh-'H) already being known from the 'H NMR spectrum.

In order to measure an INEPT spectrum, it is necessary to know the n/2 pulse
for both 'H and X. The problem of determining the #/2 pulse for X has already
been discussed (see Section 2.2). If a broad-band probe is used, the 7/2 pulse for
'H can be determined when the probe is tuned to another nucteus such as **C.
The major problem is the length of the n/2 pulse for X. On the broad-band
probe in Sheffield, this pulse is 90 us for °3Rh! As the INEPT pulse sequence
uses 7 '?3Rh pulses, this means an effective spectral width of + 1389 Hz, or
+ 110 ppm at 9.4 T. This is very small compared with the complete '°3Rh
chemical-shift range and, as a consequence, INEPT is only successful if the X
nucleus chemical shift is reasonably accurately known. It is often necessary to
record a series of spectra where the carrier frequency is changed by 3000 Hz
between spectra to locate the signal. The importance of this frequency search is
illustrated in Fig. 6, where the 133W NMR spectrum is recorded using INEPT,
on-resonance, 1000 Hz off-resonance and 10000 Hz off-resonance. Clearly,
when the !®3W frequency is 10000 Hz off-resonance, no signal is detected.
These results should be compared with those obtained on the same compound
using reverse two-dimensional "H {*#*W} spectroscopy in Section 2.5, where

3900 -3950 -4000 -4050 &(!%3W)

Fig. 6. The 16.61 MHz '®*W{*H} INEPT spectrum of [Me,Si{(*-CsH,)W(CO);H},]
showing the dependence of the signal on the *®3W pulse frequency. (a) On-resonance
183W pulse. (b) 1000 Hz off-resonance '83W pulse. (c) 10000 Hz off-resonance 83W
pulse. Note that the 90° '#3W pulse was 22 us, and the recording time for each
experiment was 6 h. (Reproduced with permission from Benn et al.!'*%)
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having the !33W pulse 10000 Hz off-resonance has little effect on signal
intensity.

If a decoupled X NMR spectrum is required, then the extended INEPT
pulse sequence is used:

'H D, _%_T_nx_f_%—A—n—A—decouple

(6)

X nx—t—%—A—n—A—acquire

where A is chosen depending on the multiplicity of the X NMR signal (see
Table 2). As with the simple INEPT sequence, t is 1/4J(X—'H).

The DEPT pulse sequence is not normally used where there is a single NMR
signal. It was developed for *3C NMR spectroscopy, where there is consider-
able variation in 'J(!3C-'H), leading to discrepancies between the signals.
Usually, there is only one X nucleus environment, and J(X-'H) is known
from the 'H NMR spectrum. The major problem with the DEPT pulse
sequence:

1 D, _%_T_nx—r—ey—r—(decouple)
()

X E—r—E—‘c—acquire
2 2

is that it takes a time 37, where t = 1/2J(X-'H), giving a total time of
3/2J(X-'H) which can be compared with the total time of 1/2J(X-'H)
required for the basic INEPT pulse sequence. J(X—'H) can be small, especially
when it is over two or three bonds, leading to very long preparation times
before acquiring the signal. During this time, relaxation reduces the signal
strength. As a consequence, polarization transfer is most successful when
J(X-'H) is large, as in a metal hydride. This problem of the loss of intensity
during a DEPT experiment is illustrated in Fig. 7. Figure 7a shows the
INEPT !°°Ag NMR spectrum of [AgRu,(u5-H);(CO), ,(PPh,)] with proton
coupling. The signals are all positive as the data were converted into a
magnitude spectrum. Figure 7(b) shows the refocused and decoupled INEPT
109A¢ NMR spectrum. The corresponding DEPT spectra are given in
Fig. 7(d) and 7(c) and clearly show the poorer signal-to-noise ratio resulting
from the longer time required for the pulse sequence.

INEPT and DEPT are not restricted to polarization transfer between 'H
and X. Any nucleus which couples to X can be used. This experiment has been
performed for polarization transfer between 3!P and !°°Ag (see Fig. 8).4° This
is a very powerful experiment, which is rarely used as it requires the purchase

ofa X-{ 'H, 31P} probe, a second frequency synthesizer and an amplifier with
phase shifting.
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~ 1000 Hz
a
b
. 900Hz
WWM
d
Pl L

Fig. 7. The '®*Ag NMR spectra at 4.17 MHz of [AgRu,(u;-H);(CO),,(PPh;)] in
CDCI, at —30°C. (a) INEPT spectrum with no refocusing in the absolute-intensity
mode. (b) As (a) with refocusing and 'H decoupling. (c) DEPT spectrum without 'H
decoupling. (d) DEPT spectrum without !H decoupling. (Reproduced with permission
from Brown et al.®)

2.5. Two-dimensional inverse INEPT

This is the most sensitive technique for observing NMR spectra of insensitive
nuclei, giving an enhancement of (y,,/yx)*. The result of this enhancement is
given in Table 3.

The NMR frequency is first determined approximately, using the pulse
sequence

'H D I—E—r—nAr—acquire
2 (®)
X n
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290 Hz
I_T__|
c 232 Hz

o
WM.

T T 7

1400
8/ ppm.

Fig. 8. The 13.97 MHz '°°Ag{*'P} spectra of 65 mM [Ag(Et,PCH,CH,PPh,),][NO,]
in CDCl; at 223 K. (a) INEPT spectrum (3107 transients, with 7 = 0.90 ms). (b) DEPT
spectrum (4000 transients, with 7 = 1.75ms, 90° pulse = 22 us). (c) Spectrum of the X
region simulated as an AA'BB’X spectrum). (Reproduced with permission from
Berners Price et al.>°)

a

Table 3. The theoretical enhancement produced by inverse shift
correlation between 'H and the insensitive nucleus.

Nucleus 57FC 103Rh 107Ag 109Ag 183W

Enhancement 5328 5689 3033 2140 2831

In the case of reverse INEPT, D, is estimated as 2T, for the insensitive nucleus,
and t is 1/2J(X-'H). This X nucleus frequency is stepped through the
expected range to produce an inversion of the doublet in the 'H NMR
spectrum. This gives the approximate frequency to be used for the two-
dimensional experiment. The pulse sequence
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--4600 [ | | -10000 l ‘ | }-mooo

- -5000 - -5000
- -4200
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| -3800
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Fig. 9. Contour diagrams and projection of the indirect two-dimensional 400.13 MHz
"H{'%*W} NMR spectrum of [Me,Si{(°-CsH,)W(CO);H},]. (a) On-resonance
'83W pulse. (b) 1000 Hz off-resonance '®*W pulse. (c) 10000 Hz off-resonance '83W
pulse. (Reproduced with permission from Benn et al.!*%)

n .
'H D,- 5 ~ T~ ~t-m-t-acquire

X ooz ®
2 2
is then used, where 7 is 1/2J(X-'H) and ¢ is the delay for the second
dimension. The spectrum obtained for [Me,Si{(n°*-CsH,)W(CO);H},] is
shown in Fig. 9. The '®*W spectra were obtained in only 13min, and a
frequency off-set of 10000 Hz had little or no effect on the sensitivity.

This experiment can provide extra information from a sample. Figure 10
shows the indirect two-dimensional 'H{!°°Ag} NMR spectrum of
[(Ph;P)Ag(u-H)IrH,(PPh,);] (1).4! The 'H NMR spectrum of the hydride
signals (Fig. 10(a)) are multiplets due to J(*H-'H), JG!P-1H), J(*°"Ag-1H),
and J(*°°Ag-'H). The '°°Ag NMR spectrum (Fig. 10(c)) is a doublet of
doublets due to 'J(1°°Ag—*'P) and 2J(*°°Ag—3'P). The contour plot immedi-
ately identifies the J(*°°Ag-'H) coupling constant. Examination of the
contour plot shows that correlations between the '°°Agand H'! and H? lean in
the opposite direction to those due to the correlation between 1°°Ag and H2.
The lean of the correlation shows that 2J(1°°Ag—H?) is of oppesite sign to
'J(1°°Ag-"H')and 2J(1°°Ag-'H?). The projection of the '"H NMR spectrum
gives the hydride signal of the '°°Ag isotopomer, and is free from '°7Ag
coupling.
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Fig. 10. The 'H{'°°Ag} NMR spectrum of [(Ph;P)Ag(u-H)IrH,(PPh,);] (1). (a)
Normal 'H NMR spectrum. (b) '"H NMR spectrum without couplings due to 1°7Ag
nuclei. (¢) Two-dimensional inverse 'H decoupled 'H{'°*Ag} NMR spectrum.
(Reproduced with permission from Albinati et al.*')

1 TPh3
H PPh
d : 3
82 l’<
P h3P H2 , H3
PPh,

This is a very powerful technique and is likely to become the method of
choice for observing NMR spectra from the less-sensitive nuclei. The gains in
signal-to-noise ratio are not as substantial as for experiments involving 'H,
but they are significant (see Table 4). Figure 11(b) and 11(c) shows the
application of reverse two-dimensional 3'P{*®3W} NMR spectroscopy to
[Me,Si(°-CsH,), W ,(CO),(u-H)(u-PMe,)]. The enhancement is shown in
Table 4. Examination of the lean of the contours in Fig. 11(a) shows that
J(**3W-'H) and J(*®3W-31P) are of opposite sign, while Fig. 11(b) shows
that J(183W-'H) and J(3!P-'H) are of opposite sign.
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Table 4. The theoretical enhancement produced by inverse shift
correlation between 3!'P and the insensitive nucleus.

Nucleus 57Fe 103Rh 107Ag 109Ag 183w
Enhancement 556 593 316 223 295
5(H) 5(3|1P)

T —

. 8(1&W)
' l L -100 L -100 L -3860
Jwa L -so | JWP || -se | LWD
3 [ e |
,2 0 |J/WH a r 0 ﬂ F-3854
3 - I
o 50 | /7 L 50 _
g ' 100 100 | -3848
Hz Hz
I _T_I_Y_T_
-13.8 -14.0 55 54 5CP 55 54 5CP)
5(H)

Fig. 11. Reverse two-dimensional "H{*®*W} and 3!'P{!'®*W} NMR spectra of
[Me,Si(7°-CsH,), W,(CO),(u-H)(u-PMe,)] at 9.4 T. (a) The "H{'**W} NMR spec-
trum (recording time 1 h). (b) The *'P{*#3W} NMR spectrum with continuous-wave
decoupling of the PMe, protons; note that J¥ denotes the scaled J(*'P-'H)
coupling, resulting from the continuous-wave decoupling of the PMe, group
(recording time 21 h). (c) As (b) but with complete 'H decoupling (recording time 5 h).
(Reproduced with permission from Benn et al.'4%)

2.6. COSY

The majority of metal complexes give rise to only one signal and assignment
presents no problem. However, when NMR spectroscopy is applied to
polymetallic compounds, then assignment can be a problem. Provided the
sensitivity is adequate, COSY can be used to determine the connectivity
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Fig. 12. A COSY NMR spectrum of Na,H,[P,W,,0,,(OH,),] in D,0O-H,0 (ca.
4:1) at 303 K (Reproduced with permission from Tourné et al.'®”)

through J(M—M). This technique has been applied to [P,W,,0,,(OH,);1*~
(see Fig. 12). Examination of Fig. 12 shows cross-peaks between the signals C
and G, E and G, and F and D. Such information can assist in assignment,
because such coupling in this type of compound arises from W—O-W linkages.

2.7. INADEQUATE

COSY suffers from the disadvantage that the signals without homonuclear
coupling occur on the diagonal. For isotopically dilute nuclei such as !33W,
this signal on the diagonal is strong, because the probability of having two
183W nuclei occurring close together in one molecule is low. As a result, the
strong diagonal signal can mask cross-peaks close to the diagonal. The
problem is removed by using INADEQUATE, which rejects signals without
homonuclear coupling. This technique has been applied to a number of
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Fig. 13. The two-dimensional INADEQUATE !8*W NMR spectrum of 3!V de-

coupled Lis[SiVW,,0,,], 0.6 M, 30°C, 1536 transients, 128 x 2k files, 115h, 20mm
sideways tube. (Reproduced with permission from Domaille.!!%)

polytungstates. The two-dimensional INADEQUATE spectrum of
[SiVW ,0,,]°" is shown in Fig. 13. There are five '®*W signals in the
intensity ratio 2:2:2:2:2:1. The INADEQUATE spectrum shows which *83W
nuclei are coupled to each other, and hence which are adjacent in the molecule.

The major difficulty with this experiment is that it is inherently insensitive.
The spectrum shown in Fig. 13 was recovered in just under 5 days using
approximately 10 g of compound, a wide bore 8.45T magnet and a 20 mm
sideways spinning solenoidal probe. Clearly, it is a technique which has some
limitations.

3. CHEMICAL-SHIFT REFERENCES

Before a chemical shift can be determined, a satisfactory referencing method
has to be found. Three approaches have been adopted for metal nuclei:

(i) referencing to a readily available compound,
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(ii) referencing to the metal; and
(iit) referencing to a frequency based on the 'H frequency of Me,Si being
at & = 100.000 000 MHz.

Referencing to a readily available compound is unsatisfactory as metal
chemical shifts are temperature, concentration, and medium dependent. It is
therefore necessary to work with a reference in a standard state. Frequently
measurements are made at different temperatures, and it is therefore necessary
to calibrate the reference with respect to a reference with a known chemical-
shift dependence, usually 12°Xe gas. This has been done for the 'H and !3C
frequency of Me,Si.** The chosen compound normally has to be used as an
external reference. This results in the need to apply susceptibility corrections.

Referencing to the metal has the advantage that all the chemical shifts of
compounds should be positive, but suffers from the major disadvantage that
the reference signal is not accurately measured and will be subject to future
revision. As a consequence, all the measured chemical shifts will change in the
future; this is clearly unsatisfactory.

Referencing to the 'H chemical shift of Me,Si has many advantages. Firstly,
the concentration and temperature dependence of this reference is low,
typically less than 0.1 ppm over a normal working conditions. This chemical-
shift variation is negligible compared with the temperature and solvent
dependence of the metal chemical shift. Consequent upon errors in tempera-
ture and concentration measurements, chemical shifts are normally only good
to 1 ppm at best. Internal Me,Si can be observed on the same probe as the
metal nucleus using the decoupling coil. The major difficulty about this
approach is that instead of a chemical shift in ppm involving, typically, four
significant figures, a frequency involving at least six significant figures is
generated. For convenience it is easiest to choose a frequency as the metal
reference and then to quote the chemical shift in ppm with respect to this
reference frequency. This has now been accepted by most workers as the mode
to adopt when referencing !°3Rh. In most cases, these are the frequencies for
references relative to Me,Si, and these have become the de facto references.

4. CHEMICAL SHIFTS

The chemical shifts of Cinderella nuclei are believed to be dominated by the
paramagnetic term, o,,. This term is of opposite sign to the chemical shift §. The
theory has been discussed elsewhere,** and will not be examined here. The
chemical-shift range is dominated by the presence of a small energy gap
between the highest filled and lowest empty molecular orbital. This gap is
particularly small for atoms with a partially filled d-shell, as is found for 37Fe,
103Rh, 183W and 870s, where a large range of chemical shifts has been found.
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Table 5. Chemical-shift ranges observed for >"Fe,
89Y, 103Rh’ 1°7Ag, 109Ag, 183W and 18705'

Oxidation ~ Chemical shift range

Nucleus state (ppm)

S7Fe 0 849-—337
57Fe 2 11197-305
8y 3 449-— 1371
103Rh 1 2344-—- 1224
103Rh 2 7644—— 1395
103Rh 3 9931-— 1839
103Rh 5 —1573-—-1931
1097 1 1468—— 1261
183y 0 —2647-— 3630
183w 2 6760— — 4044
183wy 4 848—— 4671
183w 6 3769——-915
18705 2 — 1185-—4889
1870 8 0

The chemical-shift range for 1°”Ag and '°°Ag is small. The present chemical-
shift ranges are given in Table 5.

It has been fashionable to equate the chemical shift with the oxidation state
of the metal. This erroneous belief arose in the early days of transition-metal
NMR spectroscopy when high oxidation states were associated with hard O
and N ligands which produce high-frequency chemical shifts, and low
oxidation states were associated with soft carbon ligands which produce low-
frequency chemical shifts. The fallacy of this belief is well illustrated for '°*Rh,
where the Rh(V) shift range is from — 1573 to — 1931 ppm, the Rh(III) shift
range is from 9931 to — 1839 and the Rh(I) shift range is from 2344 to — 1224.
Clearly, there is no correlation between oxidation state and chemical shift. It is
the coordination sphere that is dominant.?® The effects of substituents on
octahedral d° transition-metal complexes have been discussed.**

Chemical shifts of metal nuclei are very temperature dependent. A selection
of the temperature dependences of nuclei is given in Table 6. The values do not
follow any pattern, but a temperature dependence of 1-2ppm "C~! is
common, It is therefore useless to quote a metal chemical shift to an accuracy
of greater than 1 ppm unless the temperature is accurately known. There are
similar solvent and concentration dependencies, so these should be stated
whenever accurate chemical shifts are required.

Secondary isotope effects have been noted for 'H/*H, '2C/'*C and
35C137Cl.  The '°3Rh chemical-shift difference between [Rh[n°-
CsMes)H;(SiEt;)] and [Rh(7°-CsMes)H,D(SiEt;)] has been determined
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Table 6. A selection of temperature coefficients for the chemical shift of *’Fe, *°*Rh,

and 183W,
Temperature
coefficient of
the chemical shift
Compound Nucleus (ppm °C™ 1) Ref.
Carbonyl myoglobin S7Fe —1.6 61
[(n°-CsHs)(n°-CsH,Bu")Fe] 57Fe +0.7 61
[Fe(bipy): 1> S7Fe +21 61
[Fe(CN)g1*~ 57Fe +23 61
Cytochrome ¢ 57Fe +3.0 61
[Rh(7’-CsH,CO,Me)(72-C,H,), 1 103Rh 0.25 62
in (CD,),CO
trans-[RhCI(CO)(PMe,Ph), ] 103Rh 0.26 63
[Rh(13-CsH,CO,Me)(5?-C,H,),] 103Rp 0.32 62
in CDCl,
[RhH(CO)(PPh;);] 103Rp 0.44 20
mer-[RhCl, (SMe,), ] 103R 1.0 17
[RhCl,(MeSCH,CH,SMe),1* 103Rp 1.0 64
[Rh(acac); ] 103Rh 1.6 36
[Rh(OH,)_,Cl,]>~" 103RYy ca2 47
[WO, 12" 183y 0.16 12
[WCI,] 183y 0.34 12
b
a
c
T T | | 103
8488 8487 8486 8485 S('*°Rh)

Fig. 14. The observed isotopic splitting of the '*Rh NMR signal of cis-
[RhCL,(OH,),] . The calculated natural abundances are [Rh**Cl,(OH,),]” =
329, [Rh33CI,¥'CI(OH,),]~ = 42%. [Rh*5Cl,*'Cl,(OH,),] =21%, [Rh¥CI’-
Cl,(OH,);]~ =4.5%, in fair agreement with the peak-height ratios obtained from the
spectrum. (Reproduced with permission from Carr.*”)
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using INEPT as — 9 ppm.*® Similarly, by analysing the ABX '*C NMR
spectrum  of  [Rh,(7°-CsMe;),(p-'*CH,)(u-CH,){u-CH,CH(CH,CH=
CH,)CH,}] a '2C/'3C secondary isotope effect of +0.36 ppm has been
determined.*® *>Cl1/37Cl isotope shift have proven useful in the assignment of
compounds in the [RhC1,(OH,)s_,1*™ compounds (see Fig. 14). An isotope
effect of — 0.3 ppm has been observed.*” These large isotope effects reflect the
sensitivity of *°*Rh chemical shifts to the environment.

