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PREFACE

Volume 9 of Annual Reports on NMR Spectroscopy consists of four
timely reviews from different areas of NMR Spectroscopy. the
literature being covered up to about mid-1978 in all cases.

Earlier reviews on NMR of paramagnetic species, in Volumes 3
and 6A of this series, are brought up to date in the present volume
by Dr K. G. Orrell. The increasingly large amount of work on the
less common quadrupolar nuclei is extensively covered by Dr F. W.
Wehrli. The topic of Si NMR is dealt with for the first time in this
seriecs by Dr E. A. Williams and Dr J. Cargioli. Although well
known for their primary publications it is the first time that these
authors have reported for this series. I am very grateful to them for
their reviews and look forward to working with them again on future
volumes.

Finally, I am pleased to mention the review on heteronuclear
magnetic double resonance by Dr W. McFarlane and Dr D. S.
Rycroft which updates the thorough reviews by Dr McFarlane pre-
sented in Volumes 1 and SA.

It is a pleasure for me to express my thanks to all of these authors
for their assistance and patience in the preparation of this volume.

University of Surrey, G. A. WEBB

Guildford, Surrey, May 1979
England
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2 K. G. ORRELL

I. INTRODUCTION

Previous reviews (1, 2) of NMR of paramagnetic species in this series
have provided fairly exhaustive literature coverage up to the end of
1972 and more selective coverage of 1973. The present review deals with
developments described in the literature between 1973 and the end of
1977. During this period there has been a dramatic growth in the
applications of paramagnetic materials as chemical shift and relaxation
reagents, especially in the biochemical field, and the reviewer has
excluded papers that are more of biological than of chemical interest.

Literature coverage has been based on the UKCIS Macroprofile
“NMR-—Chemical Aspects” and, latterly, on the CA SELECTS
listings of abstracts in this area.

Numerous reviews have dealt wholly or in part with NMR studies of
paramagnetic systems. (3—15) Reviews specific to certain aspects of this
field will be referred to later. The latest volume of the Chemical Society
specialist reports on NMR is the first to include a separate chapter
dealing with paramagnetic molecules. (16) The authoritative book, to
which extensive reference will be made, continues to be the monograph
edited by La Mar, Horrocks and Holm. (17)

In the present review isotropic shifts are reported as d-values,
implying that § = 0 for the diamagnetic reference; positive values
denote high frequency shifts.

II. THEORETICAL BACKGROUND

A. The paramagnetic shift

The origin of isotropic shifts in the NMR spectra of paramagnetic
species in terms of the Fermi hyperfine contact or scalar interaction and
the electron—nuclear dipolar or pseudocontact interaction is now well
established. The generalized theoretical treatment of these interactions
by Kurland and McGarvey (18) is still valid aithough certain re-
finements have been made to the calculations of the two interactions
particularly in systems involving lanthanide ions (see below). The main
features of the Kurland—McGarvey treatment are summarized in the
following paragraphs.

The interactions of an electron and a magnetic nucleus with an
applied magnetic field and the interaction between the electron and the
nucleus may be represented by the total spin Hamiltonian:

H,=upS .g.B— ungnB. I+ Ay 1 (1)
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The first two terms are Zeeman terms and the third represents the
hyperfine interaction of the electron and nuclear spins. ug and puy are
the Bohr and nuclear magnetons respectively, §” is a fictitious effective
spin (8§’ = 3 for a simple Kramers doublet), and I is the nuclear spin
tensor. The hyperfine tensor Ay is further split into Fermi contact,
dipolar, and orbital components according to:

AH.I:(AF+AD+AL).I (2)
- '#F + ﬂ]) + ‘%L
where
Hy = (167TgNNNMB/3)Z(5("i)si-I =anS.1 3

r; defines the vector from the ith electron to the nucleus of interest, and
S is the total electron spin angular momentum for a given state.

{B(Vi.si)(ri.l) - rizsi.I}
5

H = 2gxpnits ), (4)

Fi
and
H = 28NMN#BZ’£-I/”i3 (5)

where the operators s; and [, represent spin and orbital angular mo-
menta of the ith electron, reéspectively.

In equation (3) the Dirac delta function 8(r;) expresses the probability
density for the electron i at the nucleus. Since

Plowly> = [W(0) (6)

where (0) is the wavefunction governing the distribution of the
unpaired electrons evaluated at the nucleus, it follows from equation (3)
that:

an = (167ngHN#B/3)|¢(0)|2 (7)

In equation (1) the hyperfine interaction is small compared with the
Zeeman interactions. Kurland and McGarvey then developed general
expressions-for the nuclear—electronic interactions in both solids and
freely tumbling liquids. Detailed discussion of the theory is given in the
original paper and by Jesson. (19) For freely tumbling molecules, where
averaging over all molecular orientations can be assumed, the general
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expression for the observed isotropic shift is:

AB -
iso In

X z { Z eXp(—Er/kT)< n“’“ n>< m|AH,-‘rn>

i=x,y,z2 { Th.Im

exp(— Er/kT) — exp(—Er'/kT :I
ary |
r,,;r'n L Er - Er'

< 1|.u |F|11><r111|AHi|I—;1>} (8)

Er and |I}) represent the eigenvalues and eigenstates which are
thermally accessible, n refers to the Kramers degeneracy of the levels
and T to the irreducible representation of the symmetry group of the
molecule to which the level belongs. This equation applies to the
conditions

Tle L7 and_:: « (Emax - Emin)/h

where T, is the electron spin—lattice relaxation time, 7 is the rotational
correlation time, and (E_,, — E_;,)/h represents the magnetic aniso-
tropy in frequency units. The general equation (8) contains many more
parameters than is necessary for many paramagnetic complexes. As a
result, simplified forms of equation (8) are of more practical value for
many systems. Thus, for the case of an isolated multiplet in axial sym-
metry with no zero-field splitting, equation (8) can be simplified and
split into its contact and dipolar components according to:

AB peS’(S" + 1)
- = —— (g4 + 2¢,B 9
B )con 9gN,uNkT (gH B ) ( )

where

A= %aNgsH and B = %aNgsJ_'

AB 288" + 1
(—B )d M T ) 9§<Tr3 )(1 —~3cos?O)(gt — gl (10)
ip

The equations for other solution averaging conditions are given in
references (18) and (19). In the special case of a spin-only state with an
isotropic g-tensor (i.e. g, = g, and g, = g, = 2) equation (9) reduces
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to:

(A_B) _ eSS+, an

B 3gnunkT

and the dipolar shift expression [equation (10)] becomes zero.
Equation (11) represents the commonly used expression for the Fermi
contact shift, and under these special conditions it also represents the
observed isotropic shifts. It should be stressed that the large majority of
paramagnetic species do not satisfy these special conditions and
equation (11) is often not strictly valid.

During the period under review there have been few developments in
methods of calculating the contact shifts arising from ions with either
orbitally degenerate (ie. Ty, T,,T,,, T,,,E, or E,) or nondegenerate
(le. Ay, A,, Ay, A,,, or B,,) ground states. The appropriate ex-
pressions for the contact shifts in these cases are given by Jesson.
(19) However, there have been a number of developments in the
calculation of pseudocontact shifts. Stiles (20) has examined theo-
retically the contribution of molecular magnetic multipoles higher
than dipole to the pseudocontact shift. He has considered the cases of
shielding by a regular octahedral metal complex, a regular tetrahedral
complex, and an axially symmetric metal-ion complex, and has
calculated the octopolar contributions to the pseudocontact shifts. In
the first two cases, the neighbour anisotropy (pseudocontact) shifts are
so much smaller than the contact shifts that it is not possible to resolve
the observed shifts in these particular cubic metal complexes into
contact and pseudocontact components. With lanthanide ions in an
axial crystal field the ratio K3/(Kz?) of octopolar to dipolar shieldings
is again too small to be measured. Stiles (21) has expressed the NMR
shift as:

AB K L
5= Y > (Apycos M@ + By sin Mg)P(cos 0)/rt* ! (12)

L=2M=0

where K = 2(I + 1) for a specific I-electron, P¥(cos 8) the associated
Legendre polynomials, and the coefficients A, ,, and B, ,, measure the
anisotropy in the multipolar magnetic susceptibilities of the molecule.
This equation is a generalization of the original McConnell and
Robertson (22) expression:

AB LSS+ 1)
B~ My

3cos™0 = 1)F(g) (13)

r
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which was extended by Kurland and McGarvey (18) in terms of the
magnetic susceptibility components, y,,, to:

AB/B = —(1/3r°)[{ ), — $(fxx t 2yy)} (30876 — 1)
+ (3/2)(Yyx — %yy)sin® 0 cos 2¢] (14)

In equations (13) and (14) r is the distance between the paramagnetic
ion and the NMR nucleus. F(g) is a function of the principal g-values.
Golding et al. (23) have more recently pointed out an error in Stiles’s
calculations using equation (12). They have calculated the pseudocon-
tact shift for a nucleus at various distances r along the z-axis from a d*
transition metal ion in a crystal field of octahedral symmetry. They
have used a multipole expansion approach involving r~> and r~’
terms. They show that at a distance of 0-2nm from Ti** the multipole
expansion method gives rise to an error of ca. 3%, in the shift, but if only
the r > term is considered the error rises to ca. 129{. This contrasts
sharply with Stiles’s earlier conclusion that the octopolar contribution
was of the order of —0-3 ppm in the Ti*" system and could safely be
ignored. Golding et al. (24) have given further details of their general
multipole formalism of pseudocontact shifts for the cases of a d'
transition metal in an octahedral crystal field and of a d° transition
metal ion in a strong octahedral crystal field. The results are applicable
to both long-range and short-range dipolar couplings including the
special case when the NMR nucleus is the transition metal ion (i.e.
r = 0). In the d' octahedral case the extreme cases of short-range and
long-range dipolar couplings are represented by the following ex-
pressions for the pseudo contact shifts.

When r = 0 and the screening constant components o,, = 0,y = 0,,,
then:

AB  8udK® {(§ — KT/3)exp(—3(/2kT) + KT/3()

= — 15
B 567kT {2 + exp(—3{/2kT)} (15
When r is very large, then:
AB  504u3 .
B = K———zrskT{l + 2exp(3(/2kT)}
24300ud {(3 + 2kT/{)exp(—3(/2kT) — 2k T/} 16
Ko kT 12 + exp(—3L/2kT)} (16)

For the d° octahedral case, the above expressions require a change in
sign of the spin—orbit coupling constant {. The authors also derived the
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expressions for two cases when the crystal field has a specific tetragonal
and trigonal component. They tested their theoretical expressions for
the case of Fe(CN)2~ and showed that the '*N shift arises from
pseudocontact interaction involving the nitrogen p-orbitals whereas
the !3C shift is primarily Fermi contact in nature. In a more recent
contribution Golding and Stubbs (25) developed a general method for
evaluating the nine hyperfine interaction tensor components A, of the
Ay tensor [equation (1)].

Knowing these components the degree of non-coincidence of the g
and Ay tensors can be determined and the NMR shifts evaluated. The
case of a molecule containing a d' transition metal ion in a strong
crystal field was examined in detail. Goodisman (25a) has calculated
pseudocontact shifts for tetragonal high-spin Co(11) complexes using a
crystal field model. The calculation involves evaluation of the
anisotropy of the magnetic susceptibility tensor, y, — y,. Thisrequires
firstly a knowledge of the three orbital wavefunctions of lowest energy
which are deduced from the crystal field parameters Dq, Ds, Dt, and the
Racah parameter B. Next the effect of spin—orbit coupling over the 12
states (3 orbital wavefunctions coupled with 4 spin states) is evaluated.
Considering only these 12 states but allowing for thermal populations,
) and y, are calculated. The theory was tested for Co(CH;O0H)s X2+t
complexes and showed good numerical agreement with experimental
results for dipole field strength and its temperature dependence.
However, the calculations showed that the linearity of the pseudo-
contact shifts when plotted against T~ ! is only apparent. The theo-
retical basis of these shifts must involve low-lying states, in which case
straight-line plots of shifts versus T~ ! are not to be expected.

Stiles (26) has developed a general multipolar susceptibility
formalism (27, 28) for mapping the isotropic magnetic shielding outside
axially symmetric molecules. The method, which involves an expansion
of the magnetic shielding in terms of spherical harmonics about a
convenient molecular origin, has been applied to molecules ap-
proximating to prolate and oblate spheroids. The theory provides
accurate descriptions of magnetic shielding outside non-spherical
molecules which are applicable to both paramagnetic and diamagnetic
molecules.

Further developments of pseudocontact shift theory applicable to
lanthanide ion systems are discussed later.

A new formulation of the theory of paramagnetic shifts particularly
suited to shifts in liquid crystalline solvents has been presented. (29) The
Hamiltonian expression used allows for the inclusion of effects of
preferential orientational distribution of the solute molecules.
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B. The paramagnetic linewidth

Observed linewidths of NMR signals in paramagnetic systems vary
enormously and the conditions that govern the observed widths are
considerably more complex than in diamagnetic systems. Swift (30)
reviewed the problem some years ago. Relaxation times of spin-4 nuclei
are governed by dipolar and hyperfine exchange (Fermi contact)
relaxation processes. The dipolar interaction is normally dominant
except in some delocalized systems in which considerable unpaired spin
density exists on nuclei far removed from the metal ions (e.g. z-radicals).
Distinction between the two processes can be made by consideration of
the different mathematical expressions involved. For dipolar relaxation
when wlt, « 1 (z7' = rate constant for rotation of the species con-
taining the coupled pair and w, = nuclear resonance frequency):

1 25(S + Ipwig*ud Ttea
i e 17
T, 15r8 3tat 1 + wit? a7
and
1 S(S+ 1yig’us 137,
— 2 s (g 10T 18
T, 15r° Ter ¥ 1 + w22, (18)

In these equations S is the total electron spin of the paramagnetic ion, r
is the electron—nuclear distance, o, is the electron resonance frequency,
and 13! and t,! are the rate constants for the reorientation of the
coupled magnetic moment vectors. They are related to other rate
constants by the expressions:

1 =T + 17! +r;1 + 1!
1 —l -1
c2 —TZe +T Te +TH

T,. and T, are the electron spin relaxation times and tj; ! is the rate
constant for proton exchange. Thus, if this mechanism is dominant the
observed linewidths, Av,[ = (nT;)™*], must reflect the r~° dependence
on the electron-nuclear distance. Hyperfine exchange relaxation,
however, is given by the expressions:

1 25(5 + )4 o) o
Tl - 3h2 1 + (CUI — (1)5)27.'32 ( )

1 1)A4?
%=S(S+ ) |:Te1+1+( Te2 2:| (20)

T, 3hn? Wy — )3,
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Thus, in cases where contact shifts are observed the squares of the shifts
must correlate with (zT,)” ' since equation (20) involves the square of
the hyperfine coupling constant A.

There have been some notable developments in the theory of dipolar
relaxation. In solutions, this electron—nuclear interaction is randomly
modulated by electron spin relaxation, molecular tumblings, and
chemical exchange. Vega and Fiat (31) have shown that in general a
fluctuating term may be decomposed into two terms, an average
contribution and a remaining fluctuating term with zero average.

In the present context the former produces a nuclear resonance shift
(the pseudocontact shift) whereas the latter only affects the relaxation
behaviour. In the absence of chemical exchange and in cases when
Ti. < 1., the local field experienced by the nucleus is given by:

AB, # gugS/r’ 2D

This local field fluctuates with a correlation time T, about a non-
vanishing average arising from the unequal populations of the elec-
tronic levels in thermal equilibrium. This average field is designated
the susceptibility field, AB,, where:

AB, = [3r(r.p) — r'p]/r’ (22)

In any randomly tumbling paramagnetic species there is thus a
superposition of two relaxation mechanisms, the usual S-mechanism
artsing from AB, and a y-mechanism arising from AB,. The relative
importance of the two processes to the total NMR linewidth,
T; (= T3 + T3,'), is given by:

Tgxl/Tgsl = A(TZ/Tle) (23)
where
A = [g?ugS(S + 1)B*]/(3kT)>.

The authors derive exact expressions for T;, and T3, and show that the
z-contribution is appreciable where the rotational correlation time
7, = 7,/6 is four orders of magnitude larger than the electron spin
relaxation time 7). but in most practical cases the S-mechanism is
dominant.

The conventional approach to the theory of electron spin relaxation
is to use a density matrix approach developed by Redfield. (32) How-
ever, this method is only valid when t <« 7.,. Thus, cases of very
fast electronic relaxation leading to sharp NMR lines, which are in
general of particular interest, are strictly excluded from this theoretical
approach. Doddrell et al. (33) have developed a more general theory for
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S =} and S > § systems. By working in a reference frame in which the
initial density matrix is diagonal, general relaxation equations can be
written in a simple analytic form without recourse to perturbation
theory. In the short correlation time limit, the equations reduce to the
usual Redfield equations whereas in the long correlation time limit the
equations depend on the assumed ensemble distribution. The theory is
tested explicitly for S =3 where electron spin relaxation occurs by
modulation of the quadratic zero-field splitting. For halogeno-bis-
(N,N-diethyldithiocarbamato)iron(itn) complexes the calculated T,
values are shorter than the Redfield predictions, in agreement with
experiment. Doddrell et al. (34) have also re-examined the theory for the
dependence of nuclear spin relaxation times 7; and 7, on the external
magnetic flux density. Whereas current theoretical treatments using the
Redfield density matrix approach (32) all predict a strong dependence,
only slight (<509;) dependence is observed experimentally. The
authors examine in detail the T values for the CH; protons in
Cufacac),, a complex for which 7, » 7, and thus falls within the
Redfield limit, and the T; values for the CH, protons of bis-(N,N-
diethyldithiocarbamato)iron(m) iodide, Fe(dtc),I, a compound for
which 7, « 7. When 7, > 1,, rotational reorientation dominates the
nuclear relaxation and the Redfield theory can account for the
experimental results. When 1, « 1,, T; values do not increase with B, as
current theory predicts, and non-Redfield relaxation theory (33) has to
be employed. By assuming that the spacings of the electron—nuclear
spin energy levels are not dominated by B, but depend on the value of
the zero-field splitting parameter, the frequency dependence of the T,
values can be explained. Doddrell et al. (35) have examined the variable
temperature and variable field nuclear spin—lattice relaxation times for
the protons in Cu(acac), and Ru(acac);. These complexes were chosen
since, in the former complex, rotational reorientation appears to be the
dominant time-dependent process (36) whereas in the latter complex
other time-dependent effects, possibly dynamic Jahn—Teller effects,
may be operative. Again current theory will account for the observed T;
values when rotational reorientation dominates the electron and
nuclear spin relaxation processes but is inadequate in other situations.
More recent studies (37) on the temperature dependence of T; values of
protons of metal acetylacetonate complexes have led to somewhat
different conclusions. If rotational reorientation dominates the nuclear
and/or electron spin relaxation processes, then a plot of In(7; !) against
T~ ! should be linear with slope Eg/R, where Eg is the activation energy
for rotational reorientation. This was found to be the case for Cu, Cr,
and Fe complexes with Eg # 9-2kJmol~ 1. However, for V, Mn, and
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Ru complexes much lower values of Eg were found, implying that a
time-dependent process other than rotational reorientation is
operating. Modulation of the ground state potential energy surface via
a dynamic Jahn—-Teller effect is suggested as the process controlling the
electron spin relaxation in these compounds.

In some detailed calculations of relaxation rates due to dipolar
interaction for the ruthenium(t) complex Ru(NH;)2*, Waysbort and
Navon (285, 286) have allowed for covalency by including the
distribution of unpaired spin density on the metal and ligand orbitals.
They found the effect of this covalency term on the Ru d orbitals to be
small but the spin delocalization to the ligands increases significantly
compared with that calculated using a point dipole approximation.
The new results are in better agreement with available experimental
data.

A statistical method for the determination of structural and kinetic
parameters of metal ion complexes in solution, based on the
temperature dependences of the linear proton relaxations, has been
described. (38) A study of T, relaxation in the gas mixtures C,H, + O,,
C,Hg + O,, CH,CF, + O,, C,H, + NO,and C,;Hg + NO has been
made. (39) NO is very much less effective than O, in paramagnetic
relaxation of C;Hg and C,H,. The relaxation rate depends not only on
the trajectories of the interacting molecules, which are largely governed
by the isotropic part of the intermolecular potential, but also on
rotation of the paramagnetic molecule resulting from the anisotropy of
the intermolecular potential. In the NO molecule the strong coupling of
the electronic and rotational angular momenta leads to a large
reduction in the effective paramagnetic moment as the anisotropy of
the intermolecular potential is increased. This coupling of momenta is
weak in O, and thus this molecule is more effective in paramagnetic
relaxation.

C. Spin delocalization and electronic structure

An excellent introduction to this topic is provided by La Mar. (40)
This review clearly distinguishes between the three possible spin-
transfer mechanisms, namely ligand (L) — metal (M) g-spin transfer,
L — M n-spin transfer,and M — L n-spin transfer. In addition to these
direct spin delocalization mechanisms, where a fraction of unpaired
electron density originally associated with the metal is actually placed
into an MO that includes the ligand to some extent, there are indirect
spin delocalization or spin polarization mechanisms. These involve
essentially a redistribution of electron spin in an MO otherwise
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containing paired electrons. Quantum mechanical calculations of
contact shifts arising from ¢- and/or n-electron delocalizations are
quite commonplace. The degree of sophistication of these calculations
has, however, varied enormously from the simple McLachlan—Hiickel
approach (41) to the all-valence electron methods of the EHMO (42)
and INDO (43) approaches. INDO calculations have been the most
successful to date especially for interpreting o-delocalization shifts
Since spin delocalization is a fairly subtle phenomenon a fairly
elaborate theoretical model is required to treat it adequately.

Unrestricted Hartree—Fock (HF) calculations are strictly required
but such calculations are not realistic for the types of complexes that
are usually of interest. However, Horrocks (44,45) has shown
convincingly that INDO calculations can provide considerable insight
into the modes of electron delocalization. For example, for complexes
of the type Ni(acac),L, (L = pyridine, a-, §-, or y-picoline), INDO
calculations can provide a semi-quantitative account of the contact
shifts of the *H and !3C nuclei of the pyridine-type bases. Furthermore,
this shift behaviour is adequately described in terms of o-spin
delocalization (with concomitant spin polarization of both ¢ and =n
systems). In this case both direct delocalization and spin polarization
mechanisms contribute importantly to the contact shifts, with the latter
mechanism being highly variable and, in most cases, providing a low
frequency contribution to the net shift. Horrocks (44) also suggests that
certain qualitative distinctions can be made between ¢ and =
delocalizations. Thus: (i) o-Delocalization produces high-frequency
shifts of aromatic hydrogens which attenuate in magnitude with the
number of intervening bonds. This however does not necessarily apply
to attached methyl protons. (i) o¢-Delocalization produces an
alternation in sign of the '*C hyperfine constants around an aromatic
ring. Such alternating behaviour had previously been considered
diagnostic only of =m-delocalization. (iii) The previously used (46)
criterion of opposite shifts for hydrogen and methyl protons at a given
position on an aromatic ring is not necessarily diagnostic of n-spin
delocalization although it is often a useful guide.

More recently, Marcellus et al. (47) have questioned the usefulness of
dividing spin density distributions into direct spin delocalization and
spin polarization mechanisms. Both are non-observables and not
uniquely defined in most calculations. The authors show that, if both
unrestricted and restricted HF INDO calculations are performed, the
spin densities due to spin delocalization p4(n) and spin polarization
pp(n) may be precisely defined respectively as:

pan) = p¥(n) and p(n) = p%n) — p¥n)
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where p®(n) and pY(n) represent the spin density at nucleus n obtained
by the restricted HF and unrestricted HF INDO calculations
respectively. The authors illustrate the use of their new formalism by
considering the ethyl radical (Table I). In this table it is observed that
the new formalism partitions the two mechanisms in quite different
ways. In Fig. 1 the variation of the hyperfine coupling constant for the 8-
proton as a function of angle ¢ is shown. The following general
conclusions can be drawn: (i) the magnitude and sign of various
contributions are consistent with qualitative expectations; in
particular, the polarization contribution is negative at the CH, protons
and positive at the CHj; protons; (ii) the average of the hyperfine
interaction for the three CH; protons is almost independent of angle,
which is consistent with a cos” 6 dependence for the isotropic hyperfine
splitting constant for S-protons; and (iii) the polarization contribution
is nearly independent of angle although the ¢ and = parts separately
exhibit a strong angular dependence. In addition, the calculations show
the © polarization to be negative.

TABLE I

Delocalization (D) and polarization (P) contributions to the
isotropic B-proton hyperfine coupling constant for the ethyl radical

(47
0 (deg.) D(MHz) P{MHz) /o

0 162:61 75 -9:1/16°6
20 143-40 7-5 —12-9/20-4
40 95-14 7-2 —16:6/239
60 40-39 7-0 —11-0/18-0
80 4-84 70 —1-7/8:6
90 0 7-0 0-0/7-0

“ Angle between the 2pn orbital and the C—H, bond projected
on a plane perpendicular to the C—C bond direction.

IiII. APPLICATIONS

This major section of the review is subdivided in a manner similar to
that of the previous review in the series, (1) the main difference being
that Overhauser phenomena have not been included since they are
regularly reviewed elsewhere. (48) The section dealing with biological
systems is very much more extensive than in previous reviews and is a
reflection of the enormous growth of interest in this area.
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FIG. 1. Variation of the hyperfine coupling constant for the S-proton in the ethyl radical as a
function of the angle §. The points are extracted from INDO calculations; the solid curve a,, is a
cos?f) fit. (47)

A. Electron distribution and bonding

1. Four-coordinate transition metal complexes

Nickel(n1) and cobalt(i1) complexes continue to be the most widely
studied first-series transition metal complexes. The well resolved NMR
spectra arise from the very rapid electron-spin relaxation which occurs
as a result of modulation of the zero-field splitting of these ions. In the
case of 4-coordinate nickel(11), only tetrahedral complexes (ground
state °T,) are of interest since the square-planar complexes are
invariably diamagnetic. Many complexes, however, undergo a square-
planar—tetrahedral dynamic equilibrium which can be studied by
standard band-shape fitting methods (Section B.1).

To a first approximation isotropic shifts of tetrahedral Ni(ir)
complexes can be treated as purely contact in origin. However, the
orbital degeneracy of the ground state may be expected to result in
magnetic anisotropy which leads to a significant dipolar interaction.
In contrast, tetrahedral complexes of Co(i1) have a non-degenerate
ground state (*A,). However, considerable magnetic anisotropy arises”
from spin—orbit coupling which mixes the ground state with split
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components of excited state terms (mainly *T,). This in practice
produces sizeable dipolar shifts in tetrahedral Co(i1) complexes. A
similar situation occurs in square-planar Co() complexes which
normally possess a A, ground state.

NMR (together with far-IR and magnetic susceptibility) studies have
been reported (48a) for benzene- and toluene-dithiolate complexes 1]

Q=10

R = HCH,
(1]

of Co(mr). The results for this d® configuration complex are consistent
with a triplet ground state (*Bj,) of type (a,)'(bs,)" in which the a,
orbital is mainly a metal-based d, type and the b, orbital is half metal-
based d,, and half delocalized into the n-system of the aromatic ligands.
The infrared results suggest that the triplet state degeneracy is lifted by
azero-field splitting of ca. 35cm ™ !. The NMR shifts are predominantly
contact in origin due to the low anisotropy of the g-tensors. Other
square-planar complexes of cobalt to be studied (49) are the low spin
complexes of Co(r) with salicylaldehyde Schiff bases (salen) [2].

R R

Contact and dipolar interactions of comparable magnitude contribute
to the observed isotropic shifts.

The appreciable contact contribution is attributed to spin de-
localization involving L - M = charge transfer out of the highest
filled # MO. From the mode of interaction between the cobalt ion and
the ligand, the authors conclude that the complexes possess an
electronic ground state with the unpaired electron in the d,, orbital.
Previous studies of this complex using other techniques suggest other
electronic configurations. This conclusion regarding the ground state
configuration of Co(salen) has more recently been brought into
question. Srivanavit and Brown (50) have studied the isotropic shifts of
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all six protons in this complex and argue that the results support a d,:
configuration for Co(salen) in solution. From the temperature
dependences of the shifts a spin equilibrium with an excited *E state is
indicated at room temperature. The same authors have studied (51)
some acetylacetone ethylenediimine (BAE) complexes of Co(u) [3].

H,C / \ CH,
=N N=
X = H for BAE \ /
X = F for F,BAE o 0
X3C CX3

(3]

These low spin complexes produce strikingly different spectra from
other low spin Co(i) systems. In the present complexes there is a
dominant contact contribution to the shifts which has been interpreted
with the aid of CNINDO calculations as due to a-spin being
delocalized into the ligand HOMO. In view of the z-symmetry of this
orbital, in contrast to the g-symmetry of the d,. orbital in which the
unpaired electron is thought to reside in the ground state, the authors
conclude that there must be some non-planarity of the complex in
solution which will remove the orthogonality between the metal d,. and
ligand = orbitals.

A series of pseudo-tetrahedral complexes of Co(u) of type
[CoX,(PPh3)]™ (X = Cl, Br, I) have been studied. (52) The magnitudes
of the proton isotropic shifts of meta and para hydrogens are found to
increase from Cl~ to I™ but the reverse is the case for the ortho H. lon-
induced magnetic anisotropy is thought to account for this reversed
trend.

NMR and other spectroscopic properties have been reported (53) for
pseudo-tetrahedral and pseudo-octahedral complexes of type MLX,
where M = Co(u), Ni(n), and Cu(u), X = halide, and L = N,N’-
bis(phenylaminomethyl)parabanic acid [4]. The NMR spectra of the

o o)
Se—o0~0F H

H
! ) t ]
N—CH,—N_ ._N—CH,—N
Il
o)

(4]

complexes in the presence of free ligand show appreciable deshielding
of N—H protons which indicates that the ligand is acting as a bidentate
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N-bonding species. Di-t-butylfluorophosphine forms stable complexes
of the type NiX,L, and CoX,L, (X = halide, L = 'Bu,PF) with metal
halides. Spectroscopic measurements indicate that NiX,L, is a trans
square-planar diamagnetic complex whereas CoX,L,, is a tetrahedral
paramagnetic complex. (54)

Copper(i1) complexes do not usually give very useful NMR spectra
owing to the unfavourable electronic relaxation times which cause
excessively broad lines. However, this is not such a problem with bis-
(N-alkylsalicylaldiminato)copper(i) complexes [5].(55) In all cases the

R
s
o
R = Me,EL"Pr/Pr/Bu s o~ ?
4 3
[5]

4- and 5-protons give quite sharp signals whereas the 3- and 6-protons
are broader and remain undetected in certain cases. The g-values of
these complexes (Table II) were measured from the ESR spectra, and

TABLE I1
g-Values of bis-(V-alkylsalicylaldiminato)copper(11) complexes (55)
Alkyl 8 g1 Alkyl g g
Methyl 2:22 2-05 n-Propyl 2-23 2:06
Ethyl 2-21 206 i-Propyl 2-23 2-:07

the isotropic shifts factorized into their dipolar and contact
components (Table I1I). These complexes are unusual in that useful
NMR and ESR spectra can be obtained from the pure complexes at

TABLE III
Contact and dipolar shifts of two complexes in Table II (55)
Cu(sal-N-"Pr), Cu(sal-N-Pr),

Proton dipolar contact dipolar contact

3 08 03

4 03 -30 02 —34

5 0-2 2:0 02 32

6 0-4 03
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ambient temperature. The NMR linewidth pattern is found to increase
along the series from N-Me to N-'Bu.

The main factor which allows observation of the NMR signals is the
rather small magnitude of hyperfine couplings involved. Small A4 values
will not greatly affect the transverse relaxation time T, of the proton
[equation (18)] and thus the NMR bandwidth will not be greatly
increased. Byers and Williams (56) have studied some dimeric cupric
complexes which are models for copper dimer units in proteins. Interest
was particularly centred around the possibility that, if appreciable
copper(l1) interactions occur, a mechanism for mutual fast relaxation is
provided which in turn may lead to much narrower linewidths and
measurable paramagnetic shifts. The systems are illustrated in [6].

R
| H(2)
Cu(l) Cu(2)

0
HO |
R
(6]

Weak interaction between the two metal ions results in a singlet
ground state and a triplet state of slightly higher energy. This case is
illustrated by cupric acetate whose magnetic moment is diminished at
low temperatures. If the metal-metal interaction is large the triplet
state level will possess too high an energy to be significantly populated
resulting in the phenomenon of antiferromagnetism. In this instance
the measured susceptibility corresponds to normal diamagnetic
copper(Il) complexes and no temperature dependence will be observed.
The NMR signals, however, will be relatively sharp. The dimer of
bis(diazoaminobenzene)copper(i1) exhibits this behaviour.

Golding’s theory of temperature-dependent shifts has been extended
to takeinto account the spin-exchange interaction of the copper atoms.
The spin-exchange Hamiltonian is of the type —2JS;.S,. For the
terminal protons H(1) and H(2)in [6] the contact shift can be shown to
be given by:

AB _ Ahgug 1 + (J/KT) 24)
B~ gnunkT {1+ 3{1 + (J/KT)}

This equation indicates that the contact shift of a proton associated
with an interacting pair of copper ions will not have the inverse



NMR SPECTROSCOPY OF PARAMAGNETIC SPECIES 19

temperature dependence predicted for a monomeric complex where
fast electron spin relaxation is assumed. However, the (1 + J/kT) term
in equation (24) can vary only between 0-33 and 0-25, so in practice the
deviation from linearity in the temperature dependence of the shifts will
be difficult to observe.

Iron—nitrosyl complexes continue to attract attention. Complexes
with mercaptopurines and mercaptopyrimidines have been examined
by both NMR and ESR. (57) The mercapto group in mercaptopyri-
midines is the preferred binding site for the Fe atom, provided that
the pH value allows its ionization. At lower pH a pyrimidine nitrogen
atom is the binding site. At biologically relevant pH values equilib-
rium between complexes of types I and III occurs [7]. In the

[Fe(NO),B,1"  [Fe(NO),(BH),]* [Fe(NO),(B)(BH)]
1 11 111

[7]

mercaptopurines the Fe atom is bonded to two NO molecules and two
base molecules via the S atom in a type I complex. The Fe(NO), group
has been coordinated to carbazides, thiocarbazides, amino-acids, and
other amino derivatives in an ESR and 'H/!*C NMR study. (58)
Binding sites and molecular structures of the complexes were
established. Carbazides bind preferentially via the NH, groups while
thiocarbazides are preferentially bonded via the =S groups.

13C shifts have been measured (59) for a range of paramagnetic iron
salicylideneiminato complexes of the type [8]. Previous 'H studies (60)

X = H,3-Me.4-Me. or 5-Me 5 O
R = E."Pr, or p-MeC H,

(8]

had indicated a predominant contact mechanism with n-delocalization
causing alternation of spin density on the carbon atoms of the type
3(+), 4(—), 5(+), and 6(—). The **C data added significantly to these
results. 'H and **C hyperfine coupling constants and n-spin densities
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on the ring carbon atoms were calculated assuming only a contact
contribution. The discrepancies between the calculated and observed
hyperfine values, particularly at the 4-position, suggest that some o-
delocalization may also be present.

NMR spin-spin coupling and induced shifts in oxovanadium(iv)
complexes have been reviewed. (61,61a) 'V spectra of VO; and a
variety of heteropoly- and isopoly-anions (e.g. VO3~, V,,0%z) have
been measured. A linear correlation is found between the measured
shifts and the averaged g-factors of the reduced forms of the ions with
>V having an oxidation state of +4. Some spirocyclic V(1v)
compounds of the type [9] have been studied by ESR and 'H/?Si

Me, Me Me Me,
Si—N N—-Si
/NN
X\ \ X

Si— N/ \N——Sl/
Me, Me Me Me,

9]

X = NMe.CH,

NMR methods. (63) Vanadium(v) compounds of the type
VOCl; _ (OC,Hs),, obtained by progressive substitution of Cl by
OC,H; groups, have been studied by magnetic and spectroscopic
techniques. (64) Chemical shifts were interpreted as due to pn—dn
overlap from ligand to metal, the effect increasing with x, the number of
-OC,H; groups attached. *'V shieldings in VO3 compounds (65)
range from —432ppm (lig. VOBry) to +786 ppm (VOF;-CH;CN)
relative to liquid VOCI; as reference standard. The trends can be
rationalized in terms of the energy separations between HOMO and
LUMO, inductive and n-transmission of electron density, hindered o-
donation, and evpansion of the coordination sphere due to ligand
bulkiness.

2. Five-coordinate transition metal complexes

The two usual limiting configurations to which 5-coordinate
metal(11) complexes tend are the trigonal bipyramidal (D;,) and square
pyramidal (C,4,) configurations. The particular stereochemistry
adopted by a complex depends mainly on the steric requirements of the
ligands and crystal lattice energies.

Halogeno-bis-(N,N-dialkyldithiocarbamato)iron(iii) complexes,
Fe(dtc),X [10], have been extensively studied. Reference has already
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R! S S R'
R!R2dtc AN ZRNIVERN /
/N——C‘- Fe j/C—N
Rz AN S \S R2
[10]

been made (33) to T, measurements on these complexes. 'H isotropic
shifts have been reported (66,67) and attributed to purely contact
contributions. Gregson and Doddrell (68) have reported **C isotropic
shifts for a series of Fe(R!,R%-dtc); complexes with differing alkyl
(R',R?) groups. They noted that, whereas the shifts indicated dominant
n-delocalization when the low spin state is favoured (ie. t3, con-
figuration with unpaired spins only in orbitals of n-symmetry), the iso-
tropic shifts of the x-carbon and methyl protons are both positive for
the complex in which R* = R? = 'Pr.

This is not in accord with theory for pure n-delocalization between
metal and ligand which predicts that o-contact shifts for 'H and '*C be
of opposite sign. However, possible large pseudocontact shifts in the
low spin state of these complexes complicate the issue. For a series of
Fe(dtc),X complexes (X = Cl, Br, I), however, accurate estimates of
pseudocontact shifts from magnetic susceptibility data can be made.

The invariably opposite signs of the **C and 'H isotropic shifts of the
«-CH, nuclei (Table 1V) are clear evidence of n-delocalization. (69)
Table 1V also lists proton relaxation times. The Ty values have been
analysed in terms of dipolar (DD) and hyperfine contributions. For the

TABLE IV

'H and '3C chemical shifts and relaxation times for Fe(dtc),X complexes (69)

X Nucleus Giso O peon Ceon T, (ms) T, (ms)
C CH, +186-2 —19 + 1881
CH, —198 —1-7 — 181 0-63 1-4
CH; — 1422 —15 — 1407 . .
CH, —20 ~13 —07 25 34
CH, —22:2 —25 —19-7
CH; — 1462 —-22 —144-0 . )
CH, —24 —19 05 40 44

case X = Cl, T, for the CH, protonsis calculated to be 1-4 x 10~ *s for
DD interaction and 4-3s for the hyperfine interaction, clearly
illustrating that dipolar coupling dominates the relaxation process. In
contrast the hyperfine interaction contributes ca. 179 to the total T,
value.
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Agreement between theoretical and experimental T,/T, values is
much poorer for X = Br and I and indicates a breakdown of the
Redfield theory. (32) Isotropic proton shifts for pyridine-N-oxide and y-
picoline-N-oxide protons have been reported in the 5-coordinated
adducts of these bases with bis(di-p-tolyl-dithiophosphinato)-Co(1)
and -Ni(u). (70,71) Dipolar shifts have been evaluated and indicate
that the Co(i)-pyridine-N-oxide adducts have a bent structure in
solution with Co—O-N angle of 125°. Results indicate that a n-spin
delocalization mechanism is operating, and INDQO calculations sug-
gest that the highest bonding orbital is involved in the spin transfer
process.

NMR and ESR studies have been carried out (72) on the O, and CO
adducts of the pentadentate Schiff base complex Co(salMeDPT) [11].

SalMeDPT?" HgC'—N‘((CHZ)J-—N=CHt©)
. ]

[11]

The isotropic shifts exhibit Curie behaviour. However, the authors
argue that the complexes are distorted 6-coordinate complexes. The
exchange CoL.B + O, == CoL.B.O, is slow on the NMR time scale.
The low-spin pyridine mono-adduct of N,N’-1,1-dimethylethylene-bis-
(salicylideneiminato)cobalt() is 5-coordinate around Co() and
exhibits large deviations of the shifts from the Curie law. (72a) This is
interpreted in terms of the effects of a temperature-dependent ligand
field arising from mixing of excited electronic states with the ground
state where the unpaired electron is primarily in the d,. orbital. A series
of cobalt(m) aminocarboxylates have been investigated. (73)
Co™EDTA)?>~, Co'(1,2-PDTA)?>~, and Co'(1,3-PDTA)*~ exist in
solution predominantly as 5-coordinate species and rapid racemi-
zation occurs at ambient temperatures.

Cu(n) forms a 5-coordinate complex with thyroxine which involves
axial interaction with iodine at the apex of a square pyramid [12].(559)

CH, [12]
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3. Six-coordinate transition metal complexes

6-Coordinate transition metal complexes are exceedingly common,
with cobalt(i1) and nickel(1) complexes being most suited for NMR
studies. Octahedral nickel(ir) complexes possess the non-degenerate
ground state *A,, and thus are expected to experience only contact
interactions in cases of regular O, symmetry. Zero-field splittings will
produce only very small dipolar shifts and in many spectra such shifts
can be safely ignored. In contrast, octahedral cobalt(n) complexes
possess the triply degenerate ground state *T,, which is expected to
produce magnetic anisotropy and hence significant dipolar shifts.
Differences between the NMR spectra of corresponding Co(11) and
Ni(1) complexes have been attributed to the dipolar component of the
isotropic shifts in the case of Co(11). Separation into contact and dipolar
contributions has been accomplished by the “ratio method” of
Horrocks. (74) This method is strictly valid only if the mode of spin
delocalization is the same for the two series of complexes and one series
is magnetically isotropic. These conditions are rarely satisfied exactly,
so the method should be used with caution.

Acetylacetone (acac) and related fS-diketones continue to be
extensively used as ligands for transition metal complexes. This section
deals with tris(acac) complexes followed by a discussion of the spectra
of adducts of bis(acac) complexes. Cramer and Chudyk (75) have
studied [Ni(acac); ]2C1O,. INDO calculations show that the major
spin delocalization is into the highest filled ligand orbital which
possesses o-symmetry plus a minor contribution from delocalization
into the lowest empty m-orbital. This is in contrast to the spin
delocalization in Ni(acac); and Ni(acac)py, where the major de-
localization is into the highest filled ligand orbital of n-symmetry.

Furthermore, it is shown that for Co(acac),py, an additional
mechanism operates whereby spin is placed into the third highest filled
orbital which has o-symmetry. These findings have important im-
plications on the use of the ratio method for M(acac),L, complexes.
Eaton and Chua (76) have reported the isotropic shifts of a variety of
Co(u1) p-diketonate complexes of the types Co(XCOCHCOX),L,
[X=CH,;, C¢H,, C(CH;);, CF;] and Co(XCOCHCOX)
(YCOCHCOY)L, [X =CH,;, Y = C(CH;);; and others] but no
attempt is made to produce a quantitative separation into contact and
dipolar contributions. Similar studies have been reported (77) for
Ni(acac),L., (L = cyclic or linear amines) and M(acac),L, [L = py,
quin, and isoquin; M = Ni(u1), Co(n1), Cu(tr), and Mn(u)]. (78) The
reported ' *Cshifts are essentially contact in origin but the Mn(i1) adduct
gives anomalous results.
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In contrast to pyridine adducts, those of pyridine-N-oxide produce
isotropic shifts which support a dominant n-delocalization mechanism.
Spin density distributions over the aromatic carbons have been
determined from 'H and '3C spectra of several Ni(acac),(py-NO),
complexes. (79) *C relaxation measurements indicate that T; values
arise mainly from hyperfine dipolar interaction induced by spin density
localized on Ni(i1) and on the !*C-centred 2p, orbital. Adducts of
Ni(acac), with aniline, (80) fluoroanilines, (80, 81) alkylanilines, (81-83)
aniline derivatives, (541, 542) and nitrogen heterocycles (543) have been
extensively studied. The results are consistent with a dominant n-spin
delocalization mechanism.

INDO calculations on aniline cation radicals (80) suggest that in the
complexes considered the C(1)NH, fragment is pyramidal with an
angle of 13—15° between the perpendicular to the C—N bond and the
axis of the p-like orbital centred on nitrogen. *C relaxation studies
indicate a N—Ni distance of 200 pm for the aniline adduct. In the case of
alkylaniline adducts, it has been shown (82) that the angular
dependence of the f-carbon hyperfine coupling is given by:

A§ = (Bfcos® 0 + Bg)pt (25)
where B{ & 2-7mT, B§ = —0-07mT, and 0 is the angle between the
C(1)-C(a)~C(p) plane and the perpendicular to the phenylring. **C T
measurements indicate that the N-Ni distance varies from 200 to
300 pm according to the steric hindrance of the alkyl groups in the
vicinity of the NH,. Measurements of Ty and Ty led to the electron
relaxation time T;, of ca. 2 x 107 1%s and a reorientation correlation
time 7, of ca. 4 x 107 !''s. An alternative formulation of the angular
dependence of the B-carbon hyperfine coupling, based on twenty 4-
alkylaniline adducts of Ni(acac),, has been given (84) as follows:

AS = (23¢cos? 8> — 1-1)pZ (26)

The shifts for 4-cyclopropylanilines, however, deviate from this re-
lationship and depend on the conformational preference of the
group.

Adducts of bis(benzoyltrifluoroacetonato) M(i1) complexes have been
studied by NMR methods. (84-86) Aquo complexes of stoichiometry
M(BTFA),(H,0), [13] were studied (84) by !°F and 'H NMR. Spin

H
CF; AN A Ph
N (o} /

7 Ny N
H—C\ M _C—H
/C=o" [ \o_c<
Ph O CF,

R N [13]
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density calculations show that the unpaired spin residing on the H,O
protonsis 3-7 x 10~ 3 whereas at the ring protons it is 0-6 x 10™* with
the sign alternating for the a- and S-positions. Spectra of Co(BTFA),L,
(L = py, 2-Me-py, and 3-Me-py) in acetone as solvent indicate the
presence of five isomeric species. (85, 86) Between — 60 and —80°C the
cis form predominates with 539 cis (cis-cis 17, cis-trans 18, trans-
cis 1894), 379 trans (cis-cis 18, trans-trans 18%}), and the remaining
109, dissociated. The spectra of the corresponding Ni(i1) complexes
show evidence of only two isomers.

A contact shift study (87) of various benzazole [14] adducts of

WR X = NMe,O.S
R'.R? = HMe
[14]

Ni(acac), has reported large high frequency shifts for the C-7 protons.
These shifts have been accounted for in terms of an inter-ring spin
delocalization taking place through o-skeletons in a zig-zag ar-
rangement. Pyridines continue to be widely studied as N-donor
ligands. The exchange of pyridine on various bis-(f-alkanedionato)-
dipyridinenickel(l) complexes has been reported. (88) For
Ni(PhCOCHCOCH,),(py), exchange with free py occurs with
k(298 K) = (4-6 + 0-5) x 10*s~!. Spin transfer mechanisms have been
studied in y-picoline adducts of monothio-fS-diketonates of Ni(i). (89)
INDO calculations imply that the spin transfer mechanism depends on
the conformational environment of the ligand molecules. For axial
ligands the process involves o, n°, and 7* molecular orbitals while for
equatorial ligands the observed shifts can be explained by invoking
transmission through ¢ and =® orbitals only. Complexes of Cu(acac),
with N-heterocycles have been reported (90,91) and in one case (90)
both NMR and ESR data are reported.

'H and *!P NMR have been used to study complex formation of
(EtO);P and (PhO);P with the V(1v) ion of vanadyl acetylacetonate
with V(1v) in the presence of phosphites at different phosphite/hydro-
peroxideratios. (92) Labile paramagnetic complexes with phosphites in
the first coordination sphere are formed. Studies of the temperature
dependence of the paramagnetic broadening of the NMR lines of
hydroperoxide in the presence of V(iv) has enabled the activation
energy associated with ligand escape from the V(1v) ion sphere to be
estimated.

Transition metal acetylacetonates have also featured strongly in
relaxation time measurements. ' *C isotropic shifts and linewidths have
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been measured and compared with the corresponding parameters of
the contiguous protons. (93) Observed linewidths, Av,[ = (nT,)" '],
are determined by dipolar (DD) and hyperfine interactions with the
unpaired electrons [equations (18) and (20) respectively]. If DD
relaxation is dominant for both !*C and 'H interactions, the relative
linewidths are given by:

AVS/AVE = (E/yR)(rim/rinc) = 0-063(ripw/riac) 27)
If hyperfine relaxation is dominant, the expressions are:
AV;/AV? = A%/AI%I = (7%/?1%1) (Ggon/o-?on)z = 0'063(65011/6?0n)2 (28)

Although, in general, ryy > ryc, it follows from equation (27) that,
when DD relaxation is dominant, the '3C linewidth will be appreciably
less than the 'H linewidth. Calculations for the olefinic and methyl
positions give ratios of 0-37 and 0-08 respectively. If hyperfine
relaxation is dominant, the relative linewidths of '>C and the
contiguous 'H nuclei depend sensitively on the magnitude of the
contact shifts. Assuming that |6$,,| & 10|6%,|, equation (28) indicates
that the '*C lines will not be broadened excessively relative to the 'H
lines. Results on M(acac); [M = V(in), Cr(in), Mn(ir), Fe(mr), and
Ru(mn)] show that the hyperfine mechanism is the dominant relaxation
pathway for the *C spins, and in the cases where it is also the dominant
mechanism for the 'H nuclei good agreement is obtained between the
experimental values of Av§/AvY and those calculated on the basis of the
contact shifts.

Pseudocontact interactions are thought to be important for V(acac);
and Mn(acac);. Spin—lattice relaxation times have also been reported
(94,36) using the PRFT method (95). The T, values are dominated by
DD interactions which may be both metal- and ligand-centred.
Assuming that the former are dominant, it follows that the ratio of the
CH; and -CH= carbon T; values is related to the sixth power of the
ratio of their distances from the metal, namely:

T,(CH,)/T,(CH) = [r(CH;)/r(CH)]®* ~ 62 (29)

If hyperfine relaxation is dominant, then:
T1(CH3)/ T (CH) = k[p(CH)/p(CH,) |* (30)
where p(CH,) is the spin density in the p, orbital on the carbonyl

carbon and k is a constant (~ 1-3) which measures the efficiency
whereby unpaired electron spins in this orbital cause relaxation of the
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CH; carbon. The results indicate that ligand-centred effects are
important and often dominant in controlling the relaxation of ligand
nuclei. It is shown that spin density of 2 1072 of an unpaired electron
may be significant. This conclusion implies that calculations of
geometries of paramagnetic complexes in solution based on T;
measurements should strictly allow for ligand-centred effects in ad-
dition to the metal-centred ones.

T, values and correlation times have been reported for complexes of
Ni(acac), with diethyl-, dipropyl-, and t-butyl-amines, ethylene-
diamine, and diaminopropane based on '*C and '*N studies. (96)

Cr(acac); has been widely used as a relaxation reagent in 1*C NMR
spectroscopy. It is of particular importance for studying ' *C=0 signals
which possess long T; values. Recent studies, however, have shown
that, in addition to reducing T; values of 1*C signals, slight shifts (97)
and increased linewidths (98) occur. The solvent CDCl; experiences a
shift of 0-64 ppm in the presence of Cr(acac);. In addition, the centre
line of the triplet is broader than the outer lines whereas the opposite
order of line broadening is normally expected for an I = 3 nucleus
coupling to an I = 1 nucleus. The increased linewidth effect (98) can be
minimized if the Cr(acac);/substrate mole ratio be < 13g. For accurate
DNMR line-shape fitting studies it is important that this condition is
satisfied.

Studies of Ni() complexes with the ligand N,N’-bis-(2-
pyridylmethylene)-1,3-diaminopropane [15] and related Schiff bases

/, '\
\N\"/N/

Ni
HC\\N/ ' \N/H
| l
CH, CH,
CH,

(15]

confirm the tetradentate coordination of the ligands and indicate
a preferred methyl axial conformation for the central chelate ring
in the complexes derived from 1,3-diaminobutane. (99) Tris-
(ethylenediamine)nickel(n1) complexes of the type Ni(en);X, (X =
nitrate, acetate, benzoate) exhibit a temperature dependence of the
'H contact shifts which has been interpreted in terms of chelate ring
conformational equilibria. (100) ! H data have also been reported (101)
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OH
9
CH=N(CH,);OH

[16]

for Ni(11) complexes of N-hydroxypropyl-salicylaldimines [16], and
various monomeric, dimeric, and trimeric complexes have been
identified from the spectra. Pyridine-type bases complexed with Ni(1)
and Co(u) dithiophosphates [17] and dithiophosphinates have

RO\P//S\

/\S//z

[17]

RO

received some attention. (102-107) A-Values and spin densities are
reported in many cases and delocalization mechanisms discussed. In
the case of the isoquinoline adduct of nickel(nn) dialkyldithiophosphate
(102) the delocalization is primarily of the o-type. For pyridine and -
picoline adducts, L - M transfer of f-spin and delocalization of the
resulting net «-spin over the amino bonds is thought to occur. (103)

Dithiocarbamate complexes [18] continue to be the subjects of
considerable study. For Fe(S,CNR,); and Mn(S,CNR,); the redox

S R'
Mt ",‘\C—N/
s” g2/,
(18]

process associated with an electron spin cross-over equilibrium
(°A,—2T,) (Section B.2) is considered to occur through the nitrogen
atom. (108) Detailed variable temperature studies of the 'H spectra of
Cr(S,CNR,); reveal a double peak for the N-CH, protons, unlike the
cases of the Fe(u) and Mn(1i) complexes. This is thought to arise from
the high energy barriers between A and A enantiomers. (109) Variable
temperature studies have also been reported (110) for Fe(S,CNR,); in
the range 60 to +60°C. Pseudocontact shifts are estimated from
experimentally measured paramagnetic anisotropies. The spectra also
suggest the existence of hindered rotation about the S,C-N bond.
Nickel(11) thiocarbamate complexes with amino adducts have been
reported. (111) The complex Ni[S,CN(CH,Ph), ]3 has been observed
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(112) to be photochromic and it undergoes a reversible redox
decomposition:
Ni(R,dtc)] + Br~ %%Ni(szdtc)z + INiBr, + R,dtc
tris ar 1S
The process can be followed by NMR since the tris complex is slightly
paramagnetic (uq s = 0-7; R ='Bu) whereas the bis complex is

diamagnetic.
S
Al N
Ni K C—OR
s7 2

[19]

Bis(alkylxanthato)nickel(1l) complexes [19] are highly suited for
NMR study. Proton shifts and equilibrium constants for the
equilibrium:

NiX, + 2B =NiX,B,

have been measured for X = ROCS, and B = py, f-pic, or y-pic.
(113,114)

Imidazole [20] acts as a monodentate ligand towards transition
metals, and octahedral complexes of the type M(Im)Z* [M = Fe(m),

1
LD
3

(20]

Co(m), Ni(11) ] can be isolated. The isotropic shifts for 4,5-H and 2-H are
to high frequency and have been analysed (115) as approximately 95 9
contact and 5 % dipolar in origin assuming a trigonal distortion from
0, symmetry of not more than 2°. Other imidazole complexes have also
been reported. (116,117) Eaton and Zaw (118,119) have continued
their studies of thiourea complexes of Ni(11) and Co(11). Thiourea (tu)
itself forms complexes of types Ni(tu),Cl,, Ni(tu)¢Br,, and Ni(tu)eI,
but using substituted thioureas only 2 molecules of ligand are bound to
each Ni atom. Complexes have tetrahedral, square-planar, and
octahedral geometries in the case of Ni() and are invariably
tetrahedral in the case of Co(m) with stoichiometry CoL,X,. Other
sulphur-containing ligand complexes include alkyldithiocarbonates
(ROCS3) (120) and S-thiopyrazolonates. (121)
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AN
| -~
NZNN7
[21]

1,8-Naphthyridine [21] acts as a stable monodentate ligand, and the
contact shift data reported for Co(1r) and Ni(11)) complexes of this ligand
(122) have been compared with those for other heterocyclic nitrogen
ligands. The complexes are octahedral but in solution the following
equilibrium exists:

[M(napy).]** = [M(napy); ]** + napy

Pyridine-N-oxide forms stable hexakis complexes with Co(1) and
Ni(n). !3C studies have been carried out on M(py-NO)(BF,),
(M = Co,Ni) and the shifts compared with 'H shifts of the same
complexes. Whereas the 'H contact shift patterns are the same for the
two complexes, the '3C shifts are not and illustrate the danger of
relating "H contact shifts with carbon spin densities even in cases, like
the present one, in which the alternating nature of the 'H contact shifts
would suggest a substantial n-spin delocalization. (123)

Isotropic shift measurements of some triazene-1-oxide complexes of
nickel(11)) show appreciable contact shifts. (124) A detailed study of the
temperature dependence of the isotropic shifts of octahedral Ni(ir)
complexes with a variety of amino and amide ligands reveals apparent
non-Curie behaviour for most shifts. (125) The authors consider the
likely causes of this anomalous behaviour, namely, pseudocontact
shifts, ion-pair formation, hydrogen bonding, solvent effects, structural
interconversion, and temperature independent paramagnetism.

Substituted pyridine-type complexes of Fe(i), Co(1), and Ni(Ir)
continue to be extensively studied. (126-131) In complexes of the type
M(4-Et-py), X, [X = Cl, Br, I, NCO, NCS, and Nj;; M = Fe(n) and
Co(m)] appreciable dipolar effects have been measured (126) in the
signals of the coordinated ligand, the solvent (CDCl;), and the free
ligand. It is also found that the magnetic anisotropy causing these
dipolar effects varies in sign with changes of the anion X. 'H and '°F
studies of trifluoroacetate complexes of Co(1) and Ni(1) with pyridine-
type ligands (127, 128) reveal distinct differences between complexes of
stoichiometries ML, T, and ML, T, (T = trifluoroacetate). Cis—trans
isomeric exchange is detected in both series. For the CoL,T,
complexes it becomes slow on the NMR time scale below ca. 0°C and
below ca. —50°C for the CoL,T, complexes. In contrast cis—trans
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interconversion in the Ni(ll) complexes is slow at all temperatures
below ca. 60°C. EHMO calculations indicate that the contact shifts
are dominated by o-delocalization but that n-spin polarization is
important particularly for the alkyl substituent shifts. Distinction
between the cis and trans isomers is substantially greater in the !°F
spectra of the carboxylic acid ligands than in the 'H spectra of the
pyridine-type ligands. (128a) This is attributed to a sizeable n-contact
interaction of the acid ligands particularly when they act as bidentate
ligands.

The complex formation between Ni(i) and acetate ions in aqueous
solution has been studied by '*C NMR. Equilibrium quotients (132)
and rate parameters (133) for the ligand exchange processes are
reported. Complexes of hydroxy-acids (134) and iminodiacetates
RN(CH,CO3), (135 have been the subjects of further studies. Co(1r)
complexes of malate, citrate, isocitrate, and monomethylcitrate all
exhibit large shifts which may be accounted for by assuming a common
structural unit [22] in which the ligand is tridentate. Nickel(1)

[22]

complexes of iminodiacetates exist as both 1:1 and 1:2 complexes.
When R is a hydroxyalkyl group (e.gz HOCH,CH,—,
HOCHMeCH,—)coordination by the OH group occursin the 1: 1 but
not the 1:2 complexes.

Metal complexes involving M—O bonds include ketone, alcohol,
sulphoxide, and tropolone complexes. Complexes of the type
[Co(H,0),L¢_,1X; (n = 0-6; L = Me, 0, MeOH, MeCN, Me,SO,
DMF; X =Cl7, ClO,, NOj3, and others) have been studied as a
function of anion, solvent, concentration, and temperature. (136)
Methanol complexes of the type Co(CH3;0H)sX2* (X = py, picolines,
DMF, DMSOQO, acetonitrile, and H,0) have been reported in detail.
(137) Cis and trans methanol environments have been distinguished
and a new procedure for separating contact and dipolar shifts is
presented. Other alcohol complexes have been reported. (138, 139)
Octahedral complexes of type ML((ClO,), [M = Co(), Ni(u);
L = Me,SO, EtMeSO, Me,CO, and EtMeCO] exhibited 'H shifts
which were predominantly due to o-delocalization but some o-7
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polarization needed to be invoked (140) to explain the low frequency
shifts of the Me and CH, groups directly bonded to C=O. The
equilibrium between ML, [M = Co(u), Ni(n); L = B-isopropyl
tropolonate ] and its octahedral adducts CoL,(L"), (L’ = py, «- and y-
picoline, piperidine; n =1 or 2) has been studied and formation
constants have been calculated. (141, 142)

NMR studies have provided considerable insight into the structures
and paramagnetic interactions of flavoquinone [23] complexes with

CH,0COCH,

(CHOCOCH,),

[23]

first-row transition metals. (143) Tris, bis, or mono complexes are
obtained in the presence of excess flavine. Stable bidentate chelates at
O(4%)-N(5) corresponding to octahedral tris complexes [for Zn(i),
Cd(11), Co(m), Ni(11), and Fe(m) ], tetrahedral bis complexes [for Ag() and
Cu(1) ], and square-planar bis complexes [for Cu(i)] are found. Two
possible isomers for the octahedral complexes are shown in Fig. 2.
Labile complexes corresponding to weak monodentate binding at the
keto groups of flavine are observed with Mg(i1), Mn(1r), and Fe(ur). The
isotropic shifts of the paramagnetic complexes are analysed in terms of
contact and pseudocontact interactions using relaxation and g-tensor
anisotropy data. The results for the Co(11) complex are given in Table V
where it will be seen that the pseudocontact shifts are appreciable
unlike those observed for the Ni(m) and Fe(i) complexes. The

FIG. 2. The two possible isomers for the octahedral complexes M(RF1,)3* : the cis form (I) and
the trans form (II). (143)
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TABLE V

Pseudocontact shifts in Co(11)-tris(flavoquinone) complexes (143)

Obs. Calc.
Calc. pseudocontact shifts (ppm) isotropic contact
Proton CH4(8) CH;(7) H(9) NH(3) shift (ppm) shift (ppm)
CH4(8) — 52 49 (—56) 47 —-03
CH4(7) 104 — 115 118 124 +12
H©® 48 4-8 — 50 —51 -99
NH(3) — 140 — 147 — 149 — —14:3 +02

distribution of contact shifts can be explained in terms of n-electron
spin negatively polarized in the ligand orbitals. This appears to result
from indirect o—= spin polarization at the coordination site combined
with a delocalization of negatively polarized spin in the ligand n-
bonding orbitals.

Studies of Ni(1)) complexes with the potentially 8-donor ligand
diethylenetriaminepentaacetic acid (DTPA) over a wide pH range have
shown (144) that only some of the carboxylic groups coordinate to the
nickel ion. Deuteration studies have enabled the rate constants for the
exchange between coordinated and uncoordinated carboxylic groups
to be evaluated.

Co(1) complexes are almost invariably of the low-spin d° type and
diamagnetic (see ref. 48a for an exception). However, there has been a
report of an organocobalt(i) complex which is rendered slightly
paramagnetic by possessing a thermally accessible triplet state. (145) A
new range of complexes of the general formula CapCo(dmg),
Cap"*[Hdmg = dimethylglyoxime and Cap = diethylenetriamine-
chromium(m) and similar groups] have been described. (146) 'H and
5°Co NMR spectral data are reported. These so called metal-capped
clathrochelates (Fig. 3) give magnetic susceptibility data that indicate
little interaction between the unpaired electrons of the paramagnetic
capping groups.

NMR data form part of a detailed spectroscopic study of Co(1r) and
Ni(i) complexes of 1,19-disubstituted tetrahydrocorrins [24]. (147)

M = Co(upNi(.X = ClO;
R = CH,,COOC,H, X"

[24]
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c——=°C

FIG. 3. (a) The clathrochelate [Co(dmg);(BF),BF,. (146) (b) Suggested structure of the
Cr(dien)>* capped metallomer (dien = diethylenetriamine).

The angular methyl groups at positions 1 and 19 show abnormally
large low frequency shifts attributable to the magnetic anisotropy of the
adjacent pyrrole rings.

'H and/or '*C data have been reported for some Fe(il) complexes
(148, 149) and Fe(11) complexes. (150) Manganese(1r) forms octahedral
complexes with isocyanide ligands of types [Mn(RCN), ]PF, and
[Mn(RCN),] (PF,), (R = C(H,, p-CH,C,H,, C.H,CH,, etc.). The
first type are diamagnetic involving Mn(1) while the second type are
paramagnetic involving Mn(11). The shifts are found (151) to alternatein
direction for orthe and meta protons indicating predominant z-spin
delocalization and a *T,, ground state for the complexes.

NMR data for Mo(1), Re(m), and Cr(1) complexes have been
reported. (152) A detailed wide-line study of Ru(NH3)3* at various
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temperatures has revealed non-Curie behaviour of the paramagnetic
shift which can be accounted for in terms of the pseudocontact
interaction of Kurland and McGarvey. (18) The contact hyperfine
interaction with the ammine protons is calculated to be 59 MHz. (153)

Magnetic susceptibility and NMR shift data have been reported for
tungsten(1v) complexes of the types WX (C5H-CN), (X = CI, Br) and
WCI,[S(C,Hs),],. (154) 8-Coordination complexes involving W(1v)
and W(v) of type WL, (L = picolinato and related ligands) have been
studied. The salts [WL,1X are paramagnetic and shift data are given.
(155)

4. Complexes of the lanthanides and actinides

Lanthanide ions continue to be very widely used as shift reagents for
substrate molecules (Section IILF). There is, however, considerable
interest in the NMR properties of the lanthanide complexes
themselves. The isotropic shifts of the latter are invariably dominated
by dipolar interactions between the lanthanide ion and the nucleus
under question. Bleaney (156) has predicted that the dipolar shift will be
dominated by a component which varies as T~ ? around room
temperature whereas Horrocks et al. (157, 158) predict a more complex
temperature dependence. Hill er al. (159) have examined the
temperature dependence of some tetraethylammonium tetrakis-N,N-
diethyldithiocarbamato-lanthanate(in) salts, Et,N*Ln(dtc);, in an
attempt to clarify the situation. The observed tempeérature dependences
are complex and both contact and dipolar contributions had to be
considered in the form:

AB(iso) = AB(con) + AB(dip) = AT ! + BT 2 (31)

Bleaney’s treatment gives a qualitative explanation of the major (ie.
T~ ?) contribution to the isotropic shifts (Table VI). The T !
contribution is thought to arise from substantial contact interaction,
particularly in the cases of the Pr and Nd complexes.
Picoline-N-oxide complexes have been reported in some detail.
(160—162) Complexes are of the general type LnLg_,X3nH,O
(L = picoline-N-oxides; n = 0 or 2; X = Br or I). The isotropic shifts
possess both contact and pseudocontact contributions. For LnLgl; a
square antiprismatic geometry is assumed. Complexes of La, Nd, Er,
and Lu with EDTA-type ligands are reported (163, 164) and structural
differences are discussed. Aqueous solutions of dysprosium perchlorate
have been examined. (165) Contact and pseudocontact shifts are
separated using a least-squares method based on the different
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TABLE VI

Relative magnitudes of the 7~ 2 dependent contributions to
the isotropic shifts in the Ln(dtc)y complexes (159)

Ln CH, CH, Theory (156)
Pr +54 +54 +50
Nd +3 +3 +2:0
Tb +50 +45 +40

Dy +75 +71 +46

Ho +35 +31 +18

Er —17 —-17 —15
Tm —24 —24 —24

Yb -10 —-10 —10

temperature variations of the two terms somewhat analogous to the
method adopted in ref. 159. Hyperfine coupling constants, electronic
relaxation times, and activation energies for the relaxation processes
present are also obtained.

Studies of Ln(in) nitrilotriacetate (539) and ethylenediamine (540)
complexes have been reported. In the latter case a contact mechanism is
responsible for the shifts in the lighter lanthanides (up to Ho) whereas a
pseudocontact shift is dominant for the remainder of the series. Some
novel lanthanide—cobalt sandwich complexes have also been reported.
(587) Uranium(1v) complexes continue to be the most extensively
studied of the actinide ion complexes. Appreciable dipolar interactions
are expected to arise from the orbitally degenerate ground term *H,
arising from the 5f* configuration of U(1v). However, in practice
isotropic shifts of U(1v) complexes are not dominated by dipolar
interactions.

Both dipolar and contact contributions are important in glycinate
complexes. (166) U(1v) complexes with a-alanine, (167) various amino-
acids, (168) ethyl trifluoroacetoacetate, (169) tetrakis-(tetra-
ethylammonium)octathiocyanatouranate U(NCS)4(NEt,),, (170)
and p-diketones (171, 172) have been examined. In studying the
ligand exchange kinetics of the latter complexes (172) the mechanism is
considered to involve a ninth coordination site in the U(1v) chelate.

The hydration of U(1v) in acid solutions has been followed by
relaxation time (7 and T,) measurements. (173) The relaxation rates
observed in perchloric acid solutions at high temperature are governed
by the exchange process of water molecules between the inner
coordination sphere of U(1v) and the bulk water. In contrast, at low
temperatures the rates are dominated by an outer sphere effect. NMR
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signals are only observed from water molecules in the second
coordination sphere.

Tetraallyl (174) and triscyclopentadienyl (175-178) uranium(Iv)
complexes have been the subjects of ! 3C and 'H shift analyses. The '*C
contact shift of (CsHs);UCI in THF 1is calculated (175) to be — 309
+ 120ppm at 290K and is approximately twice as large as the
pseudocontact shift. In the complexes (h*>-C H;); UR, when R is an
allyl group, the molecule is fluxional. On cooling the sample down to
179K the spectra change until they become characteristic of a
monohapto allyl linkage. A oc=n =0 interconversion [25] will
explain the NMR results.

U
U M ~— J\/L ~ MU

[25]

5. Organometallic compounds

A wide variety of paramagnetic organometallic compounds are
known. The large majority of these are classified as metallocenes and
are of considerable NMR interest. In studying such systems Kohler
(179) has suggested that **C spectroscopy offers distinct advantages
over 'H spectroscopy. From studies on bis-(h’-t-butyl-
cyclopentadienyl)vanadium he has predicted that apart from the
ring carbons of nickelocenes the '3C signals of all paramagnetic
metallocenes should be observed without great difficulty. Ferricenium
hexafluorophosphates, (h°>-RCsH,),Fe*PF; (R = H, CH;, C,H;,
C,H,), have been studied (180-182) at variable temperatures. Using
magnetic susceptibility and ESR g-value data, it was deduced that for
the complex with R = CHj the dipolar term contributes ca. 55 9; of the
observed shift of the CH; protons but only ca. 259 of the ring proton
shifts.

The electron exchange kinetics between ferrocene (h>-CsHs), Fe(i)
and ferricenium ion (h®>-CsH 5),Fe* (111) have been measured by the line-
broadening method. (184) The rate constants are calculated to be (5-7
+1:0) x 10°Ms™! in acetonitrile as solvent (25°C) and (54
+ 1-0) x 10°Ms~ ' in methanol, with activation energies of 21 4+ 4 and
13 + 4kJ mol ™! respectively. Kohler has made an extensive study of a
variety of other metallocenes (h*-RR'CsH3),M where M is V, Cr, Co,
and Ni, and R/R" is H, CH;, C,;Hs, CHMe,, or Ph. (184-190) Well
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resolved 'H and '3C spectra are obtained in most cases. The measured
shifts depend greatly on the nature of the metal M. (187) In nickelocenes
(M = Ni) the spread of shifts is very large (~3000ppm for '3C and
450 ppm for 'H). In contrast, for cobaltocenes (M = Co) the !*C shift
spread is ~900 ppm and the 'H spread ~ 110 ppm. Some typical values
are given in Table VII where the shifts are relative to those for the
analogous diamagnetic ferrocene derivative.

TABLE VIiI
13¢C and 'H shift data for some metallocenes (187)
Compound Nucleus Chemical shift* (ppm)
1 2/5 3/4 CH,

(CsH;s);Ni e +1436 +1436 + 1436

'H —263 —263 —263
(CH,;CsH,),Ni 13C +1285 + 1475 + 2695 — 640

'H —263 —263 +210
(CsH5),Co 13C + 577 +577 + 577

'H —56-2 —562 — 562
(CH;CsHy),Co 13C +358 +437 +755 —-112

'H —49-0 —736 +12-2
(CsHs),Cr 13C —325 —325 —325

'H +324 +324 +324
(CH;CsH,),Cr 13C —68 — 505 +347 + 535

'H +377 +318 +37-2
(CsHs),V 13C — 588 — 588 — 588

'H +315 +315 +315
{CH;CsHy,V 13c —482 —750 —533 +915

'H +326 +326 +116

“ Shifts relative to analogous ferrocene derivative, with positive values denoting high frequency
shifts.

Manganocene (M = Mn)and 1,1'-dimethylmanganocene have been
the subjects of detailed ESR, magnetic susceptibility, and NMR
experiments, (191) the aim being to examine the electronic ground
states of these molecules. Interest in manganocene centres round the
fact that it is the only metallocene with a high-spin ground state (°A,,)
and crystalline samples show antiferromagnetic behaviour. Magnetic
measurements show that the dimethyl derivative exhibits a subnormal
and temperature dependent magnetic moment which has a maximum
around 310K whereas manganocene itself has normal magnetic
behaviour. ESR results indicate that the ground state of di-
methylmanganocene at 42K is *E, whereas manganocene has the
normal high-spin °A,, state. In order to account for the temperature
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dependent magnetic susceptibility of the dimethyl derivative a high-
spin (§ = 3)-low-spin (S = $) equilibrium is suggested. The different
magnetic properties of the two compounds are reflected in much larger
isotropic shifts of dimethylmanganocene compared with its parent
compound. The spectra suggest that the cyclopentadienyl hydrogen
hyperfine coupling constant has the anomalously large value of 9 MHz
for the doublet state species. This value is more reasonably rationalized
by assuming thermal equilibration at higher temperatures among three
states, namely, ®A (e3,a},¢%;7), “E,, (e3,a],), and A, (e3,a;,). A
series of ring substituted niclielocenes (192) were also studied to
examine the possible spin delocalization mechanisms.

The carborane analogues of the metallocenes, the so-called
metallocarboranes, have been studied by Wiersema and Hawthorne.
(193) The paramagnetic species that they chose to study are of the types
(CsH)M(C,B,H, ., ,) and M(C,B,H, ), where M = Cr(u1), Fe(1),
Ni(1m1), and Co(11), and n = 9, 8,7, and 6 (Fig. 4). The ! B isotropic shifts
of the Fe(m) and Cr(im) complexes reflect large negative hyperfine
coupling constants which are consistent with a n-polarization
mechanism (194) or parallel spin transfer from ligand to metal (Table
VIII). By contrast, the Co(11) complexes exhibit shifts that reflect

FIG. 4. Ligand geometries and numbering for various heteroboranes. (192)
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positive 4 values which in turn are indicative of direct delocalization of
metal-centred electron density into ligand orbitals. The extent of the
delocalization process, whether L - M or M — L, is very limited and is
typical of a o-type of delocalization. The limited ability of the
carborane cage extensively to delocalize spin density to all portions
of the cage is not unexpected in view of the likely sp® hybridization of
the boron atoms. A comparison of the isotropic shifts of the
metallocarboranes with those of the metallocenes shows that the '*C,
but not the "H, shifts are very similar. This suggests that the energetics
of the metal-ligand interaction are similar, namely, that the HOMO is
primarily metal-centred and non-bonding in nature.

TABLE VIII
B data® for (CsHs)M(2,3-C,BsH,,) (193)
M = Fe(un) M = Co(m)
Nucleus Contact shift A(mT) Contact shift A (mT)
B-5 —568 —0:173 +485 +0-148
B-4,6 — 3531 —0-162 + 181 +0-055
B-7 +62 +0019 +49 +0:015
B-8, 11 —54 —-0-016 +38 +0-002
B-9, 10 —40 —0-012 +61 -0-019
B-12 —126 —0-038 +4 +0-001

“Units of ppm. Positive values denote high frequency shifts.

6. Free radicals

NMR studies of free radicals are often seriously handicapped by the
long electron relaxation times of these species which lead to excessively
broad bands. In order to obtain useful NMR spectra one requires a
sample system that involves rapid averaging of the electron spin energy
levels. This is commonly achieved by promoting an intermolecular spin
exchange reaction (usually between the neutral radical solute and the
ligand radical di-t-butyl nitroxide (DBNO) which acts as a spin
relaxing solvent) or an electron exchange reaction (usually between the
radical and its diamagnetic precursor).

Work prior to 1973 has been comprehensively reviewed by Kreilick.
(195) A review dealing with the detection of radicals by ESR, ENDOR,
and NMR methods has appeared more recently. (196) Before
discussing the more usual 'H and '*C studies of radical species mention
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should be made of a detailed theoretical and experimental study of
radical ion pairs of biphenyl and fluorenone using alkali metal NMR
experiments, ie. °Li, 'Li, 23Na, 3°K, #°Rb, 8’Rb, and !*3Cs studies.
(197,198) The alkali metal salts of biphenyl and fluorenone were
examined in solutions of various ethers (e.g. tetrahydropyran,
tetrahydrofuran, dimethoxyethane, diglyme). Magnitudes and signs of
the hyperfine coupling constants of the alkali metals are deduced from
the equations:

dexp) = (B — Bo)/Bo ~ &¢ (32
62 = —(Iusl/uN)(4/4kT) (33)

where d(exp) is the shift of an alkali metal nucleus in a paramagnetic
ion pair measured relative to the signal of the completely hydrated ion,
82 is the pure contact shift for a doublet radical, and A is the contact
interaction constant. The influence of temperature and solvent on the
A values suggested that contact interactions are dominant for the
biphenyl salts. In contrast the A values for fluorenone are not ap-
preciably temperature dependent, suggesting that the alkali metal
ions in the fluorenone ion pairs are close to a site with appreciable
charge and spin density, probably the oxygen atom. A detailed analysis
of solvent and temperature dependences of the linewidths has enabled
the contributions of various relaxation mechanisms to be assessed. For
Li ion pairs magnetic dipole interactions determine the linewidths, for
Na salts magnetic dipole and quadrupole interactions are important,
for K and Rb salts quadrupole interactions are usually dominant, and
for Cs salts the linewidths are often completely determined by the
contact interaction. Spectra of the radical anions of anthracene, pyrene,
and triphenylene have been analysed in detail. (199) Calculations of
hyperfine interaction constants, the anisotropic electron—nucleus
dipolar interaction (the T-tensor), and linewidth measurements for
both 'H and 2H yield detailed information about electron spin
distribution in these radicals. Electron spin and rotational correla-
tion times (r, and t, respectively) are deduced from the linewidth
information.

Nitroxide radicals continue to be those most widely studied by
NMR. This stems from their relatively high stability, high solubilityin a
wide variety of solvents, and their well resolved NMR spectra when
measured in concentrated solutions in which spin exchange is
sufficiently rapid. 'H and/or '3C data have been reported for some aryl
nitronyl nitroxide radicals [26], (200) imino nitroxide radicals [27],
(201) para-substituted aryl t-butyl nitroxides ArN(O-)'Bu, (202)
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oxazinic nitroxides [28], (203) paracyclophanyl nitroxides [29], (204)
di-t-butyl iminoxy radical ‘Bu,C=NO-, (205) nitroxide derivatives of
tropane [307], (206) 2-alkoxycarbonylphenyl nitroxide radicals [31],
(207) and other miscellaneous nitroxide radicals (208, 209) and
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biradicals. (210-212) The nitronyl nitroxide radicals are used to
measure the magnitude and signs of carbon-13 hyperfine splitting
constants. Such data are not easily obtained in general. Table IX lists
the shifts, splitting constants, and spin densities reported.
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TABLE IX
NMR data for aryl nitronyl nitroxide radicals (200)

Compound Position Shift (ppm)  A(mT)  102P*

[261,R = Ph ortho 342 —-0-117  —165
meta —157 0-054 065
para 138 —-0-047 —141

o 630 —-021

B — 746 0-26

9Relative to methyl carbons of 2,2,6,6-tetramethylpiperidine.
b Calculated assuming Qcy = —2:7mT.

The A values are given by a modified version of the Karplus—
Fraenkel equation: (213)

Ac = Q&p™ + Z Q& —cpf (34)

where the first term accounts for polarization of the 1s electrons and
electrons in the sp? hybrid bonds by spin in the 2p orbital of the carbon
atom in question. The second term allows for unpaired spin in the 2p
orbitals of adjacent carbons polarizing the sp? electrons. p™ is the spin
density at the atom in question and p} the spin density of an adjacent
atom. When a nitrogen atom is bonded to a carbon atom in an
aromatic ring, equation (34) has to be modified to allow for the
carbon—nitrogen and nitrogen—carbon spin polarization parameters,
Q¢ ~and O%_c. In order to determine the spin polarization parameters
experimentally a plot of A¢/p™ against Y, pF/p™ was made. A least-
squares fitting gives a slope of —0-76 mT, which equals Q¢ ¢, and an
intercept of 2-4 mT which equals Q&, assuming Qcy for all the radicals is
—2-25mT. Itis observed that the spin densities in the aromatic ring do
not change appreciably when a nitrogen atom is substituted for a
carbon atom, which suggests that the spin polarization parameters
QS v and QY c are similar in magnitude to Qc_c. The coupling
constants for the ortho carbons are much larger than predicted by
INDO calculations. This may be due to an unexpectedly large spin
density at the bridgehead carbon or to a long-range interaction with
spin in the nitronyl nitroxide ring.

The imino nitroxide radicals (201) exhibit a similar spin distribution
to that of the nitronyl nitroxide radicals. The methyl protons on the two
sides of the imino nitroxidé ring are found to have different coupling
constants. This is thought to be due either to different relative
geometries or to an interaction between the methyl protons on the
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nitroxide side of the ring with spin at the oxygen atom. In the para-
substituted aryl t-butyl nitroxides ArN(O-)'Bu (202) typical A values
are (for Ar = p-MeO—C.H,) Ay = 1-28mT, Ay(ortho) = 0-18 mT,
Ay{meta) = 0-09 mT, A(OMe) = 0:019mT, and Ay(‘Bu) =
—00102mT. These are explained in terms of the electron-donating
substituent favouring the resonance structure

N \. .
N—O~ over N—O.
s /
Electron-withdrawing groups have the reverse effect and lead to a

reduced Ay value. The positive sign of the OMe coupling may be
explained in terms of the structures {32(a) ]-{32(c)] which indicate the

H
N H 4 i
C H
tBu~1§l 0" s 'Bu—n Cﬁ 0/C ’
_ ) _
O (v O o O(b)
(a)
tH(+ve)
N _CH
i TG B
| 0 0
0 (©)

[32]

transfer of positive spin from the para carbon to the OMe hydrogen by
a combination of mesomeric and hyperconjugative interactions. The
small negative sign of the ‘Bu coupling could arise by spin polarization
of the bonds linking the nitrogen and the hydrogen atoms by the
positive spin on the nitrogen and/or by hyperconjugative interaction of
the unpaired electron on nitrogen with the electrons of the C(x)-C(f)
bond, the resulting spin on C(f) being transmitted to the adjacent
hydrogen by spin polarization [33(a)]—[33(b)].

HH HH
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In the n-radical DBNO the 'Bu coupling is negative (214) whereas in
the g-radical '‘Bu,C=NOs- it has a positive value of 0-061 mT. (205) The
single broad NMR signal contrasts markedly with the ESR spectra
which at temperatures around —50°C may be interpreted as arising
from two groups of nine protons due to the syn and anti protons. At
higher temperatures mutual exchange between the two groups occurs.

Nitroxide and similar radicals are being increasingly used as
paramagnetic shift and relaxation probes for studying electronic
structures, geometries, and association properties of diamagnetic
molecules. Sysoeva et al. (215) have developed a method for de-
termining lifetimes and distances between the unpaired electron and
the ligand protons in the complexes formed between nitroxyl radicals
and methanol, chloroform, cyclohexanol, and ethylene glycol. The
method is based on the viscosity and concentration dependences of the
linewidths of the complexes. Dipolar and scalar contributions to the
linewidths are separated, and both isotropic and anisotropic molecular
rotations of the complex assessed. Insight into the electronic structures
of the complexes is based on the fact that the concentration
dependences of the shifts and linewidths of two ligands in solution
depend on whether these ligands form complexes with the same radical
orbital or with different radical orbitals. If the latter case holds,
complexation of one ligand should not influence the shift and line
broadening of another ligand molecule present in solution. In the
former case such an influence should exist since both ligands are
in competition. Theoretical expressions for the paramagnetic shifts
and linewidths for the above two cases are presented and tested
experimentally.

The use of dinitrosyl-Fe(1) and -Mn(11) as relaxation probes in the
above type of study has been discussed. (216) A correlation is found
between the proton hyperfine splittings of HR- and the J(H-H) values
of the parent hydrocarbons HRH, which reflects a similarity in the
origins of these two parameters. (217)

Morishima et al. (218-220) have continued their exhaustive study of
the interactions of the nitroxide radical with a variety of closed-shell
molecules. With proton donor molecules (X—H) (e.g. CHCl;, CH,Cl,)
the low frequency shifts of the X—H proton and the high frequency '*C
shifts of the X portion are interpreted in terms of spin polarization of
electron density from DTBN to X—H. Formation constants, enthalpies,
and spin densities on the 'H and !3*C atoms for the H-bonded complex
X-H---DTBN have been evaluated. The spin delocalization
mechanism involves positive spin density on DTBN being directly
transferred on to the C—X antibonding orbital of the halogenomethane



46 K. G. ORRELL

donor molecule. Hartree—Fock MO calculations on the dimethyl
nitroxide (DMNO)—halogenomethane system indicate that the high
frequency '*C shifts are explained by a () or n(N) model [34 ] for the

H
H\é'/H H\C'/H
X X
Me. O Me.. O
N—20 JN—0
Me Me O
7{0) 7(N)
[34]

H-bonded complex rather than a ¢ model. When DTBN is H-bonded
to aromatic hydrocarbons (220) substantial high frequency shifts of the
aromatic =C-H carbons occur. In substituted benzenes and
naphthalene similar high frequency shifts are observed but the carbons
with no directly attached hydrogens experience low frequency shifts.
These results suggest that the aromatic C—H proton acts as a weak
proton donor in the C-H-.--DTBN bond. As with the aliphatic
complexes, both ¢ and n models can be suggested for the complexes.
The © model satisfactorily accounts for the !3C shifts.

In order to obtain further insight into this z-bonding interaction the
stable n-radical a,y-bisdiphenylene-f-phenylallyl (BDPA) [35] was

N 0 0A7

QA

n H-bond complex with BDPA
[35]
used in place of DTBN. (221) The proton of the donor molecule XH

experiences a low frequency shift relative to the diamagnetic precursor
of BDPA, which is attributed to the contact shift characteristic of



NMR SPECTROSCOPY OF PARAMAGNETIC SPECIES 47

negative spin density on the XH proton thus vindicating the n-model
[36] rather than the o-model [37]. The experimental results are
substantiated by INDO calculations on simpler model systems, e.g.
XH ---CH,CH=CH,. The dynamic nature of this hydrogen bond was
mvestlgated using proton relaxation time studies. (222) Both pulse and
CW methods were performed on proton donor molecules (e.g. CHCl;,
Cs¢H;NH,, CH;OH, CH;CO,H) bonded with DTBN. It is shown that
the relaxation mechanism is determined chiefly by electron—nuclear
dipole—dipole interaction with 7.< 107!'%s. However, exchange
coupling must also be considered. Assuming (T7 Dpp = (T3 Dpp, the
lifetime, 7., of the chemical exchange process associated with the
Cl3CH ---DTBN H-bond is 3:6 x 1078

-—

/

H
0

-z

\ /
T
o

-

A
_N-—0

¢
[36] [37)

The use of aliphatic and aromatic alcohols, amines, and carboxylic
acids as proton donor molecules with DTBN reveals that whereas the
X-H protons are shifted to low frequency by the radical the C-H
protons, other than X—H, are moved to high frequency (223) (Table X).
These high frequency shifts are shown to be characteristic of protic
molecules and demonstrate conformational or geometrical de-
pendences. Thus, protons lying on a zig-zag path from the -OH or—-NH

TABLE X
DTBN-induced proton shifts in some proton donor molecules (223)

Donor Proton Shift® (Hz) Donor Proton  Shift* (Hz)
CH,;0H CH; +148-8 CH,;CH,CH,NH, CHyD) +240
CH,CH,0H CH, +103-0 2) (1) CH (2 +60

CH; +158 CH,4 +40

CH;CH,CH,0OH CH(1) +121-0 NH, —89-5
2) (1) CH,(2) +23-8 (CH,CH,),NH CH, +122
CH, +10-8 CH,4 +10

NH — 880

“Measured at 220 MHz with [DTBN ] = 0-4 M in CCl, solution. Positive sign denotes high

frequency shift.
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group exhibit preferential high frequency shifts as illustrated by the
cyclohexanol derivatives [38] and [39]. The potential utility of this
stereospecific DTBN-induced shift for structural studies in the vicinity
of the proton donor group(s) in biologically important molecules such
as purine and imidazole derivatives is discussed. These authors have

OH D
t Bu
Bu
H.(—11-5Hz) H D
H. b
(—19-5Hz) (—10-5Hz)
[38] [39]

recently examined a variety of halogenated molecules (halogeno-
methanes, alkyl halides, and dihalides) with the radicals DTBN, di-p-
anisyl nitroxide (DANO) [40], and galvinoxyl [41]. (224) The induced
high frequency !3C shifts are in the order X =1 > Br > Ci > F. The
substituted carbons exhibit anomalous low frequency shifts which are

lBl.l t u
H,COON OCH, ‘0 CH 0
|
. O'
‘Bu 'Bu

[40] [41]

discussed in terms of hydrogen bonding, n-stacking, and charge-
transfer interactions. MO calculations show that the charge-transfer
interaction involves intermolecular spin delocalization while spin
polarization is the essential feature in the hydrogen-bonding
interaction. The use of the DTBN radical to study the affinity of
hydrogen-bonding in the nucleic acid base pairs adeno-
sine(A)-uracil(U) and guanine(G)-cytosine(C) has recently been re-
ported. (225) The radical induces broadening of the imino N-H
proton signal of free uracil derivatives but in the case of U--- A or
G ---C base pairing no broadening is detected even at high DTBN
concentrations. This insensitivity to broadening reflects the strength of
the U --- A association.

Various nitroxide radicals, including 2,2,6,6-tetramethylpiperidine-
N-oxide, have been used to investigate interactions with water, (226)
Lewis acids, (227) and various organic solutes. (228) The contact shifts
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induced in the Lewis acids show a non-Curie law behaviour which is
ascribed to a temperature dependence of the A values arising from
varying populations of thermally excited vibrational states.

NMR studies have also been reported on a wide variety of other
radicals, namely monosubstituted benzyl radicals (!°F data), (229) 7-
norbornenyl-type radicals [42], (230) hydrazyl radicals, (231) cation

(42]

radicals of 4,4 -bipyridylium derivatives, (232) triarylaminium cation
radicals (p-RC¢H,);N7*", (233, 234) and cation radicals of 9,9-
dialkylthioxanthenes. (235) The studies on the (p-RC,H,);N *" radicals
used a side-band deconvolution technique (236) which generates a
normal absorption spectrum from a side-band spectrum containing up
to seven overlapping side-bands. The technique is employed to cope
with the combination of broad and narrow lines produced by these
paramagnetic samples. The results are in general agreement with
available ESR data with the exception of the Cl-substituted radical. For
the p-MeO-substituted radical the hyperfine coupling constants were
A(ortho) = —0-176 mT, A(meta) = 0-061 mT, and A(Me) = 0-065mT.

Sanders et al (237, 238) have developed a method first introduced by
de Boer and Maclean (239) for determining the site of free electron
density in organic compounds based on the selective line broadenings
observed in the NMR spectra of stable free radicals undergoing fast
exchange with their related molecular species. This was first
demonstrated by adding increasing amounts of t-butylamine to
solutions of naphthoquinone derivatives. The quinonoid protons
exhibit greater broadening than the aromatic protons, indicating the
presence of the naphthosemiquinone radical anion [43] in rapid

o
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exchange with the large excess of neutral naphthoquinone. The method
has been applied to some metalloporphyrin radicals (238) and to
chlorophyli-a radical cation. (240) When the radical cations are in fast
exchange with their related neutral species, line broadenings (AT5 ')
are induced in the latter according to:

AT; ' =4([P)/[DD*AFk™" (33

where [P]and [D ] are the respective concentrations of the radical and
neutral species, and k is the bimolecular rate constant for the electron
exchange. Hyperfine coupling constants for all protons (except those of
the phytyl side-chain) are determined with ca. 159 accuracy. Dipolar
broadenings are assumed to be very small and no contact shifts are
observed. The rate of electron transfer is estimated to be between
2 x 10® and 2 x 10'°dm®mol " 's™!, values that indicate a very
efficient transfer process.

B. Stereochemistry and structure

The high sensitivity of the isotropic shifts of paramagnetic species to
very slight changes in structure makes the NMR technique particularly
useful for studying dynamic, stereochemical, and conformational
problems.

1. Structural equilibria

Under this heading both structural and conformational equilibria
are discussed. Perhaps the most well known case of a dia-
magnetic—paramagnetic  equilibrium is the square-planar—
tetrahedral equilibrium exhibited by 4-coordinate Ni(i1) complexes
to which reference has already been made. Such an equilibrium
exists for dihalogenobis(tertiary phosphine)nickel(i1) complexes.
(241) Complexes of the type NiL,X, (L = PR, PR,Ph, and PRPh,;
R = cyclopropyl, cyclohexyl, or Ph) were prepared and their variable
temperature spectra studied. The spectra show linear Curie behaviour
for the ‘frozen-out’ tetrahedral species but at higher tempera-
tures exhibit the usual non-Curie behaviour, which is expressed
as:

AB; 7. gueS(S + 1)

_ 4 A e 3
B e GSKT T (36)

where x, is the mole fraction of the tetrahedral species, C is a
temperature independent term, and the other symbols have their usual
meanings. The change in Gibbs function AG for the planar—tetrahedral
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interconversion is calculated from:
AG = —RTIn[x,/(1 — x))] (37)

Calculated AG(— 50°C) values are in the range 38-6 to 43-7kJ mol !
and rate constants in the range 1-1 x 10% to 4.9 x 10%s~ 1, Similar
studies on other Ni(11) complexes are reported (54,242, 243, 252). Co(1)
complexes with ethyl phosphite, phosphonite, and phosphinite ligands
(L) may be high spin complexes of the type CoCl,L, or low spin, 5-
coordinate complexes of the type CoCl,L;. In organic solvents the
equilibrium:

CoClLL, + L==CoCl,L;

exists. (253) Equilibrium constants and thermodynamic data are
deduced by an adaptation of the Evans shift method. (254)
Tris(dithiocarbamato) complexes of M(m) and M(1v) have been
studied (244,245) in order to reveal the primary rearrangement
pathway of these stereochemically non-rigid tris-chelate complexes.
Kinetic parameters have been deduced for the intramolecular metal-
centred rearrangement by line-broadening techniques. The spectral
changes strongly suggest that the rearrangement results in optical
inversion, and permutational analysis (246) indicates that two
pathways [44] and [45] are possible. Both of these pathways are non-
bond-rupture trigonal twists with a trigonal-prismatic transition state.

A, or M, Me,”
Mezy
pre—
Me;(
trans A
[44]
A, or M,
Mel
Me/f
Me; .. P
P ~o -
Me;
Me,’
Me,
trans A

[45]
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The degree of non-rigidity of these complexes depends greatly on the
nature of the metal. For example, the Rh(R,R’-dtc); complex is rigid up
to +200°C, the Cr(R,R'-dtc); complex up to 84°C, whereas
vanadium(1) and manganese(11) complexes show averaged spectra by
—20 and —45°C respectively. Typical kinetic parameters are given in
Table XI. The overall metal ion dependence on the rate of optical
inversion is In,Ga,V > Mn > Fe > Ru > Co > Rh, with Cr at least
less than Ru. The values for Fe(11) complexes depend also on the

position of the spin equilibrium: S = =S = 3 (see below).
TABLE XI
Kinetic parameters for metal-centred inversion for M(dtc); complexes (245)

M(u)* AH*(kJmol™1) AS*(JK 'mol™Y) AG¥ (kJmol )
\Y < 34 < 322
Mn 46+ 4 63 + 21 44-4 + 08
Ga < 36 < 339
In < 36 < 339
Crb > 715 > 67
Fe 43+ 4 17:2 + 21 389+ 08
Co 1067 + 4 17-2 + 21 987 + 08
Rh > 113 > 1059

“M [BzBz(dic) ]; complexes.
b Cr[EtEt(dtc)]; complex.
¢ Values refer to widely ranging temperatures. See full paper for details.

Pseudo-octahedral complexes of Ni(i) with 1,3-diamine chelates
have been shown (247) to undergo a rapid conformational inter-
conversion [46]. In the diagram, (a) refers to the chair—chair equil-
ibrium and (b) to the twist—twist equilibrium. The results indicate that

l
~
N , \/
\ / (d) —Ni\}\j
/N [— /
—~Ni~ \ |
/ \/ /N\
l |
~. 1 ~N o
N S A ELE NN
- C ™N = —-N-—C N
Vl | | [~~~

[46]
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the chair conformation is the most stable but that the presence of
alkyl groups in axial positions of the chair conformers can introduce
significant amounts of twist conformer in the equilibrium distribution.
Reilley et al. (248, 249) have also examined octahedral complexes of
Ni(m) with bidentate donors (e.g. ethylene glycol, ethanolamine, etc.)
and tridentate donors (e.g. iminodiethanol, diethylenetriamine, 2,2’-
diamino-diethyl ether). In the case of the bidentate donor complexes
the complex formation constant rapidly decreases with increasing alkyl
substitution on a coordinating oxygen atom. Oxygen inversion is fast in
the ethanolamine complex Ni(ea)(H,0); ™ and takes place via an
intermolecular proton exchange reaction involving H-bonded water
molecules. The diethylenetriamine complex Ni(dien)(H,O0)3 " exists as
a mixture of fac and mer forms with interconversion fast on the NMR
time scale. 0 =4 conversion (250) is rapid for fac coordination but slow
for mer coordination since the latter requires inversion of the central
coordinating atom of the ligand.

The conformations of Ni(1) complexes with ethylenediamine-N,N'-
diacetic acid type quadridentate ligands [47] have been examined by

HOCOCHNHCH,CH,NHCHCOOH
| |

147 ]

NMR and CD methods. (251) From the spectral data it is concluded
that these complexes stereospecifically adopt the A-s-cis form(s) in
solution [48]. The solution structures of a variety of EDTA-type
complexes have been deduced from variable temperature studies. (306)
Racemization of Ni(EDTA)?~ and Ni(1,3-DDTA)?" is rapid at 80°C
but is slow for the other complexes studied. The kinetic data indicate
predominant 5-coordination by EDTA and 1,3-PDTA. The suggested
racemization mechanism (Fig. 5) involves a 7-coordinate intermediate.

(48]
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{c) (d)

FIG.5. Suggested solution structure and racemization mechanism of the Ni-EDTA complex in
aqueous solution. (306)

2. Electronic equilibria

Numerous complexes are known to possess clectronic structures
that are thermal averages over states with different spin multiplicities.
The study of such equilibria is commonly based on magnetic
susceptibility measurements. However, the NMR isotropic shift
method is of comparable importance and has already provided
considerable insight into the spin equilibria of Fe(1) and Fe(1n) systems.
The latter system has been further studied recently by way of Fe(1)
dithiocarbamate complexes. (68,255) The spin equilibrium is of the
form:

6A(t3,e) == >T,(t3y)

3

A series of complexes that possessed a wide range of magnetic moments
(Hese = 2-41-5-83 B.M.) were chosen. Since the low-spin state (®T,) is
favoured there is an increase in metal-ligand n-bonding. Whereas the
NMR technique is very useful for studying spin equilibria it has been
shown (255) that a combination of electronic spectral and magnetic
data can yield reliable values of ligand field parameters for this high-
spin (S = 3)—low-spin(S = %) d°® system. Mention has already been
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made of such a spin equilibrium in the case of dimethylmanganocene.
(191) Manganocene itself possesses a normal high-spin ground state, so
it must be concluded that the electron-releasing CH; groups must
significantly increase the donor character of the ligands and cause spin
pairing. A similar spin equilibrium has been reported for the Mn(1)
complex of fluorescein (L), Mn,L,(OH),(H,0);. (256)

C. Ion pairing and second sphere solvation of metal complexes

The presence of paramagnetic anions in dilute solutions of
diamagnetic cations manifests itself in the NMR spectra of the latter as
resonance shifts and/or line broadenings. Such effects have been
attributed to ion pair formation. Isotropic shifts due to ion pair
formation are often, but not invariably (see below), predominantly
dipolar in origin. Walker et al (257, 258) have measured such shifts for
some penta- and hexa-nitratolanthanate(i) complexes of formulae
[R4N],Ln(NO3)s, [R’-py-R],Ln(NO3)s, and [R4N],Ln(NO;),. The
shifts are to high frequency for all complexes except Tm and Yb
complexes which show strong low frequency shifts.

To account for these shifts the ion pair structure model shown in Fig.
6 is suggested. Two variants of this model are considered, a static model
in which the cation nitrogen is at a fixed distance A from the central

2
x

Y

FIG. 6. Cation-based coordinate system showing relative orientation of counterions in the ion-
paired complex. The principal susceptibility axis of the anion is assumed to lie along the vector
Ln-N. (258)
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lanthanide cation, and a rotating model which permits the cation to
rotate about the x-axis of the coordinate system. In this case angle 0 is
set at 90° and both distance A and angle ¢ are varied until the
calculated and observed shift ratios are in agreement. Furthermore a
distribution function may also be introduced to give greater weighting
to certain preferred orientations of the cation with respect to the anion.
Some selected results for Er, Tb, Tm, and Yb complexes are in Table
XII. The shifts indicate that the pyridine ring is in rapid rotation with
respect to the anion and the lanthanide ion is sited at approximately
90° to the C, axis of the pyridine ring. An interionic distance of 70 pm is
thus obtained which suggests that the NMR technique is detecting
predominantly contact ion pairs with no intervening layer of solvent
molecules. This work has more recently (259) been extended to N-alkyl-
lutidinium cations. In this case the NMR data indicate that 3,5-methyl
substitution on the pyridine ring restricts the motion of the pyridine
ring in contrast to the 4-substituted rings although the interionic
distance is unaffected.

TABLE XII
Best fit structural parameters for [oct-py-Ph],Ln(NO;)s complexes® (258)
Anion Concn. (M) ¢ (deg.) Arithmetic R-factor (%)
Tb(NO3)Z~ 0-052 —85 9-6
Ex(NO;)%~ 0-050 1-5 71
Erf(NO3)Z~ 0-010 35 37
Tm(NO3)?2~ 0-050 -7 9:5
Yb(NOJ):~ 0-050 -50 86

“Distance 4 = 700 pm and angle § = 90° in all cases.

All the above studies have assumed a predominantly axial dipolar
origin to the shifts. This assumption, while probably valid for the above
lanthanide complexes, is not valid in the case of ion pairs involving the
anions CoXZ~ and NiX3 ™ (X = halide). (260) Such anions induce very
different shift patterns on substituted ammonium and phosphonium
cations. The data suggest that the proton isotropic shifts in the CoX3 ™~
complexes contain a sizeable axial dipolar term in contrast to an earlier
conclusion of a dominant contact term. (261) This most likely arises
from the influence of the cations in producing a low symmetry ligand
field. Ion pairs involving tribromo(triphenylphosphine)cobalt(1r) with
tetraalkylammonium cations have been investigated. (262, 263) The
complex [NMeBu; ] [CoBr;(PPhs) lin non-aqueous solutions exhibits
asignal due to the N-methyl protons which is broader and more greatly
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shifted than the N-methylene signal. Furthermore, the shift difference
between these signals increases with decreasing dielectric constant of
the solvent. This is explained in terms of a reduction in interionic
distance with decreasing dielectric constant and a preferred orientation
of the asymmetrical quaternary ammonium ion with respect to the
magnetic axis of the anion. This conclusion has been confirmed by
studying the complex [NMe(CgH )3 ][CoBr(PPhs) 1. (263) The linear
correlation of shift difference with solvent dielectric constant is found to
be only valid for solvents of low dielectric constant (¢ < 10). From a
study of chemical shifts, relaxation times, and ESR counterion signals,
it is possible to distinguish between site-bound, atmospherically
bound, and free counterions in polyelectrolyte trimethylammonium
salt solutions containing varying concentrations of divalent
counterions, (281)

The study of the structure of the weak second coordination sphere
around a metal complex in solution using NMR methods is now well
established. (264) Second sphere effects are due primarily (but not
solely) to dipolar interactions with unpaired electrons. Such in-
teractions lead to an enhanced relaxation rate in the second sphere
(usually measured by T, ) and, in many cases, dipolar shifts [equation
(13 1.

Transition metal tris(acetylacetonato) complexes have been chosen
by numerous workers (265-270, 282) for investigating second sphere
phenomena. Cr(acac); with solvents (L) such as CHCl;, CH,Cl,, and
CgsHg is involved in the equilibria: (266)

CrA, + L=CrA,L
CrAsL + L=CrA,.2L

Measurements of T, have been made (269, 270) to probe the structure
of the second coordination sphere around Cr(acac);. Acetone,
chloroform, and methylene chloride were chosen as second sphere
ligands. The shortening of their T values is found to be independent of
solute concentration, and the value measured is determined by the
diffusional correlation time of the solute molecule. No detectable
second coordination sphere therefore exists in these solvents. However,
methanol forms a discrete second sphere, and above a certain
concentration the measured T; values vary linearly with solute
concentration. The observed T, values are compatible with a model
having a coordination number of 8, a Cr—CH; separation of 700 pm,
and an equilibrium constant for displacing solvent (CHCl;) of ca. 10.
This equilibrium constant value is consistent with values previously
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reported for the Co(1) pyrazylborate system. (271) The enthalpy of
activation, AH?*, for the formation of the second coordination sphere
around Cr(acac); is 14-3kJmol~! for DMSO as solvent.

A variety of organic solvents (including acetone, methanol, ethanol,
methylene dichloride, ether, benzene) have been added to solutions of
various salts of Co(11) and Ni(11) and the structures of the resulting outer
sphere complexes studied by 'H, 13C, '*N, and *°Cl NMR methods.
(272-275) From the variations of shifts with solute concentrations the
structures of the second coordination spheres are postulated. In the
case of Co(ClQ,), in the presence of aqueous acetone, mono-, bis-, and
tris-acetone complexes are suggested. (272) In contrast Co(NO3),
solutions behave quite differently. Knowledge of the temperature
dependences of the shifts has enabled the hyperfine interaction
constants to be calculated in some cases.

Solvent NMR studies of some Co(1), Ni(11), and Cu(1) complexes
with the Schiff base [49 ] have been performed. (276, 277) The complex
is involved in the equilibrium:

MA2* + 2(solvent) = MA ,(solvent)3™

diamag paramag
I AN
CH, N CH,
o
N—Ni—N
N,
H
[49]

Kinetic studies were performed with allowance being made for both
first- and second-sphere dipolar relaxation mechanisms such that:

(TopPy) ™' =Tom + Ta0 (38)

where T, refers to the first (or inner) coordination sphere and T, to
the second (or outer) coordination sphere. The linewidth and shift
variations with solute concentration and temperature can only be
rationalized in terms of a sum of both inner sphere and outer sphere
dipolar relaxation mechanisms.

The existence of a second solvation sphere around iron(Ii)
perchlorate has been deduced from proton relaxation times (7;y and
Tom) of dimethyl sulphoxide molecules. (278) The results imply that
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electronic relaxation is the predominant mechanism at low
temperatures, such a mechanism being controlled by the modulation of
the quadratic zero-field splitting. The average distance between the
protons of DMSO and Fe*” is computed to be 452 pm at 125°C.

Manganese(1l) forms both inner- and outer-sphere complexes in
hydrochloric acid solutions. (279) For 1-5MHCI, the species
Mn(H,0)?* and Mn(H,O0)2*Cl~ are present in solution in relative
amounts 3:2. An outer sphere complex has been suggested by the
spectral data for the binding of Mn?* with the polymeric humic acid,
fulvic acid. (280) This is in contrast to the corresponding Fe** complex
which is of the inner sphere type.

D. Formation and exchange reactions of metal complexes

This section is concerned with the complexation of ligands in the first
coordination sphere of the metal ion. By observing the isotropic shifts
and line broadenings induced in ligand molecules by the presence of
paramagnetic metal ions it is possible to examine the structure,
stability, and exchange kinetics of the metal complex(es) formed in
solution. When the rate of exchange between free and complexed ligand
molecules is slow on the NMR time scale, separate signals for the two
types of ligand molecules are detected. Measurement of their relative
intensities gives the coordination numbers and provides insight into
competitive solvation phenomena.

It is, however, more usual for rapid exchange to occur between the
free and coordinated ligand molecules giving rise to a single averaged
signal such that:

AV = PM AVM (39)

where Av is the observed isotropic shift measured relative to the pure
free ligand and Py is the fraction of ligand molecules coordinated to the
metal ion. Swift and Connick (283,284) have shown that a careful
analysis of the linewidths of the exchange averaged signals can give
valuable information on the kinetics of the ligand exchanges.

The various limiting equations on which the analysis is based are
given in the previous review. (2) The majority of the reported kinetic
data are based on the appropriate form of the Swift—Connick theory. A
development of NMR exchange theory by Granot and Fiat (287) has
examined the condition under which the absorption signal of nuclei
undergoing chemical exchange between diamagnetic and para-
magnetic sites is exactly Lorentzian in shape. They have shown that the
usual requirement that the solution should be very dilute in the



60 K. G. ORRELL

paramagnetic species, i.e. By « 1, is insufficient and that when chemical
exchange is occurring the requirements are that:

Pu < T1/Thp = Toa/(Ton + Top) (40)

This implies that the larger the contribution to the relaxation rate, the
more dilute the solution needs to be.

Metal ion hydration studies continue to attract particular attention.
Bound and unbound H,O and D,0O molecules in aqueous nickel(11)
perchlorate exhibit two clearly distinguishable although overlapping
signals at low temperatures. (288) Curve fitting analysis yields hyperfine
coupling constants of (1-3 +0-1) x 10° and (2:0 4+ 0-2) x 10 Hz
respectively. The rate constant for exchange at 298 K is 3 x 10*s~!and
the activation energy is 50-4 kJ mol ', Similar studies were performed
on chromium(ij perchlorate. (289) Koenig and Epstein (290) have
investigated the problem of evaluating an accurate value for 7y, the
lifetime of a proton in the first hydration sphere of a paramagnetic ion,
from relaxation data. For ions where the scalar (contact) term is
negligible, the commonly made assumption that 7y « Ty is reported
to be questionable. In an attempt to resolve this problem these authors
measured proton T; values in aqueous solutions of Gd** ions. The
data are obtained for different solution pH and as a function of applied
magnetic field, and are found to fit the theory for both the case when
tv ® Tyy and also when 1y « Tyy; thus a value of 7y from an
independent experiment is required to resolve the ambiguity.

Reuben (291) has latterly suggested that the way round this problem
is to investigate both proton and deuteron relaxation rates. In the
Solomon expression for 7T; [equation (17)] the deuterons are less
susceptible than protons to the dipolar relaxation by a factor (y4/7p)?
which equals 42-4. Thus if 1y >» Ty the ratio of the induced relaxation
of protons to that of deuterons is unity, but this ratio increases with
increasing T;y/tm values until it reaches a value of 42-4 for the case
when 1y « Thy. When applied to the Gd** system it is found that
™ < 003T1M = 33 X 10_75.

Miscellaneous kinetic data for water exchange reactions are given in
Table XIII. Equilibrium constants for deaquation of M(H,0)2*
[M = Co(m), Ni(11) ] have been obtained for complexes involving nitrate
ions (294) and ethyl alcohol molecules. (295) For the equilibrium:

M(H,0)2* + EtOH = [M(H,0),(EtOH)]** + H,0

when M = Co(i) and Ni(), K is calculated to be ~6 and 14
respectively.
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Kinetic parameters for alcohol exchange have been deduced from 'H
and '3C studies on Co(11), (296) Ni(1), (297) and Mn(11) (298) systems.
The complex [Co(CH;OH)spy]*>™ (296) provides a clear example of
the operation of the trans effect in a labile octahedral complex, in that
the exchange rate constants for cis and trans methanol sites with respect
to pyridine are 410s~ ! and 1200s~! respectively.

Ethylenediamine (en), diethylenetriamine (dien), triethylene-
tetramine (trien), and tetracthylenepentamine (tetren) form well
characterized complexes with M(11) ions. Such complexes have been the
subjects of a number of NMR exchange studies. (299-303) 'H studies
have established the identities of [Cu(en)(H,0),]*", [Cu(en),-
(H,0),]1?", and complexes involving both en and sulphosalicylic acid
ligands. (299-301) 'O NMR studies have been made on aqueous
solutions of [Ni(dien)(H,0),]*", [Ni(tren)(H,0),]**, and
[Ni(tetren)(H,0)]**. The Ni-dien system shows at least two water
exchange rates which are not well resolved whereas the other systems
show only a single rate process (Table XIII).

Solvation parameters for dimethyl sulphoxide have been measured
for Cu(1r) and Ni(m1) en complexes (303) and solutions of Co(11) and Ni(1)

TABLE XIII
Kinetic data“ for water exchange with transition metal complexes

Complex k(s™h AH*(kJmol™")  AS*(JK 'mol™!) Ref
[Ni(H,0), ]>* 3 x 104 289
[Ni(dien)(H,0),1** 3 x 10° 38 8 302
4 x 10° 46 125 302

[Ni(trien)(H,0),1** (57 + 1:6) x 10° 343+ 38 —-192+ 15 302
[Ni(tetren)(H,0)]** (112 + 0:22) x 107 360 £ 29 10-5 + 10-5 302
[Co(tmc)H, 012" P 42 x 10* 36:5 + 14 —-34+4 292
[Mn(PhDTA)H,01*~ 35 x 108 339 318 293

“Data at 298 K.
btmc = 1,4.8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane [ 50].

HsC I/\\ CH;
[N N
H,C U CH,

tmce

[50]
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perchlorates. (304,305) At low temperatures axially coordinated
DMSO molecules of [Cu(DMSO)¢]** exchange with a rate constant
of 4.7 x 10*s™ 1. In contrast, in Cu(en);* the DMSO exchange is too
fast to be measured. The average rates of exchange for DMSO in the
Ni(11) system follow the order Ni** < Ni(en)?* < Ni(en)3*, implying
an amine trans effect. For [Ni(DMSO), ] the authors have calculated
a rate constant at 298 K for DMSO exchange of 69 x 10°s™'. The
difference is probably due to the influence of the different anions in the
two cases.

Complexes with EDTA-type ligands have been extensively studied
recently, particularly by Russian workers. (307-317) Exchange of
EDTA*~ with Cu(EDTA)?"~ was studied (307) by the line broadening
technique and yields an activation energy for the ligand exchange
reaction of 45-1kJmol~! and a rate constant at 25°C of 45M~'s™ "
This value for the unprotonated EDTA is surprisingly very similar to
the value for monoprotonated EDTA.

The papers cited above include studies of La’* and Lu®** EDTA-
type complexes, (308, 309, 311, 312) Cu?* complexes, (314, 315) Fe**
complexes, (310) and Sm** complexes. (316, 317) Kinetic parameters
and stability constants have been calculated in many cases. In
one study (315) the wvariation in the relaxation time of
[Cu(EDTA)(H,0)]>~ was followed on gradual addition of ammonia
at pH9. Values were found to shorten and then remain constant after
addition of a ten-fold excess of ammonia. This is due to the formation of
[CuEDTA)(NH;),]*>~ with a formation constant of 18-8.

'“N NMR has been particularly useful in the measurement of kinetic
parameters for acetonitrile exchange. (318-323) Some data are listed in
Table XIV. From the '*N contact shifts the '*N hyperfine coupling
constants are found to vary appreciably in magnitude and sign
depending on whether the spin density resides in ¢ and/or = orbitals.
(318) The data quoted here for [Ni(CH;3;CN)1**, however, differ
substantially from those of Lincoln and West (319) who have examined
a variety of CH;CN complexes with multidentate ligands. The
acetonitrile lability is found to depend greatly on the nature of ligand.
NH,-coordinating groups in the latter considerably labilize aceto-
nitrile whereas OH groups reduce the lability. The data suggest that
the exchange processes of the Ni(i1) complexes are predominantly
dissociative in nature but in the other cases it is not as clear-cut. The
rapid exchange of [Cu(CH;CN)]*™ (323) is explained in terms of a
dynamic Jahn-Teller effect.

There have been several reports of ligand exchange studies involving
oxovanadium(iv) complexes. (324-327). 3! P NMR was used to study
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TABLE X1V

Kinetic data for acetonitrile exchange with transition metal complexes

Complex k(s™h AH¥(kJmol™ !y  AS*(JK 'mol™') Ref
[Ni(CH,CN), 12+ 1-45 x 10* 395 ~32:6 318
(2:0 + 0-3) x 10? 686 + 2 50-2 319

[Ni(triol)(CH;CN); ]2 * (1:0 + 0-2) x 103 66:5+ 3 36-4 + 10:5 321
[Ni(triam)(CH;CN), 1** (555 + 60) x 10° 389 + 4 38+ 146 321
[Co(CHACN)o 2 * 27 x 10° 368 ~176 318
[Co(trio)( CH3CN); 12+ (23 +2) x 10* 40 + 2 ~96+ 62 322
[Co(tren)(CH,CN) ]2+ >2 x 10° . _ 319
[Cu(CH,CN), >+ >16 x 107 — — 323
[Cu(tren)(CH,CN) 12 (17 + 0-2) x 10° 45+ 4 2 + 16 323

(51 + 0-7) x 103

triol = 2-hydroxymethyl-2-methylpropane-1,3-diol
triam = 2,2-di(aminomethy!)-1-propylamine
tren = 2,2°,2"-triaminotriethylamine

the rate of loss of phosphate from VO(H,PO,), (326) and 'H, %D, and
70 NMR techniques were used to study deuteron exchange between
VO(OD);(D,0); and solvent water. The rate constant is 8-4 x 10°s~!
with AH* =40+ 2kJmol™* and AS* =22+ 7JK 'mol™'. A
mechanism involving deuteron transfer from an equatorial aquo ligand
to hydroxide ion is suggested. Oxygen exchange between
VO(OH);(H,0), andsolvent waterisslow on the 17O NMR time scale.

The rate of electron transfer between the tris(dithiocarbamato)
complexes Fe(Me,dtc); and [Fe(Me,dtc); ]BE, has been measured by
the line-broadening technique to be (1-5 + 0-4) x 108dm*mol~'s™'
at —57°C. (328) A similar electron transfer study involving tris-
phenanthroline-iron(n1) and -iron(it) complexes has been per-
formed. (329) The exchange kinetics of Ni(di-R,R’-dtc), with various
nitrogen bases yield rate constants at 5°C of 12:5 x 10*s™! and
6-2 x 10*s~! for 3-picoline and 4-picoline respectively. (330)

Other exchange studies involve bis-(2,4-pentanedionato) complexes
of Co(u) and Ni(m), (331) a-dioximates of Ni(t), (332) thiosemi-
carbazide-type complexes, (333) aquomethyl-N,N’-ethylene-bis-
(salicylideniminato)cobalt with metal cations, (334) nickel(11) acetato
complexes, (133) and chromium(ir) formate complexes. (335)

The exchange kinetics of monoacetatonickel(ir) with bulk acetate
were followed by variable temperature !3C studies of [1-!3C Jacetate
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species. The acetate (Ac) dissociation rate from NiAc* is (39
+0-3) x 10°s™!, and the rate of formation of NiAc, is (21 +
0-4) x 10*M~'s™ !, both measured at 300 K. The results are con-
sistent with acetate exchange controlled by loss of acetate and water
respectively from Ni(H,0)sAc™. In the latter case loss of water is
followed by acetate entry and subsequent rapid dissociation of the
diacetato species. (133) Equilibrium studies of Cr(u) with formate ions
in aqueous solution indicate the formation of a binuclear complex,
analogous to the quadruply metal-metal bonded dichromium
tetraacetate:

2Cr(Formate)* + Formate = Cr,(Formate);

The equilibrium constant is 2-1 + 0-2M~? but at the highest formate
ion concentrations the binuclear complex dissociates to mononuclear
high-spin complexes. (335)

Copper(1) complexes have been the subject of numerous NMR
exchange and relaxation studies. Cu?* ions have been extensively used
to locate binding sites in ligands by the differential line broadenings
produced in the ligand spectra. Dillon and Rossotti(336) have used this
method to study Cu(mr) binding in 35 carboxylate ligands. They found
that 2- and 3-hydroxy- and 2-alkoxy-carboxylates are predominantly
bidentate towards Cu(il) whereas 4-hydroxy- and 3-alkoxy-car-
boxylates are predominantly unidentate. Dipolar and scalar con-
tributions to the proton relaxation rates in the bis(acetato) complex
are calculated to be 25 9 and 75 ¥, respectively. This result supports the
observation made by Espersen et al. (337) that induced broadenings of
ligand absorptions by Cu(i1) are generally far from being determined by
dipolar interactions, and therefore any conclusions concerning the site
of Cu(11) attachment, based on an assumed r~ ® dependence [equations
(17) and (18) ], need to be reconsidered. For ligands undergoing fast or
intermediate exchange the only reliable way to invoke the r~°
dependence, in order to establish binding sites, is to measure T;p rather
than T,p.

Reports of other Cu(i) complexes include complexes with citrulline,
(338) glutathione, (339) amino-acids, (340) amines such as ammonia,
asparagine, and serine, (341) and dibutyl sulphide. (342)

E. Miscellaneous

This section includes three topics not easily classified elsewhere,
namely the use of relaxation reagents, the measurement of magnetic
moments in solution, and the use of paramagnetic ions for studying
surface phenomena.
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Chromium(m) and other paramagnetic ions have been frequently
used to enhance the spin-lattice relaxation pathways of '*C nuclei.
Levy et al. (343-345) have assessed the efficiency of Cr(acac); to
enhance the relaxation rates of different solute nuclei using the specific
electron—nuclear relaxation rate parameter, R§ = (75)~ *. The value of

{ increases significantly when intermolecular interactions or other
weak interactions, which result in ordering of the chromium
complex—substrate, are present. For medium or large organic
substrates the *C—H nuclear Overhauser effect suppression becomes
incomplete and variable when efficient '*C-H dipole-dipole
relaxation competes successfully with electron—nuclear relaxation to
Cr(acac);. In such cases Cr(acac); can actually degrade the quality of
the spectra by producing extensive line-broadenings.

The complex Cr(dpm); is in many cases preferable to Cr(acac); as a
leveller of T; values since it is more inert to physical interactions with
organic substrate molecules. (345) It has been shown that Gd(dpm); is
also a useful relaxation reagent. When added to 4-picoline, the
relaxation due to Gd(dpm); shows a close correlation with r ¢, r being
the distance from the metal to the '*C nucleus being relaxed. (515)

In contrast to Cr(acac);, Cu(acac); is an efficient differential line-
broadening agent. Electron relaxation is relatively long, and the
broadening operates through the electron—nuclear hyperfine
interaction, i.e. (Ty.) ™! « (y./2m)A4;. Such broadenings are found to be
strongly dependent on the relative geometrical arrangement of the
interacting centres in the case of complexes with aliphatic amines. (346)
Relaxation reagents have provided conformational information on
thioproline and related molecules. (516)

The measurement of paramagnetic susceptibilities in solution by the
NMR method of Evans (347) has been very extensively employed for
many years. More recently the same author (348) has developed the
method for magnetic titrations. Such titrations of a metal complex are
expressed by the equation:

Axa = [3(Avy — Avg)M ]/ 2nvim, 41

where Ay, represents the change in magnetic susceptibility of the
dissolved substances, (Av; — Avg) represents the difference in the two
intercepts on the typical titration curve (Fig. 7), M is the atomic mass of
the metal, and m; is the mass of metal in 1 cm? of the initial solution
being titrated. The method has been tested by the titrations of
K,Fe(CN), with KBrO; and Ni(H,0)Z* with C,0,S37. (348)
Engel et al. (349) have suggested a modification to the standard
Evans technique. The latter involves placing the paramagnetic
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FIG. 7. Magnetic titration of 1:03 x 1072M K, Fe(CN),, in 0-:3M HClwith 6 x 10”2M KBrOs.
Avis the difference in chemical shifts of the internal and external references; x is the molar ratio of
BrO; added to Fe(CN)#~ taken. (348)

substance with solvent and a reference material in the outer cavity of a
concentric cavity tube and having the solvent and reference material
above in the inner cavity. The new method in contrast involves the
reference material being placed in the outer cavity and the solution of
the paramagnetic substance in the inner cavity. If the sample tube is
stationary in the probe, the reference material is in an inhomogeneous
magnetic field and its signal is split into a doublet according to:

Av = 4nvo [(x, — 1@ /F*) + (12 — x3) (B*/r?)] (42)

where y,, 7,, and y, are the magnetic susceptibilities of the
paramagnetic solution, the glass, and the reference material
respectively, and a,b, and r are geometric shape factors of the
concentric NMR tube. Measurement of this splitting (Av) for different
solute concentrations (c) enables y,, the molar susceptibility of the
solute, to be calculated from:

xp = (AAV/AC) (2 [4mvoa?) (43)

However, the shape factor r is mistakenly referred to as “the mean
radius of the annulus” both in the above paper (349) and in the original
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publication of equation (42) by Reilly, McConnell, and Meisenheimer.
(349a) This parameter r should refer to “the inner radius of the outer
tube” for the method to work successfully (349b) and it is not clear how
the yp values quoted by Engel et al. were calculated.

Paramagnetic ions are now being used quite extensively to study
adsorption phenomena. Mn?* ions have been used as probes for
studying molecular motion in synthetic zeolites, (350) Co*?* and Ni?*
ions have been used for studying the complexation of molecular
hydrogen on the surface of zeolites, (351) and these same ions have been
used in a variety of studies of adsorption on Aerosil surfaces. (352—358)
Adsorbed molecules studied include olefins, saturated hydrocarbons,
alcohols, and benzene. From the measured line-shifts the number of
active surface sites can be deduced in favourable cases. (357, 338)

F. Lanthanide shift reagents

The use of lanthanide shift reagents in NMR spectroscopy is now
very widespread. On the one hand they are used in a routine manner for
simplifying strongly coupled spectra and aiding the assignment of
bands. On the other hand they are employed in a much more exact and
specific manner for deducing the average solution geometries of adduct
molecules which may vary in size from simple monomer molecules to
highly complex biopolymers. The literature of lanthanide shift reagents
(LSR) is nowadays very extensive and it is not possible, or indeed
desirable, in this review to attempt any kind of comprehensive
coverage. Instead, mention will be made of review articles and a
selection of papers which describe either basic developments in
theoretical aspects of the subject or rigorous quantitative uses of LSR.

During the period covered by this review two books have appeared
devoted to the principles, methodology, and applications of LSR.
(359,360) Some major reviews (361-364) and a variety of shorter
reviews have appeared. (365-377) The latter two references (376,377)
refer specifically to biological systems, a topic that is dealt with in more
detail in Section G.

1. Origin of the shifts and their interpretation

Induced shifts of ligand atoms adjacent to rare earth ions are usually
attributed to the contact interaction whereas shifts of more remote
ligand atoms are generally considered to arise from a dipolar term.
McGarvey (378,379) has described a reformulated covalent model
which can account for the observed '°F hyperfine interactions for
Yb** and Tm?* in cubic and tetragonal sites of alkaline earth
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fluorides. On the other hand the model cannot explain the data for
Ce**, Gd**, or Eu?*, suggesting that in the first part of the rare earth
series the dominant mechanism is spin polarization whereas the
covalent model becomes dominant in the latter half of the series.
Further study of the ! °F shifts of the Yb** system has revealed that the
main contribution to the isotropic shift is not from a contact
interaction, as previously assumed, but from a second-order Zeeman
term due to a spin—orbit interaction between the nuclear spin and the
orbital motion of unpaired electrons in the ligand p orbitals.

The induced shifts of nuclei not directly adjacent to lanthanide ions
have been known for many years to be predominantly dipolar in
nature. However, a fully satisfactory theory to account for the variation
in these induced shifts across the lanthanide series has been difficult to
achieve. Theoretical treatments have been developed independently by
Bleaney, (380) Golding and Pyykkd, (381) and Horrocks et al. (382)
Bleaney’s approach involves the following power series expansion in
temperature for the susceptibility anisotropy, assuming axial
symmetry:

Ay =y — 1. =N(gf — gD/ + 1)/3kT

— N(Q2gt + ghHuDJ(J + D(2J — D(2J + 3)/90(kT)*>  (44)
where J is the total angular momentum quantum number, D is the
zero-field splitting tensor, and the other symbols have their usual
significance. This equation implies that if the first term dominates (e.g. if
there is considerable anisotropy in the g tensor) the shift will havea T!
dependence. On the other hand, if the second term dominates (as it is
expected to do for all lanthanides other than Eu** and Sm**)a T2
dependence of the induced shift is predicted. This was confirmed
experimentally in the case of the induced high frequency shifts in
acetone by Yb(fod);. (383, 439)

Horrocks et al. (382) have attempted to refine Bleaney’s theory by
using a more general field model including all the J multiplets of the
ground term as a basis. There are two principal differences between the
two approaches. Firstly, Bleaney’s ligand field model is restricted to
ligand field parameters of the second degree whilst the Horrocks
method employs a general ligand field expansion. Secondly, Bleaney’s
equations are based on a thermodynamic approach and a high-
temperature approximation whereas the high-temperature approxi-
mation of Horrocks is implicit in the Van Vleck formula he uses. The
different natures of these high-temperature approximations can be
expected to become important at lower temperatures, with the Hor-
rocks approach being more correct.
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Stout and Gutowsky (384) have examined this point and found that
the method of Horrocks agrees with an exact calculation of the
susceptibility anisotropy for a J =3 state to within 0-1% at
temperatures down to 200 K, whereas Bleaney’s equation gives a
deviation of 1-49 %,. However, inclusion of a term linear in T~ 2 brings
the agreement to within 0-27 9; of the exact result. This deviation from
T~ 2 dependence of the magnetic susceptibility has been further studied
by Horrocks (385) for two axially symmetric Yb(1r) complexes and a
non-axial Yb(i) shift reagent. The appreciable deviations from T~ 2
dependence can be accounted for by the Horrocks approach but not by
the simpler Bleaney approach.

The use of LSR as structural probes depends on the following
conditions (386) being satisfied. (1) The shifts used in the analysis are
purely dipolar in origin. (2) Only a single stoichiometric complex
species exists in solution in equilibrium with uncomplexed substrate. (3)
Only a single geometric isomer of this complex is present. (4) This
isomer is magnetically axially symmetric so that the shifts are
proportional to the geometric factor {(3cos%0 — 1)/r*>. (5) The
principal magnetic axis has a particular, known orientation with
respect to the substrate ligand(s). (6) The substrate ligand exists in a
single conformation or an appropriate averaging over internal motion
is performed.

If one or more of these conditions is not met, then the results of a
particular analysis must be treated with considerable caution.
Condition (1) is generally valid for nuclei more than three bonds
removed from the lanthanide nucleus. Even if there are both dipolar
and contact contributions to the observed shifts, methods have been
developed for separating the two. Reilley et al. (387, 388) have made
extensive studies of this problem. Their method is based on the fact that
the experimental shift can be expressed as a summation of contact and
dipolar terms according to:

(AVE/v)ij = F{S,); + GiC? (45)

where F is a factor that depends upon the nucleusi being observed and
is independent of the lanthanide ion employed, {S,); values have been
computed by Golding and Halton (389) and found to depend only on
the lanthanide ion, G;is the geometric factor term, and CJp depends only
on the lanthanide being employed.

It is seen from equation (45) that if expenmentally observed shifts
(AVE/v);, ; are measured for a given nucleus i using a variety of
lanthanides j it is possible to set up and solve the appropriate number of
simultaneous equations in order to evaluate the terms F, and G; for this
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nucleus. The method is valid only for cases of effective axial symmetry
and has been tested for a variety of lanthanide tris-complexes of
pyridine-2,6-dicarboxylic acid (DPA) and its para-substituted methyl
analogue (MDPA). Some typical results are given in Table XV. The
agreement factor, AF, is defined as:

(AF)? = {Z[Vl(obS) i(CalC-)]z}/ 2. [v(obs)]? (46)

TABLE XV

Experimental shifts” for Ln(DPA); and Ln(MDPA); complexes and the corresponding computed
values for contact and dipolar contributions (387)

Nucleus Shift Pr Tb Ho Yb AF £ G;

C, Pt -109  —-1330 -750 390 0-09 —0022 1-575
v 00 07 0-4 01
v —109 120 —754 389

Cg v -19-9 41-3 27-4 17-5 017 —2:623  0-554
v —112 86-9 51-8 63
vP —87 —458 244 11-2

Hy ot — -292 —165 73 0-09 0-009  0-339
W — -03 -03 00
v — —289 —162 73

H, it — —264 —141 65 0-08 0013 0-299
ve — -09 —-07 -01
vP — —-260 —-137 65

“Values in ppm relative to the diamagnetic La complex.

It is noted that the magnitude of the contact contribution varies
considerably between the 'H and !3C resonances. In order to obtain
structural information on the lanthanide complexes at least six G;
values are, in general, required (three polar coordinates to fix the
position of the lanthanide ion relative to the molecule, two additional
angles to define the main magnetic axis orientation, and one signed
value for the proportionality constant). The six nuclei used to provide
these G; values need not necessarily be protons. In a later paper Reilley
et al. (388) discuss certain refinements of their method and apply it to a
wide variety of LSR complexes including those of water, pyridines,
alcohols, anilines, aliphatic amines, and ketones. The contact
contributions of the '*C shifts of Ln(DPA); and Ln(MDPA),
complexes are found to be important even for carbons five bonds
removed from the lanthanide ion. (390)
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Separation of contact and dipolar terms using the different
temperature dependences of the shifts has been reported. (391) The LSR
Gd(dpm); and Gd(fod); are known to induce shifts that are essentially
contact in origin since the g-tensor of Gd*" is predicted to be isotropic.
They can therefore be used to assess the contact contributions for shifts
induced by other Ln(dpm); [51] and Ln(fod); [52] reagents. This
method has been tested on quinoline (392) and a variety of aliphatic and
aromatic compounds. (393)

(CH,),C

A sizeable complex formation shift contribution is noted for
aromatic adducts. Sizeable complex formation ' C shifts are also
observed (394) for the diamagnetic LSR La(dpm);. The shifts induced
by paramagnetic complexes such as Fu(dpm); and Pr(dpm); are
accordingly corrected for this factor. In this work it is found that
contact contributions to the '*C shifts are generally larger in amines
than in alcohols or ketones. For quantitative structural work Yb(dpm);
is found to be particularly useful since it produces minimal contact
shifts without any adverse line-broadening.

Quantitative separation of the w contact and pseudocontact
contributions to the lanthanide induced shifts (LIS) in aniline and m-
and p-toluidines has been reported. (395, 396) The contact shift
patterns are estimated from the zn-spin density distribution of the
appropriate cation radical or from the Ni(acac), induced shifts. The
separation of the shifts was checked by comparing the relative contact
shift contribution with the {S,) value of Golding and Halton (389) and
the remaining pseudocontact contribution with the calculated values of
Bleaney’s theory. (380)

Separation of contact and dipolar terms of isotropic *'P shifts has
been achieved for Ln(i) complexes of cytidine-5'-monophosphate.
(397) Contact contributions to LIS in the spectra of isoquinoline and
endo-norbornenol were estimated from the differences between the
calculated and observed behaviour of the LSR Ln(dpmy);. (398)

Condition (2) (above) can often be satisfied by using the appropriate
experimental conditions such as having a large excess of adduct
present, but conditions (3), (4), and (5) are far more difficult to achieve in
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practice. The question of an assumed axial symmetry of the LSR adduct
complex has caused considerable comment. The general expression for
dipolar shifts is given by:

AB(dip)/B = (1/3N)[1zs = 3(xx + 2,,)1[{3 0820 — 1)/r*]
—(1/2N) [y — 2,y 1[<5in? 0 cos 2¢>/r°] (47)

where the y,, are the principal molecular magnetic susceptibilities, and
r, 8, and ¢ are the usual spherical polar coordinates of the nucleus in
question in the coordinate system of the principal magnetic axes. The
assumption of axial symmetry presupposes that the second term of
equation (47) can be neglected. This assumption appears to work in
practice, enabling many workers to calculate very reasonable
lanthanide substrate bond distances although the lanthanide adducts
are definitely known not to possess axial symmetry in the solid state.
Horrocks (399) has explained this situation as arising from a dynamic
equilibrium between a number of interconnecting forms (30 or more).
Such a process leads to shift ratios that will approximate but not
exactly equal those derived from the axial model.

Cramer et al. (400, 401) have made a detailed study of the adducts
Eu(dpm)s(py), and Eu(dpm)s(3-pic), and have demonstrated that the
LIS of all protons can only be accounted for by using the full form of
equation (47). These workers were able to slow down the rate of
exchange between the free and coordinated adduct molecules such that
at ca. —105°C separate signals were observed which when integrated
showed that a 1:2 adduct was present. Cooling to - 120°C in carbon
disulphide reveals two signals each for the ortho hydrogen and methyl
groups, indicating that rotation about the Eu—N bond is slow. The
rotation barrier was estimated to be at least 29kJ mol~'. (424)

The agreement between calculated and measured LIS for 2:1
adducts of substituted pyridines with Eu(thd); (thd = 2,2,6,6-
tetramethyl-3,5-heptanedionato) using the full form of equation (47) is
found (402, 423) to be fairly insensitive to the Ln—N distance. This
brings into question the validity of Ln—substrate distances determined
exclusively from the single-term McConnell-Robertson equation
[equation (13)]. The importance of non-axial symmetry has been
shown in the study of LIS for ketones. (403) The importance of not
assuming axial symmetry when using Gd(dpm); or Gd(fod); as
relaxation reagents has been stressed; (404) otherwise the induced
broadenings will not reflect the true geometry of the complex.

Line-broadenings by shift reagents of the Ln(fod); type have been
examined as a function of concentration, frequency, and temperature.
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(405) Pinacolone was chosen as the substrate molecule. The main
finding is that a term containing the modulation by chemical exchange
of the chemical shift difference between coordinated and free substrate
molecules makes a significant contribution to the observed line-
broadenings and this produces a non-linear dependence of linewidth
on the fraction of complexed substrate. Simultaneous application of
both shift and relaxation data gives a much more definitive de-
scription of the solution geometry of an adduct that can be achieved if
only one kind of data is used. (422)

A large number of papers have appeared describing computational
methods, usually based on the McConnell-Robertson equation
[equation (13)], for calculating the solution geometry of an LSR adduct
which can best account for the measured LIS ratios. These programs
vary greatly in their sophistication, firstly in the size of adducts that
they can handle, secondly in the conformational averaging procedures
that are used, and thirdly in the error analyses of the fitting procedures.
Space prevents any detailed discussion of these methods. (406—420)
Suffice it to say that a computer program of this type, LISCA,
developed by Lienard (421) is available to U.K. users in the SR.C.
NMR computer program library at the S.R.C. Daresbury Laboratory.
The program examines the solution conformations of semi-flexible
molecules of considerable complexity. It incorporates a non-linear,
least-squares fitting of a set of calculated LIS ratios to an ex-
perimentally observed set supplied as input data. Weightings can be
assigned to the LIS ratios. The best fit is achieved by altering the values
of a preselected set of conformational degrees of freedom in a
computer-generated model of the lanthanide—substrate complex.

Despite the fact that correlations of LIS ratios with the solution
geometry of the LSR—substrate adduct are now well established and
very widely employed, warnings have been given (425, 426) that
predictions of conformations of non-rigid molecules must be made with
extreme caution.

2. Structure of adducts in solution

This section reviews a selection of the more quantitative uses of LSR
for substrate structure determinations. The substrates are grouped
according to their donor properties.

Oxygen donor substrates continue to be extensively studied.
Conformations of esters, (427) aldehydes and ketones, (428, 429)
ketones, (430, 431) cyclohexanones, (432, 433) carboxylates, (434)
benzene-1,2-dioxydiacetate, (435) borneols, (436) troponeiron tri-
carbonyl, (437) and nitrosopiperidines (438) have been deduced. It is
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generally found that LIS of '3C nuclei contain significant contact
contributions whereas such contributions are often negligibly small for
proton shifts. In the studies on 2-alkylcyclohexanones (432, 433)
equations are derived relating the induced shift ratios to the
conformational equilibrium constants for the complexes. The nature of
the Ln(i) binding to indol-3-yl acetate (434) is found to vary over the
lanthanide series. For members of the series before Gd(i) the shift
ratios are compatible with bidentate binding of the carboxylate but this
changes to monodentate binding in the case of Tm(11).

LSR have recently been used to study the structures of coordination
complexes. (440-442) Diamagnetic coordination complexes of quad-
ridentate ligands containing oxygen and nitrogen donor atoms of the
general type [53] were studied. The two oxygen atoms coordinate
with Eu(fod); and other LSR to give 1:1 adducts. LIS studies have
shown that the backbone methyl group in the complex with R’ = CH;
occupies an axial position. The kinetics of the adduct formation and
dissociation have also been studied, yielding k; and k4 values of
77 x 107mM~'s™ ! and (7-7 + 0-6) x 10*s™ !, respectively. (440)

M = Ni,Pd.Pt
(53]

A theoretical calculation has been made (443) of the structures of
mono-adducts of tris-(f-diketonato) LSR of the type [Ln(bidentate),
(unidentate) ]* . Three favoured structures having similar potential
energies are suggested. These are a capped octahedron (Cj,), an
irregular polyhedron (C,), and a structure intermediate between a
pentagonal bipyramid and a capped trigonal prism. The first two
structures have been observed experimentally when the unidentate
ligand is water or a carbonyl function.

Nitrogen-donor substrates that have been studied in some detail
include pyridines and piperidines, (444, 446) pyrroles, (447) quinoline
and isoquinoline, (448) naphthylamine, {(449) and nitriles. (450) The
study of 1- and 2-naphthylamine (449) involved the use of the
paramagnetic reagents Gd(dpm),, Ni(acac),, and Pr(fod); which in-
duced predominant relaxation, contact shift, and pseudocontact shift
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effects respectively. The coordination of nitriles with lanthanide ions
(450) is thought to occur with the lanthanide ion collinear with the
nitrile group. Lanthanide induced '*N shifts are particularly useful in
studying structures of N-donor substrates. (538)

The application of LSR to amino-acids has received some attention.
(451-456, 498) Such studies are an essential preliminary to the use of
LSR for amino-acid sequence determination in simple peptides and
proteins. The latter are discussed more comprehensively in Section G.
A detailed study has been made (453) of the interaction of Eu(it), Pr(1),
Gd(m), and La(m) with N-acetyl-L-3-nitrotyrosine in order to
characterize the nitrotyrosine residue as a potential specific lanthanide
binding site in proteins. The parameters of the dipolar interaction
indicate a significant contribution from non axially symmetric terms.
The conformations of the nucleotides cyclic f-adenosine 3'.5'-
phosphate (3',5'-AMP) (457, 458) and adenosine triphosphate (ATP)
(459) have been deduced using LSR. In the former case the con-
formation of the ribose and phosphate groups is consistent with the
solid state structure. A combination of lanthanide shift and relaxation
reagents was used to deduce the most favoured family of conformations
for ATP in aqueous solution. One of these conformations corresponds
closely to one of the crystal structure forms.

The interactions of LSR with various organophosphorus substrates
have been reported (460-463). Yb(fod), and Pr(fod), are considered to
be the best LSR for organophosphorus compounds. Proton shifts are,
as usual, dominated by pseudocontact interactions. '*C shifts are
predominantly pseudocontact in nature but have sizeable contact
contributions for phosphine and phosphoryl compounds. In contrast
3P shifts have large contact components where direct phos-
phoryl-oxygen or phosphorus-lanthanide interactions occur. Large
pseudocontact *'P shifts for triethyl phosphite indicate little or no
direct phosphorus-lanthanide interaction.

Conformational analysis of substituted 1,3,2-dioxaphosphorinanes
has been achieved using a topological approach (429) rather than the
more elaborate random search method. This simplified approach only
considers chemically and physically accessible positions for the
lanthanide. Using this approach the LIS calculations are found to
predict the conformational equilibrium for complexed cis conformers
which is in good agreement with that based on the response of the
coupling constants J(H-H) and J(P-H) to lanthanide addition. For the
trans conformers the two approaches are not in agreement.

The binding of lanthanides to sugars and related molecules has
received some attention. (464—467) Methyl a-D-gulopyranoside forms a
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1:1 complex with Eu(un) and Pr(im) (464) whereas the sodium salt of
methyl ¢-D-galactopyranoside forms essentially a 1:3 complex which
shows a high-degree of axial symmetry. (465)

Some new lanthanide porphyrin complexes of general formula
Ln(m)TAP(S-diketonate), where TAP = tetraarylporphine, have been
prepared (468,469) and their shift reagent capabilities assessed. The
complexes of the early lanthanides (Pr, Nd, Sm, Eu) induce very small
shifts whereas the complexes of Tb, Dy, and Ho produce quite large low
frequency shifts in y-picoline. Analogous shift reagents based on silicon,
germanium, low-spin iron, (517, 518) and cobalt (519) have been
reported.

These complexes, like the majority of LSR, are soluble only in organic
solvents. However, LSR probes for biological systems need to be water-
soluble. Aquo-lanthanides can be used but these are stable only in acid
solutions. Water-soluble chelates of lanthanides that can be used at
higher pH values are therefore desirable. The anionic chelates
Ln(EDTA) ™ have been examined as suitable aqueous LSR. (470-472)
The induced shifts, which are pseudocontact in origin, are to low
frequency for Pr(EDTA)™ and to high frequency for Yb(EDTA)".
Gd(EDTA)™ causes line-broadenings. The practical pH range is 6—10.
At higher pH values thereis effective competition due to the formation of
hydroxo complexes. There is evidence that the lighter lanthanides are
pentachelated whereas the heavier ones are hexachelated. However,
Pr(EDTA)™ and Yb(EDTA)™ are isostructural. The complexes form
ion pairs with organic cations such as substituted ammonium ions (472)
and can thereby act as aqueous shift and relaxation reagents in these
systems.

Lanthanide chlorides (473) and nitrates (474, 475) have been used as
aqueous LSR for investigating the structures of a number of
carbohydrates. Shifts induced by Ln®* ions in the proton spectrum of
methoxyacetate have been discussed. (476) The water-soluble Eu
complexes of pyridoxalideneaspartic acid and o-vanillideneaspartic
acid have been suggested as suitable shift reagents. They have been tested
with aqueous solutions of amino-acids and peptides. (477)

3. Solution equilibria of adducts

The use of lanthanide shift reagents as structural probes depends
firstly on a knowledge of the stoichiometry and equilibria of interaction
between the LSR and the substrate, and secondly on being able to
separate the dipolar contribution from the total averaged isotropic shift.
This latter aspect has already been considered. The accurate study of the
binding modes of substrates to LSR is often not straightforward. Early



NMR SPECTROSCOPY OF PARAMAGNETIC SPECIES 77

studies tended to support 1:1 adduct formation in most cases but it is
now becoming evident that it is not uncommon for more than one
binding mode to occur. A two-step mechanism is now usually
considered:

R + S=RS

RS + S==RS,

K., (=[RS]J/[R][S]) and K_, ( = [RS,]/[RS][S]) are the two
equilibrium constants involved. Reuben (478) has shown that the
complex formation between Eu(fod); and acetone,dimethylsulphoxide,
2-propanol, and f-picoline involves a total stoichiometry of LSR-
substrate adduct of 1:2 with complexes of the type RS and RS, present
in equilibrium. For acetone and dimethyl sulphoxide K, , > 4K,
whereas for 2-propanol and f-picoline K _, < 4K _,.

Similar results are found (479) for the equilibria of Eu(fod ); with the
basic substrate (n-CsHs)Fe(CO),(CN). In the case of Pr(fod); 1:3
adduct formation is also observed. These results are confirmed by
vapour pressure osmometry. Evans and Wyatt (480, 481) have utilized
low-temperature NMR conditions to deduce solvation numbers of the
shift reagent. They have demonstrated that at temperatures around
—60°C or lower the exchange rate between substrates such as dimethyl
sulphoxide, hexamethylphosphoramide, tetramethylurea, and tri-
ethylamine and the reagents Ln(dpm); [Ln = Eu(u1), Pr(1r) ] becomes
slow on the NMR time scale. Accurate measurement of the areas
enclosed by the free and complexed substrate peaks yields the solvation
numbers of the adducts. Accurate line-shape studies in the higher
temperature range enable the kinetics of the substrate exchange to be
measured [Fig. 8(a)]. It is found that 1: 1 complexes are more favoured
with Ln(dpm), than Ln(fod); where 1:2 complexes are the norm.

Evans and Wyatt (481) have suggested an energy profile [Fig. 8(b)]
for substrate exchange. The species RS, * is considered to be an unstable
isomer of RS, in which the configuration of the fi-diketone ligands is
similar to that in the 7-coordinate RS. Other equilibrium studies
involving Ln(dpm); have been reported. (482-485)

Eu(NO;); has been shown to form essentially 1:1 adducts with L-
azetidine-2-carboxylic acid (480) and Eu{fod); forms similar adducts
with dialkylnitrosamines. (487) 1:1 Stoichiometry between Eu(fod);
and various cyclic 6-membered sulphites has been assumed. (488)
Both 1:1 and 1:2 -adducts have been reported for Eu(fod),; bound
to cyclohexanones and cyclohexanols, (489) n-hexylamine, (490)
hexamethylphosphoramide, (491, 492)and methyl dimethylcarbamate.
(493)

(48)
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FIG. 8. (a) Plot of log,o k, against the 8-coordinate ionic radius of the lanthanide ion for
Ln(fod-dy) complexes. k, is the first-order rate constant for substrate exchange; HMP = 1,2
hexamethylphosphoramide; TMU = tetramethylurea. (b) Suggested energy profile for substrate

exchange. (481)

In some of these studies allowance has been made for the self-
association of the LSR. Thus in addition to considering the two
equilibria [equations (48)] other equilibria such as:

2R=R, Kq=I[RJ/[R]?
3R=R,

need to beconsidered. No self-association of Eu(fod); in CCl, was found
in one study (489) whereas in another study self-association of both

(49)
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Pr(fod); and Eu(fod); in non-polar solvents such as carbon
tetrachloride wasfound to be appreciable. The equilibrium constantsfor
dimer and trimer formation are 140 + 8M~! and 45+ SM~! for
Pr(fod); and 367 + 22M ™ 'and 12 + 2M™~ ! for Eu(fod);. These species
are thought to involve 7- and 8-coordination of the Ln ion respectively.
Eu(thd); and Pr(thd); were not associated in non-polar solvents.
More recently, de Boer et al. (494, 495) have presented a detailed
discussion of the binding modes of various mono- and bi-functional
ethers with Pr(fod ); and other Ln(fod ); reagents. They specifically chose
systems where a single type of adduct species predominates in solution.
This circumvents having to perform the detailed statistical analysis of
the shifts for systems containing appreciable amounts of species RS and
RS, which was found by Johnston et al. (489) to be necessary in order to
obtain reliable association equilibrium constants K, and K, and
bound shifts , and §,. The binding scheme considered by de Boer et al.
(494)is shown in Fig. 9 (where L = R). Itis noted that in addition to the

Ls®

F1G. 9. Reaction scheme for the binding of a bidentate substrate S to the shift reagent L. The
equilibrium constants shown are association constants. (494)

equilibria [equations (48) and (49)] a fourth equilibrium which allows
for the bidentate binding of the substrate is considered:

RS=RS* K_, = [RS°]/[RS] (50)

The bifunctional ethers predominantly bind in a bidentate manner and
thus the spectra of these substrates in the presence of Ln(fod); are
governed by the RS? complexes. In such a case the measured shift § is
given by:

52&{5 b(l_ 1 _2Kd[RJO)) (9rs — Jrsv)
S ™"\ KulSlo  (Ky[STo) Ko,

Kmb
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where K, relates to the possible equilibrium:
R + S=RS°

and is therefore given by the expression [RS?]/[R][S] which in turn
equals K, K, .. For bidentate binding a plot of ¢ versus [R],/[S], will
yield an initial slope of dggee, the bound shift of the species RS. 1,2-
Dimethoxyethane (DME), 1-methoxy-2-n-octyloxyethane (MOE),
and 1,2-dimethoxy-4,5-dimethylbenzene (DMV)behavein thismanner,
and values of K ,,;, K 1.2, K > and K, have been accurately determined
(Table XVI). On the other hand the monofunctional ethers methyl n-
butyl ether (MBE) and anisole produce less tractable equilibria data.
Attempts to separate the contact and pseudocontact contributions to
the observed shifts of the bifunctional ethers using the temperature
dependence method have proved unsuccessful. A T~! temperature
dependence is observed which is not in accord with Bleaney’s theory.
(380) This is thought likely to result from the assumption that the ligand
splittings are small compared with kT not being valid. The measured
shifts for the Ln(fod);—DMY complexes indicate a definite lack of axial
symmetry around the z-axis. The same authors have more recently
considered the chemical exchange effects that occur in the Ln-
(fod),—~DME system. (496) In addition to substrate exchange, (fod)
ligand exchange may also occur from one complex to another. La(fod ),
Pr(fod);,and DME in molar ratio 1: 1:2 were used. Substrate exchange
involves both first-order and second-order kinetics depending on the
free substrate concentration. A mixed dimer model is suggested to
explain qualitatively the fod exchange.

TABLE XVI
Equilibrium constants (31°C) for the binding of ethers to Pr(fod); in CCl, solution (494)

Substrate Ko (M™Y KoM Y Ko (M1 KyM™1)
MBE 30 8 — —
DME 60 16 35 x 10° 2 x 10°
MOE 60 16 1-1 x 103 66 x 10*
Anisole 2:5 07 — —
DMV 50 1-3 6 x 103 3% 10%

The distinction between enantiomeric species is normally made by the
use of a chiral shift reagent (Section F.4). However, it has been reported
that in certain circumstances such a distinction can be achieved with an
achiral shift reagent. (497) Enantiomeric shift differences AA6 are
induced by Ln(fod ), for partly resolved alk ylamines (Fig. 10). The values
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FIG. 10. 100 MHz spectrum of partly resolved a-phenylethylamine in CDCl; (total [amine]
= 01 M; enantiomeric ratio S/R = 0-2) in the presence of 0-05 M Eu(fod)s. (497)

of AAS depend not only on the ratio of the enantiomers but also on the
relative concentrations of substrate and LSR. A series of equilibria are
invoked (Fig. 11)involving 1: 1 and 1: 2 adducts. In this scheme Rand S

K, ra
LN-S ———> LN-SS

A

LN -SR LN—=RS

VA

R‘——— LNRx——LN RR

FIG. 11. Series of equilibria from which enantiomeric shift differences arise. (497)
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are the two enantiomers, Ln-RR and Ln-SS constitute the dl pair, and
Ln-RS and Ln-SR are the meso forms of the diastereoisomeric set of
complexes. For such an equilibrium scheme the expression for AAS has
the following properties. (1) In a racemic mixture (ie. [S]= [R])
AAS = 0. (2) Evenif the induced chemical shifts of the diastereoisomeric
forms are identical AAd may be non-zero if K, # K;. (3) Even if
K, = K3, AAS will be non-zero if there is a difference in induced shift
between the meso form and the dl pair.

4. Chiral shift reagents

The use of chiral shift reagents to determine enantiomeric purity is
now well established and continues to be widely exploited. Some recent
developments in the technique are mentioned here.

Whitesides et al. (499) have synthesized a wide range of chiral tris-(f-
diketonato)europium(m) chelates and tested their effectiveness as
chiral shift reagents. They conclude that the most effective are tris-(d,d-
dicampholylmethanato)europium (i), tris-(3-trifluoroacetyl-d-no-
pinonato)europium(inn}) [54], and tris-(3-trifluoroacetyl-d-cam-
phorato)europium(iir), Eu(facam) [55]. It is not at present possible to

Me Me.__Me
Me CF,
— R
O — R = CF;,, Eu(facam)
\0»14/ vVl R = C,F,, Eu(hfbc)
3 O—VEu/3
[54] [55]

predict with any accuracy the effectiveness of a particular chiral shift
reagent on a mixture of enantiomers. To achieve the best resolution
between enantiotopic protons in complex polyfunctional structures it is
normally necessary to test several shift reagents and vary both sample
concentration and temperature.

The reagent Eu(facam), its derivative Eu(hfbc), and their Pr(im)
analogues have been used in the resolution of a wide variety of
enantiotopic protons. (500-503) A variety of other Eu(u1), Pr(1m), and
Yb(1) chiral shift reagents have been used to resolve optically active 2-
methyl-substituted acids, (504) 1-phenylalkanols PhCHROH, (505)
PhCHXMe (X = OH,NH,), (506) bianthrones, (507) and derivatives of
cyclopentadienyliron. (508) The reagents tris-[3-t-butylhydroxy-
methylene-(+ }-camphorato JLn(ir) (Ln = Pr, Nd, and Sm) have been
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reported (509) to be dimeric in dry carbon tetrachloride unlike the later
members of the series. The use of chiralshift reagents for the study of rates
of certain intramolecular motions in chiral and prochiral molecules has
been discussed. (510-512) In particular the partial rotation about the
aniline bond in (RS)-2,6-MeCl-CcH3N(NO)CH, Ph was studied in the
presence of (+)- and (+ )-Eu(hfbc) and in the absence of these shift
reagents. The activation parameters for the rotation process are
identical, within experimental error, in all three cases.

Enantiomeric distinction can also be achieved using chiral solvents
without shift reagents. The determination of enantiomeric purity and the
assignment of absolute configuration of cyclic and acyclic sulphinate
esters has recently been achieved (573) using chiral l-aryl-2,2,2-
triffuoroethanols as solvents. Enhanced enantiomeric distinction has
been demonstrated using a combination of both a chiral solvent and an
achiral LSR. (514)

5. Miscellaneous uses of shift reagents

It has been suggested that, as an alternative to lanthanide shift
reagents, titanium tetrachloride (520) and the Lewis acids BCl; and
SnCl, (521) be seriously considered as shift reagents for substrates
containing oxygen functions. The main advantages of these materials
are that they are cheaper and more readily available than most LSR but
the induced shifts tend to be rather smaller.

The presence of a paramagnetic centre can produce chemical
exchange spin decoupling which shows up as a decrease in or complete
removal of spin—spin splitting in NMR signals of substrate nuclei. This
has been demonstrated for the pyridine substrate. (522) The addition of
Gd(fod); to a solution of pyridine and Eu(fod ); causes rapid relaxation
of the C-2 protons and effective spin-decoupling from the C-3 protons.
Mixtures of Gd(fod); and Eu(fod); are superior to other lanthanides
which broaden and decouple because the amount of broadening
associated with a given shift can be controlled. Ni(acac), has been used
(523) to remove spin—spin coupling in the proton spectrum of N-
vinylpyrazole.

Two rather less common uses of Ln(fod); reagents have been
reported. Fu(fod); has been used instead of Cr(acac); to suppress
nuclear Overhauser enhancements in !3C signals (524) and CIDNP
spectra have been simplified. (525) Eu(fod ); and Pr(fod ), selectively shift
certain enhanced lines although CIDNP intensities are reduced
somewhat on adding LSR.

The techniques of gas chromatography (526) and fluorescence
spectroscopy (527) have been employed to examine the nature of the
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LSR-substrate interaction and the conformations of LSR and their
adducts.

There have been a number of reports of LSR being used for DNMR
studies of intramolecular rate processes. Whereas most DNMR
experiments involve varying the rate(s) of the observed process by
changing the temperature or concentration of reactants while keeping
constant Av_, (the chemical shift difference of the exchanging nuclei in
the absence of exchange), the same information is obtained by keeping
the rate of the dynamic process constant and varying Av,, . This can be
achieved quite conveniently using LSR. The method was demonstrated
for restricted C—N bond rotation in trimethylcarbamate (528)and gave
avalue of AG*in excellent agreement with a literature value obtained by
the conventional method.

Other rate processes studied include isopropyl group rotation, (529)
restricted rotations in phosphine derivatives of cyclopentadienyl
complexes of iron and nickel, (530) and ring and nitrogen inversion in
(en) complexes of praseodymium. (531} Molecular geometries of
molecules in solution can be accurately determined from NMR spectra
of the molecules oriented in a nematic phase of a liquid crystalline
solvent. The effect of Eu(dpm), on the nematic phase spectrum of
pyridine has been examined. The pyridine geometry is unaffected by the
LSR. The observed LIS values can be separated into isotropic and
anisotropic components. (532)

Paramagnetic ion probes have been successfully used to study the
binding characteristics and solution conformations of a number of
biochemically important molecules. These include vitamin D, (533)
penicillins, (534) and the antibiotics tetracycline, (535-537)
vancomycin, (632) and bacitracin. (633) Antibodies and antibody
fragments (immunoglobulins, 1gG) have been studied by proton
relaxation enhancement methods when lanthanide ions, particularly
Gd(m), are bound to the proteins. (746—748).

G. Biological applications

The upsurge in research activity in this area during the past 4-5 years
has been most striking. The range of studies is now so wide that three
books (544-546) and numerous review articles (547-556) have
appeared. The present author has been selective; papers have been
chosen for their particular chemicalas opposed to biological interest and
emphasis has been given to pulse FT rather than to pulse relaxation
studies.

The growth in biological applications of NMR stems undoubtedly
from the wide variety of paramagnetic probes whose binding properties
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are now well characterized. The probes fall essentially into two classes,
namely, shift perturbation probes and relaxation perturbation probes.
They have recently been summarized (554) as in Table XVII. The
different behaviours of these probes arise from the different dominant
mechanisms of spin—lattice relaxation. The reorientational correlation
time 7. of nuclei bound to paramagnetic ions is given by:

l/fc = I/Tr + I/TS+ 1/‘l’-M (52)

where 1y is the lifetime of a nucleusin the bound site and tgis the electron
spin relaxation time. When the rotational correlation time ty is the
shortest time, 7. ! is dominated by 7x !. This is the case (Case 1) for
Mn(11), Gd (1), Eu(ir), Cu(i1),and V(u1),and usually t, = 10719-10" s,
When electron spin relaxation is the dominant relaxation process, 77 ! is
dominated by 75 !, and this usually resultsin r. * 107 210" '*s. Metal
ions that induce this situation (Case 2) include Co(1), Ni(u), Fe(i),
Fe(ui), and most Ln() ions. The resultant values of T, [from
equation (17)] in this latter case (Case 2) are about two orders of
magnitude less than in Case 1. The ions included in Case 1 are therefore
essentially relaxation probes. The relative inefficiency of the Case 2
metal ions in causing relaxation causes the linewidth to remain
relatively sharp, thus enabling chemical shift effects to be measured.
Hence they are essentially shift probes.

The enhanced proton relaxation rates are normally assumed to vary
with ¢ [equation (17)] where r is the distance from the metal to the
nucleus under study. This, however, is only the case when the dipolar
term [equation (18)] is the dominant contributor to the line-
broadening. It has been pointed out that this may not be the case when
using Mn(n1) and Cu(i) particularly at high ligand to M(11) molar
ratios. (557,558) In such cases binding sites and distances may be
estimated from selective 7, measurements, provided that it is
established that the predominant dipolar interaction contributing to
relaxation is that between the paramagnetic ion and the affected
nucleus, and other, closer, interactions from unpaired spin density on
the ligand do not contribute to any great extent. Whereas the
effectiveness of the relaxation probes varies as r~® and is not direction
dependent, the shift probes induce shifts that are direction dependent
and vary as r~? [equation (13)] (assuming no appreciable contact
interaction). Using a combination of relaxation and shift probes, a
detailed three-dimensional mapping of the substrate conformation(s)
can be built up. This has been impressively demonstrated in the case of
protein conformations (see below).

A different approach to the study of the solution conformation of
proteins, involving measurements of '3°La relaxation rates, has been



TABLE XVII

Paramagnetic NMR perturbation probes (554)

Site of binding Probe Example of use Ref.
(a) Relaxation probes
General cation binding site Gd(m1), Mn(n), Fe(m1), Cr(1m), Transferrin, phospholipase A.2
Cu(m), VO(1)
General anion binding site [Gd(dipic); ]?~, [Cr(CN}eI* . Cytochrome-c 663-668
[Cr(oxalate); ], and EDTA
complexes of above cations
General neutral binding sites [Cr (acac)]; Membranes 778-782
Neutral organic grouping Nitroxide radicals Lysozyme inhibitors
(b) Shift probes
General negatively charged site Ln(m) [excluding Gd(mm), La(m), Lysozyme 564,583
and Lu(mr)] Ribonuclease
Membranes 778-782
General positively charged site [Ln(mEDTA]™ Membranes 778-782
[Fe(tm)(CN) 1~ Lysozyme 564, 583
Intrinsic site Fe(umhaem Cytochrome-c 663—-668

Neutral site

Organic shift reagents

Interior of membranes

98
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developed theoretically and experimentally. Reuben and Luz (634) have
shown that a protein will induce frequency dependent enhancements in
the '9La relaxation rates. In the case of bovine serum albumin (BSA)
this occurs through the rapid exchange of La®* between its aquo and
BSA complexes.

In solutions of biologically important molecules proton relaxation
measurements are normally made on the solvent water molecules, and
the extent to which the relaxation is enhanced when paramagnetic ions
are present is measured. This proton relaxation enhancement (PRE)
technique is most valuable when used as a titration indicator to obtain
metal—-protein binding data but less useful for molecular dynamics
studies since a large number of variable parameters are involved in the
best fitting procedure. It has been suggested (655) that a more suitable
and simpler method is one based on solvent proton—deuteron com-
parative relaxation measurements made at a limited number of dif-
ferent magnetic fields. The method, which is based on a suggestion of
Reuben, (636)was applied to the protein immunoglobulin G (IgG)in the
presence of Gd** ions, and yielded reliable values of the ion hydration
number, theresidence lifetime of water moleculesin the hydration sphere
of the ion, and a correlation time for a portion of the IgG molecule.

1. Amino-acids, peptides, and proteins

A number of review articles have appeared. (560—564) One of these
(563) discusses the problems of using computerized searches for the
most likely conformations of flexible molecules. Generally, a single
conformationisnot preferred butrather a set or family of conformations.
Conformational studies of a variety of Ln(1) complexes of amino-acids
and peptides have been discussed. The lanthanides La(tir) to Dy(i1) are
bound to carboxylate ligands in a bidentate manner whereas the other
lanthanides, typified by Tm(11), are bound through a single oxygen.

The conformations and binding sites, usually based on the selective
broadening of Cu(11)ions, have been measured for a widerange ofamino-
acid and peptide complexes. (565573, 600—602) Some of these results
must be questionable in view of the above-mentioned (557) limitations of
Cu(1) as a relaxation probe. Beattie et al. (574) have also expressed
serious doubts as to the usefulness of Cu(ir) as a preferential broadening
agent. They claim that: (i) the Cu(n1) species involved in the broaden-
ing are not normally properly characterized, (i) exchange lifetime
broadening is not normally distinguished from other relaxation effects,
and (ii1) the relative contributions of scalar and dipolar interactions to
the relaxation mechanisms are not normally established. They have
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tested these three points on the Cu(ir)—glycine (G) system and found
firstly that, in addition to the species CuG™* and CuG,, CuHG",
CuHG7, and CuGj are also present. Secondly, these species undergo
slow exchange over several pH units,contrary to the usual assumption of
fast exchange in such systems. Thirdly, proton T; and T, measurements
show that dipolar interactions make negligible contributions to the
observed line-broadenings. Thusfor ' H studies on glycine, Cu(11)fails on
all three counts as a suitable line-broadening agent for structural
purposes.

The advantages of using line-broadening probes for inducing **C
rather than 'Hrelaxation have been pointed out (575)and the technique
applied toa Mn(i1)complex (575)and Ni(ir)complexes (576) of histidine.
The spin—lattice relaxation of the !*C nucleiis dominated by the dipolar
interaction whereas the paramagnetic contribution to the spin—spin
relaxation is controlled by scalar interaction. Distances between the
M(11) ion and the individual carbon atoms are evaluated from the di-
polar relaxation terms and indicate octahedral bis(histidino)metal(1r)
complexes as shownin [56(a), (b)]. The Mn?* complex exists as [56(a)]

HN—CH HN—CH

\\C | \\C
—— ——
HC\N Ve CIH: HC\N % CIHz

| _NH,—CH NH,—CH
HC/ RN M7 | HC/ RN | w” coo-

Ao/l No—C( A/ o | | o,
0 0

H,C
2 \C/ \CH \c/ \\
N N
HC—_\y HC—_
(a) (b)

[56]

whereas the Ni*" ions produce two complexes in abundance ratio
1:0-08 at 298 K with the more abundant species being of type [56(a)].
Complexes of Mn(u1) with peptides and amino-acids have been
examined by both NMR and ESR, and dynamic aspects of their
equilibria in aqueous solution reported. (577, 578) Both *H and '*C LIS
values are reported for alanine. (579) The values suggest monodentate
coordination geometry for the lanthanides Pr3* to Tb*®* and a
bidentate carboxyl coordination for Dy** to Yb**. Various lanthanide
probes have been used for studying the conformations of linear and
cyclic peptides. (580-582)
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The transition from amino-acids and peptides to proteins represents a
major jump in complexity from the point of view of NMR spectroscopy.
Nevertheless, considerable progress has been made during the past 5
years bothin the U.K. and the United States in interpreting both the 'H
and 13C spectra of proteins and obtaining conformational information.
The Oxford Enzyme Group have placed their emphasis on *H spectral
studies whereas natural abundance '*C spectroscopy of proteins has
been pioneered by Allerhand et al. (696—-698) Great strides have been
madein trying tounravel the spectral complexities of the protein enzyme
lysozyme. (564, 583, 584) This protein, consisting of a chain of 129
amino-acids, presents a daunting problem. Nevertheless by utilizing
many established assignment methods (e.g. double resonance, multiplet
splittings, pH titrations, site-specific paramagnetic probes) and the
resolution enhancement technique of convolution difference spectros-
copy (585) more than forty H signals have now been assigned to specific
amino-acid residues. It has also been established that the fold of the
protein is the same in solution as in the crystalline state. More recently
the assumption of axial symmetry for the lanthanide ion complexes with
lysozyme has been seriously questioned (588) since the shifts induced by
Nd** and Ce®" exhibit considerable non-axial character.

The plant lectin concanavalin A, a metalloprotein isolated from the
Jack bean, has also received considerable attention. (588—590, 630, 631)
Using the stopped flow NMR technique three distinct conformation
states of the protein, when it is bound to Mn?*, Ca?*, and ¢-methyl-D-
mannoside, (630) have been deduced.

The copper proteins, plastocyanins, which play a key role in electron
transfer processes associated with photosynthesis, have been examined
using high frequency (i.e. 250 and 270 MHz) NMR methods. (591, 592)
The copper binding stabilizes the organic structure but does not cause
any major reorganization of it. (591) Exchange between the para-
magnetic Cu(i1) form and the diamagnetic Cu(1) form is slow on the
NMR time scale. (592) The copper protein azurin and its cobalt
analogue have been examined by 'H NMR. (593, 594)

The vitamin B;, and related coenzymes (cobalamins, cobinamides,
and corrinoids) have been studied in detail using *H and '3C shift and
relaxation studies. (595—-598) With the aid of lanthanide probes the
conformations of cobalamins in solution are shown to be very similar to
those in the crystalline state. The appreciable temperature dependences
of the electronic and 'H NMR spectra are attributed to a
conformational change rather than to a 6-coordinate—5-coordinate
equilibrium as previously suggested. (599) The binding of 5’-ATP to the
respiratory protein hemocyanin has been studied by 'H and 3P NMR.
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The results suggest that the copper at the oxygen-binding site is at least
partly Cu(un) but no Cu(u1) ESR signal has been detected. (728)

The use of paramagnetic probes for investigating the active sites of
enzymes has greatly increased of late, and only a representative set of
references is reported here. The usual aims of these studies include
establishing the number, the nature, and the configurations of the active
sites, deducing the environment of the bound metal ion, and calculating
the binding constant(s). Such studies have been carried out on ribulose
1,5-diphosphate carboxylase, (603) D-xylose isomerase, (604) galactose
oxidase, (605) bovine pancreatic trypsin inhibitor, (606—608) carbonic
anhydrase, (609—611)pyruvatekinase, (612—-616) glutamine synthetase,
(617-620) carboxypeptidase B, (621) arginine kinase, (622) and other
miscellaneous enzymes. (623-629)

2. Paramagnetic porphyrins and heme proteins

This section firstly includes discussion of the NMR properties of
certain paramagnetic porphyrins and is then concerned with recent
developments in the study of the heme proteins cytochrome ¢ and
myoglobin, both of which comprise single polypeptide chains to whicha
protoporphyrin IX is bound, and hemoglobin which consists of four
subunit heme polypeptides.