4.1. ¥Fe chemical shifts

The Fe(0) complexes only cover a range of 1200 ppm. In contrast, Fe(II)
complexes fall within the range ¢ 11197 to 305. Most of the compounds
examined are organometallic derivatives, and fall relatively close to 50. Part of
the limitation arises from the fact that many of the Fe(Il) coordination
compounds are paramagnetic. The *’Fe chemical shifts are collected in
Table 7-9. :

4.2. ¥Y chemical shifts

Very few observations have been made of Y NMR signals. There have been
several reports of the use of 3°Y NMR spectroscopy to investigate the
solvation of Y3 +.#548:49 Most of the studies have involved oxygen containing
ligands, where the chemical-shift changes are small. However, when Cl™ s
used as the ligand, substantial shifts occur, but exchange broadening is a
problem.*® A number of stable complexes have been studied, which give
chemical shifts ranging from 6 449 to — 371 (see Table 10).

4.3. '“Rh chemical shifts

103Rh NMR spectroscopy has been reviewed recently.?® As extensive tables of
103Rh chemical shifts are given in the review by Mann,?® these tables are only
updated here (see Tables 11-14).

44. 'Ag and 'Ag chemical shifts

There have been relatively few observations of 1°7Agand '°°Ag NMR spectra.
When measured, 1°°Ag is strongly preferred, due to its slightly higher
sensitivity (see Table 1). The major difficulty is the limited availability of stable
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Table 7. 3"Fe chemical shifts of some Fe(II) compounds, referenced to [Fe(CO)s].

Chemical
Compound shift (ppm) Ref.
[(#°-CsH)Fe(CO),1] 305 65
[(n°-C,H;),FeH]" 460 66
[(#°-C.H,)(F,P),FeCH,CH=CH,] 594 67
[(>-CsH,XPr} PCH,CH,PPri),FeH] 596 30
[(7°-CH4)Fe(CO), ]+ 686 68
[(#*-1-syn-EtC,H,)Fe(CO),1* 785 68
[(1*-C,H ) Fe(CO),1* 79 68
[(n*-1-syn-3-syn-Me,C,H,;)Fe(CO),]1* 803 68
[(n3-1-syn-MeCsH,)Fe(CO),1™" 807 68
[(1°-CsH,)FeH(dppe)] 823 67
[(1°-CH,)FeH(dppe)] 832 69
[(73-1-syn-Me-3-anti-EtC,H3) Fe(CO), 1* 835 68
[(13-1-anti-MeC,H,)Fe(CO), 1" 837 68
[(#3-1-syn-3-anti-Me,C;H;)Fe(CO),]* 847 68
[(73-1-syn-Pri-2-MeC,H,)Fe(CO), 1% 861 68
[(1*-1-syn-3,3-Me;C, H,)Fe(CO),]* 863 68
[(n-MeC,H,)FeH(dppe)] 868 67
[(73-2-MeC, H,)Fe(CO),1* 868 68
[(n3-1-syn-2-3-anti-Me;C,H,)Fe(CO), 1" 884 68
[(1°-1,1-Me,C5H;)Fe(CO), ] * 896 68
endo-[(n°-CsH)(n>-1-syn-MeC,H,)FePF;] 906 67
[(1°-C,H,)Fe(CO), 1 926 66,68
[(#°-C4H.)Fe(CO),CH,CMe=CH,] 959 66
[(#°-C,H)Fe(CO),Br] 962 65
exo-[ (n°-CsHs)(n*-C3H)FePF,] 997 67
[(7>-1,13,3-Me,C,H)Fe(CO), 1" 998 68
[(n*-CH)Fe(n>-CsH,CH,)1* 1014 70
[(n5-C<H.)Fe(n’-C.H,CH,)* 1015 71
[(n°-1-syn-Me-CH,)Fe(CO), 1* 1018 68
[(n>-CsH,)Fe(n®-C.H,)CH, 1" : 1036 66
exo-[ (n3-CsHs)(n>-1-syn-MeC, H ) FePF;] 1039 67
[(#°-CsH,)(Pry,PCH,CH,CH, PPr}),FeH] 1089 30,67
[(n°>-C,H,)Fe(CO);1* 1125 68
[(n5-C H,)Fe(CO),]* 1128 66
[(#°-C.H.)(Pr,PCH,CH,PPr}),FeH] 1225 67
[(1°-EtCH,)(Pr, PCH,CH,PPr}), FeH] 1233 67
[(n*-C,H,)Fe(CO),I] 1235 68
[OCF (CH,), (°-C,H,),Fel, 1310 72
[CHOH(CH,),(#°-C<H,),Fe] 1311 72
[(1°-CsH;)Fe(CO),C1] 1263 65
[(n°-CsH,CH,CH,CH,C<H,-1*)Fe] 1279 73
[(n*-C.H4)(Me,P),FeH] 1309 30,67
[(#°-C,H,)Fe(n’-CsH,CHMe)]* 1315 70
[(#°-C,H,)Fe(n’-CsH,CHMe)]* 1319 71
[(n°-C,H.)Fe(n>-C<H,)CMeH]* 1341 66
[(7°-CsH.)(MePh,P),FeH] 1354 67

[(13-CH,)Fe(CO), 1] 1356 68
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Table 7. (Continued)
Chemical
Compound shift (ppm)  Ref.
[HC(CH,),(n*-CsH,), Fe]" 1377 72
[(nS-CSHS)(PrszCHZPPr'Z)zFeD] 1395 30
[(#*-CsH,)(PryPCH, PPr), FeH] 1415 30
e ces e
n--LLH,)ke 3 68
[(CH,)(CO)(CH,),(n*-CsH,),Fe] 1449 72
[(#>-CsH;)FeH {Ph,P(CH,),PPh,}] 1452 67
[(CH,)(HOCH)(CH,), (7°-CsH,),Fe] 1456 72
E%SI-{C)S?gsgn;ic)z!;‘;])FeH(PMes)] 14§(1) 67
2)a(”-CsHy), ke 14 72
[(’15'(:5Hs)Fe(ﬂs'Csl'LtCHzBr)] 1524 73
Hn:-gsgng;(]CO)sBr] 15?1; 66, 68
n-LsHsg) e 15 74
[(n°>-CsH;)Fe(n®-CsH,CH,OMe)] 1536 73
[(n*>-C5sH;)Fe(°-CsH,CH,Cl)] 1537 73
[(ﬂz'csHs)Fe('ls'CsH4CH20H)] 1537 73,75
Ezns-gsgsgF;(SIS-CSH‘tCEN)] 1537 73
n"-LsHs) ke 1538 71
[(#n*-CsH;)Fe(n*-CsH,CH,NMe,)] 1539 73,75
L{(n*-CsHs)Fe(y’-CsH,CH,)},0] 1541 73,75
n--Cshs 3b) ke 67
[(;15-C5H5)Fe(ns-C5H4Pri)] 1571 73
L(n*-CsH;)Fe(n>-CsH,Et)] 1573 73,75
[(#*>-CsHs)Fe(n3-CsH,Bu')] 1577 73
v e 608 73,75
n7-CsHyEY, be )
[(7*-CsH;s){{MeO),P},FeCH,CH(CMe=CH,) 1608 67
(CH,CMe=CH,)]
exo-[(7°-C5sH;s)(n*-1-syn-MeC; H,)Fe {P(OMe)s } ] 1622 67
[(#3-C4H,)(Pr,PCH,CH,CH,PPr}),FeH] 1659 67
[(°-C s Hg)Fe(n>-CsH,C=N) ) 1660 73,75
exo-[(n°-CsH;)(n3-2-MeC;3H,)Fe {P(OMe),; } ] 1667 67
[(n5-CsHs)Fe(n°-CsH,C=CH)] 1680 73,75
[(#*-CsH,CH,CH,COCsH,-n°)Fe] 1687 73,75
[(#*-CsHs){(MeO), P}, FeCH,CH=CH,] 1691 67
e rtcop ey =) 0 68
n~-Liis)ke 3
[(n3-CsHs)Fe(n>-CsH,Ph)] 1727 73,75
[(#3-CsH)Fe(n*-C;H,CO,CH,)] 1733 73,75
[(n°-CsHs){(MeO),P},FeCH,CMe=CH,] 1744 67
[(n*-CsHg)Fe(n°-CsH,CHPh)]* 1760 71
[(n*-CsH;)Fe(3-CsH,CHO)] 1771 73,75
[(#°-CsH;)Fe{n*-CsH,CMeO)] 1773 73,75
[(n°-CsH)Fe(®-CsH,CMeO)] 1776 66
[(#n°-CsHs)Fe{n°-1,3-CsH,(CH,OH)(CHO)}] 1806 73,75
[(7*-CsH,)Fe(CH=CH,)(dppe)] 1807 67



Table 7. (Continued)

Chemical
Compound shift (ppm) Ref.
[(#3-CsHs)Fe(n*-CsH,CPhO)] 1808 66
[(n -1ndenyl)(Pr2PCH CH,CH, PPr}),FeH] 1825 67
[(n°-CsHs)Fe(n’-CsH CME:Z)]+ 1827 71
[(n*-CsH;)Fe(n®-CH,CPhO)] 1828 73
[(nS-CSHS)FeCHJ(dppe)] 1833 67
[(115—C5HS)Fe(;15-C5H4CHI’h)]’r 1859 70
exo- [(n -C H5)(;1 -2-MeC,H,)Fe{P(OPh),(menthyl)}] 1871 67
L{( '1 -CsH )Fe(n -C H4)}3 3] 1901 66
[(r>-C HS)Fe(n -C H,‘CHC H,-4°)Mn(CO),1" 1904 70
[(#3-CsHs)Fe(n®-CsH,CHCH,-n*)Mn(CO);1* 1907 71
[(nS-C5H4COZCH3)2Fe] 1918 73,75
[(’TS'CsHS)Fe(WS'C5H4)CH('I5‘C5H4)RU(WS'CsHs)]+ 1934 70
[(n*-CsH5)Fe(n®-1,3-CsH,(CHO), } ] 1940 73,75
[(n°-CsH)Fe(n®*-CsH,CHCH,-1°)Ru(n-CsHs) * 1944 71
[(n*-CsH,CMeO), Fe] 1975 73,75
[(n*-CsH,CMe0), Fe] 1986 66
[(#*-CsH,CBu'0), Fe] 2065 73,75
[{(n*-CsHs)Fe(n*-CsH,)},CH] ™" 2230 70
[{(#*-CsHs)Fe(n>-CsH,)},CH* 2238 71
exo-[(1°-CsMes)n3-C3H)FePMe, | 2246 67
[{(n°-CsHs)Fe(n*-CsH,) },CH]* 2274 66
[(n*-MeCsH,)(Me,P),FeCH;] 2318 67
[(n*-CsH,)(Me;P),FeCH,] 2342 30,67
[(n*-CsHs)(Me,P),FeCH=CH,] 2350 67
[(#*-CsHs)(MePh,P),FeCH;] 2427 67
[(#*-MeC,H,)(MePh,P),FeCH,] 2451 67
[(n*-MeCsH,)(MePh,P),FeEt] 2487 67
[Fe(CN)s1*~ 2495 74
[Fe(CN)g1*~ 2497 66
[(n°-CsHs)(MePh,P),FeCH=CH,] 2524 67
[(n*-MeCsH,)(MePh,P),FeEt] 2542 67
[(#*-MesC,)(Me;P),FeCH,] 2679 67
[(ns—CSMes)(l,Z,S-nl*2-C5H9)FePMc3] 2896 67
[(n*-C Me;)(1-CgH 4-2-9%3-C3H)FePMe, ] 2997 67
[(n® -MeC H,){PryP(CH, )XPPr }FeEt] 2999 67
[(#°-C HS)(Me3 ), Fel] 4287 30,67
[(nS-C5H5)(MezPhP)2FeC1] 5070 30
[Fe(tetraphenylporphine)(HNCsH )] 7258 74
[Fe(tetra-p-tolylporphine)(HNCsH, )] 7341 74
Fe(protoporphyrin-IX)(CO)4-Me,NC;H,N) 8137 76
Fe(protoporphyrin-IX)(CO)(imidazole) 8145 76
Fe(protoporphyrin-1X)(CO)2-Me-imidazole) 8146 76
Fe(protoporphyrin-IX)(CO)(4-MeC;H,N) 8180 76
Fe(protoporphyrin-IX)(CO)(CsHsN) 8183 76
Fe(protoporphyrin-IX)(CO)(4-MeCOC;H N) 8204 76
Fe(protoporphyrin-IX)(CO)(4-NCC;H,N) 8209 76
Carbonylmyoglobin 8227 77
Carbonylmyoglobin 8234 61
Cytochrome ¢ 11197 78
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Table 8. 37Fe chemical shifts of some Fe(I) compounds, referenced to [Fe(CO)s ).

Chemical
Compound shift (ppm) Ref.
[(7*,7¥-C;Hg)Fe,(CO),] 228 66
[{n' ,’72 1, 2’ «(C3H;5),C4(C3Hs), } Fe, (CO) ] 480 66

Table 9. °”Fe chemical shifts of some Fe(0) compounds, referenced to [Fe(CO)s].

Chemical
Compound shift (ppm) Ref.
[(OC)(PryPCH,CH, PPt} )Fe] —337 30
[OC)(PryPCH,CH,CH,PPr;)Fe] ~102 30
L(r*-C4Hg)Fe(CO), ] =177 66
[(n*-CsHg)Fe(CO)4 ] =173 66
[(n2-PhCH=CHCHO)Fe(CO),] 9 66
[(n*-C,He)Fe(CO),4] 0 66
[(n*-C4Hg)Fe(CO)s] 4 68
[(n*-1-syn-MeC H )Fe(CO), ] 33 68
[(7*-2-MeC,H)Fe(CO); ] 37 68
[(y*-1-syn-2-Me,C,H,)Fe(CO),;] 51 68
[(7*1-syn-3-Me,C, H,)Fe(CO), ] 65 68
[(7*-2,3-Me,C, H,)Fe(CO), ] 69 68
[(#*-C;H,0)Fe(CO);] 86 66
[(#*-1-syn-Me-4-syn-MeC ,H,)Fe(CO);] 86 68
[(y*-1-anti-MeC,H)Fe(CO),] 105 68
[(7*-1-anti-2-Me,C,H )Fe(CO), ] 130 68
[(n*-1-syn-Me-4-anti-MeC ,H,)Fe(CO)4] 165 68
[(7*-1,3-CgH ,,)Fe(CO)s] 169 66
[(7*-C,Hg)Fe(CO)s] 170 66
[(n*-1,1-Me,C,H,)Fe(CO),] 179 68
[(7%-1.1,3-Me,C,H;)Fe(CO),] 216 68
[Fe(CO),(PMe,),(CS,)] 220 40
[(n*-C,H,O)Fe(CO);] 274 68
[(n*-1-syn-2-Me,C,H,0)Fe(CO), ] 277 68
[(11“-l—syn-MeC4H3O)Fc(CO)3] 279 68
[(7*-2-MeC, H, O)Fe(CO), ] 279 68
[{1*-CeHy(=CH,);} Fe(CO); ] 293 66
[(7*-CsH )Fe(CO)3] 301 66
[{#*-1-Me-4-(EtO,C)C,H, } Fe(CO); ] 312 68
[(n*-3-EtC,H,0)Fe(CO), ] 318 68
[(*-3-MeC,H,O)Fe(CO)] 325 68
[(7*-1-syn-MeC(O)C,H4)Fe(CO),] 335 68
[(*-1-syn-3-Me,C,H,0)Fe(CO);] 335 68
[(n*-2,3-Me,C,H,0)Fe(CO), ] 349 68
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Table 9. (Continued)

Chemical
Compound shift (ppm) Ref.
[7*-1-syn-Me-4-syn-NCCH=CHC  H ) Fe(CO), ] 359 68
[{#*-1-anti-MeC(O)CH, }Fe(CO), ] 359 68
[{n*-1-syn-Me-4-syn-(MeCO),C=CHC, H, } Fe(CO), ] 374 68
[{#*-1-syn-Me-4-syn-HC(O)C ,H} Fe(CO), ] 378 68
[(*-1,5-CsH ,,)Fe(CO), ] 380 66
[(n*-norbornadiene)Fe(CO), ] 382 66
[(7*-C,H,),Fe(CO)] ‘ 412 66
[(#*-C,H,)(OC)(Pr,PCH,CH,PPri)Fe] 502 30
[(7%-1-syn-PhC,H ;0)Fe(CO), ] 504 68
[(#*-1-syn-NC-4-syn-MeCH=CHC, H ) Fe(CO),] 527 68
[(#*-1-syn-Ph-3-MeC,H,0)Fe(CO),] 559 68
[(7*-PhCH=CHCMe=0)Fe(CO)5] 562 66
[{7*-1-syn-Me-4-syn-(NC),C=CHC,H}Fe(CO),] 589 68
[(*-CsH,=CPh,)Fe(CO),] 589 66
[(7*-1-syn-3-Ph,C,H,0)Fe(CO), ] 688 68
[(7*-CHe(OC)(Pr, PCH,CH, PPrb)Fe] 838 30
[(n*-tropone)Fe(CO), ] 849 66

Table 10. 2°Y Chemical shifts of some Y(II1) compounds, referenced to [Y(OH )¢]3 .

Chemical
Compound shift (ppm) Ref.
[(#°-CsH,Me), Y(THF)] —371 79
[(7°-CsMes),Y(u-C1),K(THF),] —324 79
[(n*-CsH Me),YCI(THF)] —103 79
[(n*-CsH,Me),YCl], —-97 79
[(n>-CsH,Me),Y(u-HYTHF)], —92 79
[(#°-CsH,Me),Y(u-C=CBu')], —74 79
[(1>-CsHs), Y(u-H)}51" —67 79
[(n>-CsH Me),Y(u-CH,)], —15 79
[(#*-CsH, Me),Y(CH,)(THF)] 40 79

[YCI{N(SiMe,CH,PMe,),},] 449 80
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Table 11. '°3Rh chemical shifts for some Rh(IIT) complexes not included in an earlier
review,2® referenced to E 3.16 MHz.

Chemical
Compound shift (ppm) Ref.
[MeC(CH,AsPh,);RhH,{Au(AsPh;)},]** 96 51
[RhEtCI{C,H,(CH,NMe,),-2,6}] 3163 82
[RhMeCl{C,H(CH,;NMe,),-2,6}] 3165 82
[RhMel{CsH4(CH,NMe,),-2,6}] 3179 82
[RhEtI{CsH3(CH,NMe,),-2,6}] 3201 82

Table 12. !°3Rh chemical shifts for some Rh(II) complexes not included in an earlier
review,2® referenced to = 3.16 MHz.