A book including a survey of NMR studies of porphyrins and
metalloporphyrins has appeared. (637) Iron porphyrins may involve
Fe(mr) and Fe(ur) with both high and low spin states of iron. All are
paramagnetic except those of low-spin Fe(1).

Low-spin Fe(1r) porphyrins have been the subject of a number of
studies. (638-650) The favourably short electronic spin-lattice
relaxation time and appreciable anisotropic magnetic properties of low-
spin Fe(u1) make it highly suited for NMR studies. Horrocks and
Greenberg (638) have shown that both contact and dipolar shifts vary
linearly with inverse temperature and have assessed the importance of
second-order Zeeman (SOZ ) effects and thermal population of excited
states when evaluating the dipolar shifts in such systems. Estimation of
dipolar shifts directly from g-tensor anisotropy without allowing for
SOZ effects can lead to errors of up to 309, in either direction.
Appreciable population of the excited orbital state(s) produces
temperature dependent hyperfine splitting parameters. Such an
explanation has been used to explain deviations between the measured
and calculated shifts in bis-(1-methylimidazole) (641) and pyridine
complexes (642) of ferriporphyrins. In the former complexes the contact
shifts are considered to involve directly delocalized zn-spin density
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arising from Fe(l1) —» imidazole n* charge transfer. Such = bonding
suggests a possible role for axial histidylimidazole in electron transfer in
cytochromes. (644) Bis-(4-substituted pyridine) complexes of
tetraphenylporphyrin and octaethylporphyrin are exclusively in the
low-spin (S = %)state. The shiftsfor both the porphyrin and axial ligand
protons are very sensitive to the basicity of the substituted pyridine. The
contact shifts reflect a decrease in porphyrin — iron = charge transfer as
the ligand basicity is lowered. The solvent dependence of the shifts (648)
indicates that increased hydrogen bonding significantly decreases the
magnetic anisotropy of the iron and diminishes porphyrin — Fe =
bonding. A detailed analysis of **C shifts in protoporphyrin IX iron(ur)
dicyanide [57 ] hasled to evaluation of the parameters Qfcy,, Qecn, and

T0,CCH,CH, § CH,CH,CO;

Me Me
H H
R Me

~
Me H R

R = H, Deuteroporphyrin [X iron (11}
R = —CH=CH,, Protoporphyrin IX iron (i)

[57]

Q% ¢y characterizing the coupling, via hyperconjugation, between ‘H
and '3C nuclei of the porphyrin side-chains and the unpaired spin
density on the aromatic carbons. (646)

The high-spin Fe(u1) porphyrins typically yield poorly resolved
spectra. This arises indirectly from the fact that such complexes involve
5-coordinateiron with the latter out of the porphyrin plane. On addition
of a sixth ligand a low-spin Fe(11) (S = 0) or Fe(in) (S = %) complex
results with the iron sited in the porphyrin plane again. The broadened
lines for certain porphyrin protons arise from shorter T, values which
reflect the motion of theiron atoms relative to the heme plane. A possibie
mechanism for this inversion process, involving halogen exchange, is
illustrated in Fig. 12. (651) The high-spin FeX; (X = halogen) com-
plexes of tetra-p-tolylporphyrins show concentration-dependent line-
widths and chemical shifts indicating significant aggregation in
solution. (652)
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FIG. 12. Mechanism for porphyrin inversion via halogen exchange. (651)

The magnetic, electronic, and spectroscopic properties of Fe(in)
porphyrinsare less well known. The low spincomplexes are diamagnetic
whereas the paramagnetic Fe(11) complexes may exist in either high spin
(S = 2) or intermediate spin (S = 1) states. Rigorously anaerobic
conditions are necessary in order to study ferrous porphyrins.
Octaethylporphyrin iron(i1), deuteroporphyrin 1X iron(i) dimethyl
ester,and other ferrous porphyrins have been shown (653) to exist in the
S =1 spin state in non-polar solvents. The isotropic shifts have been
analysed using fluorine-substituted tetraphenylporphins as probes. The
proton contact shifts arise from a predominant z-spin delocalization
mechanism, and the dipolar shifts are large compared with other
metalloporphyrins. This is thought to arise from the absence of orbital
quenching in these square-planar complexes which results in a large
anisotropy of the magnetic susceptibility tensor. Similar conclusions are
reached in the case of tetraphenylporphyrin iron(1) and derivatives.
(654) The NMR shifts are only compatible with an § = 1 ground state.
Large 7 contact shifts strongly support the ground state configuration
(dyy)?(d,2)*(dyy, dy, )% Incontrast, the isotropic shifts for a variety of high
spin (S = 2)complexes are predominantly of a o-contact nature. (654a)
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Other paramagnetic ions that can be incorporated in the porphyrin
ring include Mn(111), Fe(1), Co(1r), Ni(11), Cu(11), and Ag(11). Of these ions
Co(11) is the best shift probe, and Fe(11) and Mn(111) the best relaxation
probes. This whole series of ion probes was used to study a variety of
porphyrin—caffeine complexes. (655) Shift and line-broadening data
suggest that the solution structures are of the plane-to-plane type with
the metal situated above nitrogen-9 of the caffeine ring.

Manganese(lll) complexes of the general type [Mn(Por)CIH,O],
where Por is etioporphyrin I, mesoporphyrin IX dimethyl ester, and
others, have been shown (656) to be present as high spin (S = 2)
complexes in CDCIl; solution. Methyl protons attached to the
porphyrin rings are shifted ca. 30 ppm to high frequency and methine-
bridge protons ca. 20ppm to low frequency of their diamagnetic
positions. Isotropic shifts of protons in high spin Mn(111) porphyrin
complexes are predominantly contact in origin, reflecting extensive
porphyrin-to-metal 7 bonding, and are similar to the shifts of low spin
Fe(mm) complexes. (657) There have been several reports on Co(il)
porphyrin complexes. (658—-662) Weak molecular complexes of Co(11)
porphyrins are formed with 1,3,5-trinitrobenzene (TNB), (658, 661)
various quinones, (659) and 2,4,7-trinitrofluorenone. (662) The
formation of these m complexes causes sizeable changes in dipolar
shifts, the magnetic anisotropy increasing markedly in the presence of
n-acceptors such as TNB and decreasing in the presence of a donor (e.g.
N.N,N’,N’'-tetramethyl-p-phenylenediamine). The solution structure of
the TNB was uniquely determined (661) and found to be that of a
peripheral complex (arising from pure n—n interaction) with an
interplane spacing of 320 + 20pm and with TNB centred ap-
proximately over a pyrrole. Analogous Ni(i1) porphyrin complexes
have been examined. (659, 662)

The globular protein cytochrome ¢ has been the subject of extensive
NMR study for many years. The protein exhibits stable oxidized and
reduced forms. The oxidized form, ferricytochrome c, involves low spin
Fe(i) (S = 1), whereas the reduced form, ferrocytochrome ¢, has low
spin Fe(11) (S = 0) and is diamagnetic. By 1973 partial analyses had
been made of the 'H (663) and '*C spectra (664) of the oxidized and
reduced forms of the horse heart protein. In the 220 MHz 'H spectrum
of ferrocytochrome c signals of His-18, Met-80 (heme iron ligands), and
porphyrin meso proteins were firmly assigned. The 'H spectrum of
ferricytochrome c revealed 15 contact shifted signals outside the central
region of which 14 were tentatively assigned. Natural abundance *C
spectral studies of ferrocytochrome showed 22 narrow single-carbon
signals and 6 narrow two-carbon signals. A mixture of the oxidized and
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reduced forms of the protein indicates fast electron transfer since many
of the signals thought to be due to the carbons near the iron atom
exhibit exchange broadening. Other '*C studies (665, 665a) have shown
that the [2-'3CJcarboxymethylcytochrome ¢ is markedly different in
structure from the starting cytochrome c.

A detailed 'H study of P. aeruginosa cytochrome c¢-557 has been
made (666) with the aid of the convolution difference technique. (585) A
partial analysis has been reported and the structure of this cytochrome
is shown to have many features in common with the mammalian
cytochromes c despite having 20—25 fewer amino-acids.

From the addition of ca. 1 ¥ of ferricytochrome ¢-551 to a solution of
ferrocytochrome c-551 appreciable broadening of the heme meso,
heme methyl, Met-61, and His-16 signals occurs, from which a
bimolecular rate constant for the electron exchange process of
12 x 10"m ™ 's™ ! is calculated. (667) Such electron exchange is en-
hanced by having the iron hexacyanides K,Fe(CN), and K,Fe(CN),
present. (668) In aqueous solution the 'H spectrum reveals 12 well
resolved resonances due to exchangeable peptide protons in reduced
cytochrome ¢ and a smaller number of resonances due to partial
exchange in the oxidized protein. (731) Proton relaxation studies of
H,O protons in aqueous solutions of acid ferricytochrome c suggest
that concomitantly with the low-spin—high-spin transition the His-18
and Met-80 Fe(i1) bonds break simultaneously. (669) >N studies have
recently been made (670, 671) in order to study cyanide binding to
various hemoproteins (cytochrome ¢, myoglobin, hemoglobins). The
I>Nisotropicshift of — C!*Nisamost sensitive probe for characterizing
the ligand binding or the environmental structure of the prosthetic
groups.

Detailed investigations of the oxidized and reduced forms of
cytochromes b, and bs have been made. (672, 673) Quite striking
structural similarities between the two proteins are revealed.
Cytochrome bs appears to exist in aqueous solution as two different
molecular species. (673)

Myoglobin (Mb) is a protein consisting of a single polypeptide chain
of amino-acid residues to which a protoporphyrin IX heme group is
coordinatively bound by a histidine residue. The iron atom can be
present as either Fe(n)) with § = 2 (Mb) or S = 0 (oxymyoglobin) or
Fe() with S =3 (metmyoglobin, Mb.H,0) or S =1 (cyanoferri-
myoglobin, MbCN).

Deoxymyoglobin is a high spin ferrous hemoprotein and its 'H 100
and 220 MHz spectra exhibit a large number of hyperfine shifted lines.
Comparison of the two spectra shows that the widths increase
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markedly with increasing applied magnetic field. (674) This is explained
in terms of a Curie spin relaxation process. (675)

In the case of Fe(i) myoglobins, the low spin protein
cyanoferrimyoglobin has been most studied. Horrocks and Greenberg
(676) have presented a general method for evaluating principal
magnetic susceptibilities and dipolar shifts in d°> low spin hemin
systems and have applied the method to cyanoferrimyoglobin and
ferricytochrome. Selective deuteration techniques have enabled three
of the four hyperfine shifted heme methyl signals of cyanoferri-
myoglobin to be assigned with certainty. (677) Other 'H studies have
been directed towards studying acid-base transitions, (678) pH-
dependent spin state changes, (679) and restricted rotation of heme
side-chain methyl groups. (680) Ionic additives such as sodium chloride
caused arelease of this restricted motion which may therefore be due to
the salt bridge around the heme side-chain environment. It is suggested
that monitoring of this rotation barrier may serve as a sensitive probe
for detecting van der Waals contacts or steric interactions between the
heme side-chain and the apoprotein.

A number of ')C studies of cyanoferrimyoglobins have been
reported. (681-684, 697) In one study (682) using '*C enriched
methionine methyl groups, the signals due to Met-55 and Met-131 are
assigned with some certainty. Spin-lattice relaxation time measure-
ments of the methionine carbon signals show that the two methionine
side-chains undergo continuous variations in environment, which are
controlled by events at a distance within the protein structure.
Allerhand et al. have examined the titration behaviour of histidine
residues (683) and N-terminal glycine residues. (684) In horse
cyanoferrimyoglobin (Fig. 13) eight of the eleven histidine residues
exhibit titration behaviour with pK values in the range 4-4—6-6. (683)

Histidine titrations have also been performed on the high spin
protein metmyoglobin. (685) Four proton resonances were examined
as a function of pH and ionization constants evaluated. The addition of
azide ions causes extensive changes in the spectra indicating
conformational changes affecting several imidazole side-chains.

Leghemoglobins, monomeric heme proteins containing one heme
per molecule, qualitatively resemble myoglobins in their oxygen and
ligand binding properties. NMR studies on ferric soybean
leghemoglobin a, its cyanide complex, and the oxygen and carbon
monoxide complexes of the ferrous protein have been discussed. (730)

The NMR technique is continuing to probe the profound
complexities of the structure of hemoglobin (Hb) and a review of recent
work has appeared. (686) High field ' H studies have usually been aimed
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FIG. 13. (a) Aromatic carbon region in the convolution-difference natural abundance '3C
spectra of myoglobins recorded at 15-18 MHz, under conditions of noise-modulated off-
resonance decoupling and 32 768 accumulations per spectrum. See ref. 683 for line assignments.
(b) The eight titratable carbons of the histidine residues (plus C* of Tyr-103, peak 27) of horse
cyanoferrimyoglobin at 38°C.
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at investigating the conformational properties of the « and f chains of
amino-acid residues, the magnetic properties of the protein in solution,
and the role of oxygen binding. Progress has been made with the
assignment of the proximal histidine proton signals in hemoglobin and
deoxymyoglobin. (687) Various cyanide, azide, imidazole, and
deuteroxide complexes of myoglobin and hemoglobin were studied by
variable temperature 'H NMR methods. Most of the complexes
exhibit abnormal temperature dependence of the hyperfine shifted lines
which can be explained by invoking a spin equilibrium between low
(S = %) and high (S = 3) spin states of iron. (688, 689) The dicyanide
complexes of deutero-Hb are low spin. In aqueous solution a slow
exchange is shown to occur between such complexes and high spin
dihydroxy aquo complexes. (690, 691)

Cooperative oxygen binding in hemoglobin is thought to depend on
the existence of two conformational states associated with distinct
quaternary structures of deoxy and ligated hemoglobins. These two
states are labelled T and R respectively. The switch between the two
states has been studied in des-Arg-Hb. A distinct spectral change
occurs around pH 9 from which it is inferred that the T=R
interconversion rate may be as slow as 10*s~ 1. (692) Oxy-deoxy
titrations are commonly followed by the titration behaviours of
histidine signals. However, sometimes the signal movements are
discontinuous and correlations of the signals due to the oxy and deoxy
forms are not possible. A method that is based on a simple chemical
exchange model and requires that the rate of exchange between ligated
and unligated hemoglobin be faster than T ! has been developed. (714)
A study of the relative oxygen binding to the o and f subunits of human
adult Hb has revealed no large affinity difference. (693) However, in the
presence of organic phosphates preferential oxygen binding to the -
hemes is indicated. (694) Oxygen binding of Co(ii)-porphyrin com-
plexes, which are models for the active site in Co-substituted Hb, was
measured and compared with other porphyrins and the protein.
Negligible enhancement of the oxygen affinity of a Co(i1)-porphyrin is
found when an axial base is covalently attached. (695)

13C studies of hemoglobins have been primarily concerned with the
diamagnetic carbon monoxide hemoglobins. (698—701) Paramagnetic
ferrihemoglobins give less well resolved spectra with heme carbon
resonances not being detected. (698) Separate '*C signals can be
resolved for '>CO bound to the hemes of the « and f hemoglobin
chains although the dependence of the bound !*CO shift on variations
in heme environment is rather small. (699) A more sensitive ' 3C labelled
ligand is ethyl isocyanide (C,HsN'3C). (702) Three separate '*C
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signals of the ligand can be assigned to the ligand bound to «, 8, and
subunits of the protein.

A development in the theory of nuclear relaxation in macro-
molecules by paramagnetic ions has been suggested by Guéron. (675)
In the case of heme proteins there is a net polarization of the iron
electronic spin magnetic moment which is oriented along the direction
of the magnetic field. Modulation of this dipolar field due to the spin
polarization (Curie spin) by rotational diffusion introduces an
additional term into the expression for transverse relaxation [equation
(18)] giving:

1/T, = (4/5)A*S%t. + (T/15)AS(S + 1)T,. + 1/T, (diamag) (53)
where
A = yigus/r, S. = gusS(S + DBy/3kT.

The first term is the Curie spin term and the second term the usual
dipolar expression. It follows that the Curie spin linewidth contribution
should exhibit a field dependence of B and a temperature dependence
of 7,/T?. Since for Brownian diffusion:

= (4na’/3kT)n (54)

where a is the molecular radius and # is the solvent viscosity, the Curie
spin term should have a temperature dependence of #/T>. This theory
has been tested on deoxymyoglobin (S = 2),deoxyhemoglobin (§ = 2),
azxdometmyoglobm (S = 3,4 mixture), and cyanomethemoglobin
(S = %) and found to account adequately for the field and temperature
dependences of the heme methyl signals of the « and f chains. (703) The
spin-lattice relaxation time T, is calculated to be ~6-1 x 107 %5 for
deoxy-Mb and deoxy-Hb. Other proton relaxation studies of
hemoglobin solutions have provided data on the frequency, fieid,
temperature, and protein concentration dependences of the T, and T,
values. (704—707) In one of these studies (707) an attempt was made to
calculate the distance of the bound H,O protons from the sixth
coordination site of the heme Fe atom. The binding of other solvents,
and in particular inositol hexaphosphate, to human hemoglobins has
been reported. (708—711) In a study of the temperature dependence of
the solvent T, values it was concluded (712) that the -heme pocket is
tighter than the a-heme pocket. Nitric oxide is a powerful relaxation
probe which binds to the heme Fe(i1) atom and causes a widening of the
heme pocket. (713) The measurement of the magnetic susceptibilities of
weakly paramagnetic heme proteins has been considered by comparing
the NMR and Gouy methods. For methemoglobinthe NMR methodis
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definitely preferable but for other heme proteins it is insensitive and
rather inaccurate. (729)

Comparisons of NMR spectra of normal and mutant hemoglobins
can often throw light on the line assignments particularly when the
structural difference between the two forms is well established. Two
mutant hemoglobins HbM Iwate and Hb Kansas have been examined
(715, 716) in order to obtain information on the ligand-binding
properties of the deoxy quaternary state since the existence of this state
has been established by X-ray crystallography. Comparisons of spectra
of normal Hb with a variety of mutant Hbs having single amino-acid
substitutions have enabled progress to be made in explaining the
changes in the tertiary structure around the heme groups during the
cooperative oxygenation process. (717)

The well known mutant hemoglobin sickle cell hemoglobin HbS
differs from normal adult hemoglobin only in the replacement of a
glutamic acid residue by a valine residue in the -chain of the protein.
NMR studies have been directed towards finding conformational or
other structural differences between HbS and Hb which might explain
the low oxygen affinity of the mutant species. 'H and *'P studies
(718-720) have revealed small but distinct differences in the histidyl
residues of the two species. Addition of 2,3-diphosphoglycerate to both
Hb and HbS produced distinct differences in the spectra of both
proteins. The results suggest that some of the surface residues of HbS
differ from Hb in being in a more hydrophobic environment and this
may be related to the gelation properties of HbS. Distinction between
Hb and HbS is achieved from T;, measurements of the proteins. (721)
Other mutant Hb species to be studied include HbM Milwaukee (722,
723) and Friend leukemic cell Hb-CO. (724, 725) In the latter case !°N
studies were carried out on the mutant Hb specifically ' *N-enriched in
the glycyl residues. Numerous '*N resonances due to such residues
with different conformations and modes of hydrogen binding were
detected.

The dramatic progress of the NMR technique in the study of living
tissues is reflected here by 'H studies of living tunicate blood cells (726)
and 3'P studies of the binding of 2,3-diphosphoglycerate to Hb in
intact human erythrocytes. (727) In the first mentioned study a broad
high frequency signal is observed which disappears on cell disruption.
This is thought to be due to a labile V(111) aquo complex contained in
the cell vacuoles.

3. Iron—sulphur proteins
Members of this important class of proteins play key roles in
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photosynthesis, nitrogen fixation, and hormone biosynthesis. A
number of review articles dealing with NMR investigations of
iron—sulphur proteins up to around 1973 are available. (732-735)
NMR studies have been most concerned with bacterial and plant
ferredoxins. The former contains two ‘cages’ of four iron atoms and
four inorganic sulphur atoms [58] whereas the latter is thought to

[58]

involve two iron atoms linked by two sulphurs and coordinatively
bound to the apoprotein via the sulphurs of four cysteine residues.

Magnetic susceptibility and '"H NMR studies (736) of ferredoxin I
from Bacillus polymyxa indicate that in the oxidized protein
antiferromagnetic coupling occurs between component iron atoms
which is similar to that observed for clostridial ferredoxins. Contact
shifted resonances of the oxidized and reduced forms of the B. polymyxa
protein have been correlated with those of the clostridial ferredoxins. A
study of a partly reduced B.polymyxa ferredoxin indicates a slow
electron exchange between redox forms which suggests that fast
electron exchange previously observed in the clostridial ferredoxins
may be due to an intramolecular process. A study of the exchange rates
for slowly exchangeable amide protons of algal ferredoxin yields data
consistent with an a-helical and S-pleated sheet conformation for the
secondary protein structure. (737)

13C spectral studies of Clostridium acid-urici and Clostridium
pasteurianum ferredoxins have enabled the two Fe, S} clusters within
each protein to be distinguished. The !3C results suggest that the
midpoint oxidation—-reduction potentials of the two Fe,S¥ clusters in
C.pasteurianum and C.acidi-urici differ by 10 £ 5mV and <10mV
respectively. (738) This is thought to be due to different conformational
changes in the vicinity of at least one of the Fe,S¥ clusters. The same
authors (739) have used 'H NMR spectra to detect the cysteinyl
protons, the slowly exchangeable protons, and the aromatic protons of
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C.acidi-urici ferredoxin and several other ferredoxins. NMR has also
been used to characterize three forms of ferredoxin from the sulphate
reducing bacteria of Desulfovibrio gigas. (740) One of these ferredoxins
is tetrameric and its interaction with cytochrome c¢; has been followed.
(741)

Laboratory syntheses have been achieved for a variety of
tetranuclear clusters [Fe,;S,(SR),]?>~ (R = alkyl or aryl) which are
close representations of the active sites of iron—sulphur proteins.
Proton NMR studies of these species (742, 743) have revealed that the
magnitudes and temperature dependences of the ~CH,-S- shifts are
very similar to those of the high frequency shifted resonances of the
proteins. The isotropic shifts are predominantly contact in nature, their
temperature dependences being related to the antiferromagnetic
properties of the clusters. (744) A recent report of a molyb-
denum-iron-sulphur species [Fe,Mo0,S¢(SPh),]°~ mentions that its
NMR spectrum suggests the absence of antiferromagnetic coupling,
(745)

4. Nucleic acids and related molecules

The use of paramagnetic ions to examine the binding sites and
solution conformations of nucleosides and nucleotides is becoming
very widespread. Studies that describe the complexing of a variety of
nucleosides and nucleotides with paramagnetic ions involve the use of
Mn(11), (749-751) Cu(n), (750, 752-754) and lanthanide ions. (755)
Mn?" ions appear to bind to multiple sites on purine and pyrimidine
nucleosides (749) whereas the phosphate group is the primary binding
site on monophosphate nucleotides. (750) '*C relaxation studies
indicate that Cu?* ions bind to N-3 of 5’-cytidine monophosphate (5'-
CMP). In contrast to cytidine [59], adenosine [60] appears to have

NH, NH,
N
O l H N1/6 l 7Y "
o)\ H HIG s el
N N N
R H
[59] [60]

two metal binding sites at N-1 and N-7 with the latter favoured by a
factor of about 2. (753) Lanthanide ions are invariably bound to
phosphate or pyrophosphate groups of nucleotides. (755)
Numerous studies have been made on the metal binding properties
of adenosine-5'-monophosphate (5'-AMP), (756-761) cyclic 3',5'-
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AMP, (762) and cytidine-5'-monophosphate (5-CMP). (763) '3C
spectra indicate that Cu?® binds to N-7 of 5-AMP and 2’-AMP.
(756, 760) Lanthanide shift and relaxation probes have been used to
showthat the family of conformations of 5'-AMPin solution which most
closely fits the NMR data is very similar to that of the crystal structure of
AMP. This work (758) includes a description of the computer program
used for the conformational searches. A subsequent study of cyclic 3',5'-
AMP (762) (Fig. 14) produced families of solution conformations with
the pucker of the phosphate and ribose rings similar to that in an
approximate X-ray study of the nucleotide. The solution conformation
of 5'-CMP is found (763) to be similar to that of 5'-AMP.
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FIG. 14. 'H FT spectrum of cyclic 3',5-AMP (25 mm, pH 2-0) recorded (a) without and (b} with
Dy** (43 mwm) present when all eight proton signals of cAMP are revealed. (762)
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The binding of Co?* ions to the adenine nucleotides 5-AMP,
adenosine-5"-diphosphate (5-ADP), and adenosine-5'-triphosphate
(5’-ATP) is found (764) to take place both at the 5’-phosphate and N-7
of the adenine ring. There have been a number of studies (765-768) of
the interaction of Mn?* ions with ATP using 'H, '*C and 3'P
techniques. *' Prelaxation data (765) are consistent with Mn?* forming
acomplex with AT P which has an average lifetime of 6-5 us at 25°C and
where theion is closer to the  and y phosphorus atoms than the x atom.
13C relaxation data (766) indicate a consecutive binding mechanism
involving initial binding to the phosphate groups followed by
interaction with N-7 of the adenine ring. The rate constant for the latter
interactionis 2-7 x 107 s~ 'at 27°C. 'H NMR data (768) are consistent
with an equilibrium between MnATP?~ (>25°%) and Mn(ATP)S~
(<75%). In the 1:2 complex, both adenine H-8 protons are
approximately equidistant from the Mn?* ion. Both 1:1 and 1:2
complexes of ATP with Cu?* ions are found to exist in D, O solvent.
The hydrolysed species CuATP(OD)*~ and CuATP(OD)% ™ are also
detected. (769) In another study, ATP and ADP are shown to associate
with cytochrome ¢ but no such association occurs with AMP. (770) The
nucleotide inosine-5'-triphosphate forms 1:1 complexes with Mn?*,
the binding occurring at the C=0 and N-7 positions. (771)

The structure of tRNA molecules in aqueous solution is being
actively pursued by NMR methods. (772) Lanthanide ions (Eu’*,
Pr**, and Dy3*) have been used as structural probes for tRNA. The
highest frequency resonance (14-4 ppm) is unambiguously assigned to
the Watson—Crick base pair AU,. Since this is one of the signals most
shifted by the lanthanide ions it is concluded that the strongest metal
binding site is close to AU, (773) A subsequent study (774) using Eu**
ions shows that there are at least four strong binding sites. The metal
binding is in the fast exchange limit and the binding to different sites is
sequential rather than cooperative. More recently, the binding of
Mn?* ions to tRNA and poly-A has been examined. (775-777) Trace
amounts of Mn?* cause selective broadening of the tRNA resonances
which is thought to be due to specific tertiary interactions. Three of the
strong binding sites are the same for both Mn?* and Mg?* and these
sites are located close to the tertiary interactions which are stabilized by
the strongly bound metal ions. Poly-A is reported to have one Mn?*
binding site for every two phosphate groups. (777)

5. Membranes

Paramagnetic shift and relaxation probes are proving of great benefit
in studying the structures, dynamics, and permeabilities of
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phospholipid membranes. A number of reviews, which include
reference to paramagnetic probes, have appeared. (778-782)
Lanthanide shift and relaxation probes have been used to distinguish
strikingly between protons on the inside and outside of closed bilayers
of phosphatidylcholine (lecithin) vesicles. (783) The Ln** ions
coordinate to the phosphate head groups and produce appreciable
shifts and/or broadenings of the -NMej, signals due to the outer choline
resonances (Table XVIII). The data shown imply a dominant dipolar

TABLE XVIII

Isotropic shifts and line broadenings effected by Ln®* ions in phospholipid bilayers® (783)

Ln® Rel. shift, A¢ Avy (Hz)(-NMe3)uer Fanisd Obs. shift, A (ppm)
Pr —-1-0 60 — 3180 —-0-14

Eu 1502 <005

Tb —-58 235 — 15830 —0-81

Dy 79 (>30) — 24600 (~—11)

Tm 37 17:0 1823 052

La 0-0 60 0 0-00

“ Phospholipid concentration 36 mm.
P[Ln**]=11to 1-2mm.

‘Relative to Pr = —1-0.

 anis = Doz = 30t + 29) 1

interaction since the observed shifts correlate well with the solid state
magnetic susceptibility anisotropies. It is known that a certain
antibiotic X-537A transports alkali metal and alkaline earth cations
across membranes. The possibility of its transporting paramagnetic
cations was explored (784) using Pr>*. Only one signal due to -NMe,
protons is observed when Pr®* is added to lecithin liposomes
containing the ionophore X-537A, implying that the antibiotic allows
diffusion of the lanthanide into the interior of the vesicle. The transport
rate has been expressed as 0-221 Hzmin ™. (785)

13C NMR has been used to study the effects of Pr®* on phospholipid
membranes, (786) and a combination of 'H, 13C, and 3!P techniques
has provided information on the average distances of paramagnetic
ions within the polar head groups of the phospholipid molecules. (787)
The effect of bound Mn?* on T; values of the solvent water protons was
studied. (788)

The rotation of the Mn?* aquo complex is considered to dominate
the relaxation of water protons in bulk solvent when phospholipids are
present. In addition to lanthanide ions Fe(CN)?~ is shown to
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distinguish between the inner and outer layers of lecithin vesicles by
producing low frequency shifts of the outer layer -NMej groups. (789)
"H NMR has recently been applied to the problem of determining the
transmembrane asymmetry (the charge difference between external
and internal sides of a membrane) of a liposome. (790) The method is
found to be more sensitive than the *'P method.

Proton relaxation studies on chloroplast membranes have been
presented. (791) Chloroplasts are the sites for the photosynthetic
process, many details of which are still unknown. Manganese is known
to be essential for oxygen evolution and thus it is important to be able
to monitor manganese in its bound state. Water proton T; values in
chloroplast thylakoid membrane suspensions were used to monitor
membrane-bound manganese. The results indicate that there may be a
mixture of manganese oxidation states in the dark-adapted
chloroplasts, with Mn(11) and Mn(i11) being the most likely states.
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I. BACKGROUND, SCOPE, AND OBJECTIVES

Although three-quarters of the naturally occurring magnetic nuclei are
quadrupolar, NMR studies on them have until recently been unduly
sparse. This is probably because some of the widely occurring elements
in organic molecules have spin-} isotopes (1H, '3C, 3'P, '°F, '°N), and
thus are more suitable as structural probes. Noteworthy exceptions are
oxygen and sulphur, as well as the halogens (chlorine, bromine, and
iodine), whose only magnetic isotopes are quadrupolar. The limited
success of NMR on the latter group of nuclei (1 70O, *3S, *3Cl, *’Cl, "Br,
81Br, '271) for the study of organic molecules may have deterred many
researchers from pursuing these resonances further. In cases where
atoms having a quadrupolar nucleus enter into covalent bonding,
quadrupolar relaxation may in fact assume such proportions that their
nuclear resonances broaden beyond observability. Moderately narrow
lines (0-1 Hz < ‘Av, < 100 Hz) are observed for *H, °Li, 'Li, °Be, ''B,
and °'V, even in situations where the electronic symmetry around the
nucleus is lower than cubic. This is because these isotopes are
characterized by comparatively weak quadrupole moments. For most
other quadrupolar nuclei, however, the observation of NMR signals
requires either high valence electron symmetry or, alternatively, that
there be chemical exchange involving at least one sufficiently populated
high-symmetry site.

In their ionic state most simple cations and anions possess a solvation
sheath with the degree of orientational order of the coordinating
solvent molecules depending on the specific solvation abilities of the
ion in question. The electric field gradient (ef.g.) at the site of the
nucleus may cancel for strong solvatibn in a cubically symmetric
solvation shell. However, any perturbation causing a distortion of the
coordination symmetry produces a resultant ef.g. at the nuclear site
and thus quadrupole relaxation. Apart from inherent coordination



LESS COMMON QUADRUPOLAR NUCLEI 127

disorder in the case of weak solvation an ef.g. may be engendered at
higher solute concentrations by the electric monopoles of counter-ions.
The e.f.g. in such systems is therefore not an intrinsic molecular or ionic
property: it is rather a function of the medium. This looks like an
unwelcome complication, but it offers a potential probe for the study of
medium effects and weak interactions of various kinds. Owing to the
dependence of the relaxation rate on the square of the local ef.g. an
amplification effect ensues, i.e. a small perturbation can lead to a
sizeable enhancement of the relaxation rate. It is therefore not
surprising that NMR of the alkali metals and halogens, which both
have a largely ionic chemistry, has very extensively been applied
especially in view of the key role that some of these elements play in
biology. Lindman and Forsén have published a comprehensive review
on physico-chemical and biological applications of halogen NMR, (1)
and more recently also on NMR of the alkali metals and alkaline
earths. (2)

The greatest opportunities for magnetic resonance of quadrupolar
nuclei undoubtedly lie in the domain of inorganic solution chemistry.
This field is still largely unexploited, and for many of the more ‘exotic’
nuclei the existing literature provides not much more than a precision
measurement of the magnetic moment. The nuclei that have been
studied more widely have, in most cases, been observed with obsolete
instrumentation which very much limits the scope. New in-
strumentation meeting the requirements outlined above will give a
tremendous impetus to the study of these nuclei. Straightforward
applications comprise the study of weak interactions, such as solvation,
ion pairing, complexation, etc. Apart from the qualitative
characterization of the species occurring in solution, kinetic and
thermodynamic information may be retrieved from concentration and
temperature dependence experiments. Because of its sensitivity to
minor environmental alterations it is again the relaxation rate that
offers itself as a further experimental observable.

The basics of quadrupolar relaxation will not be provided here. For
an introduction the reader is referred to Chapters 1 and 2 of ref. 1.

The main objective of the present chapter is to review the solution
NMR of the less common quadrupolar nuclei, with particular
emphasis on chemical applications. The main review period covers the
years 1976 through the summer of 1978. Earlier literature will partly be
cited for reference purposes. A more thorough discussion of earlier data
and concepts is provided where it appears essential to an understanding
of newer papers, and also in those cases where recent work is particularly
sparse or nonexistent.
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The following nuclei are not considered here: ?H, 1°B, !B, 1N, 170,
and the halogens.

Deuteron NMR was recently treated by Mantsch et al. (3) and the
halogens, with particular emphasis on chlorine, by Lindman and
Forsén. (1) Some of the more specialized applications of alkali metal
NMR, such as those that involve large biomolecules, paramagnetic
systems, and liquid crystals, will be ignored. Besides the already cited
review on alkali metal and alkaline earth NMR, (2) a brief but
comprehensive summary on sodium NMR has recently appeared. (4)
Nitrogen-14 NMR has been thoroughly discussed in a text edited by
Witanowski and Webb. (5) Oxygen-17 NMR and its chemical
applications has been reviewed by Klemperer (6) and will also be the
subject of a chapter in volume 11 of this series.

II. INSTRUMENTAL REQUIREMENTS

Some of the nuclei discussed in this text suffer from low intrinsic
sensitivity caused either by their low magnetogyric ratios and/or low
natural abundances. In spite of such potential natural deficiencies,
nuclei with extremely small natural abundances such as *H or ! 7O were
measured in favourable cases without enrichment 20 years ago. The
quadrupolar nature of the latter two nuclei turned out to be
advantageous in that the concomitant rapid relaxation permitted the
application of much larger rf power levels than are admissible for the
observation of spin-3 nuclei. Nonetheless NMR studies of such nuclei
have been the privilege of a few physicists, and it was not before the
advent of pulse FT NMR techniques in the early 1970s that ‘other’
nuclei magnetic resonance became more readily amenable to the
chemist. However, in spite of these very significant instrumental
advances there remained further obstacles which prevented these nuclei
from becoming popular. The so-called multinuclear spectrometers
provided by commercial manufacturers were typically based on
dedicated frequencies in the sense that narrow-band transmitters,
preamplifiers, and probes were utilized. In practice this meant that
every nucleus required a separate transmitter, pulse power amplifier,
and preamplifier. It was thus cost and the complexity of changeover
that deterred many scientists from the study of some of the more “exotic’
nuclei.

A major innovation in spectrometer design involved modification of
instruments by, in essence, broad-banding the rf source by use of a
frequency synthesizer as an input to a broad-band transmitter. (7-11)
Nevertheless these instruments remained hybrids in that they only
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partly satisfied the requirements. An essential further step was the
replacement of narrow-band preamplifiers by an appropriate wide-
band unit, thus obviating preamplifier exchange and tuning. It was not
until 1977 that a commercial instrument became available that
permitted observation of all nuclei resonating between 5-7 and 32 MHz
(i.e. from '#N to 3'P, at 1-8 T) with a single tunable probe, reportedly
without any sensitivity loss. Apart from setting the synthesizer
frequency, the operator establishes probe matching with the aid of a
multi-turn capacitor and a diode detector indicator. However, no
exchange of inserts or of tunable components is required. The nuclear
frequency is typically selected by way of a keyboard or equivalent
operator interface. Similar wide-band observing systems have recently
also become available in the 47T field range using single tunable
probes covering a typical range of 20-80 MHz (!N to *'P). Other
instrument manufacturers prefer octave-type probes (for example
ranging from 10 to 20, 20 to 40, and 40 to 80 MHz at the last-mentioned
field strength).

A further design criterion, which is particularly stringent when
quadrupolar resonances are observed, concerns the recovery time
following a short rf pulse, since the broader a resonance line is the more
rapidly its free precession signal decays. Hence the necessary receiver
blanking pulse should be far shorter than the time constant for the FID
decay if the signal is to be recovered at all. Critical for the prevention of
pulse breakthrough (i.e. an unwanted residual transmitter signal) is a
suitable gating scheme assuring fast pulse rise and fall times and
efficient receiver protection over a wide band of frequencies. Ackerman
and Maciel (12) have described a gating scheme in which the local
oscillator frequency is gated prior to entering the mixer. The scheme
employed by these authors is claimed to provide better than 60dB
attenuation over the frequency range from 51°9 MHz (*°°Tl) to
419 MHz ('°°Ag). In extreme cases this requirement may not always
be met (e.g. liquid crystal resonances) and recourse to refocussing
techniques becomes mandatory. Instead of recording the FID
following the pulse, a solid echo is formed by a 90;-907 sequence,
followed by sampling of the second half-echo.

In order to assure adequate receiver gain dynamic range modern
spectrometers utilize multiple conversion in the receiver stage with two
or more intermediate frequencies. Santini and Grutzner (13) have
pointed out the advantages of adding to rather than subtracting the
nuclear frequency from the local oscillator frequency. They claim to
achieve improved spectral purity (absence of spurious resonances) in
this manner.
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The large spectral widths required by some of the applications also
put more severe demands on pulse power, if uniform excitation is to be
achieved across the full width of the spectrum. If both components of
the complex magnetization are detected (quadrature phase detection)
the carrier can be placed at the centre of the spectrum without any rf
carrier folding occurring as in single-channel detection; better
uniformity of excitation is thus achieved at a given transmitter power.

The final consideration concerns the magnet generating the external
field. All available multinuclear spectrometers use either elec-
tromagnets (1'9 or 2-1T) or cryomagnets operating between 3-5 and
9-2T. The criterion of the field as a factor governing signal separation is
less important for the heteronuclear resonances than for protons
although there are nuclei that are characterized by either a small
shielding range or intrinsically broad lines, both limiting signal
separation. In such cases the benefits of increased field are obvious.
However, it is probably the sensitivity advantage that calls for fields
above 2:3T. At field strengths around 4-7 T a sensitivity roughly 3—4
times that obtainable at electromagnet fields can generally be expected.
This, coupled with bore sizes permitting acceptance of sample tubes up
to 25 mm diameter, leads to a further increase in sensitivity by a factor
of 3-4 compared with the 10 mm samples used at present. As regards
cost,cryomagnets that have recently appeared on the market guarantee
a liquid helium autonomy of several months and are thus less expensive
to operate than eclectromagnets. Over the years ahead the
electromagnet will probably be entirely superseded by the
superconducting magnet even for fields as low as 2:3T, while
permanent magnets are likely to replace the electromagnet at fields
below 2:3T.

III. THE ALKALI METAL NUCLEI

A. Nuclear properties: experimental aspects

With the exception of lithium, which has a comparatively strong
tendency to form covalent bonds, the chemistry of the alkali metals is
essentially ionic. In spite of this common property there are many
dissimilarities which result from differences in the ionic radii and the
concomitant different solvation abilities. While in aqueous solution at
least Li*, and to a lesser extent also Na', has a kinetically
comparatively inert solvation sphere, i.e. exchange between solvated
and bulk solvent is slow, this is not at all the case for the larger cations
K*, Rb*, and Cs* where, owing to the larger radius of the ion,
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electrostatic interactions between solvent and cation are weaker. Apart
from the intrinsically different nuclear properties of the magnetic nuclei
of the alkali metals, in terms of nuclear spin and quadrupole moment, it
is largely the above-stated chemical differences that are responsible for
the differing relaxation behaviour.

Concerning the shielding range there are also discriminating
features; however, these occur with respect to the absolute magnitudes
rather than to the relative trends. Since the number of electrons
increases from 2 (Li") to 54 (Cs™) the shielding range is predicted to
increase greatly within the group. Whereas for lithium the dominating
contribution to the chemical shift undoubtedly arises from the
diamagnetic screening term, the paramagnetic term should be
dominant for all other Group I elements, thus giving rise to
progressively larger shielding ranges. For illustrative purposes the
relative shieldings are compiled in Table I, as the cation at infinite
dilution, in the cryptate (M*C), and as the anion.

Unfortunately the data in Table [ are incomplete in that potassium is
missing and the lithium shift in the anion is not known. Nevertheless, it
is seen that caesium shieldings are 5-10 times more sensitive to
alterations in the electronic environment of the nucleus. The total
shielding range Av is an important criterion, but at least as important is
the width of a typical line, dv, since it is the chemical shift dispersion
expressed as the ratio Av/év which determines the accuracy of the
chemical shift measurement. The relative line width, however, is given
by the fundamental nuclear parameters, i.e. the quadrupole moment Q,
the spin number I, and, for ionic nuclei, the Sternheimer antishielding
factor (1 + v,) which describes the distortion of the ion’s electron shell,
as a result of polarization due to the electric field generated by
neighbouring nuclei. These quantities are listed in Table II. With the
exception of °Li and *°K the alkali metal nuclei listed have sufficient

TABLE 1
Experimental alkali metal shieldings (14, 15)*
Sample "Li 3Na 87Rb 133Cs
M7 /H,0, inf. dilution 0 0 0 0
M*C? —04 +10 +50 +132
M~ — —62 —185 —292

“ A positive sign denotes relative deshielding.
bC = 2,2,2-cryptand.
¢ Measured in 2.2,1-cryptand.
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TABLE II

Alkali metal nuclear properties

Abund.

Nucleus Spin I () Mag. moment* Q (barns) 1+,
“Li | 74 0-822 46 x 1074 074
Li 32 92-6 3256 —0-042 074
23Na 32 100 2:216 0:10 S-1
K 3/2 931 0-391 0-049 183
85Rb 5/2 72-2 1-348 0-26 48-2
87Rb 32 27-8 2-741 0-13 482
133Cs 7/2 100 2:564 —0-003 111

“In multiples of the nuclear magneton uy.
® Because of their low abundances and weak magnetic moments *°K (0-012%)yand *'K (6:88 %))
are ignored.

magnetic moments and abundances to provide good sensitivity. With
standard pulse FT instrumentation the practical lower concentration
limit for "Li, 2>Na, and '33Cs is definitely below 1 millimole per litre.

With the exception of °Li (16,17) and 'Li (18), which have weak
quadrupole moments, the prevalent source of relaxation in electrolyte
solution is quadrupolar interaction with residual electric field
gradients. It may at first sight be surprising that this also holds true for
133Cs with its quadrupole moment of only —0-004 barn. A more
detailed discussion on this is in the following section. As regards °Li,
according to recent findings (17) this nucleus seems to have promising
applications in organolithium chemistry. In aqueous solution,
however, its applicability may be hampered by extraordinarily long
spin—lattice relaxation times. (16)

B. Mechanism of relaxation

Since the effects of a perturbation on the relaxation rate are
mechanism-specific, clarity about the active spin relaxation mechanism
is essential. While there is no doubt about the overwhelming
dominance of quadrupolar relaxation for 2*Na, 3°K, #°Rb, and ®'Rb,
"Li in aqueous solution is found to be relaxed by dipole relaxation
involving hydrate protons to about the same extent as quadrupolar
relaxation. (18) For '33Cs the absence of dipole—dipole relaxation has
been inferred on the basis of a 20 9/ increase in the relaxation rate upon
changing the solvent from H,O to D,O. (18) This is explained in terms
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of an increase in the solution viscosity. If there were substantial proton-
induced dipole—dipole relaxation the reverse behaviour would be
observed. The absence of '"H-'33Cs dipole-dipole interaction was later
corroborated on the basis of the lack of a detectable NOE. (20) Since
the relaxation time of '*3Cs in aqueous solutions of CsCl is as long as
13s at 25°C (01 m) spin-rotation cannot a priori be excluded.
However, an Arrhenius plot affords a straight line between 25 and
100°C, clearly proving the absence of this mechanism in the
temperature interval studied. (20) Essentially the same temperature
dependence is found in DMF solution.

A recent mechanistic study on °Li in aqueous lithium chloride (16)
shows that in light water at 40°C 84 9 of the relaxation is dipolar, 8 % is
spin-rotation, while quadrupole relaxation accounts for less than 0-1 /.
The separation of the dipolar portion was accomplished on the basis of
NOE experiments. Figure 1 shows an Arrhenius plot for the
experimental °Li relaxation time, T, as well as for T?P, the dipolar
portion. The non-linearity of the plot of log T; against inverse absolute
temperature clearly reveals the presence of spin-rotation whilst the
corresponding plot for TTP is linear. The latter confirms that the non-
linearity arises from spin-rotation and not for example from a chemical
exchange process. Other mechanisms such as °Li-"Li dipole-dipole
interaction are also evaluated but found to be insignificant; 7 %, of the
experimental relaxation rate has not been assigned. This portion
probably arises from a small concentration of paramagnetic
substances. While in H, O the relaxation time reaches a maximum of ca.
300s, it rises to a value of over 1000s in D,O, which is probably the
longest T; observed so far in the liquid phase. Because of the smaller
magnetic moment of the deuteron the °Li—?H dipolar interaction is
only ca. 7-5 %, of that in H,O.

It is well known that in organolithium compounds "Li relaxation is
surprisingly inefficient (17) with relaxation times typically occurring in
the range 50-500ms. On the assumption of the dominance of the
quadrupolar mechanism for “Li the corresponding °Li quadrupolar
relaxation contributions can readily be predicted. In MeLi, "BuLi, and
PhLi the respective quadrupolar contributions to °Li relaxation are
found to be only 3, 17, and 159 with a sizeable portion being of
dipole—dipole origin (20, 35, and 179/, respectively) as again evidenced
by the NOE. (17) Experimental °Li T; values in organolithium
compounds are typically of the order of seconds or even tens of
seconds. True high-resolution spectra, comparable to those observed
for spin-3 nuclei, are therefore obtained for this nucleus and it is
predicted that 7Li will eventually be superseded by °Li NMR.
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temperature. Circles: experimental relaxation time, T%": crosses: dipolar contribution, T?",
obtained from T}*' and the nuclear Overhauser enhancement factorn. The linear least-squares fit for
the latter yields an activation energy of 3-6kcalmol . (16)

C. Quadrupolar relaxation of ionic nuclei in aqueous and organic media

There are two conceptually different theories for quadrupolar
relaxation of ionic nuclei in solution. Deverell (22) rationalized the
electric field gradients at the site of the nucleus as arising from
distortions of the closed-shell orbitals in the ion due to collisions with
solvent molecules and, at higher concentrations, also counter-ions. In
another theory developed by Valiev (23) and by Hertz and his
coworkers (24) it is assumed that the electric field gradients are caused
by the electric dipoles of the surrounding solvate molecules. It is
certainly Hertz to whom we owe the detailed understanding of ionic
quadrupole relaxation, and because of the fundamental implications
that his work has on ionic solvation the important results are briefly
summarized here.

It is well known that, depending upon net charge and size of an ion,
the solvent—ion electrostatic interactions vary. In its most recent form
the theory therefore distinguishes three different states of solvation:
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(25) (a) fully random distribution (FRD); (b) non-oriented solvation;
and (c) fully oriented solvation (FOS).

At infinite dilution the relaxation rate for a solvated ionic nucleus
can be expressed as:

1 6n(2l +3)
T, SI*2I—1)

. (D)

PeQ(l +}’/ )Zd

in which P represents a polarization factor defined by:
P = (2¢ + 3)/5¢

where ¢ is the dielectric constant of the medium. The factor d is related
to the electric dipole moment m of the solvent dipoles, the solvent
concentration c,, the rotational correlation time 7, of the solvent
molecules, and the distance of closest approach r, between solvent
dipole and the nucleus.

Model (a). It may be assumed that no distinct solvation sphere exists
owing to the weakness of the electrostatic interactions, i.e. the solvent
dipoles surround the ion in a totally random fashion as far as both their
orientation and distribution are concerned. In this case:

_ — 2. -5
d - dl = M Cyoiy Tsoly Fo (2)

holds.

Model (b). This model implies a distinct first solvation sphere, built
up of ny,, solvent molecules, but random orientation of their dipoles.
For this situation the d-factor is given by:

d = d2 = (5/47'()}’”2 Hsotv Tsolv r(;S + dl(r(,l)() (3)

d,(r§) is an expression analogous to equation (2) except thatthe radius
of the second solvation sphere, r§, has to be inserted. d,(r§) is a
correction that accounts for outer-sphere contributions to the field
gradient. The latter, however, has been shown to be negligible in many
cases. (24) This model is predicted to be applicable to ions intermediate
between Li* and Cs™.

Model (¢). The assumption is made in this model that the solvent
dipoles in the first solvation sphere are radially oriented:

d = d3 = (9/47'C)m2 Hsolv Tsolv "()_8(1 - 8_6}‘) + dl(rg) (4)

In equation (4) 4 denotes a distribution width parameter that describes
the occurrence probability for angular distortions of the solvation
complex from cubic symmetry (ny,, = 4,6,8). For a sharp lateral
geometry A — 0, i.e. the first term in equation (4) vanishes. This means
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that the whole contribution to quadrupole relaxation arises from
outer-sphere solvent dipole fluctuation and is precisely what one would
predict for a strongly solvating ion such as Li*. The other extreme is
random lateral distribution, i.e. 4 — sc which converts equation (4)
back into equation (3).

The procedure for determining z,,,,, the correlation time for overall
reorientation of the solvent molecules, consists of measuring proton or
deuteron relaxation times in the pure solvent and in electrolyte
solution. All the parameters, with the exception of A which is adjustable,
are known. Excellent agreement between experimental and computed
relaxation rates is obtained for both aqueous (24) and non-aqueous
(25) solutions.

Interesting data have recently been reported by Geiger and Hertz
(26) who studied the temperature and field dependence of the "Li* and
133Cs* relaxation rate in glycerol. For either nucleus a distinct
maximum was observed, which was explained as arising from the rate
of reorientation (1/1.) being of the same order of magnitude as the
Larmor frequency. The analysis of the data, taking into consideration
the non-exponentiality of the magnetization recovery outside the
motional narrowing limit, permitted the correlation times to be
deduced. These are found to be the same for the two ions in spite of the
fact that Cs™ is a structure-breaking or weakly solvating ion whereas
Li™ is structure-forming. The field gradients derived are in accordance
with the fully oriented solvation model.

Some Russian workers (27,28) have established a correlation
between the ’Li™, (27) 2*Na® and '*3Cs* (28) relaxation rates,
measured in a number of solvents, and Gutmann donor numbers for
the respective solvent. This relationship is well established for the alkali
metal ion chemical shifts (see above).

These findings lend support to Deverell’s electronic distortion theory
(22) which conveys the idea that orbital distortion affects both the
electric field gradient and the paramagnetic shielding term according
to:

1 1 3n?(21 + 3)

T, T, 10001221 — 1)

h 0!2 rc (5)

ezQ)zaAE

where ¢, and AE represent the paramagnetic shielding term and the
average excitation energy, respectively, and o = e?/hc.

Ion—ion interactions, which become operative at increased solute
concentrations, tremendously complicate the description of quadru-
polar relaxation. This aspect, albeit important, would break the scope
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of the present review. For a survey on the phenomenology and theory
the reader is referred to Chapter 5 of ref. 1.

D. Ionic solvation

Both the shielding of an alkali metal nucleus and its relaxation rate
depend sensitively on the coordinating solvent. It is therefore not
surprising that a great many studies of this kind have been conducted,
since the method bears the potential for gaining an understanding of
the nature of solvent—solute and solute—solute interactions such as ion
pairing. Mixed solvation experiments may further afford information
on preferential solvation. However, whereas a rather clear picture exists
on the mechanism underlying the quadrupolar relaxation of ionic
nuclei, the effects on the shielding of these nuclei are less well
understood. In spite of this the bulk of available data has been obtained
from chemical shift studies, probably because this parameter is more
easily obtainable. However, in order to be meaningful as a criterion for
ion solvation, both chemical shifts and relaxation rates have to be
extrapolated to infinite dilution. This in itself represents a problem
since in solvents of low dielectric constant contact ion-pair formation
may already occur at very low concentrations. Qualitatively the effect
can usually be verified by varying the counter-ion.

A general result of chemical shift studies is that the ionic shieldings
increase with increasing electron-donating ability of the solvent
molecule’s coordinating group. From Bloor and Kidd’s (29) early work
on 2*Na chemical shifts, measured in a variety of solvents, one finds
that nitrogen-coordinating basic solvents deshield while oxygen-
coordinating solvents, whose corresponding protonated species are
strong acids, have a tendency to shield. Calculations show that
donation of an electron to a Na* ion increases a4 by 9-7 ppm, clearly
confirming that the effect must be due to the paramagnetic term. A
simple calculation yields o, = — 270 ppm as the result of donating a
solvent electron to a sodium 3p orbital.

The shielding and solvent donor ability relationship can be
illustrated by plotting the alkali metal shieldings either against the pK
of the corresponding acid of the solvent (29) or against the Gutmann
donor numbers, as has been done for correlating **Na™, (30,31) 3°K ",
(32) and '*3Cs™ (33) shieldings. The latter type of plot is illustrated in
Fig. 2 which also gives an idea about the range of shieldings
encountered, in particular for the heavier isotopes. Noticeable
exceptions are methanol, DMSO, and acetonitrile, which have also
been found to fall off the line in the *°K * plots with the sign and relative
magnitude of the deviation being of the same order for both nuclei. It is
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FIG. 2. Plot of infinite dilution '3*Cs shieldings against Gutmann donor numbers for the
respective solvents. (33)

interesting that for “Li* no such correlation is found, (34) clearly
pointing to a different shielding mechanism which is probably due
entirely to the diamagnetic term.

Qualitative evidence for ion-pairing is usually provided by the
concentration dependence of the shieldings, with decreasing dielectric
constant of the medium favouring the formation of contact ion-pairs.
Evidently the nature of the counter-ion will play an important role too.
So it is found that iodide has a much greater tendency towards ion-
pairing than tetraphenylborate. Whereas with increasing solute
concentration the 23Na resonance in Nal moves to high frequency, it
remains almost invariant for NaBPh, in both acetone and acetonitrile.
(30) A qualitative indication for ion-pairing is the initial rapid change
in chemical shift and levelling off at higher concentration. (33)

Quantitative information can be derived by considering that the
observed shift represents a weighted average between those for the free
(0¢) and ion-paired (0;,) species:

éobs = Xféf + xipoip = Xy + (1 - xf)éip (6)
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with x; and x;, denoting the respective mole fractions. x¢ can be
expressed by: ’

Xe = /et (7)

with ¢ and ¢M representing the free and total metal concentration
respectively. The ion-pairing stability constant can now be formulated
as:
M+, X— M _ M
Kip = it = 2 ®
MTIIX™]  (e)
From equations (6) and (8) one then obtains:

—1+(1+ 4K;I,C1M)K
2K e

By fitting 6., = f(cM) to equation (9) the two unknowns K;, and J;,
can be extracted. Since dissociation of the ion-pair involves charge
separation, activities rather than concentrations ought to be inserted.
In this manner ion-pairing formation constants can be evaluated for
sodium (35) and caesium (33) salts. Some data obtained from '*3Cs
shieldings are listed in Table I1I. The magnitudes of the derived ion-
pairing formation constants do not seem to be related in a
straightforward manner to either solvent donor ability or dielectric
constant.

There has recently been increasing interest in mixed solvation using
either the chemical shift (29, 36—43) or the relaxation (27, 44-49) as an
experimental variable. Either method bears the potential to provide
information on preferential solvation as a function of solvent
composition. The chemical shift method is based on the assumptions
(a) that the shielding of the solvated ionic nucleus varies linearly with
the composition of the solvation sheath and (b) that outer-sphere

50bs =

(5f - 5ip) + 5ip (9)

TABLE III
Ion-pair formation constants for CsBPh, in various solvents
(33)

Solvent Ky(m™ 1
Pyridine (374 02) x 10?
Acetonitrile 40 + 10
Acetone 2243
Dimethylformamide ~0

Dimethyl! sulphoxide ~0
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contributions to the shielding are negligible. If assumption (a) is
correct, then for random solvation the observed shift should vary
linearly with bulk solvent composition. While there is good
experimental evidence for the validity of assumption (b), hypothesis (a)
has recently been disputed. (43)

Qualitative and quantitative information can in essence be derived
from the non-linearity of the shielding vs. solvent composition plots. It
has therefore become common practice (35,40) to define an
isosolvation point which corresponds to the solvent composition at
which the chemical shift is midway between the extrema observed for
the pure solvents. A noticeable result of Greenberg and Popov’s (40)
studies on Na™ solvation competition in binary solvent mixturesis that
preference is generally given to the solvent with higher donor ability.
These workers also derived equilibrium constants for preferential
solvation by making use of a solvation mode! derived by Covington et
al. (38) In addition to the previously stated assumptions this model
assumes that individual equilibrium constants for successive
replacement of one solvent molecule A in the solvation sphere of the
cation by a molecule of solvent B is purely governed by statistics. If n
solvent molecules (irrespective of solvent composition) occupy the
cation’s solvation shell, an equilibrium constant K'/* can be defined,
which is related to the observed chemical shift 4 and the total range of
chemical shifts Ad by: (38)

1/6 = (1/A8) {1 + (K" xa/xp) "'} (10)

where x5 and xp denote the respective mole fractions of the two solvents
A and B.

Recently the '33Cs experiments of Gustavsson et al. (43) aimed at
studying solvation competition between DMF and water have cast
doubt on the assumption of linearity between chemical shift and the
composition of the solvation sheath. It is reported that the '*3Cs
chemical shift range extends far beyond the extrema observed in the
pure solvents. In order to circumvent this problem an interesting idea
was put forward which consists in measuring the chemical shift in
H,O-DMF as well as in D,O-DMF. The magnitude of the isotope
shift should then be a direct measure of the extent of ion—water contact
and thus provide information on preferential solvation. Figure 3(a) and
(b) show the shielding dependence on solvent composition for both
H,O-DMF and D,0-DMF solvent mixtures [Fig. 3(a)] as well as for
the difference 6(H,0O) — 8(D,0) [Fig. 3(b)]. The latter plot reveals a
slight preference for water solvation. From the Covington plot in Fig,
3(c) an equilibrium constant K" = 1-6 can be evaluated.
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plotted against xpye-

(¢) Covington plot for the above system obtained by plotting Adg ' against xpup/Xy- (43)

Holz et al. (47) have recently presented a relaxation model for mixed
ionic solvation in binary solvent mixtures. The model, which is an
extension of the Hertz electrostatic relaxation theory for ionic
quadrupole relaxation at infinite dilution, is based on partial field
gradients produced by a single solvent dipole. In a single solvent the
quadrupole relaxation rate may be formulated as:

where A is a constant for given nuclear species, V2, is the mean square
electric field gradient caused by a single solvent dipole, A is a field
gradient quenching factor correcting for symmetry effects, gq is a
measure for the sharpness of the radial part of the ion—solvent pair
distribution function, (48) and t* is the correlation time for the
reorientation of the field gradient.

For a binary solvent mixture equation (11) can be extended to:
T, = A{n1(722z)1g01/\1f’f1 + nz(szz)ngZ/\szz} + A* (12)

The subscripts in equation (12) refer to solvents I and 2. A* accounts for
the non-additivity of symmetry quenching.

On the assumptions that (V2,), and (V2), differ insignificantly from
the respective values in the pure solvents and that the coordination
number remains unaltered, the relaxation rate was calculated for
several binary solvent mixtures. (48, 49). In the numerical results it was
further assumed that the solvent composition in the solvation sheath is
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equal to the bulk solvent composition (non-preferential solvation).
Excellent agreement between computed and experimental relaxation
rates is obtained for 2?°Na* in H,O-formamide and H,O-N-
methylformamide solvent mixtures (Fig. 4), indicating the statistical
nature of the solvent distribution in the first coordination shell. (49)
However, a slight deviation from the theoretical curve is observed for
H,0O-dimethylformamide, which is believed to be due to a slight
preference for H,O solvation.

E. Alkali metal ion complexation

Alkali metal NMR enjoys increasing popularity as a tool in the study
of complexation between alkali metalions and a variety of biomolecules
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FIG. 4. Infinite dilution 2°Na® spin-lattice relaxation rate in NaBr dissolved in
formamide—water (squares) and N-methylformamide—water (circles), both as a function of water
mole fraction, x, . (49) The solid lines are computed on the basis of the theory outlined in the text.
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such as amino-acids, (50) nucleosides and nucleotides, (51, 52) sugars,
(53-55) and for a number of organic acids (50, 56) and synthetic drug
molecules. (57, 58) All these molecules form comparatively weak
complexes. Generally complex formation manifests in line displace-
ments and relaxation effects. The complexes formed are further
characterized by being kinetically labile to the extent that exchange
between the solvated and complexed ion is fast on the NMR time scale.

Entirely different behaviour is shown by molecules that can trap the
ion in two- or three-dimensional cavities. Synthetic molecules having
this property are the macrocyclic polyethers (also called crown ethers)
and the so-called cryptands. The chemistry and ion-binding properties
of these molecules have been reviewed by Lehn. (59) This category of
molecules, designated ionophores, form complexes that are orders of
magnitude more stable than those of the previously discussed group, in
both the thermodynamic and the kinetic sense. This group of molecules
has naturally occurring representatives, namely cyclic peptides and
lactones. (60) The tremendous interest in ionophores is primarily due to
their biological ramifications since they play a key role in ion transport
through membranes.

Alkali metal NMR has greatly contributed to a better understanding
of the complexing behaviour of ionophores. The kind of information
that the technique is capable of providing primarily concerns the
dynamics and partly the stability of the complexes.

Crown ether and cryptand complexation has been studied by ’Li,
(15,61) **Na, (62-66) *°K, (67) 8’Rb, (67) and '33Cs (20, 65, 68-72)
NMR. Naturally occurring ionophores and their interactions with
sodium and lithium ions were investigated by means of several physico-
chemical methods including "Li (71) and ?3>Na (71,72) NMR.

The methodology in processing the spectral information depends on
the level of sophistication of the model to be used. Usually simplifying
assumptions have to be made. Ideally both thermodynamic and kinetic
information is to be obtained. As regards the cryptates (complexes
between cations and cryptands) typical stability constants are of the
order of 10°-108 and are therefore not accessible by NMR. The study of
the kinetics of decomplexation, on the other hand, is facilitated by the
availability of slow-exchange spectra. The limiting chemical shiftsin the
two species are thus known. The data evaluation is complicated by the
fact that theintrinsicline-width (i.e. the contribution not arising fromsite
exchange) is, in contrast to studies with spin-3 nuclei, not a negligible
quantity. Since the experiments are conducted as a function of
temperature, T; varies and it may well have a different temperature
dependence in the solvated ion and in the complex. Thanks to the high
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stability of the complexes at 1: 1 ion to ionophore ratio, the assumption
ofallionophore being bound isa good approximation (most ionophores
and cations form 1: 1 complexes). In order to determine Ty, T, @y, Wy,
(f = free,b = bound) the temperature dependence of the line-width and
Larmor frequency is initially studied for the free cation in the absence of
ionophore and for an equimolar solution. The actual exchange
experiments are then performed at excess ion concentration and the
observed line-shape is fitted to the theoretical band-shape:

G(w) = K{Icos(0y + &) — Rsin(@, + ')} + C (13)

In equation (13) I and R are given by the exchange-modified Bloch
equations. Theyare functions of theexchange lifetime t = 7,7, /(t; + T4),
the populations p; = 7;/(7; + 7,) and p, = t,/(7; + 73), the relaxation
times T,; and T,,, and the Larmor frequencies w, and w,. The quantities
0, and @ refer to the zero-order and first-order phase corrections
respectively.

From the temperature dependence of the rate of decomplexation
k_, =1/t the activation parameters AG* and AS* can finally be
determined. Figure 5 displays some temperature-dependent 2*Na
spectra for complexation between Na™ and cryptand C222. (64) Free
enthalpies and entropies of activation for complexation between Li™
and cryptands C211 and C221 as well as between Na™ and cryptands
C222 are in Table I'V. While for the lithium cryptates the enthalpies of

TABLE 1V
Kinetic parameters for lithium and sodium cryptate [1] decomplexation (61, 64)
Metal ion Cryptand Solvent AG} (kcalmol ™) ASi(cal K™ ' mol™!)

Lit C211  pyridine 227 —12:5
Li* C211 H,O 20-6 + 04
Li* C211 DMSO 19-7 —~13-8
Lit C211 DMF 200 —155
Li* C211 formamide 20-8 —22-8
Lit C221 pyridine 179 — 149
Na* C222  pyridine 174 —126
Na* C222 THF 16-2 —81
Na* C222 H,0O 14-5 +53
Na* C222  ethylenediamine 144 -76

(1] s
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FIG. 5. Temperature-dependent >*Na NMR spectra recorded in the pulsed mode at 159 MHz
for a sample consisting of 0-3M cryptand C222 and 0-6M NaBr in ethylenediamine. (64)

activation AH} are found to increase with increasing solvent donor
ability, no such trend is observed for the sodium cryptates.
Forcrown ether complexation the procedure for obtaining the kinetic
parameters is entirely different. Because of the lack of a three-
dimensionalcavity theion remainsin close contact with the solvent,and
as a consequence of this the chemical shifts for the two sites differ only
insignificantly. The starting point for the analysis is again the exchange-
modified Bloch equations. However, since the exchange is rapid on the
NMR time scale, only a single resonance is observed whose width is a
function of the relaxation times T, and T, aswellas of the lifetime of the
ion in its uncomplexed form, 7,. Under these limiting conditions
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Shchoriet al. (62,63)obtained the following expression for the reciprocal
mean life-time:

i =(1/T2b — 1/T)(1/T; — 1/Ty)py, (14)

Tr (I/TZzlv - I/TZ)
where 1/To,, = pi/Tor + po/ Tas-

Alkali metal NMR has also furnished qualitative and partly
quantitative information on structure and bonding as well as on relative
and absolute thermodynamic stability. The preferred experimental
variable in this case is the chemical shift which is measured as a function
of temperature and ligand concentration. (15, 65, 68—70) Additionally
qualitative information has been obtained from quadrupole coupling
constants (66) and T; measurements. (20)

A most significant result of these studies is the solvent independence of
the alkali metal chemical shifts for those cryptates in which the ion is
closely packedin the ligand cavity. Thisis generally thecase when theion
perfectly matches the cryptand cavity (15) and it unambiguously
demonstrates that long-range shielding effects are negligible. This has
important ramifications in solvation studies where recourse is made to
the chemical shift as an observable (see below).

The chemical shift behaviour of !**Cs in the 18-crown-6 (18C6)
complexation with CsBPh, (68) indicates a two-step reaction whose
analysis requires the following processes to be considered:

Cs* + BPhy = (Cs*.BPhj) (15)
Cs* + 18C6 == (Cs™*.18C6) (16)
Cs*.18C6 + 18C6 == (Cs*.2(18C6)) (17)

The observed chemical shift d,,, is a weighted average and can be
formulated as:

50])5 = Xré[ + xipéip + X161 + X252 (18)

An iterative fitting procedure thus permits the experimental plot s
against [18C6])/[Cs™ Jtobefitted toequation(18)therebyextracting the
unknowns K; and K, as well as the limiting chemical shifts ¢, and d,.
However, since K; > K, only an approximate value can be determined
for the former. The data obtained are K; = 10° and K, = 44 at 25°C.

An interesting result reported recently by the same group of workers
(70) relates to the discovery of two types of 1:1 caesium cryptates for
cryptand C222. The possibility for the existence of an exclusive complex
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Cs*.C222 was postulated on the basis of the fact that the diameter of the
caesiumionisslightly larger than the cavity size of C222. Evidence for an
exclusive complex is provided by the solvent dependence of the limiting
chemical shift at high mole ratios [C2227]/[Cs™*]. Figure 6 displays a
plot of limiting chemical shifts as a function of temperature for three
different solvents. It is interesting that at low temperatures the chemical
shifts, which are very different from those at room temperature, converge
to a single, solvent-independent value of 245 ppm to high frequency of
aqueous Cs*. This behaviour suggests an equilibrium between an
inclusive and an exclusive complex. Further arguments in favour of such
an equilibrium are provided by the rate data in that Arrhenius plots for
the exchange time, which was derived from total line-shape analysis,
show marked curvature. While in acetone solution the line-width for the
complex progressively decreases towards lower temperature, in
propylene carbonate it first sharpens and then broadens again as the
temperature is lowered, showing that the inclusive-exclusive
interchange starts affecting the line-width in the low-temperature
region.

Relative thermodynamic stabilities of crown ether complexes with
several cations can also be evaluated by means of T; competition
experiments. (20) Addition of 18C6to a solution of caesiumiodide affects
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FIG. 6. Limiting '33Cs* chemical shifts in !33*Cs*.C222 complex at high mole ratios
[C222]/[Cs™ ] as a function of temperature, in dimethylformamide (DMF), propylene carbonate
(PC), and acetone. (70)
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T, leading to either a maximum or a minimum at equimolar ratios of
18C6 and Cs*, depending on solvent. In the presence of equal
concentrations of Cs™ and K* in DMF the minimum is shifted to
[18C6]/[Cs™ ] = 2 with the !*3Cs relaxation time remaining constant
intheinterval0 < [18C6]/[Cs "] < 1.Thisindicates that the potassium
complex is preferentially formed. In the presence of Rb™ as a competitor,
however, the relaxation rate decreases gradually between
[18C61/[Cs™] =0 and 2 and then rises again, thus showing the
simultaneous formation of either complex (Fig. 7).

Alkalimetal NMR inconjunction withcryptand complexation finaily
led to the sensational discovery of alkali metal anions by Dye and
coworkers. (14) The complexing power of the cryptands is such that the
ionophore is capable of extracting the cation from alkali metal in
solutions of THF, methylamine, and ethylamine. The electron left
behind is conclusively proved to form the anion M~ (M = Na, Rb, Cs)
leading to a separate resonance line at low temperature. The
corresponding shielding is close to the theoretical value computed for
the metal anion. A most striking feature of this resonance is its solvent
independence. The absence of solvent-induced chemical shifts for Na~
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FIG. 7. '33Cs spin-lattice relaxation rate, T7 !, in the complex Cs™*. 18C6 as a function of the
18C6 to Cs™ molar ratio, in dimethylformamide solvent, with (a) 0-1M Csl, (b) 0-1m CsI + 0-1m
K1, and (c) 0-1m Csl + 0-1m Rbl. (20)
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shows that the 2p orbitals are effectively shielded from the solvent by the
filled 3s orbital.

F. Covalent compounds

The least electropositive alkali metal, lithium, has a marked tendency
toward covalency. We oweit not least to NMR studies of this metal thata
rather complete picture exists today of the structure, bonding, and
dynamic behaviour of organolithium compounds in solution. (73-78)
One conspicuous feature of organolithium compounds is their
oligomeric nature. In the polyhedral aggregates that generally form in
apolar solvents the individual monomer units are held together by
multicentre bonds; the most common forms being dimers, tetramers,
and hexamers whose presumed structures are schematically illustrated
in Fig. 8. The organometallic compounds of the remaining alkali metals
are primarily ionic, forming ion-pairs in solution.

"Liis probably the first metal nucleus whose magnetic resonance has
afforded important chemical information. In spite of a sizeable
quadrupole moment of 0-04 barn, surprisingly narrow lines are observed
for most organolithium compounds. Lucken {79) hasestimated an upper
limit of 16 kHz for the quadrupole coupling constant in methyl-lithium
and a value of 98kHz for ethyl-lithium, the latter possessing the
substantial asymmetry parameter of 0-62. These surprisingly small
quadrupole coupling constants explain the observed ’Li relaxation
times which are of the order of 10-1000 ms in typical alkyl-lithium
compounds.(17,21) However, in view of the small chemical shift range of
less than 2 ppm (<80 Hz at 2-3 T) for alkyl-lithium compounds, a line-
width of 30 Hz may still be prohibitive. The recently reported °Li
relaxation data which indicate an order of magnitude of 10-20s in
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FIG. 8. Structures of dimeric, tetrameric, and hexameric organolithium compounds. Small
spheres indicate lithium atoms; large spheres represent the carbon atoms of the organic groups.
(74)
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typical organolithium compounds (17) point to the superior NMR
properties of the minor lithium isotope. An enhanced chemical shift
dispersion is therefore expected for this nucleus in spite of its lower
resonance frequency (141 vs. 38-8 MHz at 2:3T).

The chief limitation of lithium NMR is undoubtedly the relatively
small chemical shift range which only slightly exceeds 2 ppm in covalent
organolithium compounds. The principal shiclding mechanism is
definitely not field-induced mixing between ground and excited states
(paramagnetic shielding) which governs the shielding of most nuclei.
Local contributions such asneighbour anisotropy effects need therefore
to be considered. In fact recent calculations (80) show that the
diamagnetic and paramagnetic terms largely cancel one another and
that the relative shieldings can best be rationalized in terms of
McConnell’s model for anisotropic substituent susceptibility. The small
shielding range also requires special care in the choice of the standard.
For most of the data reported an external aqueous LiBr standard was
used but no special attention was paid either to concentration or to
susceptibility corrections. Recently a number of shifts were re-measured
relative tointernal TMS as a secondary standard ; the data, referenced to
aqueous LiBr (0-7 g/ml) as an arbitrary shift chart, are in Fig. 9. A
considerably larger chemical shift range was found in aryl-lithium
compounds (81, 82) where the aryl moiety is a di-anion. In such systems
lithium is largely ionic, its shift being determined by its location relative
to the induced ring currents. In cyclooctatetraenyl-lithium, for
example, the "Li resonance is at 85 ppm to low frequency of aqueous
LiCl, suggesting that the lithium ion is associated with the n-cloud of
the 10n-electron ring and therefore experiencing a large diamagnetic
ring current. In those cases where the organic moiety is a resonance-
stabilized anion a pronounced solvent dependence of the "Li shielding
is observed. (83—85) This may be exemplified with benzyl-lithium (85)
where the "Li chemical shift moves to low frequency with change in
solvent from THF to benzene (Ad lppm), reflecting a transfer of
electron density from the benzyl moiety to lithium.

The most significant contribution of ’Li NMR has been in the
elucidation of the structure of the alkyl-lithium oligomers in solution.
B3Cenrichment resulted in '3C-coupled " Li spectra for MeLi, (86) '‘BuLi
and "Bul.i (87) thus providing definite proof for the tetrameric structure
of these compounds. The lithium atoms are situated at opposite corners
of a cube with the a-carbons occupying the other corners so that each
lithium atom interacts with three neighbouring carbons. Because of
incomplete enrichment the observed "Li spectra are superpositions of
the sub-spectra of the following isotopomers: 'Li,'*C, (singlet),
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FIG. 9. "Li chemical shifts in organolithium compounds, measured in three different solvents.
The shieldings were originally determined relative to the proton frequency of tetramethylsilane
which served as an internal lock signal, and subsequently referenced to external LiBr (0-7 g/ml).
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FIG. 10. Temperature-dependent ”Li NMR spectra of a mixture of ethyl-lithium and methyl-
lithium in ether (EtLi: MeLi = 1:1-55). The least shielded lithium is the one having three adjacent
methyls. (89)

Li,'* C'2 C;(doublet), "Li,'3C,'2C, (triplet), and "Li,**C;"'*C and
"Li,'3C, (quartet each) ignoring °Li-containing isotopomers.
From the absence of any observable ®Li~"Li spin—spin coupling in

6Li-enriched methyl-lithium it is inferred that the Li-Li bond order in
these compounds is small. (88)
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Cross-association resulting from mixing of two organolithium
compounds LiR and LiR’ can be observed in the 7Li spectra with the
mixed forms Li,R R, _, giving rise to separate peaks. In the LiMe—LiEt
system in ether (89) four distinct peaks are seen in the ’Li spectrum
indicating slow intra- and inter-aggregate exchange (Fig. 10). This is
expected on the assumption of the validity of the local environment
approximation which states that the "Li chemical shift is determined by
the three adjacent alkyl groups. The four observationally distinguish-
ableenvironmentsarethen:3R;2R,R";R,2R";3R’. Mixed aggregationis
also known to occur between dimethyl compounds of divalent metals
such as Mg, Cd, and Zn on the one hand and LiCH; on the other,
forming dimers, trimers, and tetramers. (90,91) The stoichiometry of
Li,Mg(CH,), and Li;(CH;)s is established on the basis of the low-
temperature 'Li spectrum and the known Li/Mg ratio. (90) Further
mixed complexes whose solution structures have been studied by "Li
NMR include those involving Group III and IV alkyl and aryl
compounds. (92-94)

Temperature-dependent Li NMR providing qualitative information
on the dissociation kinetics has been reported for Li,(CHs),, (95)
Li,'Buy, (75) and for methyl and lithium exchange in the
LiCH;-M(CH,;), (M = Mg, Zn, Cd) systems. (91) Two general types
of exchange can be distinguished in the latter systems. At [Li]/[M] < 2
methyl group exchange occurs between M(CH,), and Li,M(CH,),,
whereas the condition [Li]/[M] > 2 results in methyl and lithium
exchange between methyl-lithium and the 2:1 and 3:1 complexes,
demonstrating the complexity of the exchange phenomena in these
systems.

IV. THE ALKALINE EARTH NUCLEI
A. Nuclear properties and experimental aspects

The alkaline earths are chemically rather similar, and with the
exception of beryllium and, to somé extent, magnesium which have a
pronounced tendency towards covalency, they form essentially ionic
compounds. Bothcalciumand magnesiumionsplayakeyrolein various
physiological processes by acting as cofactors in many enzymic
reactions. In contrast beryllium is characterized by its extreme toxicity.
(96)

From an NMR point of view the alkaline earths are distinguished by
generally lower receptivities, arising from weak magnetic moments
coupled in some instances with low abundances (*3Ca,8’Sr). Their
measurement therefore puts more stringent demands on spectrometer
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sensitivity. This is undoubtedly the reason for the small number of
papers that have appeared on alkaline earth NMR. The physical
properties of the relevant nuclei, which have in common a
quadrupolar nature, are summarized in Table V. High precision
measurements of the magnetic moments have recently been reported for
2>Mg,(97)*3Ca, (98) 87Sr,(99) **3Ba and '*7Ba. (100) For the latter two
isotopes the ratio of the quadrupole moments Q,35/Q,37; = 0-67 was
reported. (100}

TABLE V
Alkaline earth nuclear properties
Nucleus Spin I Abund. (¥,) Mag. moment (uy) Q (barns)
°Be 3 100 ~ 1177 0-052
25Mg 3 10-1 —0-855 0-22
43Ca 1 013 —1-315 +0-02
87Sr $ 70 —1-089 0-36
135Ba 3 66 0-832 018
137Ba 3 11-3 0-931 0-28

B. Ionic relaxation in aqueous solution

Exceptfor °Beand possibly 3*Ca which owing to the weakness of their
quadrupole moments are likely candidates for other than quadrupolar
relaxation contributions,quadrupole relaxation seems to prevail. While
inaqueous solution the relaxation times for 87Sr, 1*°Ba,and '3"Baarein
the millisecond range [®7Sr** 4.9 ms at infinite dilution; (99) **Ba**
0-Sms at 0-5M; '*"Ba®* 0-26ms (100)], the comparison between the
23Mg?* linewidth in H,O and D,O shows the absence of dipolar
relaxation by solvent protons. (101) A mechanistic relaxation study on
°Be in aqueous beryllium nitrate (102) has unambiguously
demonstrated the importance of other relaxation mechanisms. A
separation of the experimentally observed relaxation rate is
accomplished by means of NOE experiments and the temperature
dependence of T . Simultaneous irradiation of the water protons affords
asignalintensity reduction of 509, at room temperature, corresponding
to an Overhauser enhancement factor n = —0-5 or a 149 dipolar
contribution. This value gradually decreases with increasing
temperature thus pointing to the onset of spin-rotation as a third
mechanism. An Arrhenius plot for the experimental relaxation time as
well as its dipolar and non-dipolar portion is in Fig. 11 which shows
that T{® reaches a sharp maximumat 40°C at which T5Risequalto all of
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FIG. 11. °Be spin-lattice relaxation time in 1 M aqueous Be(NO,), as a function of temperature.
Open circles: experimental relaxation time; squares: dipolar relaxation time, TSP, obtained from
T;7® and the nuclear Overhauser enhancement factor, #; filled circles: nondipolar relaxation time,
(/T — /TP )1 (102)

the other relaxation contributions (quadrupolar and dipolar). By
contrast a straight line is obtained for the dipolar T;, the slope of which
corresponds to an activation energy of 3-7 kcal/mol, whichis typical of a
structure-forming ion.

For **Ca*”* no detailed study of this kind is yet available. While a
dipolar contribution due to the larger size of the ion and also because of
the shorter experimental relaxation time is unlikely, spin-rotation thus
cannot be ruled out.

The alkaline earth nuclei in their ionic solvated state are expected to
follow the quadrupolar relaxation pattern established for their Group I
counterparts. However, there is one predictable distinguishing feature.
Owing to their larger effective charge the alkaline earths are more
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strongly hydrated, leading to a symmetry-induced quenching of the
electric field gradient due to the more perfect order of the solvent dipoles
in the first hydration sphere. It can therefore be expected that the main
contribution to quadrupolar relaxation of at least the smaller cations
(Be?*,Mg?*,Ca*") has its origin in outer-sphere contributions.
Lindman and coworkers (103) have recently examined this question for
°Be?*,2°Mg?*,43Ca?*,87Sr? ", and '3°Ba’* by computing theinfinite
dilution quadrupolar relaxation rates on the basis of the Hertz
electrostatic model. The models tested were that for “fully random
distribution” (FRD) and its direct counterpart the “fully oriented
solvation” model (FOS). Excellent agreement is generally obtained
except for *3Ca®" for which the model gives too large a value for the
relaxation rate. This discrepancy is likely to arise from the uncertainty in
the *Ca quadrupole moment. The paper also reports the first infinite
dilution relaxation time for 2>Mg?* and #3Ca?* obtained from pulse
experiments.

The concentration dependence of the line-width has been reported for
25Mg?* (97, 101) and ®7Sr?* (99) and a variety of counter-ions, but
only Simeral and Maciel (101) attempted to rationalize the effects
observed. The latter workers plotted Av,/n (1 is the bulk viscosity)
against concentration and found that Av,/y remains nearly constant
over the concentration range 0—-3M. From this observation it was
inferred that specific cation—anion interactions, which could affect the
local e.f.g., are absent and that the increase in the relaxation rate is a
purely dynamic effect. This is probably too simple a view, however ; the
tight binding of the hydrate water in the long-lived magnesium
hydration complex will effectively insulate the magnesium ion from
ton—1on encounters.

C. Complexation studies

Both the chemical shift and the relaxation rate may serve as an
experimental observable in studies directed towards obtaining
structural and thermodynamic information on cation binding. There
are very few such studies in the literature making use of direct
observation of alkaline earth resonances. The choice of the two possible
experimental parameters depends on the sensitivity of either quantity to
environmental changes. From early studies of the concentration
dependence of 2°Mg** shieldings in aqueous magnesium salts (104)
which show that 6(**Mg) varies by no more than 2ppm over the
concentration range 0-4 M, magnesium chemical shifts do not seem to
meet the requirements for this type of experiment. For **Ca%*, as
expected, the shift rangeis larger asconcluded from thedata of Lutzet al.
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(97) where the **Ca chemical shift varies typically by 10 ppm over the
concentration range 0—5M. For 87Sr?* the shieldings are considerably
more sensitive to concentration (99) but the accuracy of the
measurement isimpaired by the large inherent line-widths. Nosuch data
are available for Be?* but the shift range is small as evidenced by the
data of Kovar and Morgan (105) for organoberyllium compounds.
Some shielding studies have been reported for '33:!37Ba, but the
experiment is hampered by the very broad lines observed for this
nucleus. (100)

Delpuech et al. (106) examined the tetrahedral solvates of the
beryllium cation with trimethyl phosphate (TMPA), dimethyl
methyl phosphonate (DMMP), N ,N-dimethylamido-0,0’-dimethyl
phosphate (DMADMP), bis-N,N-dimethylamido-O-methyl phos-
phate (TMDAMP), and hexamethylphosphorotriamide (HMPT) by
NMR including that of °Be. The kinetics of ligand exchange:

BeA3i' + A* - BeA;A*2* + A (19)

are evaluated from total line-shape analysis of the temperature-
dependent °Be spectra by observing the gradual collapse of the multiplet
pattern due to *!P spin coupling applying the Kubo—-Sack—Anderson
procedure for multiple-site exchange. Tetrahedral coordination of the
complexes can readily beinferred fromthe 1:4:6:4: l intensity pattern of
the °Be spectrum. Figure 12 shows the experimental and simulated
spectra for °Be(TMPA)3* for a set of temperatures. Because of the
different time scale the proton and ?Be exchange experiments
complement one another by extending the rate scale. The rate constant
obtained from the °Be spectraisfour timesthat from the ' Hexperiments.
From the concentration dependence of the rate constant k,, defined for
the exchange between free and bound ligand, it was inferred that both
TMPA and DMMP obey an associative Sy2-type mechanism with
probably a pentacoordinated transition state. By contrast a rate
constant independent of concentration is found for the remaining
ligands, suggesting a dissociative Syl mechanism with a trigonal
transition state. This behaviour mirrors the more severe steric
congestion exerted by the bulkier ligands.