Chemical
Compound shift (ppm)  Ref.
[Rh,(4-MeC,H,NCHNC H ,Me-4);(NO,)(PPh;)] 3007 83
[Rh,(4-MeCH,NCHNC H ,Me-4),(0O,CCF,),(PPh,)] 3394 84
[Rh,(4-MeCH,NCHNC H, Me-4),(NO,;)}(NC,H,)] 4332 83
[Rh,(4-MeCH,NCHNC H ,Me-4);(NO,;}(NCsH;)] 6060 83
[Rh,(4-MeCH,NCHNC H ,Me-4);(NO,)(PPh,)] 6472 83
[Rh,4-MeC H,NCHNC H ,Me-4),(O,CCF;),(PPh,)] 7086 84

Table 13. '°*Rh chemical shifts for some Rh(I) complexes not included in an earlier
review,2° referenced to = 3.16 MHz.

Chemical
Compound shift (ppm) Ref.
[Rh{Ph,P(CH,),AsPh,},]* — 12247 85
[Rh{Ph,P(CH,),AsPh,},]* —1199° 85
[Rh{Ph,P(CH,),PPh,} {Ph,P(CH,),AsPh,}]* 1187 85
[Rh{Ph,P(CH,),PPh,},]" — 1167 85
[(°-CsH 5 Rh(u-CO)(u-Ph,PCH,N)Rh(CO)CI] — 1119 86
[(*-norbornadiene)Rh{ Ph, P(CH,),PPh,}]* -390 85
[(n*-norbornadiene)Rh{Ph,P(CH,),PPh,}]* — 264 85
[(#n*-norbornadiene)Rh{Ph,P(CH,),PPh,}]* -210 85
[(7°-CsH)Rh(n*-MeNBEICE{CMeSiMe,)] —1m 87
[(7°-CsH5)Rh(u-CO)(st-Ph, PC H,N)Rh(CO)CI] 47 86
L |
[(acac)Rh(n*-MeNBEtCEtCMeSiMe,)] 2344 87

2cis and trans isomers.
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Table 14. '°3Rh chemical shifts for some Rh cluster complexes not
included in an earlier review,?° referenced to E 3.16 MHz.

Chemical
Compound shift (ppm) Ref.
[Rhy(CO), 517~ — 498 88
[Rhy(CO), s(CN)]~ — 481 88
[Rhy(CO), s(CN)]~ — 462 88
[Rhy(CO), 5(SCN)]~ — 460 88
[Rhy(CO), 5(CN)]~ —430 88
[Rh(CO), ,{P(OPh),},] ~418 88
[Rhe(CO), 517~ — 417 88
[Rh(CO), 11~ — 405 88
[Rhy(CO), s(SCN)]~ —403 88
[Rhg(CO), o(dppm);] =371 88
[Rhg(CO), s(SCN)]~ — 358 88
[Rh(CO),,{P(OPh);},] —296 88
[Rhg(CO) lo(dppm)3] —152 88
[Rh(CO), 1]~ — 104 88
[Rhy(CO), s(CN)]~ —102 88
[Rhy(CO), s(SCN)]~ 148 88

compounds. Most complexes of silver are very labile, and it is difficult to know
what is present in solution. This provides a challenge to use °°Ag NMR
spectroscopy to investigate solution equilibria, and to characterize the labile
compounds, but this challenge has still to be taken. The presence of rapid
exchange generally prevents the use of any of the INEPT/DEPT based pulse
sequences to enhance the sensitivity. The limited reports of 1°°Ag chemical
shifts are listed in Table 15.

4.5. 3W chemical shifts

Extensive attention has been paid to '®3W NMR spectroscopy of the
polytungstates, driven by commercial interest in these compounds. As it is
possible to use COSY and INADEQUATE to observe !83W-183W
coupling, the assignment of the signals can be securely based. Table 16
contains extensive data for these compounds. The lower oxidation states of
tungsten have received less attention, despite the relative ease with which a
spectrum can be obtained. The available data are gathered together in
Tables 16-22.
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Table 15. *°°Ag chemical shifts of some Ag(I) compounds, referenced of [Ag,.]*.

Chemical
shift

Compound (ppm) Ref.
[Ag,Ruy(uz-H),(u-Ph,AsCH,AsPh,)(CO),,] -391° 89
[AgRu,(u3-H)3(CO),»(PPh;) ] —250° 29
[Ag,Ru,(us-H),{Ph,P(CH,),PPh,}(CO},,] —181° 89,97,99
[AgzRuy{p3-H),(dppm)(CO),,] —153° 89,97,99
[Ag;Ruy(p3-H),(dppe)(CO), , ] —135° 89,97,99
[Ag{N(CH,CH,0H),},]* 232 31,98
[Ag{NH(CH,CH,0H),},]1" 306 31,98
[Ag,(NO,),{P(OPh)} ] 409 90
[Ag{NH,(CH,CH,0H) },]* . 505 98
[{2,6-(Me,NCH,),C H;}{4-toINCHNPr')PtAgBr}* 524 91
[{2,6-(Me,NCH,),CcH} (4-toINCHNtol-4)PtAgBr] 534 91
[{2,6-(Me,NCH,),C¢H;} (4-toINCHNEt)PtAgBrJ* 539 91
[{2,6-(Me,NCH,),C,H,}(4-toINCHNMe)PtAgBr]® 544 91
[{2,6-(Me,NCH,),CsH;} (4-toINCHNMe)PtAgBr]” 547 91
[{2,6-(Me,NCH,),C,H;}(4-toINCHNEt)PtAgBr]}* 552 91
[{2,6-(Me,NCH,),C¢H;}(4-to]NCHNPr')PtAgBr]* 557 91
[1,2-(2-pyridylICH=N),C¢H,,},Ag,]1*"* 580 92
[1,2-{2-thiophenylCH=N),CH,,},Ag]" 582 93
[1,2-{2-5-Me-thiophenylCH=N),C.H o },Ag]* 583 93
[Ag{(S)(6-Me-2-C H;N)CH=CHPhMe},]** 612 94
[AgBr, 3" 623 31,98
[Ag{(S)(6-Me-2-C,H;N)CH=CHPhMe},]** 636 94
{1,2-{(2-5-Me-thiophenylCH=N),C¢H,, }, Ag]" 659 95
[1,2-}(2-thiophenleH:N)2C6H10}2Ag] * 678 95
[Agl,)?~ 739 31,98
[Ag(5,0,),1%" 826 31,98
[Ag(SCN),]*" 951 31,98
[Ag(CNY), 33~ 1224 98
[Ag(dppe),]* 1378 96
[Ag(cis-Ph,PCH=CHPPh,),]" 1413 96
[Ag(Et,PCH,CH,PPh,),]* 1432 96
[Ag(Ph,PCH,CH,CH,PPh,),]"* 1468 96

2Two isomers.
bRelative to [Ag{P(OEt);}4]".
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Table 16. '83W chemical shifts of some W(VI) compounds, referenced to 2m Na,WQO,.

Chemical shift®

Compound (ppm) Ref.
[(WF] —1121 12
[WF(OMe)] —1069 21
cis-[WF,(OMe), ] —950 21
[WFs(OPh)] —920 21
[Co"W,,0,01°" —-915 53
cis\[WF,(OPh),] —853 21
[W,0;(0,)4(OH,), 1%~ —699 100
mer-[WF;(OMe); ] — 646 21
trans-[WF,0S(OMe), ] —581 271
trans-[WF ,OPMe(OMe), ] —577 271
trans-[WF ,0(OMe,)] —544 21
cis-[WF,(OMe),] —506 21
[WF,0]" —505 21
[(WF,0),F]~ —493 21
[P, W1506,1°” —299 (6) 55
[{(n>-C5sHy) Fe(CO )28n}, W o PO5. 13~ —296.7 (1) 101
[P3W180 6] —282.6(12) 102
WO, —281 103
a-[(D,0),CoSiW,,0,;,1°~ —280.2 (1) 52
B-[(D,0), Zn4P W;300,,21" —272.6 104
[P3W,5066]°~ —2704 (12) 102
B-[(D,0),Zn, P, W300112] —269.0 104
B-[(D,0),Zn,P, w300112] —266.8 104
o[(D, 0)2C0PW11039] —256.0 (1) 52
#,-[P,W;VOq,]’ —244.8 (2) 105
a-[(D, O)ZZn4PzW300112] " —2447 (4) 104
[P4(H,0),Zn,W;,0,,,1'°" —244.7 (4) 106
B-[(D;0),Zn,P,W;,0,,,]'° —243.6 104
«-[(D,0),Zn,P, w300112] - —2434 (4) 104
[P4(H;0),Zn,W;,0,,,]1'°" —2434 (4) 106
%,-[(D;0),ZnP,W,,04,1°~ —242.7(2) 52
B-[(D,0),Zn,P, w300112] —242.7 104
%,-[P,W,04,1"° —2423(2) 105
%-[(D,0),Zn,P,W;,0,,]'®" —238.2 (4) 104
[P4(H,0),Zn,W,,0,,,]'%" —2382 (4) 106
a-[P,Mo3W,;50,,1°" —238 (6) 55
B-{(D;0),Zn,P,W;,0,,,]'®" —237.3 104
B-[(D,0),Zn,P,W,;,0, 12]16_ —236.9 104
#,-[(D,0),CoP, wl7061] —230.5(2) 52
a,-[(D,0),NiP, W17061] h —230.5 (2) 52
%-[P,Mo3W,50,,]° —226 (6) 55
[P2W21071(OH2)3]6‘ —2259 (3) 107
[(0 W)3(WoPO ), He ] —225.6 (2) 108

a;-[(D;,0),ZnP, w17061] B —2255(1) 52

az -[P,W,;VO,,1"" —2254(2) 105
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Table 16. (Continued)
Chemical shift®

Compound (ppm) Ref.
w,-[P,W, ;04,110 —2250(2) 105
a-[(DZO)zNiSiWI 1036187 —2245(1) 52
ay-[P,W,,04,7'°" —222.7(2) 105
a-[(D,0), CoSlW11039] - —2222(2) 52
o,-[P, W”VO 237" —2216(2) 105
a,-[P,W,,VO4,1"" —220.0 (2) 105
[(115-C5H4C6 o) TiP,W,,0,17" —219.1 (2) 109
[(#°-CsH,C4H,) TiP,W,,0,,]7 " —219.1 (2) 110
[(n3-CsH,CsH, ,CHO)TiP,W,,04,]" —219.0(2) 110
a,-[P,W ;04,1 —2189(2) 105
[{n*>-CsH,(CH,);0C,H,CHO-4} TiP,W .04, " —218.8(2) 110
[{(°-CsH,)Fe( CO)ZSn}Z 10PO3s]1°~ —218.7(2) 111
[HeP W480184] —216.6 (16) 112
[(n*-CsH)TiP,W,,0,17" —2159 (2) 109
[(175-C5H5)TiP2W1706,]7* —2159 (2) 110
az [D,0),ZnP W,7061]8_ —214.8 (6) 52

LD, O)ZZnPZW”OGl] —214.6 (1) 52
[P W, sNb,0,1°" —~210.8 (6) 113
a,-[(D,0),ZnP,W,,04,1%" —210.3 (1) 52
[{(115—C5H5)Fe(CO)ZSn}2W10P038]5‘ —209.0 (2) 111
[Zn,(0,W)(W,PO,,),]1"? —208.8 (2) 108

o,-[(D, O)zznP W,,0¢,1%" —208.6 (2) 52
[P3W18066] —205.3 (6) 102
[HgPsW,50,541%2 —204.4 (16) 112
[HgPeW 50,5413 —203.7 (16) 112
O[‘Il) [\(;\11)2%) Z]nP W17061] - —22(()):;72(1) (5)5

18 —203.2 (6) 1

[HOTiP,W,,O¢,1" - —202.6 (2) 110
“z'[(D20)2C0P2W17061]87 -202 (3) 52
,-[(D;0),NiP,W,04,1%~ —202(3) 52
«,-[D,0),ZnP, W ,0,1%" —200.1 (1) 52
%,-[(D;0),CoP, W ;04,1 " —200 (3) 52
%,-[(D;0),NiP,W,,04,1" —200 (3) 52
[{n’-CsH,4(CH,);0OCH,CHO-4} TiP,W ;04,1 —-197.2 (2) 110
[(#°-CsH,C H,)TiP,W,,04,17 —197.0 (2) 109
[(#°-CsH,C¢Hg) TiP,W ;04,17 —197.0 (2) 110
a-[D,0),NiPW,,0,4]° —197.0 (1) 52
[(#*-CsH,CsH,,CHO)TiP,W ;0,17 —196.7 (2) 110
oGt tor il it

- 4CeHy)Ti 1761 — 170
[(11 C H4C6H9)T1P W”OGI] - —196.1 (2) 110
[(O W),(W4PO,,),]14 —1959 (2) 108
[(#°-CsH,CsH, ,CHO)TiP,W,,04,1" — 1958 (2) 110
TS C5H5)TiP2W,7061]7" —1954(2) 109

(Continued)
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Table 16. (Continued)

Chemical shift®

Compound (ppm) Ref.
[(n*-CsH,)TiP,W ;06,17 — 1954 (2) 110
[(n3-CsH,)TiP,W,,04,17 " —194.3 (2) 109
[(n*>-CsH,)TiP,W ;04,17 —194.3 (2) 110
[Zn,(O,W)(W,PO,,), 112 —194.1 (1) 108
o;-[(D,0),ZnP, W ,0,, 1% —193.3 (1) 52
[(n*-CsH,CeHg) TiP,W,,04,17" —192.6 (2) 109
[(#n3-CsH,CeHy) TiP,W,,0(, 17~ —192.6 (2) 110
a-[(D20)1C0PW1 10301 —1924 (2) 52
oo ony -0 Tt 109
n - 1Py Wi7Us61 — 15
[(#n*>-CsH4)TiP,W,,04,17 " —191.9 (2) 110
[{n® -C H4(CH );0C¢H,CHO-4} TiP,W ,,04,]1" —191.9 (2) 110
B-[P2 13062] - —191.2 (6) 114
lg E W 62% B - }gig (6) 105
W50, — 1oL 113
[HOTlP W 06,17~ —190.7 (2) 110
[HOTiP,W,,04,1" " —189.8 (2) 110
[Si,W,4Zr O, H, " —189 (6) 115
B-[(D,0),Zn,P, W300112] —186.8 104
a,-[(D,0),ZnP, W, ,0,,1%~ —186.7 (2) 52
[P,W,506,1¢" —186.6 (6) 116
o-[P,W,506,1°~ —186.5 (6) 102
[HOTiP,W ;04,17 — 1858 (2) 110
[(#°-CsMes)RhP, W, Nb,O,,]" " —185.2 (6) 113
o-[(D,0),Zn,P,W,,0,,,]'¢" —185.0 (4) 104
[P.(H, O)ZZn4W300112]16_ —185.0 (4) 106
B-[(D,0),Zn,P, W3OO“2] —184.5 104
oy- [P W,,VO,,17~ —184.4 (1) 105
[(#®-C¢Hg)RUuP,W,sNb,O¢,17~ —183.0 (6) 113
a-[(D,0),ZnSiW | ,0,41° — 1829 (2) 52
B-[(D,0),Zn,P,W,,0,,,]'¢" —182.7 104
o,-[P,W,VO,,]" —182.5(2) 105
[HSiW, ;0,417 —181.5 117
[(#°-CsH,CeHg) TiP,W,,04,17 —180.9 (2) 109
[(n°-CsH,C¢Hg) TiP,W,,04,17 " —1809 (2) 110
R U Tiole i
%[5 W 15sMO3U¢, — Lol
[(7n*-CsH,)TiP,W,,0¢,17 " v —180.1 (2) 109
[(7*-CsH,)TiP,W,,04,17" —180.1 (2) 110
a-[(D,0),Z0,P,W;,0,,,]'¢" —180.0 (4) 104
[P.(H, O)ZZn4W3OO“2] 16~ —180.0 (4) 106
a-[P,Mo,W,.0,1°~ —180 (6) 55
,-[(D,0),ZnP,W ;04,18 —180 (1) 52
a-[P2W12M06062]6_ —179.9 (4) 114
B-[(D,0),Zn,P,W;,0,,,1'¢" —179.8 104
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Table 16. (Continued)

Chemical shift?

Compound (ppm) Ref.
- [P,W,,04,1°" —179.6 (1) 105
[{#%-CsH,(CH,);0C4H,CHO-4} TiP,W,,0¢,]7 " —179.4 (2) 110
2-[P,W,sM0,0,,]°~ —179.3 (6) 114
cE;’EIP(,_)Mc:)I%WISOGZ]G‘ - 172 gs) ) 55

20241%" —1789 (2 118
B-[(D,0),Zn,P,W,0, 12) re- —1789 104
“éj%ng)zzi;r[Pzw17061] - };Z; (;) 18?
Es;w:iozﬂs‘ 1761 52; 119
[SiW11039]3‘ —~176 102
[(7°-CsH)TiP,W,,04,1"" —1759 (2) 109
[(n*-CsH )TIP2W17O61] —1759 (2) 110
oc2 -[P, w”om] —175.8 (2) 105

g(D 20),Z0P,W,,04,1%" . —175.7 (1) 52
[(n -CsH,CsH, (CHO)TiP,W,,06,] —1754 (2) 110
[HOT1P2W,7O61] —1754 (2) 110
[(#n°-CsH,C(Ho) TiP,W,,04,]7 " —174.7 (2) 109
[(n>-CsH,C,H )TIPZW 06,17 —1747(2) 110
[P,W,Nb,O,,1°" —174.3 (6) 113

2,-[(D;0),ZnP, W1,06,1%" —174.2 (1) 52
oc-[P W,506,1° —173.8 (12) 114
a-[P,W,304,1°~ —173.8 (12) 105
[z;z\(‘(/) \g)(\]zv oPO,,),1'2" —1733 (4) 108
P, W, —173 (12) 55
[{nP %H‘gCHGZ)_3OC6H4CHO-4}TiPZW”OGl]” - m} (g) 1 12
g:EpiwizoZﬁﬁ- 1711 }6; i04
B-[P,W,530,,]°" —171.0 113
a-[PZWIBOGZ]G‘ —170.1 120
a-[Pzwwom] - —170.0 113
[{(n°-CsH,)Fe( CO)ZSn} W,sP,06:1° —~169.7 (12) 101
[HOT1P2W 206,17 —169.7 (2) 110
[(n>-CsH,CeHo)TiP, W, ;04,17 —169.7 (1) 109
[(115-C5H4C6H9)T1P2W17061]7 —169.7 (1) 110
[(#3-C,H,C.H,,CHO)TiP,W,,04,17" —169.0 (1) 110
[{n;-\lcsg4(§ﬁliz)30C6H4CH0-4} TiP,W,;04,]1"~ - }22.71(1) 110

2Wi150621° —168 (12) 102
“lg[‘gl)zg)zzg?zwmosl]s B - 127.6 (1 52
[ 25-CwH“T]'P W,.0.,]"" :}6;'3 (? 109
[(n>-CsHy) 2 Wis 61] (1) 109
[(?;%Hsc))mjéw”om]V* —}ggg (é) 110
a-[P,W,506,1°" - .8 (6) 102
2-[P,W,,M0,0¢,16" —166.6 (4) 114
Zn, (0, W)(W,PO,,),]*2~ —166.3 (8) 108

(Continued)
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Table 16. (Continued)

Chemical shift?

Compound (ppm) Ref.
a-[(D, O)ZZn51W11039] - —166.3 (2) 104
7-[As, W 506,1° —166.0 (12) 114
B-[D,0),Zn,P,W,,0,,,]'¢ —162.3 104
a-[(D,0),Zn,P,W;,0,,,)'® —162.0 (4) 104
[P4(H,0),Zn,W 300112]167 —162.0 (4) 106
a-[(D, O)ZZn4P2W3oO“2]”’7 —160.5 (4) 104
[[\f;;(l-é O%ZZH‘;WNOHZ] e~ —160.5 (4) 106
10032 — 160 (8) 102
B-[(D,0),Zn,P,W;,0,,]'° —159.8 104
[(OzW)z(ng’Ou)z]l“ —159.6 (4) 108
ay-[P,W,;,04,1'°" —159.6 (2) 105
[(O,W),(WsPO5,), ] s —159.2(4) 108
[HOTiP,W ;0,17 —1579 (1) 110
a,-[(D,0),ZnP,W,706,1°" —157.7(1) 52
B-[(D,0) Zn4P W;00,,21'0" —1574 104
a-[(D,0),ZnPW ,0,,]°~ —157.1 (2) 52
[PZaW,, 0,1~ —157.1 (2) 108
[(PhPO,), W0, ]*" — 1559 121
[HSiW 05617~ —155.2 117
[BVW,,0,,]¢" —154.8 (2) 119
[H, W, gF¢Os561% —154 (12) 102
H)(%VW)O(“:’]QPOM) He]*~ —153.6 (1) 108
11030 —1535(2 105
[(116 C6H6)RuP2W15Nb3O62]7_ —1529 (6; 113
[(#*-CsMes)RhP, W, Nb, 062] - —152.6 (6) 113
B-[(D,0), Zn4P2W3OO“2] —152.6 104
[PW,,0;,77 — 1524 (2) 122
Eg\yZbO7i7OHz)3]“ —152.3(3) 107
11030]"7 —1522(2) 119
a;-[(D,0),ZnP,W ;04,18 —151.9 (1) 52
[(#*-CsMes)RhSIWNb,;O,,]° —151.1 (1) 123
2-[(D;0),Zn P, W3,0,;,]'°" —1504 (2) 104
[P4(H,0),Zn,W3,0,,,]'" —1504 (2) 106
B-[(D,0),Zn,P,W;,0,,,]1'¢" —1504 104
a-[P;Mo3W506,1°~ —149 (3) 55
[P,W,sNbsO,]°~ —148.0 (3) 113
[{(#°-CsHs)Fe(CO),Sn}, W PO;35]1°~ —146.6 (2) 111
a-[(D,0),ZnSiW,,03,]° —146.4 (2) 52
[PPbW,,055]° —146.3 (2) {19
[(#*-CsMes)RhSiW Nb; 0,1~ —1463 (2) 123
«,-[(D,0),ZnP,W ;04,18 —146.1 (1) 52
[{(#>-CsH;)Fe(CO),Sn}, W ,PO35]° —146.0 (1) 101
a,-[(D,0),CoP,W,,0¢,1%" —146.0 (4) 52
%,-[(D,0),NiP, W ;,0¢,]°~ —146 (4) 52
a-[As, W ,506,1° —145.3 (12) 114
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Table 16. (Continued)
Chemical shift*
Compound (ppm) Ref.
[BVW,,0,015" —144.5 (2) 119
[SiW, 0,515 —1432(2) 119
[SiW, 0,018 —143.2 (2) 105
[Ti,W,oPO,0]7" —1430 (2 11
[SiW,,055]%" —143 102
[BVW,,0,,1°~ —1428 (2) 119
[Si,W,sNbsO,,38~ —142.6 (12) 123
a-1,2-[SIV,W ;05,16 —1425 (1) 119
[SiV,W,0,01° —142.5 102
[(O;W),(WoPO4,),1'" —1424 (4) 108
a,-[P,W,,VOq,]" —142.08 (2) 105
a,-[(D,0),CoP,W,,0,,13" —142 (4) 52
®p- [(D20)2N1P2 170611%~ —142 (4) 52
[H,W,,0,,1*° —1414 (4) 124
ay-[P,W,,06,1'°" —140.8 (2) 105
[BVW“O40]6‘ —140.7 (1) 119
a-[(D,0),ZnPW,,05,]°~ —1404 (2) 52
[PZaW,,0,,1"" —1404 (2) 108
[Si,W,¢Zr,0,,H,]" ** —140 (12) 115
a-[(D,0),ZnSiW,,0,,]1¢~ —1399 (1) 52
[H,W,sF¢Oss]% —139.5 (6) 102
az-[(DZO)ZZnPZW”OGl]s‘ —138.7 (2) 52
[{(n*-CsH )Fe(CO)ZSn}2 10P031° " —136.8 (2) 101
a-1,2,3- [SIV W10039] —136.7 (3) 119
[SiVsW40,0]7 " —136.7 102
[(D;0),Zn,P, W, 30.,]'° —135.6 (4) 125
[(D,0),Zn,P,W,50¢]'° —1349 4) 104
[{(n’-CsH,)Fe(CO) Sn}2 10PO351%" —1345(2) 101
[(D, O)ZZn4P W,5065]° —134.2 (4) 126
o-[P, W15M03062]6‘ —134.1 (3) 114
a-[P,Mo,;W,504,]%~ —134 (3) 55
a-[(D, O)2N1$1W 103016 —1339 (2) 52
[PW,,05,]"" —133.6 (2) 105
[PW 105017 —1324 (2) 119
[(73-CsH,)TiSiWoV,0,014 —1322(2) 127
B- [(D20)22n4P :W30011,1"° —1317 104
[BW,,0,0H.1° —131.6 (6) 128
[P, W21071(0H2)3]5‘ —131.2(3) 107
,3-[1>2w18 621®” —131.1 (3) 114
B-[P 2 18 62] ) —131.1(3) 105
B[P, —131.0 113
[B2W12040]5 —130.8 105
B-[H,W,,0,,1°" —130.6 (3) 102
a-[(D,0),ZnPW,,0541°" —130.6 (2) 52

(Continued)
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Table 16. (Continued)

Chemical shift®

Compound (ppm) Ref.
[PZnW,,0,,])"" —~ 1306 (2) 108
[(D,0),Zn,P,W,;0¢5]1°" —130.5 (4) 125
w0l Thoa s
1240 - .
[BW,,0,,1°" —1304 102
a-[P,W,,M0.0¢,]°~ —~130.3 (4) 114
[(O W), (W,PO,,),H ] —130.3 (4) 108
[(7*-CsH,CeH)TiP, W, ,04,]7 —1302 (2) 109
[(n*-CoH,CLH)TiP.W,. O]~ —1302 (2) 110
a-1,23-[PV W ,,0,01°~ —130.1 (3) 119
e S o A Y o ¥ S
a-1{D5V), L0 W, U39 — 150
[PZaW,,0,,]"" —130.1 (1) 108
om0 e
1240 -
[(nsiCSH“CSILEIPCHO)TiPZWI7061]7‘ —129.9 (2) 110
g-Eglw,zom] —129.8 (3) 102
iW,,0,014 —129.8 (3) 130
Ew rage 2 Tiw7) 102
,F —1297 (3
[(D,0),Zn,P,W,301'%" —129.6 (4) 104
[(#°-CsH)TiP,W,,04,17" —129.5(2) 109
[(n>-CsH4)TiP,W ;04,17 —129.5(2) 110
[(7°-CsH,) TiSiW, V40,01 —1293(2) 127
[(OsW)5(WoPO3,),He]* ™ —1292 (4) 108
[(DZO)ZZn4As2W,8068]1°‘ —129.0 (4) 125
[(n°-CsMeg)RhP,W, sNb,Og,]7" —128.9 (3) 113
oW oyt Toes g
1240 - .
[SiW,,05618" —1285 102
[(D,0),Zn,P,W, 051"~ —1284 (4) 126
L e 1eNeaOel ™ Tiosil i
L2 W 18U62 —128.1 (6)
-[P,W,50¢,1° — .
SV, ot b0y 19
[SiVW,,0401°" —1280 102
[SiW,,0;,]°" —1279 (2) 119
Siw 8- —127.
TP 0, 710" Time 108
b oo S0P Ol Sora) e
2 1862 - .
i e
&= 18Ys2 — L2/
[HOTiP,W,,0.,1"" —1272(2) 110
[Ti,W,,PO,,1"" —127.0 (2) 111
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Table 16. (Continued)
Chemical shift®
Compound (ppm) Ref.
a-[PyW,504,]° —~127 (6) 55
[BVW,,0,,1%" —126.4 (2) 119
[(D,0),Zn,As, W, ;0410 —126.1 (4) 125
[Ti,W, PO~ —125.5(2) 111
a-[P,W,506,1°” —125.0 113
[Fe"W,,0,,1°" —125 53
[P,W,,0,,(OH,);1¢" —124.7 (3) 107
a-{P,W,504,1° —124.2 120
[(OsW)3(WsPO3,),He]* —1239 (2 108
[(#*-CsH,CsH,,CO,H)TiPW,,05,]*" —123.8 (4) 110
[(7>-CsH,C H) TIPW,, 0,514 —123.8(2) 110
[(#°-CsH,CsH, (CHO)TiPW,, 04,14~ —123.8 (1) 110
[(#n>-CsH,C,H,,OH)TiPW, ,05,]%~ —123.6 (4) 110
[(7*-(CsH,CeH |, NH)TIPW 05,14~ —1234 (4) 110
[{(n*>-CsHs)Fe(CO),Sn}, W, ,PO41°~ —1234 (2) 101
[(115~C5H4C5H10CHO)TiPW11039]4’ — 1234 (2) 110
[(n°-CsH,C4Hq )TiPW“O39] - —123.4(2) 110
oy- [(Dzo)ZZnP W,,0,18 —123.0 (1) 52
[Pzwlsoez] —123 (6) 102
[PW,,0;]"" —122.9 (1) 105
al,2-[SiV,W,;0341°~ —122.7 (2) 119
[SiV,W,00401%" —122.7 102
[SiW9Nb3O40]"’ —122.1 (3) 123
a-[As, W, 04,16 —121.9 (6) 114
-[(D O)ZZn4P W30, 51" —121.8 104
[PW,,0,,]’ —1214 (1) 119
[SIW”O39] - —121.3 (1) 119
(SiW, ;0,518 —121.3(1) 105
[SiVW,,0,,1°" —121.0 (2) 119
[SiVW,,0,,1°" —-121.0 102
[SiW,,054]8 —121 102
B-[H,W,,0,01°" —120.6 (6) 102
a-[(D,0),NiPW,;0;,1°~ —120.6 (2) 52
[HSiW, 05617 —120.5 117
[D,W,,0,01°" —120.0 105
1A-[PV,W, 0,01~ —119.3(2) 131
[{(#°-CsH5)Fe(CO),Sn},W,,PO5¢1°~ —119.0 (2) 101
[PTiW,,03,]°" —118.0 (2) 119
[(D,0),Zn,P,W,50511°" —117.8 (4) 125
[CITiPW,,05,]*" —117.4 (2) 132
a,-[{D,0),ZnP, W, ;04,18 —1174 (1) 52
[(°-CsH,CeH, (NH)TIPW, 03,]* —116.8 (2) 132
w-1,2-[PV,W,0;51°" —116.7 (2) 119
[(#°*-CsH,C,H,CH=CHCH=CH,)TiPW,0,,]*" —116.6 (2) 132

(Continued)
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Table 16. (Continued)

Chemical shift?

Compound (ppm) Ref.
[(D,0),Zn,P,W,,0]""" . —116.5 (4) 104
[{#5-CsH,CH,,CH(OMe), | TiPW,,0,,] —116.3 (2) 132
[(1°-C.H,C.H,,OR)TiPW,,0,,]*" 1163 (2) 132
[(71°-C-H,C.H,,CO,Bu)TiPW,,05,]*" ~1162(2) 132
[SiW“Ow]Z’ —Hg} (%) }(1)2
Siw ;0 - —116.
WL One- The Y
0-[(D,0),ZnSiW, 04,16 —115.1 (2) 52
[H,W,,0,0Hs16" —115.0 (6) 128
e pope O™ T 118 102
12 39 - ‘
-[SiW,,0,,]*" —114.7 (6 102
siw: 01 Thire 1%
Gl Tuar
1139 — 14
SiVW,,0,,]°~ —114.6 (2 119
Esivwi 1022%5* 1146 8 119
[SiVW,,0,01°" —114.6 102
[H,W,,0,,]'°" 1145 (2) 118
[PW,;035]"" —1143 (1) 122
w20 T
11~40 - .
Egsgy\cls%cigl(]COZH)TiPWl 1050]* —113.0(2) 110
2W12040]°7 —113.0 105
[HSIV,W,0,,1° 1129 (2) 133
[(7>-CiH,C H,,OH)TiPW, ,03,]*" 1128 (2) 110
[(75-CsH,CeHo) TiPW,,0,50]*" 1128 (2) 110
[(1°-C.H,CeH ,,NH,)TiPW,,0,,1*" 1128 (2) 110
L4-[PV,W,,0,,1°" ) —-112.7 (2) 131
[(#5-CsH,C,H,CH=CHCH=CH,)TiPW,,0,,]* " —112.6 (2) 110
ES{{;S-\’SSHE(C)GI;%ZOR)TiPWI1039]4‘ —112.5(2) 110
i,W,oPO,4,] " —112.5(2) 111
[(n5-CsH,CoH ,(NH,) TiPW, ,0,,]*" 1125 (2) 110
[(71°-CH,C.H,,CHO)TiPW, 05, ]*" —1124 (2) 110
[(73-CsH,C,H,,CO,Bu)TiPW,,0,,]*" —1124 (2) 110
[{#3-CsH,C,H,,CH(OMe),} TIPW,,055]*" ~1124 () 110
o oo 2wl Tuze
L2 WigUe6s — e
[SiWoNb,0,0]7" 1120 (6) 123
@1 2-[SiV,W,10035]° 1117 2) 119
LSV W0 I AT
1VaW40U40 — il
BIP,W,506,1° 1116 (3) 114
B-[P,W 506,10 1116 (3) 105
[PPbW,,0,0]°" —111.5(1) 119
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Table 16. (Continued)
Chemical shift®

Compound (ppm) Ref.
[H,W ,0,0]° —111.3 129

2W150401°° —1113 102
[H,SiV,W0,,14 —110.1 (3) 133
y-[As, W, 504,]% —110.0 (6) 114
[HW,,F,0,51°" —110.0 (4) 102
[H,W,,0,,]1°" —110 (4) 134
[H,W,,0,,1°" —110 53
B-[SiW,,0,,1*~ —109.7 (3) 102
ﬁ-[SinzO‘w]“’ —109.7 (3) 130
[H2W12040] - —109.5 128
[{(#°-CsHs) Fe(CO)ZSn}3W13P2068]9' —109.2 (6) 101
[PTlW“O39] - —109.2 (2) 119
[PVW,,0,0]*" —108.7 (2) 119
[(OsW)3(WoPO,,),H 14~ —108.6 (6) 108
[H,W,,FO;5]°" —108.6 (3) 102
[H,W,,FO;1°~ —108.6 (3) 130
[CITiPW,;05,]*" —108.6 (2) 132
[P2W21071(OH2)3]6‘ ~108.5 (3) 107
[H,SiV,W,0,4,]% —108.4 (6) 133
[P, W21071(OH2]3]° —108.3 (3) 107
[H2 1204,]'° —108.2 (2) 134
[{(* C H»)Fe(CO)ZSn}ZWIOPO”]S‘ —108.1 (2) 111
14-[PV,W,,0,01° —107.9 (2) 131
[P,W,506,1°" —107.7 (3) 116
a-[P,W,506,1%" —107.5 (3) 102
[BW,,0,0He]* —107.4 (3) 128
B-[H,W,,0,,1°" —10%2 (3) 102
[PV,W,40,01°" —107.2 (2) 131
[HW, ,FO;,15~ —-107.0 (3) 102
[PVW, 0,014~ —106.7 (2) 119
[PTiW,,0,,]° —106.7 (2) 119
a-l,Z-[PVZWIOOw]S“ —106.7 (2) 119
[SiW,,0,,Hs]* —106.6 (6) 128
a-[(D,0), ZnPW”O39] —106.5 (2) 52
[PZnW,,0,,]’ —106.5 (2) 108
[CITiPW,,04,1* —106.1 (2) 132
[(D,0),Zn,P, W, 4045]1'°" —105.8 (4) 125
[(D;0),Zn P, W 50¢]'°" —105.8 (4) 104
[(#*-CsH,CsH ,,CO,H)TiPW,,0,,]*" —105.6 (1) 110
[(#°-CsH,CoH ,NH,)TiPW, ,05,]*~ —105.6 (1) 110
[HW,,F,0;,]*" —105.5 (3) 102
[(D,0),Zn,P,Wg045]'°" — 1054 (4) 126
[(7*-CsH,CeH,,OH)TiPW,,05,]*" —105.3 (1) 110
{(n*-CsH,CeH) TIPW 05,14 —-105.3 (1) 110

(Continued)
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Table 16. (Continued)