Exchange rates have been derived by Bryant (107) for ATP binding to
Mg?* from the temperature dependence of the Mg line-width
monitored in a large excess of magnesium chloride. The rapid exchange
limitisshown to hold,and theexchangeratederived from fitting the data
to a theoretical equation for two-site exchange was 2 x 10*s™ ',
Somewhat surprising is the very large chemical shift difference of
260 ppm, which is calculated between free and bound Mg?*. Because of
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FIG. 12. Temperature-dependent “Be NMR spectra in *Be(TMPA);*, recorded in the pulsed
mode at 12-2 MHz in trimethyl phosphate (TMPA); (a) simulated, {b) experimental spectrum.
(106)
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the inaccuracy of the data this value should certainly be used with
caution.

A veryrecent paper by Robertson et al. (108) explores the utilization of
2"Mg NMR for the study of Mg?* binding to y-carboxyglutamic acid-
containing peptides. These are taken as a model for prothrombin, an
enzyme possessing 10 y-carboxyglutamic acid residues and which is
known to interact with Mg?* and Ca?*. Whereas the addition of the
peptide to an aqueous solution of Mg?* affects the line-width rather
than the shift, the **Ca line-widths remain almost invariant in the



LESS COMMON QUADRUPOLAR NUCLEI 159

corresponding calcium binding experiment. From the line-width and
chemicalshift variation a binding constant of K = 1-6 x 10%isobtained
for either cation and the dipeptide Z-pD-Gla-D-Gla-OMe
(Z = benzyloxycarbonyl), assuming a 1: 1 complex and rapid exchange
conditions. The *3Ca chemical shift titration curve is shown in Fig. 13.
These experiments were performed in the Fourier transform mode using
large sample-diameter probes and enriched materials. Although the
exact ion concentrations are not indicated, Fig. 13 suggests a
concentration of ca. 20 mm, which shows that experiments at rather low
concentration have now become feasible on these nuclei.

D. Structural studies of covalent compounds

Beryllium and magnesium have a rather extensive covalent chemistry,
and both *Be and ?*Mg seem to be useful NMR nuclei for the study of
structure and bonding. Thanks to its small quadrupole moment ®Be has
the potential to provide rather high-resolution spectra even for a lower
than cubic coordination geometry. (105) For magnesium this seems
doubtful although experimental evidence is missing.

Kovar and Morgan (105) have studied a wide range of
organoberyllium compounds whose °Be shieldings are in Table VI
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FIG. 13. *3Ca®* chemical shifts plotted against concentration of Z-p-Gla-p-Gla-OMe
(Z = benzyloxycarbonyl, Gla = y-carboxyglutamic acid) relative to an arbitrary standard in H,O
at pH 6-6. Initial calcium concentration was 19-5mwm. (108)
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along with some more recent data. (106, 109) Noteworthy features of
these data are: (a) tetracoordination generally gives rise to a higher
shielding than tricoordination (7-8 ppm); (b) increasing the substituent
electronegativity progressively deshields *Be. In the trimer [2] the line-
widths observed are 64 Hz for the terminaland 5 Hz for the central quasi-
tetrahedral beryllium, thus reflecting the very different field gradients at
the two sites.

0
NN
Bu OBe\ Be BeO'Bu
O/ \0/
‘Bu ‘Bu

(2]

Spin-spin coupling has been observed between °Be and both '°F
(110,111) and 3'P. (106) In the BeF3~ anion, for example,
1J(F-Be) = 34 + 2 Hz is found, and in the tetrahedral organophos-

TABLE VI
?Be chemical shifts in some inorganic and organometallic compounds
(105,106, 109)

Species Solvent 3(°Be)*  Ref.
Be(HMPT):** MeNO, —33 11
Be(TMPA)Z*¢ MeNO, -32 11
Be(DMMP); "¢ MeNO, -29 11
BeF,(H,0), H,0 —-08 10
Be(H,0)" H,0O 0
Be(NH;)i* NH, +1.7 10
Be(OH); ™ H,0-NaOH +1-4 14
BeCl,.20E4, Et,O +3:1 10
[Be(NMe,), I3 CeHe

central +30 10

terminal +9-8 10
BeCl,.2SMe, Me,S +55 10
MeBeCl.2SMe, Me,S +4-2 10
Me,Be.SMe, Me,S +11-6 10
Me,Be.2PMe; Me; P +36 10
Me,Be.2NMe, Me,N +12.0 10
Me,;Be.NMe; CeH,> +199 10
Me,Be.OEt, Et,O +20-8 10

“A positive sign indicates relative deshielding.
"HMPT = hexamethylphosphorotriamide.
¢TMPA = trimethyl phosphate.

¢DMMP = dimethyl methylphosphonate
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phorus complexes values ranging between 4 and 6 Hz are reported for
2J(P-Be). (106) The small values are taken as evidence for the
predominantly ionic character of the metal-ligand bonds in these
systems. The broadened 1:2:1 triplet ['J(F-Be) = 28 Hz] lends
support to the presence of a tetrahedral species BeF,(H,0), (105)
rather than a mixture of BeF2 ™" (n = 1,2, 3,4) complexes. The second
multiplet in the low-temperature '°F spectrum of aqueous
(NH,),BeF, is tentatively assigned to a species BeF,(H,O)".
Conclusive evidence for the occurrence of such an ion was provided
recently. (111) The high-resolution °Be spectrum of ammonium
tetrafluoroberyllate at —9°C reveals two partly overlapping multiplets,
a quintet ['J(F-Be) = 34 Hz] and a quartet ['J(F—Be) = 38 Hz]. The
two species also exhibit different “Be relaxation times (660 and 85 ms
respectively). While °BeF3~ is probably predominantly relaxed by
°Be-!°F dipolar relaxation, in the less symmetric minor species
quadrupolar relaxation is definitely prevalent.

In bis(acetylacetonato)beryllium, Be(acac),, the *Be quadrupole
coupling constant can be determined from a combined !*C and °Be
relaxation experiment, which is favoured in this molecule of D,,
symmetry, by the fact that the C-H bond vector for the olefinic carbon is
coincident with the z principal axis of the e.f.g. tensor. Hence it is the
same diffusion constant which modulates V,, and r._4. For the
quadrupole coupling constant a value of 350kHz was derived. (111)

V. THE MAIN GROUPS IIIl AND IV
A. Nuclear properties

The chemical and technological significance of the Group III metals,
in particular of aluminium but also of gallium and indium, need not be
particularly stressed. Because ofits widespread occurrence in nature and
importance as a metal, the chemistry of aluminium has been very well
investigated. Besides its extensive solution chemistry, which is
predominantly ionic, aluminium has a remarkable tendency to form
covalent bonds. In both domains 2’Al NMR has proved suitable as a
structural and dynamic probe. Gallium and indium attracted the
interest of solid-state physicists at an early stage and both elements are
now widely used as a doping material for pnp-type semiconductors.

Besides their chemical similarity the three elements also have rather
similar NMR properties; large magnetic moments make them easy to
measure, and all the magnetic isotopes have sizeable quadrupole
moments. The receptivity of 2’Al is only five times lower than that of
the proton, which enables experiments to be performed on a
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submillimole concentration level, at least for reasonably symmetric
species. The gallium line-widths are more sensitive to coordination
geometry although the quadrupole moments (at least for 7'Ga) are
comparable. However, the lower spin quantum number of both gallium
isotopes accounts for a fourfold increase of the relaxation tate relative
to that of a spin-3 nucleus. Both indium isotopes are handicapped by
their very large quadrupole moments, and the observation of any
species of lower than cubic coordination geometry is probably
impracticable.

Because of its very different chemistry the only quadrupolar Group
IV nucleus, "*Ge, is treated in a separate section. The nuclear
properties of the six quadrupolar nuclides pertaining to main Groups
IIT and IV are in Table VII.

B. Quadrupole relaxation of the hydrated ion

Both AI’* and Ga** have a tightly bound hydrate shell in aqueous
solution and both are prone to hydrolysis. In terms of the Hertz
electrostatic model for quadrupolar relaxation of ionic nuclei in
electrolyte solution (see Section II1.C) one therefore expects effective
quenching of the electric field gradient caused by the surrounding water
dipoles, due to a nearly perfect O, coordination symmetry. Any
contribution to the e.f.g. should therefore arise from outer-sphere
solvent dipoles. In terms of the “fully orientated solvation” (FOS)
model this would correspond to a distribution width parameter
approaching zero (4 — 0) with the first term in equation (4) vanishing.
This is indeed what Hertz (24) found for both 2’ AI** and *°Ga®**, and
the experimental infinite dilution relaxation rates (*’AI** 7.5s71;
69Ga** ~350s~ !yare remarkably well matched by the computed ones
(4-0 and 2165~ ! respectively). Tarasov and Buslaev (112) have looked

TABLE VII
Physical constants of main-Grougp [l and [V quadrupolar nuclei®
Nucieus Spin Abund. (%) Mag. moment (uy) Q (barns)
27A1 3 100 3-368 0-149
*°Ga 3 398 2:011 0232
"1Ga 3 60-2 2-555 0-146
1131n 3 4.3 5-495 1-144
1510 3 95.7 5-507 1-161
3Ge 3 7-6 —0-877 -0-29

“The two boron isotopes are not listed.
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into the relaxation behaviour of °°Ga** and 7'Ga*"* in both H,O and
D, O solutions with the aim of verifying the quadrupolar nature of the
relaxation mechanism. The only mechanism considered besides the
quadrupolar was proton-induced dipole—-dipole interaction. Since the
ratio of the relaxation rates 1/7,(5°Ga)/1/T>("'Ga) is less than
0%(°°Ga)/Q*("*Ga), the discrepancy is suggested to arise from
dipole—dipole relaxation involving hydrate protons. This, however, is
very unlikely since the derived correlation time for reorientation of the
hydration complex is 2 x 10~ °s which is two orders longer than the
correlation time of neat water ! Further contradictions are the decrease
of the calculated dipolar relaxation time with increasing solute
concentration as well as the enhanced relaxation rate in D,O.

More recently Takahashi (113, 114) has approached the problem on
the hypothesis that the electric field gradient at the AI** cation is
engendered by rotation of the solvate water molecules around their
twofold axis, i.e. parallel to the electric field of the spherical ion. The six
water molecules in the innermost solvation shell give rise to T, overall
symmetry as long as the O-H bonds situated at opposite corners of the
octahedron lie in the same plane. However, a 90° rotation of one of the
hydrate water molecules lowers the symmetry to C,, leading to an e.f.g.
at the site of the Al nucleus.

With the aid of a point-charge model for the H,O molecule the
electrostatic energies for the various configurations can be calculated.
This ultimately yields the transition probabilities W, and W per unit

() n

0 ._,,0. 0. 0. 0. _ =
Vee =00 Vg 7O Veg =00 Vo= =B V= B

FIG. 14. Two possible configurations of the orientation of water molecules in the first
hydration sphere of A{H,0);*. The rotation of one of the equatorial water molecules in
configuration (0) by an angle of n/2 radians around the Al-O axis lowers the symmetry from T, to
C,, simultaneously introducing field gradients ¥,, and ;. (113)
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time for the symmetry transitions T, » C,, and C,, — T, respectively,
resulting in the following simple formulae:

1L @20+3) e’qQ\* Wt 20
T 101?21 — 1)\ & (BW, + W) (20)
1/i.= W + 1/z, 1)

where 7, is the rotational correlation time for overall reorientation of
the solvation complex. The transition probabilities W, and W can be
derived from reaction rate theory by calculating the partition functions
in the ground state and in the activated form. The weakest part of the
theory probably concerns the correlation time which is simply
obtained from the Stokes—Debye formula. Nevertheless excellent
agreement with experimental relaxation rates is obtained at a
concentration of 1:-6M AICl; in H,O (e.g. 28 s~ ! calculated vs. 29-7s !
experimental at 23°C). Extrapolating to infinite dilution is achieved by
means of a viscosity correction using the same values of W, and W. The
value of 18 s~ ! (at 23°C) obtained in this way, however, is too large by a
factor of 2-5. (24)

Takahashi’s approach is diametrically opposed to Hertz’s elec-
trostatic model in that it assumes the source of the transient electric
field gradients to arise from symmetry distortions in the first solvation
shell. Moreover, the theory is of less general applicability since it
requires a well defined solvation complex hence confining it to strongly
hydrating cations.

One aspect that nobody appears to have taken into consideration is
the effect of hydrolysis. Low-symmetry hydrolysates such as
Al(H,0)sOH** or its dimer (115-117) could in fact substantially
contribute to the relaxation rate unless the various species are in
mutually slow exchange.

C. Solvation and complexation studies

The solvating abilities of the cations Al13*, Ga**, and In* differ
much from their Group I and II analogues. This is primarily due to the
smaller size and greater effective charge of the trivalent cation. The
resulting increased electrostatic attraction leads to very tightly bound
solvates which makes them ideal objects for study by NMR. The
solvation sheath of such species is generally kinetically inert, i.e. the
exchange between bulk and solvate molecules is usually slow on the
NMR time scale.
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A century-old problem which has been investigated by a variety of
techniques concerns the hydrolysis of aluminium salts. 2’Al NMR has
undoubtedly provided a significant contribution to the understanding
of this complicated process. (115-117) Akitt and coworkers (117) have
provided convincing evidence for the presence of the Al,(OH),(H,0)§*
dimer as well as for a species Al;304(OH),,(H,0){7 in aqueous
solutions of aluminium trichloride. The latter contains at its centre a
tetrahedrally coordinated aluminium which resonates at 62-5 ppm to
high frequency of Al(H,0)2*. Owing to the greater field gradients at
the surrounding, less symmetric, aluminium moieties these cannot be
detected. Evidence for the earlier suggested dimeric nature of
Al(OH)(H,0)2* was obtained from 2”Al line intensity measurements.
Ignoring hydrate water and defining an apparent formation constant K
for an equilibrium:

2A1* + 2H,0 = AL(OH)}* + 2H* (22)
or
log[AL(OH)}*] = logK + 2log[AI3* ]+ 2pH (23)

a plot of log[AL(OH)3*] wvs. (pH + log[AI**]) should afford a
straight line of slope m = 2, which is in fact observed. At the pH values
used for these experiments the dimer concentration is calculated from
the difference ([Al, ] — [AI’*]) since the dimer cannot be directly
observed (except at high rf power levels where a broad resonance
slightly to high frequency of 27Al(H,0);* is detected).

Solvation of aluminium salts in a host of pure (118—123) as well as
mixed solvents (124-127) has been reported. Analogous experiments
have been conducted on gallium salts using °*Ga and "*Ga NMR. (128)
The most significant result of these studies is the occurrence and
coexistence of tetra- and hexa-coordinated species. The first report by
Hon, (118) who investigated the solvates of aluminium trichloride in
acetonitrile, points to the formation of AI(CH;CN)2* and AICI; ina
ratio of 1:3 according to the equilibrium:

2A1,Cl, + 6CH;CN — AI(CH,CN)3* + 3AICI; (24)

This explanation has received further support from 'H NMR data. The
solid adduct is known to consist of [AICCH;CN)s]** [AICL, )5~
Under the higher resolution achievable in the absorption mode spectra,
Akitt and Duncan (123) detected a broad resonance in the region of
octahedrally coordinated aluminium, apparently due to the presence of
several species. The changes in the relative intensities observed upon
addition of chloride or perchlorate permitted assignment of the peaks
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to AICH;CN)?* and the halogeno species AICHCH;CN);* and
AICI,(CH,CN); or their bromine counterparts in the case of AlBrj.

Buslaev et al. (128) examined the solution properties of the
corresponding GaX; (X = CLBr,I) compounds in acetonitrile,
benzene, and nitromethane as well as in the corresponding binary
mixtures. Two signals are generally observed and these are assigned to
GaX; and GaS}* (S = solvent) with the following shifts: GaCl,
252ppm, GaBr; 63ppm, Gal, —3505ppm, and Ga(CH;CN)*
— 72 ppm, all relative to external Ga(H,0)2". The shielding sequence
for the tetrahalogenogallates is thus the same as that reported for the
corresponding aluminates *’AlX; (119) with the absolute shieldings of
course being smaller for 27Al1(102, 80, and — 28 ppm respectively). This
shielding sequence seems to be common to all main-group halides or
halide complexes (see above) and has been rationalized in terms of the
nephelauxetic effect of the halide ions. (129)

Instead of the observed 3:1 ratio between anionic and cationic
species of Al,Clg in acetonitrile, the corresponding solutions of GaCl,
furnished a 10:1 population ratio. In the light of the recent re-
interpretation of the data for the aluminium solvates (123) this may be
explained as arising from the formation of the corresponding
asymmetric hexacoordinated mixed solvates which, owing to enhanced
quadrupole relaxation, may be unobservable. For the bromide and
iodide complexes this ratio is even larger and moreover dependent
upon which isotope, ®°Ga or "'Ga, is observed. This observation
further lends support to the previously made interpretation.

Addition of a small amount of water to a solution of GaCl; in
acetonitrile sharpens the resonance assignable to GaCl, (131) probably
as a result of the increased dielectric constant of the medium (the
electronic distortion due to ion pairing is alleviated!). In addition new
resonances appear in the region of the hexacoordinated species. Besides
that at —72 ppm further peaks develop at 40 and 10 ppm, which are
attributed to species of the type [Ga(CH;CN)y_,(H,0),7*". In
aqueous solution the ratios of peak intensities and line-widths are a
function of the solute concentration. At concentrations below -7 M no
GaCly is found, species of the type [GaCl, ., (H,0),1"" ' probably
being unobservable.

Octahedral and tetrahedral solvates (AIS)NClO,); [n=4,6;
S = trimethyl phosphate (TMPA), hexamethylphosphorotriamide
(HMPT), triethyl phosphate (TEPA), dimethyl methylphosphonate
(DMMP), diethyl ethylphosphonate (DEEP), and dimethyl hydrogen
phosphite (DMHP) ] are shown by ?’A1 NMR to have tetrahedral and
octahedral structures which are retained in nitromethane solution.



LESS COMMON QUADRUPOLAR NUCLEI 167

(125) All except AI(HMPT); * can be assigned a hexacoordination on
the basis of the observed multiplicities due to 27 Al-*'P spin coupling.
The spin couplings are markedly different in the two types of
coordination geometry reflecting the different hybridization (d?sp?
versus sp* for n = 6 and 4 respectively).

Mixed solvation was first studied by Canet et al. (124) who observed
separate partly overlapping *’Al resonances from A}(C10,); dissolved
in a TMPA-H,O solvent mixture. The four peaks can be assigned to
Al(H,0)2 ", AI(H,O0)s(TMPA)**, Al(H,0),(TMPA)3*, and probably
Al(H,0);(TMPA)3*. It is noteworthy that proton, !*C, and *'P NMR
have failed to detect the individual species as separate resonances.

More recently the solvation of AI** in binary mixtures of DMF and
DMSO (126) and nitromethane and DMF (127) was investigated. For
the former solvent system all possible mixed solvates
AI(DMF),(DMSO)3*, were found to give rise to separate 27Al
resonances. In the presence of nitromethane as a diluent the
distribution of solvates follows the bulk solvent composition, and the
coordination number is retained at all mixing ratios. In the undiluted
binary system, however, AI** is preferentially solvated by DMSO.

Besides solvation, which presupposes a reaction between an
inorganic salt and the organic (or inorganic) solvent, ?’Al NMR (125,
129-142) as well as ®°Ga and "'Ga NMR (143-147) have rather
extensively been applied to the study of complex formation in solution.
27Al data have provided conclusive evidence for the occurrence of a
sulphato complex (116, 138, 139) in sulphate-containing solutions of
aluminium salts. This was established on the basis of the appearance of
a second peak 3-3ppm to low frequency of AI(H,0)2* with a relative
intensity related to the total sulphate concentration. Upon addition of
sulphuric acid a third peak emerges to even lower frequencies which is
attributed to a sulphuric acid or bisulphato complex. (139) The former
species is also present in aqueous solution of KAKSO,),. (148) *7Al
spin—lattice relaxation measurementsin 0-1 M KAI(SO,), at 28°C yield
44 and 130 ms for the major and minor species respectively, pointing to
a lower-symmetry moiety for the sulphato complex. (148) The two
spectra in light and heavy water exhibit different relative areas for the
two peaks, revealing a remarkable isotope effect on the formation
constant for the sulphato complex. Fora 1:1 complex as assumed in ref.
139,

K = [Al(SO,)" J/[SOi™ J[AP™]

ignoring hydrate water. At 0-1 M concentration of KA(SO,), and 28°C
values of 0-88 and 0-60 were obtained in D,O and H,O, respectively.
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Figure 15 shows the 27Al spectra in the two solvents. (148)

Haraguchi and Fujiwara (119} have studied the complexes formed
upon dissolution of the dimeric halides Al, X, (X = CI, Br,I)in a broad
range of solvents and in the presence of complexing anions. This work
has revealed a notable property of 27Al shieldings which is
diagnostically useful and seems to be of general validity, namely the
considerably lower shielding of tetrahedrally compared with
octahedrally coordinated Al This rule has been found to hold true
for °*Ga and "'Ga shieldings. (128)

27AINMR turned out to be an excellent tool for the characterization
of mixed tetrahalogenoaluminates of the type AIX,Y;_, (n = 0-4)
(129, 130) which coexist in solution and are kinetically inert so as to
furnish separate peaks for the various species. Recently Tarasov et al.
(145) examined the formation of mixed tetrahalogenogallates of the
type [GaBr,Cl,_,]” by combined ®°Ga and "'Ga relaxation and
chemical shift experiments. Separate resonances are observed for all
theoretically possible anions as is seen from the inversion—recovery T
spectra in Fig. 16. The ¢°Ga and "' Ga relaxation times, both obtained

O+l m H2O

D=

ALID,O)  ALD20)sS04"

FIG. 15. 27Al spectra of aqueous KAl(SO,),, 0-1 M in D,0O and H,0, respectively. (148)
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FIG.16. "'Ga inversion—recovery spectra, recorded at 12-3 MHz from a solution of GaBr and
NbCls in acetonitrile. Peak assignments from high to low frequency are as follows: GaCly,
GaCl,Br™. GaCl,Br;, GaClBr;, GaBr;. (145)

at the same frequency but at different field strengths, are summarized in
Table VIII along with the respective chemical shifts.

Three observations can be made from these data: (a) the relative
magnitudes of both 7 and 7, are clearly related to the symmetry of
the complex with the cubically symmetric environments giving the
longest T, in accordance with expectation for quadrupolar relaxation;
(b) T, < Ty;and (c) T;(°°Ga)and T, (7' Ga) do not behave as the squares
of the quadrupole moments (Qz,/Q3, = 2:52) as one would predict for

TABLE VIII
Chemical shifts and relaxation times® of °Ga and 7'Ga in GaCl,Br,_, (n = 0—4) anions (145)
T, (ms) T>(ms})

Anion Symmetry  &(Gaj 6°Ga 1Ga °Ga 1Ga
GaCl; T, 0 9.5 15-0 24 3.5
GaCl;Br~ Ci, —40 3.0 6-6 1-9 29
GaCl,Bry Cs, —84 29 5-5 1-6 2.7
GaCiBry Cs, —133 2-8 6-1 1-6 2-8
GaBr} T, — 184 50 12.0 2.5 32

“All measured at 12:3 MHz by the inversion—recovery technique (7;) or from line-widths (T).
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quadrupolar relaxation. Observation (b) points to a second relaxation
mechanism which affects T, but not (or to a lesser extent) T;. This is
either scalar relaxation or-chemical exchange. Observation (c) finally
allows the conclusion that even T, is not entirely governed by
quadrupolar relaxation. On the assumption that the additional T
mechanism is of the scalar type, an estimate can be made for the
coupling constant between ’'Ga and 33Cl. The four unknowns ®°R¢,
71RQ, %9RSC, and 7' RSC (R, = 1/T;) are calculated from the equations:

69R51C _ (69)’)2{@ (1 — W3s/w, } (25)

71R1C 171

¥ Weo |1 — W35/we0

69R, = 99RQ + 6°RSC (26)

71R, = T1RQ + 7IRSC (27)
“RYTIRY = (*°Q/"'Q)* (28)

Using T, (3°Cl) ~ 107 ¢S, 'J("'Ga-*3Cl) ~ 3000 Hz is obtained from
the equation for scalar spin-lattice relaxation.

More recently Tarasov et al. provided unambiguous evidence for
the superposition of scalar and quadrupolar spin—lattice relaxation
mechanisms in the case of *’Al in the corresponding mixed
tetrahalogenoaluminates AlICI,Br;_,. (244) From the temperature
dependence of T,(*’Al) in 2’AlCl; and Z27AlBr; the scalar
contributions to the 27 Al relaxation rates are determined, providing the
following estimates for the respective scalar coupling constants:
'J(*'AlI-*7Cl)  650Hz and 'J(*’Al-8'Br) = 750 Hz.

The same group of workers have also studied mixed complexation
involving aluminium and gallium halides on the one hand and
isocyanate and isothiocyanate on the other in acetonitrile solution,
resulting in kinetically stable complexes of the types MX, (NCO),_,
and MX,NCS),_, with M =AI**", Ga*", and X=CI", Br~, I".
(245, 246) In this case unambiguous identification of the mixed species
was accomplished on the basis of the observed spin—spin coupling
constants between the metal nucleus and nitrogen-14. The observa-
bility of this coupling constant stipulates a sufficiently long lifetime of
the nitrogen spin states. This is only possible owing to a redistribution
of electronic charge leading to species with high positive charge density
at the nitrogen atom. The relative magnitudes are found to be 40 Hz
(*’AlICI3NCO ) and 95 Hz (7'GaCl;NCO ~) suggesting dominance of
the Fermi contact term and nitrogen coordination. A typical spectrum
exhibiting separate signals for 27AlCl;, 27AlCI3NCS~, and
27AIC1,(NCS), is shown in Fig. 17.
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FIG. 17. 52.2MHz 2’Al NMR spectrum of AICl; in CH,CN in the presence of KNCS

([AI** ]/[NCS~ ] = 1-4) showing from high to low frequency the signals due to *’AICI;,
2TAICI;NCS ™, and 27AIC1(NCS); .

Mixed complexes are also obtained upon substitution of hydride by
“OR or "SR (R = alkyl) in LiAlH,, resulting in species that are
identified as LIAIH(YR); with Y = O or S. (142) In this study *’Al
NMR data are reported for LiAlH, and what is believed to be “AlH;™.
The chemical shift and line-width of the latter depend on the sample
preparation made. The spectrum obtained upon treatment of LiAlH,
with sulphuric acid affords an exceedingly broad line (Av; x 3G) at
65ppm to high frequency of Al(H,0)2". If, on the other hand, the
hydride is prepared by interaction of LiAlH4 with AlICl; a much
narrower line at 115 ppm is observed. It has been suggested that in the
former case the species in solution is the true aluminium hydride
whereas the latter reaction leads to a quasi-tetrahedral ion AIH,Cl™ . It
is reported that [AIH(SR);]™ is less shielded (131-146ppm) than
[AIH(OR); ] (51-98 ppm).

The aluminium ion is well known to form chelates with bidentate
ligands such as dicarboxylic acids or hydroxy-carboxylic acids.
However, a single resonance line is observed in the presence of chelating
agents such as tartaric acid, mandelic acid, etc. with a pH-dependence
typical of tetra- and hexa-coordination. (140) At low pH the signal
gradually diminishes and eventually disappears probably owing to the
formation of polynuclear chelates. In a spectroscopic study of the
aluminium complexes with oxalate as a ligand, 2’Al NMR has
confirmed the successive formation of the complexes AKC,0,)",
Al(C,0,);, and Al(C,0,)3~. (141) Analogous experiments have
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recently been reported for Ga**. (147) In an attempt to determine the
stoichiometry of a family of gallium complexes with ligands such as
morpholinopropanesulphonic acid (MOPS), tristhydroxymethyl)-
aminomethane (TRIS), ethylenediaminetetraacetic acid (EDTA),
nitrilotriacetic acid (NTA), and lactate, the "'Ga resonance was
measured in acidic and alkaline media. The complex stoichiometry can
be derived from plots of the line intensity of the signal due to
"'Ga(H,0)2 ", which gradually disappears upon addition of the ligand.
The disappearance of the signal is attributed to a large quadrupole
coupling constant in the chelated gallium preventing its observation.
Whilefor EDTA and NTA 1: 1 complexesareformed, the plotsindicate a
1:3 complex with lactate and no complexation with other ligands. At
high pH there appears to be competition between the formation of the
complex and the gallate ion Ga(OH); . In the presence of equimolar
amounts of EDTA and Ga** 379 of gallium occurs as Ga(OH); whose
gallium resonance is shifted to high frequency by ca. 220 ppm.

In analogy to Be(11) and Al(u1), also gallium(it1) and indium(ur) form
stablecomplexes with organophosphorus ligands. Illustrative examples
are the hexakis(trimethyl phosphate)-gallium(iir) and -indium(ur)
complexes which have been recently examined. (146)

In contrast to the 2?Al NMR spectra in the analogous AITMPA)2*
(125) neither the "' Ga nor the **P spectrum exhibits fully resolved
P-Ga spin—spin couplings, which mirrors the faster relaxation of the
gallium and indium isotopes. Nevertheless total line-shape analysis of
the quadrupole relaxation-broaded 3! P signals permits the determina-
tionofthe "!Gaand ! *In quadrupole coupling constants, one of which
has subsequently been used for fitting the 7! Ga line as a superposition
of Lorentzians. Whereas on the basis of spin quantum numbers and
quadrupole moments the ratio of the relaxation rates in the three
complexes should be 1:2-4:14 (3’Al, 7*Ga, !!°In), a ratio of 1:28:85 is
observed. Differences in the reorientational correlation times cannot
account for the discrepancies. The authors suggest that for the
aluminium complex the small AI* * cation forces the P-O-Al bond angle
to assume a value of nearly 180° in order to allow for sufficient space for
the six substituents. This lowers the electric field gradient at the Al
nucleus. On the other hand the space requirements for coordination of
the bigger Ga** and In®* ions are less stringent, thus allowing a
deviation of the P-O-Me bond angle from 180°.

Almost nothing is known about the NMR properties of the fourth
element in Group I1I which has two magnetic isotopes, ' '*In and ' **In,
both having spin I = $. The adverse effect of the very large quadrupole
moments of 1-144 and 1-161 barns respectively is somewhat
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compensated for by the large spin number. A peculiarity of the two nuclei
is the closeness of their magnetogyric ratios which allows simultaneous
observation (Av = 45kHz at 2-3T). The line-widths observed by
Buslaevand coworkers (150) are large for both In(NO3); and In(CIO,),
in aqueous solution. This is explained in terms of the formation of the
species [In(NO3),(H,0),,]* " and [In(OH),(H,0),,1* " respectively.
In perchlorate solution a line-width of 2000 Hz is observed even at low
pH where hydrolysis is minimal. Extremely large concentration shifts
are observed for both solutions. In the concentration interval between
1-2 and 3-5m the ''’In shielding in aqueous perchlorate solution
increases by more than 900 ppm. (150)

TABLE IX
27 Al chemical shifts in selected aluminium complexes®

Species Solvent S(PTAlY Ref.
ACH;CNR ™ C.H;CN —46 119
Al(CH,CNR2* CH,CN -34 119
Ally CH;CN -28 119
AOPCILy3" POCl, —224 122
A(TMPA);H,0** H,0O —175 125
AlTMPA),(H,0)3* H,O —14 125
AlTMPA)y(H,0)3* H,O —10 125
ATMPA)(H,013" H,0 —-67 125
AlTMPA)(H,0)3* H,O -3.7 125
Al(H,0);S0; H,O -33 139
Al(H,0R* H,O 0 —
Al(acac), CeHe 0 119
AlC,04)3~ H,O 0 119
Al(C;H,OH)2* C;H,OH 0 119
AllLCIT CH,Cl, +21-7 129
AHMPT); HMPT +34:1 125
AllLCly CH,Cl, +59-4 129
Al(OH); H,0-alk. +80 119
AlBry CH;CN +80 119
AlICIy CH,Cl, +86-2 129
LiAIH, Et,O + 100 119
AlCIy CH,CN +102 119
AICH;NCO - CH;CN +88-7 246
AICI;NCS - CH,CN +89:8 246
LiAlH, Et,O + 100 246
AICIy CH,;CN +102-8 246

“Abbreviations: TMPA = trimethyl phosphate: acac = acetylacetonate: HMPT = hexa-
methylphosphorotriamide.
® A positive sign indicates relative deshielding
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TABLE X

Ga chemical shifts in simple complexes

Compound Solvent dGa* Ref.
GaCl, CH,;CN +251 146
GaCl;NCS™ CH,;CN +225 146
Ga(OD), D,0O +220 152
GaCl,Br~ CH,CN +212 148
GaCl,(NCS); CH,CN +194 146
GaCl,Bry CH,CN +168 148
GaCl(NCS)3 CH,CN +157 146
GaClBry CH,CN +119 148
Gal(NCS); CH,CN +72 146
GaBr} CH,CN +68 148
Ga(H,0)3" H,O 0 —
Ga(DMF 2+ DMF -25 152
Gal,(NCS); CH,CN —50 146
Ga(CH,CN)}* CH,CN -72 128
Gal;(NCS)3 CH,CN —234 146
Gal; CH,CN —500 146

* A positive sign indicates relative deshielding.

Rather little is known about the chemical nature of fused salts.
Because of the high temperatures required, such studies are usually
inaccessible to NMR. The exceptionally low-melting ternary system
AlICl;—NaCl-KCl has recently been investigated by combined
'H,23Na, 2”Al, and 3**CI NMR. (151) Whereas the proton and sodium
line-widths show no composition dependence, both the 2’Al and *°Cl
line-widths depend sensitively on the relative populations. The data
permit the conclusion that the Al,Cl5 ion exists in rapid equilibrium
with AICI; .

From the discussion in this section it is obvious that 27Al, ®°Ga, and
7Ga NMR can be used to investigate the solution chemistry of the two
elements;h wever,theexact nature of many of the complexes remainsto
be clarified. The chemical shift data in Tables IX and X for ?’Al, ¢°Ga,
and "*Ga in some selected solution comp]exes should therefore be used
withtheutmostcare. Itisinteresting that thereis only oneexception each
to the rule that the nucleus is less shielded in tetra- than in hexa-
coordinated compounds. The exceptions are 2’All;, and *°Ga and
"1Ga in Galj.

D. Covalent compounds

Trialkylaluminium compounds are Lewis acids and as such have a

strong tendency to form adducts with donor molecules. The oligomeric

nature of the parent compounds is well known. They usually occur as
dimers but trimers and tetramers have also been reported. (152) Because



LESS COMMON QUADRUPOLAR NUCLEI 175

of the valence orbital asymmetry 2’ Al relaxation is usually enhanced to
the point that line-widths of several hundred Hz result. Quadrupole
coupling constants determined on the basis of line-width measurements
and either the Debye equation or a microviscosity model give values of
13 and 27 MHz respectively in triethylaluminium. (153,154) The 27Al
resonance typically occurs at around 150 ppm to high frequency of
27AI(H,0)3 .

Upon addition of a base three effects can generally be observed: (155)
(a) the resonance moves to high frequency with the relative shielding
following the sequence N > O > S; (b) disruption of the dimeric
structure introduces an additional field gradient which invokes line-
broadening, increasing with increasing size of the donor molecule; and
(c)the adduct rapidly exchanges with the substrate giving rise to a single
*7Al line also in the case of non-stoichiometric ratios of substrate and
base. Vinogradova et al. (156) deduced the relative stability of various
adducts of triisobutylaluminium with esters and nitriles from
competition experiments using the 27Al line-width as a parameter.
Aluminium triisopropoxide, which is a tetramer, reacts with
trimethylaluminium to yield mixed polynuclear compounds. (157)
However,nosignalsother than those assignable tothe centre aluminium
of AI[OCH(CHs3;), ]; and AI(CH,); are observed at various molarratios
of the two constituents. Earlier, Akitt and Duncan (123) observed both
types of aluminium in the former parent compound, a narrow line near
the resonance of 2’Al(H,0)2* which is assigned to the central
hexacoordinated Al and a broad line which could only be determined at
elevated temperature at around 100 ppm, ie. at the position of
27Al(OH); . This line is assigned to the peripheral tetracoordinated
aluminium atoms.

Aluminium halides which, like the alkides, are strong Lewis acids are
also well known to form stable adducts with nitrogen, oxygen, and
phosphorus bases. 2’Al titration shifts lead to the remarkable
conclusion that in some instances two base molecules are added,
resulting in pentacoordination. (160) Stepwise formation of R;PAIX;
and (R;P),AlX; (X = Cl,Br) occurs with small alkyl substituents
(R = CH;, C,H;)but not with R = CgHs. Titration of AICI; with PEt,
for example displaces the 27Al resonance, reaching a maximum of
1099 ppm at [PEt;]/[AICI;] = 1, subsequently sharply falling off
towards [PEt;]/[AIC]l;] =2, and attaining a limiting value of
55-9 ppm, all to high frequency of 2’Al(H,0)2 " . The shielding difference
of over 50 ppm clearly points to a change in hybridization. From the
titration curves the equilibrium constants for the process:

PEt, + Et;PAIX; = (Et,P),AlX, (29)
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can be derived: 14-5and 41-5in benzene, for X = Cland Br respectively.
The coupling constants 'J(*’Al-2'P) which are 260 and 240 Hz in the
respective mono-adducts reduce to zero upon formation of the di-
adduct.

A further interesting category of aluminium compounds are the
aluminium tetrahydroborates for which mixed species of the type
ABH,),R5_, (n = 1,2; R = alkyl) have been reported. (161) While in
the parent compound Al(BH,); the 2’Al resonance is found at 97 ppm
(162) the mixed forms lead to resonances between this and those of the
alanes. Like the parent compound the mixed species show a tendency
towards adduct formation. The ether and amine adduct exhibits 27Al
resonances in the region 100-150 ppm with excessively broad lines
(~2kHz). (161)

E. Germanium-73

The only magnetic isotope of germanium is 7>*Ge which has I = §and
a magnetic moment of —0-877 uy. The small magnetic moment along
with the low abundance of 7-6% is probably the main reason for the
scarcity of high-resolution NMR data on this technologically important
element. High-resolution measurements are further hampered by the
sizeable quadrupole moment of —0-18 barn. Kaufmann et al. (163)
utilizing a home-built pulsed spectrometer were the first to obtain high-
resolution >Ge data. Table XI contains chemical shifts and spin-spin

TABLE X1

"*Ge chemical shifts and spin-spin relaxation times in
compounds GeR4 (163)

R Solvent J(Ge)* 75 (ms)?
Cl neat 0 163 + 20
Br neat —343 196 + 30
1 C.H, —1139

—852¢
I S, —1112

—831°
OMe neat -67 3043
Me neat -31 740 + 80
Et neat —13 140 + 20
“pPr neat —29 100 + 12
"Bu neat —25 65+ 7

“The negative sign indicates relative shielding.
» Obtained from spin-echo measurements.
“ Two resonances are observed.
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relaxation times obtained from a variety of symmeteric GeR,
compounds. Surprisingly, Gel, affords two separate resonances. The
second peak is tentatively ascribed to a species containing less iodine.
This is concluded from the fact that iodine is evolved from the solution.

Kidd and Spinney (164) obtained all twelve theoretically possible
mixed halides upon mixing the neat halogenogermanes GeXj,
(X = CI,Br,I). >Ge NMR in this case turned out to be a unique method
foridentifying and characterizing these compounds. The chemicalshifts,
which follow the pattern already established for 2’Al, ®°Ga, and "*Gain
the tetrahalogeno complexes, i.e. I > Br > Cl, can be rationalized in
terms of a pairwise additivity model by fitting the shifts to the following
empirical equation:

8("°Ge) =a + Y b, + Y €05 (30)
i ij

In equation (30) é; represents the direct shielding effect of halogen 1
(i = Cl, Br, 1), d;; accounts for a pair interaction between halogeniand j,
and b; and ¢;; denote the number of halogens i and the number of pair
Interactions 1j.

Recently some Belgian workers (165) have calculated the germanium
atomic charges in the pure halides using a modified CNDO/2 model and
established linearity with the experimentally observed chemical shifts.

VI. THE MAIN GROUPS V AND VI
A. Arsenic-75, antimony-121,123, and bismuth-209

All the Group V quadrupolar nuclei (**N isnot considered here) have
so far received only little attention. The first systematic study of ">As
chemical shifts was reported in 1977. (166,167) 7>As has spin I = 3, a
magnetic moment of 1-435 uy, and anatural abundance of 100%{. It can
thus be considered an “easy” nucleus except for the fact that the
quadrupole moment of 0-29 barn prevents non-symmetric species from
being observed, notably compounds in the trivalent state. All the
compounds studied (166, 167) are thus of the tetra- or hexa-coordinated
pentavalent type. The total established shift range in this category of
compoundsis ca. 700 ppm, with > AsH the most shieldedand "> AsO} ~
the least shielded species. A chemical shift stick diagram for a number of
arsonium compounds is provided in Fig. 18. From the shieldings
observed in the tetraalkylarsonium salts the «, #, and y substituent effects
can be determined:

Ad, = 124 ppm; Adgy = 1011 ppm; Ad, = —~4 to —Sppm
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FIG. 18. "*As chemical shift chart; the left-hand section shows the region of alkyl and aryl
arsonium salts. (166) A positive sign indicates relative deshietding.

Compared with phosphorus 7*As substituent effects are approximately
2-5 times larger.

The only systems in which spin—spin couplings can be detected are
(AsH,)(Ta,F, ) ['J(As-H) = 555 HZ] and K AsF, [ 'J(As—F) = 930 Hz].
The latter value is in agreement with earlier data determined from !°F
spectra.
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Quadrupole coupling constants were derived from the temperature
dependence of the line-widths. With the aid of the Debye relationship,
which should be a reasonable model for these symmetric compounds,
the quadrupole coupling constant was derived from plots of the line-
widthagainst theration/Twhere n and Trepresent bulk solvent viscosity
and absolute temperature. Some representative values of e*qQ/h
obtained in this manner are in Table XII. The considerably larger value
found for AsPh, appears to reflect the increased steric strain exerted by
the bulkier phenyl substituents causing more severe angular distortions
from tetrahedral symmetry.

Reinarsson et al. (168) have investigated the feasibility of using the
AsF¢ ion for probing anion sites in proteins. Similarly to the approach
chosen by Rodehiiser et al. (146) they analysed the band shape of the ! °F
multiplet in terms of the transition probabilities for 7>As relaxation.
Outside the motional narrowing limit the transition probabilities
Ppm+1 and P, .., for 7°As relaxation become unequal. The actual
transition probabilities, however, dominating the line-shape, are
weighted averages of those in the free and bound states, since binding
usually occurs under fast exchange limit conditions. The authors have
faithfully reproduced the experimental *°F line-shape for the binding of
AsF¢ to human serum albumin, and a mean correlation time derived in
this way equals that found for chloride binding.

Bothnaturally occurring isotopes of antimony possess a spin angular
momentum: !2!Sb (I =3,57-2%) and '23Sb (I = 1, 43-8%,). With
magnetic moments of 3-:342 and 2-533 uy sensitivity poses no problem.
However, the magnitudes of their quadrupole moments (—0-53 and
—0-68 barn)impair the observation of species in which the coordination
symmetry around the metal atom is lower than cubic.

TABLE XII

Quadrupole coupling constants for some simple
arsenic salts (167)

Compound* ¢2qQ/h (MHz)
KAsF, -
AsMe, Br 1-1
AsEtBr

AsPh,Cl 19

“All 01 M in H,O.



180 FELIX W. WEHRLI

Kidd and Matthews (169) were the first to provide chemical shift data
for a series of simple antimony compounds. The narrowest line was
observed for the SbClg ion (300 Hz) and the total span of established
shieldings is ca. 3500 ppm. Some representative chemical shifts and line-
widths are in Table XIII.

Antimony pentachloride is well known to be a strong Lewis acid,
therefore forming adducts with bases B which leads to species BSbCls.
Auto-ionization may produce ion-pairs of the type B,SbCl; SbClg in
solvents of high dielectricconstant. !2!Sb NMR lendsitselfas a probe for
distinguishing the two types of adduct. (170) While the reaction:

B + SbCls = BSbC(l; (31
is usually quantitative, auto-ionization expressed by:
Koy
2BSbCls = B,SbCl; + SbClg (32)

usually is not. The measurement of the degree of auto-ionization from
monitoring the narrow resonance of the octahedral !2!SbCl; is thus
straightforward. In this manner K,, = 0023 can be derived for the
tetramethylurea—SbCls system in methylene chloride. (170)

The last member of the quadrupolar Group V nuclei, 2°°Bi, represents
another potentially useful nucleus although, surprisingly, the literature
seems to bedevoid of any chemical applications of its resonance. *°°Bi is
the only stable bismuth isotope. It has a spin of 4, a magnetic moment of
4-039 uy, and is only six times less sensitive than the proton. Its
quadrupolar moment of —0-38 barn definitely confines applications to
symmetric moieties.

Although solid-state work is generally omitted from this review a
report by Fukushima and Mastin (171) who measured the !°F
spectrum in polycrystalline KBiF is also relevant to the potential use

TABLE XI1II
12184 chemical shifts* and line-widths (169)
Compound Solvent d(Sb) Avy(Hz)

Na,SbS,9H,0 H,0 +1032 + 10 550
(CHy),Sbl H,O +780

KSh(OH), H,0 +296 4 15 1800
SbCl; neat +509 + 20 8000
AgSbF, CH,CN +88 300
(C,Hs),NSbCl, CH,CN 0 300
(C,H;)sNSbBr, CH,CN ~2436 + 10 300

“A positive sign indicates relative deshielding.
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of 2°9Bi in liquid-phase NMR. The spectrum affords a well separated
doublet corresponding to !'J(?°°Bi-!°F) = 2-7 + 0-3kHz which
implies a rather small quadrupole coupling constant and probably a
fairly narrow line in the 2°?Bi spectrum of dissolved KBiF.

B. Sulphur-33

Apart from 7O which is not reviewed here, *3S is the only
quadrupole nucleus in Group VI. ?3S has spin I = 3, a magnetic
moment of only 0-643, and a natural abundance of 0-74 9. These
properties render *3S a low-sensitivity nucleus. In spite of the small
quadrupole moment of —5:5 x 1072 barn, the lines are typically
several hundred Hz wide in all but the most symmetric compounds
with tetracoordinated hexavalent sulphur. Earlier >*S NMR data were
obtained in the dispersion model. (171-174) A few years ago Lutz et al.
(175) reported the first natural-abundance *3*S FT NMR spectra along
with an accurate determination of the magnetic moment relative to that
of 8°Rb. Instead of CS,, used earlier as a chemical shift reference, (174)
the sulphate ion is suggested by Lutz et al. (175) since it affords a
particularly narrow resonance which is nearly concentration-invariant.
In a more recent report some additional 3S data became available (176)
including those for thiosulphate which provides only a single resonance
34-5 ppm to high frequency of **SO; ~ with a narrow line (Av, = 36 Hz)
attributed to the coordinating rather than to the central sulphur(VI)
Lutz et al. found support for this assignment by comparing the chemical
shift measured in S,0%~ with that in the tetrathiomolybdate ion for
which 833S = 33-4 ppm is determined. (176) More recent experiments,
however, afforded for the latter a shift of 344 ppm to high frequency [rom
4-molar aqueous Cs,SO,. (251) The similarity of both line width and
shielding in S,03%~ with that in the sulphate ion, in the reporter’s view,
strongly favour assignment to the central sulphur atom.

While pulsed experiments have failed to detect any 33S signals in
other systems, dispersion-mode spectra have been obtained on a
number of simple organic compounds. (174) *2S chemical shifts
referenced to CS, along with line-widths are in Table XIV. (174-176)
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TABLE XIV

338 chemical shifts and line-widths in simple compounds

Comipound Sample state o338y Av,” Rel.
Na,S H,O —592 0-5 174
S,(C,Hy), neat —499 1-6 174
Tetrahydrothiophen neat —420 0-8 174
Cs, neat -331 0-05 174
3-Bromothiophen neat - 197 0-5 174
2-Methylthiophen neat —153 04 174
3-Methylthiophen neat —134 0-5 174
Thiophen neat —111 0-19 174
H,S0, (conc.) -- —106 0-7 174
Dimethyl sulphoxide neat —98 0-8 174
H,S0, 10M/H,0 -17 500 176
H,S0, 4M/H,0 -8 340 176
Rb,80, 05, 1-:5M/D,0 0 70 176
Cs,80, 0-5, 1:5m/D,0 0 70 176
CdSO, 2:22m/D,0 0 130 176
(NH,),S,05° 4M/H,0 +34-5 36 176

“A positive sign indicates relative deshielding.
bIn mT from ref. 174; in Hz from ref. 176.
“Only one resonance observed.

VII. THE TRANSITION METALS

Transition elements are strictly defined as those having partly filled d
or fshells. For practical purposes the range is widened in this review to
include the Group IIB elements (zinc, cadmium, mercury) in spite of
their possessing a d' shell in all their oxidation states.

The often paramagnetic nature of many transition metal compounds
imposes a severe limitation on the applicability of NMR. Typical
representatives of paramagnetic oxidation states are V(i tv), Cr(1),
Mn(u), Cr(mn), and Co(i1). By contrast d°, 9, d'°, and f'* states of
course give rise to diamagnetism, but also many other oxidation states
with even numbers of d or f electrons may, but need not, result in
diamagnetic compounds. By contrast the lanthanides generally afford
paramagnetic compounds, notable exceptions being La(m) and
Lu(ur). NMR is thus practically confined to elements 21 (Sc) to 30 (Zn),
39(Y) to 48(Cd), 72(Hf) to 80(Hg), and 57(La).

It is interesting that among the 29 naturally occurring elements
belonging to this category 20 have only isotopes with I > 1 (besides of
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TABLE XV

Physical properties of some transition element nuclei

Nucleus Spin Abund. (V,) Mag moment(uy) Q (barns)
*3Sc 3 100 4.7492 -0-22
3%La 5 0-089 3-684 0-51
39La 3 999 2.7614 0.22
7T 3 7-3 —0-78710 +0.02
49T 7 5-5 —1-1022 0.29
sty 3 99-8 51392 —0.05
?3Nb 3 100 6-144 —-0:22
3Cr 3 9-6 —0-47354 0.03
Mo 3 15.7 —0-9099 —0.015
°"Mo 3 9-5 —0-9289 0.17
*SMn 3 100 3-4610 0.4
'85Re 3 371 3-1437 2.3
187Re 3 629 3.1760 22
%°Co ] 100 46163 0.38
®3Cu 3 69-1 2.2206 —0.211
83Cu 3 309 2.3789 —0.195
$7Zn 3 4.1 0-8733 0.16

course those that are magnetically inactive) whereas only 6 possess
I = . Two of the transition elements have one representative of either
type (Os and Hg).

Table XV lists the physical properties of those nuclei that have been
studied in the liquid phase beyond simply a report of their magnetic
moments.

A. Group IlIB

Scandium is a congener of aluminium and is trivalent in all its
chemistry. The only stable isotope, **Sc, has a sizeable magnetic
moment and is therefore a very sensitive NMR nucleus. Lutz (178)
determined the magnetic moment with high accuracy and referred it to
that of the deuteron. In the same paper an isotope shift of —6-2 ppm is
reported for the *Sc resonance of aqueous ScCl; in light and heavy
water.

Pfadenhauer and McCain (179) and Tarasov and Buslaev (180)
studied the hexafluoroscandate ion in terms of two dynamic processes
affecting the line-shape of the '°F resonance, namely chemical
exchange involving fluoride ions on the one hand and *°Sc relaxation
on the other hand. The latter two authors tackled the problem by
solving the Kubo—Sack master equation for chemical exchange using
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the known scalar coupling constant 'J(*Sc—'°F) = 180 Hz. This
yields, in terms of Aksnes formalism [ref. 6 of (180)], the a parameter
which is defined as:

a =1,QCC/27nJ (33)

in which 7, represents the reorientational correlation time, and QCC
and J are the averaged quadrupole coupling constant and scalar
coupling constant. Combined with viscosity data this affords an
estimate for the quadrupole coupling constant of 9-5 MHz in **ScF3 .

Buslaev et al. (181) have studied the *’Sc resonance of a variety of
salts in aqueous and non-aqueous media. The range of chemical shifts
established by these experiments is 126 ppm. Since the experimental
conditions in ref. 181 are not well defined no shielding data are
reproduced here as these turn out to be sensitive to concentration.
(182) Nelson et al. (182) showed that *3Sc shieldings and line-widths are
suited for monitoring the complex formation of cationic scandium, and
have reported the concentration dependence of both the chemical shift
and the line-width of the *Sc resonance for ScCls, ScBrs, S(CIO,);,
Sc(NO3)s, Sc,(SOy);, and Scl; in agueous solution and partly also in
tetrahydrofuran. Although the observed effects cannot be quantified,
they provide qualitative evidence for complexation confirming some
earlier results. The *3Sc data are consistent with the formation of
species of the type ScX?* and ScX3 (X = Cl, Br). Quantification of the
effects is complicated by the scandium ion’s extreme tendency towards
hydrolysis. It can be assumed that the unhydrolysed ion Sc(H,O)g*
exists only at very low pH. It was earlier suggested [ref. 31 of (182) ] that
upon addition of hydrochloric acid to an aqueous solution of ScCl;
stepwise chloride complexation takes place, leading ultimately to
ScCl; . The plot of 6(*°Sc) and *°Sc line-width as a function of added
HClfurnishes corroborative evidence for such a process (Fig. 19). From
this it is seen that both chemical shift and line-width essentially follow
the same general trend except at low HCl concentration. The transition
to the symmetric ScCly complex between [HCI]/[ScCl;] = 8 and 12
should actually result in a decrease in line-width. That this does not
occur could be due to rapid exchange involving a less symmetric
species. Moreover it should be noted that no viscosity corrections are
made. The shift to high frequency (144 ppm at [HCI]/[Sc** ] = 12)isa
further indication that tetracoordination is taking place.

Large high frequency shifts are observed for ScCly and ScBr; in
tetrahydrofuran (202 and 273 ppm at 0:02 and 0-007M scandium
concentration) whereas for S(NO3); and Sc¢(ClO,); the observed shifts
are an order of magnitude smaller. This behaviour is interpreted in
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FIG. 19. *Sc chemical shifts and line-widths measured at 55-1 MHz in an aqueous solution of
ScCl; as a function of added hydrochloric acid. (182)

terms of the formation of contact ion-pairs for the former two
compounds.

The NMR of '3°La has recently aroused the interest of biophysicists
in view of the specific binding abilities of La** to certain proteins and
nucleic acids. '*?La is in fact a rather favourable magnetic resonance
nucleus, comparable in receptivity to 3'P.

An accurate determination of the magnetic moment of !3°La and
also of the minor isotope '*8La has only very recently (100) been
reported, along with the ratio of the quadrupole moments for which
Q('*8La)/Q('3°La) = 2-15is calculated from the respective line-widths,
assuming quadrupolar relaxation for either isotope. The latter is
confirmed on the basis of the relative line-widths in H,O and D,O.Ina
0-6 M solution of LaCls in H,0, Av,(**°La) = 157 Hz orT, = 2 03 ms,
somewhat less than what Reuben (183) reported from pulsed studies
(2:73ms for LaCl,, 0-18 M in H,0, 23°C).
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The potential of field-dependent '*°La** relaxation experiments for
probing binding to macromolecules has recently been outlined
(183,184) and the theory developed for quadrupole relaxation of an
I = 7 spin outside the white spectrum limit. Under slow motion
conditions relaxation of a quadrupolar nucleus is well known to be
field-dependent with non-exponential magnetization recovery (cf. Ch. 7
of ref. 1). An interesting result of the Reuben and Luz calculations is the
near-exponentiality of signal recovery, which makes it appear
appropriate to treat relaxation by an averaged relaxation rate {1/7;)
for which the following explicit expression can be derived: (184)

Cr,
WD = B (34
with B = 2-67, valid over the region 0-1 < wot, < 2, and C containing
the quadrupole coupling constant and asymmetry parameters, 1.€.

e*qQ
98 h

It is readily seen that in the motional narrowing limit equation (34)
assumes the familiar form for quadrupole relaxation in that the
frequency-dependent term vanishes.

Addition of bovine serum albumin (BSA) to a solution of LaCl,
results in a linear increase of the relaxation rate, the slope of the thus
obtained straight lines being frequency-dependent. This is illustrated in
Fig. 20 where the excess relaxation rate, 1/Ty, = 1/Ty — /T?.is plotted
against BSA concentration. For the former quantity

I/Tlp = po/Tiv (36)

holds, with p, and T, representing the population of bound lanthanum
and the relaxation time in the bound state. Combining equations (34)
and (36) yields:

C=

2
1) a5

26705t py | Py
e C Cr,
ie. a plot of T;, vs. wg should be linear and should afford 1, from its
slope and intercept. In this way 7. = 3-7 x 107 ®s can be calculated in
good agreement with values obtained from other sources.

The quadrupole coupling constant for '*°La** bound to a single
acetate moiety as well as the dissociation constant K, can be derived
from the concentration dependence of the excess relaxation rate, 1/T;,,,
when plotted against [La®** J/[CH;CO5 ]. The values obtained are
Kp = 14mm and e?gQ/h = 7-5MHz. (184)

T, (37)
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FIG. 20. Excess longitudinal relaxation rate, 1,7, for '**La in 0-4M aqueous solutions of
LaCl; as a function of added bovine serum albumin (BSA) at three different field strengths. (184)

The Reuben and Luz treatment was recently applied to the study of
cation binding to prothrombin. (185) Instead of T, experiments the
'*%La’* line-width is monitored as a function of added prothrombin or
of fragment — 1. In either case Av, increases linearly with increasing
protein concentration. From plots of the !'*°La®' line-width vs.
[Lal’ ] at fixed protein concentration, the apparent dissociation
constant is evaluated as K, = 89 mMm. This again permits calculation of
the line-width in the bound state using the earlier determined
quadrupole coupling constant of 7-5 MHz by inserting this value into
the simple equation for quadrupole relaxation in the motional
narrowing limit. For fragment — 1 this gives 1-3 x 1072

B. Group IVB
Titanium has two magnetic isotopes, *’Ti (I =3,7-3%) and *°Ti
(I =3.5-5%). Their weak magnetic moments of —0-787 and
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—1-103 uy severely hamper observation of these nuclei. A peculiar
feature of the two nuclei is the similarity of their resonance frequencies
which differ by only 271 ppm. (186) The only chemically significant Ti
NMR data are those by Kidd et al. (186) in which the tetrahalides were
studied. While the analogous compounds for aluminium, gallium, and
germanium all exhibit the same trends in their chemical shifts (shielding
sequence:I > Br > Cl),thetitanium shieldingsin the tetrahalides reveal
contrasting behaviour. A further distinguishing feature concerns the
kineticlability of the mixed species. In mixtures of TiCl, and TiBr, only a
single line is found with its frequency varying linearly with mole fraction.
Most surprisingly the titanium resonances in TiBr, are located at
498 ppm to high frequency of TiCl, whereas nosignal atallis detected for
Til,. Although TiCl, and Til, are only partly miscible, a displacement of
the line towards higher frequencies is found in a TiCl,—Til, mixture,
which permits the conclusion that the shielding sequence is in fact Br,
I < Cl (Til, is insoluble in TiBr, so the relative shieldings in these
compound mixtures cannot be verified). This anomalous behaviour can
beexplained with the aid of the longest wavelength electronic transitions
which are 34840 cm ™! (TiCl,), 28 680 cm ™! (TiBr,), and 19400 cm ™!
(Til,). Although this sequence is the same for the main-group metal
halides the transition energies are at least 10000 cm ~ ! higher and the
dominating effect in the paramagnetic shielding term of the main-group
metal halides is {r ~ 3. The latter decreases in the order Cl > Br > I. (It
is to be noted that the sign of the paramagnetic shielding term, o ,, is
negative.)

From the fact that the chemical shift in TiCl, and TiBr, is
concentration-invariant it is inferred that the two halides exist as
monomers in the neat liquid. This is also confirmed by the line-widths
which vary only insignificantly.

C. Group VB

NMR studies of the Group VB nuclei are particularly plentiful. Both
31y and ?3Nb are sensitive nuclei exhibiting large chemical shift ranges.

Vanadium has two magnetic isotopes, *!'V (99-75%, I = 37) and
%0V(0-25%, I = 6). Because of its much larger abundance all liquid-
phase NMR studies have been devoted to >'V. With its strong magnetic
moment and almost 1009 natural abundance, *!V is only a factor of
2-5less sensitive than the proton. The experiment is further favoured by
the very weak quadrupole moment of 7-3 x 1072 barn which, together
with a large shielding range, makes 'V a unique metal NMR nucleus
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in that it allows the experimentalist to study virtually any compound
irrespective of the electronic symmetry around the nucleus, still giving
rise to reasonably narrow lines. These favourable properties probably
explain why 'V NMR has been in use for almost 15 years. Howarth
and Richards (187) proved 'V NMR to be an excellent tool for the
characterization of the pH-dependent species that occur in aqueous
solutions of vanadate ions. More recently *'V chemical shifts have been
systematically studied in a host of derivatives of VO?*, (188, 189) iso-
and hetero-polyanions of V(v), (190, 191) and for a family of vanadium-
(+1) and -(—1) carbonyl complexes. (192—-194) The established range
of >V shieldings is ca. 2500 ppm with external VOCI; appearing to be
the generally accepted reference compound. A chemical shift
correlation chart for some representative compounds is provided in
Fig. 21.

The relative shieldings in the simple oxohalides VOX, (X = F, CI, Br)
reflect variations of the paramagnetic shielding constant. As for the
titanium halides, shielding increases with increasing electronegativity
of the halogen substituent. This is rationalized on the basis of the
energy separation between the highest occupied and lowest unoccupied
molecular orbitals relevant for electronic transitions. The shifts of the
simple halides turn out to be solvent-dependent. This effect is
particularly striking for VOBr; where a low frequency displacement of
680 ppm occurs upon dissolution in THF! The suggestion was made
(189) that the weak V—Br bond is disrupted and species that are
coordinated directly to the solvent molecules are formed. In the case of
VOCI, the spectrum in THF affords a second resonance which, it is
suggested, arises from a moiety of the type VOCI,(THF),,Cl; _, beingin
equilibrium with a solvated species VOCl;.nTHF. The same shielding
trend with substituent electronegativity is observed when oxygen and
nitrogen substituents are compared. The shielding order established is
Br«Cl<N<O«<F.

From the relative line-widths observed in vanadyl complexes such as
VO,(0,C,)37, VO,(edta)® —, etc. it is inferred that these possess a cis-
dioxo structure since their line-widths are considerably larger than
those in the pseudo-tetrahedral ions VC1,O;, VF,03, or metava-
nadate. (191) Support for this view is provided by the very different
chemical shifts observed in the two groups of compounds, the
hexacoordinated species exhibiting generally higher shieldings.

Vanadium-(—1) and -(+1) carbonyl complexes whose °'V NMR
data have recently been published (194) display interesting shielding
trends which suggest *'V NMR to be diagnostically useful for the
characterization of these compounds. For example in systems of the



190 FELIX W. WEHRLI

+500
VOBr -| VOB
I —o0—ede— vocls
voc 0 | vocL;-2ReN
\goci(ts/TF;F |———— VOBry/THF
voCllocacle\ k= VOCL{OR)
S E‘,ﬁ 2
VOINEt))y ——— VOCL,{OR)/THF
VOCL (OEY), B Iso- ond hetero-
-500 T——. polyvanadates
NaVO3/H,0 - VO{OR),

[VICO),(CNY, 1%
¢is—[CpV(CO),dppm]

VOF3/solv.

—1000 — \

] /‘\ cis-[CpVICO,L,)

trans - [CpV(CO,L,]

[CpVICONsCN] — }\ Cpv(CO)3L
—1500 |
CpV(COlg — == ~.L— c )
cis - [V{CO),dppm])” ——————— PYCO
[cpvico)]® .

mer-[V(CO)L5]™ ]
[VICOsCNTZ -

cris-[VICO)aLa)™
[vicoisL]™

[VIcO\) ——3g00~ [V(COlg]
ppm

FIG. 21. $'V chemical shift chart for diamagnetic V{—1). V(0), V(+1). and V(+ V) compounds
relative to external VOCIy, positive values indicating relative deshielding. Abbreviations:
Cp = cyclopentadienyl, L = Group V donor ligand. (189)

type CpV(CO),(PR3)s _,(Cp = cyclopentadienyl; n = 2,3)°'V is more
heavily shielded in compounds with n = 2. For those with n = 2 that
allow for cis—trans isomerism, *'V seems to be generally less shielded in
the trans isomer.

Scalar coupling between 'V and *'P has been reported for
phosphine and trialkyl phosphite coordinated vanadium carbonyl
complexes. (194) LJ(>!V-3'P) typically ranges from 150 to 350 Hz. No
stereochemical specificity was found, however.

A problem that has recently aroused considerable interest concerns
the site of protonation in complex transition metal oxyanions.
Klemperer and coworkers have employed 70O NMR for studying the
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problem in V,,0%; (195) and more recently in the mixed-metal
polyoxyanion cis-V,W,O%5. (196) High-resolution °'V NMR
confirms the existence of three non-equivalent vanadium sites with a
population ratio of 4:4:2 in solution. (197) From the stereostructure of
V10055 (Fig. 22)itis recognized that the ion possesses eight apical sites
which are generally believed to be the sites for protonation. In an
attempt to shed some light on this complex problem *'V chemical shift
titrations were carried out for the three distinguishable resonances
(198) as illustrated in Fig. 23. Only two of the peaks exhibit appreciable
pH dependence [V(1) and V(2) in Fig. 22]. This is taken as supporting
evidence for protonation at the apical oxygens. If it occurred at the
bridging oxygens, it is argued that it should also affect the shielding of
V(3). The observed low frequency shift upon protonation is explained
as arising from an increase in the ligand-to-metal charge transfer which
lowers the magnitude of the paramagnetic shielding contribution. The
individual pK, values for mono- and di-protonation at the eight apical
sites were determined on the basis of an analysis of the protonation
curves in Fig. 23. By contrast Klemperer and Shum (195) have
concluded from the shielding behaviour of 'O that the preferred sites
of protonation are the bridging oxygens b rather than the apical
oxygens fand g. Experimentally they find that oxygens band, to a lesser
extent, ¢ shift to low frequency between pH 6 and 4-5. Since protonation

FIG. 22. Crystal structure of V,,0%5 .
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FIG. 23. pH dependence of *'V shieldings in aqueous V,,0%, . Shifts designated A, B, and C
correspond to the three non-equivalent vanadium sites. Chemical shifts are relative to VOCI; with
the minus sign indicating relative shielding. (198)

weakens a V-O bond this should effect a low frequency shift. It is
further argued that the greater covalency of the apical oxygens (which
is also rejected by the '7O shifts and V- O bond lengths) makes these
less basic and hence less likely for protonation. Further experiments are
probably necessary to settle this controversy.

The second Group VB transition metal nucleus, °*Nb, has also been
fairly extensively studied. °*Nb has spin I =% (100%), a magnetic
moment of 6-144 iy, and a quadrupolar moment of —0-22 barn.

The first high-resolution ??Nb spectrum was reported for the
hexafluoroniobate ion in 1963. (199) °3Nb NMR studies were
performed on the mixed hexahalogenoniobates, (200-202) on solvent
adducts of pentahalogenoniobium, (200,201) and on niobium oxide
halides and related species. (203, 204) A compilation of the few chemical
shifts reported is in Table XVI. A comparison of the relative shieldings
in the NbX, ion (X = F, Cl, Br) indicates the same trend as for the *°Ti
and 'V shieldings in the respective TiX, and VOX; compounds, in
that the shielding decreases with decreasing electronegativity of the
halogen substituents as opposed to the behaviour found for the halides
of main-group elements (see below).
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TABLE XVI
#3Nb chemical shifts* for some representative niobium compounds
Compound Solvent;Conditions S("3Nb) Ref.
NbF, NbCls: HF = 1:5 —1620% 207
NbF4/HF - 1560 207
NbFCl~ NbCls:HF = 1:5/CH,CN —1270 247
[NbOF, -H,0]" (NH,);Nb,0,F, —1270° 206
NbFsBr~ NbXs:HF = 1:5/CH;CN -1230 247
NbF,Cl5 NbXs:HF = 1:5/CH,;CN — 1080 247
NbF_;CI;" NbXs:HF = 1:5/CH,CN — 780 247
NbF,Bry NbXs:HF = 1:5/CH,CN —755 247
NbF,Cly NbX;:HF = 1:5/CH;CN - 530 247
NbCI(CH;CN)J NbXs/CH;CN —500 247
NbF;Bry NbXs:HF = 1:5/CH,CN —405 247
NbBr,(CH,CN); NbXs/CH,CN 350 247
NbFCls NbXs:HF = 1:5/CH;CN - 250 247
NbClg CH,;CN 0 202
NbF,Bryg NbX;:HF = 1:5/CH,;CN +5 247
NbCl;.CH3;CN CH;CN +49 204
NbClsBr~ CH;;CN +126 202
trans-NbCl,Br3 CH;CN + 246 202
cis-NbCl,Br; CH,CN 4253 202
trans-NbCl3Bry CH;CN +371 202
NbFBrs NbXs:HF = 1:5/CH;CN + 375 247
¢is-NbCl;Bry CH;CN +378 202
trans-NbCl,Bry CH;CN +492 202
¢is-NbCl1,Br; CH,CN +497 202
NbClBrg CH;CN +616 202
NbBr,CH,CN NbXs/CH,CN 4633 247
NbBr, CH;CN +735 202

“A positive sign indicates relative deshielding.

»1J(®*Nb-'°F) = 334 Hz.

¢1J(®3Nb-19F) = 410 Hz

41J(°*Nb~'°F) = 281 Hz; quartet observed at —10°C assigned to cis isomer.

Kidd and Spinney (201) ascribed the fact that only seven chemically
shifted °*Nb resonances are detected for the [NbCl,Brg_, ]~ system to
the non-statistical formation of the mixed halogenoniobates by
concluding that only the cis isomer is formed for those constituents
where geometric isomerism is conceivable. This view has recently been
challenged (202) and definitive proof is given for the statistical
coexistence of all ten possible isomers. The failure to observe the
remaining isomers is definitely due to instrumental limitations, i.e. the
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limited resolution achievable in the dispersion mode and the low field
strength at which the spectra were recorded. Tarasov et al. (202) very
recently succeeded in detecting and assigning all ten resonances. An
unequivocal designation is obtained by calculating the relative line-
widths with the aid of a point charge model. (205) The basic idea behind
this is to express the e.f.g. tensor invariant in terms of independent
components. Since the method is generally practicable for the
prediction of quadrupole relaxation of the central nucleus in simple
molecular ions it is outlined here in some detail. According to Valiev
and Zaripov (205) the ef.g. tensor invariant, g3, is related to the
independent components ¢;; of the e.L.g. tensor through the equation:

1?) %{ ¢xx d)yy)z + (¢yy - qbzz)2 + ((:bzz - ¢xx)2
In the case of the hexahalogenoniobate ions the negative charges

represented by the halide ions lie on the axes of a Cartesian coordinate
system [3]. The ligand coordinates may then be defined in the

[3]

following way: R,(0,R;.0), R,(—R,,0,0), R;(0,0,R;), etc. and
independent components are calculated on this basis from the
equation:

(n) =e¢,R;S (3R(n)R(n) 25ij) (39)

where n represents the nth ligand atom and J;; = 0 or 1 depending on
whether 1 # jori=j.

Table XVII lists the e.f.g. tensor invariant g} calculated on the basis
of equations (38) and (39) and of the interatomic distances a ( =rn,-c1)
and b (=rny,_g,) and the C1~ and Br~ charges, e; and e,. Since the
transverse relaxation rates are proportional to both g7 and the
correlation time 7., and since this latter is proportional to the
molecular volume, numerical values are given for the product g5- r’.
From Table XVII it is seen that excellent agreement is obtained
between the experimentally observed relaxation rate R} and g}-r’
(both normalized).

The 24:5MHz °3Nb NMR spectrum in Fig. 24 reveals peak
asymmetry which is due to partly overlapping signals of very different
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TABLE XVII

Invariants of the e.f.g. tensor g‘f,, normalized theoretical values of g*.r°, and normalized
experimental values of the >*Nb relaxation rate for the [NbCl,Br,_,,]~ anions (202)

RY at
Anion Symmetry g g5 —44°C
INbClg]~ O, 0 0-00 0-04
[NbCIsBr]~ Can 9ey/b® — ey/u’)? 1-00 1.00
trans-[NbCl,Br, ] Dy, 36(e,/b> — e, /a®)? 4-10 ~33
cis-[NbCI,Br, ]~ Cs, ~16(e2/b* — /) 181 1.40
trans-[NbCl3Br; ]~ C,, 27(ey/b? — ey/a’)? 321 3-00
cis-[NbCl3Bry ]~ Cs, 0 0-00 0.05
trans-[NbCl,Br, ]~ Dy 36(e,/b% — e,/a*)? 440 ~3.5
cis-[NbCl;Bry ]~ C,, ~16(ey/b> — e /a)? 195 1-60
[NbCIBrs ]~ Cas Yea/b® — ey/a) 115 1.45
INbBr, ]~ o, 0 0-00 006

line-widths assignable to the three cis—trans pairs. It is interesting that
the trans configuration consistently gives rise to far larger field
gradients and thus far broader lines. The data of Tarasov et al. clearly
establish the statistical nature of the formation of all mixed
hexahalogenoniobates. Arrhenius plots for R, and R, afford straight
lines except for cis-NbCl3;Br; where a minimum is observed. Spin-

Br Cl Cl Br Cl Br
Br Cl 8217 Br Br Ct le7 Cl (Zt78r WCI
Br Cl Br Br Br Cl Cl Br Cl Br Ci Ct
Br Cl Br Cl Cl Br

1 I 1
18 16 14 12 10 8 6 4 2 0 kHz

1

[NbCL,Brg-n]~ By—>

FIG. 24. 24.5MHz °3Nb spectrum of a mixture containing mixed hexahalogenoniobates
(NbCl,Brg -,} in acetone.
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rotation and scalar relaxation can be excluded since there i1s no
indication for such processes in the case of the NbCls and NbBrg
species. The effect is thus ascribed to an intramolecular exchange.

Very recently IIin er al. (247) complemented the study of mixed
hexahalogenoniobates by including fluorine as a ligand. For this
purpose acetonitrile solutions containing NbX; (X = Cl, Br) and
hydrofluoric acid at a molar ratio of 1:5 were found to contain all
possible mixed species except that no geometric isomers were detected
for NbF;,X;, NbF;X3, and NbF,X; . This may probably be ascribed
to too fast isomerization relative to the >Nb chemical shift differences.
At —10°C the °3Nb resonance at 770 ppm in NbCl;—HF sharpens to a
quartet, thus clearly assigning it to cis-NbCl3F35 where the three
fluorines are magnetically equivalent, in contrast to the trans isomer.
The remaining signals are assigned on the assumption that successive
replacement of X (X = Cl, Br) by fluorine invokes relative shielding.

Dissolution of NbXs in acetonitrile affords three separate °*Nb
resonances at 0, —49, and — 500 ppm (X = Clyand + 725, + 633, and
— 350 ppm (X = Br) which are ascribed to NbXg, NbXsCH;CN, and
NbX,(CH;CN)3Z ", respectively, on the basis of their chemical shifts and
line-widths.

Mixed complexation involving isocyanate was also studied and the
various resonances are assigned by varying the NbXs/KNCO ratio as
well as on the basis of line-width considerations. Successive
replacement of X (X = Cl, Br) generally result in low frequency shifts.

D. Group VIB

The only magnetic isotope of chromium, **Cr (I = 3,9-5%), has the
very weak magnetic moment of only —0-474 py and is thus one of the
least receptive nuclei. This definitely explains the scarcity of NMR data
for this nucleus.

The first study of *3>Cr in natural abundance and in the liquid phase
was reported by Egozy and Loewenstein (206) in 1969 from which the
rate constant for the chromate—dichromate equilibrium was derived.
Although the quadrupole moment of *>*Cr is small (0-03 barn) no
chromium signal could be detected for the dichromate anion in which
the valence electron symmetry is only slightly perturbed relative to the
tetrahedral CrO3".

The first, and so far only, experiments in the pulsed mode are those
by Epperlein et al. (207) who provide shielding data for the chromate
jon as a function of counter-ion and concentration. The deuterjum
induced isotope effect for the chromate system is 1-3 ppm with a higher
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shielding observed in D,O than in H,O solution. The same workers
also reported the first shielding for a Cr(0) compound, Cr(CO), in
which °3Cr is shielded by 1795 ppm relative to the chromate. It is
therefore expected that the total shielding range for °3*Cr is comparable
to that for other first-row transition metals.

More is known about the second Group VIB transition element,
molybdenum, which possesses two magnetic isotopes of largely
differing quadrupole moments: **Mo (I =3,15:7%,Q = —0-015barn)
and *’Mo (I =3,9-5%, Q = 0-17 barn). The magnetic moment of each
nucleus is weak (—0-910 and —0-929 u,).

The exceptionally large difference between the quadrupole moments
of the two nuclides has interesting implications in chemical exchange.
These have recently been outlined in detail by Lindman and Forsén (1)
in connection with chlorine NMR in biological systems. In order to
control the exchange rate in a dynamic process the temperature is
usually varied, which is always accompanied by a change in the
relaxation rate. Whereas for spin-¥ nuclei the contribution of the
relaxation rate to the line-width is negligible, it is of course not so for
quadrupolar nuclei. The existence of two isotopes with intrinsically
different relaxation rates thus obviates the variation of temperature.
This property was recently exploited by Vold and Vold (208)in order to
determine the rate constant for protonation of the molybdate ion
MoOj;~ and the, not directly observable, Mo relaxation rate in
Mo,0%, . Their result of 48 x 10°Imol~!s~! for ky is in excellent
agreement with earlier reported values obtained from ultrasonic
relaxation. From a measurement of the nuclear frequencies for *°K,
?3Mo, and °"Mo, all performed on the same sample of potassium
molybdate, the magnetic moment for the two molybdenum isotopes
can be determined with great accuracy. (209)

More recently Buckler et al. (210) and Lutz et al. (211) have studied
the isotope effect on °*Mo shielding in molybdate (*80/*¢0O) and
tetrathiomolybdate (3*S/32S). In the latter case the isotope peak can be
observed at the natural abundance of 3*S (4-2%) on the species
?*Mo032S,3*S%™ (14%). An isotope effect of 0-25 ppm towards lower
frequencies is observed upon exchange of one O by '#0. The isotope
shift induced by 3*S (relative to 32S) in MoS2~ was found to be
0-09ppm to low frequency. This represents a rare case where the
shielding isotope effects are known for two isotope pairs and identical
molecular geometries since both ions are tetrahedrally coordinated. As
a first approximation the isotope effect on the shielding should be
proportional to (m; * — m5 *) with m, and m, representing the mass
numbers of the isotope pairs [ref. 10in(211)]. A value of 2-7 is predicted
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for the ratio Ao 6 15/A03, 34 Which is in good agreement with the
observed one of 2-8.

The chemical shift range for molybdenum is enormous. This is not
surprising for a heavy element and in particular in view of the different
valence states that may occur in diamagnetic compounds 0, +4, +6).
But even within the group of hexavalent compounds the spread of
chemical shifts observed is excessively large. Successive replacement of
oxygen by sulphur in molybdate displaces the °*Mo resonance to low
frequency by ca. 500—600 ppm. (212) As for other transition metals, a
lowering of the substituent electronegativity deshields. Whereas a
freshly prepared solution of K,MoS, affords a single signal assignable
to the tetrathiomolybdate ion, further peaks appear upon standing the
solution for a longer time. The additional signals are assigned to the
mixed species MoO, ,SZ~ (n=0,1,2,3,4). The chemical shift of
496-1 ppm reported earlier by the same group (213) was erroneously
assigned to MoSZ~ whereas it is due to M0oO3S?~. From the few
known shielding data it can be concluded that the shielding range is in
excess of 4000 ppm. A compilation of molybdenum shieldings is in
Table XVIII.

TABLE XVIII

?$Mo chemical shifts in some simple molybdenum compounds

Compound Solvent Moy Ref.
MoS; - H,O 2259 212
MoOS3 ™~ H,O 1654 212
MoO,S3~ H,O 1067 212
MoQ;S%~ H,O 497 212
MoOj;~ H,0 0 212
Mo(CN)z~ H,O — 1309 213
Mo(CO), THF - 1856 213

“A positive sign indicates relative deshielding.

E. Group VlIB

There has not been much recent work on *°>Mn NMR, probably
because of the fairly large quadrupole moment of 0-4 barn which
impairs measurements on compounds of low intrinsic Mn symmetry.
From a sensitivity point of view, however, >>Mn can be considered a
favourable nucleus. It has spin I = 3(100%;) and a magnetic moment of
3.461 uy. The total shift range known today is about 2300 ppm with
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manganese in all compounds resonating to low frequency of >>*MnO}
the generally accepted reference standard. (214, 215) Calderazzo et al.
(214) and more recently Nakano (216) have reported >°Mn shifts for
carbonyl compounds which span a range of ca. 1600 ppm. **Mn
chemical shifts for some representative °>Mn carbonyl complexes are
in Table XIX. (214,216) Molecular orbital theory correctly predicts the
shielding order in Mn(CO};X (X = I, Br,Cl), I > Br > Cl. (216)

Lutz and Steinkilberg (217) were the first to provide an accurate
value of the 3°Mn magnetic moment. They also reported the
concentration dependence of the chemical shift in permanganate for a
variety of counter-ions and found a deuterium-induced isotope shift
[a(D,0) — 6(H,0)] of 0-76 ppm, which is surprisingly large in view of
the fact that the solvent molecules around **MnQj are physically
insulated from the manganese ion. The shielding isotope effect has also
been the subject of a more recent study (218) in which permanganate is
dissolved in H,'®0. The experiment, which also permits the oxygen
exchange rate to be determined, affords spectra showing the presence of
all five isotopomers **Mn’®0O, _ 20, (n =0, 1, 2, 3, 4). The total
isotope eftect upon complete exchange of all four oxygens amounts to
2-:25ppm, corresponding to a higher shielding for the heavier
isotopomer. The time constant for the exchange of a single oxygen is
reported as 7 days.

Ireland et al. (219) have found that by plotting the quadrupole
coupling constant against the liquid-phase line-width a straight line is
obtained whose slope is proportional to the reorientational correlation
time t.. Such a plot is displayed in Fig. 25 for some Mn(1) carbonyl
complexes. The result is surprising in showing that (a) molecular
reorientation is the same for all the compounds and (b) the quadrupole
coupling constant in the solid is the same as that governing relaxation
in the liquid. The correlation time of 1-3 ps has subsequently been
compared with the correlation time obtained by other workers from
infrared absorption line-shapes yielding values in the region 3-5—4 ps.
Considering the well known relationship:

t{infrared) = 3t (nuclear) (40)

the agreement is satisfactory. However, if 7, is derived from the Debye
equation a value too large by an order of magnitude is obtained. This
discrepancy clearly shows that the use of a microviscosity scaling factor
is obligatory if satisfactory correlation times are to be derived in this
manner. Recourse is therefore made to a modified Debye equation:

t{microviscosity) = 4V, f/kT (41)
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FIG. 25. Square of the **Mn quadrupole coupling constant in the solid state plotted against the
$5Mn line-width in tetrahydrofuran solution. (1) Mn,(CO), ¢; (2) Mn(CO)sCl; (3) Mn(CO)sBr; (4)
Mn(CO)sl; (5) Mn(CO);sD; (6) #°-CsHsMn(CO)s; (7) Mn(CO)5 . (219)

in which # and V,, represent the solution viscosity and solute molecular
volume, and f is the microviscosity scaling factor defined as:

f = af6a, (42)

with a and g, being the solute and solvent molecular radii. In this
manner 7, = 4-3 ps is obtained in qualitative agreement with the value
derived from line-width measurements.

The other stable element in Group VIIB, rhenium, has been the
subject of a single study (220) aimed at deriving the quadrupole
coupling constant in ReO; . Both magnetic isotopes of rhenium, '85Re
(I =3,37-1%) and '®’Re (I = 3,62-9%,), are characterized by the
exceedingly large quadrupole moments of 2-3 and 2-2barns. It is
therefore expected that even in cubically symmetric rhenium
compounds minute perturbations will give rise to a large quadrupole
coupling constant. This prediction is confirmed by the line-widths
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reported by Dwek and coworkers (220) who found 14 kHz in aqueous
'87ReQ, . Along with an estimated correlation time based on the
Debye equation, e?’qQ/h = 60 MHz was derived for the '®Re
quadrupole coupling constant. Various mechanisms were tested which
could explain this extraordinarily large value. Ion—ion effects could be
ruled out on the basis of the insensitivity of the line-width to
concentration. Solvation and exchange effects are excluded as a result
of the insensitivity to pH changes and the observation of a single !’O
line. Since optical spectroscopy data do not provide evidence for any
permanent angular distortions from tetrahedral symmetry the strong
quadrupole interaction is suggested to arise from short-lived collision
complexes causing a transient distortion of the tetrahedron.