Chemical shift*

Compound (ppm) Ref.
[PW,,04,]"" . —105.1 (2) 105
[(7>-CsH,CsH,,CO,H) TIPW,,054]*" —105.0 (2) 110
[(°-CsH,CsH,,CHO)TiPW,,0,5]*" —105.0 (1) 110
[(73-CsH,CHo) TiPW,, 0501~ —104.9 (2) 110
[(75-CsH,CH,,OH)TiPW,,0,,]*" —104.6 (2) 110
[(#5-CsH,CsH,,CHO)TiPW,,0,0)*~ —104.6 (2) 110
[(qu/-\(;?VSHéCG}zLZNHZ)TiPWI 0501 —104.4 (2) 110
svw o 043 105
[H,W,,FO5,]°" —104.1 (6) 130
[H,W,,FO,015" —104.0 (6) 102
%’r‘lﬁ(oéw)](y\’gl’ou)z]”‘ —103.8 (4) 108
1W,040]" —103.8 129
SiW ,0,0]4~ -
Esiwijoﬁ‘** - 18:3{2 igg
[PVW,,0,,]*" —103.7 (1) 119
[(O,W),(W,PO,,),]'*" —103.6 (4) 108
[PW,,050]"" ~ —~103.6 (2) 119
Engv”gzo]?] —103.3 (2) 102
1W,,040]" —103 55
Eg.[\’;;wél 01349]5 - —102.8 (2) 119
1W,,0,40]"" —102.5 128
[PTiW,,0,,]°" —~101.9 (1) 119
[(#3-CsH,CH,,NH,)TiPW,,0,,1*" —101.7 () 132
[PYW,,0,0]*" —101.2 (2) 119
[CITiPW,,04,]*" ~101.2 (1) 132
E(C;fl-l(‘i;M(e)s)l;ESleNbg,Ow]S’ —101.0 (2) 123
uIW,,0,,1°" —101 53
[SiW 05015~ —101 102
[SiW,,035]%" ~100.9 (2) 105
[PW,,0;,]" —1009 (2) 105
[SiW,,0,01%" —10038 (2) 119
[(#%-CsH,C,H,CH=CHCH=CH,)TiPW,,0,,]*" —100.7 (2) 132
[(73-CsH,CH,,OR)TiPW,,0,0]*" —100.6 (2) 132
[{#°-CsH,CsH,,CH(OMe),} TIPW, ,0,41%~ —100.6 (2) 132
o G g COBUITIFW, 031 " 1000 (4 102
2¥ 120 2V38 - -
[(D,0),Zn,As,W,50,51'°~ —99.6 (4) 125
%}g\%ch()))ZJZ}QPzwnom]s - —ggﬁ (1) 1(5)§
1240 - "
HSiV,W,0,,1°" -
w0y “o8s 1) i
11939 :
[PW,,0.01°" —988 129
[PW,,0,,1°" —988 102
[PVW,,0.,14" —98.6(2) 119
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Table 16. (Continued)
Chemical shift®
Compound (ppm) Ref.
[PW,,0,:,]"" —982(2) 122
[PW,,0,,]7" —98.1 (2 119
[(N,N',N"-Me;-1,4,7-triazacyclononane)WO;] —98 135
14-[PV,W,,0,,]°" —97.5 (1) 131
[HW,,F,0.51°" —97 (6) 102
[ZaW ,0,,1°" —95.8 105
[(n*-CsH,C,H,CH=CHCH=CH ) TiPW,0;,]*~ —94.8 (3) 132
[(#*-CsH,C4H, (NH,)TiPW,,0,5]*" —94.8 (3) 132
[(7°-CsH,CeH,,OR)TiPW ,0,,1*" —94.5(3) 132
[{ns-C5H4C5H10CH(OMe)2}TiPW,1039]4’ —94.5 (3) 132
[H,W ,FO3,]° " —94.5 (3) 102
[(7*-C H4C HmCO BuY)TiPW,,0;,]*" —944 (3) 132
[PW,,05]"~ —94.4(2) 122
[H, W,2F039] —94.3 (3) 130
[PV,W,00.,1°" —94.0 (2) 131
[(D,;0), Zn4A52W18063] 10- —9394) 125
[HSiV,W,0,,]%" —933(2) 133
[PT1W“O39]5" —92.6 (2) 119
[(n3-CsH,C4H,)TiP,W, ;04,17 —-923(2) 109
[(7%-CsH,CoHo) TiP, W ,,05,17 —923(2) 110
[(#*-CsH,Cs HIOCHO)TlP W,,06:1"" —92.1(2) 110
[CITiPW ,05,]*" —92.0(2) 110
a-1,2- [PV W,00501°" —-91.9 (1) 119
[W,0,,]1° —91.8 (4) 134
[{n°-C H“(CH2)3OC6 +CHO-4}TiP,W ;04,17 —91.7 (2) 110
a-1,2,3- [SIV3W10039] - —91.5(6) 119
[SiV3W40,017 " —91.5 102
[(DZO)ZZn‘,,PZWmOGg]“” —-90.7 (2) 125
[(n*-CsHs)TiP,W 04,17~ —90.7 (2) 109
[(7°-CsHy)TiP,W,04,1"" ~90.7 (2) 110
[(#*-CsMes)RhSiW Nb;0,,]°~ —90.4 (2) 123
[(D,0),Zn,P,W,505]'°" —-903 (2) 104
[HW,,F0;.]*" —90 (9) 102
[SiW,,0,oHc1*"~ -89.9 (3) 128
[HS1V;W,0,,]%" —88.1(2) 133
2-1,2,3-[PV5W, 0301~ —86.6 (6) 119
a-1,2-[SiV,W,05,1°~ —86.0 (2) 119
[SiV,W,0401%" —86.0 102
[H,W,,F,054]% —85(6) 102
a-1,2-[SiV, W, 03516 —835(2) 119
[SiV,W,00,401%~ —835 102
[HSiV,W,0,,]°" —83.3(1) 133
,-[(D,0),ZnP, W ,0¢,1°~ —832(2) 52
[PPbW,,0,,1°" —82.7(2) 119

(Continued)
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Table 16. (Continued)

Chemical shift*

Compound (ppm) Ref.
[H,W,,F,0;.1* . —82.6 (2) 102
PV W s Siam oo
2 10~40 - .
foew o Taio s
€W12V40 —olL
[SiVW,,0,,1°" —81.1(2) 119
[SiVW,,0,,1°" —81.1 102
a-1,52-[PV2W10039]5‘ ' Y —80.8 (2) 119
[(n -C5H4C5HmC.OZH)TIPWI_lO”] —80.7 (2) 110
[(r,:-CSH‘tCGHg)TlPWX1'039]4 N —80.7 (2) 110
[{n°-CsH,CcH,,NH,)TiPW, ,0;4] —80.7 (2) 110
[(nz-C5H4C6H120H)TiPW11039]4"47 —80.4 (2) 110
(10N Zn,As, W 010 " 1) s
2V)2LN4AS; W gUgg — /7
[(n3-CsH,C4H (NH,)TiPW,,0,,1* —78.6(2) 110
[(r]5-C5H4C2H4CH:CHCH:CH2)TiPW11039]4_ —-77.0 (2 110
[(#*-CsH,CsH,,CO,BuY) TiPW,,0,,1*" —76.7 (2) 110
[w -CsH,CsH, ,CH( OMe)z}TlPWHOy;] B —76.7(2) 110
E((z) -\?V)I_zl\tlg ll-IOIZO)I?I)IIIPWI 1055]* —76.6 (2) 110
2 a2l —74.6 (2) 108
PP 5- —74.
[TEW PO R
i, oy Tn0e o
nwy V40 — /2.
[PVW,,0,,]*" —722(2) 119
a-[(D,0),ZnSiW, ,0,5]° —71.6 (2) 52
[(qS-CSHS)T@S%W9V3O40]4’ —-715(2) 127
[(1157C5H5)T181W9V3O40]4_ —71.5(2) 127
FrmipW, G e e
1TW11 V39 —>0.
%-[P,W,50,,1% " —51(12) 55
[(#°-CsMes)RhSiWNb;O ]~ —49.2 (2) 123
E,SA{-\’EIPV(Z)Wﬁng]S” —22.8 )] 13;
1W 150401 - 5
055 B,
TWsUyoH, .
[ZtW;0,,H, 1%~ 45 (1) 136
[Nb,W,0,,]*" 47.7 (2) 137
[WsO,0]> 58 (1) 136
[VoW, Oo]*" 69.4 (1) 119
[V,W,0,4]°" 70.3 4) 119
[VW5019]3_ 759 (1) 119
[VW,0,,1%" 76.4 (4) 119
[Nb, W4019] - 80.3 (2) 137
[W,0,,18" 269.2 (1) 134
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Table 16. (Continued)

Chemical shift*

Compound (ppm) Ref.
a-[(D,0),NiSiW,;,0,,1°~ 3079 (2) 52
a-[(D,0),NiSiW,,0,41°~ 327.7 (2) 52
u,-[(D,0),NiP,W,,0¢,1%" 338.7 (2) 52
a-[(D,0),CoSiW,;0;,1°~ 390.2 (2) 52
a-[(D,0),CoSiW,,054]° 437.6 (2) 52
#,-[(D,0),NiP,NiP,W,,0,, 1%~ 468.3 (2) 52
a,-[(D,0),CoP,W,,04,1%"~ 475.7 (2) 52
a,-[(D,0),CoP,W,,0,,1%" 533.7 (2) 52
a-[(D,0),NiPW,,05,]°~ 5929 (2) 52
a-[(D,0),NiPW ,0,,1°~ 6423 (2) 52
«-[(D,0),CoPW,,0,,1°~ 725 (2) 52
a-[(D,0),CoPW,;0,41°" 817.8 (2) 52
[WO,S]*~ 841 138
[W,08,{S,CNBu'},] 881.8 (W=S) 139
[W,0,(H,0),]** 11384 128
[D,W,,0.,Hq1°" 1354.3 (3) 128
[HDW ,,0,,H¢1®™ 1354.8 (3) 128
[H,W,,0,,Hs1®" 1355.4 (3) 128
[BW,,0,,Hs1°" 1452.8 (3) 128
[SiW,,0,0He]*" 1544.6 (3) 128
[WO,S,]1%~ 1787 138
[(NC)CuS,WOS}*~ 1994 138
[Co"W,,0,,1°" 2000 53
[W,S,,1*~ 21319 139
[WCl(] 2181 12
[W,0S,{S,CNBu},] 2239.7 (W=0) 139
[W,S,{S,CNBu'},] 2270.5 139
[(NC)CuS,WS,Cu(CN)}*~ 2641 138
[WOS,]*~ 2760 138
[Rh(WS,);1*~ 2948 140
[(NC)CuS,WS,]*" 3084 138
[(NC)AgS,WS,]*" 3184 138
[WS,]%" 3649.0 139
[WS,]% 3769 138

*Numbers in parentheses are the number of equivalent W nuclei.
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Table 17. '2*W chemical shifts of some W(V) compounds
referenced to 2M Na,WO,.

Chemical
Compound shift (ppm) Ref.
[MoW(0),(u-O),(u-EDTA)]*~ 549 141
[W(0),(4-0),(u-EDTA)}*~ 793 141
[W,(0)(EDTA)]?~ 798 142

Table 18. *83W chemical shifts of some W(IV) compounds
referenced to 2m Na,WO,.

Chemical
Compound shift (ppm)  Ref
[(n°-CsH;),WH,] —4671 15
[(n*-C3Hs) W] —3186 33
[(n-C3H,);(Me, P)WMe] —299% 30
[(73-C3H)5(Me; PYWCI] — 2263 30
[(73-C,H;)5(Me;P)WBr] — 2244 30
[(73-C,H{)5(Me,P)WI] —2172 30
[Mo,W(0),{O,CCH;)4(OH,);]1* " 848 142
[MoW,(0),{0,CCH,)s(OH,);]** 897 142
[W3(0)5(0,CCH,)s(OH,),]1*" 1005 142

Table 19. *83W chemical shifts of some W(III) compounds referenced to 2M Na,WO,.

Chemical
Compound shift (ppm) Ref.
[W,0,]*" 1116 143
[W,0,C173+ 1157 143
[W,0,C13 1165 143
[W(OBu"),(CPh)] 2526 144
[W,(0,CMe)(CH,CMe;),] 2653 144
[W(CH,Bu"),;(CBuY] 2867 144
(w,Cl,]*~ 3539 142
[W(CH,SiMe,);(CSiMe,)] 3613 144
[W,(NMe,)] 4196 144
[W,(OBu')] 4489 144
[W,(OPri)s(MeNHCH,CH,NHMe)] 4489 144

[W,(OPr)s(DMPE)] 4736 144




THE CINDERELLA NUCLEI 187

Table 20. '®**W chemical shifts of some W(I1) compounds referenced to 2m Na,WO,.

Chemical
Compound shift (ppm) Ref.
[(7°-CsH)W(CO)5(SnMe,)] — 4044 15
[(#°-CsH4)W(CO),D] — 4028 15
[(115-C5H5)W(CO)3D] — 4017 15
[{W(CO);H},[p-{(n*-C H4)zSIMez}]] —3982 145
[(W(CO)s) 2 (1-PMey)s [ 1-{(n°-CsHa),SiMe; } 1] ~ 3945 145
[(n°-CsH;)W(CO),{P(OMe) }H] — 3893 15
[{W(CO), (- H)(-PMe,)[u-{n°-CsH,),SiMe, }1] — 3854 145
[(#°-CH,)W(CO),(PMePh,)H] — 3681 15
[(7°-CsH,)W(CO),(PMe,Ph)H] ~3679 15
[(#°-CsH)W(CO);Me] — 3549 15
[(#°-CH,)W(CO),Et] — 3467 15
[{W,(CO)s} ,(1-PMe,), [1-{(n°-C5sH,),SiMe, } 1] ~ 3387 145
[(7°-CsH,)W(CO),I] — 2996 15
[(n*-CH;)W(CO),Br] — 2584 15
[(7°-CsH,)W(CO),C1] — 2406 15
[VE’(C H,CH=NCH CHZN-C H,I-2)(CO),1] — 1598 146
[W(C4H,CH=NCH,CH,NH,)(CO),F] — 1576 146
Wi ( 6H4CH~NC H4NH2)(CO) c1 — 1529 146
[W(C¢H,CH=NCH,CH,N=C¢H,Br-2)(CO);Br] —1513 146
[W(S,CNE ,)2(CO),] — 1500 146
[W(C¢H,CH=NCH,CH,N=C(H,Cl-2)(CO),CI] — 1488 146
[W(C¢H,CH=NC H,NH,)(CO),F] — 1466 146
[W(C¢H,CH=NCH,CH,NMe,)(CO),I] — 1413 146
[W(CH,CH=NCH,CH,NMe,)(CO),F] — 1411 146
[W(C4H,CH=NCH,CH,NMe,)(CO),Br] — 1357 146
[W(C,H,CH=NCH,CH,NMe,)(CO),CI] — 1351 146
[W(S,CNEt,),(CO),{P(OMe),}] — 1243 147
[W(S,CNEt,),(CO),{P(OEt),}] ~ 1208 147
[W(S,CNEt,),(CO),{P(OPh),}] ~ 1196 147
[W(S,CNEL,),(CO),(PMe,)] —1012 147
[W(S,CNEt,),(CO),(PPh,Me)] — 1001 147
[{W(S,CNE,),(CO), } ,(dppe)] ~990 147
[W(S,CNEL,),(CO),(PPh,Et)] — 985 147
[W(S,CNEt,),(CO),(PPh,)] — 966 147
[{W(S;CNE,),(CO), },(dppm)] —936 147
[W(S,CNEL,),(CO),(AsPh,)] — 845 147
[W2(O,CBu'),] 5954 148

[W,(0,CCF3),] 6760 148
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Table 21. '83W chemical shifts of some W(I) compounds
referenced to 2M Na,WO,.

Chemical
Compound shift (ppm) Ref.
[(7°-CsH5)W(CO);1, —4040 15

Table 22. '#3W chemical shifts of some (WO) compounds referenced to 2 M Na, WO,

Chemical
Compound shift (ppm) Ref.
[(7*-C,Hz), W] —3630 33
[W(CO)s{P(OMe),}] — 3475 15
[W( CO)S{P(OMe){(OCH ,CMel] — 3462 15
[W(CO)s] — 3446 150
[W(CO)s{PO(OMe),}]~ — 3437 15
[W(CO)s{P(OMe)(OPh),}] —3433 15
trans-[W(CO),{P(OMe),},] —3433 15
[W(CO)s(PH,Ph)] — 3420 15
cis-[W(CO),{P(OMe);},] — 3407 15
[W(CO)s{PPh(OMe), }] —3392 15
[W(CO)s{P(NMe,),}] —3391 15
[W(CO)s{PPh,(OMe)}] — 3346 15
[W(CO)s(PMe,Ph)] —3326 15
[W(CO),(PMePh,)] —3313 15
trans-[W(CO)4(PBu}), ] — 3305 22
[W(CO)s{PPh(CH=CH,),}] — 3301 150
[W(CO)s{P(SnMe,);}] —3301 15
[W(CO),(cis-Ph,PCH=CHPPh,)] — 3296 151
[W(CO)s{PPh(SnMe,),}] — 3288 15
[W(CO)s{PPh,(SnMe;)}] — 3281 15
[(*-2-MeC,H), W] - 3277 33
[W(CO)s{PPh,(CH=CH,)}] —3274 150
[W(CO),PPh,CH(PPh,)CH,PPh,] — 3266 153
[W(CO),(Ph,PCH,CH,PPh,)] — 3255 151
cis-[W(CO),(PBuj),] —3249 22
[W(CO)s(PPh3)] —3236 150
[W(CO),PPh,CH(PPh,)CH,PPh, ] —3219 153
[W(CO)(CNC¢H,;Me,-2,6),] —3139 154
[W(CO)s{PCl,(OMe)}] —3139 15
[W(CO),(Ph,PCH,CH,CH,PPh,)] —3121 151
cis-{ W(CO),(PMe,Ph), ] —3117 15
[W(CO),{Ph,PCH(CH,PPh,0)CH,CH,PPh,}] — 3103 152
[W(CO),{Ph,PCH(CH,PPh,)CH,CH,PPh,}] —3100 152

[W(CO),(Ph,PCH,CH,CH,CH,PPh,)] — 3080 151
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Table 22. (Continued)

Chemical
Compound shift (ppm) Ref.
[W(CO),{Ph,PCH(CH,PPh,)CH,CH,PPh,}] — 3066 152
[(7*-2,3-MeC,H,); W] —3021 33
[W(CO),{(Ph,P),CHCH,PPh,}] — 3003 153
[W(CO),{(Ph,P),C=CH,}] —2971 151
cis-[W(CO),{P(OMe), }(NCPh)] — 2968 15
[W(CO),{(Ph,P),NH}] —2966 151
[W(CO),{(Ph,P),CHCH,PPh,}] — 2947 153
cis-[W(CO),{P(OMe), } {S(SnMe,),}] —2923 15
[W(CO),{(Ph,P),CH,}] —2921 151
[W(CNC¢H ;Me,-2,6), —2918 154
fac-[W(CO)5(PMe,Ph),] — 2818 15
cis-[W(CO),{P(OMe)(NC,H Me-4)] — 2660 15
cis-[W(CO),{P(OMe),(NC,H,)] — 2647 15

Table 23. '87Os chemical shifts of some Os compounds, referenced to OsO,.

Chemical

Compound shift (ppm) Ref.
[(#°-CsMe;)Os(n*-1,5-CsH, ,)H] — 4889 155
[(7°-CH;)Os(PMe,;),Me] —4779 155
[(n°-CsH,)Os(PPh3),1] — 3530 155
[(n3-C5sHs)Os(PMe,),Br] - 3506 155
[(n3-CsH5)Os(PMe,)(PPh;)Br] — 3324 155
[(#13-CsH4)Os(PPh;),Br] — 3008 155
[(7°-CsH;)Os(PPh;),Cl1] — 2595 155
[(#%-1-Me-4-Pri-C H,),Os,(u-H);1* — 2526 156
[(75-1-Me-4-Pri-CH,),Os (u-H), 12+ — 2171 156,157
[(#5-1-Me-4-Pr'-C4H,),Os,(u-H)(u-C1)Cl,] —2037 156
[(°-1-Me-4-Pr'-CcH,),Os,(u-H)(p-Cl)(u-O,CCH,) ] * — 1951 156
[(7°-1-Me-4-Pr-CH,),Os,(u-H),(1-0,CCH,)]* — 1185 156

4.6. '¥Os chemical shifts

The very low sensitivity of *87Os NMR spectroscopy provides a major
difficulty for detection. However, inverse two-dimensional 'H{'®7Os} has
been used to observe 1870s on a few compounds (see Table 23) and Quadriga
NMR spectroscopy has been used to observe OsQ,.!1-30
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4.7. Paramagnetic compounds

Paramagnetic compounds do not usually give satisfactory spectra, but two
exceptions occur for these nuclei. There have been reports of the treatment of
Ag* with the organic radical, tanol, 2,2,6,6-Me,-4-HO-piperidine-1-oxyl. The
unpaired electron density is slightly delocalized onto the silver nucleus and
this produces shifts of up to 25 ppm.3!+32

Very substantial '®*W chemical shifts are found for paramagnetic hetero-
polytungstates. These shifts arise either from incorporating a paramagnetic
centre in the complex®'~>* or by reducing the complex.>>->¢

5. COUPLING CONSTANTS

Coupling constants involving low y nuclei, such as those described in this
chapter are generally small. This is directly related to the fact that coupling
constants are proportional to y for both the coupling nuclei. Nevertheless,
useful coupling constants have been found and a selection is given in
Tables 24-29.