TABLE XIX
55Mn chemical shifts in carbonyl compounds®
Compound 3(°*Mn) Ref.
HMn(CO)s —2560% (neat) 214
NaMn(CO)s — 2780 214
Mn,(CO)g(PPh3), —2325 214
Mn,(CO),, —2325 214
CH;;Mn(CO); — 2265 214
CsH;Mn(CO); —2225 214
CH,FMn(CO); —2130 214
CeH;CH,COMnN(CO); —2035 214
CH,FCOMn(COy; —-2010 214
CH,FMn(CO); - 1970 214
"PrCOMn(CO)s — 1900 214
CH;COMnN(CO)5 - 1895 214
CHF,COMn(CO); — 1885 214
PrCOMn(CO)s — 1885 214
CH,CICOMN(CO); — 1855 214
CF;Mn(COj, — 1850 214
CH ;COMR(CO)5 - 172G 214
IMn(CO); — 1520 216
BrMn(CO);, - 1200 216
SCNMn(CO); —1130 216
Mn(CO)¢ —935 (in acetone) 216

“In tetrahydrofuran to low frequency of aqueous KMnO,.

F. Group VIIIB

*Co is the only naturally occurring cobalt isotope. With its
magnetic moment of 4.639 uy it is less sensitive than the proton by a
factor of 3. The handicap of the large quadrupole moment of 0-38 barn
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is alleviated by the spin quantum of 7 but even more so by
the extremely large range of shieldings of ca. 20000 ppm and the
comparatively high resonance frequency (23-7 MHz at 2-3 T). Hence, in
spite of broad lines (several kHz for asymmetric coordination), an
extraordinarily large chemical shift dispersion results. It is thanks to
this property, but also because of the well established chemistry of
diamagnetic Co(i), that a large body of shielding data for *°Co is
available. The frequency dependence of the *°Co resonance in
cobalt(iin) complexes was detected in the course of the initial
determination of the magnetic moment by Proctor and Yu as early as
1951. (221) The first systematic *°Co chemical shift studies were
subsequently reported by Freeman et al. (222) who rationalized the
shieldings in terms of Ramsey’'s formalism for field-induced
paramagnetic shielding. This was probably the first manifestation of
what is now commonly referred to as paramagnetic shielding. The
treatment by Griffith and Orgel (223) in essence implies that the most
significant contribution to the shielding is due to the first d—d transition
with an increased ligand o donation and/or 7 back-bonding resulting in
an increased energy separation between the ground and excited
electronic states and hence a lowered paramagnetic contribution to the
shielding. Experimental verification is provided by a correlation of the
shift with the wavenumbers of the first electronic absorption maxima.
(222)

Lucken et al. (224) have calculated the paramagnetic shielding term
for the cobalticenium ion Co(CsHs); in terms of ligand field theory
and obtained a value of —1:15%, whereas for Co(CN)?~ —1:39% is
computed. On the assumption that the diamagnetic contribution
remains invariant, a low frequency shift of 0-24%; is thus predicted for
Co(CsHs)s relative to Co(CN)2 ™, in excellent agreement with an
observed shift of —2410 ppm. A similar calculation for the Co(CO);
anion yields o, = —1-08); corresponding to a shielding of 0-31%;
relative to the reference while the observed shielding change is
— 3100 ppm. These examples illustrate the feasibility of chemical shift
calculations for 3°Co.

There are also reports on substantial deviations from pro-
portionality between chemical shifts and the inverse of the longest
wavelength. Yamasaki er al. (225) have found that sulphur-coordinated
cobalt complexes do not obey this linear relation. Tris(ethylxanthato)-
cobalt(mn) as well as other CoS¢-type complexes are far more shielded
than one would expect on the basis of the UV absorption maxima,
clearly showing the importance of the radial parameter in the
paramagnetic shielding term (which has been considered in the Lucken
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et al. ligand-field-based calculations). Deviations from the simple
(AE)™ ! vs. o correlation were also predicted by Betteridge and Golding
(226) who pointed out that low-symmetry crystal fields might result in
additional deshielding and also that the paramagnetic shielding term
should decrease in the case of 3d electron delocalization into the
ligands. The latter is precisely what is found in unsymmetrical
complexes of the type Co(CN)sX and Co(NH;)sX (X =1, Br, Cl, F,
OH, OH,) where higher shieldings are observed throughout. (227) The
deviation from the correlation line follows the order Cl < Br < I,
consistent with the trend in electron delocalization predicted by the
nephelauxetic series of ligands. A further unique aspect of transition
metal shieldings, especially pronounced for *°Co, is their temperature
dependence, arising from the temperature dependence of the ligand
field splitting. For °?Co shieldings the temperature coefficient may be
as large as 3ppm °C~ 1. (221)

Some representative *°Co chemical shifts are collated in Table XX.
Although the generally accepted shielding reference appears to be
Co(CN)Z~, Co(NH3)3* unfortunately is still in use even in the most
recent work. In Table XX the 3°Co shieldings, if not already reported as
such in the original papers, have been recalculated to the former
standard using 8(Co(CN)27) = §(Co(NH3)2*) + 8100 (assuming that
positive values reflect deshielding in either case).

TABLE XX
59Co chemical shifts in some representative Co(un) complexes
Compound* o ?Co) Rel
K [Co(PF4), ] 4220 24
HCo(PF), -- 3910 224
Na [Co(CO), ] ~3100 224
C<H;Co(COY, ~ 2675 224
HgCo,(CO), ~2520 24
Co,(COJy ~2100 224
Coy(CO)y, ~ 1960, — 810 224
Co(CO);NO — 1365 224
Co[P(OCH;);12* —304 238
K [CO(CN), ] 0 _
Co(CN)s1*~ +780 227
Co(CN);Br*~ +1220 227
Co(CN)sNO3" +1400 225
Co(CN);OH?3" + 1840 227
Co(CN);OH2"~ +1822 227
Co(dmgy, [Co(dien)]3 " +4610 228
Cotdmays [Znidien) }: +4800 228
[Coldmg),(BF;),]* +4970 228
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TABLE XX (conr)

Compound* o*Co) Ref.
Co(dmg)3~ +5160 228
ColC,HCSS), + 6360 225
ColdC,H,S88), +6360 225
Co[(C,H5),NCSS ] +6450 225
[Co(NH,OH), ]Cl,4 + 6500 225
Li[Co(NH;),(NO,)4] + 6860 225
[Co(phen); ]Cl; + 7080 225
trans-[Co(NH 3),(NO,), ]Cl + 7080 225
cis-[Co(NH3)4(NO,), ICl + 7080 225
cis-[Coten)y(NH;); 11, + 7300 225
Na;[Co(NO;), ] +7440 225
[Co(NH;)sNO, 1Cl, +7440 225
trans-[Co(en)»(NH ), 11, +7510 225
Co(NH,;)sNO2* + 7630 227
{ColNH,;), ]Cl;5 +8100 225
Co(NH;)sI*~ + 8760 227
Co{NH;)sBr?* +8820 227
Co(NH,);CI** + 8850 227
[CofNH;)sN3J(N3), +9100 225
Co(NH;);OH?** +9117 227
trans-Co(NH3)4(N3)T +9170 225
Colen),CO3 +9180 225
cis-Co(NH3)4(N3)5 + 9400 225
Co{NH,;);F>* +9520 227
Co(NH;),CO} +9680 225
cis-Co(NH;),(0OH,)3 " +9820 225
Coledta) + 10300 225
Co(NH;)2(CO3), + 11500 225
Co(bzac); +12400 225
Co(dbzm); + 12400 225
Colacac); + 12500 225
Co(tfac); + 12500 225
Co(C,04);3 + 13000 225
Co(CO;)5 + 13900 225

“ Abbreviations: en = ethylenediamine; phen = o-phenanthroline;
edta = ethylenediaminetetraacetate; bzac = benzoylacetonate:;
dbzm = dibenzoylmethanate; acac = acetylacetonate;
tfac = trifluoroacetylacetonate; dmg = dimethylglyoximato;
dien = diethylenetriamine.

" A positive sign indicates relative deshielding.

A further diagnostically useful aspect of 3*Co shieldings is their
sensitivity to stereochemistry. As an example we may compare the
shieldings in cis- and trans-Co(en),(NH3)3 " : +7300 and + 7510 ppm
respectively. (225) If there is intrinsic ligand configurational
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asymmetry, optical as well as geometric isomerism may occur in the
resulting cobalt complexes. Tris(( T )-propylenediamine)cobalt(mi), for
example, forms eight optical isomers (229) with the possibility of
cis—trans isomerism in each of them, resulting in a total of 24
distinguishable species. Whereas the optical isomers could be
separated chromatographically the geometrical isomers turned out
not to be resolvable in this manner. However, >°Co NMR, along
with fractionation techniques, has enabled full assignment of all the
peaks in the spectrum of the mixture and has afforded the
equilibrium populations of the various species. (230) The *°Co
spectra of various fractions of the stereoisomeric mixtures of
tris(propylenediamine)cobalt(mm) are in Fig. 26.

(A)
{8} ol o ‘ A et/ Dl A YRAN ¥ VRS YT
(D)

FIG. 26. °Co NMR spectra of various fractions containing stereoisomers of aqueous
Co(pn);* (pn = propylenediamine). (A) 0-4m [Co((+)pn);]Cly; (B) fraction containing A-
Col(—)pn)3* and A-Col( +)pn)3 ™ (c) A-Col( — )pn)z((+)pn)** and A-Col( + )pn)y({ — )pn)**; (D)
fraction containing remaining four racemic pairs. (230)
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The effects of geometric and ligand stereoisomerism on *°Co
shielding are reported for a series of tris(bidentate)cobalt complexes
involving chiral and achiral -diketones.(231) Owing to the broad lines
in some of the asymmetrically coordinated systems separate
resonances are not always resolved.

The extreme sensitivity of the shieldings to ligand field strength is
convincingly documented by the °°Co spectra of poiynuclear
complexes where enormous shielding differences are observed within
the same cluster. (232) Illustrative examples are the tetranuclear [4]
and binuclear complex [5] whose *°Co chemical shifts are indicated in

_ 4850 10060 73+ T 10040 y 8760 1
(NH;)Co—O Vl O— Co(NH,),
AT/ N
HO —/Co —OH {NH3);Co— O —Co(NH,),
HO OH 5
\CO{NH3)4 %
i [4] J - [3] -

ppm relative to Co(CN)2*. In [4] the central oxygen-coordinated
cobalt is less shielded by 4800 ppm than the peripheral cobalt nuclei.
The former is probably the least shielded cobalt observed so far,
resulting from the weakness of the ligand field produced by the six
hydroxyl substituents. In [5] the two chemically distinguishable cobalt
nuclei still differ in their shieldings by 1300 ppm in spite of their very
similar coordinative environments.

Besides shielding it is the nuclear quadrupole coupling constant and
asymmetry parameter that provide a more profound understanding of
bonding in terms of charge distribution. It is therefore not surprising
that several workers have addressed themselves to this problem, in
particular since NQR data, because of the inherent sensitivity of *®Co,
can be obtained fairly easily. A comprehensive body of data has been
collected by Rossa and Brown (233) who reported both quadrupole
coupling constants and asymmetry parameters for a number of
cobaloximes of the type XCo(dh),L (dh = dimethylglyoxime mono-
anion; X = CHj, CH,Cl, Br ; L = a Lewis base). In these systems
the quadrupole coupling constant and the asymmetry parameter can
be rationalized in terms of partial field gradients produced by the
planar nitrogens and by the substituents L and X located on the C, axis
of the molecular ion. The ratio of the respective quantities, denoted by
L.q,and L,,, can be calculated and correlated with eq,, and 5. Some of
the experimental quadrupole coupling data from ref. 233 are in Table
XXI in order of increasing magnitude of e*qQ/h. It is surprising that,
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TABLE XXI

3°Co quadrupole coupling constants and asymmetry parameters (233)

Compound 2q,,Q/h(MHz) n

CH,Co(dh),L.

L = PPh; 28-12 0-77
NC:Hs 29.52 022
S(CH ), 30-30 0-58
AsPh; 30-59 0-35
N{CH ), 30-55 0-16
CH,;OH 41-62 0-30
P(OCH ;); 43.33 0-57
P(n-C,Hy), 46-20 0-55

CICo(dh),P(n-C,H i, 4091 0-35

CiCo(dh),PPh; 60-45 0-81

ClCo(dh);NCH;, 64-82 0-63

N{C:H:)4[Cl,Coidh), ] 73-15 0-72

N(C,:H5),[Br,Coldh), ] 75-88 0-68

“Taken from NQR data.

although all four central planar ligands contain nitrogen, the
asymmetry parameters are substantial. Determinations of e?qQ/h from
liquid spectra with the aid of line-width measurements and extraction
of the correlation time from the Debye equation are therefore suspect.
The absence of shielding variations but the presence of sizeable
differentials in line-widths prompted Hackbusch et al. (234) to estimate
the electric field gradient in some closely related binuclear cobalt{t)
complexes of the type [6] with R = H, Me, CH,F, CHF,, etc. On the

n
/
H;N /O\ NH,
/ N/
H,;N—Co Co—NH;
\\ A
H;N |\ Yo~ NH,
A I
\ i
C/
|
R
(6]

assumption of no angular distortions of the metal-ligand bonds, and
equal contributions of all oxygens to the electric field gradients,
Vix = V,y # V. 1e.n = 0. On this simplifying assumption the principal
electric field gradient was determined from line-width measurements
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and a reorientational correlation time estimated on the basis of
different models. The authors established a fair linear correlation
between the basicity of RCOO ™ and the relative field gradient, showing
that the small charge differences at the carboxy group, caused by the
nature of the substituent R, are essentially responsible for the field
gradient at the cobalt nucleus.

>°Co NMR finally provided insight into binding of anions and
cations in the second coordination sphere of cobalt(i1) complexes. In
particular phosphate appears to bind rather strongly to cations such as
Co(en)3* (235,236) and also Co(pn)3*. (136) Outer-sphere association
constants for the former systems have been reported and the NMR data
were corroborated by optical spectroscopy. However, in spite of
substantial *°Co shielding variations (>100ppm between
[PO3~ 1/[Co(en)3* ] =0 and 5), the quadrupole coupling constant
remains unaffected. This was ascertained with the aid of ' *C relaxation
measurements which show that the increase of the 3°Co line-width is
entirely due to the lengthened correlation time. (237)

Scalar couplings between *°Co and '3C, *!P, and !'°F have
occasionally been observed in 3°Co spectra of octahedral and
tetrahedral complexes (224, 238) (Table XXII).

TABLE XXII
$°Co spin—spin coupling constants in Co(m) complexes (228, 242)

Compound LJ(3°Co-X) (Hz)
Na[Co(CO),] 287 (X =130
K, [Co(CN)e] 127 (X = 13C)
K [Co(PF3)4] 1222 (X =3P

57 X = 1°F)
[Co(P(OCH 3)3)6 1(BF 4)5 414 (X="'P)

Although the coordinating character of trifluorophosphine and
trialkyl phosphite can be assumed to be very similar, the observed
coupling constants 'J(°°Co—3'P) differ substantially from one
another. The smaller value found in the octahedral complex has
therefore been accounted for by the larger fractional s-character of the
Co-P bond in the trimethyl phosphite complex. (238)

Although Group VIIIB comprises further quadrupolar nuclei (e.g.
61N;j, 99-101Ry, 195Pd, 191:193]y) their resonances remain to be studied
in the liquid phase.
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G. Groups IB and IIB

Liquid-state NMR data, to the best of the reporter’s knowledge, are
available only for copper and zinc within the above groups of elements.

Copper has two magnetic isotopes, ®3Cu (69%, I = 3) and °Cu
(31%,1 = 3), with similar magnetic moments of 2.:221 and 2-379 uy and
quadrupole moments of —0-211 and —0-195 barn. NMR studies are
confined to diamagnetic copper(l) complexes. Only very recently Lutz
et al. (248) provided high-precision values for the magnetic moments of
the two isotopes based on measurements in [Cu'(CH;CN),]BF,
dissolved in acetonitrile. These workers also established an atomic
reference scale for copper shieldings and reported chemical shifts for
some tetracoordinated Cu(1) complexes with nitrogen- and
phosphorus-coordinating ligands. (249) Including the data reported
earlier (250) the thus far established shift range is ca. 1000 ppm.

Yamamoto et al. (239) were the first to study ®*Cu with the objective
of extracting chemical information. In an aqueous solution of
copper(1) cyanide they found the line-width of the 3Cu resonance to be
markedly affected by the relative amount of cyanide added. Below the
critical ratio [Cu™ J/[CN~ ] = 4 nosignal at all could be detected. This
behaviour was interpreted in terms of chemical exchange between
Cu(CN);~ and lower populations of the less symmetric species
Cu(CN)3~ and Cu(CN),; whose formation is well known. At excess
cyanide concentration the population of the minor species should be
small and the line-width entirely governed by the quadrupole coupling
constant in Cu(CN)3~, which was estimated to be of the order of
0-4 MHz on the basis of a correlation time derived from the
Stokes—Debye equation. The above value is also in fair agreement with
that observed in the solid.

In a preliminary study aimed at assessing the feasibility of copper
NMR for probing copper(1) complexation, von Zelewsky et al. (240)
recorded the ®°Cu spectrum of [Cu(CH;CN),]ClO, in acetonitrile as a
function of temperature. The spectra at 30°C and 60°C (Fig. 27) clearly
point to fast exchange between Cu(CH,CN); and species of lower
coordination symmetry. Such behaviour manifests itself in the 22 ppm
shift to low frequency that occurs upon increasing the temperature.
Further to this the line-width is found to increase. Since T, increases with
temperature the observed change in line-width must be attributed to the
growing population of at least one low-symmetry species appreciably
contributing to transverse relaxation. The temperature dependence of
the copper chemical shift in Cu(CH;CN); hampers its usefulness as a
shielding reference compound.
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FIG. 27. 26-5 MHz °3Cu NMR spectra of 0-15m [Cu(CH,CN), 1CIO, in acetonitrile at two
different temperatures. (240)

McFarlane and Rycroft (241) have determined the spin—spin
coupling constant in the Cu[P(OCH;);]{ ion on the basis of the
'H-{*'P} INDOR spectrum which is found to be a faithful
reproduction of the direct *'P spectrum, consisting of two partly
overlapping 1:1:1:1 quartets whose splittings of 1210 Hz and 1290 Hz
correspond to 'J(°*Cu-3'P) and 'J(®**Cu-3'P). By simultaneously
irradiating one of the components of the ®3Cu quintet a triple
resonance spectrum referred to as MINDOR (modified INDOR) is
obtained from which the ®3Cu resonance frequency can be determined.

So far no copper chemical shifts seem to have been reported;
however, the shielding range will definitely be lower than for the
previous transition metals since Cu(1) has a d*° electron shell.

©7Zn (I=%, Q=016 barn, 419%) has a magnetic moment of
0784 uy and therefore can be considered a low-receptivity nucleus.
This together with the not very extensive chemistry of this element, is
primarily responsible for the little interest that this nucleus has
attracted so far.
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The first systematic study of ®’Zn shieldings by high-resolution pulse
FT methods is that by Epperlein et al. (242) The non-linearity of the
shift dependence on concentration for a variety of zinc salts is taken as
evidence for complexation with the counter-ion through displacement
of water molecules from the hexacoordinated hydration sphere.
Generally the concentration shifts for the halides follow the order
Cl > Br > I whereas nitrate, perchlorate, and sulphate do not show
any concentration dependence.

Maciel et al. (243) have determined the shifts for the halide complexes
ZnX: " (n=0,1,2,3,4; X = Cl~, Br™) on the basis of the observed
dependence of ©7Zn?* shieldings on halide concentration and
individual formation constants available from other sources. For this
purpose they developed a least-squares treatment which has permitted
them to fit the experimental shieldings to:

501)5 = 60X0 + 51X1 + 62)(2 + 53)(3 + 54X4 (43)

in which x4, x,, etc. represent the respective mole fractions of free and
halide-bound zinc, and d,, d,, etc. are the respective chemical shifts in
Zn?*, ZnX", etc. This procedure has led to the chemical shifts of the
individual species listed in Table XXIII.

TABLE XXIII

$7Zn chemical shifts in halide complexes, obtained by the procedure outlined in the
text or by direct observation (243)

Complex 8(%7Zn)

Zn?* 0 calculated

ZnCl* + 30 calculated

ZnCl, +295 calculated

ZnCl3 +119 calculated

ZnCl;~ +253  calculated

ZnBr* + 10 calculated

ZnBr, +511 calculated

ZnBry —230 calculated

ZnBr;~ +136 calculated

Zn(NH,)2* +288-2 1.0M Zn(NO,); in 11M NH4/H,0
Zn(CN)2~ +283-6 Zn(CN), in 3M NaCN/H,0

Figure 28 shows the mole fractions of the various chloride
complexes, computed as a function of chloride concentration, on the
basis of known formation constants. The experimental and computed
chemical shift dependence of ”Zn in ZnClO, as a function of chloride
concentration is given in Fig. 29.
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FIG. 28. Dependence of the various mole fractions present in aqueous solutions of Zn** on

added chloride, all at constant zinc concentration ( [Zn,, ] = 0-5M). Mole fractions are calculated
from known formation constants. (243)

VIII. CONCLUSIONS AND OUTLOOK

Quadrupolar nuclei constitute most of the magnetic nuclei within
the Periodic Table of the elements. However, the lack of suitable
instrumentation as well as the misconception of the deleterious nature
of these nuclei have impeded a more widespread utilization of their
resonances. Quadrupolar relaxation resulting from the interaction of
the nuclear quadrupolar moment with finite electric field gradients is
the principal source of nuclear relaxation in nearly all compounds.
However, albeit generally considered a nuisance, the phenomenon may
as well be exploited to the experimenter’s advantage. In contrast to
spin- nuclei whose relaxation behaviour is principally dictated by the
dynamics of the molecules in solution, structural and electronic effects
play the key role in the relaxation process of quadrupolar nuclei.
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FIG. 29. ®7Zn chemical shift in a 0-50 M solution of Zn(ClQ,), as a function of added NaCl.
Experimental data are represented by circles: triangles correspond to computed values obtained
from best fits to equation (43). (243)

Because of the square dependence of the relaxation rate on the electric
field gradient tensor invariant minor alterations of valence electron
symmetiy may give rise to sizeable relaxation differentials. Thanks to
this amplification effect the binding of ions can be studied at low
substrate concentration provided that the resulting complex is
kinetically labile. The relaxation rate thus emerges as a complementary
experimental observable, at least as informative as the chemical shift.
Concentration-, temperature-, and frequency-dependent ex periments
on ionic nuclei have been shown to be very successful in evaluating
complexation and solvation equilibria. In slowly exchanging systems
chemical shift and relaxation data have often provided unique
information on the nature of the species present in solution. We
certainly face the beginning of a new era of NMR, and significant new
applications in the field of inorganic, organometallic, and bioinorganic
chemistry are expected. From a NMR point of view these areas are still
largely unexplored and it is hoped that the present review will stimulate
researchers to utilize the technique as a problem-solving tool.
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I. INTRODUCTION

State-of-the-art in high resolution NMR has advanced to the point

where many nuclei that have a spin can be observed with relative ease.

The single most important contribution to the observation of dilute
21
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nuclei of low sensitivity has been the discovery and development of the
pulsed Fourier transform NMR method. (1) Multinuclei FT NMR
instrumentation incorporating solid state electronics coupled with
dedicated minicomputers has become a practical reality offered by
many analytical instrument manufacturers.

For many years high resolution proton NMR satisfied the needs of
most chemists to solve many complex characterization problems. As
new techniques and instrumentation became available the desire to
observe other nuclei by NMR increased. In organic chemistry, for
example, 1*C NMR has become one of the most powerful structure
elucidation tools used, and in many laboratories it has surpassed
proton NMR for routine product identification. The advantages are
clear; there is more information to be gathered by studying the
backbone of organic molecules than there is by studying the
appendages. The same is true in inorganic chemistry. *' P and '°F have
been studied by NMR for many years because of their high sensitivity
and high natural abundance; the less abundant nuclei, however, are
now becoming more popular because of the availability of multinuclei
NMR spectrometers.

One nucleus that has become increasingly important from an NMR
point of view is 2°Si. Nearly seven-eighths of the earth’s surface is made
up of silicon compounds of one type or another. Silicones and silicates
are finding their way into our life styles in the form of rubber, glues,
additives, and consumer products. Silanes are important to the
chemical industry as catalysts or additives in catalyst systems. New and
better ways to characterize these compounds are urgently needed.

The %°Si isotope is a very difficult nucleus to observe because of its
low natural abundance (4-7 %) and low NMR sensitivity at constant
field (7-84 x 1073) relative to 'H. To make matters worse, the
magnetogyric ratio (y) is negative which means that under proton
decoupling conditions the nuclear Overhauser effect enhancement
(NOE) is negative. This can result in greatly reduced signal intensity,
signals nulled into the base-line, or negative peaks. A further
complication is that spin—lattice relaxation times (T;) for most 2°Si
nuclei are greater than 20s, which makes time-averaged experiments
very time-consuming. Fortunately, the addition of a small amount
(0-01 M) of a relaxation reagent (2) to each sample is sufficient to
shorten T, to a few seconds by replacing all other relaxation
mechanisms with a much more efficient electron-nuclear dipole—dipole
interaction which dominates the spin-lattice relaxation. Since the
proton-nuclear dipole-dipole relaxation mechanism becomes un-
important, under proton decoupling conditions the NOE is eliminated.
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Short 2°Si T, values and the absence of any NOE produces an
absorption spectrum similar to that obtained for ! 3C and with the same
relative ease. The result is that much more chemical shift information
has been gathered (3—6) in addition to a substantial amount of data
concerning 2°Sj relaxation times, coupling constants, and Overhauser
effects.

II. CHEMICAL SHIFTS

A. Theoretical background

Although the theory of nuclear shielding is well established, it is
apparent that the relationship between 2°Si chemical shifts and
theoretical concepts is not straightforward. The shielding constant of a
nucleus can be presented as a sum of local and long range effects: (7)

6=04+0,+ 0 (H

where the local contribution is further divided into a diamagnetic term
o4 and a paramagnetic term o¢,. The long range effects (¢') are
contributions from other atoms in the molecule and include such
factors as magnetic anisotropy and electric field effects. It is usually
assumed that local effects dominate 2°Si nuclear shielding. The
diamagnetic term depends on the electron density at the nucleus and is
given by Lamb’s formula: (8)

Oy = (quZ/IZmn)ZPiKrfl) (2)

where P; is the charge density in the atomic orbital i which is at an
average distance of r; from the nucleus. The paramagnetic term may be
written: (9)

0, = (= oe®h?/6mm> AEY[(r™3>,P, + <r"3%D, ] 3)

where AE is a mean excitation energy, (r”>), and {r™ ), are the mean
inverse cubes of the distances of the valence p and d electrons from the
nucleus, and P, and D, represent the unbalance of the p and d electron
populations. These last terms include elements of the charge density
and bond order matrix. Although changes in o, are generally accepted
as dominant for heavier nuclei, this assumption has been strongly
challenged. (10)

Problems in theoretical calculations of 2°Si chemical shifts arise
because of uncertainties regarding the magnitude of substituent effects
on the values of the AE, (r 3>, and P, terms in equation (3).
Furthermore, it is not clear if the d-orbital term may be neglected, and
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whether or not (p—d)n bonding is significant. In one of the earliest
discussions of 2°Si shieldings, Lauterbur (3) graphically demonstrated
the “sagging” pattern exhibited by compounds of the type
(CH3),SiX, _,asnis varied from 0 to 4 and when X is an electronegative
group (Fig. 1). The comparison of '*C and 2°Si shieldings in the series
(CH3),M(OR), _, presented by Lauterbur also shows the significant
differences in substituent effects for the two nuclei, a phenomenon
which is attributed to (p—d)n bonding effects in the silanes (in addition
to the inductive effects which should be similar for both nuclei). Since
Hunter and Reeves published their collection of chemical shift data, (4)
and the subsequent explosion of papers in the field, several attempts to
explain silicon shicldings have been made.

Ernst et al. (11) found that plots of dg; vs. Hammett ¢ constants for a
series of aryl silanes ArSiY; give different slopes of both positive and
negative sign depending upon the nature of Y (Fig. 2). In order to
explain these changes in sign, the approach used by Letcher and Van
Wazer (12) for *' P chemical shifts was adopted. This theory considers
only changes in ¢, and derives chemical shift contributions from p
electrons as a function of substituent electronegativities. The value of
{r73),/AE is assumed to be constant. Their calculations of Jg;
reproduce the experimentally found reversal in slope. However, the
theoretically determined electronegativity of Y at which the slope of the
Hammett plot changes sign is in disagreement with the experimental

n =

FIG. 1. '*C and 2°Si chemical shifts in the series Me,Si(OR), _,.. (3) Shifts in ppm relative to
Me,Si. )
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FIG. 2. Hammett plots of 2°Si chemical shifts (in ppm from Me,Si) of arylsilanes. (11)

observations, and the results must be considered qualitative. A single
electronegativity summation over all the silicon substituents was used
by the same authors to generate the U-shaped relationship with silicon
shielding shown in Fig. 3. (11) Although this relationship is quite rough,
it nonetheless predicts the appropriate trends for many silanes with
substituents of vastly different electronic properties. In another
empirical approach, pairwise interaction parameters were found to be
useful for predicting silicon chemical shifts in a number of silanes. (251)
Deviations from pairwise additivity are significant, however, for
fluorine or oxygen substituents on silicon.

Earlier, Engelhardt et al. (13) presented a semi-empirical theory
which achieved qualitative success in predicting 2°Si chemical shifts for
compounds of the structure (CH;),_,SiX,. They used only the
local paramagnetic contribution to the chemical shift, the average
excitation energy approximation with a constant value of AE, and
neglected (p—d)=n contributions. The ¢ bonding structure is described
by four localized orbitals and assumed tetrahedral bond angles on
silicon. A single empirical correction factor is found to be necessary in
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FIG. 3. Plot of 2*Si chemical shifts of substituted silanes in ppm relative to Me,Si vs. the sum of
the substituent electronegativities. (11)

addition to the Si and substituent electronegativities. This approach is
able to account for the “sagging” pattern (13) as well as the Hammett
plots in ref. 11. (14) An angular correction factor was later introduced
(15) for silanes with substituents of highly different electronegativity
(e.g. Si,Fy) to account for rehybridization of the silicon atom. This
model is qualitatively confirmed by CNDO/2 calculations for which
the best results are found by neglecting d-orbitals. (16)

Although reasonable success has been achieved employing only
changes in o, van den Berghe and van der Kelen (17) have suggested
that electric field and magnetic anisotropy interactions as well as
changes in 04 may be major contributors to *°Si shielding variations in
halogenosilanes. Furthermore, the assumption of a constant value of
AE in the paramagnetic term has been shown to be invalid (18)
according to CNDO/2 calculations for compounds of the type
Me, _,SiX, (X =F, OMe, NMe,, CI). Lyubimov and Ionov (19)
previously demonstrated that variations in AE are sufficient to account
for deviations in additivity of two series of substituted silanes. Using
calculated values of AE they are able to reproduce the observed
shielding trends for the systems F, ,SiX, where X = Br or CL

Thus it becomes apparent that a comprehensive and quantitative
theoretical treatment may require a revision of some of the simplifying
assumptions that have provided qualitative explanations for silicon
shieldings. Meanwhile, the qualitative interpretations are sufficient for
many of the structural problems to which 2°Si NMR is applied.



SILICON-29 NMR SPECTROSCOPY 227

B. Reference compounds

The present practical *°Si chemical shift range is about 250 ppm,
with trimethylhalogenosilanes appearing at the high frequency end of
the spectrum and extravalent (6) silicon compounds occurring at the
low frequency end. As in !3C NMR, the tetraiodo derivative (Sil,) is the
most shielded resonance (20) found to date, and if included it would
extend the ?°Si chemical shift range to about 400 ppm (Fig. 4). With the
large amount of chemical shift data appearing in the literature it is
becoming increasingly important to define the 2°Si chemical shift scale
relative to an accepted reference standard.

The convention for selecting a standard reference compound for
most nuclei has been to use a compound that: (a) has a single resonance
line, (b) has good solubility in most solvents yet remains unreactive, and
(c) appears at the low frequency end of the spectrum so that all other
resonance lines can then be reported in ppm as positive numbers to the
high frequency side of the standard. (21)

Several reference compounds have been suggested for 2°Si NMR.
Early studies reported 2°Si chemical shifts for organosilicone
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compounds relative to polydimethylsiloxane. (1,3) More recently,
tetramethylsilane (Me,Si), (22-31) tetramethoxysilane [(MeO),Si],
(32) and tetraethoxysilane [(EtO),Si] (33) have been suggested.
Tetrafluorosilane (34,35) and octamethylcyclotetrasiloxane
[(Me,Si0), ] (33) have also been suggested. Several workers (33, 36)
have examined the effect of solvent on internal 2°Si chemical shifts in a
mixture of Me,Si, hexamethyldisiloxane [(Me3Si),0], and (EtO),Si
(33) in different solvent systems. Levy et al. (33) determined the internal
chemical shifts of (Me,S10),, (Me,Si0),, and (MeO),Si in carbon
tetrachloride, and compared (Me;Si),O and Me,S:i shifts in six solvent
systems (Table I) in an attempt to find a suitable reference compound.
The ranges of observed 2°Si shifts for Me,Si (0-8 ppm) and (Me;Si),O
(0-3 ppm) are both somewhat smaller than analogous solvent-induced
13C shifts. (37) For both Me,Si and (Me;Si),O the resonances in
carbon tetrachloride are at the high frequency end of these ranges.
The original suggestion was to use the (EtO),Si resonance line as a
standard because it is located at the low frequency end of the spectral
range, is reasonably stable, and is commercially available. (EtO),Si
has, however, one of the slowest relaxing silicon nuclei (38) with a
T, ~ 135 at 38°C. In 2°Si NMR studies not utilizing effective

TABLE I

2%Gi chemical shifts for some reference compounds (33)°

Compound Solvent 298i (ppm)
[(CH;);8i],0 (MM) 687
(CH3),Si (TMS) CCly, 0-00
[{CH;),Si0], ccy, —19-54
(CH;3);3SiO[(CH;),Si0 ], Si(CH ), CCl, —22:22

(x = 50)
(CH;0),Si CCl, —-79.22
™S MM
TMS, MM” cyclohexane 824 892
acetone 821 892
benzene 81:7 891
methylene chloride 822 893
dioxan 82:3 894
carbon tetrachloride
2 x 1072 m Cr{acac); 82:5 894
5 x 107 2M Cr(acac), 825 894
5 x 1072 M Fe(acac); 825 894

“ At ~30". Chemical shifts determined +0-07 ppm relative to internal Me,Si unless
otherwise noted. Positive shifts are to high frequency.
* Chemical shifts relative to internal (EtO),Si: solute and (EtO),Si conen. 159, v/v.
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paramagnetic relaxation reagents such as Cr(acac); (2, 38, 39) or
Fe(acac), (40) (e.g. for T; or NOE studies) the resonance of (EtO),Si
will be difficult to observe; high concentrations (>109;) of the
standard are required. Me,Si has a short T, near room temperature
(4,41) and can be used as a reference at lower concentrations (<5 %).
Unfortunately, the Me,Si resonance lies in the middle of the range of
common 2°Si chemical shifts. It does, however, seem to be the most
widely accepted 2°Si standard despite some inherent problems. (42) In
this review all chemical shifts, unless otherwise noted, are reported
relative to Me,Si with positive shifts to high frequency.

C. Substituted methylsilanes

The largest body of data on *°Si chemical shifts has been collected for
substituted methylsilanes, Me, _,SiX, and Me;_,X,SCH,),Y.
Substituent effects are probably most clearly examined by starting with
the monosubstituted trimethylsilyl derivatives, Me; SiX. (3, 4, 22, 26, 32,
42, 43) Early workers (4) noted a dependence of the 2°Si chemical shift
on the electronegativity of the substituent (y,), with the least shielded
silicon nuclei appearing in the compounds with the most
electronegative substituents. Harris et al. (42,43) conducted an
extensive study of fourteen trimethylsilyl compounds in which they
noted that the correlation of dg; and y, is actually quite poor (Fig. 5),
whereas a good linear correlation is obtained for 'J(Si-C) vs.
(Section III). This suggests that factors other than simple inductive
effects are operating in these compounds. They found no correlation
between the 2°Si and !*C chemical shifts in the series. Comparison of
the 2°Si data for the trimethylsilyl derivatives with the !3C data of the
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FIG. 5. Plot of 2°Si chemigal shifts vs. substituent electronegativity, ., for trimethylsilyl
compounds, Me;SiX. (42)
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analogous t-butyl derivatives (26) shows that the trend with g,
predicted by Engelhardt’s approach, which excludes (p—-d)n inter-
actions (Section 11.A), is followed in the '3C series but not in the 2°Si
series. The most serious deviations from the predicted order occur n
the X = OR and X = F derivatives. Since these are the substituents
most likely to 7 bond, the authors suggest that this might lead to the
poor correlation between dg; and y,. It was pointed out, however, that
there is no definitive evidence for this.

Linear correlations between the pK, of acids and the *°Si chemical
shift of the corresponding trimethylsilyl esters were found by
McFarlane and Seaby (24) and Marsmann and Horn. (44) In the study
conducted by the former authors, a series of substituted methylsilyl
carboxylates Me,_,Si(O,CR), were examined. Although a smaller
chemical shift range was covered in this series than in the inorganic and
organic acids examined by Marsmann and Horn, the advantage is that
the structural changes are three bonds removed from silicon. This
eliminates variations in the silicon shielding from factors other than the
electronic effect of the R group. A good linear correlation (Fig. 6) with
the pK, of the acids is obtained for the mono-, di-, and tri-carboxylates
for R groups of varying electronegativity. The slope of the lines for
n = 1,2,and 3 decreases from 1-0 to 0-88 and 0-42 respectively. As is the
case for many of the trends in 2°Si shieldings, several alternative

2 4
an

FIG. 6. Plot of 2°Si chemical shifts (in ppm relative to Me,Si) of the methylsilyl carboxylates
Me,SiX. Me,SiX,, and MeSiX; vs. the pK, of the corresponding acid HX: (24) X = RCOO where
R = (1) 'Bu, (2) Me, (3) CH=CHMe, (4) CH, Ph, (5) Ph, (6) H, (7) CH,Br, (8) CH,Cl, (9) CHCl,,
{10), CCl;, and (11) CF,.
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explanations are possible, and concepts such as (p—d)z bonding,
o—n conjugation, (45) and bond polarization by electronegative
substituents may be invoked. For example, an increase in the
electronegativity of R, and therefore of the carboxylate group, increases
the electron unbalance of the Si—~O bond by giving more electron
withdrawing character to the oxygen atom. When two or three
carboxylate groups are substituted on silicon, the silicon electron
density is reduced and the net change in P,, and therefore o, is smaller.
Alternatively, if (p—d)m bonding occurs between oxygen and silicon in
these systems, the electron withdrawing effect is mitigated by the
presence of other carboxylate groups and the net change in electron
density at silicon is small.

Data showing the effect of multiple a-substitution at silicon are
presented graphically in Figs. 7 and 8. Figure 7 shows the “sagging”
pattern observed for the electronegative substituents OMe, NMe,, Br,
F, and Cl. The exceptional behaviour exhibited by the series
Me, _,Si(SMe), is attributed to van der Waals interactions and the
diamagnetic anisotropy of the C—S bond. (46) In contrast to Fig. 7, no
“sagging” pattern is observed for the substituents presented in Fig. 8. It
was suggested that this is due to the absence of opposing inductive and
(p—d)m bonding effects for these derivatives. Clearly this explanation is
not necessary since reasonable quantitative results can be obtained
without including d-orbitals in the theoretical treatment. (26) In either
case, it is obvious that the substituent effect is not a constant value.

Several studies have been conducted by Schraml et al. (31,47-52) on
the effect of S-substituents on the trends observed for silicon shielding
with multiple a-substitution. A series of derivatives of general structure
Me; _ X, Si(CH,),,Y was examined in which X = F, Cl, O'Bu, OSiMe;,
OFEt, OAc,or Et,and Y = OAc,NH,, Ph,Cl,or CH=CH, (m = 1).In
addition, the vinyl and phenyl silanes (m = 0) have also been examined.

In most cases the results were compared with those for the
corresponding methyl derivatives Me, _,SiX,,. In all cases in which a f3-
substituent was added (m = 1) the general trend of the shielding for the
same X substituent with increasing n is maintained. This is not
surprising since it would be expected that the more remote f-
substituent would have less effect on the silicon shielding than the
groups directly attached to silicon. For comparative purposes, a
substituent chemical shift (SCS) increment, Ad, is defined by:

Ad = 65 [Me; X, Si(CH,),, Y] — 6g[Me;_ X, Si(CH,),,H] (4)

If this is plotted as a function of n for the series when m = 1, the
relationships shown in Fig. 9 are obtained. If n =0, the effect of
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FIG. 7. 2°Si chemical shifts (in ppm relative to Me,Si) for the methylsilanes Me, _,SiX,. Data
are from ref. 6 and references therein; data for X = SMe, OMe, NMe, are from ref. 46.

replacing a methyl group with a CH,Y substituent (Me,Si
— Me;SiCH,Y where Y is electronegative) is a small high frequency
shift in the silicon resonance. Each subsequent increase in n (n > 0),
however, leads to a low frequency shift relative to the corresponding
methyl derivative and the absolute value of Ad increases with n.

If the substituent (CH,),,Y is changed from methyl to allyl to vinyl
(Y=H, m=1, Y=CH=CH,, m=1, Y=CH=CH,, m=0,
respectively) the shielding trends for the same X substituent are not
appreciably affected, although the vinyl derivatives are in ail cases more
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FIG. 8. 29Si chemical shifts for the methylsilanes Me,_,SiX,. Data are from ref. 6 and
references therein; data for X = furyl are from ref. 96; data for X = SiMe, are from refs. 32and 73.

shielded than the allyl derivatives, which are more shielded than the
methyl derivatives. (49) Similarly, very little change in trend is observed
in the sequence from methyl to benzyl to phenyl (Y =H, m=1;
Y = Ph, m = 1; Y = Ph, m = 0, respectively; Fig. 10), although the
shifts are to low frequency relative to the corresponding methyl
derivative and the absolute value of Ad increases with n.

The effects of introduction of an electronegative f-substituent in
ethoxysilanes Me;_ (EtO),SiCH,Y were compared with compounds
of “inverted” structure Me, _,S{OCH,CH,Y), by Schraml et al. (52) In
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FIG. 9. Plot of Ad vs. n for the methylsilanes Me; _, X, SiCH,Y. Data are from refs. 31, 47-49,
and 52.
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FIG. 10. Chemical shift trends in the series Me; _,X,SiR where R = Ph, CH,Ph, and CH;:
X = (a) F, (b), CI, (c) OFt. (49)
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the former case the changefromY = Hto Y = NH, (n = | to 3) leads
to a low frequency shift in the silicon resonance, whereas in the latter
case an introduction of an electronegative substituent (Y = H to
Y = NH, or Cl) leads to a high frequency shift for all values of n. These
results are consistent with the concept of (p — d)n bonding in these
compounds. In the former case (X-Si—----—Y) the electronegative
substituent Y enhances the X — Si backbonding and a net shielding
effect is observed. In the inverted compounds (Si—X----—Y) the effect is
to decrease the efficiency of X — Si backbonding and inductively
remove electron density from silicon as well; both effects result in a
deshielding of the silicon nucleus. The authors attributed the chemical
shift changes in these systems to four factors: (1) the electron
withdrawing ability of Y; (2) the efficiency of the saturated chain at
transmitting inductive effects (if the substituent Y is placed further from
silicon on a longer alkyl chain the effect is severely reduced); (3) the
backbonding ability of X; and (4) the electron withdrawing ability of X.
The influence of the first factor is illustrated by the fact that the slopes of
the Ad vs. n plots for Y = NH,, OAc, Cl in the ethoxy derivatives (Fig.
11) correspond roughly to the substituent inductive effects of Y.
Much larger effects, of course, are observed if the substituent Y is
directly attached to silicon. In a recent paper (53) silicon chemical
shifts of several N-silylated triorganophosphinimines are reported. A
comparison similar to those shown above is made between derivatives
for X = Cl, OMe (Table II). The results obtained in this investigation
are explained preferentially on the basis of hyperconjugation rather
than {p » d)n bonding. If this is assumed to be the dominant
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FIG. 11. Plot of Ad vs. n for the ethoxy-substituted methylsilanes Me; _ ,(Et0O),SiCH, Y, where
X =(a) F, (b) Cl, (c) OEt. (49)



236 E. A. WILLIAMS AND J. D. CARGIOLI
TABLE II

Substituent effect of the Et,P—=N group in substituted methylsilanes Et,PNSiX Me,_,*

Compound 3(*9Si) (53) Compound 3(29Si)(13) Ad
Et;PNSiMe, — 1573 Me,Si 0-0 — 157
Et;PNSiMe,Cl —7-87 Me,SiCl 29-5 —374
Et; PNSiMeCl, —2529 Me, SiCt, 320 —-57-3
Et;PNSICl, —54-35 MeSiCl; 121 —66°5

SiCly — 185
Et; PNSiMe;, - 1573 Me,Si 0-0 —157
Et;PNSiMe,(OMe) —17-26 Me;Si(OMe) 172 —34-5
Et;PNSiMe(OMe), —40-07 Me,Si(OMe), —-25 —-376
Et;PNSi(OMe); —6994 MeSi(OMe), —41-1 —285
Si(OMe), —-79-2

“Chemical shifts in ppm relative to Me,Si.

mechanism by which the silicon acts as an acceptor, the chemical shifts
will be dependent upon: (1) the influence of the substituent
electronegativity on the ¢ framework; (2) the = donor ability of the
substituents; (3) the availability of the o* orbital as a = acceptor (this is
again dependent on substituent electronegativity); and (4) repression of
7 bonding of one substituent by the presence of other n donors. The
significance of items 1 and 3 is demonstrated by the monotonic change
in Ad for the chloro derivatives, whereas the maximum which occurs
at n = 2 for the methoxy derivative is attributed to item 4.

D. Arylsilanes

The linear correlation between silicon chemical shifts and Hammett
o constants in trimethylsilyl substituted benzenes was first pointed out
by Scholl et al. (32) Subsequent studies (54, 55) demonstrated that,
although a high degree of linearity existed between ¢ and Jg; of the
silanes XC,H,SiY; where Y = F, OEt, CH;, H, and Cl (Fig. 2), the
magnitude and signs of the slopes of these lines are not necessarily
the same. Thus, for the electronegative substituents Y = F, Cl, and
OEt, an increase in the electron withdrawing ability of X leads to a
shielding effect at silicon, and the opposite is observed for Y = CH,
and H. Unfortunately, data for an intermediate series such as
ArSiF,Me or ArSiFMe, are not available.

An oxygen link between the phenyl ring and silicon has been found to
enhance the substituent effect. (56, 252) Both phenyltrimethylsilanes
and phenoxytrimethylsilanes give reasonable linear correlations
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between Jg; and Hammett o constants but the slope for the
phenoxytrimethylsilanes is greater even though the silicon is one bond
further removed from the substituents. (56)

E. Halogenosilanes

Most studies of halogenosilanes have been concerned with the
methylsilanes (Section I1.C). The data that have been collected for the
mixed silicon halides Y, _,SiX,, (26, 57) are presented graphically in Fig.
12. In contrast to the methylhalogenosilanes (Me, _,SiF, is shown in
Fig. 12 for comparison), the “sagging” pattern, which is apparently

-400 | I T T

Y, SiX,

-350
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FIG. 12. Chemical shift trends for the mixed halogenosilanes Y, _,SiX,. (26, 57) Shifts are in
ppm relative to Me,Si.
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dependent upon an electronegativity difference between X and Y, is not
characteristic of these compounds. As mentioned above, the tetraiodo
derivative appears well above other silicon resonances and at
—346-2ppm (58) defines the present low frequency limit for 2°Si
chemical shifts. The pronounced shielding effect of iodine and, to a
lesser degree, bromine is similar to that observed for the analogous
carbon derivatives—the “heavy-atom effect”. (59)

F. Silicon hydrides and alkylsilanes

Most silicon hydride shifts appear beyond Me,Si at relatively low
frequencies. Replacement of each subsequent methyl group with a
hydride (Me,Si — SiH,) leads to consistently lower frequency shifts,
and silane itself appears at —91-9 ppm from Me,Si. (57) Although the
silicon trihydrides (RSiHj3) generally contain the most shielded silicon
atoms (~ —30 to —70ppm) followed by the dihydrides (~ —20 to
—40ppm) and monohydrides (~0 to —30ppm), there are many
exceptions. The nature of the other substituents is obviously of major
importance, e.g. when the shifts for triethylsilane (4 0-15 ppm) (60) and
tris(trimethylsilyl)silane [(Me;Si);Si*H, —117-40 ppm] (6) are com-
pared. It 1s interesting to note that the anion H3Si~ has a chemical shift
of — 165 ppm which corresponds to a shielding effect of 73 ppm relative
to silane. Data for some representative silanes are collected in Table I11.

A series of homologous silanes R3SiH, where R = Me, Et, "Pr, "Bu,
and n-hexyl, were reported by Harris and Kimber. (60) The silicon
chemical shifts do not vary monotonically with increasing chain length
(Fig. 13) which implies that long range o, f, y, etc. effects are operative
similar to those observed for '*C shieldings of alkyl groups.
Accordingly, the approach of Grant and Paul (61) was taken to
evaluate the additivity of alkyl substituent effects in these silanes. The
silicon chemical shift is thought to be represented by:

05 = B + ZAini (5)

where B is the chemical shift of silane, n; is the number of carbon atoms
at the ith substituent position from silicon, and A4; are constants. (60)
The relationships found for these alkylsilanes and for the series
Me, _,SiH, (n = 0to 4) lead to the following values for the parameters:
A= +252 (+9-1)ppm, Ay = +550 (+575) ppm, A. = —2.75
(—2-49) ppm, A; = +0-51 (+0-31) ppm, and 4° (1°) = —2-2(—1-50)
ppm, where the numbers in parentheses correspond to the '*C
parameters and A} includes branching corrections. (61) The similarity
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TABLE 11

29Si chemical shifts for some silicon hydrides”

Compound Os;i Ref.

SiH (H;Si),Si*H —-960 230
Me;SiSi*Me, H —39-1 73

Ph;SiH 211 231
Ph,MeSiH —195 4
PhMe,SiH —17-15 32
{EtO),MeSiH —16°1 55

Me,SiH —16:34 42

"Pr;SiH —811 60

"Bu,;SiH —6:58 60
(PhCH,),SiH —383 60

Et,SiH 015 60

SiH, (H;Si),Si*H, — 1165 230
PhMeSiH, — 3680 3

Ph,SiH, — 345 4
(H;SiCH,),Si*H, — 3044 6
(H;S1CCl,),S1*H, —-509 6

SiH; H;SiSiH; —104-8 230
PhSiH; —59-9 232
PhCH,SiH, —560 232

N(SiH3), —3992 233

SiH," -919 57

“Chemical shifts in ppm relative to Me,Si.

1
_|o — —
3, _
_5 r—— —
| 1
0 5 6 7

FIG. 13. 2°Si chemical shifts in ppm relative to Me,Si for the trialkylsilanes R;SiH vs. the
number (1) of carbons in the alkyl chain. (60)
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of the 2°Siand '*C values for A}, 4., A;.and 4° (1°) suggest a common
origin for the effects. It is interesting that the estimated value of B
(—919ppm) is identical to the value found by Niemann and
Marsmann. (57) The large difference in 4, for '*C and 2°Si indicates
that other factors, possibly d-orbital effects, may be operative for
silicon. A wider variety of molecules must still be examined before this
approach can be validated. In the earlier work of Scholl er al. (32) the
parameters were estimated to be A, ~ 14ppm, A; = 2ppm, and
A, = —2ppm, based on a number of tetraalkylsilanes and excluding
the effects of chain branching.

G. Cyclic and polysilanes

The chemical shift data available for cyclic silanes (32,62-71) show
definite trends with the size of the ring into which the silicon atom is
incorporated. Compounds [1])-[6] in Table 1V show the deshielding

TABLE IV

29Si chemical shifts for some silacyclic compounds®

Compound Jsi Ref.

S./Me -
(1 < :'\CHZCHZOH —4 :
S.,Me
| .
2] < : Neene —1-31 32

Gla
3 Si —1-
3] N hyC0,6 125 32

5 Me
(4] (s 16:33 32
NCH,CH, OH
5] § s'/Me 1677 32
D ] : 3
“Me
Me
6] <>5(Me 18:90 32

Me Me
e Y
7] (7] v 03 68
Me—Sl\/Sl\
hlll Me
e
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effect of ca. 20 ppm for a five-membered ring relative to a six-membered
ring (compare [1] and [4]). (32) Another 2ppm deshleldmg occurs
when the silicon is mcorporated into a four-membered ring (compare
[5]and [6]). (32) The six-membered cyclic silane is shielded by about
4 ppm relatlve to Me,Si. This trend is repeated for the linear and five-
and six-membered cyclic species [9]-[11] where the methyl
substituents at silicon in [5] and [6] have been replaced by
triphenylsilyl groups. Two other points should be noted from these
data: (1) this generalization appears to be valid only for the
monosilacyclic compounds (the chemical shifts of [7 Jand [8 Jand [13]
and [14a], for example, are within 3 and 4-5 ppm, respectively, of each
other and clearly do not follow this trend): and (2) the influence of «-
and f-substituents is similar to that in the analogous open chain

Compound dg; Ref.
Me
%) Me,sl/\s iMe 273 32

X SiPh
¢ siz2 3 48 74
0] ~SiPhs 86
X SiPhy
10 Siz — 34 74
[1d] E; ~SiPhy 8

[11]  (Ph3S8i),Si*Me, —459 74
/—SiH2

[12] HS{_Sa 341 68
iHe
/-SiClp

[13] ChSi ) 19°5 68
\-siCl

[14] [3)1012(0) @ 151 6

G itz (b) ® 73

“In ppm relative to Me,Si. Data from ref. 32 converted
using Jg[(MeO),Si] = —78:5ppm. Data from ref. 68
converted using dg[ (Me,SiO),] = —19-51 ppm.
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compounds. The latter point is most clearly demonstrated for the a-
substituents by the similarity of the chemical shift difference (AJ)
between [5] and [10] (51 ppm) to Ad for the corresponding linear
compounds Me,Si and [11] (46 ppm).

The silacyclopropanes form a unique class of compounds whose
silicon resonances are unusually shielded. (62-65) Although cyclic and
acyclic tetraalk ylsilanes usually appear within a chemical shift range of
+5 to —20ppm relative to Me,Si, the tetraalkylsilacyclopropane
resonances occur at about 50-60ppm to low frequency of Me,Si
([15]-[18]1in Table V). Analogous results are found for cyclopropane
which has unusually shielded *C and 'H resonances (—2:6 and
0-222 ppm, respectively) compared with the higher homologues such as

TABLE V
Silacyclopropane silicon shieldings®
Compound g Ref.
Me Me
Me Me
[15] Si —49-31 64
/N
Me Me
Me
Me
[16] s Me ~51-78 62
Me/ Fde Me
[17] M ~5321 62
/SI\
Me  Me
nPr nPr
(18] H H —59-8 65
/SI\
Me Me
Me,Si SiMe,
[19] W SiMe, —106-2 63
Sic SiMe, -85
Me  Me
“In ppm relative to Me,Si. Data converted from {(MeO),Si (35, = —78-5) where necessary.

" Sample not isolated.
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cyclopentane (dc = 26-5 ppm, oy = 1-506 ppm). (72) An extremely low
frequency silicon resonance at — 106-2 ppm was found by Seyferth et al.
{63) for the silacyclopropene [19] (Table V). This may be partly due to
n-bonding with participation of the silicon d-orbitals.

Sufficient chemical shift information for various types of polysilanes
is now available (32,35, 57, 73, 74) to enable some trends in these
systems to be determined. The data for several perhalogenated
derivatives are shown in Table VI. (35,57,73) It is apparent from the
chemical shift changes of the trichlorosilyl (SiCl;) groups that the
increasing substitution of SiCl; units at the other silicon has a
progressively deshielding effect. The total chemical shift range of these
groupsis 11-5 ppm. Clearly the greatest changes occur for the silicon at
which the substitution is taking place. Interestingly, a plot of dg; vs. n for
the series Cl, ,Si*(SiCls), shows the “sagging” pattern for progressive
substitution of SiCly groups for Cl (increasing n).

TABLE VI

%%Si chemical shifts for some perhalogenated polysilanes*

Compound Jsi Ref.
F;SiSiF, —781° 35
(F3Si),SiF, SiF, —80-1° 35
SiF, — 179
Cl,FSiSiCl, SiCl,F  —23-3* 35
SiCl, —-71°
Cl;SiSiCl, —80 57
{C1,S1),8iCl, SiCly —-35 73
SiCl, -72
(Cl15S1)3SiCl SiCl, —23 57
SiCl —-72
(C1;Si8iCl,), SiCly —61° 57
SiCl, —6:6°
(Cl1,8i),Si SiCl, +35 73
Si —80-0

“Chemical shifts in ppm from Me,Si.

" Data converted to Me,Si scale using
0gi(SiFy) = —113-6 ppm.

‘May be reversed.

The situation is somewhat clearer for monosubstituted pentamethyl-
disilanes. The chemical shift data for these compounds are shown in
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Table VII along with the substituent effects (Ad) relative to
hexamethyldisilane (X = Me) for Si®:

A(s = 5SiB(Me3SiASiBM62X) - 5Si(M€6Si2) (6)
TABLE VII

2%Si Chemical shifts for substituted disilanes Me,Si*Si®Me, X (73)

X da Jg AS° dgi(Me;3SiX) (ref. 42)
Me (ref. 42) —19-8 —19-8 0 0
SiMe, —16°1 —487 —289 —19-8
H —189 —39-1 —19-3 —163
Ph —19-3 217 —-19 —4:4
Cl —182 +22-8 +42:6 +30-3
NHSiMe,SiMe; —-22:0 —54 +144 + 22 (X = NHSiMe;)
F —22'5 +34-0 +538 +32:0
OSiMe,SiMe, -231 +52 +250 +6:8 (X = OSiMe3y)
CN (ref. 74) — 181 —323 —12:5 —11-6 (ref. 74)

¢ Chemical shifts in ppm relative to Me,SL.
b See text for definition.

and the chemical shift of the corresponding trimethylsilyl derivatives.
(42) In all cases except X = Ph the effect of replacing a methyl group
with X is larger for the pentamethyldisilanyl derivatives than for the
trimethylsilyl compounds. For some substituents (e.g. X = F) the effect
is quite a bit larger. The changes are unidirectional for the same
substituent X; if the substituent has a shielding effect in the
trimethylsilyl series, it also effects a low frequency shift for Si® in the
pentamethyldisilanyl series. In both cases electronegative substituents
cause high frequency shifts. As expected, the chemical shift changes for
Si* cover a much smaller range since the substituent is one bond further
removed than it is for Si®. It is interesting that in this series, for all cases
except X = CI, the chemical shift change in Si* is the opposite of that
observed for Si®: if replacing a methyl group with X causes a low
frequency shift in Si®, then Si* shifts to high frequency relative to
hexamethyldisilane.

The substituent effects observed for tris(trimethylsiloxy)silanes
(Me,Si*0),Si®X (75) are the opposite of those observed for the
pentamethyldisilanyl and trimethylsilyl compounds. In this case
electronegative substituents (such as —CCl,) at Si® are found to have a
shielding effect relative to X = CH;. As is the case for the
pentamethyldisilanes, the substituent effects are opposite for Si* and
Si®. Although both dga and dg;s give linear correlations with Taft o*
constants, the slopes have different signs. (75)
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Finally, the effects of increasing chain length and chain branching in
alkyl substituents are shown for Ph;SiSiMe, R in Table VIII. (74) The
shieldings observed for Si® are consistent with the trends observed for
the trialkylsilanes with increasing chain length. (60) The similarity
between the shifts for the n-propyl and n-octyl derivatives suggests that
the major changes are caused by «, f§, and y effects and that 6 and ¢
effects are small, as is the case for '*C shieldings of alkanes. (76) The
deshielding effect of B-substitution is apparent for Si® in the series
"Pr > ‘Pr > 'Bu. The chemical shifts in this series also correlate with
the Taft o* constants for R. The chemical shift of Si* is quite insensitive
to the changes at Si® and virtually no chemical shift differences are
observed for Si*.

TABLE VIII

Effect of increasing chain length and branching in alkyl
substituted disilanes (74)°

Compound Oa o5
Ph;Si*Si®Me;, —-20-4 —184
Ph,Si*Si®Me,"Pr 204 —170
Ph,Si*Si®Me,"Oct —-20-4 —16'8
Ph,Si*Si®Me, Pr —-206 —119
Ph;Si*Si®Me,'Bu —-20-4 -840

“ Chemical shifts in ppm relative to internal Me,Si.

H. Organosilicones

In 1857 Wohler suggested the term silicone to describe a class of
compounds having the empirical formula R,SiO, analogous to organic
ketones (R,CO). Since the existence of R,Si=O has not been
demonstrated, the name silicone has evolved to encompass all
organosilicon polymers and monomers. (77) For the purpose of this
review, this section includes compounds of general structure
(R3-,S10,),, where n > 0, x > 2, and R = alkyl, aryl, or H. Silicates
and extravalent silicon compounds are treated in other sections.

The spectral dispersion for organosilicones may be considerable for
certain families of compounds. This is reflected in the 2°Si chemical
shifts of siloxanes, -(SiRR’O),—, an important class of compounds
which includes resins, fluids, room-temperature vulcanized and heat-
cured rubber consumer products. The first, 2°Si NMR results (5, 78)
reported on polydimethylsiloxanes showed that individual resonance
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lines can be found for each different silicon nucleus up to a ten-unit
oligomer, surpassing the structural resolution achieved by *C and 'H
NMR on the same materials (Table 1X). The nomenclature used to
define siloxane compounds incorporates the use of the letters M, D, T,
and Q, which represent R;SiOg.5, R,Si(Og.5),, RSi(Og.5)5, and
Si(Oy.5)4 units respectively, and R which denotes aliphatic and/or
aromatic substituents or H. Figure 14 shows a comparison of the '3C
spectrum of MD¢M and the 2°Si spectrum of MDyM (R = CH;). In
the !3C spectrum only the M methyls and outer D methyls (D) are
resolved, while in the longer chain oligomer the 2?Si spectrum resolves
the M silicon and each D unit from D! to D*. The central D unit (D%)is
the only silicon unit not resolved. The chemical shift range for the
nitrogen analogues of the siloxanes, the silazanes, is considerably
smaller. (79)

TABLE IX

2%Si chemical shifts for some polydimethylsiloxanes(5)

Compound M D! D? D* D* D?
MM 679

MDM 670 —21-5

MD,M 6:80 -22:0

MD;M 6-90 —~21-8 —-226

MD.M 70 —21-8 —234

MDM 70 -21-8 —22-4 —22:3

MD,M 70 —21-8 —223 —22:2

MD-M 70 —21-89 —22-49 —22:33 —2229
MDyM 693 —21-86 —22:45 —22:30 —22-20
D, cyclic -912

D, cyclic —19-51

D; cyclic —2193

D, cyclic —22-48

“Relative to internal Me,Si. Accuracy of reported shifts better than 0:05 ppm (1 Hz). Solutions
in acetone-d,,.

The number of papers reporting 2°Si NMR results on polymeric and
oligomeric siloxanes has become quite significant (27, 30, 38, 39, 78-88).
The increased structural resolution available in 2°Si spectra relative to
the '*C or 'H spectra makes it possible to study polymeric siloxanes in
greater detail. Harris and Kimber (81a) have looked at end-group and
tacticity effects in asymmetric polymeric siloxanes of average chain
length 50 units (MD,;M). In addition to the M unit (Me;SiOy.5), they
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FIG. 14. {a) '*C spectrum of MD,M. (b) 2°Si spectrum of MDyM. (5)

were able to resolve the D’ 2°Si resonance [MeHSi(O,, 5),] three units
from each end of the chain. Using MD{M as a model they
demonstrated the existence of both tacticity and end-group effects by
interpreting the observed fine structure in the proton decoupled spectra
as arising from asymmetric effects in the oligomer (Fig. 15). They
assumed that, if only nearest-neighbour effects can influence adjacent
nuclei, it is reasonable that the resonance consists of two lines since_ D’?

-35. -36.00
|22-3|5.52 |

FIG. 15. D’ region of the *"Si spectrum of MD{M where D' = [MeHSi(O,5),]. (81a)
Chemical shifts are in ppm relative 10 Me,Si.



248 E. A. WILLIAMS AND J. D. CARGIOLI

may be either d or [ giving rise to two different environments for D'".
Similarly, the D’? and D’? resonances will appear as three lines because
each unit has two asymmetric neighbours. Thus, the sequence is
ddd = lll, ddl = ldd = lld = dll, and ldl = dld, which gives a 1:2:1
triplet. In the polymer of average composition MD/,M the
predominant feature is a 1:2:1 triplet centred at —34-88 ppm from
Me,Si (Fig. 16). Harris and Kimber explain the triplet structure as
resulting from either a totally atactic polymer, or that chains of
different tacticities are produced in nearly equal amounts. Under
higher amplification the D’! and D’? groups clearly appear as a doublet
and triplet, respectively, analogous to the results obtained for MD{;M
(Fig. 15).

In a separate paper Harris and Kimber (30) examined mixed
polymeric siloxanes of the type MD, DM where M = Me;3SiOg s,
D = Me,Si(Oy.5),, and D’ = HMeSi(O,.5),. The 2°Si spectrum of
these polymers shows three distinct areas of resonance, M at +9-71 to
+7-07 ppm, D from —18-81 to —22-03 ppm, and D" from —35:19 to
—37-35 ppm. The resolution at 2-35T is sufficient to show triad and
pentad fine structure at the D’ and D resonances, respectively, and
chemical shift sensitivity at the M resonance to structural changes
occurring up to six bonds away (Table X).

Triad structure in mixed dimethyl and phenyl methyl siloxanes has
also been reported ; multiple resonances are observed for M, MP2, MFh2,
D, D™, and D": units, (79) where the superscripts denote any

-3488 -35.33 -35.82

| r*\'/"—\lr“

F1G. 16. D' region of the 2*Si spectrum of MD;,M. (81a) Chemical shifts are in ppm relative to
Me,Si.
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TABLE X

29Si chemical shifts for MD, D, M mixed polymers (30)"

Unit dg; Unit Oy Unit Jsi
MD'D'D’ 9-71 D'D'DD'D — 1881 D'D'D’ —3519
MD'D'D 9-61 DD'DD’'D’ -19:02 DD'D’ —36:27
MD’'DD’ 9-33 DD'DD'D —19-28 DD'D —37:35
MD'DD 9-18 D'DDD'D’ -20-13
MDD'D’ 767 DDDD'D’ —2041
MDD'D 7-47 and D'DDD'D
MDDD’ 717 DDDD'D —20-65
MDDD 7-07 D'DDDD’ —21-46

D'DDDD -21-76
DDDDD —22:03

“Data in ppm relative to Me,Si.

substitution at silicon other than methyl groups (e.g. D" represents a D
unit with R! = CH;, R? = Ph).

2981 NMR of siloxane systems has been used in studying
organosilicone containing block copolymers to determine block length
and chemical redistribution during polymerization. (85) Block
copolymers of bisphenol A polycarbonate (BPAP) and polydimethyl-
siloxane (PDMS) [20] were studied by both *3C and 2°Si NMR to
determine a variety of structural parameters.

poto i

{203
Me 0 Me
~OHOrdt— OO~
[gf] [;‘;]

In addition to the D units [Me,Si(Oy.5), ] and bisphenol A (BPA)
carbonate units [21 ], the nature of the polymer synthesis (85) gives rise
to single BPA units [22]isolated between two silicone blocks. The 2*Si
NMR spectrum of a sample polymer with average silicone block length
nppms = 10 is shown in Fig. 17. Peaks A and A’ corréspond to silicon
atoms adjacent to polycarbonate blocks. The peak B corresponds to
the second siloxane units in the silicone block and the rest of the
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Me Me Me Me Me
BPAP—O—S}i—O—S:i«( —Ji-}o—]lsi—-o—éi~ O-—BPAP
ﬁe D’Le V}e 6 Me }Iie

' B B'

A+ A

B A A

1 ' t W
-135 -208 -21.8

3
23g;

FIG. 17. 2°Si NMR spectrum of a bisphenol A polycarbonate—polydimethylsiloxane block
copolymer with average silicone block length fippys = 10. (85)

internal units appear under the bulk resonance line B’. The silicone
block length can be calculated directly from:

fppms = 2[(B + B')/(A + A') + 1] (7)

where 4, A’, B, and B’ correspond to the integrated areas under the
respective peaks.

Although a considerable amount of information is obtained from
the 13C spectra of these polymers (polycarbonate block length, number
of isolated BPA units, and end-group effects), one very surprising result
of the study is that isolated BPA units appear to be detectable in the
29Si spectrum as well. Closer examination of Fig. 17 reveals that the
silicon atoms at the end of the silicone block separate into two closely
spaced resonances A and A’. Although the resonances are not fully
resolved, the addition of (BPA-D,,), which contains only isolated
BPA units, clearly increases the intensity of peak A’. This suggests that
the chemical shift of a silicone moiety adjacent to a polycarbonate
block differs slightly from that adjacent to an isolated BPA unit.
Although suitable model components must still be examined to prove
that this chemical shift difference exists, the results are quite interesting
since they indicate that silicon shieldings may be sensitive to structural
changes over long distances.

In addition to silicone block length determinations, 2°Si NMR has
been used by LaRochelle et al. (89) to determine molecular weights of
silanol fluids by measuring average degree of polymerization (DP) of
fluid mixtures, HO[(CH3),Si0 ],H, where i = 6-80. Several groups
have investigated the flow behaviour of low molecular weight methyl-
terminated polydimethylsiloxanes. Wilcock (90) and Hunter et al. (91)
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determined the bulk viscosities (1) of ten monodispersed polysiloxanes
where n = 1-9. These viscosities are found to relate to molecular
weight in agreement with the equation:
logn=A+ ClogM (8)
where 4 and C are constants, and M can be either the viscosity
molecular weight M, or the weight-average molecular weight M. (92)
The use of NMR to determine sequence lengths in polymers is well
established. Horn and Marsmann (23) previously demonstrated that
29Si NMR can resolve the terminal (A) and internal (B) silicon nuclei of
low molecular weight disiloxanols. LaRochelle et al. (89) analysed a
series of disiloxanols by *°Si NMR under quantitative conditions and
determined the average degree of polymerization (DP) using:

DP = 2(B/A) + 2 9)
where A and B are integrated areas under the respective peaks. The
data are plotted against the bulk viscosity values previously measured
(Fig. 18). The plot shows a linear relationship of bulk viscosity to chain
length over a range of 6-80 dimethylsiloxy (D) units. This result is

110 T T T T T T T Q

100
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60

M2s5.0

50 .
40 =
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20 S E—
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P

FIG. 18. Plot of bulk viscosity vs. average chain length (DP) as measured by 2°Si NMR for
hydroxy-terminated polydimethylsiloxanes. (89)
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surprising since the DP measured by ?°Si NMR is directly convertible
to M,,. Classically, the flow of a polydispersed polymer fluid or melt
correlates with M, not M, . (92) Furthermore, the M, correlation with
viscosity is linear only when plotted in a logarithmic fashion. Therefore
it is probably fortuitous that a non-logarithmic linear relationship of
disiloxanol viscosity to M, is found. Interestingly, the curve in Fig. 18 is
of unit slope. This provides a convenient rule-of-thumb to convert

disiloxanol viscosity into DP:
DP = n(25°) (centistokes) — 26 (10)

There have been some very thorough structural studies conducted
on MQ, (78,86-88) MT, (78, 82) and DT (79) systems using 2°Si NMR.
Harris and Newman (87) have looked at the trimethylsilylation
products of wollastenite, a form of anhydrous calcium metasilicate, and
pseudo-wollastenite, a crystalline modification of that mineral. The
chemical shifts of the four model compounds listed in Table XI were
compared in order to determine the degree of spectral dispersion
that would occur in the many polymeric structures formed from
trimethylsilylation of the decomposed calcium silicate.

TABLE XI
29Si chemical shifts for some model trimethylsilyl esters of silicic acid (87)"
MI Ml Q() Qx OZ
M.Q 86 — 1042
M,Q, 93 —106'5
M;Q; 899 9-31 — 10667 —109-09
MqQ, cyclic 10-2 — 10776

“In ppm relative to Me,Si.

The greatest resolution occurs in the Q region of the spectrum which
is therefore more useful for quantitative analysis of mixtures of MQ
type compounds. Harris and Newman found an envelope of Q
resonances spanning a region of 4-5 ppm with only a few discernible
sharp peaks. Their explanation takes into account the large number of
structural environments caused by crosslinking of the chains. A variety
of cyclic structures and linear polymers must all contribute signals to
form the broad envelope observed. A typical MQ spectrum is shown in
Fig. 19. If special precautions to eliminate the signal contribution from
the glass NMR tubes and receiver insert are taken, the M/Q ratio can
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FIG. 19. 2°Si NMR spectrum of an MQ resin. Chemical shifts are in ppm relative to Me,Si.

be calculated, and can give a measure of the degree of
trimethylsilylation.

Hoebbel et al. (88) have used 2°Si NMR to investigate the structures
of nine silicic acid trimethylsilyl esters. Their reported chemical shifts
for M, Q, M¢Q,, MgQ3, and MgQ, (cyclic) differ by ~ 1 ppm to lower
frequency than the shifts reported by Harris and Newman (87) (see
Table XII). Although both groups report their shifts relative to
Me,Si = 0, Harris and Newman found that in these systems Me,Si is
sensitive to medium effects and concentration. To avoid this problem
they used M, Q, which is much less sensitive to solution changes, as
their standard and converted to the Me,Si scale.

M.
3 ™
M,O0—|—
M7 | oM, ? l ™M
Q I/QM\
MQ M QM MQ oM
\Q/ \Q/
Mz MZ
[23] [24]

In their discussion of M;,Q-, Hoebbel et al. noted the possibility of
at least two isomeric structures, [23] and [24]. Since the *°Si NMR
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TABLE XII

29Gj chemical shifts for some silicic acid trimethylsily) esters(88)"

Compounds M* Q°
M.Q M,Q 7-6(8-6) — 105 1{—104-2)
M.Q, M;Q QM; §-0(9:3) —107-5(— 106-5)
M;Q; M;Q-M,Q-QM; 80(8:99) (M;Q) —107-7(—106:7) (QM3;)
8:3(9-31) (M,Q) — 110 1(— 109 1) (QM,)
M, Q. M;Q-M,Q-M,Q-QM; 76 (M;3Q) - 1086 (QM3y)
77 (M, Q) ~ 11004 (QM))
M,.Q; /QM 2 6-4 —100-7
M2Q—QM:
M,Q — OM
MyQ. ’(r oM. 9-2(10-2) —108-8(—107'8)
MZQ'—QMz
M
M,,Q; Q\ 94 (M.Q) ~1088 (QM,;)
/i oM, 10:0 (MQ) ~ 1098 (QM)
z(‘) i |
MQ — QM
MQZL_ QM,
MQ——o QM
M,Q / / 117 —109-3
e MQ—-Il— QM \
1 }Q— {;Q
MQ— Qum
M M
M,aQy0 Q Q 12-4 —1102

fb— b\

MQ -/ .- QM
|/\1\C/)1 \|

MQ\(I)/QM
M

“In ppm relative to Me,Si.
" Values in parentheses are from ref. 87.

spectrum shows only four resonance lines only one structure appears
possible (Table XII).

Any trisiloxane ring structure is eliminated because of the absence of
a Q resonance at ~ — 100 ppm. Since structure [24] has QM units in



SILICON-29 NMR SPECTROSCOPY 255

TABLE XIII
29Si chemical shifts of some polycyclic siloxanes
(79y
Compound D T
T,D, —-86 — 552
194
T,Dy —-21-1 —658

“In ppm relative to Me,Si.

both a tetra- and a penta-siloxane ring configuration, more than two
resonance lines are expected. However, the observed lines are sharp and
unbroadened leading to the conclusion that only structure [23] is
present in solution.

29Si NMR has been used by Jancke et al. (79) to identify isomeric
structures in cyclic DT compounds. Gas chromatography shows that
two structures for T,Dj; ([25], [26]) and four structures for T,D,
([27]-[307) are possible.

D—T D D— T—D

| |>p o 1 |1

D—T7 Np” D—T—D
[25] [26] [27]

T—D D, b ~
v b \T—T/T T——/D—D—T
Nr—p” o Np N pd
[28] [29] [30]

[t is well known that D5 cyclic has a 2°Si NMR signal at ~ —9 ppm,
(5) and that higher oligomeric cyclic compounds (D, to D,) and linear
dimethylsiloxy units appear between —19 and —22ppm. When
samples of T,D; and T,D, were examined by the Jancke group their
results unequivocally identified structures [25] and [27] (chemical
shifts in Table XIII).

Structure [26] is eliminated because two D resonances are found in
the ratio 1:2 corresponding to a D unit in a trisiloxane ring and a D
unit in a tetrasiloxane ring, respectively (Table XIII). For the T,D,
compound, [28]-[30] are eliminated because no resonance line is
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found corresponding to a D unit in a three-unit cyclic structure; only
structure [27] fits the data.

- Lippmaa et al. (86) have successfully studied solid state 2°Si NMR of
several trimethylsilyl silicate samples using proton-enhanced nuclear
induction spectroscopy and magic angle spinning. They showed that
the high resolution *°Si NMR of solids can be useful for structural
studies of certain soluble and insoluble silicates, because many of these
compounds with well defined molecular structures in the solid state
tend to undergo very complicated rearrangements and condensation in
solution. (93)

For cyclic dimethylsiloxanes there is an increase in *°Si shielding as
ring size increases, approaching the chemical shifts for bulk D units
(Table IX) in linear dimethylsiloxanes (~ 22 ppm). The deshielding in
the smaller rings is particularly apparent for D; cyclic which appears at
—9:12ppm, whereas D, and D5 occur at —19:51 and —21-93 ppm,
respectively. (84) Harris et al. find that the same is true for D, cyclic
compounds in rings where D, is (MePhSiO), and (MeHSi0O),. The
(MePhSiO); compound has two peaks due to asymmetry with a 2:1
intensity ratio at —20-66 and —20-69ppm from Me,Si. The
(MePhSiO), resonance also appears as a multiplet between —30-11
and — 30:42 ppm, about 10 ppm to low frequency of the D3 compound.
Again, this 1s due to the effect of asymmetry. The shift difference
between D% and D, is about the same as that observed for the
analogous cyclic dimethylsiloxanes. The large 10ppm difference
between the six-membered ring and larger rings is apparently due to
steric interactions which occur upon ring contraction. (84)

Pestunovich et al. (94) recently reported 2°Si data on a series of
oligodiorganylcyclosiloxanes D,F,_, (D = Me,SiO, F = RMeSiO;
R ="Pr, CICH,, NCCH,, CF;CH,CH,, Me,FCCH,, CH,=CH,
C¢Hg;m = 3to 5, n = 2 to m) to investigate the influence of the nature
and ring positions of substituents on ?°Si shielding. To estimate the
substituent effects they calculated Ay, A,, and Az, where A; = d¢ — Jo,
A, = dp, — Sy, Ay = dp, — J¢, and J,, represents the chemical shift of
the non-substituted cyclosiloxanes, Jr is the shift of the F unit, and dp,
and dp, are the shifts of the D units o and f to the F unit, respectively.

As expected, the largest shift difference occurs at the silicon to which
the R group is attached. Fortuitously, with the substituents used in this
study, all F units are to low frequency of the non-substituted
compounds. With the exception of R = "Pr, D, and Dy shifts, where
applicable; are all to high frequency in decreasing amounts relative to
the non-substituted compounds (Table XIV). The magnitude of the
shift change is found to be linearly related to the inductive properties of
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TABLE XIV

2%Si chemical shifts for a series of cyclosiloxanes (Me,Si0),, _, (RMeSiO}),, (94)*

m R ‘5sun)h (Ssnv—; A, A, Ay
3 CH, —~893
3 CH,CH,CH, —9-28 ~99] —098 —0-35
3 CICH, —7-31 —19-97 — 1104 +1:62
3 CNCH,CH, —779 —12:34 —3-4] +1'14
3 CF,CH,CH, —814 — 1161 —2-68 +0-79
3 (CF,,FCCH,CH, -%I14 —1122 —229 +079
3 CH,=CH —869 —2397 — 1504 +0-24
3 C.Hs ~ 823 —22:70 — 1377 +0-70
4 CH, —20-00
—18'5(x)
4 CICH, —306 —106 +1'5 05
: —19:5() *
—1827(%)
4 F,CCH,CH —21-74 —2-10 +1:37 +1:06
IR —18:58(f)
4 C,Hs —18:29(x) ~32.28 —12:64 +135 4083
) —1881(f)
5 CH, —22:62
5 F,CCH,CH, —20-76(2) —24'10 —268 +1-26 +0-83
—21:19(8)

“In ppm relative to Me,Si.
b See text for definition of the %/ terminology.

the substituent R. The inductive influence of substituents on 2°Si
shieldings had been observed previously (75,95) in other systems.
Pestunovich er al. pointed out (94) that, along with an increase in
substituent electronegativity at the F unit, there is an increase in the
electron density on its silicon atom, and consequently an electron
density decrease at the « silicon atom (a general property of systems
containing Si—O-Si groups). This accounts for the sign difference
between A; and A, in Table XIV. Incompounds of the type F,D,, F3D,
F,4, and F5 these authors report peak multiplicity due to asymmetry.
Attempts to calculate these shifts based on substituent effects prove to
be more difficult, especially for the F, and F5 compounds. Substituent
effects are not the only factor affecting *°Si shielding changes in
cyclosiloxanes; steric interactions and other ring size effects must be
considered. The correct choice of model compounds used to calculate
substituent effects is critical in the cyclic systems as it also isin the linear
siloxanes.
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I. Silicates

There are a number of papers which report the use of 2°Si NMR in
studies of the structures of various soluble silicates and alkali silicate
glasses. (93, 97-103) Early workers concluded that in soluble sodium
metasilicate solutions only simple monomeric silicate structures are
present. (104) The presence of polymeric structures was subsequently
identified using Raman spectroscopy (105-107) and trimethylsilylation
experiments. (108) Marsmann (97) first reported the existence of dimer,
linear trimer, tricyclic, and polymeric structures based on 2°Si NMR

?_
HO-Si-OH

L o

¢y
HO-Si —0—-Si—-0H
OIH OIH
Nagrnn.
Ho=5i4 05140 - Si=0H 5
OH\ OH/, OH ;

-785 -86.7 -119.0
Il [ ] } |
T T T T

1
-70.3 -804 -944.

FIG. 20. 2°Si NMR spectrum of sodium metasilicate. Chemical shifts are in ppm relative to
Me,Si. '
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T T T T
-70 -75 -80 -85 -90 -95 -100
8si
FIG. 21. 2?Si NMR spectrum of a 4'1 M solution of sodium silicate with a 1:1 Na/Si ratio. (39)
Chemical shifts are in ppm relative to Me,Si.

A B4+ —D—" —E—
T T

results. Gould et al. (98) published similar 2°Si NMR results at about
the same time with the same results and conclusions. Their samples
were prepared from recrystallized NaSiO5-9H,0O with precautions
taken to filter out impurities and gases that would change pH and cause
formation of colloidal silica. A typical sodium metasilicate solution
2981 NMR spectrum is shown in Fig. 20. At least six clear peaks can be
seen including a broad resonance signal assigned to Q* units, to which
a large contribution comes from the glass sample tube and probe insert.
Marsmann used Teflon sample tubes and a Teflon insert to record his
2°Si spectra and was still able to observe a Q* resonance which
indicates that the polymeric structure is present. Engelhardt et al. (93)
showed the effect of the Na/Si ratio on the 2°Si spectrum of sodium
silicate solutions. They were able to record very high resolution 2°Si
NMR spectra with more detail and fine structure than previous
workers. A spectrum with Na/Si ratio of 1:1 is shown in Fig. 21. The
spectrum clearly shows the presence of five building units (Table XV)
with many observable signal splittings caused by neighbouring group

TABLE XV

Five silicate building units corresponding to Fig. 21(93)

Signal Unit Branching
A Monosilicate Q°
B End group Q!
Cand D Middle group | Q?
E Branching group Q?

F (not in Fig. 21) Crosslinking group Q*
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effects. Figure 22 shows the effect on the spectrum when the Na/Si ratio
is changed from 0-5 to 40. When the Na/Si ratio is small more
polymeric silicon anions are present. As the ratio increases the
polymeric structures decrease until only the monosilicate anion
remains. Harris and Newman, (102) using dilute solutions to obtain
narrow lines, performed a detailed structural analysis on carefully
prepared samples of potassium and sodium metasilicates. Using
monosilicate (Q°) as their standard and Engelhardt’s (93, 103) notation
for silicates, they assigned structures to seven distinct peaks in a
spectrum of potassium silicate prepared with excess KOH to break
down the more condensed silicate structures (Table XVI). Harris and

Na/Si
(Mol /1)

40(0.36)
i3
(o.Eg)

.
{1.0) R
(05)
(154)
(184) L X
2
_(1.84) PR
15
(1.84) J W
1.0
%8845) ;ﬂj; 13 " .m}m. Y V. N
(|08646) z&n 1L m.. JH&L-L
4%8;)‘ ,lH\_ ] ,’ml\ .""1:“;
{184 4 AR pah
A C

0 E
T 10 1T T 1T 1 11T 1 © 1T 11
-710 -74 -78 -82 -86 90 -94 -98

FIG. 22. Simulated 2°Si NMR spectra for sodium silicate solutions with varying Na/Si ratios.
Chemical shifts are in ppm relative to Me,Si. (93)
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TABLE XVI

Assignments of 2°Si NMR resonance lines for
potassium silicate solutions prepared with excess KOH
(102)

Line O Structure

1 000 Q" monosilicate

(5]

—7-30 QIQ:Q‘:QIQZQZQI

3 -1 QIQh0'QIQNQ
]

4 -961 Q'Q0Q?

1

S -981  QQQ’

6 —1527  Q'0*Q%Q!

7 —-1546  Q'Q°Q!

8 —17-41 Q’(EQ)T(I)Z

“In ppm relative to Q.

Newman interpreted the spectrum by including the presence of only
five structural species as follows:

Mononuclear Q°

Dinuclear Q'Q!

Cyclic trinuclear (Q?), —
Substituted cyclic trinuclear Q!'Q°Q%Q?
Linear trinuclear Q'Q*Q'

Linear tetranuclear Q'Q*Q*Q!

Because glass substitutes for NMR tubes and probe inserts are not yet
commercially available, detailed studies of compounds with Q%
structures have not been extensive. *°Si NMR does seem to be an
excellent tool with which to study silicates and glasses if this
interference can be overcome.

J. Silatranes

The silatranes [l-substituted-(2,2.2"-nitrilotriethoxy)silanes] are
compounds with the unusual structure [31] (Table XVII) in which a
coordinate bond N — Si has been postulated to produce a
pentacoordinate species. X-Ray data (109—111) confirm that the N-Si
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TABLE XVII

2°Si chemical shifts for some silatranes and the analogous
triethoxysilanes“(112)

N}1
R AN RSi(OE)
~Sj. ) 3
0 %40~ 317

R
H — 83:6(—83:8) —59-5(—59-5)"
Me —64-8 —44°2
Et (—66°3) (—454)
CH=CH, ~81-0(—82:3} —59-5(—59-5)
Ph —81:7(—814) — 584(—58:6)
PhC=C —947 (ref. 114) —69-5 (ref. 114)

¢ Chemical shifts in ppm relative to Me (Si.
" Data in parentheses from ref. 74.

distance is smaller than the sum of the van der Waals radii for nitrogen
and silicon and show that the structure is approximately trigonal
bipyramidal around silicon. Since these compounds are intermediate in
nature between the “normal” tetracoordinate silanes and the penta-
and hexa-coordinate silicon species, it is appropriate that they be
discussed as a prelude to the latter.

Several workers (112—114) have examined a series of 1-substituted
silatranes and the corresponding triethoxysilanes in order to determine
the effects of the N — Si bond on the !3C and 2°Si NMR data. The
chemical shifts, which are in Table XVII, show a consistent shielding
effect of approximately 20 ppm with silatrane formation. This effect
is clearly associated with the silatrane structure since the model
acyclic compounds MeSi(OCH,CH,;NMe,); (ds; = —43-8) and
MeSi(OCH,CH,;NH,); (d; = —41-5), (115) which have a nitrogen
atom the same number of bonds from silicon, exhibit silicon resonances
very close to MeSi(OEt);. The shielding effect is in the direction
expected on the basis of the shifts noted for penta- and hexa-coordinate
compounds (see Section 11.K). Recently the nitrogen analogue of 1-
methylsilatrane (1-methylazasilatrane) was investigated and found to
contain a stronger N — Si interaction. (116)

K. Extracoordinate silicon compounds

The possibility of valence shell expansion is one reason for the often
marked differences in chemical behaviour between silicon and carbon.
This valency expansion for silicon leads to compounds (and suggested
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reaction intermediates) in which the coordination number of silicon
rises above 4. Stable extracoordinate silicon compounds result only
when the silicon atom is bonded to highly electronegative atoms like
fluorine, chlorine, oxygen, or nitrogen. A well known example of this is
the fluorosilicate anion SiFZ~ in which the fluorines are located in
an octahedral array about silicon. Other negatively charged hexaco-
ordinate and pentacoordinate complexes are known including the
catecholates (117) and diolates. (118) Cationic and neutral complexes
are also known in which silicon is penta- or hexa-coordinate. For
example, tris(acetylacetonato)silicon(iv) chloride-hydrochloride was
first prepared by Dilthey (119) in 1906. Since that time a number of
structurally related cationic hexacoordinate tris-1,3-dicarbonyls and
tropolonates have been prepared and characterized. (120, 121) Several
pentacoordinate cationic silicon chelates have recently been described
(122) as well as some neutral bis-1,3-dicarbonyl bis-aryl complexes.
(123)

Characterization of these extracoordinate compounds has depended
mostly on elemental analysis and differences in IR and UV spectra
compared with typical tetravalent silicon compounds. (124)

29Si NMR offers a unique method for characterization of these
complexes since their chemical shifts deviate greatly from the normal
range found for most tetravalent silicon compounds, A number of
different types of extracoordinate silicon complexes have been
prepared and characterized (125) and their 2°Si NMR chemical shifts
determined. The chemical shift data are in Table XVIII.

TABLE XVIII

?%Si chemical shifts of extracoordinate silicon complexes (127)

Compound d (ppm) Solvent
Cationic hexacoordinate
Me
} =0\ + -
[32] ( ; >Si HCl 5 —194-4 (ref 128)  CHCI,
Y==0,

M

e 3
Me
ir" o -
[33] ( § 0 Si ZnCls —193-7 DMSO
Me 3
Ph
0l + -
[34] (\ Si SbF6 — 1914 acetone
Ph O
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TABLE XVIII (continued)

Compound o (ppm) Solvent
Ph
—0N + -
[35] d Si HCI 2 ~192:4 DMSO
===
Me 3
Me

(36] (Me—%(’-_ }sfnc'; 1957 acetone
v/ 3

Me
= + -
{371 <Ph 4 )Si HCl, —1953 acetone
Me: 5
Me
—0) + -
381 {CI, Si' HClp — 1964 acetone
\__03
Me

[39] —195:0 DMSO

[41]

—0) + -

[40] < ‘- }ﬁ HCl 5 —191-2 acetone
\__03
0N,
. |Si SbF6 —1394 CH;0H
Y

/'_0 + -
[42] 4 Si'HCI, —1879 acetone
=0
3

Neutral hexacoordinate
Me
—=0.
[43] Si (OAc), —196-8 DMSO
2
e

[44] —1954 DMSO

)
-
7
c')
o
roN—
©
g
o
N
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TABLE XVIII (continued)

265

Compound d (ppm) Solvent
Me
—=0
[45] L Si (CHy)C! —149'5 CHCl,
Me 2
Cationic pentacoordinate
+
[46] [( < )s- Phjl HCI, —175-8 DMSO
+
(47] K‘Ojsmh] ¢ ~ 1413 DMSO
[48] K.i jSI -CH- CHZJ - —141-8 DMSO
0
1+
[49] [MSI(CHZ)&HJCI —127-1 DMSO
Anionic hexacoordinate
[50] Zn?*SiFZ- —1853 (ref. 128) H,O
(51] (NH;)2 Sl\oj:C)j * 5H0 —1353 (ref. 128) DMSO
2~
[52] (Et;NH )2[5(()]@” ~1393 DMSO
[53] (n- Bu4N)2[s|tOI) } —1733 C.F,
[54] (Er3NH+)[PhS|t )J —871 acetone
2

Although there are too many gaps in structural types to permit any
predictable correlation between structure and chemical shift, a number
of trends are apparent, particularly among the cationic complexes. For
example, hexacoordinate cationic and neutral complexes in which the
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chelate ring is derived from a 1,3-diketone display nearly identical
chemical shifts regardless of charge type or structure of the 1,3-
dicarbonyl compound ([32]-[40], [43], [44]). The chelate derived
from a keto-ester [42] is shifted to high frequency by nearly 50 ppm.
Different chemical shifts are also observed for those complexes in which
the chelate ring is five-membered ([41], [47]-[49], [51]1-[54]).

In this series the “aromatic” ligands catechol and tropolone afford
chelates whose chemical shift is a function of the number of oxygen
atoms around silicon and the nature of the non-chelating group
attached to silicon. Thus the cationic and anionic hexacoordinate
complexes [41], [51], and [52] have essentially the same chemical
shifts whether tropolone or catechol is the ligand.

It has been suggested (126) that similarity in chemical shift among
the' hexacoordinate complexes is due to the symmetry of distribution of
the ligands in these compounds which effectively cancels any charge on
the central atom. These symmetry effects disappear in the
pentacoordinate complexes which should have a definite dipole
moment. This appears to be the case since among the pentacoordinate
chelates there are chemical shift differences between the anionic
catechol and cationic tropolone derivatives ([47]-[49] and [54]). This
may be due to a different effect of the aryl substituent depending on
charge type.

For the cationic pentacoordinate tropolonates there appears to be
an effect of the nature of the non-chelating group R on chemical shift.
Those tropolone complexes in which the silicon atom is bonded to an
sp* hybridized carbon in R ([47] and [48]) exhibit a chemical shift of
— 141 ppm compared with hexacoordinate T3Si"X ™ (6 = — 139 ppm).
When the carbon atom attached to silicon is sp* hybridized asin [48] a
shift to — 127 ppm is observed. In these complexes the R group should
affect the charge density around silicon thus causing the shift change.

The value of 2°Si NMR in characterizing extracoordinate silicon
complexes should be evident from the data in Table XVIIL
Additionally this method can be used to establish whether a given
ligand will form an extracoordinate complex with silicon or remain
tetracoordinate. For example, a reaction mixture of SiCly and a
bidentate ligand can be examined for resonances outside the normal Q
region to determine whether an extracoordinate complex or a normal
tetravalent compound is formed.

L. Solvent effects

Most studies of solvent effects on 2°Si chemical shifts have been
directed toward finding a suitable reference compound. (33, 129)
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Indeed, the solvent effects are usually small (<1 ppm) compared with
the changes arising from structural perturbations and are therefore
generally not a problem in interpreting 2°Si data. For cases in which
specific solvent—solute interactions are possible, however, large solvent
shifts can occur.

A series of silanol and silylamine chemical shifts were obtained in
various solvents. (83) The silanols are found to be highly dependent
(> 5 ppm shifts) upon solvent basicity with the more basic solvents
causing low frequency shifts. This shielding effect is found to give an
excellent linear correlation with Gutmann’s donor number (DN) (130)
which is a measure of the electron pair donor ability of the solvent.
Figure 23 shows the correlation for five of the compounds examined. It

£38) -20

31 -19

(-36) -18

(-35) 17

(-34)-16

3

(-33) =15

(-32) -14

(-30-13

(-30) -12

{-29) -

- -] 1 L L i 1
(=280 10 20 3G 40 50

DONQOR NUMBER

FIG. 23. *°Si chemical shifts vs. donor number of the solvent for Ph;ySiOH ( O), Ph,Si(OH),
(), (HOSiMe,;), O (). HO(Me,SiO), H (@), and {PhNH),SiMe, (A). (83) Chemical shifts are
in ppm relative to Me,Si. The scale in parentheses corresponds to Ph,Si(OH),.
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should be noted that of the four silylamines investigated only
bis(phenylamino)dimethylsilane gives a good correlation with solvent
donor number (see Fig. 23). In general the amines show much smaller
solvent shifts than the silanols. It is interesting that for the hydroxy
terminated siloxane HO(SiMe,O)¢H the shielding effect is transmitted
down the chain (Fig. 24), with smaller chemical shift changes for D and
D? than for the terminal silicon (D*).

These solvent shifts have been attributed to an interaction of the type
~Si-O-H - :B, which is consistent with 'H NMR data showing
strong hydrogen bonding between silanols and dimethyl sulphoxide.
(131) Although the relationship between electronic structure and #°Si
chemical shift is not clear, the increase in screening due to a good donor
solvent is consistent with repulsion of the O—H bonding electrons by
the solvent electron pair, and a consequent increase in electron density
at silicon. The extreme of this effect is anion formation; in the very basic
solvent system sodium ethoxide—ethanol, in the presence of excess base,
triphenylsilanol exists predominantly as the anion and has a chemical
shift of —25-4ppm compared with triphenylsilanol in chloroform
(—12:6 ppm).

The strong solvent dependence of the chemical shifts does provide a
ready means of detecting silanol resonances in complex mixtures. The
sample can be examined in two solvents of widely varying donor ability
(chloroform and acetone are sufficiently different to detect changes) or
a small amount of a good donor solvent can be added to the sample. In
the latter case small additions of the good donor solvent cause large
shifts by preferential solvation. (83)

M. Steric effects

The effects of crowding and steric interaction on 2°Si chemical shifts
have been considered by several authors. (32,132-134) Each of these
authors compared the 2°Si NMR results with observed carbon shifts in
analogous compounds and found that the steric effect on silicon
shielding is roughly the same as on carbon. (32) Engelhardt and
Schraml (132) have shown that a y methyl group causes approximately
a 3ppm shielding effect in (CH;);SIOCH,CHj;. They estimated that
polar contributions account for about 0-8 ppm, leaving the steric y
effect to account for a 2 ppm low frequency shift. Variations around this
average value are interpreted as arising from differences in conformer
populations. In trimethylsiloxy substituted benzenes, CcH4(OSiMe;),,
Schraml et al. (133) noted that crowding in the ortho derivative leads to
a small but observable high frequency shift relative to trimethyl-
phenoxysilane, C H;OSiMe;, of both the silicon and carbon
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FIG. 24. 2°Si chemical shifts in ppm relative to Me,Si vs. donor number of the solvent for the
internal silicon atoms (D? and D?) of HO(SiMe,0)¢H. (83)
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resonances of the trimethylsiloxy group. Upon comparison with
analogous effects observed in trimethylsilylbenzenes, CoH,(SiMe3),,
the oxygen appears to increase the susceptibility of the silicon to the
steric effect but to decrease that of the carbons. It is suggested (133) that
the operative steric interaction may not be between the two terminal
methyl groups but may involve the oxygen atom.

N. Applications

The sensitivity of 2°Si chemical shifts to structural changes and the
technique of silylating compounds for more favourable analysis or
synthesis have been combined by several researchers to produce a
powerful structure elucidation technique for monofunctional or
polyfunctional compounds. (135-141) Specifically, the trimethylsilyl
derivatives of imidophosphoryl compounds, (141) sugars, (138-140)
steroids, (140) amines, amides, and urethanes, (135,136) and amino-,
hydroxy-, and mercaptocarboxylic acids (137) have all been studied
within the past three years.

Schraml et al.(137) found that the 2°Si resonances of a series of silyl
ester, alkoxy-silyl, and amino-silyl derivatives appear in different
regions of the spectrum. On the basis of this information they suggested
that *°Si NMR can be used for the structure elucidation of silylated
hydroxy- or aminoacids. The silicon chemical shifts for DL-serine [55]
and DL-threonine [56 ] are shown in ppm. The variation in the shielding
for the alkoxy-silyl group demonstrates the previously noted sensitivity
of 2°Si NMR to the nature of R in Me;SiOR. (140)

4-03 (T 23-01 413 ﬂ 22-39
Me3SiNHICHCOSiMe3 Me;SINHCHCOSiMe,
|
CH,OSiMe; CH
17-45 /N
Me OSiMe;
1512
[55] [56]

The utility of this technique is clearly demonstrated for sugars.
(138,140) The 2°Si NMR spectrum of hexakis-O-trimethylsilyl-D-
sorbitol (TMS derivative of 57) shows five resonances (6 = 156 to
167 ppm), one of which has twice the intensity of the others. This is
consistent with the structure of [57]. The largest peak corresponds to
trimethylsilylation at the two terminal hydroxymethyl groups. The
corresponding compound with [58] also gives a 2°Si NMR spectrum



SILICON-29 NMR SPECTROSCOPY 271

consistent with its (symmetrical) structure; only three peaks of equal
intensity are observed.

CH,OH CH,OH
H—é~OH H—-C—OH
HO—é~H HO—C—H
H—é~OH Ho—é~H
H~é~OH H—é—OH

éHZOH éHZOH

(57] (58]

A variety of techniques including specific deuteration, selective
proton decoupling, and lanthanide shift reagents (LSR), Pr(dpm);, was
used by Haines et al. (138) to assign completely the 'H and *°Si NMR
spectra of methyl-Z,3,4,6-tetra—0-trimethylsilzyl- -D-glucopyranoside.
This paper also presents the first LSR study in 2°Si NMR. It shows that
the magnitudes of the LSR induced shifts in the 'H spectra are of the
same order as those found for the 2°Si resonances. (138)

29Gi NMR has been used to study equilibria in N-silyl-amides and
N-silyl-urethanes. (135) All the N-silyl-amides investigated are found to
exist in an amide—imidate equilibrium, with electron donating groups
at N and lower temperatures favouring the amide form. In contrast, the
silyl-urethanes are all in the amide form.

ITII. COUPLING CONSTANTS

A. Theoretical considerations

The indirect coupling of nuclear spins through the bonding network
is considered to be the sum of three terms. (142) The first term is due to
the interaction of orbital electronic currents with nuclear moments.
The second term arises from the dipole—dipole interaction between
nuclear and electron magnetic moments. The third term is dependent
upon the properties of the electrons at the nucleus (Fermi contact term)
and is considered to be dominant in determining the coupling constant.
Although the relative importance of the orbital and spin dipolar terms
in determining 2°Si coupling constants is not known, a number of
highly successful calculations have been carried out using only the
Fermi contact contribution. Indeed, recent calculations of *J(Si—C) by
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Beer and Grinter (143) using the finite perturbation theory at the
INDO level of approximation indicate that the combined orbital and
spin-dipolar contributions are less than 1%, of the observed coupling.

B. Calculations of silicon coupling constants

Early workers attempted to explain 'J(Si—H) using the same
approach as the empirical linear additivity rule used for 'J(C—H). (144)
Deviations were noted, however, with electronegative substituents
(145-147) and it was noticed that the deviation increased with
increasing substituent electronegativity. Substantial improvement was
obtained using pairwise interaction terms (148, 149) with the coupling
constant expressed as a sum of constants for each pair of substituents:

JXYZ) = J'(XY) + J(XZ) + J(YZ) (11)

where J' refers to a constant for each pair of substituents in the
compound SiHXYZ, and J(XYZ) is the one-bond Si-H coupling
constant 'J(Si-H). Subsequently Jensen et al. (150) used the
Pople—Santry method (151) of calculating coupling constants to
explain these substituent effects. They concluded that the Fermi
contact term is sufficient to explain the observations and that the
important perturbation can be related to electronegativity of the
substituent. Jensen (152) suggested a quadratic equation for ' J(M-H):

JIMHXYZ) = J(MH,) + A(ax + oy + o) + Bl + o + 23)
+ C(O(X{XY + oyolz + O(Zax) (12)

in which M can be either C or Si, ax is the Coulomb integral (or effective
electronegativity) of the substituent X, and A, B, and C are constants.
For silanes, the values of 4, B, and C are determined to be 18-26 Hz/eV,
1-78 Hz/eV?, and —2:98 Hz/eV?, respectively. The effect of a -
substituent X on 'J(Si—-H)is evaluated (152) by means of:

ABx = Kax (13)

where K = 3-9Hz/eV. If ABx is added to the calculated coupling
constant, the results shown in Table XIX are obtained. Jensen’s
equation with the same values of 4, B, and C is found to be useful for
halogenated disilanes. (153) A further correlation is noted for 'J(Si~H)
of the silicon atom adjacent to the substituted silicon: (153)

1J(Si-H) = 'J(Si-H)(disilane) + 225« (14)
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TABLE XIX

Comparison of calculated and observed coupling constants 'J(Si-H)
for some silanes (152)

Compound Jene (Hz) J.m(HZ)
CICH,SiH;Me — 1988 - 198-5
C1,CHSiH;Me — 2086 —208-2
BrCH,SiHMe, -192-9 —193-2
ICH,SiHMe, —191-0 —191-4
(CH;CH,);SiH — 1788 —179-2

Earlier, Yoshioka and MacDiarmid found the relationship:
1J(Si—H)(H;SiSiH,X) = 'J(Si-H)(Si,Hy)
+ 0-75[*J(Si—-H)(SiH;X)— 'J(Si-H)(SiH,)]
(15)

which gives good agreement with the experimental values for twelve
disilanyl compounds. (163) All calculated values of J are in Hz.

An alternative approach for silanes was suggested by Ebsworth et al.
(155) who noted that the difference between the value of J, calculated
from the additivity relationship and the experimentally observed J,,, is
linearly proportional to the square of the electronegativity difference of
the substituents from hydrogen. They suggested the following
relationship for calculating J in dihalogenosilanes SiH,XY:

Jg=Ja = T5Q2m — tu — 1v)* (16)
where J, is given by:
JA(SiH,XY) = J(SiH;X) + J(SiH;Y) — J(SiH,)

The value of Jg is found to be within experimental error of J . and is
calculated using only one empirical parameter. (155)

Several workers have related the magnitude of 2°Si couplings to the s
character in the bonding orbital to the coupled nucleus. (146, 154,
156-159) Rastelli and Pozzoli (154) find a simple relationship to be
adequate:

1J(Si-H)= 81002 (17)

where o is the s character of the silicon orbital directed towards
hydrogen as calculated by the Del Re method. Levy et al. (156) noted a
rough proportionality between the magnitude of J(Si—C) and the s
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character of the carbon nucleus in several compounds containing only
Si, C, and H. Kovacevi¢ and Maksic (158) reproduced this trend with
calculations of 'J(Si—C) based on the maximum overlap approxi-
mation method. Their calculations assume dominance of the Fermi
contact term and include the average excitation energy approximation.
A comparison between calculated and experimental values is presented
in Table XX along with the s characters of the relevant atoms. The data
show that the silicon atom remains very close to sp> hybridization. A
similar approach was used by Kovacevic et al. to calculate 'J(Si—H) in
silanes. (159) Dreeskamp and Hildenbrand (157) examined tetra-
vinylsilane as well as some vinyl- and chloro-silanes. They find the one-
bond coupling constants ! J(Si—C) to be proportional to the s character
of the Si-C bond, whereas the two-bond couplings 2J(Si-H) are
dependent on the hybridization of both the silicon atom and the
intervening carbon atom.

TABLE XX

Comparison of calculated and experimental coupling constants and the s
characters of the atoms involved in the coupling (158)

tJ(Si-C) (Hz)
Molecule Sgi ¢ (M) calc. exp. (ref. 156)
(CH3),Si 250 S51-4 50-3
{CH;CH,),Si 250 522 502
PhSI(CH3), 261 64-7 665
(CH,CH),Si(CH;), 256 62'4 66-0
(CH,CH); 261 647 64:0
PhC=CSi(CH;); 254 852 836

Summerhays and Deprez have expressed caution, however, in
extrapolating detailed hybridization information from experimental
coupling constants. (160) These authors calculated ! J(Si—C) using finite
perturbation theory at the INDO level of approximation and including
only the Fermi contact contribution. Good agreement with
experimental values is obtained. Furthermore, linear correlations with
the hybridization parameter P . giving correlation coefficients of
0-98 and 0-96 are reported:

Calculated: 'J(Si-C) = —10554P3 5. + 159 Hz {18)
Experimental: 'J(Si-C) = —1227-7P§ 5. + 26-0Hz (19)
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However, they pointed out that the sensitivity of 'J(Si—C) to the valence
bond equivalent of P¢_s_ in the compounds containing only Si, C, and
H is substantially lower. (158) The authors suggest the possibility that
this discrepancy arises from the assumption of a constant AE.
Correlations with charge density parameters reflecting electron
deficiency of the Si—C bond and polarization in the sense Si —» C are
also found. (160)

Beer and Grinter used finite perturbation theory to calculate
TJ(Si—H), 2J(Si—-H), (161) and 'J(Si—C) (143) as well as the analogous
phosphorus couplings. The best results are obtained for 'J(Si—C)
(Table XXI) for which the correlation coefficient of the best fit of
calculated to observed values is 0-985. The various calculated
contributions to 'J(Si—C) are in Table XXI. Clearly, the orbital and
spin—dipolar terms, which are small and also of opposite sign, have
little effect on the calculated value of J. It is concluded that the Fermi
contact term is probably sufficient for the calculation of 'J(Si—-C) and
that inclusion of silicon d orbitals is not required.

TABLE XXI

Calculated and observed values (Hz) of one-bond silicon—carbon couplings (143)

Molecule FC¢ OB* SD* Total Jobs Ref. (Jons)
PhCCSiMe; —868 07 -03 —864 836 156
(CH,CH),Si —69-0 0-8 -05 —68-7 70-0 156
{CH,CH),SiMe, —64-1 0-8 06 —639 660 156
CH,CHSiMe; — 668 0-8 —-06 — 666 64-0 156
Ph*SiMe, -631 09 —-0-8 —630 665 156
MeSiHCl, —639 1-0 —-05 ~634 — 660 162
MeSiH,Cl —571 1-0 —-05 — 566

Me;SiF —59-7 0-8 —-05 —-59-4 605 42
Me,SiCl - 557 08 —-06 —55-5 577 42
PhSiMe, —51-8 08 —06 - 516 522 42
Me,Si —51-2 0-8 —-06 —-51-0 —50-3 156
(MeCH,),Si —-52-8 0-8 -05 —52'5 502 156
Me;SiH —524 09 —-06 —52-1 50-8 42
MeSiH, —529 11 -06 —52-4

Me;SiSiMe, F —44-4 08 -0-7 —44-3

Me;SiSiMe,F — 486 09 —-06 —483 479 73
Me;SiSiMe, Cl —439 08 -07 —43-8 462 73
Me,;SiSiMe,Cl —46°1 09 —-06 —45-8 459 73
Me;SiSiMe, H —45-4 08 -06 —452 44-6 73
Me;SiSiMe,H —44-8 09 —-06 —44-5 43-8 73

?FC = Fermi contact contribution; OB = orbital contribution; SD = spin-dipolar contri-
bution.
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Several attempts to calculate the signs of silicon coupling constants
have been made. (164—166) Cowley and White were able to reproduce
the signs of several one- and two-bond couplings with a parameterized
LCAO SCF method which includes overlap in the diagonalization of
the secular equation. (165) The magnitude of 'J(Si-F) calculated for
SiF, is quite close to the experimental value, but several of the other
calculated values are too low. The experimental sign determinations
that have been made are collected in Table XXII.

TABLE XXII

Signs of some ?°Si coupling constants

J Sign References
LJ(Si-C) — 165-168

1J(Si-F) + 165, 166, 169, 170
'J(Si-H) - 165-167, 169-171
2J(Si-CH) + 167, 172
3J(Si-CCH) - 173

C. One-bond coupling

Most of the one-bond couplings that have been determined are for
29Gi-'H. A wide variety of compounds have been investigated (4, 31—
53, 113, 145, 174-202) and some general trends can be noted. Some
representative values are shown in Table XXIII. The largest changes
occur upon the introduction of an electronegative substituent, the
absolute value of J increasing with substituent electronegativity. The
replacement of one H with F in FSiH ,, for example, causes an increase
in |'J(Si-H)| of 50 Hz. The changes within a series of alkylsilanes are
much smaller, however. This can only be seen by considering the
change in !J(Si—H) with progressive methyl substitution in the series
Me,_,SiH, (n = 1 to 4); the total change in coupling constant from
Me,SiH to SiH, is less than 20 Hz.

Electron-rich substituents decrease the absolute magnitude of
'J(Si—H). Comparison of (Me;Si);SiH with Me;SiH (Table XXIIT)
shows that the former has a lower |'J(Si-H)| by approximately 30 Hz.
The effect of B-substitution is quite small. (181-185) The change in
'J(Si-H) from F,SiH, to F,SiH (a-substitution of fluorine) is almost
100 Hz (145) whereas the analogous effect for substitution at a f-silicon
H;SiSiHF, ['J(Si-H;) =206-2Hz] to H;SiSiF; ['J(Si-H;) =
—212-0Hz]) is 5-8 Hz.
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TABLE XXIII

Values of ' ASi-H) for some representative silanes

Compound 'J(Si-H) (Hz)  Ref. Compound 'J(Si-H) (Hz)  Ref.
F;SiH —381-7 145 MeSiH, —194-0 177
CLLISiH —353 174 Me,SiH, —1886 177
Br,ISiH —349 174 Me,SiH — 1840 177
(AcO),;SiH —344 176 'Bu,SiH, —182:1 177
F,SiH, —282 145 Et;SiH —179:2 177
FSiH, —2290 145 {Me,S1)Me,SiH —-173 178
Sb(SiH,), 2083 175 (Me,Si),SiH —155 179
SiH, ~202:5 145 (Et,Si),SiH 147 180
Ph,SiH, —198:2 177

The changes caused by increasing halogen substitution are shown in
Table XXIV. (4,31) The greatest overall change occurs for the fluoro
derivatives and the smallest for the iodo compounds. Chloro and
bromo substituents cause almost identical increases in |J| with
increasing substitution. It is interesting that ' J(Si—H) for the silylcobalt
carbonyls H,SiCICo(CO), and HSICl,Co(CO), are —239 and
— 280 Hz, respectively, (186) which are quite similar to the cor-
responding mono- and di-chlorosilanes (Table XXIV). The transition
metal is not electronegative and exhibits behaviour similar to that
expected for an alkyl group. Similar results are obtained for dihydrides
of manganese, rhenium, and iron. (187) The results obtained for silicon
pentacoordination in silatrane are also revealing. They are quite
consistent with the dependence of !J(Si—-H) on the s character of the
Si—H bond. (113) Whereas |'J(Si—H)| in triethoxysilane is 287-4 Hz, the
value drops to 278-1 Hz in silatrane.

TABLE XXIV

Effect of halogen substitution on one-bond 2°Si-'H coupling

constants”
X H,;SiX H,SiX, HSiX;
F —-229-0 —282 —3817
Cl —2381 —2880 —3629
Br —240:5 —289:0 —360 (ref. 174)
I —2401 —280-5 - 325 (ref. 174)

“Values in Hz. Data from ref. 145 unless noted otherwise.
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There have been numerous correlations made between 'J(Si—H) and
various parameters of bonding and reactivity. A rough correlation has
been drawn between 'J(Si—~H) and the Si—-H force constant in HSiX,
compounds and with the Si-Si force constant in Si,X, compounds.
(188) Good linear relationships between 'J(Si—H) and Hammett o
constants have been demonstrated for benzyldimethylsilanes and
phenyltetramethyldisilanes (189) and phenyl-, phenylmethyl-, and
phenyldimethyl-silanes. (190) Similarly, Nagai et al. (190, 191) found an
excellent correlation between 'J(Si~H) and Taft polar substituent
constants ¢* for compounds of the type R*R?R*SiH where R = alkyl,
phenyl, and hydrogen. The relationship:

LJ(Si-H) = —10-21Z0* — 1829 (20)

was derived from the results for 30 silanes (correlation coefficient
r = 0-994). This is presented graphically in Fig. 25.

The relative reactivities of Si—H bonds towards the «CCl; radical are
found to correlate well with !J(Si—H). (192,193) The results are
rationalized on the basis of a change in the s character of the Si—H bond
which indicates a change in electron density at hydrogen and thus its
ease of removal by «CCl,.

The effect of substituents on the value of directly bound 2°Si~'°F
couplings is much less straightforward than for 'J(Si—H). The values of
J within the series F,SiH, _, (n = 1to4), for example, are 281, 298, 275,
{145) and 170 Hz. (203) Whereas in some cases increasing substituent
electronegativity causes a decrease in J, in other cases J increases. For
the F,SiX compounds where X = SiH; and OMe, the 'J(Si-F) values
are 356 (204) and 181 Hz (205) respectively. In contrast, the *J(Si-F)

-180
T
5 -190 —
=

-200—

| 1 1
0 10 20
Zg*

F1G. 25. Plot of one-bond silicon-hydrogen coupling constants vs. the sum of the Taft polar
substituent constants for compounds of structure R'R*R3SiH, where R = alkyl, phenyl, or
hydrogen. (190. 191)
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values for (Me;Si);SiF and Br;SiF are 335 (206) and 368-7Hz (207)
respectively. Several values of ' J(Si~F) are shown in Table XXV. (4, 26,
32, 59-63) Extreme values are reported for 'J(Si—F) of 488 Hz (213) for
[59] and SiFZ~ (110 Hz, ref. 214; 108 Hz, ref. 215).
—SiF,
|
—SiF,

[59]
TABLE XXV

One-bond *°Si~'°F coupling constants

Compound 'J(Si-F) (Hz) Ref.  Compound 1J(Si-F) (Hz) Ref.
SiFCll, 401 208 SiF,Ph, 3027 210
SiFCIBrl 380 208 SiF,1 296 176
SiFBr, 3687 207 SiFH,Me 279-8 211
(F,Si),SiF, 3566 (SiF,) 169 SiF,NMe, 201-4 212
344-4 (SiF,)
F,SiSiF, 3218 209 SiF,0SiMe, 184-2 212
Me,SiSiMe, F 306-8 73 SiF,0OMe 181 205

The dependence of one-bond 2°Si—'3C coupling constants on the
hybridization of the involved carbon has already been mentioned
(Section IIL.B). In addition, Harris and Kimber find a linear
dependence on substituent electronegativity for the trimethylsilyl
derivatives Me;SiX: (42)

1J(Si-C) = 7-90yx + 31°5 21)

(correlation coeflicient r = 0-96). They also established a Iinear
correlation between 'K(Si—C) and 'K(C—C) for the analogous t-butyl
derivatives, where 'K(Si—C) and 'K(C—C) are the reduced coupling
constants:

I'K(Si—C)] = 1-72|'K(C—-C)| + 0-80 (22)

It is concluded that the Fermi contact mechanism is operative for both
couplings. (42) The variation in 'J(Si—C) for the series of ethoxysilanes
Me,Si(OEt), , was examined by the same authors (216) (values in
Table XXVI). The changes are determined to be too large to be
attributed solely to s character changes, although the Fermi contact
model is still valid if substantial changes in effective nuclear charges at
silicon are assumed. The variation in 'J(Si—C) is found to be linearly
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TABLE XXVI

One-bond 2°Si-'3C coupling constants

Compound 'J(Si-C) (Hz) Ref.  Compound 'J(Si—C) (Hz) Ref.
Me,SiSiMe, —436 42 Me,SiCHN, —622 220
Me,SiSMe —537 43 Me,SiCl, —68-3 157
(Me,Si),NH —562 42 Me,Si(OEt), ~73:0 01
(Me,Si);N —56-8 219 MeSiCl, —86.6 157
Me,SiC(N,)CO,Et  —58-4 (Me) 220 MeSi(OEU), —96-2 221
Me,;SiOEt —-59-0 42 CICH,SiCl, —97-6 157
(Me,Si),0 —60-0 42 CH,=CHSICl, —113 157
Me,SiF —60-5 —

related to values of 'J(Si—H) in the series H,Si(OMe), _, according to:
(216)
|'J(Si—-H)| = 2:20[*J(Si—-C)| + 866 (23)

Experimental values of 'J(Si—C) are collected in Tables XX and XXI.
Some additional values of 'J(Si—C) are in Tables XXVI (42, 43, 157,
217, 221) and XXVIL. (73)

The relationship established by Harris and Kimber (42) between
'J(Si-C) and substituent electronegativity was extended to the
coupling between directly bonded silicon atoms, 'J(Si-Si). (73) Sharp
et al. examined a series of polysilanes and found a good linear
correlation (r = 0-95) between ! J(Si—Si) (Table XXVII) and the sum of
the substituent electronegativities on the coupled silicon atoms. This

200

150

=

1

5

=

100

50 11 1 1 1 1
17 18 19 20 21 22 23 24 25

IXy
FIG. 26. Plot of the directly bonded silicon—silicon coupling constant vs. the sum of the
substituent electronegativities on the coupled silicon atoms. (73)
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Compound LJ(Si-Si) JSi-CYy  J(SI-CB)
(Me,Si"),Si® 52:5 —447 —
(Me,Si"),SiPMe, 732 —438 ~370
Ph,Si*Si*Me,'Bu 80-0 (ref. 74) — —
Me;Si*Si®Me, H 84-6 — 446 —438
Me;Si*Si®Me, Ph 861 —44-1 —448
Me;Si*Si®Ph, 86 —- —
Me;Si*Si*Me, Cl 94-0 —462 —459
{Me;Si*Si®Me,),NH 960 — 4 —466
Me;Si*Si®Me, F 98-7 — —479
(Me,Si*Si®Me,),0 1034 —438 —480
(C13Si"),Si® 1105 — —
(MeO);Si*SiPPh; 160-0 — —
(EtO);Si*Si®Ph; 164:0 (ref. 74) — —
(C1,Si™),Si*Cl, 186 — —

“ Assignments for 'J(Si-C) not clear.
relationship is presented graphically in Fig. 26. Similarly, linear

relationships have been established between 'J(Si-Si) and !J(Si—CPB)
for the substituted silicon in seven pentamethyldisilanyl derivatives
Me,SiASiBMe, X (Table XXVII) and 'J(Si-CP®) and 'J(Si-C) in the
analogous trimethylsilyl derivatives. (73) Thus it appears that the
same factors that determine ' J(C—C) and 'J(Si—C) couplings are also in
effect for 'J(Si—Si). One-bond silicon couplings to some other nuclei are
presented in Table XXVIII.

TABLE XXVIII

Some one-bond couplings of 2°Si

M Compound 1J(Si-M) (Hz) Ref.
'“Hg  RHgSiMe;, RHgSiEt, 957-1357" 217
N (H3Si);N +6 219
3tp Me;SiPH, +162 218
3tp Me, HSiPMe, +23:2 218
31p (H,Si);P +422 175
31p Me,SiPPh, +21°5 21
95p( trans-[PtCI(SiH,Cl)(PEL), ] ~ 1600 22
77Se (H,Si),Se +1106 171
1198n Ph,SiSnMe, +650 221

“ Depending on nature of R.
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D. Longer range coupling

Trends that occur for one-bond coupling constants also appear for
longer range couplings. The values of 2J(Si—H), for example, occur
roughly in the region of 3—12 Hz with the larger values pertaining to
silanes with more electronegative substituents. (49, 223) Likewise, in the
three-bond couplings 3J(Si—-H) of the series Cl,Me;_,SiOMe and
Me, _,S1(OMe),, increasing the number of electronegative substi-
tuents (Cl or OMe) increased the magnitude of the coupling. (223)
Some trends that do not fit into the expected pattern have been
noted. Schmidbaur, for example, noted (224) that 2J(Si—H) increases
in the series Me;SiF < Me;SiBr < Me,Sil, and in the series
(Me;S1),0 < (Me;Si),S < (Me;Si),Se, in contradiction to the expec-
tations based on electronegativity. This was originally rationalized in
terms of n-bonding (224) but other explanations have been offered.
(157) A few of the many two- and three-bond coupling constants that
have been reported are collected in Table XXIX. (74, 157,169, 171,173,
209, 223, 235-246) Other values can be found in ref. 6.

TABLE XXIX
Long range coupling constants involving *°Si
Coupling Compound J (Hz) Ref.
27(Si-CH) Me,Si +675 235
MeSiCl, +9:3 157
2J(Si-CQ) Me,;SiC=CPh 161 236
2J(Si-NSn) [(Me;Si),N1,Sn 162 237
2J(Si-OSi) (H,Si),0 +1-0 171
2J(Si-SiF) (Me;Si),SiF ~168 238
(F3Si);SiH —41 239
F,SiSiF; -90-5 209
3J(Si-CCH) Ph;SiIC=CH 43 240
Me,;SiCIC1)=CH, 4-4(cis) 173
—10-5(¢rans)
3J(Si-CSiH) (H,SiCCl,); 28 242
3J(Si-NCH) Me;SiNMe, 37 241
(H;Si);P 54 246
3J(Si-OCH) (MeO);SiH 42 74
Cl;SiOMe 60 223
3J(Si-OSiF) {F3S1),0 25 209
3J(Si-SeCH) Me;SiSeMe 36 243
3J(Si-SeSiH) H;SiSeSiMe;, 21 244
3J(Si-SiCH) (Me;Si);SiH 23 245
(Me;Si),SiCl 320 238
3J(Si-SiSiF) (F1Si),SiF, —157 169

3J(Si-SSiH) H,SiSSiMe, 25 244
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IV. RELAXATION PHENOMENA AND THE
NUCLEAR OVERHAUSER EFFECT

29Si spin-lattice relaxation (T;) and 2°Si—'H nuclear Overhauser
effects (NOE) have been studied by several authors as probes for
molecular dynamics and segmental motion in silicon-containing
compounds. (5, 32, 38, 41, 43, 82, 102, 216, 225-228)

The four spin-lattice relaxation mechanisms that are usually
considered for nuclei of spin § are: (i) dipole—dipole interactions (DD);
(ii) spin-rotation interactions (SR); (iii) scalar coupling (SC); and (iv)
chemical screening anisotropy (CSA). (5) In 295 NMR SC is not
generally considered, except in the rare cases when 2°Si is spin-coupled
to 271 or other nuclei with resonance frequencies close to that of *°Si.
Table XXX compares the contribution of the three remaining
mechanisms with 2°Si relaxation times. Definitions of these relaxation
mechanisms can be found in ref. 229. Since a theoretical discussion of
298] relaxation and NOE is detailed elsewhere [(5) and references
therein ] only general observations are made in this section.

29Gi spin—lattice relaxation times for organosilicon compounds are
generally greater than 20s. Even in cases where there are directly
attached protons which contribute to a very efficient DD mechanism in

TABLE XXX

Contribution of 2°Si spin-lattice relaxation mechanisms* (5)

DD SR CSA DD
(intermolecular)

Very small molecules®

Protonated minor- appreciable- negligible negligible—
appreciable* exclusive minor
Non-protonated minor- exclusive negligible negligible—
appreciable minor
Medium and large
molecules
Protonated appreciable— negligible— negligible negligible—
exclusive exclusive minor
Non-protonated appreciable— negligible— minor— minor—
exclusive appreciable appreciable appreciable

“Relaxation near room temperature at 2:35T; O, excluded.
" Assumes no intermolecular association.
¢ Minor = 5-10", contribution; negligible = 1-5°, contribution.
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13C NMR resulting in short T, the 2°Si relaxation times tend to be
long. This results from a combination of two factors: a lower
magnetogyric ratio for 2°Si and a longer Si—H bond length (1-48 A for a
C-H bond), which when incorporated in equation (24) results in a
tenfold lowering of the *°Si DD relaxation rate, R,(DD), compared
with 3C. In equation (24), which describes intramolecular DD
relaxation for spin-y nuclei:

1/T,(DD) = R(DD) = ugygyaNh?t. (1672 )™ 24)

N is the number of directly attached protons, yg and py are the
magnetogyric ratios for 2°Si and 'H respectively, rs; i 1s the distance
between Si and H, and 7. is the molecular correlation time. This means
that T;(DD) is longer for 2°Si than it is for an analogous '*C nucleus. (5)

For 2°Si—{'H} experiments the maximum NOEis — 2-52.(229) This
occurs when the DD mechanism dominates the relaxation, and
decreases when other relaxation mechanisms are prominent. In
situations where the NOE isequal to — 1 no NMR is observed because,
by definition, the signal is nulled into the baseline.

Levy et al. (38) have performed 2°Si T, studies on a variety of
organosilicon compounds. They observed that in linear polydimethyli-
siloxanes motional processes along the chain are quite different. They
showed that in MD, M systems the relaxation behaviour is not the same
for M units and D units. M units are able to spin freely around their
threefold axis of symmetry favouring an SR relaxation mechanism,
while D units may rotate only through a restricted angle which favours
the *°Si- 'H DD relaxation mechanism. Table XXXI shows the T, and
NOE data for six linear siloxanes. For the D silicons the spin—rotation

TABLE XXXI

29Gi relaxation in linear polydimethylsiloxanes (38)

Ty (s) NOE (—#)
Compd.* M D' D> D' D* M D' D* D* D*
MM 39:5 0-31
MDM 35 sS4 0-36 0-55
MD,M 38 78 0:53 12
MD,M 46 82 77 057 1-1 12
MD,M 42 64 55 59 07 16 19 19
MDyM 4 67 60 S5 55 07 1’5 18 20 20

“Samples: 90, siloxane, 10, acetone-d,; N, degassed.
P T, a1 38°: D units numbered from each end, e.g. MD'D?D'M.
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mechanism is more strongly a function of molecular size and position of
the D unit along the chain. Near the ends of the chain increased
freedom of motion is evident resulting in a smaller NOE and longer DD
spin—lattice relaxation. Engelhardt and Jancke (82) showed that, in
phenyl substituted linear and branched siloxanes, SR relaxation at the
ends of the chains decreases in importance because of steric interactions
resulting in motional constraints, favouring a larger 2°Si-H DD
contribution to the Ty, and a larger NOE.

Scholl et al. (32) while reporting chemical shift information have
noticed that for a large number of silicon compounds the NOE varies
widely and is highly sensitive to subtle changes in molecular structure.
It is their conclusion that the diversity of relaxations and NOE
behaviour implies differences in molecular motion in solution and
liquid state structure.

For compounds containing pheny! groups, Harris and Kimber (226,
234) compared 2°Si T; and NOE data for six phenylsilanes (Table
XXXII). Phenylsilane, diphenylsilane, and triphenylsilane are expected
to have dipolar relaxation rates in a ratio of 3:2:1 corresponding to the
number of directly attached protons on silicon. They found this not to
be the case for phenylsilane because of internal rotation considerations
and for diphenylsilane and triphenylsilane as is reflected by their NOE
values (Table XXXII). The calculated dipolar relaxation rates are 200s,
31s, and 12-5s for PhSiH,, Ph,SiH,, and Ph;SiH respectively, far
from the 3:2: 1 ratio. For compounds with no directly attached protons
the same authors (216) found that the DD -mechanism is not an
important consideration until the molecular size restricts motion to a
point where Si—H long range dipolar interactions compete with SR
making the DD relaxation mechanism important again. This is
exemplified by the series (EtO),_,SiMe, which shows an increase in

TABLE XXXII

29Gj-{"H| nuclear magnetic relaxation data (226, 234)

Compound T, (s) NOE
Triphenylsilane 12:0 2-41
Diphenylsilane 26'5 —-2-13
Diphenylsilane 26-0 (ref. 38) —2'5 (ref. 38)
Phenylsilane 55 -0-07
Diphenylmethylsilane 354 —2:27
Phenyltrimethylsilane 42:0 (ref. 42) —0-59 (ref. 42)

Diphenyldichlorosilane 1262 —128
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NOE as n is changed from 0 to 4. The slower moving molecules
demonstrate an increased importance of the dipolar contribution. In
diphenyldichlorosilane (234) DD and SR relaxation mechanisms
contribute about equally to the 2°Si T, value, providing a probable
upper limit for a long range intermolecular contribution of dipolar
relaxation from phenyl protons in phenylsilanes.

It is clear that NOE and T data can be used to study molecular
motion in solution. It is also clear in cases of multisilicon compounds
that these data can help in the interpretation of spectra. Even in cases of
very complicated structures such as those found in soluble silicates, T;
and NOE have been used to help in the assignment of resonances
(102,228) by looking at paramagnetic coordination sites and line width
changes in the resonance signals. It has been suggested (32) that more
29Gi relaxation data will be needed if the molecular motions and
structures of silicon-containing molecules are to be fully understood.



APPENDIX.

SILICON-29 CHEMICAL SHIFTS®

Empirical formula Structure d Ref.
SiBrCl, SiBrCll, — 1819 57
SiBrCl,1 SiBrCl,1 —-989 57
SiBrCl, SiBrCl; —34-3 57
SiBrF, SiBrF, —835 35
SiBrl; SiBri; —280-1 57
SiBr,Cil SiBr,ClI —122-8 57
SiBr,Cl; SiBr,Cl, —50-7 57
SiBr,F, SiBr,F, —68:5 35
SiBr, 1, SiBr,1, —2123 57
SiBr;Cl SiBr;Cl —69-8 57
SiBriyF SiBr;F — 681 35
SiBr;l SiBr;1 —149-5 57
SiBry SiBr, —92-7 57

—93:6 13
SiCIE, SiCIF, —82-8 35
SiCll; SiCll; —2459 57
SiCL,F, SiCL,F, —56-1 35
SiCl, 1, SiClL I, —151°5 57
SiCLF SiCLLF —332 35
SiCl,1 SiCl,1 —754 57
SiCl, SiCl, —20-0 57

—19-9 230

—165 48
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Empirical formula Structure 1 Ref.
SiF, SiF, - 1101 35
—1174 22

—109-0 13

SiF¢~™ SiFZ- — 1844 35
—187-4 27

SiF,O (SiF;),0 —109-5 35
Sil, Sily —351-7 57
—346-2 20

SiHCl, HSiCl; -9 230
SiH,Cl, H,SiCl, —11-0 230
SiH, SiHy — 165 249
SiH;Cl H;SiCl —361 230
SiH, SiH, -919 57
—93-1 230

SiH, 0, Si(OH), -733 57
SiCH,CIF; (CH,C)SIF; —71-34 47
SiCH,Cl, (CH,CDSiCl; 1-65 48
0-08 31

SiCH;Br; CH,SiBr; —19-2 13
—18:18 17

SiCH;Cl, CH;SiCl, 12:47 29
122 48

SiCH,F, CH;SiF, —51-8 13
SiCH;l; CH,Sil, —1796 17
SiCH;Cl H;SiCH,CI —56°5 250
SiCH, H;3SiCH; —652 230
SiC,H;Cl, CH,=C(H)SiCl; -35 51
SiC,H,CLI,F C1;3Si(CH,),F 9-64 50
SiC,HCIF, (CH)(CH,CDSIF, -903 48
SiC;HCly (CH3)(CH,CDSiCl, 21-48 48
217 31

88C
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SiC,H,Br,
SiC,H,Cl,

SiC;H,F,
SiC,Hgl,
SiC,HeN,
SiC,Hy

SiC,H,Cl,
SiC,H,Cl,F
SiC,H,F,
SiC,H,CI,F
SiC,H,Cl,
SiC,HgBrCl
SiC,HgCIF

SiC3HCl,
SiC;HoBr

SiC3HeCl

SiC,HoCl
SiC;H,CIO,
$iC,H,ClO,
SiC,H,F

SiC;3Hel

SiC3HoN;

(CH,),SiBr,
(CH,),SiCl,

(CH3),SiF,
(CH;),Sil,
(CH3),Si(N3),
(CH;),SiH,

(CH,)CLSICH=CH,
CL,Si(CH,);F
(CH,)F,SiCH=CH,
(CH,)(CHCL,)SiF
(CH,),(CHCL,)SiCl
(CH,),Si(CH,Br)Cl
(CH,),(CH,CDSiF

(CHJ),CISiCH,CI
(CH,),SiBr

{CH,),SiCl

(CH,),(CH,CI)SiH
(CH,0),8iCl
(CH,),SiClO,
(CH,),SiF

(CH,),Sil

(CH3)3SiN;

19-2
19-86
31-8
32-17
45
—33-68
0-06
—41'5
~373
16-5
13-34
—134
19-7
22:8
221
24-6
24-33
23-08
22:9
26:41
30-21
299
32:5
—12:29
— 667
434
3192
305
872
86
16-7
153

13
17
48
17

17
13
247
230
51

51
13
13
13
13
43
48
31
29
29
48
44
32
74

55
44
29
44
13
44
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Empirical formula Structure ] Ref.
SiC3H (CH,);SiH —16-34 42
—155 230

SiC;H, 0, (CH,0),SiH —54'9 74
SiC,CoF;0, SiF;Co(CO), —258 35
SiC4H,O, CH;Si(OCOH), —410 210
SiC,H,CLF; C1,Si(CH;3)(CH,),CF; 31-2 47
SiC,HoCl (CH;),CISiCH=CH, 16:7 51
SiC4HoF;0, (CH;)3Si00CF; 343 44
SiC,HgF30,8 (CH,),;810S0,CF; 446 44
SiC,HoN (CH,),SiCN —123 2
—12:2 44

SiC4HoNO (CH3)3;SiNCO 7-4 22
70 44

SiC,H,NO,S (CH,);SiOSO,NCO 41-3 22
SiC,HoNS {CH,);SINCS 540 22
SiC4H,,Cl, {CH;);SiCHCl, 10-48 32
SiC,H, oF, (C,Hy),SiF, 0-50 54
SiC,H,l, (CH,),Si(CH, 1), 647 32
SiC4H, (0> (CH;3);SiOCOH 252 210
SiC4H,,Br (CH3)3SiCH,Br 312 32
SiC,H,,Cl (CH;);SiCH,CI 2:79 48
SiC,H,,F (CH3);SiCH,F —1-49 50
SiC,H,, (CH,).Si 00 —
SiC,H,,0 (CH,),SiOCH, 17:2 132
17-75 46

SiC,H,,0, (CH,),Si(OCH;), -25 4
—1-62 46

SiC,H,,0, (CH3);Si00CH; 220 44
SiC,H,,0, CH,Si(OCH,), —41'5 4

—398 46

06¢

[TOIDYVD "d f ANV SWVITIIM 'V 'd



SiC,H,,0,
SiC,H,,S

SiC,H,,S,
SiC,H,,S,
SiC,H,,S.
SiC,H,,N
SiC,H,;N
SiC H,Cl,0,
SiCHF;0,
SiCsH,,C1,0,
SiCsH,,BrO,
SiC.H,,Cl
SiC;H,,CIO,
SiC,H,,ClO,
SiC,H,,FO,

SiCsH, N,

SiCsH,,

SiC5H,,
SiCH,,Cl,
SiC5H,,08
SiC;H,,0,
SiC5H,4Cl
SiC.H, ,Cl
SiC3H, ,C10
SiCsH,,ClO
SiC,H,,CL,NP
SiCsH, 41

Si{OCH3;),
(CH,)3SiSCH,

(CH3),Si(SCHsy),
CH,Si(SCH,),
Si(SCHJ),
CH,NHS{CH,),
(CH,),SiCH,NH,
(CH,),Si0COCCI,
(CH,),SiOCOCF,
(CH,),SiOCOCHCI,
(CH,);SiOCOCH, Br
(CH,),SiCH=CHClI
(CH,);Si0OCOCH,Cl
{CH,),(CH,CSiOCOCH,
(CH,);SiOCOCH,F

)
.

N/

]

Si(CHgls
(CH,),SiCH=CH,

(CH,),Si(CH,),CH,
(CH;),(CH,CHSiICH(CH,)Cl
(CH,),SiSC(O)CH,
(CH,),SiOCOCH,
(CH,)5(C,H4)SiCH,Cl
(CH,),SiCH(CH,)Cl
(CH,),(OC,H4)SiCH,Cl
(CH,),SiOCH,CH,Cl
(C3H4)ACH,)PNSICI,
(CH,),SiCH(CH,)I

—79-15
1592
16-46
28-14
34-00
38-59

399
0-5
32-50
33-20
30-20
267
—-76
266
14-9
—409

1705

—76
—6-8
18-90
7-52
22-42
223
517
5-67
89
18:3
—53:31
792

46
43
46
46
46
46
136
52
210
210
210
210
134
210
31
210

136

134
32
32
32
137
210
32
32
3]
52
53
32
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Empirical formula Structure 14 Ref
SiCsH,3NO CH;CONHSICH3);3 5-56 (NSi) 135
17.55 (OSi) 135

SiCsH,,0 (CH3)3810C, H; 13-5 4
14:53 132

SiCsH,,0 (CH3)3Si0C;H; 13-5 4
14-53 132

SiCH,,0 (CH4);Si(CH,),OH —0-30 32
SiCsH,,0 (CH;),;SiCH,0CH, —1-55 32
SiCsH, 51 (CH3)3Si(CH,);l 1-76 32
SiCsH,sN (CH;);SiNHC, H; 4-02 133
SiCsH,sN (CH3);SiN(CHj), 6-50 133
5-90 79

6-52 46

SiCsH, 5N {CH3);Si(CH;),NH; —02 52
SiCsH,sNO C,H;0(CH,),SiCH,NH, 132 52
SiCsH,sNO (CH3);SiO(CH,),NH, 16-3 52
SiCsH sN, P (CH3); PNSCHj3), N, —16:17 53
SiCH,CIF; m-CIC,H,SiF, —74-19 54
SiC H,CIF; p-CIC H,SiF, —72:97 54
SiC,H,Cl, p-CICH, SiCly —-22 185
SiC,H,F, m-FCH,SiF - 76-08 54
SiC H,F, p-FC H,SiF —72:87 54
SiCyH;Cly CoH;SiCls -08 49
SiCH;F, CeH;SiF; —-732 49
- 7271 7

—762 22

SiC.H,Cl, Cl,(CeHs)SiH -2-10 74
SiC, HsF,0, (CH3),Si(OCOCF3), 14-0 13
SiC,Hg CeHsSiH; —61'5 4
-59-9 49

[4:14
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SiC,H,,Cl
SiC,H,,CIO
SiC H,,ClO,
SiC.H,,
SiCH,,Cl,

SiCoH,;N,

SiC4H,;N,

SiCeH,,0,
SiC H,,N
SiC,H,3NO,
SiC,H,,
SiC.H,,

SiC H,,
SiC.H,,Cl,
SiC4H,,Cl,0,
SiC,H,,0
SiCH,,0,
SiC4H, sBr
SiC.H,Cl
SiC.H, sCl
SiC,H,5CIO,
SiC(H, ;CI;NP
SiCoH,sF
SiCH,sNO
SiCH,,

(CH3)}(CH,ChHS{CH=CH;),
(CH;),(CH,CDSiOCH,
(CH;3)(OCOCH,;),SiCH,Cl
(CH;),S{CH=CH,),
[CICHy); ],SI1Cl,

L)

I'V/
Si{CHs)y

N
)
Si {CH3)3

(CH;),Si{OCOCH3;),
(CH3),3Si(CH,),CN
N[CH,CH,0],SiH
(CH;);SiCH,CH=CH,
(CH;),8i(CH,);CH,
(CH3),(CH;CH,)SiCH=CH,
CKCH,),Si(CH,),Cl
(CH3),Si{OCH,CH,CI),
(CH3)»(CH,CH,0)SiCH=CH,
(CH3)3Si(CH,OCOCH,)
(CH3)3Si(CH,)3Br
(CH3);Si(CH,),Cl
(C,Hy);SiCl

(CH,)(OC,H;), SiCH,Cl
(C,Hs); PNSICl,
{CH;),Si(CH, ), F
CH;CON(CH;) [Si(CH3);]
(CH3),Si(C,Hy),

—14-05
12-86
-94
—13-67
32:00

14-39

13-16

4-40
2:95
—836
0-39
16:77
—44
314
—16
27
0-30
2:00
2:05
360
-172
—54:35
2-16
818
50

32
32
31
32

136

136

210
EY)
12
2
32
st
74
52
51
47
EY)
2
74
31
53
50
135
2
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Empirical formula Structure 14 Ref.
SiCeH,4 (C,Hs);SiH 0-15 60
SiCoH,,CI,NP (C,H;){CH)PNSI(CH;)Cl, —24:31 53
SiCH,;,0 (CH3),Si(C,H;5) [(CH,),OH] 2:04 32
SiC,H,,0 (CH3);Si[CH,CH(CH;)OH] —0-02 32
SiC.H,,0 (CH3);3Si(CH;),OCH; 0-45 32
SiC,H,,0 (CH3);SiOCH(CH;), 12-12 132
SiC¢H,,0; (CH,3),Si(OC,Hs), -75 4

-61 232
S1C.H,.O3 (C,H;0);SiH —59-5 112
SiC¢H, ;N n-C3H,NHSi(CH;); 215 136
SiCeH,sN (CH,3)3Si(CH,);NH, 1-6 52
SiC,H,7NO, (C;H;50),(CH,)SiCH,NH, —50-2 52
SiCoH,gNP (CH3); PNSI(CH3)5 —13-75 53
SiC¢H,gN, (CH3),Si[N(CH3); ], —1-85 46
SiCH,gN,0, (CH;),Si(OCH,CH,NH,;), -32 52
SiC;H;Cl,0, CH;Si(0OCOCCly), -37-7 210
SiC-H;F40, CH;Si(OCOCF3); —38-5 210
SiC,H,F, p-CF;C H,SiF, —74:32 54
SiC,HLF, m-CEF3CyH,SIiF, —74:31 54
SiC;HCl, p-CIC H,CH,SiCl,4 69 185
SiC,H,Cl, O, CH;Si{OCOCHCI,); —388 210
SiC,H,BrCl, p-BrC H,Si(CH;)Cl, 18-2 185
SiC;H,Cl; p-CH;C H,SiCl, -21 185
SiC,H,Cl, CeHsCH,SiCl, 72 49
SiC,H,Cl,0 p-CH;3;0C H,SICl, —22 185
SiC,H,F, p-CH;C H,SiF, —-72:02 54
SiC,H,F; m-CH;CgH,SiF; —72-57 54
SiC,H,F, CeH;CH,SiF, —64-2 49
SiC,H-F;0 p-CH;OC H,SiF; 71-49 54
SiC,H-F;0 m-CH;OC,H,SiF; 73-03 54

144
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SiC-H,Cl,
SiC,H,F,
SiC,H,Cl,0,
SiCH g
SiC.H,,Cl10,
SiC.H,,

SiC,H,,0
SiC,H,,0,

SiC.H,;N

SiC,H,3NO,
SiC,H,.0,
SiC,H,,0,
SiC,H,:Cl
SiC,H,CL,0;
SiC,H,sNO
SiC,H,sNO,
SiC-H,,
SiC,H,,0
SiC,H,,0,
SiC,H,,0,
SiC,H,,0,
SiC.H,.0;
SiC,H 0,
8iC,H,,ClO,
SiC-H,.F
SiC,H, 1

CoH,Si(CH,)Cl,

C HSi(CH,)F,
CH,Si(OCOCH,CY),
C,H;CH,SiH,
(CH,0CO),SiCH,Cl
CH,SiCH=CH,),

@sa(cng3

CH,Si(OCOCH;),
/)

|

Si(CHyls

OCCH,CH,CONSi(CH,),
(CH,);Si(OCOCH=CHCHs)

(CH,3),S1{(CH,OCOCH;)(OCOCH;)

CH,(CH,),Si{CH,)(CH,Cl)
CH,Si(OCH,CH,Cl),
OC(CH,),NSi(CH,),
N[CH,CH,01,SiCH,
(CH,)(CH,CH,)SiCH=CH,
CH,(CH);8i(CH;3}(CH,),OH
(CH,),Si(CH,),COOH
(CH,),S8iCH,CH(CH,)COOH
(CH),SiCH,COOC, H
(CH,),SitOC,H)(CH,O0COCH,)
{(CH,)38iCH,O(CH,),COOH
(C2H;0),8iCH,Cl
(CH;)»(CH,F)Sin-C4Ho)
(CH,3)2(CH,1)Si(n-C,Hg)

17-9
-12:4
—41-2
—56:0
—57-6
—20-55

-11-5

13-36
22:3
13-80
—1.31
419
7-58
—442
—23
16-33
1-63
1-36
281
90
—10%
—597
—0-53
528

49
49
210
49
31
32

96

210

136

136
210
47
32
52
136
112
51
32
32
32
32
47
32
31
32
32
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Empirical formula Structure 14 Ref.
SiC,H,3CI,NP (C,Hs)3 PNSi(CH3)Cl, — 2529 53
SiC,H, 50 (CHL)(C,H5),Si(CH,),OH 404 32
SiC,H,50 (CH.),Si(i-C,H,)(CH,),OH 416 32
SiC,H O (C,H,):SiOCH, 18-8 32
SiC,H,50 (CH,),SiIOC(CHy)s 620 132
SiC,;H,30; CH;SiOC,Hy); —455 4
—44:5 232

—44:2 112

SiC5H,,CINP {C,Hs)(CH3)PNSi(CH;),Cl —543 53
SiC,H,oN n-C,H NHSi(CH,), 218 136
SiC,H,oN i-C,HoNHSI(CH3), 2-51 136
SiC,H, N (C,H,),NSi(CH,), 374 136
SiC,H,,N (CH,),Si(CH,),NH, 14 52
SiC,H,,NO C,H,O(CH,),Si(CH,);NH, 158 52
SiC;HsNO, (C,H;0);SiCH,NH, -50-2 52
SiC,H,N; CH;Si[N(CH3); ]5 —175 79
— 1680 46

SiC,H,,N;0; CH,Si(OCH,CH,NH,), —41'5 52
SiCgHCl, C,H;C=CSiCl,4 —30-53 127
SiCgH, (BrCl p-BrC H,Si(CH3),Cl 197 185
SiCgH, (CIF p-FC H,4Si(CH,),Cl 19-7 185
SiCgH,,Cl, p-CIC¢H,Si(CH3),Cl 19-8 185
SiCgH;,Cl, p-CH;C¢H,Si{(CH,)Cl, 19-3 185
SiCgH,(Cl, C.HsCH,Si(CH,)Cl, 269 232
SiCgH,oF, p-CH,C H, Si(CH,)F, —12:2 185
SiCgH, oF; C.H,CH,Si(CH;)F, -29 232
SiCgH,,Cl C¢Hs(CH3),SiCl 20-1 74
199 49

SiCgH,,F (CH,)»(C H5)SiF 19-8 49
SiCgH,, Si(CH=CH,), —225 55

96C
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SiCyH, ,

SiCgH,F;NS

SiCgH,,04
SiCeH,;N

SiCgH,,0

SiCgH;,0,
SiCH,sNO,
SiCeH, ¢

SiCgH, (N,

SiCyH,,NO,
SiCsH, 5
SiCgH, 5
SiCgH, 0
SiCsH, 0
SiCgH, 50,
SiCgH, 50,
SiCgH, 50,
SiCgH,50;
SiCgH, 50,

(CH3),SiH(C,Hy) —17-15

Z/N \B-SCFES 292

{

Si{CH3);
SiOCOCH,), —745
(CH,),8i(2-C5H,N) ~579
@CHZSi(CH3)3 12
CH;Si(CH,OCOCH;){OCOCH3), — 181
N{CH,CH,0]3SiCH=CH, —81-6
(CH,),Si(CH,CH=CH,), 037

cH

-Z/ \N ’ 12-:39

CH3™y
|
Si{CHs)s
N(CH,CH,0),SiCH,CH, — 665
(CH,),CC(ICH,),SHCH), — 4931
(CH3CH,);SiCH=CH, —-1-7
(CH,),(t-C,H,0)SiCH=CH, —56
CH,(CH,),Si(CH;) [(CH,),OH] —41
(CH3),Si(CH,),COOH 153
(CH,),Si(C,H)CH,COOC, Hy) 517
(CH,),Si(CH,),COOC, H; 240
(CH,),Si{OCO-t-C,Hy) 22:6
(C,H0),SiCH=CH, — 640
—60-3
—59-5

32

136

96

47
112
32

136

74
64
51
51
32
32
32
32

210

51
112
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Empirical formula Structure o Ref.
SiCgH, 30, (CH3)(C,H;0),SiCH,O0COCH, —16:0 47
SiCgH, F (CH;),S(CH,)s F 1-45 50
SiCgH, 4N H,(CH,);CH,NSi(CHj), 343 136
SiCgHyp trans-(CH3)sStHC=CHSi(CH,); -89 134
SiCgH,, cis-(CH;3);SIHC=CHSi{CH3); -11-8 134
SiCgH,y [(CH;);38i],C=CH, -311 134
SiCgH,,O (CH3)3Si(CH;), C(CH3),OH 2-41 32
SiCgH;,0 (C»,Hs);Si(CH;),OH 538 32
SiCgH,00, (C,H;0),Si —835 4
SiCgH,,CINP (C,H5)3 PNSI(CH,3),Cl — 787 53
SiCgH;;NO, (C,H;50),(CH3)Si(CH,);NH, -57 52
SiCgH,; NO, (C;H50);Si(CH,),NH, —46'5 52
SiCgH,,NOP (C;H;5),(CH3)PNSi(CH,),OCH,; — 1647 53
SiCgH,;NO, P (C2Hs),(CH;)PNSI(CH;3)(OCHj;), —39-58 53
SiCgH,,NO,P (C,Hs), PNSi(OCH3); —69-56 53
SiCg¢H,,NP (C32Hg),(CH3)PNSI(CH )5 —14-98 53
SiCgH; 4N, P, [(CH3);PN1,Si(CH3), -31-76 53
SiCgH, 4N, Si[N(CH3), s —281 79
—286 46

SiCoHyFs {CH3);SiC4F 5 0-00 13
SiCgH,,Cl, CH;CH,CH,Si(CH;)Cl, 316 49
SiCoH,3Br p-BrCoH,Si(CH3), —41 185
SiCyH,;;BrO m-BrC,H,OS{CHj); 19-76 56
SiCgH,;BrO p-BrC H,OS{(CH3); 19-49 56
SiCoH,;Cl p-CIC¢H,Si(CH3); —378 32
SiCgH,;Cl (CHj;),(CH,CHSI(C,Hj) —3-26 32
SiCgH,;Cl CoHsCH,Si(CH3),Cl 266 49
SiCyH,;CIO p-CIC,H,OSi(CH;); 19-85 32
19-73 56

86¢
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SiCyH,;CIO

SiCoH, 5CIO
SiC,H,;CIO
SiCoH, 4 F
SiCH,,F
SiCoH, ,F
SiCoH,;F
SiCoH,,FO
SiC,H,,I0
SiCoH, sNO,
SiCoH,;NO,
SiCoH,3NO,
SiCH,,NO,
SiC,H,;NO,

SiCoH,,N,

SiCyH,,
SiCoH O

SiC,H,,O
SiCoH,,O4
SiCoH,,S
SiC,H,sN
SiC,H,sNO
SiC,H,NO

m-CIC,H,OSi(CH,;);

0-CIC,H,OSi(CH,)s

0-CH;0CH,Si(CH,),Cl

p-FCoH,SHCHa);
m-FC HSHCH;) 5
p-CH;3C H,Si(CH,;),F
CHsCH,Si(CH;),F
p-FC,H,OSi(CH3);
p-1C,H,OSKCH3;);
p-NO,C H,Si(CH )3
m-NO;C¢H,Si(CH3);
0-NO,C, H,Si(CH;);3
m-NO,C H,OS{CH,);
p-NO,C H,OSi(CH3),

N\
\
g
!
SilCHg)3

(CH3);S1CH;

{CH;)3S10C H;

(CH;),Si(CH,OH)(C,Hy)
{CH,OCOCH)Si{OCOCH;),

(CH,),SiSC¢H,

(CH,),SiCH,-2-C H,N
m-NH,CoH,OSi(CH,),
p-NH,CH,OSi(CH,),

20-67
20-00
21-54
19-6
—4-01
—3-49
19-8
274
18-88
19-08
—2:47
—2:37
—2-33
21-61
2211

18-18

—4-50

—51
18-13
17-72

—6-14

—82-5

15-3
2-17

17-90

17-40

32
56
32
185
32
32
185
49
56
56
32
32
32
56
56

136

55
49
32
56
32
47
44
32
56
56
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Empirical formula Structure 14 Ref.
. A\ .
SiCsH,,0 Q(CHZ)Z $i{CHyls 14 %
CHz
SiCoH, ;N 2/ \S.CH3 (2,4) 855 136
N
|
Si{CH3)3
SiCyH, N CH3'<1}A_>'CH3 (2,5) 886 136
Si{CHy)5
SiCoH 4 (CH3)3SiC=CH(CH,),CH, —608 32
SiCoH, 40, (CH3);Si{CH,),COCH,COCH, 252 32
SiCyH 505 (CH)Si(O-1-C,Hg) OCOCHs), —51-1 74
SiCoH,, (CH,),SiCH(CH,),CH, 2:40 32
SiCsH,,0 (CH3);Si0-c-C H, ) 12:7 32
SiCoH,, 0, (CH3)(C;H5),SiCH,CO0C, H; 710 32
SiCoH,, 05 (C,H50),8iCH,0COCH, — 582 47
SiCyH,,CI;NP (n-C3H-), PNSICl, — 5461 s3
SiC,H, F (n-C3H),SiF 288 13
SiCoH,,N CH(CH,)(CH,),NSi(CH,), 220 136
SiCyH,,N CH,CH(CH;)(CH,),NSi(CH,), 358 136
SiCoH,, N CH,CH,CH(CH,)(CH,),NSI(CH,), 358 136
SiCoH,,N CH,(CH,)sNSi(CH,), 363 136
SiC,H,, (n-C3H-),SiH —850 13
—811 60
SiCoH, ;N {n-C3H,),NSi(CH,), 420 136

00¢
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SiCyH,,NO,
SiCoH,;NO,
SiCoH,,NOP
SiCoH,,NO,P
SiC,H,,NO,P
SiCyH,,NP
SiC,H,,NP
SiC,oH,,CIF,

SiCyoH;,0,

SiCioH 14N,

SiCioH 4N,

SiCy6H.40,
SiC,oH,sCl1
SiC, o H,5Cl
SiC, H,CIO
SiC,oH,sF
SiCoH,sF
SiCioH,,
SiCyoHys

C,H;0),CH;Si(CH,),NH, -59

(
(C,H;50);Si(CH,);NH, —453
(C,H;); PNSi(CH3),0CH; — 1726
(C,H;)3PNSICH;3(OCH3), —40-07
(C,H;5); PNSI(OCH3;), —69-94
(t-C4Ho)(CH3), PNSKCH3); — 1523
(C,H5):PNSI(CH;); —15-73
m-CF3;CqH, Si(CH;),CH,Cl —-231
/ \ : —24-7
<Q)2> SI(CH3)2
N\
N/N 14-54
|
Si{CH3ls
N
)
,;‘ 12-80
Si(CHs)4
(CH3);Si0COCH; 23-6
(CH3)»(CH,CNSICH,CH; 2:94
p-CIC,H,CH,Si(CH;), 06
p-CH;0OC H,Si(CH;),CH,CI —3-64
p-FC,H,CH,Si(CH;), 1-41
m-FC,H,CH,Si(CH;); 1-71
p-CH3CsH,Si(CH;) —476
0-CH3C H,Si(CH3); —4-75
—-51

136

136

210
32
185
32

32
32
32
248
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Empirical formula Structure § Ref.
SiCyoH e m-CH,C H,Si(CH3), 463 32

~ 49 248
SiC,oHy CoHsCH,S(CH;)5 04 49
SiC,oH,,O C H,Si(CH3),0C,Hs 51 49
SiC,oH,,O p-CH,OC H.Si(CHJ), 490 32
SiCoH, O p-CH;C,H,OSi(CH3), 1729 56
SiC,oH,,O m-CH;C,H,OSi(CH;), 1730 56
SiCyoH,,05 p-CH,OCH,0Si(CH,), 17-73 56
SiC,oH,,0, m-CH;0C, H,OSi(CH3)5 1801 56
SiC4H,;N (CH3)3Si(CH,),-2-CH,N 1-84 32
SiC1oH, 50, CH,S{OCOC, Hy), —423 210
SiC,oH,50- t-C,H,O8{OCOCH,), ~100:9 74
SiC,oHy,05 CH,(CH,),Si(CH)CH,COOC,H, 125 32
SiCioH,5 (n-C5H-)( HCH(n—C3H7)S‘i{CH3)2 —59-8 65
SiC, oH,a (C3H5},Si(s-C,Ho) 816 &y
SiCioH;4 (C,H5);3Si(n-C,Hg) 619 32
SiCioH,. (CH3)5Si(n-C-H, ;) 1-41 32
SiC,oH,4CLLNP (n-C 3H); PNSI(CH 5)Cl, —2563 53
SiC,,H,,0 (CH,)5Si(CH,;),C(CH;),OH 1-44 32
SiC1oH,sNO; (C,H;0),8i(CH,),NH, - 456 52

0
8iCy 1 H,3NO; -S{CHy ) 12:70 136
0
SiCy,H,sN @ 10:70 136
N

{
Si(CHy)y

20¢
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SiCy1Hy6
SiC;H,,CINO

SiCy H O,
SiC{;H,;>NO

SiCy Hpg

SiCy Hg
SiCyH 5O
SiCH,30
SiC,;H,,NP
SiCy H,,0;
SiCy Hy,
SiC,;H,;CINP
SiC,,H,,CINP
SiC,,H,,CINP
SiC,;H;;N
SiC, H;9N
SiC,H3;3N;0,P,
SiCy,H,oF,
SiC,H,,Cl
SiC,H,,
SiCy,H;,0;

SiCy;H F3NS

SiC,,H,,N

(CH3);Si(CH=CH)(C,Hy)

CH,CON[p-CIC H, ][Si(CH,),]

{CH,);SiOCOCH,C H;
CH,CON(CH;) [Si(CH3);5 ]

{CH3)3S1CH,CH,C H;s
p-CyH;CH, Si(CH ),
(CH;3); [(CH,),OH]SiCH,C,H;
C,HsCH,Si(CH3),(OC,Hy)
CoH;5(CHj3), PNSICH,),
(CH3)(t-C4H,0),SiICH=CH,
(C,H5)Si(n-C3H5);5
(n-C3H4); PNSi(CH;),Cl
(i-C3H+)3PNSIi(CH;),Cl
(t-C4Hg),(CH;3)PNSi{CH ), Cl
(n-C4Hy),NSi(CH3),
(i-C4Hg),NSI(CH3);
[(N(CH3),): P=01,NSi(CH3;);
(C4H;),SiF,
(CoHs),Si(H)CI
(CeH5),SiH,
(C4H5),Si(OH),

CFs

\
\
Si{CHy)s

N

|
Si(CH, )y

—6-49
9-17 (NSi)
20-29 (OS1)
240
8-65 (NSi)
19-6 (OSi)
1-1
-50
0-58
11-7
—-12:72
- 346
375
—8.20
—11-15
—968
410
4-56
187
-30-5
—54
—336
—32-4(acetone)

14-18

32
135
135
210
135
135

49
185

32

49

53

51

32

53

53

53
136
136
141
247

74

49

83

136

136
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Empirical formula Structure 0 Ref.
CH3
SiC,H,-N @\S 973 136
|
Si{CHs)s
SiC,,H,7NO; N[CH,CH,0];SiCHs —81-7 112
SiC,,H 4NO CH;CON(p-CH;C,H,)[Si{CH3);) 8-12 (NSi) 135
18-92 (OSi} 135
SiC{,H,4NO; CH;CON(p-CH;,OCH,) [SHCH ;)5 ] 8-74 (NSi) 135
9-19 (OSi) 135
SiCy;H,4NO, C,H;OCON(C H3s) [SitCH3)5 ] 10-55 135
SiC,H,4NO, C,H;OCON(CH,;) [Si(CH3),C,H; ] 2:58 135
SiCy,H,, C H;5(CH,);Si(CH )5 1-1 49
SiCy,H,,0 (C,Hs);SHOC Hs) 1971 32
SiCy,H;00, CoHsCH,SICH3;)(OC,Hy), —119 49
SiC,H,,0; CH;Si(OC,Hy), —59-4 49
— 6050 4
—584 112
SiC,,H,, [P-(CH;).Si]1C H,Si(CH ), —42 185
SiCy;Hj, [16] in text (Table V) —51-78 62
SiCy,H,,40, (CH;C00),S(O-t-C H,), —102-9 74
SiCy,H,-F (n-C,H,),SiF 288 13
SiC,;H,s (s-C4Hy);SiH — 147 13
SiC,Hg (n-C4Hg);SiH —67 13
—6'58 60
SiC, ;H;,NOP (n-C3H,); PNSICH;),OCH; —17-38 53
SiCy,H;,NO,P (n-C3H+); PNSi{CH3)(OCH3), —40-47 53
SiCy;H;30NO3P (n-C3H-)3 PNSI(OCH3); —70-06 53
SiCy,H; NP {(n-C3H-)3 PNSi(CHy),; —-1597 53

POt
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SiC,,H,oNP
SiC,,H, NP

SiCy3H,,0;4

§iC,3H,;Cl
SiC,,H,,F
SiC3Hy,
SiC,;H,,ClO,
SiC,,H,,NO,
Sic, ,H5,NO,
SiC,,H,,NO,
SiC3H,,
SiC,3H,,0
SiC,3H,,0;
SiC,,H,,0
SiC,,H,,0
SiC 1 HF o
SiCmHqu
SiCi4Hy,
SiC4H,, O,
SiCi4H,,0,
SiCi4H3,0;
SiC,  H4,CINP
SiC,,H,,CINP
SiCi4H;3,N, P,
SiCy,Hy N5 P,
SiCisH,,
SiC,sH, NP
SiC,sH, NP
SiC, <H, NP

(i-C3H4)3 PNSi(CH3),
(1-C 4 Ho) A CHPNSHCH ),

Qe

(CH3)(CeHs),S1C1

(CH)(CHs),SiF

(CH3)(CeH5),SiH

p-CIC H,CH,Si(OC,Hj);
C,H;OCON(p-CH;CH,) [SH{CH,)a ]
C,HsOCON(CH;) [S{CH,;),(p-CH3C Hy) ]
C,H;OCON(CH3) [Si(CH 3),(p-CH;0CH,) ]
CoH5(CH,),S1(CH;);3

p-(t-C4H)C H,OSHCH 3);
CoHsCH,Si(OC,H;),
(CH;)3S8i0-1-adamantyl
(CH3)3S10-2-adamantyl
{CH3);Si(CoFs),

(p-FCsH,),Si(CH3),
(CH3)2Si(CoHs),

{CH;),S1(OCHs),
(CH;0),5i(C:Hs),
(t-C4,H0);SiCH—CH,

(n-C,Ho)3; PNSKCH,),Ct

(1-C4H)3 PNSIi(CH3),Cl
[(C;Hs)sPN];Si(CH3),
[(t-C4HoHCH3), PN ],8i(CH 3),
(CH;3)(n-C4H,),SiC Hs
(n-C4Hg)3PNSI(CH ),

(i-C4Hg)3 PNSICH ),

{(t-C4Ho); PNSH{CH ),

— 1812
—16-49

—39-2

—10-4
77
- 195
—534
10-32 (NSi)
2-C8 (NSi)
2-18 (NSI)
1-0
12-5
- 527
618
12-58
-83
-83
—819
-61
—-29-4
—-59:2
—824
-975
—33-79
—-32:63
—1-69
—16-08
— 1692
—-19-70

53
53

96

74
13
74
185
135
135
135
49
4
49
132
132
13
185
74
13
74
51
53
53
53
53
32
53
53
53
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Empirical formula Structure 4 Ref
SiC,4H,,0, <©}Si —56:0 96
4
SiC,oH,. 0, (CoH2),S{OCOCH y), 29:9 74
SiCH,00; (C,H;0),81C Hs), ~-34-5 4
SiC, Ha [17] in text (Table V) —532 62
SiC;oH;0, CH;Si(OCO-t-C4Hy)s —40-8 210
SiCgH,Cl (C,Hs)3SiCl 1-23 74
SiC,zH,sF (C,Hs);SiF —47 13
SiCigH;sN; (CeH5)3SIN; —6'5 22
SiCgH, (C4Hs)3SiH —17-8 74
SiCgH, S (CoHs);SiSH —3-18 74
SiC,5H,q (n-C,H,3);SiH —6-71 60
SiC, H NP (CeHs)3sPNSHCH3); —-11.29 53
SiC,4H; (CoHs)ySi —152 74
SiC,4H,,0, (C,H50),Si —101-1 13
SiC5 H 0N, P, [(0-C3He)y PN ,Si(CH ), ~ 3396 53
— 3744 53

SiCyHooNo Py

[(-C4Hg); PN 1,5i(CH ),

90¢
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Empirical formula Structure JIa Op J¢ Ref.
Si,ClsF Si*FCI1,Si®Cl, —19-8 -36 35
Si,Cl, (SiCly), —80 57
Si,F, (SiF3;), —74-6 35
Si,H,, (SiH3), ~104-8 230
Si,C,H O [H(CH,),Si],0 —527 60
Si,CsH, ;Cl (CH4)5Si*Si%(CH,),Cl — 182 22-8 73
Si,CsH | F (CH3);Si*Si*(CH 3),F —225 340 73
Si,CsH (CH4);Si*Si%CH3),H — 189 —39-1 73
Si,CH (<N (CH3);Si*Si®(CH,),CN —181 —32:3 74
Si,C H,, (CH3),SiCH,Si(CH3),CH, 2-73 32
Si,C,H,,0 (CH}),SiOSi(CH ;),CH,CH, 238 3a
Si,C,H,-CIO (CH4);Si*OSi®%CH3),CH,Cl 1-84 9-29 32
Si,C H g {(CH,),Si], —19-38 32
—19-78 42
Si,C,H, 3O [(CH;);Si],0 697 5
Si,CoH, 50, [(CH ;Y OCH3),Si]; —75 247
Si,C H,30,S [(CH3);S1],80, 337 44
Si,C H 50, [(OCH3);S1], —525 247
Si,CoH, ¢S [(CH3),Si],S 12-8 44
Si,C H, 0N [(CH3),Si1,NH 22 210
2:22 42
Si,C,HgN; (CH3);SIN=C=NSi(CH ), —-08 22
Si,C,H,,0 (CH 3);Si*0Si%CH,;),CH=CH, 7-4 —-4-8 51
Si,C,H,,Cl (CH3);Si*CH,Si*(CH;),CH,CI 082 324 247
Si,C-H,,N [(CH3);Si],NCH, 67 210
Si,C;H,,0;P [(CH3);Si0 ], P(O)YCH 4 21-6 44
Si,C;H,;3N; [(CH3),(NHCH;)Si],NCH; —31 79
Si,CgH gF3NO CF;C[OSi*(CH;); INSi¥(CH;), 24-48 —2:43 137
Si,CgH, 4O [(CH3),(CH=CH,)Si],O —-320 247
Si,CgH,00,S (CH3);Si*SCH,COOSI}CH )4 25-29 25-39° 137

AdOISOALIIAAS YNN 7-NODITIS
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Empirical formula Structure N Iy d¢ Ref.
Si,CsH;00; (CH3);Si*OCH,COO0S®(CH;), 19-66 24-14 137
Si,C¢H, NO CH;C[OSI*(CH3); 1 [NSi%CH ), ] 1641 574 135
Si,CgH,,0 (CH3);Si*CH,Si®(CH; ), [(CH,},OH ] 0-69 - 0-06 32
Si,C4H,,0; (CH3);Si*OSi%(CH 3),(CH,COOC,Hy) — 3-89 247
Si,C6H,3NO, (CH;);SiI*NHCH(CH;)COOSi*CH,), 3-02 2314 137
$1,CoH 505 [CH;Si(OCOCH;), 1,0 —-51-0 247
S1,CoH,40, (CH;);Si*CH,Si*(CH,),(CH,COOC,Hy) 0-57 2:92 32
Si,CioH e (CH3};Si(CH,),S{{CH )3 1-41 32
Si,C, H,5N,O [{CH3),(NH-i-C;H)Si 1,0 —152 to 74
— 167
S1,C,oH3oN, P,y [{CH3);PNSI(CH3), ), —23-42 53
Si,C, Hao {CH.);Si*Si®(CH4),C Hs —19-3 —21-7 74
Si,Cy,H,s 1,2-[Si(CH3)3]:CHy —41 248
Si,C,H;, 1.3-[Si{CH3);1,C,H, —47 248
Si,Cy,Hys 1.4-[Si(CH3); [,CoHy —47 248
Si,C,H,,0, 1.2-[OSi(CH3); 1,C H, 18-10 133
Si,C,,H,,0, 1.3-[OSi(CH3); 1,CH. 17-87 133
$1,C;H,,0,; 1,4-[OSi(CH ;)3 JC H, o B 1725 133
Si,Cy,H,, (CH3)ZS{C(CH3)=C(CH3)Si(CHJ)ZC(CH3):C(CH3) —~19-0 63
Si,Ci3H,,0; [(CH;);3Si(CH;),CO ],0 2:56 32
Si;C,H300 [(C;H5);3S81],0 9-11 32
Si,Ci.Hye 1,4-[Si{(CH ;)3 15-2,5-(CH 3},CH, —54 248
Si,Cy,H3 NP (n-C3H-)-PNSi*(CH,),Si%CH ), —24:67 —23-43 53
Si,Ci 4 H;3s NP (i-C3H- )3 PNSi*(CH; ),Si®(CH, )4 ~26:40 —23-06 53
Si;C,5H;,NO, {CH;3);Si*NHCH(CH ,C H)COOSi*CH )4 3-68 23-13 137
Si,CHjo 1A 45 [Si(CH3);3]5-2-CH 3-5-i-C3H,CH, —-50 —62 248
Si;C i H4, N, P, [(C;H5); PNS{CH3),- 1, —-2518 53
Si,CoH4,N, P, [t-C4Ho(CH;),PNSI(CH3),- 1, —24-07 53
Si,C,,H4 NP (i-C4Hg); PNSINCH ), Si®(CH ), ~ 2564 —23-29 53
$1,C;H,, (CoHys);Si*SiB(CH ), —204 — 184 73

80¢
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Si;C51H,,04
Si,C3H54N, Py
Si,C2:HsaN, Py
Si;C5Hsu N, Py
Si,Ca3Hag
Si,C,3 s
S1,C,4H50
Si2C54H300;
Si,Cz6Hs6
Si,C,7H3,
Si,CasH iy
Si,C15Hes N, P,
Si;Co8Hee N, Py
Si;Clg

SiFy

SiyHg
Si,C5Cly
Si,C3;HC,
Si;C3H,Clyp
Si,C3HLClg
Si;C3H,Clg
SiyC3H,Cl,
Si,C;HCly
Si3;C3H,oCl,
Si;C3Hy,
Si;CH, 50,
Si,C H,, N,
Si;CoH33N;
SizCgHas
8i3CsH,,0,
Si3CgH, N,
Si3CoH,4

(CH;0)5Si*Si%CeHs); — 459

[(n-C3H4), PNSICH ), 1, 2555
{(i-C3H), PNSICH ), 1, —2733
[(t-C4Hg),CH;PNS{(CH}),- 1 ~26:20
(CoHy)sSi*SIB(CHS),(n-C,Ho) —206
(CHs),Si*SB(CH 3),(i-C5H ) 204
(C Hy);SI*SIB(CH ) (t-C . Ho) 204
(C,H0),Si*Si*(C Hs), — 501
(CoHs)ssiASiB(CﬁHs)(CH3)2 =214
(CoH3)3Si*Si*(C4H)(CH)(CH=CH,) 225
(CoH4)3SI*SIHCH 3)5(n-CH, 5) —204
[(n-C,Ho); PNSICH3),- 1 ~2552
[(i-CoHo)s PNSI(CHS)5- ], ~26:54
(C1,Si),SBCl, —35
(F,Si"),SiPF, —~76'6
(H,Si"),Si®H,

(C1,8iCCl, —1-01
$i*CL,CCLLSi*CLCHCISPCL CCl, 329
SP*C1L,CCLSPCL,CCLLSICLCH, 859
S1*C1,CH,Si*Cl,CH,Si*Cl,CCl, 9-29
(C1,SiCH,), 19-49
(H,SiCCly), — 1841
Si*H,CCLSiPH,CCLLSiI*H,CH, — 1691
Si*H,CH,Si’H,CH,Si*H,CCl, — 1641
(H,SiCH,), 3911
[(CH,),Si0O 15 912
[(CH,),SiNH ], 47
[(C,Hs),SiNH ] -14
[(CH3),Si* ],S*(CH.), ~ 1593
[(CH,);Si*O1,Si%(CH ) ,(MDM) 670
[(CH;),Si*NH],S*CH,), 1-80
[(CH,),SiCH, ], 029

—-292

—11-9
—17:0

—30
—29-0
—21-8
=275
—16-8

~72
—14-4
—116'5

—141
~091
17-39

— 1811
—31-01

— 4845
—21-50
— 680

73
53
53
53
74
74
74
74
74
74
74
53
53
73
35
230
68
68
68
68
68
68
68
68
68

79
79
32

79
68
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Empirical formula Structure N Jg S¢ Ref.
Si;CoH»,0, [(CH3);Si*0 1,5 CH(CH=CH,) — 351 51
Si,CyH,-BO, [(CH),Si0],B 123 44
Si;CyH,5N [(CH3);3Si]3N 2-37 43
Si;CoH,-N; [(CH3NC,H)SINH 1, - 14-4 79
Si;CyH,-0,P [(CH3) SiO];P’_O 20-0 44
Si,CoH,- P (CH)SIP 04 2
Si;CyoH;; (CHw)ssl\CE_—[S’\(CHs):s]S‘B(CHs)) —85 — 1062 63
Si;CoH,g [(CH3);Si*CH, 1,Si%CH3), —0-83 035 32
Si5C1oH30N; [(CH.),Si*NH1,S%C,Hs), 190 ~350 79
Si,C,,H2NO, [(CH3)3Si* 1,NCH,COOS®(CH.), 819 2278 137
$i;C,H;3,0 [(CH3),Si*CH, 1,Si%CH,)(C,H,OH) 0-54 0-25 32
Si;CyH3,N, [(CHy);Si*NH],Si*CH3)(C4Ho) 13 -720 79
Si,C,H3,NO, (CH.),Si*NHCH [CH,0S{#CH), ]COOSI“(CH); 403 17-45 2301 137
Si3Cy3H,N, [(CH3);Si*NH [,S%(CH3)(CHs) 2:5 —-150 79
$i,C;H;,0, [(CH;);Si*CH, ],Si%CH)(CH,CO0C,Hy) 0-46 2-89 247
Si,C,3H3,NO, (CH,);Si*NHCH [CH(CH,)OS*(CH); JCOOSIS(CH3), 413 1512 2239 137
Siz;CisHso 1428 4. [Si(CH;);]3C¢Hs 36 4-1 4:6 248
Si3CygH3oN, ((CH3);Si*NH 1,8i%C Hs), 32 —242 79
Si;Cy,H300; [{C.Hs),S101; —338 74
SizCsH3, [(CeH5)3Si" 1,81%(CH;), -17-0 —-459 74
Si5CapHsg [(C¢Hs),Si*1,8i*(CH,),CH, -16:8 —34-8 74
$i,C,,Hap [(CeHs)sSi* 1,Si*(CHs),CH, — 184 486 74
Si,H o (SiHy),SPH — — — ~96:0 230
Si,CgH,,0, [(CH3),S10], (Dy) —19-51 5
Si,CgH, N, [(CH3),SiNH ], —82 79
$i,C,oH,-Cl50; [(CH2)5Si*015SiPCCl, 12:67 —9415 75

[(CH,),Si*O 1,Si*CHCI, 1141 8678 75

8i4CioH15C1, 04

01¢
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Si,C oH,ClO;
SiyCioH300
SiaCioH3005
S1,C10H 3003
SiyCioH3 N
SiyCi1H30,05
SiyC11H3,0;
S1,C1,H,,0,
Si,C,2H;3;ClO;
Si,Cy,H36 Ny
$1,C/ 3H,,0,
Si,Cy5H;3,0;
Si,CysHay
Si4CyHa004
SisCly,
SisH,,
Si5CyoH 3005
SisCy>Hy,
SisCyi2H3604
SisC,H;3,0,
SiCr2H;5,04
SioC14H4,05
5i,C14Hag0,
SigCy5Hs, 04

[(CH;),Si*0 1381 CH, (I
[(CH3);Si*CH3),Si# 1,0
[(CH3);Si*0 1,Si*CH,

CH;);Si*01,Si*CH,CH,
CH=CH,)(CH;)SiO ],
(CH3)3Si*0158i%CH,),Cl
[{CHa)C:H5)SiNH ],

[(CH3)3Si0 ]35iC(CH );
[(CH3);S1013SiCH;

1,24.5-[S{CH3); ],C,H,

[(CsHs),8i01, (DF?)