6. RELAXATION TIMES

Spin-lattice relaxation times of these low-frequency nuclei were believed to be
extremely long. Although in some cases this is true with T, values as large as
10005~ 1,57 measurements have shown that T, values can be quite short,
especially at high field strengths. There are several relaxation measurements
which can, in principle, contribute. Dipole—dipole relaxation, T, 44, Which is
important for nuclei such as !3C is generally unimportant. In the fast tumbling
region, then equation

_y HEYEYIRES(S + D)t
Tldd = 2 6 (10)
12n23 r,
applies, where , is the permeability of a vacuum, yy is the magnetogyric ratio
of nucleus X, S is the nuclear spin, 7, is correlation time for molecular
tumbling, and rg is the distance between the nuclei. For nuclei with small
magnetogyric ratio, such as those reviewed here, this term is very small and
rarely contributes significantly. So far, significant values of T, have not been
detected for these nuclei and, as a consequence, the nuclear Overhauser
enhancement is negligible.
Chemical-shift anisotropy often makes a substantial contribution to the
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Table 24. Some representative coupling constants for 37Fe.
Compound Coupling constant (Hz) Ref.
[(7>-CsHs)FeH(dppe)] 1 (3Fe-'H) = 9.3 158
[(#-CH.)Fe(n>-CH,CH,)]* 1J(57Fe-13C)=08 to 44 71,158,
159

[(n>-CH.)Fe(n’-CsH )] 1J(Fe-13C)=141t0 58 160
[(73-CsH4)Fe(CO),(n*-CH,=CMe,)] * 1J(Fe-13C) = 1.5 to 44, 159

27.9 (CO)
[(n*>-CsH,CHCH,CH,C H,-#%)Fe]* J(GFe-'3C)=18t0o 44 71,72
[{(n5-CsH4)Fe(n®-CH,)l,CH* LJ(TFe-13C)=22to 44 71,158
[(73-CsH4)Fe(CO),(CH,CMe=CH,)] 1J(57Fe-13C) =23 (Cp), 159

8.8 (CH,),27.9(CO)
[(7°-CsH)Fe(CO),C=CPh)] 1J(Fe-13C)=23 (Cp), 71

19.5 (C=), 27.8 (CO)
[(1-C H)Fe(n®-CsH,CHMe)]* tJ(TFe-''C)=251043 71,158
[(#°-C<H.)Fe(n>-C.H,CHPh)]* J(TFe-13C)=25t0 43 71,158
[(#>-C<H.)Fe(r’-C.H,CMe,)]* 1J(S7Fe-13C)=25t0 43 71,158
[(#-C<H)Fe(r’-C.H,CHC,H,- 1J(SFe-'3C) =27 t0 44 71,158

79 Mn(CO),]*

[(7°-CH.)Fe(CO), ]+ J(TFe-13C)=27,28, 159,160

25.7 (CO)
[(7*-C Hg)Fe(CO),] 1 (TFe-13C)=28,3.7, 159

28.0 (CO)
[(7°-CH)Fe(n>-CsHy)]* 1J(57Fe-'3C) =3.3,48 71
[(n*-C.H,)Fe(CO)] 1J('Fe-13C)= 36,287 161
[{#’>-CsH,CH,CH(OH)(CH,),CsH,#° 1J(5"Fe-13C) = 4.0,4.8 72
[(7°-CsH 5)Fe(r5-CH,CHC,H,,-n*)Ru(y L (TFe=13C)=4.1 to 44 71,158

CsH,)]"

[{#>-CsH,CH,C(O)(CH,),CsH, - Fe] J(TFe-13C)=4.1,47 71,72
[O{(CHCH,n°YCH,(CH,CH,-1*)Fe},]  J(7Fe-'3C)=421056 72
[(°>-CsH y)Fe(r’-CsH,CHO)] J(S7Fe-13C) =44 t0 49 159
[CH,(CH,C.H,-1%),Fe] 1) (5"Fe~13C) = 44, 4.8 71, 72
[(75-CsH)Fe(n>-CsH,I)] 1J(57Fe~13C) = 4.4, 5.2 71
[{n>-CsH,CH(OH)CH,CH,CH,-%}Fe]  'J(*'Fe-'3C)=45t049 71,72
[(n°-C.H,Me),Fe] 1J(*"Fe-13C) = 4.6 161
[(CH,CH,CH,1),Fe] 1 (3Fe=13C) = 4.6, 4.7 72
[(#°-CsH,),Fe] 1J(5TFe-13C) = 4.7 161
[(7°-C<H)Fe(n>-CsH,Me)] 1 (3Fe-"3C) = 4.7 161
[(75-CH,),Fe] 1J(5"Fe-'3C) = 4.8 162
[Fe,(CO).,] 1) (*"Fe-"3C) =83 163
[Fe;(CO),,] 1J(5"Fe~"3C) = 8.3 164
[(7?-CH,=CHCHO)Fe(CO),] 1) (57Fe-"3C) = 23.0 66
[Fe(CO)s] LI (*7Fe-13C) =233 160
[Fe(CO).] 1] (5Fe-13C) = 23.4 165
[{(n*-tropone)Fe(CO); ] LI (37Fe-13C)=24.5,31.5 66
cis-[Fe(CO),(SiMe;), ] 1) (37Fe-'3C) =25 166
[(n*-norbornadiene)Fe(CO);] LJ(7Fe-13C) =264 66

(Continued)
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Table 24. (Continued)

Compound Coupling constant (Hz) Ref.
[{(OC);Fe},(1-SMe), ] 1J(37Fe-13C) = 27.0 163
[(7%-C4H)Fe(CO);] W (TFe-12C)=27.7 66
[(*-C,H,)Fe(CO),] 1) (S7Fe-13C) =279 167
[(7*-1-MeC,H,)Fe(CO);] 1J(57Fe-13C) = 28.0 66
[(7*-CsHg)Fe(CO), ] 1J (57Fe-13C) = 28.0 66
————

[(OC)sFe(n*-MeNBEtCEtCMeSiEt,)] 1J(37Fe~-13CO) = 28 87
[(7*-CsH,)Fe(CO),] 1J(57Fe-13C) = 28.6 66
[(*-CsHg)Fe(CO),] 1) (3"Fe-13C) = 28.6 66
[{n*-CsH4(CH,), Fe(CO),] 1J(37Fe-13C) = 286,320 66
[{(OC)Fel (u-So)] 1J(5"Fe-13C) = 29.3 163
[Fe(CO),P(SnMe,),] 1J(57Fe—3'P) = 20.5 168
[Fe(CO),PBu'(SnMe,),] 1J(57Fe 31p) =222 168
[Fe(CO),PEt,] 1J(57Fe-3'P) = 25.9 165
[Fe(CO),PEt,Ph] 1] (57Fe-3'P) = 26.5 165
[Fe(CO),PEtPh, ] 1J(3"Fe-31P) = 27.4 165
[Fe(CO),PBu',] 1J(37Fe—3'P) = 29.8 168
[Fe(CO),(PMe,),CS,] 1] (57Fe—31P) = 31 169
[Fe(CO)NO),{P(SiMe,);}] 1J (*"Fe-3'P)=47.2 168
[Fe(CO)(NO),{P(SnMe;),}] 1J(5"Fe-}'P) = 48.5 168
[(1°-CsHs)(PryPCH, PPrh) FeH] 1J (57Fe-3'P) = 50 67
[(75-C.H,)(PryPCH,CH,CH,PPr}),FeH]  'J(S"Fe-3'P) =50 67
[Fe(CO)NO), {P(SiMe3),}] 1J(3"Fe=*'P) = 50.1 168
[(n°-CsH,)(Pr; PCH,PPr3), FeD] L ($7Fe-31P) = 50.5 30
[Fe(CO)(NO),{PBu{(SiMe,),}] J("Fe=31P) = 511 168
[(7°-EtC,Hg)(Pr,PCH,CH,PPr}),FeH] J(*'Fe-31P) = 67
[Fe(CO)(NO),{PBu'(SnMe,),}] 1] (3"Fe-3'P) = 523 168
[(7°-CsMes)(1-CgH,-2-n*3-C3H)FePMe,]  'J(3"Fe-3!'P) = 67
[Fe(CO)(NO),{PBul(GeMes), ] 1) (3"Fe-3'P) = 541 168
[(#°-CsMe;)(n*-C,H,)FeH(PMe;)] 'J(*7Fe-*'P) =55
[Fe(CO)NO),{PBu(SiMe,)}] 1J(3"Fe 31P)=56.2 168
[Fe(CO)(NO),{PBul(SnMe,)}] 1] (S7Fe-31P) = 57.2 168
[(13-CsH,)(Pr,PCH,CH,CH, PPri),FeH]  'J(*'Fe-'P)= 58 30,67
[(7°-C.H.)(Prs PCH,CH, PPry),FeH] 1J(5"Fe-3'P) = 67
[Fe(CO)(NO),{ PBuy(GeMe,)} ] 1] (3"Fe3'P) = 58.0 168
[(7°-CsHs)(Me, P),FeH] 1J(57Fe3P)= 59 30,67
[(15-CsMeg)(1,2,5-n12-CsHg)FePMe; ] 1 (*7Fe-31p) = 59 67
[(#5-MeCH,){Pr,P(CH,),PPr}} FeEf] 1J(5"Fe-3'P) = 67
[(n°-C<H,)(Pr,PCH,CH,PPrh),FeH] IJ(SZFeJIP) 595 30
[(n>-CsH;)Fe(CH=CH,)(dppe)] J(*'Fe-*'P)= 67
[(#°-indenyl)(Pr,PCH,CH,CH,PPri),FeH] 'J(°'Fe-3'P)= 60 67
[(7°-CsH,)FeCH,(DPPE)] 1J (*7Fe->1P) = 60 67
[(7°-C.H,)(Me;P),FeCH=CH, 1) (3"Fe-*'P) = 60 67
[(7°-MesCs)(Me,P),FeCH;1 1) (3"Fe*'P) = 60 67
[(7>-CsH4)(Me, PhP),FeCl] 1J(3"Fe-31P) = 60.5 30
[(n>-C<H.)(MePh,P),FeH] 1J(5"Fe-31P)= 61 67
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Table 24. (Continued)
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Compound

Coupling constant (Hz)

Ref.

[(n’-CsHs)FeH{Ph,P(CH,),PPh,}]

[(n°-CsHs)(Ph;P),FeH]
[(#°>-MeCsH,)(Me;P), FeCH;]
[(n°-CsHs)(Me3P),FeCH ]
[(#*>-CsHs)(MePh,P),FeCH;]
[(n3-MeCsH,)(MePh,P),FeCH,]
[(#°-CsH,)(MePh,P),FeCH=CH,]
[(7°-CsH;)(Me;P), Fel]

[(n°-CsH )FeH(DPPE}]
[(n*-MeCsH,)FeH(DPPE)]
[(n*-MeCsH,)(MePh,P),FeEt]
[Fe(CO)NO),(PBu3)]
[(n3-MeCH,)(MePh,P),FeEt]

exo-[(n5-C5MeS)(n3-C3H

exo-[(n3-CsHj)(n3-2-

MeC;H,)Fe{P(OPh),(menthyl)}]
[(n*-Cs H ){(MeO P},FeCH,CH=CH,]
[(n°>-CsH ){(MeO)3P}2FeCH2CMe:CH2]
[(115-C5H5){Me0)3P},_FeCHZCH(CMe:CHz)-

(CH,CMe=CH,)]

exo—[(ns-CsH 5)('73‘2'MCC3H4)FC{P(OMC)3}]

exo-[(n*-CsHs)n3-1-syn-

MeC, H,)Fe

OMC)3}]

[(#n3-Cs H )( I{’) FeCH,CH=CH,]

endo- [(115 Cs
exo-[(n°-CsH
exo-[(n® -CsH;

5)(11 -1-syn-MeC;H,)FePF,]

UM
N

n>-CsH )FePF3]

3.1-syn-MeC,;H,)FePF,]

FePMe,]

1J(5"Fe—3'P) = 61
1J (5"Fe-31P) = 61
J(*"Fe—*'P)= 61
1J(57Fe-31P) = 61
‘J(57Fe 31p) =61
1J(57Fe-3'P) = 61
'J(*7Fe-3'P) = 61
1‘](57}:e 311))
1J(5"Fe-31P) = 62
1J(*7Fe-*'P) =62
1J(5"Fe-3'P) = 62
'J(*"Fe-3'P) =624
1J(5"Fe-3'P) = 63
1J(37Fe-*'P) =170
1J(*"Fe-*'P)=93

1 (57Fe-31P) = 102
1) (57Fe-31P) = 102
1 (37Fe-31P) = 103

1J(>"Fe-*'P) = 108
YJ(Fe-3P)=111

1J(57Fe-3'P) = 127
1] (37Fe-3'P) = 145
1J(57Fe-*'P) = 147
1J(37Fe-31P) = 149

Table 25. Some representative 8°Y coupling constants for some yttrium complexes.

Coupling constant

Compound (Hz) Ref.
[(7°-CsH Me),Y(u-H)(THF)], L] (]9Y-1H) =27 27
[(Bu'CH );Y-2THF] 2J(Y-'H)=2.5 170
[(n*-CsH,),Y(u-Me),AlMe, ] 2J(Y-'H)=5 171
[(7°-CsHs), Y(u-Me),AlMe, ] 2JEY-10) =122 172
[(7°-CsMeg)Y(u-H)Y(#*-CsMe,CH,)(n°-

CMe,)] 1J(®%Y-13C)=35.6 173
[YCI{N(SiMe,CH,PMe,),},] L®Y-31p)=52 80
[Y{(OPPh,),C(PPh,0)},] 2] (30Y-31P) = 6.5 174
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Table 26. Some representative '°*Rh coupling constants.

B.E. MANN

Compound

trans, trans-[ RhClLH(CO)PMe, Ph), |
trans-[Fe,Rh,(CO),(B]
[RhH,(PPh,),(2-0,CCsH N,-14)]
[RhH,,(PPh3),(2-0,CCoH,N)]
[RhH(PPh;),(2-0,CCsH3N,-1,4)]
[RhH,(PPh;),(2-O,CCsH,N)]
[RhH,(PPh,),(2-0,C-6-MeCH;N)]
[RhH ,(PPh,),(1-0,CCoHN)]
trans-[RhF(CO)(PPh,),]

———————
[(acac)Rh(#*-MeNBE{CEtCMeSiMe,)]

[(7°-CsHs)Rh(n*-MeNBEtCEtCMeSiMe,)]

[Rh(r°-CsMes)H y(SiEt,)]
[Rh(r°-CsMes)H(SiEt3)(n%-C, H,)]
[Rh(y®-CsMe JH (SI(OE), }(°-C,H,)]
trans-[RhC{(CO)(PMe, Ph), ]
[Rh,(4-MeC,H,NCHNC H, ,Me-
4),(0,CCF,),(PPh;)]
[Rhy(n*-CsH),(CO),]
[Rh,(17°-CsH),(CO),(p-CH,)]
[ha(nS-C5H5)2(NO)2]
[Rh,(0,CCH;),{P(OMe); } 2]
[ha(ns'CSHs)z(lJ‘H)3(PPr13)2] i
[Rh,(n>-CsMes),(u-CH,),(DPPE)]* *
[ha(ﬂs'csMes)z(ﬂ'CHz)z(DPPM)]Z *
[ha("ls'Cs Me;),(p-CH,),-
{u-CH,CH(CH,CH=CH,)CH, 1
[Rh,(#®-CsHj),(1-CH (u-CHCH ;)Br, ]
[ha(CzHg,)(CzMe3)(ns—indenyl)2]
[Rh,(4-MeC,H,NCHNC H ,Me-
4);(NO;)(PPh;)]
[Rh,(MHP),]
[Rh,(4-MeC,H,NCHNC H Me-
4),(NO(NCH;)]
[Rh(5’-CsMes)H,(SnBuf), ]
[Rh(7°-CsMes)H,(SnMe,);]
[Rh(n3-CsMe)H(SnBu3)(COY}
[Rh{n*-CsMe)H(SnMe;)(CO)]
mer-[RhCl;(TeMe,),]

[RhsPHCO), 51~
[Rh,Pt(CO),,]* "
[Rh,PHCO), ,]*~
[Rh,Pt(CO), 15"
[RhCL,(HgCl{CO)(PEtPh,),]

Coupling constant
(Hz)

Ref.

'J(19Rh-'H) = — 17.3
1J(103Rh-''B) = 233
LJ(*3Rh-'5N)=9.1
'J(*93Rh-'"N)=9.2
LJ('93Rh-"5N)=9.6
1J("3Rh-"SN) = 9.7
1J(13Rh-15N) = 9.7
1J('93Rh~"5N) = 10.1
1J(13Rh-1"F) = — 52.5

L (1R-2%Si) = 1.2
LJ (193Rh-298i) = 2.3
1J (199RN-*%Si) = 16
1) (13Rh-28i) = 17
LJ(193Rh-2%Si) = 45
1J(‘93Rh-*'P)= — 118
1J(193Rh-~1%%Rh) = 38.6

'J(193Rh-'°Rh) = 4.2
1J(103Rh-'"*Rh) = 4.4
'J(1O3Rh-193Rh) = 4.4
LJ (193Rh-'*3Rh) = 7.9
1J('°Rh-!93Rh) =114
17 (193Rh-193Rh) = 11.9
'J(193Rh-19°Rh) = 124
1J(103Rh_103Rh) =135

1J(1O3Rh-'ORh) = 13.5
1J(193Rh-'93Rh) = 17

LJ(103Rh-'%3Rh) = 34
1J(103Rh-'%3Rh) = 35

1J(1°3Rh—9*Rh) = 40
J(103Rh-""%Sn) = 146
LI (1O3Rh-'""Sn) = 151
‘J(1°3Rh-!1Sn) = 210
'J(*°*Rh-""Sn) = 221
LJ(125Te-1%*Rh) = +71,
+95

tJ(1°°Rh-1°°Pt) =24, 73
1J (193Rh-'9°Pt) = 44
LJ(193Rh-'2°Pt) = 55

LJ (1O3Rh—"°Pt) = 69, 55
LJ(193Rh-'?"Hg) = 426

18
175
176
176
176
176
176
176
177

87

87
178
179
179
180
182

182
182
182
183
184
185
185
185

186
187

188
189

188
190
190
190
190

191
192
193
193
192
194

, 193
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Table 27. Some representative '°°Ag coupling constants for some Ag(l) complexes.