(C135iM),Si8

(H5Si%),Si®

[(CH3),510 5 (Dy)

[(CH})]SiA]4SiB

[(CH3)3SiAO]4SiB
(CH3);S10[(CH3),S1015Si(CHy); (MD3M)
[(CH3),8i0 ] (Dy)
(CH;3)3Si10[(CH;),Si0],Si(CH3); (MD4M)
(CH;3)3Si0[(CH3),Si0 15Si(CH3); (MDsM)
(CH,);3Si0[(CH,),8i0 ]SiCH 3); (MD M)

(
I
[(CH,);8i{*01;Si"CH=CH,
I
[
[

9-85 —-76:78 75
—231 52 75
7-07 —64:43 75
6-8 —22:0 5
—22:0 —-54 73
72 —-79-4 51
7-03 —64-44 75
—32:48 5
7-85 —66:38 75
—-56 79
695 —-6510 75
8-48 —77-32 75
—34 248
—429 74
35 —80:0 73

— 1120 230

—21-93 5
—9-82 — 1355 73
86 —104-2 87

69 (M) 218 (D) 226 (D? 5
—22:48

70 (M) —21-8(D') -234(D?

70(M) -21-8(D") —224 (D?

70 (M) —-21-8(DYH —223(DY

wh Lh Lh a

“Chemical shifts are given in ppm relative to Me,Si. Positive values to high frequency. Solvents were not specified except in a few cases where solvent

shifts are known to be substantial.
" Values may be reversed.
¢ Peak to low frequency not observed.
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[. INTRODUCTION

In the previous article (1) on heteronuclear double resonance in this
series it was suggested that such experiments would soon vie for
importance with homonuclear ones. In fact, there has been an almost
total eclipse; partly as a result of the use of proton decoupling in all **C
work, partly because of improved methods of frequency generation and
control which have made experimental distinctions between the two
types of experiment much less important. The present review therefore
deals with both homo- and hetero-nuclear experiments and includes
multiple resonance work also. The seven years up to mid-1978 are
covered, although it has been impossible to mention every experiment.
Emphasis is laid upon new ideas and developments of technique, with
some preference for the more recent work. The Chemical Society
specialist reports on NMR spectroscopy have included regular articles
on multiple resonance (2, 3) and a number of reviews deal with various
aspects of the subject. (4—19) It has been decided to omit work on the
solid state.

The most important development in high resolution NMR during
the past decade has been the application of pulsed FT methods to
proton and especially '*C spectra and subsequently to other nuclei.
Initially, only CW decoupling was used but then the advantages of
various gating schemes to separate the decoupling and nuclear
Overhauser effects became apparent, (20, 21) and when allied to
selective excitation (22, 23) these provide extremely powerful assign-
ment techniques for '*C spectroscopy. More recently experiments
have been reported in which both the observing and irradiating RF
fields are pulsed to yield spin-echoes which when subject to double
Fourier transformation yield two-dimensional spectra in which the
different chemical shifts and/or coupling constants can be displayed
along different axes. (14, 24-26) Already, manufacturers are making it
possible to perform experiments of this kind (routinely?) on their
instruments, and for complex molecules in particular an attractive
range of possibilities is opening up.

II. THEORETICAL ASPECTS

The way in which strong rf fields (which may or may not be
modulated by “noise” or otherwise) can achieve spin decoupling is well
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understood. However, there have been a few theoretical developments
during our period.

One effect of using noise modulation in the decoupling of one
nucleus from another is to make available an additional mechanism of
transverse relaxation for the observed nucleus. That is, there is another
contribution to T%,and in *C—{'H} experiments, for example, it is not
possible to achieve ' *C line-widths that are less than the line-widths of
the coupled protons unless B, is large enough. (27) This behaviour
is especially important in spin-echo work, and attempts to use
90°-71—180° pulses to generate '*C spin-echoes from '*C-enriched
methyl iodide failed when simultaneous noise-modulated proton
irradiation was used (28) but were successful in the presence of coherent
irradiation or none at all. Effectively, the noise modulation causes a
dephasing of the precessing transverse '*C magnetization which is not
refocussed by the second pulse. Similarly, measurements of T; , by pulse
techniques must be conducted without noise modulation, although this
need not be a serious problem provided that yB,/2r is large enough (27)
(say >4000 Hz for '*C-{'H} experiments in a 1-4 T field).

13C T, measurements are now routinely conducted under conditions
of complete proton decoupling, it generally being assumed that this has
a negligible effect upon the results. Initially, this seemed to be
supported by saturation recovery determinations of 7;('H) for the
methyl group of methanol. Values of 0-62 + 0-02 and 0-64 + 0-025s
were obtained when coupling to the OH proton was removed by
double resonance and by acid-catalysed exchange respectively.
However, detailed theoretical analysis (29-31) shows that following a
spin-population inversion there is not an exactly exponential recovery
of the '3C longitudinal magnetization unless the protons are decoupled
completely. In the absence of proton decoupling it is necessary to
consider the proton relaxation probabilities, and the apparent '*C
relaxation times obtained may differ significantly from those found
with full proton decoupling. Tests on benzene (31) using both adiabatic
fast passage and pulsed methods to determine T;('*C) as well as formic
acid (29) and the protons of cytidine (29) indicate that, in the absence of
decoupling, errors in Ty of up to 109/ may occur. Even with full
decoupling there may be errors in 7, determinations since although
cross-relaxation effects are eliminated the cross-correlation ones
remain. This is especially important in degenerate spin systems. Thus
the decay of '*C magnetlzdtlon In inversion-recovery experiments with
CH, and CH, groups is in general bi-exponential when the protons are
decoupled, and the most serious errors are likely to arise under
conditions of anisotropic molecular motion. {32)
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Molecules dissolved in liquid crystal solvents give rise to spectra
covering a very wide range which can cause problems if decoupling is
required. This is especially the case if partial deuterium substitution is
used to simplify the spectrum given by the remaining protons, since
then the nuclear quadrupole moment of 2D generates widths of several
kHz. It has been shown theoretically that in these circumstances
efficient decoupling is brought about by using a strong rf field centred
on the double quantum transition which lies at the centre of the
deuterium spectrum. (33) The early work of Anderson and Nelson (34)
leads one to expect that coherent phase modulation of the irradiating rf
field will improve the efficiency of decoupling in oriented molecules. An
extension (35) of the general equations (36) for double resonance
supports this in the cases of the oriented A,—{X}, A—{X,}, and A ;—{X,}
(I, =1Iy=1%) and A-{X} and A,~{X} (I, =3, Iy = 1) spin systems.
Some support for this is obtained from 'H-{?*D} experiments (35, 37)
on CH,0OD, CHD,OH, CH,CD,OH, and C,D;COCH; in a number
of different nematic solvents. One should perhaps note that Anderson
and Nelson’s (34) calculations lead to a modulation frequency equal to
or a little larger than y(X)B,/2n, whereas in practice the frequencies
used were of many kHz, corresponding to the deuterium quadrupole
splittings in the oriented samples.

The use of gated and pulsed experiments to achieve spin decoupling
has been examined theoretically. The simplest approach is to assume
that for sufficiently fast pulses the effect is that of an average perturbing
{B,) given by B,t,/T,, where 7, is the pulse length and T, its repetition
period. (38) Although this description can be successful in certain cases
it is fundamentally incorrect since it ignores the fact that the gating or
pulsing generates a series of modulation sidebands whose interaction
with the spin system must be taken into account. Treatment of a
number of homo- and hetero-nuclear examples confirms the necessity
for the more exact approach. (39)

Most earlier theoretical work on multiple resonance used either the
Bloch equations or the spin-Hamiltonian. That is, relaxation is
considered separately from other effects. The tendency in recent years
has been to adopt the density-matrix approach but on some occasions
simpler methods have still been appropriate. In the interpretation of
multiple resonance experiments it is often necessary to consider the
labelling of the energy level diagram in detail.

This can give rise to difficulties in tightly coupled spin systems when
there may be virtually complete mixing of some pairs of wave functions.
(40) Most of the problems can be avoided, however, by an appropriate
new choice of wave functions (41) and this approach should always be
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borne in mind. Of course it is always possible to avoid contact with such
problems simply by comparing experimental spectra with those
calculated by computer. Several more programs have been made
available for this purpose (42, 43) including one for the calculation of
INDOR spectra which can assist in the interpretation of double
resonance experiments aimed at giving the relative signs of coupling
constants. (44) The spin-Hamiltonian approach has also been used in
the calculation of the two-dimensional spectra given by some
representative spin systems, and more details are given in Section IV.C.
(45, 46) The results of triple resonance experiments have also been
predicted and the occurrence of line splittings and combination signals
has been verified experimentally for AX and AMX spin systems. (47)

Meakin and Jesson (48) used the Bloch equations in part of their
work on the computer simulation of multiple-pulse experiments. They
find that this approach is eflicient for the effect upon the magnetization
vector of any sequence of pulses and delays in weakly coupled spin
systems. However, relaxation processes and tightly coupled spin
systems cannot be dealt with satisfactorily in this way and require the
use of the density matrix.

Many workers have in fact used density matrix methods for the
calculation of line shapes and intensities in multiple resonance
experiments, and two excellent reviews of the background theory are
available. (49, 50) In addition there is also a “simple” guide (51) to the
actual use of the method which is capable of predicting the results of
quite elaborate experiments. Major applications have included: the
calculation of the complete double resonance spectrum from an AX
spin system which gives 12 transitions in all; (52) an extremely detailed
study of the relaxation behaviour of the AX, systems provided by 1,1,2-
trichloroethane and 2,2-dichloroethanol; (53) the effects of gating and
of selective and non-selective pulses on AB and AX spin systems and the
importance of the time evolution of the off-diagonal elements of the
density matrix in repetitively pulsed FT NMR and spin-echo work;
(54) the use of double resonance to sort out relaxation mechanisms and
transient responses; (55) the calculation of general multiple resonance
spectra; (56) and triple resonance studies of relaxation in AB and AX
spin systems. (57)

Many apparent anomalies in the spectra produced by double
resonance experiments can be resolved by a density matrix treatment.
Thusin A-{X,} experiments with a reduced amplitude of the irradiated
field the normal effect of the NOE upon the intensities of the transitions
may be severely modified and both emission and absorption may be
observed. (58) It turns out that the overall behaviour depends upon
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two factors: (a) the “tilt” effect which is due to the effective field in the
rotating frame not lying along an axis, and (b) the relaxation effect. The
second affects only the intensities while the first can lead to additional
lines in the spectrum. Detailed calculations using density matrix theory
on '*CH,l with ('"H)B,/2r = 0-:06J('*C-'H) predict that the '*C
spectrum will contain sixteen lines (six in emission, nine in absorption,
and one of almost zero intensity), and this has been confirmed by
experiment. (58) Other systems under similar conditions of double
irradiation also give rise to time-dependent modulations of the
transition intensities following a standard inversion-recovery '3C
sequence. {59) These appear to be due to the mixing-in of the off-
diagonal elements of the relaxation matrix by the proton irradiating
field, (59) an interpretation which can account for abnormal spectra
obtained in "H—{'*N} experiments on ammonia. (60)

The density matrix approach is also important or even essential for
the proper treatment of double resonance experiments on systems
undergoing chemical exchange, although straightforward saturation
transfer experiments may of course be interpreted more simply.
A treatment of the exchanging AB spin system when subject
simultaneously to a weak and a strong rf field has been presented. (61)
From the detailed band-shape calculations it appears that the use of
double resonance experiments can extend the time scale at the slow
exchange limit by a factor of up to 100. This of course was known
already in a qualitative way from the early work of Hoffman and
Forsén. (62) Other systems that have been studied in detail include
2,2,2-trichloroethanol (an AB, case) (63) and 1,2-dibromo-1,1-
dichloro-2,2-difluoroethane (AB exchanging with C-2). (64)

Bucci and his coworkers (65, 66) treated double resonance by means
of a second quantization of the rf fields to avoid the use of the rotating
frame. The total Hamiltonian 3#;is then given by equation (1)in which
H. is the normal Hamiltonian of the isolated spin system in the
absence of radiation but in the magnetic field, #; is the radiation
Hamiltonian, and #, represents the interaction between the spins and
the radiation field(s).

This approach accurately predicts the behaviour of a single spin and
the AB system under normal double resonance conditions, and has the
advantage of being applicable when the rf power is very high and/or
many rf fields are used.

Other examples of the use of multiple resonance to study relaxation
include: a demonstration of the advantages of steady state selective
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saturation rather than transient methods in coupled spin systems; (67)
a detailed study of the structure and dynamics of CH,1, in solution by
13C and 'H experiments; (68) the use of a liquid crystal solvent to
remove the singlet—triplet degeneracy in '*CH,I, so as to permit
detailed study of differences in relaxation behaviour; (69) a
measurement of 2J(**Cl-'H) = 9-3 + 0-3 Hz in HSiCl; from 7;, and
"H—{33Cl} line sharpening experiments; (70) the effect of rapid '*C
relaxation in CHBr; in producing perturbation of an unconnected
proton transition in a 'H-{'3C} experiment; (71) and a comparison of
gated homonuclear (proton—proton) double resonance experiments
performed under CW and FT conditions. (72) In this last work several
AB and ABC spin-systems were examined with the selective irradiating
field gated so as to retain the NOE and it was found that for small flip
angles the FT results are very similar to the CW ones but for flip angles
near 90° there are marked discrepancies. (72) The detailed behaviour
depends on the particular relaxation mechanism involved and upon the
relative signs of the coupling constants; it was analysed satisfactorily
using the general theory of Shaublin, Hohener, and Ernst. (73)

III. INSTRUMENTATION

Most manufacturers now provide highly versatile instruments for
high resolution work. so there is much less need for the experimenter
to build his own electronics for multiple resonance. Similarly,
modifications to software are generally straightforward, although at
least one maker remains remarkably uncooperative over this.

A modern '*C or multinuclear pulse FT spectrometer will be
equipped with proton decoupling coils in the probe, and it is generally
convenient to adapt these to accept an additional radio frequency if
it is desired to perform '*C-!{'H X! or similar triple resonance
experiments. There are then two possibilities: (i) Insert a proton
frequency trap circuit and tune also to the X resonance frequency in a
manner similar to that used in an early modification (74) of the Varian
HA-100 spectrometer; (75) (ii) Reconstruct the proton matching circuit
so that it is double tuned to the proton and a particular X frequency.
Method (i) has the advantage of versatility in that a wide range of nuclei
can be accommodated with a single modification (although for some
frequencies the X rf field at the sample may be rather small) but has the
disadvantage that about half of the proton power is lost in the trap
circuit which therefore gets quite hot. Method (ii) achieves the
maximum f field at the sample but in general a separate unit is required
for each nucleus X. Figure 1 shows a circuit using method (i) for the
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FIG. I. Electroniccircuit for adapting the '*C probe of the Varian XL-100-15 spectrometer for
simultaneous 'H and ''B decoupling at 100 and 32 MHz respectively. By altering the component
values other frequencies can be accommodated. From ref. 76.

simultaneous decoupling of 'H at 100 MHz and !'B at 32 MHz from
'*Cin a Varian XL-100-15 spectrometer, the rf fields generated being
+B,/2n = 1700 and 340 Hz respectively. (76) The decoupling of '°F
from '*C presents special problems owing to the large frequency spread
of '°F spectra.

Several manufacturers have the problem in hand as Fig. 2 shows. (77)
In addition a modification of a Bruker spectrometer for '*C—{'°F}
experiments has been described (78) and circuits for 'H-{X}, (79, 80)
IH—{I()F)', (81) 191:*{ IH}, (8 1) 1H—‘{1H,14N}, (82) 19F_{ 19F,14N",
(83) and other (84-86) experiments are available. A number of
descriptions of “home-built™ and modified spectrometers have also
referred to the methods used to conduct double resonance experiments
(87-91) including two designed for experiments on solids. (92)

In a modern NMR spectrometer with facilities for homo- and hetero-
nuclear multiple resonance the dangers of interference among the
various radio frequencies present are quite high. However, they can be
avoided by gating at rates high compared with any spectral splittings.
Details are available of electronic circuits for this purpose. (90, 89, 54)
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FIG. 2. Simultaneous decoupling of protons and '°F from '*C. Upper trace: normal fully
coupled "3C spectrum at 25MHz of 2.2,3.3-tetrafluoropropanol, CHF ,CF,CH,OH. Lower
trace: with wide-band 'H.'°F decoupling. The total spectral width is 4000 Hz. By courtesy of
JEOL (U.K.) Limited.

Another way of avoiding interference in homonuclear experimentsis by
means of phase-splitting circuitry in which half of the modulation
signal, used to produce the decoupling sideband, is fed to the receiver
phase-sensitive detector where it cancels out the beat signal. (93) It is
well known that for A-{X] decoupling experiments it is best to
modulate the X radio frequency with noise if the spread of the X
resonances arises from chemical shift differences, but with coherent
audio frequency if very large spin—spin splittings are involved. (94, 95)
To some extent one can have the best of both worlds by using square-
wave modulation (96) or better still by using a versatile broadband
modulator capable of operating in several modes. (97) Nowadays of
course a modern frequency synthesizer will generally have very
versatile modulation facilities, although it is worth remarking that
there is nothing to beat adequate total decoupling power.
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Undoubtedly the best way of generating the extra radio frequencies
needed for heteronuclear triple resonance experiments is to use two
frequency synthesizers but this is rather expensive. A more economical
alternative is to use only one synthesizer and to generate the third rf by
means of a crystal-controlled oscillator. Frequency variation of the
output of this can be achieved by modulation with a known audio
frequency (98) or by “pulling” the crystal with a series capacitor and
using the frequency synthesizer for calibration (99) if a suitable rf
counter is not available. Figure 3 shows a simple oscillator circuit
which in a non-air-conditioned laboratory environment has a stability
of better than O-1 ppm/h. This can be used for heteronuclear double
resonance experiments without any frequency synthesizer at all. (100)

Other instrumental developments of relevance to double resonance
have been reported and are worth noting briefly. A TTL-IC sequence
controller has been described in considerable detail (101) and can
provide both digital and analogue trigger sequences that should be of
value in quite complex multiple resonance experiments, and circuits are
available (102) for a two-channel analogue pulse generator that is
particularly easy to construct. When double resonance experiments are
performed in the field sweep mode this can give rise to difficulties of
interpretation which can be avoided if the irradiating rf is swept in step
with the magnetic field sweep. A circuit based upon an operational
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FIG. 3. Simple oscillator circuit for generating stable radio frequencies up to 15 MHz. The
output exceeds 0-1 volt RMS, and under normal laboratory conditions the frequency stability is
better than 10~ 7/h.
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amplifier has been reported (103) which makes it possible to do this for
homonuclear experiments on the Varian HR-220 spectrometer. A
number of JEOL instruments possess this as a built-in feature.

IV. TECHNIQUES

A. INDOR spectra

Although the term INDOR can be applied to any double resonance
experiment it is generally reserved for ones involving continuous
monitoring (normally of a transition) at a particular frequency in the
spectrum of one nucleus whilst v, is swept through an appropriate
range so that the excursions of the recorder pen correspond to the
transitions in the spectrum of the irradiated nucleus. (104) These
excursions may arise as a consequence of spin population transfers (in
which case there will be positive and negative responses), or spin tickling
effects (all the responses will be of the same sign), or a combination of
both (which may lead to confusion). The main applications of proton
homonuclear INDOR have been to the detection of hidden resonances
in the spectra of complex organic molecules (105, 106) such as a thermal
dimerization product from the compound 11,13-dioxo-12-methyl-12-
aza[4,4,3]propellane (107) and to sorting out energy level diagrams for
relatively simple spin systems. A guide to this last application has been
published. (108) Heteronuclear INDOR is especially valuable for the
presentation of the “spectra” of insensitive nuclei. Although the growth
of multinuclear FT spectrometers is steadily eroding its value it still has
considerable advantages for such nuclei as >’Fe, 1°°Rh, 1°7/199Ag and
'83W which have very low magnetogyric ratios. It is also possible to use
triple resonance experiments to record heteronuclear INDOR spectra,
as in the MINDOR and TINDOR experiments (109) (see p. 356), or to
use a reasonably sensitive nucleus such as 3! P rather than the proton
for detection.

A major instrumental problem with the conventional A—{X}
INDOR experiment is that the need to monitor a particular observed
transition places extremely stringent demands upon the frequency
stability of the spectrometer if spurious responses are to be avoided.
This is particularly serious under conditions of poor signal-to-noise
ratio when it is desired to use signal averaging, and an alternative
approach has been described which greatly alleviates the difficulty.
(110) In many situations of interest one is dealing effectively with an
A,X spin system with A = 'H, so the proton spectrum is simply a
doublet which can be collapsed to a single line at v(* H) by irradiation at
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v(X). Thus, by monitoring at the frequency v('H) (where there is
normally no signal) and sweeping v(X) through the appropriate range,
a response is obtained as the centre of the X resonance is traversed. The
advantages of this method are that an instability of up to J(AX)/10in
the monitoring frequency can be tolerated, since most of the time no
response at all is present, unlike the situation with normal INDOR.
The monitoring rf field can be set at considerably higher amplitude
than normal so as to give a better signal-to-noise ratio. Figure 4
illustrates the application (110) of this technique to the determination
of 1J(''°Sn-Sn) in the species (Me;Sn);Sn~ Li* .3THF by observation
of the methyl protons and irradiation of the ''°Sn~ resonance, the
response being due to collapse of 3J(''?Sn---'H) = 2Hz. This
technique is also useful for studying quadrupolar nuclei, especially
when quadrupolar relaxation is so fast that there is only a small
residual broadening of the proton signal produced by modulation of
J(HX). The monitoring point is then the top of this broadened

|
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FIG. 4. '"H-{"'°Sn} accumulated INDOR spectra (32scans) of (Me;Sn);Sn™Li* 3THF
obtained by collapsing the 2 Hz coupling *J(' '*Sn - - - 'H). Trace {i): top of main methyl resonance
monitored. Trace {ii}: top of high frequency {*J) ''7Sn satellite of methyl resonance monitored.
Trace (iii): top of low frequency (*J) ''Sn satellite of methyl resonance monitored. G and G’ arise
from species containing one ' '°Sn and ! ”Sn nucleus, E and E' from species containing two ''°Sn.
The asymmetry arises from second-order features since 'J(*!”Sn-''°Sn)/3(8n, Sn) = 0-22. From
ref. 110.
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resonance. The method has also been applied to '*N studies of
pyrimidines (111) and to the production of '’O INDOR spectra of
enriched methanol (112) (Fig. 5) and some organophosphorus
compounds. (113) This technique is quite closely related to some
experiments by Ziessow (114) whereby transient nutations (Torrey
oscillations) of the monitored nucleus are induced by an adiabatic fast
passage through the X-spectrum, together with signal averaging to
attain a satisfactory signal-to-noise ratio.

The foregoing INDOR experiments have all been CW ones, with
continuous monitoring of a position in the observed spectrum. In view
of the considerable sensitivity advantages of FT NMR efforts have been
made to devise a pulsed FT equivalent of INDOR. The basic idea has
been to subtract a pair of spectra, one with and the other without
irradiation of the second nucleus. This is of course quite
straightforward on a modern FT spectrometer in which the data are
stored in digital form in a computer and either the FIDs or the
transformed spectra may be subtracted, with essentially the same
results, although it should be noted that the use of a subtraction
technique will degrade the signal-to-noise ratio by a factor ofy/2since
the noise components of the two spectra will be added. The first
example of this approach was by Feeney and Partington (115)
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FIG. 5. Oxygen-17 INDOR spectra of methanol enriched to 10mol ¢, obtained by
monitoring the Me resonance in the proton spectrum. The frequency markers are in MHz and
each trace is the result of 64 scans. Full line: high frequency component of doublet monitored
broken line: low frequency component monitored. From ref. 112.
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who subtracted a normal FT spectrum from one obtained with
simultaneous saturating irradiation of a particular transition. This led
to cancellation of most of the signals, the residual responses
corresponding to the frequencies of the transitions connected in the
energy level diagram with the irradiated one, so that the result closely
resembled a conventional INDOR spectrum. The loss of signal-to-
noise ratio mentioned above can be avoided in this type of experiment
by applying a selective 180° pulse to the transition immediately prior to
collection of the FID so as to invert rather than merely equalize the
populations of the energy levels. (116) In homonuclear experiments of
this type the non-selective detecting pulse perturbs all of the spin
system, including the saturated or inverted transition, and this can
cause difficulties. These can be mitigated (117) by using a non-selective
pulse of less than 90°, values of ca. 30° being found to give a good
compromise between the conflicting interests of retention of the spin-
population transfer effect and the attainment of a satisfactory signal-to-
noise ratio. It has been claimed (117) that this kind (116, 118) of
experiment is markedly superior to the earlier form of pseudo-INDOR
(115)and to certain saturation experiments. (119) This is probably true
but it should be noted that rather more sophisticated equipment is
needed. More recently Hall and his coworkers (120) have used weak
180° pulses to achieve selective inversion and so produce FT INDOR
spectra which assisted the determination of the conformation of a
disaccharide. (121) Other examples of homonuclear INDOR include
the detection of hidden resonances in the high field proton spectra
of the basic pancreatic trypsin inhibitor (122) and some studies of
maltol [1]. (123)

In heteronuclear FT INDOR there is no danger of unwanted
perturbation by the detecting pulse, and in A—{X} experiments with
Ivx| > Iyal large intensity changes can be obtained so that the INDOR
spectra have a good signal-to-noise ratio, although not as good as
direct X spectra themselves. A case in point is the '*C—{'H} system
where selective experiments were used to give spectra which yield the
relative signs of coupling constants in 2,3-dibromothiophen. (119) In
all these experiments it is essential that there is no drift in the frequency
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dimension between the spectra to be subtracted, otherwise serious
apparent phase anomalies and “spikes™ appear. One difficulty is that
most subtraction routines do not permit one to compensate for drifts
that do not correspond to an integral number of data points in the
transformed spectrum, but details of a sophisticated program are now
available which makes it possible to correct for such factors as drift of
B, or v, and variationsin spectral amplitude, B, homogeneity, rf phase,
and spinning sidebands prior to subtraction. (124) A simpler way of
dealing with many of the problems is to ensure that there are enough
data points over each peak; this can be achieved either by using a
sufficiently narrow spectral width or by confining attention to samples
with broad lines, such as liquid crystal samples. In this way it is possible
to determine the '>N-H and '3C-H splittings in partly oriented s-
triazine containing the isotopes '>N and !3C in natural abundance.
(125) In the case of alumichrome it proved convenient to degrade the
resolution somewhat to get a >N spectrum. (126)

Some of the two-dimensional experiments described in Section IV.D
are also capable of yielding FT INDOR spectra but it is important to
appreciate that all the pulse-detection methods so far used depend
upon transfer of magnetization (either transverse or longitudinal) and
not upon spin tickling or decoupling behaviour. An important
consequence of this is that the gains in signal intensity are of the order
of the ratio of the magnetic moments of the two nuclear species
involved, whereas in CW INDOR using spin tickling or decoupling
effects the gain depends upon the cube of this ratio.

B. Spin population transfer

This is sometimes referred to as the generalized Nuclear Overhauser
Effect but we consider this usage to be inappropriate. The ability of
pulsed FT spectrometers to sample magnetization immediately after a
selective perturbation of the spin system has been utilized in a variety of
ingenious experiments. Many of these have been of the type '*C-{'H]
because although there is a loss of sensitivity compared with the
corresponding "H—{!3C} experiment there are no problems associated
with a strong signal from molecules containing the isotope '2C. The
main use of this type of experiment has been to establish the
connectivity of the energy level diagram in order to determine the
relative signs of coupling constants. The reasoning involved is
independent of the precise way in which this is done. That is, the
interpretation of the experiments is fundamentally the same as that of
the analogous spin tickling experiments used in earlier CW work. The
general procedure is similar to that used for the production of FT
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pseudo-INDOR spectra; a weak selective pulse or saturation is applied
to a proton transition and the effect upon the '*C spectrum is
measured. This is illustrated in Fig. 6 for MeNC in experiments (127)
which give the relative signs of ' J('*N=!3C)and 2J("*N--- H) (128) in
this molecule. In this particular set of experiments the proton transition
is selectively saturated so that the affected spin populations are
equalized, rather than inverted. It is claimed that this is the best
technique for this system owing to the effects of the '*N nuclear
quadrupole moment. (127) However, this has been questioned by other
workers (129) who suggest on theoretical grounds that a 180° selective
pulse should always be better since it will lead to double the intensity
changes in the observed spectrum. This view is supported by the results
of density matrix calculations. (130) The first of the techniques (90°

JIPN-8C)=633 Hz 3(3C-H)=2-72 Hz
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FIG. 6. Selective population transfer experiments. '*C FT spectra of -NC region of CH;NC.
(A) Normal fully coupled spectrum. (B) With continuous weak saturating irradiation of 13C
satellite at lowest frequency in proton spectrum. (C) With irradiation of satellite at next lowest
frequency. (D) With irradiation of satellite at highest frequency. From ref. 127.
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pulse, or saturation) is termed SPT (Selective Population Transfer) and
the second SPI (Selective Population Inversion). It is to be deplored
that recently the letters SPT have also been used (131) to designate Soft
Pulse Transfer.

There has been some discussion (127, 129, 132) of the relative merits
of such techniques as pseudo-INDOR, SPT, SPI, spectral analysis, and
spin tickling for the determination of the relative signs of coupling
constants. It appears to the present writers that much depends upon the
particular circumstances, namely, the nature of the spin system
(including the relative values of relaxation times), the available
instrumentation, and the abilities of the spectroscopist. Certainly, when
vx > 74 (e.g. for *C—{"H}) the effects of simultaneous spin population
transfer can make the interpretation of spin tickling effects very tricky.

As mentioned earlier, when 7x < 7, the effects of spin population
transfers in A—{X} experiments are markedly reduced but can be
sufficiently augmented in systems with degeneracies to lead to useful
observable effects. This was established long ago in connection with
CW work on transitory selective irradiation (TSI) (133) and has been
rediscovered with the aid of FT instrumentation (129) in '*C—{'*N]
experiments on methyl isocyanide in which the electric field gradient at
nitrogen is small enough for quadrupolar effects to be unimportant.
The ratio 7(**N)/y('3C) is only 0-3 but changes of up to 509, in the
intensities of carbon transitions are recorded following 180° selective
pulses to a nitrogen spin. This effect arises partly because of
degeneracies of the transitions of the methyl group protons. (129)

Such effects can also be of great value even when ¢ > 7, since the
sensitivity of the A spin will then be lower. They have been examined in
some detail with '*C—{'H} experiments in mind for the AX, spin
system, and it appears that it is often possible to realize very substantial
gains in sensitivity. (134) One of the most effective experiments is to
apply a selective 180° pulse to one of the components of the X (i.e. 'H)
doublet (note that each component of the doublet consists of 2" !
degenerate transitions) prior to the normal 90° exciting pulse and
acquisition of the A spectrum. Forn = Oto6and A = '*C,X = 'H (ie.
va/yx = 0-25) the calculated population transfer enhancements of the
lines of the A multiplet are then given by Fig. 7(a) and the resulting
intensities by Fig. 7(b). A comparison of Fig. 7(b) with the usual
Pascal’s triangle shows that very substantial gains in signal height can
be brought about in this way, e.g. a factor of 5 for one of the inner peaks
of the quartet of an AX; system and more than 10 in other cases. It must
be stressed that the entries in Fig. 7(a) add up to zero, so there is no net
gain in intensity in this experiment. This is because there is no net
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FI1G. 7. Calculated SPT enhancements (a) and resulting intensities (b) in the lines of the A
spectrum of an AX, spin system with A = 'H, X = '*C, and complete inversion of the populations
of one set of degenerate X transitions. From ref. 134.

transfer of longitudinal magnetization, a fact that has important
consequences for the production of certain types of two-dimensional
spectrum (see p. 351). Samples of '1*CH;1 (AXj3) and (CH;), *CO were
examined (134) to confirm the correctness of the predictions of Fig. 7.

Intensity gains of the foregoing kind can also facilitate the detection
by subtraction methods (difference spectroscopy) of hidden transitions.
This is typically a serious problem in the measurement of '*C—13C
coupling constants in samples containing '*C in natural abundance. In
an artifictal 16: I mixture of (CD3),CO and (CH;),CO enhancement of
certain resonances in the '*CO spectrum of the latter molecule was
effected by means of a selective 180° pulse to one of the (hidden) '3CO
satellites in the proton spectrum, and alternate addition and
subtraction of successive F1Ds obtained with and without the proton
pulse then gave a transformed spectrum containing no signals from the
dominant deuteriated species. (135)

An especially ingenious use of SPI has been suggested for improving
the signal-to-noise ratio from quaternary carbons in '*C-{'H}
experiments. (136) It is well known that this is unfavourable owing to
the absence of the NOE and to long relaxation times 7T, (!*C), which
necessitate long pulse intervals. In fact, if the pulse interval r is
sufficiently long the '3C intensity of quaternary carbons is
proportional to y(*3C) but as t becomes shorter than T;(*3C) then the
signal intensity tends to zero. However, it is common for there to be
some long range coupling of a few Hz from at least one proton to the
quaternary carbon, and the application of a selective 180° pulse to one
of the associated proton transitions prior to acquisition of the !3C FID
leads to enhancements of +7('H) [= +4('*C)] for the two '3C
transitions in the case of an AX system (see Fig. 7) provided that
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t » T,('H). Indeed, the dual condition T,(!3C) » t » T,(*H) can often
be satisfied, and it is possible to realize a gain in sensitivity of
+(*H)/7(}3C) = 4. This gain is augmented by a saving in time since the
maximum pulse repetition rate is now governed by T;('H) rather than
by T,('*C) which may be over 50 s for a quaternary carbon. In practice
(136) a gain in signal-to-noise ratio of 12-4 is achieved for C-1 of 1,1,2-
trichloroethylene, and this corresponds to a time-saving factor of ca.
160, this being made up of 42 x 10. It is clear that for simple molecules
this should be a useful technique, although if the proton spectrum is
complicated it may be difficult to apply. Furthermore, there is again no
net gain in sensitivity since positive and negative enhancements will
cancel and, for small J(*3C—"H) values it may be necessary to adopt
various artifices to circumvent this (see p 351).

Another class of experiments which really involve spin population
transfer are those aimed at the suppression of a solvent or other strong
resonance which otherwise creates problems associated with the
dynamic range of the analogue-to-digital converter and possibly the
word length of FT spectrometers. These are especially important in
studies of biologically important materials which often must be
examined at such extreme dilution that residual HDO in heavy water
can be troublesome. Some of the available solutions do not involve
double resonance, e.g. “tailored excitation” (137) and adaptations of
selective excitation, (138) but others do. In a detailed study Hoult (139)
has concluded that straightforward saturation (140) by a second rf field
is probably best. However, it must be borne in mind that under certain
conditions of chemical exchange some of the spin saturation could be
transferred to sites in the molecule being studied, which would
obviously affect the interpretation of the results. An experimental
obstacle can be the appearance of a “spike” in the spectrum as a result
of inadequate gating. A simple way (141) of avoiding this is to ensure
that the saturating rf is not synchronized with the reference rf. If
possible a large number of FIDs should be acquired prior to Fourier
transformation, even if this is not necessary on the grounds of
sensitivity, so that the effectively random phases of any irradiating rf
which breaks through will cancel out to a large extent. Alternatively,
advantage can be taken of the generally longer proton relaxation time
of HDO compared with many samples, and a (180°~t-90°-T), pulse
sequence (142) such as is normally available for T; measurements can
be used to saturate selectively (143) the HDO resonance by a suitable
choice of 7. Some further improvement may be attainable by using a
homogeneity spoiling pulse in addition, to destroy transverse
magnetization in each cycle. (144)
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C. Spin-echo and two-dimensional spectra

The use of spin-echoes to study the solid state is almost as old as
NMR itself. More recently there have been applications in high
resolution work on liquid samples. A review that provides an excellent
introduction to this area of work is available (145) and in addition there
1s a brief survey of the two-dimensional technique (146) which
incidentally is the subject of a German patent. (147) The relevance of
spin-echo experiments to the present review is that during the period of
echo formation it is possible to bring about changes in the conditions
of multiple resonance and thereby gain considerable experimental
control over the spin-Hamiltonian. Thus not only can the effects of
magnetic field inhomogeneity be eliminated, as is usual in a spin-echo
experiment, but it is also possible to isolate the effects either of spin
coupling or of chemical shift differences in a completely controllable
manner. At present the benefits of this are only just beginning to be
realized, and there have been only a few applications to actual chemical
problems. This situation can be expected to change soon.

Consider an AX system with the A spins observed, X a different
nuclear species, and J(AX) # 0. Figure 8(a) shows the behaviour of the
transverse magnetization in the rotating frame in a normal 90°—t—180°
pulse sequence for the generation of a spin echo. At time 7 the — and +
1sochromats corresponding to opposite spin states of X are reflected in
the y-axis but continue to precess in the same direction so that at time 2t
complete refocusing has occurred and the echo shows no effects due to
the spin coupling or magnetic field inhomogeneity. Consider now the
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FIG.8. View of the transverse magnetization projected on to the xy-plane in the rotating frame
for a heteronuclear AX spin system. The pulse at time t = 0 is applied along the x-direction to tip
the magnetization from the z- to the y-axis, and the pulses at time ¢ = t are applied along the y-
direction. {a) Formation of unmodulated spin-echo. (b} Formation of modulated spin-echo.
Adapted from ref. 145.



MAGNETIC MULTIPLE RESONANCE 339

same experiment but with a 180° pulse applied to the X spins also at
time 1. Then, as shown in Fig. 8(b), the + and — isochromats are
interchanged at time 7 but since each continues to precess at its original
rate they are not aligned along the y-direction at time 2t when the echo
is formed. The extent to which the + and — isochromats deviate from
the y-direction when the echo is formed will of course depend upon z,s0
the echoes are phase modulated as a function of . Note that since the
dephasing and rephasing periods are always equal in length the
elimination of the effects of magnetic field inhomogeneity still take
place, and so it is possible to detect the existence of a very small
coupling J(AX) by its effect of modulation of the echoes. In fact, this
kind of J modulation was first recorded for homonuclear systems in
which one 180 pulse at time 1 = t both induces echo formation and
exchanges the nuclear spin states. Figure 9 illustrates this behaviour for
the A,X spin system of 1,1,2-trichloroethane in which J(AX) = 5-9Hz
and is readily resolvable, and Fig. 10 for 2,4,5-trichloronitrobenzene in
which J(AX) = 0-4Hz and is normally unresolvable under the
conditions of the experiment. Each trace in these figures was obtained
by conventional Fourier transformation of the second half of the spin-
echo generated by a different value of z. It is striking in Fig. 10 that
whilst J(AX) is not resolved in any individual trace its effect is readily
apparent when a succession of traces is considered. In this case the
phase modulation of the echoes as a function of 7 is converted by the
instrumental line-width into an amplitude modulation because the +x
and —x components of the echoes cancel.

The next step in this process is clearly to perform the Fourier
transformation as a function of . When this is done using the
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FIG. 9. Phase modulation in proton spectra of 1,1,2-trichloroethane obtained by Fourier
transformation of the last half of a spin-echo obtained with 27 = 20 milliseconds. The time scale
represents the duration of the Carr—Purcell sequence. From ref. 145.
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FIG. 10. Amplitude modulation of spectra obtained by Fourier transformation of the last half
of a spin-echo when there is a small unresolved homonuclear spin-spin coupling constant. The
spectra are from the protons in 2,4,5-trichloronitrobenzene which has a para coupling of 0-4 Hz.
From ref. 145.

amplitude of the echo at time 27, a so-called J-spectrum results, which
has extremely high resolution. Since no isolation of the individual
frequencies of precession has been undertaken prior to this
transformation the J-spectrum will contain responses from all detected
nuclei, each centred about zero frequency because chemical shift effects
have been eliminated. Figure 11 shows the high frequency half (the low
frequency portion is its mirror image) of the J-spectrum obtained by
transforming the spin-echo envelope from 1,1,2-trichloroethane as a
function of 7. It can be seen that there are two signals, one at 2:97 Hz

] 1 B I 1 ] 1 1 | ]
0 2 4 6 8 10 12 Hz

FIG. 11. J-spectrum obtained by Fourier transformation of the spin-echo envelope from the
protons of 1,1,2-trichloroethane. The interval between echoes is 2t = 40 milliseconds and echoes
have been sampled for 30 seconds. Responses are observed at 0 Hz, 2:97 Hz, and 5-94 Hz. From ref.
145.
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(=J/2) from the CH, protons and the other at 594 Hz from the CH
proton whose resonance in a normal spectrum is a 1:2:1 triplet with
outer components which precess at twice the rate of the components of
the CH, doublet. (148) In fact each spin-echo normally contains a
number of different frequency components which can be separated by
electronic filtration or by Fourier transformation to yield a set of J-
spectra which can then be conveniently displayed in a two-dimensional
plot. In practice the second approach is normally used, and thus the set
of spin-echoes is subjected to a double Fourier transformation
according to equation (2) in which care must be taken to combine
correctly the real and imaginary transforms. (26)

S(1.05) = j dr, e ot f (e s(ty 1) @)
0 0

In equation (2) t, corresponds to the period of echo formation while ¢,
corresponds to the time during which the echo is sampled; w; and w,
correspond to the dispersion within individual J-spectra and to the
normal spectral spread respectively. The resulting two-dimensional
spectrum S(w;,®,) is of course made up of real and imaginary parts
according (26) to equation (3) where terms such as $°°(w;,w,) are
defined by equation (4), the superscripts s and c referring to sine and
cosine respectively.

S(wxawz) = §%wy, w,) — S¥(w, ,0)2) - iSCS((Ul ,W3) — issc(whwz)
) 3)
(@, wrq) = f dt, cos(@i1) f dt; [cos(wat ) sty 1) (@)
0 0

It is therefore possible to display either one of the four real components
S*(w,,w,) etc., or to plot an absolute value spectrum |[S|(w,;,w,)
defined by:

IS|(0,5)
= [$(w,, 1) + SNwy,0,)* + S¥(wy,m,)* + S¥(w,,w,)* P

)

It should be clear from the foregoing that the two-dimensional J-
spectrum of a homonuclear AX spin system subject to a non-selective
180° refocussing pulse should consist of four lines arranged ina 2 x 4
grid. Their coordinates (w,,w,) are: J/2, 6, + J/2; —J/2, 6, — J/2;
J/2, 0y + Jj2: and —J/2, o, — J/2. For systems with second-order
features there is mixing between various states and this leads to
additional transitions in the two-dimensional spectrum, and
diagonalization of the appropriate spin-Hamiltonian must be
undertaken to determine (26) their frequencies and intensities. This has
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been done by Kumar (45) and also by Freeman and his coworkers,
(149) so analytic expressions are available for the AB, AB,, and ABX
systems. Table I lists the frequencies and intensities of the lines of the
AB system following a non-selective 180° pulse (149) and Fig. 12 shows
an experimental spectrum. (149) Equation (6) gives the contribution of
the magnetization component M (t,,t,) to the absolute value

TABLE 1

Frequencies and intensities of the lines in the two-dimensional J-spectrum of an AB spin
system when both spins experience the same 180 non-selective inverting pulse (45)

Line number ws W, Intensity

1 M +J - D) 1J=D) (1 + sint)sin
2 M +J - D) 1J cos?t

3 M +J+D) 17 cos?t

4 UM +J + D) J + D) —(1 ~sint)sint
5 M~—-J+D) —J-D) (1 + sin¢)sint
6 M —J+D) ~3J cos?t

7 HM —J - D) —4J cos?t

8 M ~—-J-D) —3J+ D) —(1 —sint)sint

M =04+ 05;D = [J? + (6a — 6p)2]¥: J = J(AB); cost = (85 — dg)/D; sint = J/D

-10

FIG. 12. Experimental absolute-value display of the two-dimensional J-spectrum of the AB
spin system provided by methyl S-nitrofuran-2-carboxylate in (CD3),CO. The four traces on the
right are theoretical simulations with Lorentzian line-shapes. From ref. 149.
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[Sl(;,m5) of the two-dimensional spectrum for w, > 0.
'S'jk(wl»wz) = %Mjk(ov 0) [l/ngk + (w; — ij)z]‘é
X [I/Tszk +(w, — wjk)z]ilz (6)

where w;, = v; + v, and v, = 2rnZ,J ymy,. The subscripts k and j refer
to the kth line of the multiplet belonging to the jth set of equivalent
nuclei, and m, is the magnetic quantum number of the /th nucleus of
the jth set. Evidently, responses appear in the absolute value two-
dimensional spectrum only when (w; — v;) and (w; — wy) x 0 such
that each multiplet line in the normal one-dimensional spectrum gives
one line in the absolute value two-dimensional spectrum. In the case of
the homonuclear AX spin system the four lines are in the positions
shown in Fig. 13, and it is immediately obvious that, by projecting the
spectrum on to the w, axis along the direction p—q, one resonance is
obtained for the A spin and one for the X. Consideration of equation (6)
shows that this is possible for any first-order $pin system in which the
line separations within individual multiplets are all multiples of various
coupling constants. That is, the spread along the w, axis is always such
that a single direction is available so that in the projected spectrum the
various couplings are “masked out” (151) and the resulting spectrum
has the same appearance as one produced by broadband homonuclear
decoupling. This is illustrated (150) in Fig. 14 for the proton spectrum
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FIG. 13. Schematic illustration of the method of projecting a two-dimensional spectrum along
a direction at 45° to the axes to achieve a simulation of broad-band homonuclear decoupling.
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FIG. 14. Example of a two-dimensional J-resolved proton spectrum. (a) 60 MHz spectrum of a
mixture of 45vol”, CH;CH,CL 25vol®, CH;CH,Br, and 30vol®, CH,CH,l (b} Two-
dimensional J-resolved spectrum computed from 64 single echoes represented by 64 sample
values. (c) Broad-band decoupled spectrum obtained by projecting the two-dimensional J-
resolved spectrum on to the w, axis. From ref. 150.

of a mixture of ethyl chloride, bromide, and iodide. [t can be seen that
the projected spectrum in the foreground shows peaks only at the
chemical shift positions of the three kinds of CH, and CHj; groups. Of
course in this experiment the various multiplet components are really
still precessing at the same rates as in an undecoupled spectrum, but the
technique offers very real advantages for the study of large molecules at
high fields where the one-dimensional proton spectrum is often first-
order but is complicated by much overlapping. (152)

Most demonstrations of J-resolved two-dimensional spectroscopy
have been heteronuclear, using '3C-{'H} experiments, and the
methods, including computer programming, by which such spectra can
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be obtained have been expounded in some detail. (22) Figure 15 shows
schematically a routine for the treatment of the raw data. (22) Actually,
two different techniques have been used to produce the spin-echoes in
heteronuclear J-resolved two-dimensional spectra, namely the
experiment outlined at the beginning of this section, generally termed
the “proton flip” method, which causes phase modulation of the echoes
at a frequency of J/2, and the “gated decoupler™ method. In this latter
experiment the proton decoupler is on during the defocusing period
t = 0—rofthe spin-echo sequence and is gated off immediately after the
180 pulse during the period 1 = - 21. (24, 26) In consequence of this at
the echo maximum (t = 27) each component of the carbon multiplet
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FIG. 15, A schematic diagram of the operation of a double Fourier transformation program for
obtaining two-dimensional spectra. Sine and cosine transforms are represented by S and C, and
the corresponding double transforms by CC, SC, CS, and SS. Operations in the sequence are
represented by solid lines and information transfer by dotted lines. From ref. 22.
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346

158 Hz
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—-18 Hz

FIG. 16. A portion of the two-dimensional J-spectrum of pyridine corresponding to the C site,
obtained by the “gated decoupler” method. Aliasing caused by the low sampling rate has drawn
the two halves of the spectrum together by 72 Hz. From ref. 153.
has accumulated a different phase angle and the echo components are
phase modulated at a frequency J/4. For systems in which the proton

spectrum is first-order the two-dimensional Fourier transformation
then leads to spectra that are identical for the two methods except for a
scaling factor of 2 in the w, dimension. However, if the proton spectrum
has second-order features, the two-dimensional spectra produced by
the two methods differ in a fundamental way. That produced by gated
decoupling consists of multiplets which are of the same form (153) as
those from conventional NMR, whereas when the proton flip method is
used there are extra lines and each of the multiplets is symmetrical. In
addition some lines are of negative intensity. (154) Figure 16 shows the
two-dimensional J-resolved ' *C spectrum of pyridine, obtained by the
gated decoupler method, and Fig. 17 that obtained by the proton flip;

}_,m;w-n—w'
e 600 Hz
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F1G. 17. Similar spectrum to that shown in Fig. 16 but obtained by the proton flip method and

using different offset frequencies. From ref. 154.
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the differences are quite striking. It proved to be possible to use a
modified version of LAOCOON III to calculate the ABCDEX
spectrum of Fig. 17 and excellent agreement is obtained. Furthermore,
it is possible to use iteration to match the calculated and experimental
spectra and so get values for the various '*C-'H coupling constants
virtually identical with those already obtained from the one-
dimensional spectrum. (154) In the same paper (154) analytic
expressions are presented for the X part of the two-dimensional
spectrum of an ABX system subject to a 180 AB-flip. In another
demonstration of this type of experiment the “gated decoupler”
13C {'H] two-dimensional spectrum of methyl iodide is presented;
(155)a*“normal” 1:3:3:1 quartet appears along one axis and responses
at J(**C-'H)/4 and 3J('*C-'H)/4 along the other. Another interesting
feature of heteronuclear spin-echoes is that if the spectrum of the
unobserved nuclear species has second-order features then it is not
necessary to perturb it in order to achieve modulation of the spin-echo.
(156)

The types of experiment described above are only examples of
many possibilities for two-dimensional NMR spectroscopy. Ernst has
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FIG. 18. Schemes for two-dimensional heteronuclear ('*C-{'H}) spectroscopy described in
the text. 1, is the time variable in the evolution period, ¢, that in the detection period. From ref. 156.
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presented a thorough treatment in general terms of the whole field. (26)
In addition, he has surveyed some of the ways in which heteronuclear
two-dimensional spectra, with particular reference to '*C—{'H}, can be
produced. (156) Figure 18 summarizes his results. The first experiment
is the original two dimensional one and does not involve spin-echo
formation. In it the *C magnetization precesses under the influence of
the complete spin Hamiltonian during the period ¢, and with proton
decoupling during the period ¢,, as shown in Fig. 19. Thus, after double
Fourier transformation with respect to ¢ and t,, responses in the w,
dimension are obtained only at the positions corresponding to lines in
the decoupled spectrum. However, in the w; dimension the full
multiplet structure is displayed. This is illustrated in Fig. 20 for n-
hexane (note the interchange of the w, and w, axes compared with Fig,
14) and is clearly an experiment of considerable potential for the
organic chemist. It is possible to achieve the result of Fig. 20 in a
number of other ways which do not require double Fourier
transformation; these include selective excitation (23) or selective
saturation. (202) Both are allied to gated decoupling and are discussed
on pages 364 and 365.

In experiment 11 (Fig. 18) a 180° proton pulse is applied in the middle
of the 1, period and in consequence the components of a particular ' *C
multiplet are rephased along the y-direction at a particular time ¢, ;
dispersal of the chemical shifts is achieved along the w, axis whilst the
dispersal along w, depends upon the full spin-Hamiltonian including
effects due to J(**C-"H). Experiment 111 is really the one described at
the beginning of this section on two-dimensional spectra, with the
addition of proton decoupling during the period of acquisition of the
FID. It achieves a complete separation of chemical shifts and
heteronuclear couplings in the two dimensions, provided that the

| = >
| I ]

FIG. 19. Schematic representation of a simple {non-spin echo) form of two-dimensional
spectroscopy. t is the evolution, r, the detection period. From ref. 157.
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Wy

FIG. 20. Two-dimensional resolved '*C spectrum of n-hexane recorded with the technique
indicated in Fig. 19. Twenty-two experiments were co-added for each of the 64 values of 7, between
0 and 35 ms. Resolution is severely limited by the 64 x 64 data matrix used to represent the two-
dimensional Fourier transform. The absolute values of the Fourier coefficients are plotted. The
undecoupled one-dimensional spectrum is indicated along the o, axis, and the proton-decoupled
spectrum is shown along the w, axis. From ref. 157.

interproton interactions are weak, ie. provided that the proton
spectrum is first-order. The same result is attained by experiment IV
except that in this case the separation of coupling constants and
chemical shifts occurs even if the proton spectrum is tightly coupled.
Finally, experiment V permits the effects of heteronuclear echo
modulation to be observed, and VI is an echo-train experiment (i.e. a
form of Carr—Purcell sequence) in which diffusion effects are
substantially eliminated and extremely high resolution can be achieved
along the w, direction. Indeed, it should be mentioned that most of the
experiments treated in this section can be performed either in an echo-
train mode, or in the simpler manner already described.

It will have been noticed [equations (3) and (5)] that although the
absolute value mode is often used to display two-dimensional spectra it
should in principle be possible also to get pure absorption mode
spectra by a suitable combination of the individual computed sine and
cosine transforms. This is of course highly desirable because the
absolute value mode spectra can suffer from much line broadening
especially at the base of the peaks. However, in the absence of any
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mixing pulse which separates the two time periods—the evolution (¢;)
and the detection (t,)-—of the normal two-dimensional experiment the
particular phase component of the signal which is actually observed
depends upon the setting of the phase-sensitive detector of the
spectrometer used. It is not generally possible to calculate the
coefficients of the sine and cosine functions needed to give a pure
absorption spectrum. This problem has been solved in two different
ways, both of which yield signals containing the necessary phase
information. (158) The first of these has been termed Phase Separation
by Reversed Precession and involves the application of a suitable 180°
mixing pulse to the carbon spins which is 90° out of phase with the
initial 90° exciting pulse. This mixing pulse is applied at time t = ¢, (i.e.
at the beginning of collection of the FID) and it is necessary to collect
data froma “normal” (i.e. without the mixing pulse) experiment as well.
The two responses S(t,t,) normal and S(t,,,) “reversed” are then
linearly combined and transformed according to equation (7) to
produce the phase-corrected two-dimensional spectrum, which may be
of the J-resolved or the J-resolved type according to the nature of the
pulsing scheme.

S(w, >0,w, > 0)
=3 [Z.{S(ty,15) + S(t,,t t2)} — FL Sty 1) — S(t1,t2)} ]
(7

S(w, <0,w, > O)

=3 [#. tlat7)+S[1st2)J F St 12) = S(ty,t D]

where #,. and % represent cosine and sine Fourier transformations
respectlvely.

In the second method for phase separation it is necessary to apply
90° phase-shifted phase selection pulses between the evolution and
detection periods and to measure the two quadrature components
which evolve after the application of these pulses. The normal
[S(z,.1,)] and *“shifted™ [S(t,,1,)] responses are then combined
according to equation (8) to give the pure absorption two-dimensional
spectrum. It will be noticed that the main computational difference
between the two methods is that in the first the normal and changed
signals are combined prior to transformation, whereas in the second
the combination is done after transformation. It seems likely that
techniques of this type will become widely used for the production of
high quality two-dimensional spectra in molecules of real chemical
interest.
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§(w1 > 0,w; > 0) = 3{5(w;, ;) + §55(w1’w2)}
§(w1 <0w,>0)= %{Scc(whwz) - ESS(CU1,(1)2)}

It is mentioned several times in this review that many of the pulsing
schemes used to effect population transfer and produce two-
dimensional spectra lead to a transfer of transverse magnetization but
not of net longitudinal magnetization. In other words, the various lines
of a spin multiplet become polarized with opposite signs and so the
total integrated signal intensity is zero, as exemplified by Fig. 7. This is
very important, because it prevents the production of two-dimensional
spectra that are completely decoupled in both dimensions. The
problem has been solved by Ernst and his coworkers (159) who have
devised heteronuclear pulsing schemes which perturb simultaneously
the I and the S spins during the mixing period of the experiment. The
method, which requires the least critical adjustment of the experimental
conditions, is to apply 90° pulses to the I and S spins during the mixing
period. This produces a net transfer of magnetization and gives either S
or I spin decoupling according to the timing. Furthermore, by
presaturation of one set of spins it is possible to achieve decoupling in
both dimensions, so that '*CH,l for example then gives a two-
dimensional spectrum consisting of a single line (Fig. 21). This is clearly
of immense value for the correlation of proton and carbon chemical
shifts in complex molecules. A disadvantage of this method is that it
does not yield pure absorption spectra. It is possible to get these by
having an overlap of the § and I spin decoupling times during the
mixing period. [t is then important to adjust the amplitudes of the two
rf fields so that the Hartmann-Hahn condition 7 ¢Bg = 7, B, Is satisfied.
If this is done precisely, transient oscillations lead to a net transfer of
magnetization in the rotating frame.

Bodenhausen and Freeman (160) have managed to avoid the
complications of some of the above experiments but have obtained
similar results by adopting various artifices. If the decoupling power is
deliberately inadequate during the decoupling period, the multiplet
components of opposite sign are close together but do not cancel. By a
suitable choice of digitization interval it is then possible to plot a
transformed two-dimensional spectrum in which the residual splittings
are not resolved so that the absolute value spectrum has the appearance
of a decoupled one obtained at rather poor resolution. Alternatively
one may adapt the process of J-scaling (161) and adjust the timing of
the pulses so that the refocussing of precessing vectors associated with
different spin states is not exact. There is again a residual splitting in the
spectrum which prevents the cancellation of the multiplet components

(8)



e ot e e ) 0B

4
£ /
e 7
?1,306
c
d
’
/
/
=L N i g ) sl FF 7215
H
/
z/'
A I B [y A B S M
680 680 g 2680 36.80 2180 §

FIG. 21. Heteronuclear two-dimensional spectra of ! 3C methy! iodide cross-correlating proton and carbon spectra by direct observation of proton
resonance and magnetization transfer by pulse-interrupted free precession. (a) No decoupling. (b) With carbon decoupling (frequency-modulated
decoupling field). (¢) With proton decoupling (CW decoupling). (d) With simultaneous proton and carbon decoupling. Line positions are indicated in
parts per million from TMS (negative shifts are to high frequency). From ref. 159.
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of opposite sign. Suitable adjustment of the digitization prevents any
splitting from being visible in the final spectrum.

A spin-echo is produced when an exciting pulse is followed by a
refocusing one, and these two pulses are usually applied at the same
frequency. However, if the pulses are applied at different frequencies,
magnetic order may be transferred from one transition to another to
generate a “coherence transfer echo”. (162) If the transfer is from a
multiple quantum transition, a “multiple quantum transfer echo” is
formed. This may be a good way of detecting (forbidden) multiple
quantum transitions. Of more immediate relevance to the present
review is the possibility of getting a “heteronuclear transfer echo”. This
has been achieved (162) in some experiments on '*C-enriched methyl
iodide. The echo is generated at time 4t [in general t3(X)/7(A)] by
applying simultaneous 90° proton and carbon pulses at time t
following a 90° carbon pulse. The '*C echoes are modulated as a
function of 7, and the two-dimensional transformed spectrum has high
resolution along a direction which is a function of 7(A)/y(X) instead of
along the w, axis.

As is to be expected in any new technique there are a number of
instrumental difficulties associated with two-dimensional NMR
spectroscopy which must be solved before the method becomes routine.
Some of these have been looked at carefully by Freeman and his
coworkers (163) and a four-part sequence involving alternations of the
phases of the receiver reference and the refocusing pulses has been
devised for eliminating the effects of imprecise setting of the 90° and
180° spin-flip angles and of spatial inhomogeneity of the rf fields. These
effects usually lead to spurious responses which are termed “ghosts”
and “phantoms” according to their origin ; the sequence for eliminating
them is called the “exorcycle”. It has been applied to the two-
dimensional spectrum of methyl iodide. (163)

It is important to realize that double Fourier transformation is not
an essential part of two-dimensional NMR spectroscopy. This was
made clear by Ernst in his early article (26) and when the spin system is
simple there may be no particular advantage in using it. This approach
was adopted in studies of '*C-enriched methyl formate in which
various selective 'H and/or '*C pulses were applied to individual
transitions and it was found possible to deduce an accurate value for
v(!2C) and draw conclusions about relaxation behaviour. (164-166)
Detailed analysis (167) also shows that the sensitivity of two-
dimensional Fourier transform spectroscopy can be as good as halfthat
achieved in ordinary one-dimensional experiments. In this connection
we should note that the time-saving gain of Fourier transformation
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really applies only to the t,/w, dimension since it is still necessary to
perform a set of individual experiments to achieve the spread along the
t;/w; axis.

Although it is early days yet, there have been a few applications of
spin-echo and two-dimensional experiments to systems of chemical
interest, and it is convenient to deal with these here. One of the
problems in very complex proton spectra is that of establishing pairs of
coupled resonances. Several of the available double resonance methods
make it difficult to be clear about the multiplicity of particular
resonances, even when difference spectroscopy is used. (168) An
ingenious way (169) of dealing with this is to use the fact that for
t=1/J in a standard 90°-t—180° spin-echo experiment first-order
doublets have inverted phase while singlets and the central components
of triplets have normal phase. If selective decoupling is then applied up
to the time when data acquisition begins and a difference spectrum is
recorded, it contains only the resonances affected by the double
resonance experiment but does not suffer from having the spikes and
other spurious responses which can easily arise if the homonuclear
decoupling field is on during data acquisition.

A particularly impressive application of J-resolved spectroscopy is
the presentation of the two-dimensional !3C spectrum of cholesterol.
{170) Even though this was obtained at only 20 MHz the overlapgmg of
resonances was almost completely avoided and the one-bond !
splitting patterns of quartet, triplet, doublet, or singlet were clearly
displayed along the w, axis. In this work 800 echoes were recorded for
each of 64 values of ¢, to yield a 64 x 512 data matrix in 16 hours. This
spectrum is shown in Fig. 22, and the relatively coarse digitization
along the w, axis prevents any confusion from the longer range ' *C-'H
splittings. Proton and carbon chemical shifts were correlated in
menthone and in camphor by recording the two-dimensional
13C-{'H} spectra (171) in which responses arise as a result of both the
one-bond and longer range couplings. A number of complex molecules
including proteins and amino-acids have been studied at high field
where two-dimensional techniques seem to be particularly appropriate.
(152, 172) Finally, the high resolution in the w, dimension, due to the
elimination of the effects of magnetic field inhomogeneity, has been
utilized for the determination of '3C-'*C coupling constants in
enriched samples. (173) Under conditions of complete proton
decoupling the homonuclear spin-echoes generated by a 90°—7—180°
pulse sequence are modulated by J('3C-'3C) and so the two-
dimensional spectrum exhibits these splittings along the w; dimension.
Benzyl alcohol and alanine have been studied and couplings as small as
0-8 Hz resolved.
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wy
FIG.22. Two-dimensional J-resolved '*C spectrum of cholesterol with digitization adjusted to
avoid confusion from longer range proton—proton couplings. The numbering follows normal
organic practice, and the letters Q, T, D, and S refer to quartets, triplets, doublets, and singlets
arising from the one-bond proton—carbon couplings. From ref. 170.
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D. Triple resonance

Experiments of this type range from straightforward simultaneous
decoupling by irradiating at two different radio frequencies to ones in
which both irradiating fields are of a magnitude to produce only spin-
tickling or population transfer effects. They can be wholly homonuclear,
mixed homo-heteronuclear, or wholly heteronuclear, and are usually
designated by A—{M, X}. The commonest experiments are of course
those in which at least one of the irradiating rf fields is of decoupling
magnitude. These are mentioned in the appropriate part of Section VII.
Their interpretation is usually the same as for normal double resonance
experiments, although some of the possible ramifications of the nuclear
Overhauser effect in this kind of work do not appear to have been
exploited yet. When both irradiating rf fields are applied selectively the
Interpretation becomes more complicated. Such experiments can then
be used to get otherwise inaccessible information, for example from
incomplete spin systems in which certain coupling constants are zero.
In A,M X, and related spin systems with J(AM) # 0, J(MX) # 0, and
J(AX) = Oit is not possible to perturb the A spectrum by irradiating at
the resonant frequency of X. This makes it impossible to use A—{X}
double resonance experiments to determine the chemical shift of X or to
get the relative signs of J(AM) and J(MX). However, irradiation of X
transitions affects the M spectrum, and these effects are transmitted to
the A spectrum by simultaneous irradiation at the M resonant
frequency which can thus be determined. The simplest experiment is to
adjust v(M) and y(M)B, until partial collapse of the splitting due to
J(AM) is achieved in the A spectrum. v(X) can then be varied through
an appropriate range until the M spectrum is perturbed, and since this
destroys the previously established M resonance condition the effect is
noticed in the A spectrum. This method was first applied (174,98) to the
measurement of '’Se chemical shifts in organophosphorus selenides in
which J(7’Se-'H) = 0 and has since been used to determine '#3W,
14N, ©3/65Cuy, and *D shieldings in like circumstances. (99, 175, 109,
176) A variety of ways can be envisaged displaying the results of such
experiments, and two kinds of triple resonance INDOR have been
described. (109) The MINDOR (Modified INDOR) spectrum is
obtained by recording an A-{M} INDOR spectrum under some
particular steady-state conditions of simultaneous irradiation in the X
spectrum; it generally shows additional splittings. The TINDOR
(Transferred INDOR) spectrum is obtained by monitoring a chosen
point in the A spectrum under conditions of steady-state simultaneous
irradiation in the M spectrum and sweeping v(X); it resembles the
M-{X} INDOR spectrum. Examples of both types of spectrum have



MAGNETIC MULTIPLE RESONANCE 357

been obtained (109) trom the [(MeO);P1,Cu* ion(A = '"H,M = *'P,
X = %*Cu) in which tetrahedral symmetry at copper largely eliminates
the effects of quadrupolar relaxation. The TINDOR spectrum is shown
in Fig. 23.

The other reported applications of fully selective triple resonance are
to the determination of the relative signs of J(AM) and J(MX) in the
A,M,X, spin system with J(AX) = 0. This experiment is based on
exactly the same principles as the homonuclear one first described (177)
in 1963, and the only differences, when it is applied to the fully
heteronuclear case, are ones of technique although it may be pointed
out that in this case measurement at a lower field strength would not
introduce the second-order features which make possible the relative
sign determination. The basic difficulty is that transitions in the A
spectrum associated with different spin states of X are degenerate, but
this degeneracy may be lifted by weak (spin-tickling) irradiation of one
of the non-degenerate M transitions. The A-{X} experiment then
succeeds and can be interpreted in the usual way; that is, it is
determined which A and X transitions are associated with a particular
spin state of M, which immediately gives the relative signs of J(AM)
and J(MX). The first completely heteronuclear system to which this
method was applied was (CH;0),PBH;, in which *J(*'B—'H)
is vanishingly small. (178) Although there are complications due to
the ''B nuclear quadrupole moment and the splitting due to
'J(*'B-'H) = ca. 100 Hz, (179) it proved possible by selective *'P
irradiation to remove the degeneracy of the methyl proton transitions
associated with different spin states of 1B and so use the effects of !B
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FIG. 23. Copper-63 TINDOR spectra of [(CH ;0),P],Cu”* obtained by monitoring the proton
spectrum with continuous irradiation of a component of the ' P spectrum. (a) Inner component
irradiated. (b) Outer component irradiated. From ref. 109.
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irradiation to compare the signs of *J(*! P-'H) and 'J(*' P-'!B). Other
systems studied in this way include: (MeO);PSe [A = 'H, M = *!P,
X = 77Se] to get the relative signs of 3J(3'P--- 'H) and 'J(""Se>'P);
(100) CF;AuPMePh, [A = '"H,M = 3'P, X = '°F Jto get the relative
signs of 2J(3'P - *H)and 3J(*'P - - - '°F); (180) and the homo/hetero
system [p-MeC,H,CH,PPh,]1"Br~ [A ='H, M =3'P, X = 'H] to
get the relative signs of 2J(*'P---*H) and "J(*'P---'H). (181)

E. The assignment of '*C spectra

To the organic chemist this is a very important area, and
considerable effort has gone into the development of double resonance
techniques which can aid '*C assignments in the spectra of complex
molecules. The very simplicity that is introduced by complete proton
decoupling is itself an obstacle to assignment in many cases since it
represents a serious (deliberate) loss of information. The earliest
approach to this problem was to use off-resonance noise decoupling so
that only carbons without any attached protons give sharp singlets
which are readily identified. (182) It was soon realized that the loss in
intensity from carbons bearing at least one proton was due partly to
transfer of noise from the proton irradiating field by off-resonance
effects; thus, if coherent CW off-resonance irradiation is used each
carbon appears as a singlet, doublet, triplet, or quartet according to
whether it has zero, one, two, or three protons. In addition all splittings
are reduced to a few per cent of these normal values so that the longer
range proton—carbon couplings are unresolved. (183, 184) These
experiments actually suffer from a variety of disadvantages including
the production of abnormal intensity patterns (especially for the
triplets arising from the carbons of CH, groups where the outer
components are often abnormally weak) and residual splittings whose
size depends upon the degree of offset. A particularly serious situation
arises when the CH, group has inequivalent protons. Then the '*C is
the X part of an ABX spin system and under conditions of poor signal-
to-noise ratio its residual splitting may be mistaken for a doublet. This
has been looked into in some detail (185) and the effects of different
degrees of off-resonance decoupling of the AB protons have been
examined. Experimental confirmation of the main conclusions was
obtained (185) and the AA'X spin systems provided by [2] and [3]
were studied. (186) It is thus shown to be possible to obtain the relative
signs of J(AX) and J(A'X) from '*C-{'H} off-resonance experiments.
It has even been suggested that this kind of experiment could be used to
“fingerprint” complex molecules. (187) This kind of behaviour is really
an example of deceptive simplicity arising when the residual splitting is
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comparable to the interproton couplings and is strictly analogous to
the “phenomenon” of virtual coupling. It has also been observed in 1,2-
dichloroethane, (188) poly-(cis-butadiene), (188) and 2-methyl-
norbornan-2-ol [4]. (189) Indeed in the last molecule it is put to
good use since it makes possible the assignment of the different types of
methylene group. It is found that the '*C residual triplet is well resolved
if the two 'J('*C-'H) couplings are of similar magnitude (and sign!)
but is considerably broadened if the neighbouring protons are strongly
coupled to the directly bound ones. In fact, C-3 and C-4 give sharp
triplets while C-5 and C-6 provide only broad poorly resolved
multiplets. (189)

O 7
A
H H H C—OE1
\ 13 / \ 3/ s 4
C=cC C=C 3
C/ \C E / \H 6 1 Me
= PN t0—C 2
o ~0 O \\O OH
[2] {3] [4]

More recently an elegant solution to the problem of getting well
defined multiplets in '*C NMR spectra, under conditions of partial
proton decoupling, has been devised. (161) This is known as “J-scaling”
and leads to spectra in which all multiplet components have their
normal intensities but all the splittings are reduced by any desired
factor which is the same for each carbon. Typically a scaling factor of 30
is found convenient since then the residual one-bond !*C-'H splittings
are reduced to 4-7 Hz and the longer range ones to <0-5 Hz when they
are not resolved. The '*C magnetization prior to data collection is
allowed to precess for part of the time with and part of the time without
proton decoupling. The scaling factor is then controlled by the relative
lengths of these two periods. It will be appreciated that no double
Fourier transformation is required to present the resulting spectrum,
although it is necessary to apply a sequence of refocusing 180° carbon
pulses with suitable gating of the receiver to get a complete
interferogram in a reasonable period of time. Figure 24 shows the
excellent spectrum obtained in this way from camphor [5] using a

@)
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FIG. 24. Part of the carbon-13 spectrum of camphor. (a) Noise decoupled. (b) With the proton
splittings scaled down by a factor of 30. Inset (c) shows the detail of an overlapping doublet and
triplet, while inset (d) shows the same region with the splittings scaled down 15 times in order to
identify the doublet (D) and triplet (T) components. From ref. 161.

scaling factor of 30. An alternative way of producing the same result is
to use a refocusing 180° proton pulse close to, but not exactly at, the
mid-point of the period between the initial '*C 90" pulse and data
collection. The degree of mistiming of the proton pulse then determines
the scaling factor. (161)

In an off-resonance '*C-{'H} decoupling experiment the residual
splitting, Jy, is related to the original splitting, Jo, by Ernst’s (190)
equation:

Jr = [(Av = 3J0)* + (4By/21)* IF — [(Av + $J,)* + (yBy/21)* T

9)
in which Av is the proton frequency offset from exact resonance and
vB,/2n is the amplitude of the proton irradiating field in frequency
units. If the condition yB,/27 » |Av| is fulfilled then equation (9)
simplifies to equation (10). This is of course a linear relationship which

can be used to correlate proton and carbon chemical shifts in quite
complex molecules. (191)

Av = yB,Jg/2nJ, (10)

This is illustrated in Fig. 25 which shows a *C-{'H} study of
nicotinamide adenine dinucleotide. A particular value of yB,/2n is
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FIG. 25. Plot of peak frequencies in the 'H off-resonance selectively decoupled '*C spectra of
NAD" as a function of position of irradiation in the 'H spectrum, expressed in ppm to high
frequency of internal dioxan. The positions of the peaks in the 'H noise-decoupled '*C spectrum
are shown by lines on the ordinate, and the positions of the proton peaks by lines on the abscissa.
The arrows indicate the point of collapse of the '*C doublet and the connection between a given
13C peak and the assigned proton peak. The errors in the position measurements of the '*C peaks
are indicated by the size of the points, except near the cross-over positions where the errors are
larger ( +0-15 ppm). Small doublet splittings are observed on some of the signals from long-range
(C—H) spin-coupling interactions. From ref. 191.

chosen and the irradiating frequency is then moved through the proton
spectrum, the positions of the '*C resonances being plotted for each
setting of Av. It is then possible to connect the points on the graph by a
series of straight lines of slope proportional to + B, and from their
intersections to deduce the proton chemical shifts associated with the
decoupled '*C resonances. (191)
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Although this method is very satisfactory when the range of proton
chemical shifts is small, the deviations from linearity of equation (10),
which occur when this is not so soon becomes serious. It is however
possible to rearrange Ernst’s equation in a number of different ways
which avoid this difficulty. One of the most widely used methods is
Pachler’s (192) in which equation (11) is used. This requires the less
stringent condition, 7B,/2n » %|Jo — Jgl.

Av = vB,J . 2n(Jd — JR)* (1

Thus by plotting Av against Jz/(J§ — JR)* a straight line is obtained for
a wide range of values of Av. It is possible simply to obtain a single off-
resonance spectrum and use this in conjunction with equation (11)
provided that accurate values of J, are available. (193) Another way of
looking (194) at this situation is to rearrange equation (9) to give
equation (12). Equation (11) then approximates to this provided that
vBy/2n > $(J§ — JR)E. Since (JE — J2)F > (J, — Jg) this is a more
restrictive condition than that suggested by Pachler (192) and implies
that his method is rather less general than originally supposed. It is
further possible to rearrange:

Av = Jg[(7B2/21)* +3(J3 — JR) /(U3 — Ja)F (12)
to give
Av[1 — J§/(2Av)* * = yB,Jp/21(J& — JR)} (13)

which evidently approximates to equation (11) under the condition
|Av] » |J ). This last condition contains only the actual observables of
the experiment, hence the circumstances under which it is permissible
to use equation (11) are more readily appreciated. (194)

In many cases one finds that considerably more off-resonance
experiments are performed than are strictly necessary. This is clearly a
considerable waste of spectrometer time when weak samples are
involved. In fact two separate coherent experiments will always suffice
(195) provided that the decoupler power is known with precision. It is
then necessary to solve a quartic equation. Since this will probably be
done by iteration it may be helpful to perform one or two additional off-
resonance experiments so that spurious solutions can be rejected.

In off-resonance decoupling experiments of this type difficulties may
arise for certain levels of the decoupling power, since then the combined
effects of spin-tickling and spin population transfer may lead to certain
important lines having very low intensity. It has therefore been
suggested (196) that the amplitude of the irradiating rf field used should
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be yB,/2n = 3Jo. At higher power levels the sensitivity to changesin Av
is rather small, and at lower levels unduly complex spectra may be
produced.

All the foregoing experiments depend upon having a means of setting
the proton offset frequency with sufficient precision, say +10Hz or
better. On certain “low-cost” spectrometers this may not be possible. It
is then convenient to use (197) equation (14) to relate the residual
splitting to yB,/2x.

Jr/(J& — JR)* = 2m Av/yB, (14)

This equation is valid provided that yB,/2n » 4|Jo — Jrl, and its
advantage is that by plotting Jg/(J§ — Jg)* against 27/7B, at constant
Av a straight line of slope Av is obtained which can be used to deduce
the exact resonance frequency in the proton spectrum. (197)

In all of the foregoing it has been tacitly assumed that the
Bloch-Siegert frequency shift will have no appreciable effect upon the
proton chemical shifts determined. This has in fact been confirmed,
(198) and it is also known that in homonuclear proton double and
triple resonance experiments the irradiating fields of B,/2n of a few
tens of Hz have small effects which can be allowed for easily or ignored.
In a '*C—{'H, 'H} triple resonance experiment, however, in which one
of the proton rf fields is of decoupling intensity the Bloch—Siegert shift
of the proton lines which are to be selectively irradiated by the third rf
field, may be as much as 1000 Hz which must be allowed for. (199)
When a single spin with resonance frequency v, is exposed to a strong rf
field of amplitude B, and frequency v,, a strong (s) and a weak (w) line
are obtained whose Bloch-Siegert frequency shifts S are given by
equations (15).