Coupling constant

Compound (Hz) Ref.
[1,2-(2-5-Me-thiophenylCH=N),(C¢H,,),Ag]" 'J('*°Ag-'"N)=57, 12 93
[Ag(DPPE),]* TJ(1%Ag-31P) =231 96
[Ag(cis-Ph,PCH=CHPPh,),]" 1J(1%°Ag-31P) =235 96
[Ag(Et,PCH,CH,PEt,),]" J(10%Ag-31P) =226 96
[Ag(Ph,PCH,CH,CH,PPh,),)* 'J(10°Ag-3'P) =220 96
[Ag(PPh,)(bipy)] 'J(199Ag-31P) = 640 195
[Ag2Ru,(113-H)(CO),,(PPhy)] (19Ag-P) =678 99
[Ag;Ru,(u;5-H)>(dppm)CO),, ] 1J(10%Ag31P)=498.5 97.99
[Ag;Ru,{u;3-H),(dppe)CO),,] LJ(1°°Ag—*1P)=510.5 97, 99
[Ag,Ru,(us-H),{Ph,P(CH,),PPh, }(CO),,] TJ(10%°Ag-31P)= 5238 97,99
[Ag,Ru,(u;-H),(u-Ph,AsCH,AsPh,}(CO);, ] LT(1%°Ag-31P) = 570 89
[Ag,Ru,(us-H),{z#-Ph,As(CH,),AsPh,}(CO),,] 'J('°°Ag-3'P)=529 89
[Ag,Ruy(us-H)o(u-Ph,AsCH,AsPh,)(CO) 1 1T (10%Ag-107Ag) = 40 89
[Ag,Ru,(p3-H),{Ph,P(CH,),PPh,}(CO), ] J(1Ag-107Ag) = 97,99
[Ag,Ru,(u3-H),(dppm)(CO), , ] L(1°Ag-1"7Ag) = 97, 99
[Ag;Ruy(us-H),(dppe)(CO) ] WJ(1O°Ag-107Ag) = }5 97,99
[Ag{TeO,(OH),},1°~ YJ(10%°Ag-123Te) = 196
[PtMe,(bipy){Ag(PPh,)}]* LJ(19°Ag-195Py) = 680 197
[{2,6-(Me,NCH,),CH; }(4-toINCHNtol-

4)PtAgBr] TJ(1%Ag-195PY) = 170 91
[{2.6-(Me,NCH,),C¢H )} (4-

toINCHNMe)PtAgBr1* TJ(10°Ag-12Pt) = 171 91
[{2,6-(Me,NCH,),C¢H;);(4-

toINCHNMe)PtAgBr]* LT(1%°Ag-193Pt) = 173 91
[{2,6-(Me,NCH,),CsH ) (4-

toINCHNE{)PtAgBr]* LT(10%Ag-195Pt) = 165 91
[{2,6-(Me,NCH,),C¢Hj;) (4-

toINCHNPr)PtAgBr]* 1T (19°Ag-123Pt) = 172 91

*Two isomers.

relaxation of these nuclei. The spin lattice relaxation due to chemical shift
anisotropy, Tj..., is given by

-1 oy BiAc?t,

11
lesa 307[ ( )

where B, is the magnetic field strength, and Ao is the chemical-shift anisotropy.
For the nuclei reviewed here, this term is normally dominant, whenever the
metal nucleus lies in an unsymmetric environment. As T ., depends on BZ, its
significance can be determined by determining T, as a function of B,.
Chemical-shift anisotropy is unusual. Usually T, = T}, but T, ., = 2T5..,.



Table 28. Representative coupling constants between '83W and other nuclei.

Coupling constant

Compound (Hz) Ref.
[Me,Si{(n>-CsH,)WH(CO),},] 1J (183W_1H) = 36.0 198
[Me,Si{(n°>-CsH,)W(CO),} ,(u-H)(u-PMe,)] 1J (183W-_1H) = + 39.0 198
[(7*-C,Hg); W] 17 (183W-_13C) = 19.8 33
[(7*-2-MeC,H,), W] 1J(183W-13C) =5 to 25 33
[(n*-2,3-Me,-C,H,); W] Ly(83w-13C) =25 33
[W(CsH,CH=NCH,CH,NH,)(CO),F] 1] (183W-19F) = 20 146
[W(C¢H,CH=NC,H,NH,)(CO),F] 17 (183W-19F) = 20 146
[Me,Si{(n°-CsH,)W(CO),} ,(u-H)(u-PMe,)] 1J (183W-31p) = 4 200.6 198
[(73-C3Hj)s(Me;PYWMe] 1] (183W_31pP) = 164 30
[(7°-C;Hy);(Me,P)WCI] 1J(183W-31P) = 173.5 30
[(73-C3H)3(MesPYWBr] 1 (183W-31p) = 172 30
[(7*-C3H5);(Me,P)WI] 1 (183W_31p) = 171 30
[W(CO),{(Ph,P),CH,}] 1J(183W-31p) = +201.2 199
[W(CO),{(Ph,P),NH}] LJ (183W-31pP) = 4 207.5 199
[W(CO),{(Ph,P),C=CH,}] L (183W-31P) = 42109 199
[W(CO),{Ph,PCH(CH,PPh,)CH,CH,PPh,}] 1J(183W-31P) = 2157, 212.2 152
[W(CO),(Ph,PCH,CH,CH,CH,PPh,)] 1J (183W-31P) = 4 230.7 199
[W(CO),{Ph,PCH(CH,PPh,)CH,CH,PPh,}] 1] (183W-31p) = 221.1, 226.5 152
[W(CO),{Ph,PCH(CH,PPh,0)CH,CH,PPh,}] 1] (183W-31p) = 2235, 225.6 152
[W(CO),(Ph,PCH,CH,CH,PPh,)] 17 (183W-31p) = + 2222 199
[W(CO),(Ph,PCH,CH,PPh,)] 1J (183W-31p) = 4229 199
[W(CO),(cis-Ph,PCH=CHPPh,)] 1] (183W_31pP) = 4233 199
[RR(WS,),]" 2] (183W-103R}) = 4.8 200
[(7°-CsH)W(CO),(SnMe)] L] (183W—1198n) = — 150 15
[(D,0),Zn,As,W,5045]™°" 2J(183W-183W) = 58, 6.2, 9.0, 19.6, 25.0 125
[(D,0),Zn,P,W,4O0¢]'°" 2J(183W_183W =71, 7.3, 9.0, 125

18.6, 19.2, 19.6, 23.5, 23.7, 23.8

961



[(n*-CsMes)RhSiWyNbyO40]° "

[(ﬂs‘csMes)Rhizw 1sNb;06,17

[BW,,0,,Hq]

[H, W, ,FO,,]°"
[H,W,,0,0Hs]%”
[H,SiV, W00
[HSiW, 03617
[Nb,W,0,,]*
[P,W,,0,,(0H,);1°"

[Si, W sNbsO,]%"
[SiW;Nb3O4o]7_
[SiW,,0,0Hq]*"
[Ti,W 10PO40:]1-

B-[SiW,,0,01*"
[P,W,sNb;O4,]%~
[Si,W,3Zr,O; H,]*" 14

2J(*B3W-183W) = 12.8, 14.0,

159,162,293, 302
2I(IBIW_183W)=18.2, 24.6
Jsw-183W) =42, 144
2J('83w-183w)— 5 22 Hz
1_] (183W_183w) =146
ZJ(133W-183W)= 16.4
2J('BIW_183W) =46, 49, 238
2J(*B3W-183W) = 55Hz
2J(1BIW-_183W) = 8.5, 9.6,

194, 21.5, 22.0, 252
2J(183W_183W) =183 Hz
2J(183W-_183W) =153 Hz
2j(iv3w_183w) =64, 15.1
lJ [!.Elw_l&BW) = 6.4, 6.7,

7.8, 168,175,179, 20.8
2J(183w_183w) - 8, 20
J(10W-183W) = 172, 21.3
2_) (lSSw_ !SBW) =14

L61



Table 29. Representative coupling constants between '87Os and other nuclei.

Coupling constant

Compound (Hz) Ref.
[OsH,(PEt,Ph),] 17(*870s-H) = 30.8 201
[OsH,(AsEt,Ph);] 17 (**70s—'H) = 34.0 201
[OsHg(AsEt,Ph),] 17 (1870s-'H) = 33.0 201
[Os;H;(CO),CC(CH,),CH,]" L7 (*¢70s—H) = 28.8, 32.0 202
[0Os,H(CO),,]* 17 (**70s—H) = 30.5 202
[RuOs,H(CO),,]1" L7(*¢70s-tH) = 29.1 202
[Os;H,(CO),,] 1J(*®870s-'H) =47.0 202
[Os;ReH(CO),¢] 1 (1870s-1H) = 27.0, 34.9 202
[Os;Re,H(CO),,] 1J(*870s-'H) = 27.8, 29.3 202
[Os;H(CO),,C,Ph] L (*%70s-'H) = 33.5 202
[0s H,(CO),,] 17(*®70s-'H) = 14.6 202
[HOs;Re(CO),,(C,Ph),] 17 (1870s-1H) = 30.3, 34.5 203
[H,0s;Ru(CO), (PCcH, )] 17(*870s-'H) = 30, 37 204
[HOs;Mn(CO), ,(C,Ph),] L7 (*#70s-1H) = 30.2, 34.6 204
[H,0s,(CO),,(PPh)] L7 (*870s—'H) = 194, 36.1 204
[H,0s,(CO),,(PCcH, )] L1 (*870s-1H) = 29.6, 36.6 204
[HOs,,C(CO),,1" 1J(*%70s-'H) = 15.9, 26.6 205
[HOs,,C(CO) 24{Au(PPh3)}] tJ(1870s-tH) =154, 26.2 205
[HOs,,C(CO),,(NO 17 (1870s-1H) = 13.8, 25.9 205
[HOs,,C(CO),,]1 1J(1870s-'H) = 14.1, 38.2, 49.9 205
[(#-1-Me-4-PriC,H,),Os (u-H), 1% * 17(1870s-H) = 36 156, 157
[(n%-1-Me-4-PriC4H,),Os,(u-H)(u-Cl)(C1,] 17 (*870s-'H) = 61 156
[(#®-1-Me-4-PriC,H,),0s,(u-H); 1" 17(1870s-H) = 156
[(#°-1-Me-4-PriC4H,),0s,(u-H)(u-Cl)(O,CCH,)]* 1J(””Os H)= 156
[(#°-1-Me-4-PriC4H,),0s,(u-H),(O,CCH,)]1™* 17(*870s-'H) = 76 156
[OsH,(PEt,Ph),] L1 (*%70s—-31P) = 166 206
¢is-[OsCl,(CO),(PBu‘Pr3), ] LJ(*870s-31P) = 149.8 206
[Os(SnCl,)¢]*~ L7 (1870s-1198n) = 1123 207

861
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When the metal nucleus is in a very symmetric environment, i.e. octahedral
or tetrahedral, then T; ., may not be dominant, and spin rotation becomes the
only residual relaxation mechanism, giving rise to 7|, which is given by (12) in
the fast tumbling limit

ro1_ IkTC,

TR (12)

where I is the moment of inertia, C is the spin-rotation coupling constant and
1, 18 the correlation time for the spin—rotation interaction. Due to Hubbard’s
relationship,

I
TcTsr - 6kT (13)
Ty, 1s unusual, decreasing with temperature, while all other relaxation
pathways become less efficient at high temperature, with a resulting increase in
T;. This temperature dependence is used to identify contributions by T}, to the
total relaxation.

The presence of a quadrupolar nucleus bonded to the metal nucleus can
cause substantial broadening of the signal although it is unlikely to contribute
to T;. This results from scalar coupling. The contribution to T, due to scalar
coupling, T, is given by

o 8nIAS(S+ )T
1801 + (0 — wg)(TS)?]

(14)

where J is the coupling constant between the metal nucleus and the
quadrupolar nucleus, T¥ is the spin lattice relaxation time of the quadrupolar
nucleus, and w, and g are the resonance frequencies of the metal and
quadrupolar nuclei. Unless w; — wg is small, then scalar coupling does not
contribute to T;. However, T,,. can be significant,

T, =3T L +%n?J2S(S+ )T (15)

2sc lsc

As the nuclei described in this review are relatively difficult to observe, the
broadening of the signals due to scalar coupling can make the observation
difficult.

There have been relatively few observations of T; for these insensitive
nuclei, see Tables 30-33. It has been shown that, for [(#°-CsHs),Fe], [(n*-
C,H)Fe(CO)4], [(1*-2-MeC,H;)Fe(CO),] and [(1*-1-MeC, H;) Fe(CO); ],
both chemical-shift anisotropy and spin rotation play a significant role,
especially at low field.>® Adsorption of the iron complex on particles arising
from decomposition also produced significant relaxation. Similarly for
[(C¢H,-1-NMe,-2-NMe)Rh(n*-cod)], at 9.4 T, the dominant relaxation is due



Table 30. Spin lattice relaxation times of *"Fe.

Field
strength Temperature T,

Compound (T) (K) (s) Ref.
[Fe(protoporphyrin-IX)(CO)NCH,)] 11.74 0.030 61
[(n*-CsH)(n°-CsH,Bu")Fe] 208
Carbonyl myoglobin 8.45 300 0.017 209
[Fe(CO)s], neat 2.114 300 81.1 58
[Fe(CO)s], 6.4M in CgDyg 2.114 276.5 65.9 58
[Fe(CO)s], 6.4M in C Dy 2.114 300 65.9 58
[Fe(CO)s], 6.4M in CyDg 2.114 321 50.0 58
[Fe(CO);], 6.4M in C,Dg 9.39 278 87.1 58
[Fe(CO)s], 6.4M in C¢Dg 9.39 298 69.4 58
[Fe(CO)s],6.4M in C Dy 9.39 320 56.4 58
[Fe(CO)s ], neat 7.05 80

[(n>-CsH;),Fe], 1.05m in CS, 2.114 298 20 58
[(73-CsHs),Fe], 1.05M in C4Dg 2.114 298 219 58
[(n*-CsH,),Fel, 1.05 M in 95% CS,/5% C¢Dy 2.114 278 20.6 58
[(#°-CsH,),Fe], 1.05Mm in 95% CS,/5% CDy 2.114 298 20.6 58
[(n*>-CsH;),Fel, 1.05 M in 95% CS,/5% C¢D, 9.39 278 2.85 58
[(n*-CsH,),Fel, 1.05M in 95% CS,/5% Cy¢Dg 9.39 298 421 58
[(n3-CsH,),Fel 7.05 4 210
[(#°-CsHs),Fel, 1.05M in 95% CS,/5%, C¢Ds 9.395 421 58
[(#*-C,Hg)Fe(CO);], neat 2.114 300 70.9 58
[(7*-C,Hg)Fe(CO);], 44 m in CDg 2.114 282 76.8 58
[(n*-C,H)Fe(CO);],4.4M in C Dy 2.114 300 84.0 58
[(n*-C,Hg)Fe(CO);1,4.4M in C Dy 2.114 321 63.7 58
[(n*-C,Hg)Fe(CO);],4.4M in C Hy 9.395 295 233 58
[(7*-C,Hg)Fe(CO)5],4.4 M in C Dy 9.395 318 28.4 58
[(7°-2-MeC,H,)Fe(CO);],2.7M in C,D, 2.114 295 89.3 58
[(7*-2-MeC,H)Fe(CO);1,2.7M in C Dy 9.395 295 260 58
[(7*-Z-1-MeC H)Fe(CO),1,3.4Mm in C Dy 2.114 295 107 58
[(7*-Z-1-MeC ,H;)Fe(CO);],3.4M in C Dy 9.395 295 221 58
[(n*-E-1-MeC H)Fe(CO);, 3.8 M in CDy 2.114 295 87.6 58
[(7*-E-1-MeCH)Fe(CO);],3.8 M in C¢Dg 9.395 295 18.9 58

002



Table 31. Spin lattice relaxation times of !°3Rh.

Field
strength Temperature T,
Compound (T) (K) (s) Ref.
[(CsH,-1-NMe,-2-NMe)Rh(*-cod)] 9.39 310 1.53 29
i moomo s
acac), . 3
[Rh(acac),] 2.114 300 62.8 36
[Rh(acac),;] 2.114 300 82+3 211
[Rh(73-CH,)(n*-cod)] 9.39 339 127 212
[Rh(5>-CH,)(1*-cod)] 9.39 309 8.6 212
[Rh(n*-CH,)(n*-cod)] 2.114 300 60+4 211
[Rh{>-CsH,)(n*-cod]] 9.39 271 52 212
[Rh(3-CsH;)(n*-cod)] 9.39 240 24 212
[Rh(n3-CsMe;)(n*-2,3-C,H,)] 9.39 296 6.5 213
[Rh(n*-CsMes)(n*-2,3-C,H,)] 9.39 203 0.7 213
[Rh(#3-CsMes)(n*-1,1,2-Me;C,H;) ] 9.39 296 5.6 213
[Rh(n*-CsMes)(n*-1,1,2-Me;C;H;) ] 9.39 203 08 213
[Rh(CO),(acac)] 9.39 298 > 30 64
[Rh(n*-dq)(Bpz,)] 9.39 298 062 64
[Rh(r*-cod)(Bpz,)] 9.39 298 051 64
[Rh(n*-cod)(Bpz,)] 9.39 213 0.060 64
Table 32. Spin lattice relaxation time of '83W.
Field
strength Temperature T,
Compound (T) (K) (s) Ref.
WF, 179 42 4
[(7*-2-MeC,H ), W] 9.39 253 54 33
[(7*-2-MeC,H;),WT* 9.39 273 10.7 33
[(*-2-MeC,H ), W] 9.39 253 5.5 33
[(7*-2-MeC,H,), W] 9.39 273 9.5 33
[(73-C3H,), W] 9.39 310 9.7 33
[(3-C;3H4), W] 9.39 273 6.6 33

2 Ref. 4.

Table 33. Spin lattice relaxation times of '870s.

Field
strength T,
Compound (T) (s) Ref.
[(n3-CsHs)Os(PPh,),H] 9.39 1.6 155
[(#°-CsHs)Os(PMe,),Br]* 9.39 6.7 155

* Ref. 155.
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to chemical-shift anisotropy, with T, ., = 1.59 s and T,,, = 38 s, while for [[*-
cod),Rh,(¢-Cl), ] T} o = 2.19s and T, = 8.8 s. In contrast, for an octahedral
geometry, T,,, is dominant even at 9.4 T, with T,_, =390s and T,,, =43s.>°

A detailed investigation of the mechanism relaxation of [Ag]* in aqueous
solution has been performed.®® It was concluded that the main relaxation
mechanisms are due to rapid chemical-exchange processes in the solvation
shell of the '°?Ag ion and the chemical-shift anisotropy of this solvate
complex. Adsorption of the Ag* ions onto colloidal silver particles also
presents an additional transverse relaxation mechanism. T; values of the order
of 700s were found.
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1. INTRODUCTION

The issue of permutation symmetry entered NMR spectroscopy soon after the
unravelling, in the early 1950s, of the origin of the fine structure observed in the
high-resolution spectra of the liquids. The theory of permutation symmetry in
static stick spectra of coupled-spin systems, first formulated by McConnel
et al.! in 1955, was presented in detail by Corio? a decade later. Implemented
on a computer, permutation symmetry option has become an inherent part
of the numerical procedures used to analyse static spectra, affording
substantial simplification of the problem when the spin system in question
exhibits relatively high symmetry:

It is clear that the presence of symmetry can also bring about considerable
simplifications in the quantitative interpretation of nuclear-spin relaxation
and exchange effects in coupled-spin systems. A maximum exploitation of
permutation symmetry to simplify the computations is even more desirable in
this case than in the analysis of stick spectra. This is because the theoretical
description of relaxation and exchange in coupled-spin systems requires the
use of Liouville space®* and, therefore, the size of the spectral matrices to be
handled is much larger than that of the static-spin Hamiltonian. For a system
of 6-7 tightly coupled nuclei of spin —3, the static stick spectrum can be
analysed without invoking the possible symmetry present in the system.
However, without proper exploitation of the symmetry in handling the
spectral matrices involved, quantitative analysis of relaxation and/or ex-
change phenomena in systems of such size is far beyond the capacity of modern
computers.

Unlike the static NMR, the problem of permutation symmetry in spin
relaxation and exchange has long awaited a complete and general solution.
For spin exchange, the first partial solution involving intramolecular pro-
cesses was proposed by Kleier and Binsch? as early as 1970. Their method was
then employed in a number of computer programs to simulate® and iteratively
analyse”~® the dynamic NMR (DNMR) spectra of coupled-spin systems. In
the early 1970s'°712 further ad hoc solutions were reported and in 1982 there
appeared an interesting work by Luz-and Naor!3 who demonstrated for the
first time how, for a certain specific class of intramolecular degenerate
rearrangements, the possible simplifications resulting from non-Abelian
symmetry can be exploited fully in practical DNMR lineshape calculations.

In the context of NMR relaxation, described in terms of the Wangsness—
Bloch-Redfield (WBR) theory,'*"!7 the first deeper assignment of the
problem is that due to Pyper.18729

A general theory of permutation symmetry, encompassing both relaxation
and exchange, was formulated in a series of papers which have appeared only
recently.?*”2% The basic idea of the theory works, described first for
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intramolecular exchange?! and then extended to relaxation and inter-
molecular exchange,?? is that the problem must be considered at two levels, i.e.
macroscopic and microscopic. The macroscopic symmetry properties, having
a general character, are essentially identical for all these phenomena. The
microscopic symmetry properties, however, are contingent features of certain
specific systems in which the underlying random processes have intra-
molecular character. The recent theory?!~2° provides a means of clarifying
some inconsistent or even incorrect statements that are perpetuated in the
literature. First of all, however, the theory offers a method for exploiting in full
the computational simplifications that are implied by the permutation
symmetry present in an exchanging or relaxing systems. In particular this
involves non-Abelian symmetries for which, except for the specific class of
systems described by Luz and Naor,!? the previous approaches®*°712:!8 are
insufficient.

The main purpose of the present report is to give a concise exposition of the
recent theory?'™2% and to point out its possible consequences for the
interpretation of relaxation and exchange phenomena in coupled symmetric-
spin systems. In addition a brief review is given of the previous approaches
which can now be seen in a proper perspective. The considerations of the
present work are essentially also valid for exchanging uncoupled-spin systems.
However, this limiting case will not be addressed explicitly here since it can be
treated separately using simpler theoretical tools, as described in the recent
review by Willem 26

2. GENERAL OUTLOOK

In order to facilitate a more formal discussion, we give here a general picture of
the entire permutation symmetry in NMR relaxation and exchange problem
by explaining some fundamental concepts and presenting the main results of
the theory quoted above?! ™23 in a purely descriptive way. The considerations
given in this section focus on the two aspects of the problem already
mentioned, i.e. the macroscopic and microscopic symmetry properties of
exchanging and relaxing systems.

2.1. Macroscopic and microscopic symmetry in exchange

As an example of exchange in a symmetric system we consider the hypothetic
rotations of nitroso groups in the two planar rotamers, S (syn) and 4 (anti), of
p-dinitrosobenzene (Fig. 1). If the exchange is frozen on the DNMR time-scale,
the proton stick spectrum of this system will be a superposition of the spectra
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1 2 . 4 2
3 4 3 4
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Fig. 1. Exchange network for rotations of single nitroso groups in 1.4-dinitroso-

benzene as an illustration of the property of macroscopic symmetry invariance (see
text).

of two symmetric-spin systems, AA'BB’ and CC'DD’ in the usual notation.
The permutation symmetries of the spin Hamiltonians of both rotamers are
isomorphic to the point group C,. It follows from the theory of symmetry in
static stick spectra!'? that the (static) spectrum of each rotamer can be
decomposed into two independent “symmetry subspectra” which correspond
to the two irreducible representations, A and B, of C,. We now pass to the
dynamic spectra and consider the permutation symmetry in the context of
exchange. As depicted in Fig. 1, the exchange network includes four labelled
molecules that represent four permutamers (also called “topomers™?7): s and s’
for rotamer S, and a and a for rotamer A. Inspection of the molecular models
in Fig. 1 shows that none of the symmetry of the nuclear system is conserved
(in the usual sense of the notion of symmetry conservation) in the course of
exchange. For instance, nuclei 1 and 3 are symmetry equivalent in a molecule
belonging to permutamer s, but cease to be such on transforming the molecule
to the form a or «'. Therefore there may arise the natural question: do any
symmetry selection rules act in the DNMR spectra of the system? Do only
those transitions that are symmetry allowed in the static spectrum participate
in the DNMR spectra? Or can the exchange somehow also activate the
symmetry-forbidden transitions?
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At the earliest stages in the development of DNMR theory these questions
are either passed over in silence or resolved in a purely practical way. Simpty,
in order to reduce the size of the spectral matrices involved, the symmetry-
forbidden transitions were usually discarded in practical DNMR lineshape
calculations. The validity of such a procedure was proved theoretically for the
intramolecular mutual exchange in systems of Abelian symmetry.’* For non-
Abelian symmetries, it was believed that exchange does couple symmetry-
allowed with symmetry-forbidden transitions.'!'!*> A similar claim was
formulated with respect to NMR relaxation.®

For along time, no attempt was made to clarify the situation and, as already
mentioned in the Introduction, the problem was solved only recently.?! 23 As
far as exchange is concerned, the solution is based on an observation?* that,
under the condition of dynamic equilibrium, the permutation symmetry is
always conserved in a certain macroscopic sense (see below) despite the fact
that, as pointed out above, it may undergo breaking in individual exchange
events. Consider again the permutamer s in Fig. 1. The symmetry group of the
nuclear system involved comprises an identity permutation e and the
permutation (13)(24). (The permutation (ijk. .. n) is effected as follows: put the
label j in place of i, k in place of j, ..., and i in place of n.) Both these operations
are proper operations on the labelled molecule concerned and, as such, they are
physically feasible. In general, the feasible group of a permutamer is a group of
all such operations that leave the permutamer unchanged. The feasible
symmetries of non-planar (achiral) molecules can conveniently be described
using permutation inversions which were introduced originally for the
purposes of microwave spectroscopy.?873°

The property of macroscopic symmetry conservation involves only the
feasible symmetries of individual permutamers. It can be formulated as
follows: the set of product permutamers which are obtainable from a given
substrate permutamer in elementary reactions compatible with the same
mechanism (and thus characterized by the same rate constant) must be
invariant under all operations from the feasible group of that substrate.?! This
is illustrated on Fig. 1. Namely, as is easy to see, performing the permutation
(13)(24) from the feasible group of s on the product a gives a/, i.e. another
permutamer obtainable from s via the same mechanism (rotation of a single
nitroso group) as that transforming s into a.

The above property is a general one of rearranging molecular systems since
it stems solely from the intrinsic symmetry properties of the underlying nuclear
configuration space and can be derived from a purely kinematic analysis of the
nuclear motions. This is better visualized from Figs. 5 and 6 which illustrate
the discussions given in Sections 3.1 and 3.2, respectively. We now explain why
such symmetry conservation it 1s termed “macroscopic”.

One can reasonably speak of “conservation” of the substrate symmetry if,
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invoking again the example given in Fig. 1, each molecule arriving at time ¢
from permutamer s to permutamer a is accompanied by exactly one molecule
leaving s for a' along the corresponding equivalent reaction path. In reality,
such a matching takes place for macroscopic ensembles of molecules which
rearrange not just in an instant ¢ but during a finite (though very short) time
interval (t — dt, t). We therefore speak of macroscopic symmetry conservation
bearing in mind that it involves macroscopic amounts of rearranging
molecules considered on an appropriate macroscopic time-scale.

All that has been stated above refers to a “forward” effect. The correspond-
ing “backward” property can be described as follows: the set of substrate
permutamers, each of which can be transformed into the same product
permutamer in an elementary reaction compatible with the same mechanism,
is closed under the feasible group of that product.

The significance of the above conservation property of rearranging systems
for DNMR theory becomes apparent if one realizes that the fundamental
DNMR equation of motion describes the evolution of spin density matrices
which are averaged over macroscopic ensembles of rearranging molecules.
Indeed, as demonstrated in the papers already quoted,?!?3 the property of
macroscopic symmetry conservation results in the appropriate macroscopic
selection rule: the transitions (or, more generally, coherences) that are
symmetry forbidden in the static stick spectra of individual components of a
dynamic equilibrium remain forbidden in DNMR spectra. It must be stressed
that the symmetries in question are feasible symmetries of the molecules
involved. The rule is valid for Abelian as well as non-Abelian symmetries
and, therefore, the claims mentioned above that in the latter case forbidden
transitions may become allowed in DNMR spectra must be rejected.

A formal derivation of the macroscopic selection rule from the property of
macroscopic symmetry conservation will not be reported here in full because
of its length. The essential steps are reproduced in Sections 4 and 6. The reader
is referred to the original papers2!-23 for more details. It is worth emphasizing,
however, that a crucial point in the derivation is the writing of the general
DNMR equation of motion in a compact form in which each of the exchanging
species is described by only one spin density matrix, regardless of how many
permutamers of the species are involved in the exchange network. This is at
variance with the early formulation of the equation® in which separate density
matrices were attributed to individual permutamers of the same species. The
compact form of the DNMR equation requires the use of an additional system
of labels (the skeleton-site labels) which, however, need not be introduced
explicitly unless intermolecular processes are considered. The derivation of the
DNMR equation of motion in the skeleton-site representation is described in
Section 4.

Turning back to the example given in Fig. 1, we can now state that, owing to



PERMUTATION SYMMETRY IN NMR RELAXATION AND EXCHANGE 215

the macroscopic selection rule, in calculating the DNMR spectra for this
system it would be sufficient to take into account only those transitions which
are allowed in the stick spectra of the individual rotamers S and 4. What are
the implications of the fact that at a microscopic level (that is, for single
molecules) no symmetry is conserved in the course of exchange? The answer is
simple: under such cicumstances it is not possible to separate out any
independent symmetry subspectra from the total DNMR spectrum. The four
symmetry subspectra of the static systems AA'BB’ and CC'DD’ will be

a) 1
i 3
L%NS%\S SQI/S
Srsﬁl\s — 1 6 SA'/Z
R
b) 3 1|
/7
T N
-~ i
4 | 4
N =
3
J /)
‘ )

Fig. 2. Ringinversion in s-trithiane and nitrogen inversions in 3,4-diazacyclobutene as

examples of total microscopic symmetry invariances in (a) degenerate and (b)

nondegenerate intramolecularly exchanging systems. The microscopic symmetry
groups in (a) and (b) are isomorphic with C;, and C, point groups, respectively.
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completely mixed by exchange. Decomposition into independent DNMR
symmetry subspectra is possible only in the instance where certain symmetries
of the nuclear systems in individual rearranging molecules are preserved in any
sequence of exchange events. This is the instance of “microscopic symmetry
invariance™.?!

The microscopic symmetry group, hereafter denoted ", is defined as the
intersection of the permutation groups of individual permutamers spanning
the exchange network. For practical purposes, it is convenient to distinguish
two kinds of microscopic symmetry invariance: partial and total. The latter
occursin the situation where the permutation groups of all the permutamers in
the exchange network are identical. By definition, " is then identical to the
common permutation group of these permutamers. Some examples of total
microscopic invariance are depicted in Fig. 2. If ¢ is nontrivial and is a proper
subgroup of the permutation group of at least one permutamer in the network,

Hy H2 1 2
—
-—
Ly 3Lg 5 6
Hyg &
1 2 1 2
ﬂ -—
6 5 8 7
4 4

Fig. 3. Partial microscopic symmetry invariance for a probable ligand permutation
mechanism in stereochemically nonrigid dodecahedric (D, symmetry) phosphine
complexes of tetrahydrides of tungsten and molybdenum.3! The microscopic symme-
try group, isomorphic with the S, subgroup of D,,, is {e, (1324)(5867), (12)(34)(56)(78),
(1423)(5768)}, where e denotes the identity permutation.
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Fig. 4. Partial microscopic symmetry invariance for a probable interconversion

mechanism in the system of trans (D,, symmetry) and cis (C,, symmetry) isomers of

dihydrotetrakis(diethoxyphenylphosphine)ruthenium(I[).** The microscopic group,
isomorphic to C,, is {e, (12)(35)(46)}.

then one speaks of partial microscopic invariance. This is illustrated in Figs. 3
and 4. Experimental DNMR spectra of the systems depicted in Figs. 3 and 4
have been published by Meakin et al.3!-3?

The microscopic symmetry invariance, as defined above, was once beliecved
to be the only symmetry invariance that is relevant in DNMR spectroscopy.
The corresponding invariance properties of the spectral matrices were first
derived for the formulation of DNMR theory in terms of individual
permutamers.’ The invariance properties resulting from a two-element
microscopic symmetry can be exploited in DNMR lineshape computations
using the programs already quoted.®”® The theory of microscopic symmetry
developed recently involves the more convenient, compact form of DNMR
equation. It was shown?! that, when combined with the basic, macroscopic
invariance, the microscopic invariance affords a decomposition of the relevant
block of the spectral matrix involved, one including symmetry-allowed
coherences, into independent sub-blocks. Each such sub-block comprises a
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number of static symmetry subspectra (or sometimes a single subspectrum)
which coalesce into the same DNMR symmetry subspectrum. The latter are in
a one-to-one correspondence with certain disjoint subsets of the irreducible
representations of #". These subsets can be determined once the permutation
group, #**, which describes the average symmetry of the system in the limit of
rapid exchange, is known. In the group-theoretical literature, these subsets are
called “orbits”?* of ¢ relative to 2**, The procedure of finding the coalescence
scheme for the static subspectra using the orbits of 4" relative to 2" exploits
group-correlation diagrams the use of which in the context of DNMR theory
was initiated by Luz and Naor.!?* Formal description of this procedure is given
in Section 6.3.

The present definition of /¢ as a purely permutational group is found to be
more appropriate than the previous one?! which was formulated in terms of
permutation inversions. In both formulations the underlying idea is the same,
but the permutation-inversion formalism, which is suitable for describing the
macroscopic invariance, proves too restrictive for a proper account of
microscopic symmetry for the purposes of NMR spectroscopy. This can be
clarified using an example. According to the present definition, the system
depicted in Fig. 2(b) is one with total microscopic invariance. In the previous
approach,?! it would be classified as a system with a complete symmetry
breaking since the permutation-inversion formalism would distinguish be-
tween the permutation (12)(34) describing an improper operation (for the
permutamers of the isomer cis) and the same permutation representing a
proper operation (for the permutamers of the isomer trans). However, for the
systems shown in Figs. 2(a) and 3, the two definitions are equivalent. It should
be stressed that the theory of microscopic symmetry developed previously
remains entirely valid also for the present definition of %"

As follows from its definition, the microscopic symmetry is a long-term
feature of the spin system in a rearranging molecule and, as such, can be
attributed only to those systems where the integrities of the spin systems in
individual molecules are preserved in the course of exchange. In systems
undergoing intermolecular exchange the above prerequisite is obviously not
fulfilled and, accordingly, the concept of microscopic invariance of symmetry
does not apply to such systems.?3

However, the notion of macroscopic symmetry invariance is associated with
a short-memory description of the exchange process. In the short-memory
approach, which is implied in the DNMR theory, both intra- and inter-
molecular exchange processes look essentially identical. It is thus not
surprising that, as demonstrated previously,?® the macroscopic selection rules
are also identical for both types of exchange: neither intra- nor inter-molecular
exchange can activate the transitions which are forbidden by molecular
(feasible) symmetries in the static stick spectra.
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2.2. Macroscopic and microscopic symmetry in NMR relaxation

Molecular processes that are responsible for nuclear spin relaxation in liquids
are usually different in nature from and proceed on a different time-scale from
the exchange processes considered in DNMR spectrocopy. Nevertheless, the
essential aspects of the problem of permutation symmetry prove to be the same
as for the exchange processes. Here, too, the problem must be considered at
two levels or, in fact, on two time-scales (macroscopic and microscopic) which
can be distinguished in relaxation phenomena. This was noticed by Pyper long
ago,'®72% but a proper interpretation and the theoretical consequences of this
observation were reported only recently.??-23

In NMR relaxation, as long as it can be described in terms of the
semiclassical WBR theory,'*™!7 the microscopic description involves indi-
vidual molecules and is concerned with time increments of the order of typical
molecular orientational correlation time, 7. The macroscopic level involves a
macroscopic ensemble of tumbling molecules and is concerned with a more
coarse time-scale which, like that in DNMR theory, determines the physical
sense of the “infinitesimal™ time increment dt in the WBR equation of motion.
This increment is much longer than t, but simultaneously much shorter than
the inverse of the amplitude of the random spin interactions that are
responsible for relaxation; the existence of such a scale is an indispensible
condition for the applicability of the WBR approach.??

The microscopic symmetry group, ¢, of a relaxing spin system is defined??
as the common part of the instantaneous permutation groups of the total
semiclassical time-dependent spin Hamiltonian, H(t), of a single molecule. It is
clear that the microscopic symmetry cannot be higher than the lowest
instantaneous symmetry of H(t). Therefore, if H(t) also includes random
intermolecular interactions, i.e. those dependent on the instantaneous con-
figurations of the local fields originating from the neighbouring molecules, the
microscopic symmetry cannot be other than trivial. Nontrivial microscopic
symmetry can occur only for systems where the intermolecular contributions
to relaxation can be neglected.

There are five basic types of intramolecular interactions that can lead to
relaxation: spin—rotation (SR) interactions; dipole—-dipole (DD) interactions;
quadrupole (Q) interactions; and interactions concerned with indirect spin—
spin coupling (ICA) and chemical-shielding anisotropies (CSA). For any such
interaction, the corresponding term in H(¢), involving either a single nucleus
(for SR, Q, and CSA) or a pair of nuclei (for ICA and DD), is invariant under
inversion of the laboratory space in any instant of time. Therefore, if the
molecule possesses a centre of symmetry, then at any time instant H(¢) is
invariant under the permutation of nuclei that represents the inversion of the
molecule. A general conclusion is that, in the absence of intermolecular
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interactions, )" is always nontrivial and is isomorphic with the C; subgroup of
the molecular point group. For certain molecular symmetries not including a
symmetry centre, e.g. C,,,, the DD interactions are invariant under the
rotation about the C, axis. Any higher microscopic symmetry can only occur
in systems where the DD and ICA interactions 