S* = (va — va)([(7B2/21)*/(va — v2)* + 171 = 1) (15a)
S = —(va — o) ([(yB2/27)*/(va — v2)* + 111 + 1) (15D)

In practice one will be dealing with a more complex spin system but it is
easy to extend these equations to the AX and AMX cases and hence
calculate the frequencies at which the selective proton rf field, B;, must
be applied to perturb the Bloch—Siegert shifted transitions. (199)
The most complete information about the proton—carbon
interactions is of course contained in the fully proton-coupled '*C
spectrum. Unfortunately for molecules of any complexity there may be
so much overlapping that complete interpretation is not possible. One
of Ernst’s two-dimensional experiments (Fig. 20) provides a solution by
displaying the fully coupled '3C resonances from different sites
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separately. However, this method requires considerable computer
storage capacity. (157) An alternative is to use selective excitation
(22,23) allied to gated proton decoupling. That is, the '*C resonance
from a single site is excited selectively under proton-decoupled
conditions, and the FID is collected with the decoupling power turned
off. The resulting spectrum then contains only the response from the
chosen carbon site. Since the spectrum is acquired without proton
decoupling it shows all the splitting due to the long and the short range
proton couplings. In principle the selective excitation can be achieved
by using a long weak pulse at the appropriate frequency but there are
problems associated with relaxation occurring while the pulse is being
applied if this is done. The method actually adopted is to apply a train
of short mini-pulses of medium power for a time comparable to the
reciprocal of the selectivity required. The only resonance then excited
by the end of the train is the one separated from the carrier by a
frequency equal to the rate of application of the mini-pulses, and a
selectivity of + 1 Hz is said to be attainable. (200) Figure 26 illustrates
the application of this technique to the '*C spectrum of 1-
dimethylamino-2-methylpropene, and it has also been used to study

P

Q R
(o) J o ||

(e)

L I\ 1 L 1. T
50 40 30 20 10 0
ppm

F1G. 26. The high-field regions of spectra of 1-dimethylamino-2-methylpropene. (a) Proton-
decoupled spectrum. (b)—(d) Multiplet sub-spectra corresponding to the three methyl resonances
P, Q, and R respectively. (¢) Full proton-coupled spectrum, showing overlapping and interference
from acetone-d,, and tetramethylsilane. From ref. 23.
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menthone. (201) The train of mini-pulses is known as the DANTE
(Delays Alternating with Nutations for Tailored Excitation) sequence.
(201) It is also possible to conceive (157) of performing the experiment
by using broadband tailored excitation to saturate all but the chosen
decoupled '*C resonance. (137)

Another way of getting substantially the same result is based upon a
homonuclear !'3C experiment to saturate selectively the chosen
resonance under proton decoupled conditions. (202) The spectrum is
again acquired under fully coupled conditions and thus is a complete
coupled !3C spectrum except that the multiplet from the saturated'*C
site is absent. This spectrum is subtracted from a normal fully coupled
one to yield a trace that contains only the multiplet from the desired
carbon. Full fine structure is displayed. Figure 27 shows the application
of this method to the !*C spectrum of the monosaccharide derivative

6
CH,OH
QY
NI
1
CH\ 3 O
HCsefi 779 'HyC OMe
7
cn
n,c”>
[6]

[6] and it is clear that each of the thirteen carbon sites gives its own
fully coupled spectrum free from any overlapping of resonances from
other carbons. This is known as the CASS (Carbon Assignment by
Selective Saturation) technique. Despite certain minor disadvantages
associated with difference spectroscopy it can achieve a degree of
selectivity and sensitivity that is comparable to that of the selective
excitation method. (202)

Finally in this section it should be noted that many of these off-
resonance decoupling techniques are applicable to other nuclei and
indeed have been used in some ">’N—{'H} studies of molecules with
several nitrogen sites, although of course here the problems are
generally not so serious. (203)

V. THE NUCLEAR OVERHAUSER EFFECT (NOE)

The book by Noggle and Schirmer (6) gives a comprehensive
account of the NOE together with applications up to 1971. Almost all
of the work described is proton homonuclear, and much of it is aimed at
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FIG. 27. CASS experiments on the carbohydrate derivative [6]. (a) Proton-decoupled '3C
spectrum. (b) Proton-coupled '3C spectrum. (c)-{o) Selectively saturated and subtracted spectra
from each of the carbon sites indicated on the right of the traces. From ref. 202.

establishing molecular configuration by providing reliable estimates of
interproton distances. In recent years the emphasis has changed to
homonuclear studies of molecular motion and to work on hetero-
nuclear systems.

The NOE is the change of integrated intensity in the signal from one
nucleus when all the transitions of another are saturated. It isdue to the
direct dipole-dipole interaction between the two nuclei. The saturation
is generally brought about by sufficiently high power irradiation to
guarantee an adequate frequency spread. It can also be accomplished
by using a set of weak saturating frequencies (produced perhaps by
audio modulation), one centred on each individual transition.
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A. Homonuclear systems

It is the dependence of the size of the dipole-dipole interaction upon
the inverse sixth power of the internuclear separation that makes it
possible to use the NOE for geometrical purposes, although it must
always be remembered that in the absence of any other sizeable
relaxation mechanism the NOE may still be quite large even though the
nuclei involved are not particularly close together. Typical of this kind
of application of the proton-proton NOE are: studies of the
conformation in solution of cycloguanosines; (204) studies of the
internal rotation in dimethylformamide; (205) studies of the
orientation of the N-methyl group in tetrahydro-3,3,4,6-tetramethyl-
1,3-oxazine; (206) the assignment of the spectra of the E and C
nigabilactones; (207) the determination of the stereochemistry of
1,3,5,7-tetramethyltricyclo [5.1.0.0]Joctane; (208) assignments of the
two methoxy resonances in 1,2-dimethoxy-4-hydroxy-5-nitrobenzene;;
(209) and an identification of an enamine as [7 ] rather than [8]. (210)

NH,

AN 7
LN N
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We emphasize that these are only a selection from the many examples
in the literature. The problem of achieving saturation of all resonances
of one type of nucleus without perturbing nearby signals was solved
(211) in a study of pyranose derivatives by using a tailored exciting rf
field of predetermined spectral density. (137) Selective NOE
experiments have also been used to study relaxation processes and
conformational effects in ABX (vinyl bromide) and A,X (1,1,2-
trichloroethane) spin systems, (212) and it has been pointed out (213)
that useful augmentations of the intensity changes can be brought
about by using a 180° inverting pulse rather than saturation.

The time scale of the build-up and decay of the NOE is often such
that it can be used to study processes that proceed appreciably more
slowly than those accessible to band-shape studies. This has been used
in studies of: restricted rotation in amides; (205,214) the cis-trans
equilibrium of 4-bromo-2-formyl-1-methylpyrrole; (215) exchange in
water solution of the system 1-(1'-pyrazolyl)ethanol-acetaldehyde;
(216) and the cis—trans equilibrium in 4-bromo-2-formylfuran. (217)

In more complex molecules it may be difficult to measure the NOE in
the presence of overlapping peaks. One solution which may be
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satisfactory if only qualitative results are required is to use an INDOR
technique. This has been employed (218) in connection with the
assignment of methyl resonances in the proton spectra of some
triterpenes. However, if this approach is adopted it is necessary to
remember that at least part of the observed intensity change may be due
to spin tickling and/or decoupling effects, since an INDOR experiment
will not readily distinguish these from the NOE. A probably more
general solution of this problemis to use NOE difference spectra. These
offer the added advantage that it is possible to observe individual
multiplets in the proton spectra of, for example, biologically interesting
macromolecules. The method (219) is to subtract a normal spectrum
from one in which the intensities of chosen resonances have been
altered by a selective NOE experiment. This eliminates the background
signal resulting from the presence of many similar protons, and
impressive spectra for the protein BPTI have been presented. (219)

This NOE difference technique was used in studies of the binding of
the hapten O-carboxymethyl-4-methylumbelliferone to its specific
antibody; irradiation of the resonances of aliphatic protons in the
antibody gives negative enhancements of the intensity of certain proton
resonances in the hapten, which make it possible to produce a detailed
model of the binding site. (220) Peptide NH protons have also been
studied with the aid of the '"H-{'H} NOE. (221)

The occurrence of a negative NOE when both nuclei have
magnetogyric ratios of the same sign can be attributed to a breakdown
of the extreme narrowing condition so that equation (16) 1s no longer
valid. (222-227)

= 7(X)fe/27(A) (16)

In this equation f; is the fractional contribution to relaxation made by
the dipolar mechanism, and # is defined by equation (17) where S, and
S. are the original and enhanced intensities respectively.

Se=S.(1+n (17

Thus when (w, + wx)t, is not much less than 1, where 7, is the
molecular rotational correlation time, the potential maximum
enhancement is not attained and it is not possible directly to use the size
of the observed NOE to deduce the relative contribution of the
dipole-dipole mechanism to the overall longitudinal relaxation of the
observed nucleus. (228) The extreme narrowing condition is more
stringent at higher measuring fields, but even for protons at say
300 MHz it is easily fulfilled (229) by small molecules for which
7, 2 107'2-107 5. However, with large molecules such as globular
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protons 7, may be relatively long and in these circumstances equation
(18) must be used for the homonuclear enhancement. (230)

5+ 0¥l — 4ot
10 + 23022 + 4wttt

This equation becomes identical to equation (16) provided that
w?t? « 1 and hence yields y = 0-5 for the maximum enhancements but
gives n = - 1 at the other extreme of w?t? > 1. “Enhancements” (i.c.
zero signal) of this order have indeed been observed in the case of small
molecules reversibly binding to a specific site on a large one. (231) This
1s of course really a manifestation of the inter-molecular NOE. Other
observations of negative interproton NOE have already been referred
to (220) and in addition are found (232) for the H-2 resonance of ADP
in the creatine-kinase~ADP complex upon irradiation of the
resonances at 0 = 09 and 1-7 ppm of the f and y methylene protons of
an arginyl residue of the enzyme as well as in some studies (233) of hen
egg-white lysozyme. In this last piece of work, performed at 270 MHz,
intensity changes of n = —0:45 to —0-55 are obtained by irradiating
resonances in a tryptophan residue and yield t, = 1:5 x 10~ ? swhichis
in good agreement with a value deduced from measurements of
relaxation times. (233)

The inter-molecular NOE is mentioned above briefly. It is of course
this which makes it desirable to use samples in a solvent without nuclei
of high y for these experiments. There have, however, been few detailed
studies of this effect. (234) A density matrix description (235) has been
successfully applied to the effect upon the solute (1,1,2-trichloroethane)
protons of irradiating the solvent (Me,Si) resonance (235) and
differential effects upon the resonances of the [AB], spin system
provided by the protons of o-dichlorobenzene have been used to aid
the assignment. (236)

Since the observed NOE depends upon the relative contributions
made by the dipole—dipole interaction and other mechanisms to T;,
anything that affects T, may also affect the NOE. Indeed, it has been
found (237) that even when a vacuum technique is used to remove
dissolved oxygen the paramagnetism of what remains may be enough
to reduce T; and hence alter the NOE significantly. This difficulty can
be overcome by distilling the sample from a mixture of the complex
[Co"bipy; 1(ClO,), and NaBH, prior to examination. (237) This effect
of paramagnetic species will obviously be important if a lanthanide
shift reagent has been used to spread out the spectrum prior to
performing the NOE experiments. It has been shown that there are
concentrations of shift reagent that give useful spectral spread without

i (18)
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excessive reduction of the NOE. This has been used in assignments of
the 100 MHz proton spectra of some ten-membered-ring sesquiterpene
lactones. (238) Furthermore, a paramagnetic species will interact
differentially with the nuclei of a complex molecule, those near the
periphery experiencing preferential reduction of the NOE. This can be
used as a delicate means of probing ligand binding sites. (239)

B. Heteronuclear systems

With the advent of FT '*C NMR and subsequently multinuclear
spectrometers broadband proton decoupling has become widespread
and is usually accompanied by a NOE which is often substantial
[equation (16)] and can provide a useful gain in sensitivity. However,
the dependenge upon the competition between dipole-dipole and other
relaxation mechanisms means that the NOE can vary from one site to
another which militates against reliable intensity measurements. In
these circumstances it is desirable to be able to quench the NOE, and
this may also be necessary for nuclei with a negative magnetogyric ratio
for which a really unfortunate combination of relaxation times can lead
to zero signal intensity.

As indicated in Section V.A, addition of a paramagnetic species
usually reduces or even eliminates the NOE. (240-242) It has been
found that paramagnetic transition metal ions are better than free
radicals for this purpose. (240, 241) One of the most popular species is
[Cr'Macac, ] since this is soluble in commonly used NMR solvents such
as CDCly. Theoretical analysis (242) of the mode of action of a
paramagnetic species shows that at suitable concentrations the NOE
can be quenched effectively with very little line broadening, and further
that Cr’* produces little or no contact shift of the observed resonances.
(243) The addition of a paramagnetic species has the added advantage
that it decreases T, and thus makes it possible to pulse more rapidly, a
feature that is especially valuable for nuclei that otherwise have rather
large values of T (e.g. quaternary '*C and '°N). (244) Addition of the
paramagnetic ion [Mn(EDTA)]?>~ has been used to aid '°C
assignments in the spectra of some thallium(1) complexes by producing
selective quenching of the '*C—{'H} NOE. (246)

As an alternative to the above method for eliminating the NOE an
instrumental technique is available. This depends upon the realization
(247) that the time-dependent behaviour of the NOE and of spin
decoupling are different. Thus the NOE takes a time comparable for T;
to build up or to decay after application or removal of a rf field, whereas
spin decoupling effects appear or disappear almost instantaneously.
Consequently if the proton decoupler is gated off immediately prior to
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acquisition of the FID a fully coupled spectrum with NOE is obtained.
Conversely if the decoupler is off prior to the period of data acquisition,
butis on during it, a decoupled spectrum without NOE is obtained. The
first demonstration of this was conducted manually (247) on a CW
spectrometer but the twin techniques are of course ideally suited to FT
instruments, (248, 249) and suitable facilities are now provided as
standard equipment. (248—251) The timing schemes and behaviour of
the transverse magnetization of the observed nuclei (i.e. the signal) are
shown schematically in Fig. 28. (248. 249)

The gated method for suppressing the NOE but retaining spin
decoupling provides a convenient way of getting quantitative
measurements of the NOE ; one simply compares the intensities in the
decoupled spectra obtained with and without the NOE being
operative. (252) It is important to realize, however, that one must wait
sufficiently long with the decoupler off between pulses to ensure that all
residual magnetization has decayed if accurate results are to be
obtained. It is often recommended that this waiting period should be at
least 5T;(A) in an A—{X} experiment. In fact (253) this may be too short

{a) (b)
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FIG. 28. Pulsing schemes for controlling the NOE. (a) With retention of the NOE and no spin
decoupling. (b) Decoupled with NOE suppressed. From ref. 248.
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a time unless T,(X) « T;(A) or |5 is well below its possible maximum
value. A fairly general treatment (254) of this problem shows that in a
sequence of the form [decoupler on—90°~FID~-decoupler off-T],, in
which T is the waiting period intended to permit the system to regain
equilibrium, there are really two delay periods, i.e. with and without the
decoupler on. It is only when the decoupler is off that T;(X) need be
considered.

C. The *C-{'H} NOE

This is by far the commonest use of the heteronuclear NOE
experiment and has been the subject of many theoretical investi-
gations. When the extreme narrowing condition is fulfilled the maxi-
mum value of # is 1-998 (say 2) which is independent of the number of
protons involved. (228) In practice it is only when the carbon atom
has directly attached protons that the dipole—dipole mechanism
dominates the '*C relaxation to the extent that # approaches 2. As the
molecular motion becomes significantly anisotropic there may be
differences for —CH, >> CH,, and —~CH; groups. These conclusions
have been confirmed by studies of adamantane (228) and formic acid.
(255) For larger molecules with t, ~ 107°-10"%s the enhancement
may fall, becoming # = 0-153 when w7, > 1. It then turns out that the
gain in signal-to-noise ratio, which otherwise arises as a result of
increasing the measuring field strength, may be much less than that
expected. (256)

Internal rotations, e.g. of a methyl group, can also affect the
13C-{"H} NOE. It has been predicted (257) that cross-correlation
effects should lead to different values for a methyl group according to
whether the protons are in a doublet or a quartet state. In more
extended work Wigner rotation matrices have been used to show that,
except within a comparatively narrow range of internal diffusion
coefficients, cross-correlations in chains of methylene carbons where
multiple rotations have to be considered have little influence upon the
13C-{'H} NOE. (258) However, anomalies do occur when the '*C
spin—lattice relaxation is non-exponential. Experimental confirmation
of these conclusions was obtained by studying '*C-labelled
galactolipids. (258) The results should be of general interest (259) in a
number of biological systems.

Frequently measurements of the '>*C—{'H} NOE have been made in
connection with detailed studies of relaxation behaviour, often with
the aim of getting a clearer understanding of molecular dynamics. This
was done in studies of: neat liquid pyrimidine and pyridazine; (260)
methyl substituted long-chain alkanes; (261) chloroplast membranes;
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(262) the diamagnetic complexes [Co(acac); | and [Pd(acac), ]; (263)
the basic pancreatic trypsin inhibitor; (264) organosilicon compounds:
(265) p,p’-azoxyanisole as an isotropic liquid; (266) hindered methyl
groups; (267) chloroform partly oriented in a nematic solvent; (268)
aqueous solutions of acetamide and N,N-dimethylacetamide; (269)
labelled sodium acetate; (270) substituted purines; (271) indazole;
(272) N,N-dimethylformamide; (273) 10-methylnonadecane; (274)
adenosine and guanosine 5'-monophosphate; (275) some trimethylsilyl
compounds; (276) and other molecules. (277, 278)

Fairly recently it has been pointed out that, even when the extreme
narrowing condition is satisfied, equation (16) may not be correct if
cross-correlation of the 'H and '*C relaxation processes is at all
important. Consequently equation (19) should be used instead (cf. refs.

257 and 258):
= 1 ’H Jaa —Q (19)
2l 1 —Q

where Q is defined by equation (20) in which r is the proton-'?C
internuclear distance,  is the angle between the internuclear vector and
the axis of internal reorientation, and X depends upon random field
interactions in the proton frame. (279)

Q- (}"?ﬁ%hz)z( (3cos? 0 — 1)*12 )
Ti(

2},.6 13C)—1(T1(13C) +2X) (20)
These equations were used in a study of the peptide tetragastrin. (279)
This kind of behaviour will usually be accompanied by irregularities of
the '*C relaxation which under conditions of proton decoupling is not
exponential for -CH; and —CH,- groups (280, 281) (or more generally
AX; and AX, systems). Relaxation of A is exponential for
A-{X,Y,Z,...} experiments, provided that there is no symmetry or
equivalence in the XYZ...spin system and that all of X,Y,Z,... are
strongly irradiated. This has been detected experimentally in studies of
13C-enriched methyl mercury compounds. (282)

For large molecules the main point of interest is whether a NOE of
less than the theoretical maximum (n = 2) arises because of non-
dipolar contributions to the '3C relaxation or as a result of a
breakdown of the extreme narrowing condition. (283) By measuring T,
for both '3C and 'H it is possible to distinguish between these two
possibilities, since a single derived correlation time for a particular
group (say ~CH3;) indicates that dipolar relaxation is dominant and
any reduction in the NOE indicates a breakdown of the extreme
narrowing condition. (284) The results of this kind of work give a good
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deal of information about the chain dynamics and mobility in solution
of polymers, and the following have been studied in some detail:
branched polyethylenes; (285) poly(vinylidene fluoride); (286) poly-
(methyl methacrylate); (284, 286-288) poly(alkyl methacryiate); (289)
poly(but-1-ene); (290) long-chain alkanes; (261) and crosslinked gels.
(291)

In connection with techniques a comparison (292) of gated
decoupling and the use of a paramagnetic reagent for the suppression of
the *C-{'H} NOE in quantitative work has suggested that the former
is preferable, although rather time-consuming. The use of a pulse
modulated scheme of wideband decoupling has also been described.
(293) The suppression of the NOE for quantitative analysis has been
reviewed (294) although it has been shown (295) that it is possible in
certain circumstances to get good results without NOE suppression.
Selective '*C~{'H} NOE have been obtained for quaternary carbons
(296) and used (297) to aid the assignment of [9],a 50 7, enhancement
of the C-1 resonance being observed upon irradiation of the C-3
methylene or the C-14,15 methyl protons.

(9]

It is sometimes necessary to eliminate or take into account the effect
of other magnetic nuclei in the system when studying the NOE. Thus
2D decoupling was used in '*C studies of deuteriated bromomethanes
(298) and '*N quadrupolar relaxation was found (275) to be important
in species with a direct C—N bond, although '°F decoupling was not
used in a relaxation study (299) of CFBr;. In species enriched in '*C
interactions between pairs of ! 3C nuclei must also be considered. It has
been shown (300) that under conditions of broadband proton
decoupling these can contribute significantly to '*C relaxation and
hence alter the 1*C—{'H} NOE. (301, 302) Enhancement factors of 1-51
and 1-80 are obtained for the '*C-{"H} NOE of the carboxyl carbon of
6-phosphogluconate with and without an adjacent '*C nucleus. It is
clear that this behaviour has important implications in biochemical
work using *3C-enriched samples.



MAGNETIC MULTIPLE RESONANCE 375

As an alternative to measuring the '*C-{'H} NOE directly it has
been suggested (303) that values of T;('H) in molecules with and
without '*C should be compared to determine the '3C dipolar
contribution to the proton relaxation. A measurement of 7;('3C) then
makes it possible to calculate the '*C-{'H} NOE, and some results
have been presented for '’C-labelled amino-sugars. (303) This may
well save some time. However, it would have been nice to have had an
experimental comparison with the direct method.

A claim (304) to have detected a negative intermolecular '*C—{'H!
NOE between CS, and CHCIl; has been questioned (305) and it has
been pointed out (306) that some results (307) for the !3C relaxation
time of CHCl; may be incorrect because the intermolecular '"H-{'H}
NOE is not considered in evaluating the results of relevant '"H-{!3C}
experiments.

D. The NOE for other pairs of nuclei

*H—{'H) This has been reported (308) to be small because the
deuterium relaxation is dominated by its quadrupole moment.

*H—{'H} Initialclaims (309) that this is normally absent have been
withdrawn, (310) and values ranging from # = 0 to 0-44 have been
reported. (310-312) The theoretical maximum is # = 0-47.

BC-{""F} No effect is observed (313) in studies of fluoro-
phosphoranes.

'SN-{'H} This effect is very important in natural abundance '°N
NMR, and owing to the negative magnetogyric ratio of ' >’N » can range
from 0 to —4-93 according to conditions. For aqueous solutions of
species with N-H bonds the effect is often pH-dependent (314) and in
the wrong circumstances the value of # can be —1 so that the signal
vanishes, e.g. in 1,4-diaminobutane. (314) The elimination of the effect
by the use of a paramagnetic reagent (315, 316) or gated decoupling is
therefore important. It must of course be recognized that a decoupled
signal intensity close to zero can also be due to a number of other
factors. These include: the use of inadequate decoupling power and/or
an unsuitable decoupling frequency, NOE averaging as a result of fast
exchange between different sites, and a breakdown of the extreme
narrowing condition. Some experiments on gramicidin S were used to
demonstrate (317) the importance of the last of these.

The following '*N—{"H} NOE have also been reported: in a variety
of simple molecules (317a) in which it varied from # = —5 to 0; in
nucleosides and nucleotides (318) (4 = —2 to —1); in zinc tetra-
phenylporphyrin (319) (1 = 0); in acetamide and N,N-dimethyl-
acetamide; (269) in aniline, the anilinium ion, and aminobenzoic
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acids (320) (y = —3 to —5); alumichrome in DMSO solution;
(321)in aqueous histidine; (322) and in whole cells as part of a probe of
their dynamic structure. (323)

"F—{'"H} For small freely tumbling molecules the theoretical
maximum is ¥ = 0-53 and values up to 0-33 are obtained from studies
(324) of some derivatives of 2,3,5,6-tetrafluorophenylhydrazine, from
which it appeared that experiments of this type provide effective means
of establishing the proximity or otherwise of hydrogen and fluorine
atoms. The dipolar contribution to '°F relaxation in a bilayer system
containing the lipid 1-palmitoyl-2-(8.8-difluoropalmitoyl)-sn-glycero-
3-phosphorylcholine was assessed from measurements of the '°F—{'H}
NOE over a range of temperatures (325) and the effect upon geometries
deduced from the NOE of slow molecular reorientation has been
calculated for p-fluorophenyl residues in macromolecules. (283, 326)

298i-{'H} As with "N the negative magnetogyric ratio of *°Si (
can vary from —2-52 to Oy makes it important to be able to suppress the
NOE, and this has been done both by using paramagnetic reagents
(327-329) and by gating the decoupling field. (254, 330, 331) Most of
the molecules on which the NOE has been measured so far are
relatively simple ones: Ph;SiH and PhSiH; (p = —2:4 and —0-07
respectively) (332) and species with Me;Si, Me,Si, and MeSi units.
(262, 330, 331) If 5 is close to — 1 it is difficult to measure because the
observed signal is so weak, but in MeSi(OEt); this problem is
circumvented by switching on the decoupler some time t prior to
collecting the FID. The NOE then builds up according to equation (21)
in which §, and S, are the intensities at times ¢ and ¢, (> T;). (333)

S, =8, =(5, — Spe'™ (21)

3'P—{'H} FEnhancements up to the theoretical maximum of
n = 1-24 have been reported for a range of species (334—336) including
some biphosphines and their disulphides (337) and di-A°-
phosphathianes. (338) It appears that care must be taken if decoupled
1P spectra are to be used for quantitative analysis. The frequency
dependence of the *'P-{'H} NOE was measured to determine the
predominant orientation of the phosphorylcholine polar head group in
phospholipid bilayers. (339)

Surprisingly large intermolecular NOE up to # = 1-24 are reported
for inorganic orthophosphate upon irradiation of the solvent water
resonance. (340) These are attributed to P-O - - - H hydrogen bonding.

'3¢d-{'H} Both magnetic isotopes of cadmium have a negative
magnetogyric ratio but inverted signals are not obtained in proton-
decoupled ''*Cd spectra. (341)
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H9Sn-{'H} y(*'°Sn) is negative and therefore [Cr(acac),] has
been used to avoid difficulties. (342) In fact for small molecules the
NOE appears to be quite small, and with larger ones raising the
temperature can help. (342)

199 Hg~!'H! The theoretical maximum is 7 = 2-79 but experimen-
tally # = 0 in work done so far. (343)

E. CIDNP and the NOE

In CIDNP studies the pattern of nuclear spin polarizations is used to
deduce the structures of free radical intermediates, and if there is a
simultaneous NOE this can affect the conclusions drawn. (344) In the
photolysis of [10] to yield [12] the biradical intermediate {11 ]should
not cause significant polarization of the olefinic protons of [10] but in
fact these are observed to have weak emission. This raises the
possibility that the intermediate is really the biradical [13], but a
homonuclear double resonance experiment which destroyed the
cyclopropyl spin polarization of [10] eliminated the olefinic emission
which was evidently solely due to the NOE. Thus it is confirmed that
[11] 1is indeed the intermediate in the reaction. (344)

[10] (1] [12] (13]

The '*C-{'H} NOE is suppressed by gated decoupling to avoid
complications in studies of the '*C CIDNP of photolysed per-
fluorobenzoyl peroxide in the presence of chlorobenzene. (345)

VI. CHEMICAL EXCHANGE

The more theoretical aspects of double resonance experiments in
systems undergoing chemical exchange are referred to in Section IL
Here we deal with the use of the Hoffman—-Forsén saturation transfer
method for the study of slow rates of exchange. The basis of this method
(62) is simply that since T, is often longer than T% an experiment that
relates the exchange rate to the longitudinal relaxation time is more
suitable for studying slow processes than one (e.g. band-shape analysis)
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that depends upon the transverse relaxation time. Such an experiment
is one in which the resonance associated with one site is saturated and
the change in signal intensity at another site is observed. Its application
to proton NMR is well established, as for example in a study of the
rearrangement of the cyclohexenyl cation [14]. (346) At —24°
saturation of the resonance of the C-4 proton diminishes the C-3
proton resonance. At —4° saturation of the C-4 methyl affects the C-1
methyl and it is possible to account for the results in terms of two
rearrangement processes occurring at rates of ca. 0-1 and 10s™ !
Improvements to the straightforward technique of CW saturation and
swept observation have included continuous monitoring of one
resonance (i.e. an INDOR experiment) in studies of the exchange of the
OH protons in [15] (347) and the use of selective pulses to achieve
saturation in a study of the conformational flipping of [2,2]-2,5-
pyrroloparacyclophane. (348) Experiments of this kind have been used
to study biological systems (349) including: the inversion of the seven-
membered benzodiazepine ring of valium; (349) exchange of the NH
ring proton of tryptophan in water solution; (350) the demonstration
of the occurrence of proton exchange in the system [ 16] (351) in which
the double-headed arrow indicates the exchanging protons; the
demonstration of hemiacetal formation between the active site thiol of
the proteolytic enzyme papain and the inhibitor N-
benzoylaminoacetaldehyde (352) and between a-chymotrypsin and the
inhibitor hydrocinnamaldehyde; (353) the assignment of the individual
heme c methyl resonances in ferricytochrome c; (354) and the details of
the kinetics of the adenylate kinase-catalysed AMP—ADP conversionin
a *'P-{3!P} experiment. (355, 356)

Me OH
4 HOHIC‘VO
3
Me~"1 7 A/CHZOH

(o]
Me OH
[14] [15]
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lé\r \H
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€ \[Or H\N)‘IN>
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H\N/]\\N :‘
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[16]
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Of late, such studies have been conducted using '*C NMR under
conditions of complete proton decoupling, the main protagonist of the
method being Mann who has reviewed the subject. (357) He studied the
relatively slow inversion of cis-decalin by measuring the change in '3C
signal intensity from one site upon saturation of the resonance of the
other site (358) and has examined N,N-dimethylformamide in detail
(359) In this work it is necessary to determine an apparent T,(}3C) at
one site with rf saturation at the other site, since a conventional
(180°-7-90°), pulse sequence cannot be used to determine the true
values of 7T, in the presence of the exchange. Results (359) obtained at
temperatures as high as 160° agree with those from earlier proton work.
(360, 361)

Similar 13C-{!3C} experiments were used at low temperatures to get
accurate thermodynamic parameters for the ring inversion of
dimethylcyclohexanes (362) and in a study of the Cope rearrangement
of barbaralone. (363} It seems likely that these experiments will be
especially useful in connection with fluxional organometallic
compounds, and two recent reports confirm this. Thus #n*-
C,HgFe(CO); begins to decompose below temperatures at which
single resonance '*C NMR could demonstrate fluxionality, and this
behaviour was clearly established by '*C spin saturation transfer
experiments. (364) In the other report the four-site exchange problem
presented by the fluxionality of #°-CgHgFe(CO); was studied and 1,3-
shifts were found to predominate. (365)

So far, the Hoffman—Forsén method has been confined almost
entirely to proton and '*C NMR but there can be no doubt that in the
near future similar studies will appear using many other nuclei.

VII. CHEMICAL APPLICATIONS

A. The determination of chemical shifts

As described in previous reports, (1-3) all multiple resonance
experiments (without noise modulation) can be used to determine
chemical shifts indirectly even if the primary objective is spectral
simplification, assignment, or a study of coupling constants. It must be
remembered that the different applications of multiple resonance
cannot necessarily be pursued independently and that in chemical shift
determinations care must be taken, especially in complex spin systems,
to ensure that the centre of the total spectrum and not of a sub-
spectrum is found.

The question of suitable reference compounds for many of the less
commonly studied nuclei is a vexed one; ideally the reference should be
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TABLE II

Resonance frequencies of nuclei in a polarizing magnetic field of strength
corresponding to a proton resonance in TMS of exactly 100 MHz

Nucleus (X) Compound =(X)(Hz)* Ref.
'H Me, Si 100 000 000-0 1
*H (CD3)(CD,H)SO 15 350 650 10
"Li (MeLi), 38 863 887 371
10 BH; 10 743 230 372
''B BH; 32 082 695 372
3¢ Me, Si 25 145 005 10
YN (NHZ$),S0; 7223750 10
SN (Me,N*)I~ 10 133 351 568
170 MeOH 13 555 900 112
19F C.F, 94 078 500 10
298i Me,Si 19 867 185 10
3stp {(MeO), P 40 486 455 10
©3Cu [(MeO);P],Cu* 26 517 635 109
77Se Me, Se 19 071 520 10
Mo (MeO);PMo(CO)5 6 504 805 409
103Rh mer-(Me,S);RhCly 3172 310 410
L07Ag [(EtO),P],Ag"NOj3 4 053 256 569
109A¢ [(EtO);P1,Ag*NO; 4 659 786 569
"ed Me,Cd 21215478 416
'13¢d Me,Cd 22 193 173 416
11780 Me,Sn 35632 294 570
1198n Me,Sn 37 290 665 10
125Te Me,Te 31 549 802 418
183w WF, 4 161 780 10
195p¢ cis-(Me,S), PtCi, 21 420 980 423
199Hg Me,Hg 17 910 780 433
2057 Me, T1* 57 893 970 10
207ph Me,Pb 20 920 597 439

“In certain cases the values differ from those previously quoted (1, 10);
this can be attributed to changes in the conditions of measurement.

suited to study by both direct and indirect (double resonance) methods,
and of course should be readily available. Table II lists resonance
frequencies for some 28 nuclei as determined by double resonance
experiments, but we stress that we do not necessarily recommend the
particular species quoted as the ideal reference material.

The compilation in the following sub-sections of chemical shifts of
various nuclei determined by multiple resonance supplements that
provided earlier (1) but is not intended to be exhaustive, particularly in
the cases of the most popular nuclei.
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'H Most double resonance measurements of proton shifts have
been homonuclear studies of hidden and unresolved lines (e.g. refs. 107
and 366). However, in 1*C NMR, measurements of proton shifts using
the correlation of '*C and 'H spectra by off-resonance '*C-{'Hj
decoupling is common. While the aim is usually to assign the '3C
signals, it can also be to assign proton signals, as in the case of the N-
methylene protons of amides (367) and the methy! signals of valine.
(368) 'H shifts derived from similar experiments can be used as trial
parameters for the iterative analysis of complex 'H spectra; this
technique was demonstrated for [1,1,3-2Hj; Jindene. (369)

H 'H-{3'P,?H} selective triple resonance experiments were used
in isotope eflect studies of P-deuterio dimethyl phosphite, (176) where
*J(*H - *H) is effectively zero. The measurement of the ?H frequency
enabled a very precise value for y(*H)/7(*H) to be obtained. 'H-{*H
INDOR spectra with linewidths as small as 0-5 Hz have been obtained
{(370) from the monoprotiated impurities in commercial perdeuteriated
solvents.

'Li The only shift obtained by double resonance is that in the
methyl-lithium tetramer. (371)

10-11g  Tickling experiments on '°B and !'B in BH; and BF, have
been reported. (372) They show that the primary isotope effect upon
the boron chemical shift is only 0-11 + 0-03 ppm, which is negligible for
most practical purposes.

13C  Double resonance measurements of '*C shifts for their own
sake are now extremely rare because of the use of pulsed FT methods
but some are still reported where they are obtained as part of a wider
investigation. (371, 373-376)

1415 14N shifts have been measured in compounds both with and
without direct N—H bonds. (111, 377, 378) The measurement accuracy
of ca. 1 ppm is sufficient for studies of hydrogen-bonding and solvent
effects in some N-heterocycles. (378) 'H-{'*N} INDOR was used (379)
to measure characteristic **N shifts of y-pyrones and a«-pyridones such
as [17] and [18].

o) OH

/(‘ICOIMC f\/ECOZMe
|
o NH, N O
H
[17] [18]

This method of distinguishing the isomeric compounds is found to be
quicker than the alternative of measuring 2J(C-6, H-5). The **N shifts
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of the N-bonded isomers of [Pt(CNS),(SMe,), ] were measured (175)
using 'H-{'°Pt, *N} selective triple resonance and found to be
similar to those characteristic of known N-bonded thiocyanates.
Values of §(**N) in several methylisocyanide complexes have also been
reported. (380)

SN with I = 1 is more amenable to double resonance. (381-385) In
the trans isomer of [Co"(glycinato);] all three chelate rings are
different and give rise to three NH proton signals in D,SO,; the
corresponding '*N signals are broad and unresolved whereas three
5N signals can be seen for the ' *N-enriched compound. (386) AISEFT
(Abundant Isotope Signal Elimination FT) spectra have been used to
measure '°N shifts of some amides with !N in natural abundance.
(387) A series of spectra with v('°>N) varied away from resonance
enables the residual N—H splittings to be related to the degree of off-
resonance. Similar methods were used to measure the natural
abundance '°N spectrum of the cyclohexapeptide alumichrome; (126)
difference spectra were not required for the fully '°N-labelled
compound.

70 Time-averaged 'H—{'’O} INDOR spectra have given ''O
chemical shiftsin MeOH, (MeQ), P, and (MeO), PHO. (112, 113) Even
with 'O (I =3) enriched to 109, effects due to decoupling of
2J(*7O- -+ 'H) are too small to be detected in a single scan thus making
spectral accumulation necessary.

2°Si  The multiplicities observed in 'H-{2°Si} INDOR spectra of
methylsilicon halides enabled (388) Me;Si, Me, Si, and MeSi species to
be readily distinguished. However, in other derivatives only broad
INDOR signals were observed. (389) §(*°Si) values in Si—N (381, 384)
and Si—Pt (390, 391) compounds have been measured.

*1P The usual method of obtaining phosphorus chemical shifts
now is from pulsed FT *'P—{'H} spectra. However, the '"H-{*'P}
technique is still widely used by preparative phosphorus chemists as an
interpretative aid. Some studies still use double resonance specifically
to measure S(*'P). This is probably due as much to instrument
availability as to the suitability of the method. The microstructure of
organophosphorus polymers has been studied in this way because
direct detection is difficult. (392) Milligram quantities of substituted
methylphosphonic acids (such as N-phosphonomethylglycine) have
been studied as a function of pH. (393) 'H~{?'P} experiments were
used for 3(*'P)/pH titrations of biogenic amine—organic phosphate
mixtures. (394) The solvent dependence of §(*'P) in paramagnetic
complexes [Ln"™L;] (Ln = Pr, Nd, Eu; L= Me,PS;) was also
investigated indirectly. (395)
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>"Fe The magnetogyric ratio of *’Fe (I = 4, natural abundance
2-2%) is very small and direct detection of its resonance is difficult.
Labelling with >”Fe has enabled shifts of ferrocene derivatives to be
determined from *C-{"H, ., > 'Fe} experiments. (396) *C and 3"Fe
labelled haemoproteins, e.g. sperm whale carbonyl myoglobin, have
been prepared with a view to performing similar experiments (397) but
these have not yet been reported.

©3Cu  Copper has two naturally occurring isotopes both with spin

= 3. Of these, ®3Cu is the more abundant. Selective triple resonance
"H-{'P,**Cu} TINDOR spectra (109) were used to study §(°>*Cu) in
[(MeO);P],Cu”. The lines observed are split into three in an
analogous way to the doublet splitting observed when I = 1, as in
"H—{"*N} INDOR spectra (398) (ref. 1).

’5As The quadrupole moment of "*As prevents double resonance
measurements even in quaternary arsonium salts but the '°F—{"°As]
INDOR spectrum of AsF has been measured and found to be a septet.
(399)

’7Se  Double resonance has been used to measure (’’Se) in Sn—Se
(375, 400-402) and P-Se compounds (403, 404), silyl and germyi
selenides, (404) and secondary phosphine selenides. (98, 174, 405)
'H-{*'P,77Se} selective triple resonance was used (98, 174) for
organophosphorus selenides where J(*H---7"Se) is effectively zero.
Recently *'P-{'H,,... 'Se! pulsed FT experiments have been
performed to measure 3(’’Se) in [MePhP(Se)],CH, (406) and several
cyclodiphosphazane selenides. (407)

9*Mo Phosphine complexes of molybdenum(0) show satellites
which are attributed (408) to coupling to both °>Mo and °’Mo.
21'P—{'H, i, "’ Mo} decoupling experiments have shown (409) that
the satellites arise solely from °*Mo. The much larger quadrupole
moment of *”Mo compared with ®>Mo broadens the °” Mo satellites to
such an extent that they are not observed.

'93Rh  Shifts in several extensive series of rhodium complexes have
now been reported from 'H-{'°*Rh} experiments. Thirty-five
octahedral rhodium(iir) complexes with chalcogen and phosphorus
ligands included mixed species and configurational isomers which are
only observed in solution. (410) Two other reports (411, 412) include 20
complexes containing tertiary phosphine, carbonyl, and halide ligands.
"H-{'°*Rh} INDOR was one technique used to study proton
scrambling in [Rh,;(CO),,H;_,]"" (n = 2 and 3); the metal cluster is
hexagonally close-packed and the inner Rh is deshielded by
3000-4000 ppm relative to the outer Rh nuclei. (413)

HLIBed 'H-{''3Cd} experiments have given 6(*'3Cd) values for
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a series of dialkylcadmium compounds. (414) Two earlier pulsed FT
measurements (415) are found to be in error. It is shown that the methyl
substitution effect on the metal chemical shift is similar in R,Cd and
R,Hg. A series of methylcadmium alkoxides and alkanethiolates,
where the shifts are useful as a probe of solution properties (as in tin
analogues), have also been studied. (416) For Me,Cd, MeCdO'Bu, and
MeCdOPh, 'H-{'*'Cd} and '"H-{!!3Cd! experiments were used to
show that there is no significant primary isotope effect. The value
obtained for (''3Cd)/y(''!Cd) is ten times more precise than the
existing literature figure.

117.1196y  The rich chemistry of tin has led to extensive studies of tin
chemical shifts. Most of the results of three published compilations
(417) were obtained by double resonance and it is only recently that
pulsed FT methods have been used. As with phosphorus, double
resonance correlation is a very useful tool for the experimental tin
chemist.

125Te Shifts obtained by double resonance have been reported.
(400, 401, 418, 419) The range observed shows that a plot of '#5Te vs.
"7Se shifts is linear. (418)

1831 Tungsten carbonyl derivatives have been studied by multiple
resonance. With tertiary phosphine or cyclopentadienyl ligands
'H-{'8*W} experiments sufficed. However, the effectively zero
tungsten—proton coupling with ligands such as (MeO); P necessitated
"H-{3'P, '83W} selective triple resonance experiments. (99,374) The
shifts of some methylimidotungsten(vi) fluorides have also been
reported. (420)

195pt  Platinum is another nucleus which has been extensively
studied by double resonance, so much so that recent pulsed FT work
has been concentrated on systems where indirect methods cannot be
applied. Several large lists of shifts have appeared. (390, 421-423) One
group (422) found it possible to derive substituent parameters.
Platinum shifts have been very useful in structural studies and for
characterization of reaction products in solution. (424, 425) The mode
of bonding of thiocyanate (379, 426) and cyanate (427) has a
characteristic effect on the platinum shift. Numerous other data have
been published (175, 391, 412, 428-432) including a study of
temperature effects. (432)

"99Hg Organomercury compounds have been studied by double
resonance (433, 433a) and 'H-{'°?Hg} INDOR spectra were used in
studies of the fluxional behaviour of two cyclopentadienylmercury
derivatives. (434) The solvent and concentration dependence of
4(***Hg) in [(MeQ),P(O)],Hg has been investigated. (435)
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205T{ Shifts of some dimethylthallium compounds have been
reported. (436)

297pp  Lead chemical shifts have been measured in organolead
compounds by double resonance (437-439) and comparisons made
with analogous tin compounds. (439) The trends are usually similar
although the lead shielding is three times more sensitive than that of tin
to changes in chemical environment.

B. The determination of the signs and magnitudes
of coupling constants

Selective double resonance experiments of various kinds can be used
to determine relative signs of coupling constants. It is the signs of the
reduced couplings K (Kap= Japdn?/hysyp) that are actually
compared. This fact must be taken into consideration if a nucleus with a
negative magnetogyric ratio is irradiated or observed. The surprising
negative signs reported (440) for 2K(P---H) and *K(P---F) in
H,NP(CF3;), probably arise (381) because the negative magnetogyric
ratio of '*N was not properly considered when the *' P-{"N} double
resonance experiments were interpreted.

1. Simple spin systems

The work in this category hinges on the identification of the various
sub-spectra associated with different nuclear spin states, and no explicit
consideration of the energy level diagrams is normally necessary.

The signs of many more one-bond couplings, in a greater variety of
bonding situations, are now available and have necessitated the
revision of some generalizations made earlier on the basis of more
limited data. For example, 'K(Sn—C), which is normally positive, is
negative in Me;SnLi (441) and 'K (Sn-Sn), also normally positive, is
negative in LiSn(SnMe,),-3THF. (110) One-bond couplings to a
central atom of atoms in the same oxidation state can have different
signs, e.g. the two 'K(W-F) couplings in XWF; (X = O, NMe) are of
opposite sign, (420, 441, 442) as are 'K(P-C) in [19]. (444) Coupling
between the bridgehead carbons of bicyclobutanes such as [20] is

H
%3 tve D,C CD,
P
—ve DC cDp,
® H

[19] [20]
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negative, (445) in agreement with theoretical predictions. The discovery
(127) of ' K(C-N) positive in MeNC contradicted an earlier theoretical
calculation but agrees with the most recent one. (446)

Another reduced coupling involving the proton has been shown to
be positive, namely 'K(O-H). (112) 'K(Se-C) is negative in Se(u),
Se(1v), and Se(vi) compounds, (447) although a parallel with ' K(P-C)
is maintained in that there is a large positive change in going from
Se(i, 1v) to Se(vi). Similarly, all signs of ' K (Sn—P) measured to date are
negative (448) but for trimethylstannylphosphines the coupling is
much more positive in metal complexes than in the free ligand.
'K(Sn-X) (375, 400, 401) and 'K(Pb-X) (438) data have been
compared (438) for a range of X; a similar comparison has been made
for 'K(Sn-X) and 'K (C-X). (400) 'K (Pt-Se) and 'K (Pt-Te) are found
to be usually positive, but variable in magnitude, in a range of
complexes; (449) the exception is [Ptls(SeMe,)]  with a negative
'K (Pt-Se). Other signs determined involving metals are for ' K(C-Li),
(371) 'K(W-P), (374) 'K(Hg-P), (435) and 'K (Pt-Si). (390) All are
positive. 'K(P=Se), (98, 174, 405) 'K (P-0), and 'K(P=0) (113) are
all negative. ' K (P-N) is usually negative (381-383, 440) but is reported
to be positive in F; P(NH,), relative to a negative value of ' K (P-F); the
experiments reported could not give this comparison, although they
would have given a comparison with the positive ' K(N-H). 'K(P-N) is
also positive in F,HP(NH,),. (450)

'K (P-C) in aryl phosphines has been shown to be negative by means
of 3C-{'H} off-resonance proton decoupling. (451-454) When this
technique is applied to systems where, say, ! P also couples, the degree
of off-resonance is different for proton lines associated with the

500 Hz
(E—
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FIG.29. '"H-{'**Pt} INDOR spectra of isomers of thiocyanate complexes of platinum(u). (I)
trans-[ PtSCN),(SMe,), ]; (IT) trans-[Pt(SCN)NCS)(SMe,), I; (11I) trans-[P{NCS),(SMe,), ].
From ref. 175.
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different phosphorus spin orientations; this results in different residual
couplings for the associated carbon resonances and enables the relative
assignment of phosphorus spin states, hence the sign comparison, to be
made. In favourabie cases the signs of several pairs of couplings can be
compared from a single off-resonance decoupled spectrum. (451)

'K(P-C) in acetylenic compounds behaves “normally”, being
negative in P(i1) and positive in P(v) derivatives. (455) '*C-{'H}
selective proton decoupling was used to show that the rather small
value of 'K (Pt-C) in [Pt(C,H4)Cl;]" is positive. (456) Off-resonance
decoupled '*C-{'H} spectra of ['*N Jpyridine and derivatives require
simulation to be interpreted (because of the second-order character of
the spectra) and show that ' K (C-N) can be either positive or negative.
(457) The first demonstration of a negative 'K(C-N) was reported
earlier. (458) 'K(B-C) is positive. (400, 459)

Platinum-nitrogen couplings have been observed in 'H-{'?°Pt}
INDOR spectra of several complexes with N-donors such as
thiocyanate and amines (Fig. 29). (175, 426, 427)

In much of the preceding work the signs of longer range coupling
constants were also necessarily determined. Many cases are now
known where not only the magnitude but the sign of couplings can have
diagnostic use. Thus in both methylplatinum-(u1) (428) and -(1v)
(460) complexes containing tertiary phosphines cis- and trans-
3J(PPtCH) are positive and negative respectively. In similar
trifluoromethyl compounds *J(PPtCF) is always positive but much
larger for trans than cis. (180) Geminal coupling in imines and oximes
has been studied. 2J('H-C=1!°N) is positive in [21] and negative in
[22] (R = 9-anthryl). (461) Similarly 2J(!3C-C=!°N) is positive in
[23] and negative in [24]. (462)

' h
R_ ) R _Bu Ph\ . P N JOH
C=N_, c=N =N Je=N,
H B H’ H,C “OH H,C :
[21] [22] [23] [24]

Following interest in 'J(P-P) there have been many multiple
resonance studies of geminal P-P coupling, especially 2J(PNP). (463,
464) The conformational sign-dependence of 2J(PNC) has also been
studied. (465) Off-resonance '*C—{'H} decoupling was used to relate
signs, and Fig. 30 shows how for MeN(PF,), a single spectrum can be
used to determine the signs of *J(CNP)/J(PNCH) and of
3J(CNPF)/*J(FPNCH). Knowledge of the signs of even longer range
couplings can be important. *“J(PP) in phosphazenylcyclophos-
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(a)

(b)
|0 Hz
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FI1G.30. '3Cspectra of F, PN(Me)PF,. (a) With proton noise decoupling. (b) With CW proton
irradiation to high frequency of N-methyl signals. The relationships of the residual splittings
(1-5) < (3-7) and (2-6) < (4-8) show that 2J(CNP)/*J(PNCH) and *J(CNPF)/*J(FPNCH) are
both positive. From ref. 465.

phazenes [25] was found to be related to the conformation of the
exocyclic phosphazenyl group when it was shown that the sign can
change from positive to negative as X is varied. (466) *J(PSe) in a series
of cyclodiphosphazane diselenides [26 ] can be positive or negative but
is always more positive in the cis than in the trans isomer. (467)

Cla
P=N N=PPh
/NS 3
N\\ P
V2N
P—N” X
Cl,
[25]
‘Bu . Bu
X\ /N\ /,/Se Sc%P/N\P//Se
Se// \N/ \_X X/ \N/ \X
Bu Bu

trans [26] cis [26]
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As part of a study of the stereochemical dependence of geminal C—-H
coupling, the sign of 2J(C-H) in the OCCH fragment of carbohydrates
was determined from '*C-{'H} SPT experiments. (468) The relative
signs of 2J(PtNC) and *J(PtNCH) in !*C-labelled [Pt(gly)Cl,]” and
[Pt(gly)(NH3);]* were measured by '"H—{'>C} tickling in an attempt
to understand the importance of two- and three-bond coupling paths in
the five-membered chelate rings. (469) The signs of tin—carbon
couplings have been determined in work on stannacycloalkanes, and
the relative contributions of the two- and three-bond Sn—C coupling
paths in 1,1-diphenylstannacyclopentane have been considered. (470)

2. Complex spin systems

Double resonance in the A,A’, XX’ spin system with J(AA) =0 is
mentioned briefly in the previous report. (1) Subsequently the use (435)
of A—{X} experiments to measure J(XX’) by locating weak lines in the
X spectrum has found many applications. *! P-*'P coupling in metal
complexes and biphosphines was studied initially. (435, 471) Other
groups have presented the results in the form of asymmetric INDOR
spectra (472) which make it easier to measure smaller *'P->!P
couplings. P-N-P couplings have also been studied this way. (464,473)
The method is sensitive enough to measure the lead—lead coupling in
hexamethyldilead with °”Pb in natural abundance. (474)

A development of the method in order to study A,A,XX'M systems,
where it is not convenient to observe A, has been reported. (475) In this
situation the M resonance is a triplet, because of coupling to the two X
nuclei, and the outer lines have energy levels in common with one or
other of the groups of weak outer lines at a distance J(XX') from the
centre of the X spectrum. Hence when M—{X} experiments are used to
locate the outer lines the signs of J(MX) and J(XX') are compared.
Compounds such as (Ph,P),CMe, were studied in this way. (475)

These methods do not work when J(XX") is very small. The problem
(476) of tetramethylbiphosphine disulphide has been finally solved by
means of 1*C—{'H, ..., > P} experiments. (75) Tickling of X transitions
in the AXX’ spin system enables the signs of [J(AX) + J(AX')] and
J(XX’) to be compared and hence show that 'J(PP) is — 18-8 Hz.

Difficult analyses of complex spin systems can be eased by use of
double resonance. An example is the planar [AXg], spin system
present in [Pt(PMe;),]1*". "H-{'*°Pt} INDOR experiments were
used to break down the broad proton resonance into contributions
from molecules with different total phosphorus spin quantum
number. (477) The analysis of the tetrahedral [AX]], systems given by
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ML, [where M = Nj, Pt; L = F150C6H4O, FP(OPh), ] was also
simplified by means of '°F—{>'P} INDOR experiments. (431)

The use of selective triple resonance experiments to determine the
signs of coupling constants is mentioned on p. 357. In addition, an
example has been published of the measurement of the magnitude of a
coupling constant by means of a selective triple resonance experiment.
(99) In a series of zerovalent tungsten carbonyl complexes, '"H—{3'P}
selective decoupling experiments were used to measure 'J(3'P-183W),
For the compound [PhP(SnMe;), W(CO);] these experiments were
unsuccessful owing to the similarity of 'J(3'P-!!7-11°Sn) and
'J(3'P-'83W) and the relatively high *' P power needed. 'J(*! P-'83W)
can however be obtained from the 'H-{*'P,!83W} selective triple
resonance experiments which are used to measure the tungsten
spectrum. This normally shows two lines, separated by 'J(*!P-183W),
each of which is split by the phosphorus irradiation field into doublets
with a separation of y(*'P)B,. In the experiment actually performed
7(3' P)B, was of the same order of magnitude as 'J(*' P-'83W) and the
four lines show pseudo-AB character with y(*! P)B, behaving as J(AB)
and 'J(3'P-'83W) as Av(A-B). A straightforward calculation gives the
value of 'J(*'P-'83W). (99)

C. General applications: simplification and assignment

Although placed towards the end, this section deals with the double
resonance experiments that are probably applied most routinely. None
of the principles involved is peculiar to a particular nuclear species but
it is convenient to consider the possibilities of double resonance by
dealing with specific nuclei and situations commonly met by practising
chemists. Two important areas are the simplification of ' H spectra and
the assignment of resonances in '3C spectra.

1. "H-{X} experiments

'H-{?H} Deuterium labelling combined with deuterium decoupl-
ingiswell known as a method in spectral analysis and in stereochemical
and conformational studies. The deuterium-decoupled proton spectra
of XCHD.CHDY compounds produced during mechanistic studies are
useful for determining the stereochemical course of reactions such as
the methoxymercuration of ethylene, (478) the conversion of tyramine
into tyrosol, (479) the non-catalytic addition of deuterium molecules to
cyclopentadiene, (480) and alkyl transfer and olefin elimination in 2-
phenyl-1,2-dideuterioethy! transition metal compounds. (481) The
proton spectra of [*H,]- and [*H/]-t-butylcyclohexanes were
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completely analysed with the help of deuterium decoupling. (482)
Among other conformational studies (483, 484) the problem of 1,4-
dioxan was tackled by looking at the '3C satellites in the 'H-{*H}
spectrum of a [?H, ]-species. (484) Most deuteriated solvents show
residual proton signals which can be broadened by means of '"H—{*H}
off-resonance noise-decoupling if signals of interest are obscured. (485)
The sensitivity of the method was demonstrated by observing a signal
from 0-002vol ¥ acetone present in hexadeuterioacetone (99-5%, D).

'H-{''B} Proton spectra of boron compounds are often broad
because the ''B quadrupole causes partial relaxation of ''B---'H
coupling, and boron decoupling is usually a necessary preliminary
before the power of '"H NMR reveals itself in borane chemistry. In the
case of some small closo-carboranes decoupling revealed fine structure
arising from long-range proton-proton coupling. (486) "H—{''B} and
'H-{?7Al} decoupling was used to study solutions of aluminium
borohydride complexes. (487) More recently the structures of several
metallopentaborane derivatives were confirmed by double resonance,
including 'H-{!'B} experiments. (488)

'H-{'3C} Exchange of oleic acid residues between phospholipids
produced by E. coli has been studied by means of a novel form of
double-labelling and 'H-{'3C} difference spectra. (489) The cells were
first grown in a medium containing [2-?H Jglycerol and [1-13C Joleate,
and then in a medium with unlabelled precursors. The only way that
the 2-H proton of the diglycerides from the phospholipids produced
can have enriched '*C satellites is due to oleate exchange during
synthesis. By subtracting a normal proton spectrum from one with **C
decoupled it is found that the '°C satellites arise from naturally
occurring !3C only and hence that exchange has not occurred.

'H-{'*N} The quadrupole of **N also causes line-width problems,
and '*N decoupling is often used to sharpen spectra. This is necessary
in the case of [PdX,(CNMe), ] (X = Cl, Br)in order to see signals from
cis and trans isomers. (380) It is also useful in kinetic studies of barriers
to C—N bond rotation where line-shapes have to be measured. (490)
Removal of line-broadening by decoupling is an unequivocal way of
establishing the origin of the line-broadening. This was used to settle a
controvery (491) as to whether the broadness of the hydride resonances
of the N-bonded isomer of trans-[PtH(NCS)L,] (L = Et;As,R;P) is
due to the '*N quadrupole or to phosphine exchange. '*N-decoupling
removes the broadening. (492) In addition, simultaneous N and 3P
decoupling has shown that phosphine exchange makes no additional
contribution to the width of the peaks. (100) 1*N decoupling was used
to sharpen *'P spectra of some fluorinated cyclotriphosphazatrienes
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prior to analysis. (493) The nitrogen methyl protons of
WF,(NMe)(NCMe) resonate as a complex multiplet; 'H—{**N} and
'"H-{'°F} experiments confirm the presence of both '*N and '°F
coupling, enabling accurate values of 2J(**N - -- 'H)and *J(*°F - - - 'H)
to be obtained. (494)

'H-{3'P} In addition to measurements of chemical shifts and
coupling constants, *'P decoupling is often used to simplify spin
systems so that the parameters obtained from a partial analysis can be
used in a full analysis including *'P. Examples of applications of this
approach are 1,3,2-diazaphosphorinans, (495) 1,3,2-oxazaphospho-
rinans, (496) 1,3,2-dithiaphospholans (497) phosphonates and
hydroxyphosphonates, (498) and triphenylphosphine. (499) The
correlation of resonances in 'H and *!P spectra is probably the most
useful application of selective ' H-{>'P} experiments. An example of a
chemical phenomenon studied in this way is the intermolecular
association of biphosphines. (500) The methyl signals of certain
biphosphines in dichloromethane solution are found to be broad.
Double resonance experiments on a mixture of Me,P, and Ph,P, in
CH,Cl, show that the methyl signal is coupled to two distinct regions
in the phosphorus spectrum, corresponding closely to those of the
individual biphosphines. Only after several days does the spectrum
change to that of the ultimate product Me, PPPh,,.

2. 3C-{X} experiments

3C-{'H} The number of variations that have been written on the
theme of 1*C—{'H} double resonance reflects both the difficulty and
importance of correct assignment in '*C NMR. Section IV.E deals
mostly with the more technical aspects of this problem; the present
section adopts a more applied approach.

The first step in the assignment process after considering the
chemical shifts themselves is to obtain one or more off-resonance
decoupled spectra to determine the number_of protons attached to the
carbons and to correlate the carbon and proton resonances. (191, 192)
[It remains to be secen whether or not the two-dimensional FT
technique of producing chemical shift correlation maps directly (159,
501) will supersede the more conventional methods. ] Only then should
more sophisticated experiments be contemplated. Many of the papers
concerned with '*C-'H correlation have concentrated on deriving
accurate proton shifts. This can be unnecessary since often all that is
required are the relative positions of the proton signals. These can be
obtained easily by interpolation from two ofi-resonance decoupled
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spectra without knowledge of the decoupler power even when equation
(10) is not strictly valid.

The deceptive simplicity observed in off-resonance decoupling
experiments on ABX systems where A and B are protons that are not
attached to the same carbon is discussed in Section IV.E. This type of
second-order effect has been used to assign aromatic and olefinic
carbon signals of indan- and benzocyclo-alkenes (502) and of eight
pterocarpans. (503) French workers have also simulated spectra of this
type of system as a function of J,g and Av/3B,. (504) In addition to
these systems, Hagaman (505) has considered the ABX system present
in the '*CH,Hp unit. In an off-resonance decoupled spectrum where
equation (10) applies, if J(CH,) = J(CHg) and H, and Hg are weakly
coupled then the '*C resonance is a doublet of doublets where the
separation of the centre two lines is independent of the frequency of
B,. This property could if necessary be used to distinguish the
observed spectrum from that given by a CH doublet. The '*C splitting
in an off-resonance decoupled ABX spectrum obtained under the
conditions

#'H)B, » [va — val » Jax, Jpx, [Va — Vgl

has been shown by Radeglia (506) to be calculable without explicit
consideration of the strength of the decoupler field. The spectrum can
be simulated as a simple ABX system with J,x, Jgx, and |v, — vj
reduced by the common factor Jg/Jo = |v, — v,|/3('H)B,. By plotting
line positions in the X('*C) spectrum for different decoupler powers, it
is possible to use the straight line obtained to calculate the ABX
parameters without observing the AB(*H) spectrum.
Noise-modulated experiments can be useful for assignment. Low-
power on-resonance noise-decoupling (507) as well as higher power off-
resonance noise-decoupling (182, 508) can be used to identify
quaternary carbons, although caution must be exercised since the
central component of the triplet of a CH, group with magnetically
equivalent protons also remains sharp under these conditions. (190,
509) This fact was used (510) to distinguish methylene and methine
carbons in polymers; in both low molecular weight liquid and high
molecular weight solid poly(propylene oxide) the signal that remains
sharp as the power of B, is varied was assigned to the methylene
carbons. When the protons of a CH, group are not magnetically
equivalent, the residual linewidth is proportional to the proton
chemical shift difference and can be used as the basis of a correlation
method; (509) the behaviour of X in AX and A;X spin systems in the
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presence of off-resonance noise-decoupling of A was also examined in
this work.

Selective decoupling can also be used in assignment, although
achievement of selectivity requires careful setting of both decoupler
frequency and power. It is possible to decouple one-bond and/or longer
range coupling selectively. Selective decoupling experiments are
performed for various reasons. They may be used to remove one-bond
couplings for correlation purposes as a supplement to off-resonance
experiments, (511) or to remove long range coupling in order to
correlate groups further removed in a molecule. The pairs of methyl
groups in [27] were assigned by means of low power selective
decoupling of the vicinal '*CCCH couplings between the methyl
groups. (512) Selective decoupling can also be used to reveal long range
coupling. (513, 514) For example, decoupling of the aromatic protons
of some alkylbenzenes simplifies the aromatic carbon signals so that
long range coupling to the alkyl protons can be observed. (513)
Another variation is to combine selective decoupling of long range CH
couplings with deuterium exchange of hydroxyl protons (giving an
isotope shift and removing OH coupling) in order to assign quaternary
carbons. (515) The quaternary carbons of '*C-labelled chlorophyll-a
were assigned (516) by accumulating 'H-{'*C} INDOR spectra in a
manner similar to that (110) described on p. 330; the centres of
resonances of protons two or three bonds away from the quaternary
carbons are monitored so that responses are observed when the long
range CH couplings collapse.

O
L& 2%
o O o (0]

[27] [28]

Selective '*C—{'H} NOE of quaternary carbons have been observed
in selective decoupling experiments. (296,297) However, a study (517)
of the frequency dependence of the NOE in [28 ] shows that, although
differential NOE are observed for C-1 and C-3 when H-2 is irradiated
with a field of strength yB,/2n > 20 Hz, the frequency selectivity is not
very good. The utility of the experiment as an assignment technique
may therefore be somewhat restricted if the protons responsible for the
selective NOE cannot be identified.

Spin population transfer experiments also need selective irradiation.
As well as being used (136) to increase the intensity of quaternary
carbon signals (p. 336), they have value for assignment by virtue of the
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long range proton couplings which are exploited to produce the
intensity changes. (518) A novel example (519) of the use of the selective
intensity enhancements given by SPI is provided by [29]; the signals
from C-4 and C-2 overlap and fine structure from long range couplings
is not observed clearly. However, SPI experiments on the **C satellites
of H-4 enhance the C-4 signal so that a doublet arising from a long-
range CH coupling becomes visible. SPI was also used to locate the 1*C
satellites of the H-6 proton signals of [29]. Similar selective population
transfer experiments have been called “gated spin tickling” (GASP)
and were used to assign the C-2 and C-5 carbon signals of 3-substituted
furans. (520) SPT can be used in exactly the same way as conventional
tickling ex periments to establish connectivity of transitions for spectral
analysis; in the analysis of the proton-coupled '*C spectrum of the
[2-13CJ-isotopomer of butadieneiron tricarbonyl, eight solutions
with reasonable RMS errors were obtained, but SPT experiments were
used to eliminate seven of them. (521)

OAc

AcO

AcO B

OAc

[29] [30]

Population transfer effects in selective irradiation experiments are
useful so long as they can be interpreted. When they arise in selective
decoupling experiments on complicated molecules they tend to be
regarded as undesirable intensity anomalies. A method of overcoming
them has therefore been suggested. (522) In addition to the low power
selective proton irradiation which is applied continuously, a high
power noise-modulated proton decoupling field is applied during a
delay before the sampling pulse and the acquisition of the FID. This
procedure creates the maximum NOE for all the peaks and retains the
selective decoupling. The method was illustrated with the pyranose
derivative [30].

13C-{?H} Polydeuteriation followed by measurement of
deuterium-decoupled !*C spectra has been suggested as a method of
obtaining !*C-"H coupling constants. By replacing all protons but one
with deuterium, coupling of the remaining proton can then be observed
in a first-order manner to '>C nuclei throughout the molecule.
[*H,, ]Cyclohexane (at both ambient and low temperatures), (523) the
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three isomers of [?H,]pyridine, (524) and the two isomers of
[2H, Jnaphthalene (525) have been examined in this way.

13C-{?H} decoupling has also been used in biosynthetic work.
Results concerning the incorporation of [methyl-'*C?H; Jmethionine
during the biosynthesis of vitamin B;, were published simultaneously
by three groups in 1976. Two of the groups (526, 527) used deuterium-
noise-decoupled!*C spectra to show that the '*C2*H; unit was
incorporated intact into vitamin B, ,, while the third group (528) used
the complementary technique of 'H—{!3C} difference spectroscopy to
reach the same conclusion by showing that the '*C satellites of the
appropriate methyl protons arise from naturally abundant '*C only
and hence that the '*C label has not acquired any protons during
biosynthesis. The methyl group of terrein [31] obtained from the
labelled biosynthetic precursor methyl['*C?H,] acetate is found to
contain '*C*H, on decoupling the carbon signals from deuterium: (529)
this result shows that the methyl group is a chain starter unit.

O, : /\\ ~Me

HO OH
[31]

Metabolism of deuterium-labelled ethanol in rats has been
investigated; (530, 531) low levels of deuterium incorporation into bile
acids are observed in difference spectra obtained by subtracting
13C-{'H} from '*C—{"H,*H} spectra. The difference spectra contain
only signals from '3C coupled to ?H and as little as 20 nmol of '*C-*H
is reported to be observable in this way. (531)

BC-{C} C—{'His, 1*C} decoupling has been applied to
biosynthetic studies. The method of biosynthetically labelling
molecules with '*C, units, usually from [1,2-'*C, Jacetate, is now very
widely used ; often the variation in the values of ' J(C-C) is sufficient to
identify the appropriate pairs and can be a valuable aid in assigning the
signals. Sometimes ambiguity remains, especially in polyaromatic
systems such as bikaverin [32](532) and chartreusin [33]. (533) In the
case of [32] the difficulties are compounded by low incorporation of
13C and poor solubility, necessitating the use of CF;CO,D-CDCl,; as
solvent. These problems are overcome by means of homonuclear *C
decoupling with y('*C)B,/2n = 70 Hz, which enables all the pairs of
13C satellites to be correlated. The instrumental arrangement used has
been described briefly. (533)
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Me O OH o

o QLI
o OMe

I
OH O

R = D-digitalose-D-fucose

[32] [33]

A homonuclear !*C irradiation experiment has been described (534)
which can involve observation of the natural abundance '*C satellites
of 13C signals. Adiabatic rapid passage (40 Hzs™!) irradiation (89) of
one '3C satellite perturbs the populations of energy levels so that, when
a sampling pulse is applied to obtain a FT spectrum, the intensities of
the coupled '*C satellites are also perturbed, one being enhanced and
the other diminished. Adjacent carbons can therefore be identified.
Even when the '3C satellites are not clear initially, the enhancement
produced by the double irradiation can make the experiment
successful. As well as a demonstration with ['3C, Jethyl acetate, the
technique was used to assign the methylene carbons of
MeOC(CH,CH,),CMe by correlating them with the bridgehead
carbons.

13C-{'"F} The power requirements for broad-band decoupling of
fluorine from carbon are exceptional because of the large frequency
spread of '°F spectra but can be provided. (77, 78) '*C shielding in
several perfluorinated organic compounds was studied using a 50 W
decoupler system generating y('°F)B, = 13kHz and a noise band-
width of 7kHz. (78)

3. Other experiments

Proton decoupling is usually used routinely for direct observation of
“other” nuclei coupled to protons. As well as increasing the sensitivity
(although negative NOE arising from negative magnetogyric ratios can
cause problems) and simplifying the spectra, it can be essential where
accurate line-shapes are required. This is the case ina "Li study (535) of
exchange processes in alkyl-lithium—tetra-alkulaluminate systems and
in the measurement of 'O quadrupole coupling constants from '’O
spectra. (536)

29Si NMR has been used to study some polytrimethylsilylated
sugars. {537, 538) Selective decoupling, gated to remove the negative
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NOE, of Me;Si proton signals enabled residual couplings from
Me;SiOCH,, protons to be observed. (537) Doublets and triplets
distinguished between fragments with n =1 and n = 2. *°Si-{'H}
experiments have been used to correlate 2°Si and 'H signals of Me;Si
groups; (538) it is necessary to add Pr(dpm); in order to spread out the
proton signals. The use of lanthanide shift reagents in '>C—{'H} shift
correlation experiments is well established. (539)

Measurement of a proton shift by means of selective *'P—{'H}
decoupling shows (540) that the shift of the protons coupled to the
phosphate group covalently bound at the active site of phosphogluco-
mutase is similar to that of the analogous protons in phosphoserine.

The multiplicities observed in '"H—{ X} INDOR spectra are useful for
assigning structures to parts of molecules, as for example in some work
(541) involving 2°Si, *'P, and ""Se. However, it is always important
when proton lines are monitored to ensure that the intensities in the
INDOR spectra are correct. This problem was not adequately
considered in work (542) that used 'H—{!'°Sn} INDOR spectra to
identify Me;Sn, Me,Sn, and MeSn moieties; it has since been shown
(543) by comparison of the tin chemical shifts that a compound
described (542) as MeSn(OFt); is in fact Me,Sn(OEt),.

A very “applied” example of double resonance has appeared as
a U.S.S.R. patent. (544) It is suggested that the boron isotopic
compositions of boric acid and boron oxide can be determined by
dissolving the materials in HF and then recording the '°B-decoupled
'F spectra. In this way the '°BF} signal appears (10) as a singlet
instead of seven lines, and the time required to compare the intensities
of the signals from '°BF; and !'BF, is reduced.

The different time-scales that are effective in the NMR spectra of
different nuclei and their effects in double resonance experiments are
illustrated in 'H-{'9°Pt} INDOR spectra of the thiocyanate
complexes present in the equilibrium: (427)

cis-[Pt(NCS),(PMeEt,), ] = [¢is-Pt(NCS)(SCN)(PMeEt,), ]

The rate of interconversion of the two complexes is such that exchange
is fast with respect to the chemical shift between the MeP proton signals
but slow with respect to the difference between the '°° Pt signals. As a
result two sets of '?>Pt INDOR responses are obtained by monitoring
a single MeP proton resonance.

When double resonance experiments are used to determine relative
signs of coupling constants a set of unequivocally correlated couplings
can be obtained. In the case of Me,Pb, a suggestion, (545) based on
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arguments of analogy, to reverse the double resonance assignment of
the one- and two-bond lead—carbon couplings did not take into
account the necessary reversal of the assignment of the related two- and
three-bond lead—proton couplings that this would entail. A repeat
(546) of the double resonance experiments shows the original
assignment to be correct.

The interpretation of INDOR experiments on nuclei with I >  is
not necessarily straightforward. However, in the case of two coupled
"'B nuclei (I =3) it has been shown by deriving the energy level
diagram that, when spin population effects predominate, intensity
changes are apparent only when the outer lines of the multiplets are
observed and irradiated. The interpretation of such experiments can
therefore be relatively easy. This homonuclear ''B-{''B} INDOR
approach was used to assign the !'B spectrum of 6-methyldecaborane,
where there is extensive coupling between the boron nuclei. (547, 548)
Boron-boron couplings were measured from the ''B spectra of B4H
and CBsHg after the proton-coupling was removed by noise-
decoupling. (549) A previously reported value (550) for 'J(''B,~''B;)
in B4H,, has been revised on the basis of the observation of the
corresponding '°B-''B coupling. Homonuclear *'P-{'F,;.,*'P}
tickling experiments are used to correlate transitions during the
analysis of the phosphorus spectrum of the cyclopentaphosphine
(CF3P)5. (551)

A Carr—Purcell pulse sequence has been used to demonstrate
through-space spin coupling in an enzyme. (552) Two of the signals in
the proton-noise-decoupled fluorine spectrum of a complex of
dihydrofolate reductase (from L. casei) containing 6-fluoro labelled
tryptophans appear as doublets. The splitting was thought to arise
from a spin coupling since it was the same in spectra obtained at two
different field strengths. It was not possible to decouple protons and
fluorine simultaneously on the instruments available but the use of a
(90°—1—180°-1) pre-acquisition pulse sequence has confirmed that the
cause of the splitting is a spin coupling. In these experiments doublets
arising from J are inverted and singlets appear with normal phase when
2t = 1/J. (553) Since no other magnetic nuclei that could have caused
the coupling were thought to be present the splitting is attributed to a
fluorine—fluorine coupling (the advantage of homonuclear decoupling
is that proof of fluorine—fluorine coupling could have been obtained).
None of the tryptophans is near another in the primary amino-acid
sequence of the enzyme, so the coupling must arise from a close
through-space interaction in the three-dimensional folded structure.
(552)
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D. Oriented molecules

When a molecule is partly oriented by dissolution in a liquid crystal
solvent it is necessary to consider direct dipolar splittings, nuclear
screening anisotropies, and possibly also very large quadrupolar
splittings, in order to account for the spectrum. The ways in which this
can affect multiple resonance experiments have been considered
already. (33, 35-37, 46) In this section we discuss some applications.
Naturally, proton decoupling is often used to simplify '*C spectra of
oriented molecules, although it is desirable to avoid complete
decoupling of the solvent protons.

The problem of achieving decoupling of deuterium in oriented
species was overcome to the extent that satisfactory proton spectra
were obtained of oriented CH;0D, CF;CH,OH, CHD,OH,
CH,;CD,0H, and C,Ds;COCH; in various nematic phases. (33,35,37)
Selective irradiation has also been used in this type of work to confirm
relative signs of coupling constants and to measure the deuterium
quadrupolar splitting. (554-556) Proton decoupling (an easier
proposition) was used to simplify the deuterium spectrum of
[1,1-*H,]-n-propanol, (557) 3*P decoupling was used in a study of
oriented triethynylphosphine, (558) and '°F decoupling simplified the
1°F spectra of oriented phosphazenes. (559)

An early report (560) mentions the use of homonuclear spin tickling
to aid the assignment of the lines of an AB spectrum from an oriented
molecule. The method has been applied to the 4-proton spectrum from
ethylene oxide in EBBA (561) and to the detection and assignment of
weak transitions in the proton spectrum of oriented o-dichlorobenzene.
(562)

'"H-{X} experiments offer the following advantages for the study of
chemical shift anisotropies: high sensitivity; relative signs of direct and
indirect spin couplings are obtained to simplify the analysis; an internal
reference (e.g. TMS) can be used; splittings in X and 'H spectra can be
measured contemporaneously. Examples of this approach, however,
are few but some data have been measured in this way: '°C and !'°N
anisotropies in enriched methyl cyanide; (563) the *'P anisotropy in
Me; P, Me; PO, and Me;PS; (564) the '''!'3Cd anisotropy in
dimethylcadmium; (565) and the '°°Hg anisotropy in Me,Hg and
MeHgX (X = Cl, Br, I). (433, 566) In a study of oriented MeN(PCl,).,,
enriched in '*C or "N, '"H-{'3C}, "H-{'*N}, and 'H-{*' P} experi-
ments were used to give heteronuclear dipolar couplings and their
signs and so deduce the PNP interbond angle. (567) This work also
gives the 13C, '°N, and *'P nuclear screening anisotropies. (567)
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The numbers in bold indicate the pages on which the topic is discussed in detail

A

Acetaldehyde, N-benzoylamino-, reaction
with papain, 378
Acetamide
Be.(H) NMR, 373
N.('H) NOE, 375
N,N-dimethyl-
BC.('H) NMR, 373
B5N-(*H) NOE, 375
Acetates, exchange reactions in paramag-
netic transition metal complexes, 63
Acetic acid, transition metal complexes, 31
benzene-1,2-dioxy-, conformation, lan-
thanide shift reagents and, 73
diethylenetriaminopenta-, transition metal
complexes, 33
ethylenediamine -N,N’-di-, transition metal
complexes, 53.
ethylenediaminetetra-, paramagnetic com-
plexes, 62
iminodi-, transition metal "éomplexes, 31
nitrilotri-, lanthanide complexes, 36
Acetoacetic acid, trifluoro-, ethyl ester, lan-
thanide complexes, 36
Acetonitrile, exchange reactions in paramag-
netic transition metal complexes, 62
Acetylacetone
complexes, temperature and, 10
ethylene di-imine cobalt complexes, 16
transition metal complexes, 23-25
Acetylene compounds, INDOR spectra, 387
Actinides, complexes, 35-37
Adamantane, “C-({H) NMR, 372
Adenosine, *C-(‘H) NMR, 373
Adenosine-5'-monophosphate
conversion to adenosine diphosphate, 378
metal binding properties, 101
3',5'-Adenosine monophosphate,
metal binding properties, 101

cyclic,

Alanine
lanthanide complexes, 36
two dimensional °C spectrum, 354
Alcohols
exchange, paramagnetic metal complexes,
61
transition metal complexes, 31
Aldehydes, conformation, lanthanide shift
reagents and, 73
Alkali metals
anions, 148
covalent compounds, 149-153
ions, cgmplexation, 142-149
quadrupolar relaxation, 134-137
solvation, 137-142
NMR, 130-135
nuclear properties, 130-132
relaxation rates, 132
Alkaline earths
covalent compounds, structural studies,
159-161
ions, relaxation in aqueous solution, 154
NMR, 153-161
nuclear properties, 153, 154
Alkanes
B ('H) NMR, 372
long-chain, *C-(*H) NMR, 374
Alumichrome, N-('H) NOE, 376

Aluminium
cations, solvation, 164
hydrated ions, quadrupole relaxation, 162
ions, solvation, 167

Aluminium compounds, trialkyl, NMR, 174
Aluminium halides, adducts, 175
Aluminium salts, hydrolysis, 165

Amides
restricted rotation, 367
trimethylsilyl derivatives, *Si chemical
shifts, 270
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Amines
transition metal complexes, 27
trimethylsilyl derivatives, 2Si chemical
shifts, 270
Aminium cation radicals, triaryl-, 49
Amino acids
alkali metal ion complexation, 143
conformation, 87-90
lanthanide shift reagents and, 75
trimethylsilyl derivatives, Si chemical
shifts, 270
Ammonium, tetra-alkyl-, ion pairs with tri-
bromo(tripheny! phosphine) cobalt
(Im, 56
Aniline, PN-('H) NOE, 375
Anilinium, ®N-(*H), NOE, 375
Anisole, p,p’-azoxy-, BC-("H) NMR, 373
Antimony-121, NMR, 179-180
Antimony-123, NMR, 180
Arsenic-75
chemical shift determination in magnetic
multiple resonance, 383
NMR, 177-179
12-Aza [4,4,3] propellane, 11,13-dioxo-12-
methyl-, dimer, INDOR spectra, 329

B

Bacitracin, conformation, lanthanide shift
reagents and, 84
Barbaralone, Cope rearrangement, 379
Benzene, o-dichloro-, intermolecular NOE,
369
1,2-dimethoxy-4-hydroxy-5S-nitro-,
oxy resonance, 367
2,4,5-trichloronitro-, spin echo spectra, 340
trimethylsilyl-, 2Si chemical shift, steric
effects and, 270
Benzenedithiol, cobalt complexes, 15
Benzoic acid, amino, “N-(*H) NOE, 375
Benzoyl peroxide, perfluoro-, *C CIDNP,

meth-

377

Benzyl alcohol, two dimensional *C spec-
trum, 354

Benzyl radicals, electron distribution and
bonding, 49

Bicyclobutanes, coupling constant sign and
magnitude, 385
Binding sites in peptides, 87

Biological applications, NMR, 84-105

Biphenyl radicals, electron distribution and
bonding, 41

4,4'-Bipyridylium radicals, 49

Bismuth-209, NMR, 180, 181

Bloch equations 322

Bloch-Siegert frequency shift, 363

Bonding in paramagnetic species, 14, 15

Borane, (trimethoxyphosphinyl)-, triple res-
onance, 357

Borneols, conformation,
reagents and, 73

Boren-10, chemical shift determination in
magnetic multiple resonance, 381

Boron-11, chemical shift determination in
magnetic multiple resonance, 381

Boron trichloride as shift reagent, 83

lanthanide shift

C

Cadmium-111, chemical shift determination
in magnetic multiple resonance, 383
Cadmium-113, chemical shift determination
in magnetic multiple resonance, 383
Cadmium (II) complexes, flavoquinone, 32
Caesium-133
chemical shift, solvation shield and, 140
ions, relaxation rate in glycerol, 136
solvation, 137
Camphor
B¢ spectrum, 360
assignment, 359
Carbamic acid, dithio-, transition metal com-
plexes, 28, 54
Carbon-13
assignment, double resonance techniques,
358-365
chemical shift determjnation in magnetic
multiple resonance, 381
proton decoupling, 321
relaxation time, 321
Carboxylates, conformation, lanthanide shift
reagents and, 73
Carboxylic acids, mercapto-, trimethylsilyl
derivatives, *°Si chemical shifts, 270
Carr-Purcell pulse sequence, 399
CASS technique, 365
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Catechol
fluorosilicates, 2°Si chemical shifts, 263
silicon derivatives, Si chemical shifts, 266
Cerium fluoride, °F hyperfine interactions,
68
Chemical shifts
determination in multiple
experiments, 379-385
?si, 287-311
theory, 223-226
Chiral shift reagents, 82
Chloroform, 3C-("H) NMR, 373
Chlorophyll-a, radical cation, 50
Chloroplast membranes
B¢.(*H) NMR, 372
NMR, 105
Cholesterol, two dimensional R spectrum,
354, 355
Chromium-53, NMR, 196
Chromium (II) complexes, 34
Chromium (1II) complexes
acetylacetonate, 27
spin lattice relaxation pathway enhance-
ment, 65
a-Chymotrypsin, reaction with hydrocinna-
maldehyde, 378
CIDNP, NOE and, 377
Cobalamines, conformation, 89
Cobalt, tris(acetylacetonate),
NMR, 373
Cobalt-59, NMR, 201-208
Cobalt (IT) complexes
acetylacetonatedipyridyl, 23
alcohols, 31
aminocarboxylates, 22
benzoyltrifluoroacetonato, 25
bis(di-p-tolyl-dithiophosphinato)-, 22
4-coordinate, electron distribution and
bonding in, 14
dithiophosphates, 28
electron distribution and bonding, 15, 16
flavoquinone, 32
imidazole, 29
1,8-naphthyridine, 30
N,N' - 1,1 - dimethylethylene - bis(salicyl-
ideneiminato)-, pyridine adduct, 22
octahedral, 23
pseudotetrahedral, 16
pyridine, 30
pyridine-N-oxide, 30

resonance

Be.('H)

417

tetragonal high-spin, psuedocontact shifts,
calculation, 7
tetrahydrocorins, 33
thyroxine, 22
tribromo(triphenyl phosphine), 56
Cobalt (III) complexes, 4-coordinate, elec-
tron distribution and bonding in, 15
Cobaltocenes, paramagnetic, 38
Cobinamides, conformation, 89
Coherence transfer echo, 353
Complexation, 156
alkali metal ions, 142-149
Group III metals, 164-174
Concanavalin A, conformation, 89

Conformation
amino acids, 87
oxygen donor substrates, lanthanide shift
reagents and, 73
Coordination complexes, structure, lanthan-
ide shift reagents and, 74
Copper-63
chemical shift determination in magnetic
multiple resonance, 383
NMR, 209
(trimethoxyphosphinyl)-, ®*Cu TINDOR
spectra, 357
Copper-65, NMR, 209
Copper (I) complexes, flavoquinone, 32
Copper (II) complexes
acetyl acetonate, 23
nuclear spin relaxation time, 10
bis(N-alkysalicylaldiminato)-, 17
bis(diazoaminobenzene)-, dimer, 18
exchange and relaxation studies, 64
pseudo-octahedral, 16
pseudotetrahedral, 16
Corin, tetrahydro-, 1,19-disubstituted, tran-
sition metal complexes, 33
Corrinoids, conformation, 89
Coupling constants
determination of sign and magnitude in
magnetic multiple resonance, 385-390
84, calculations, 272-276
ngi, theory of, 271-272
Crown ethers
alkali metal ion complexation by, 143
complexation, 145
Cryptands, alkali metal ion complexation by,
143
Cycloguanosines, conformation, 367
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Cyclohexane, dimethyl-, ring inversion, 379

Cyclohexanones, conformation, lanthanide
shift reagents and, 73

Cyclohexenyl cations, rearrangement, 378

Cyclophosphazane diselenides, coupling con-
stants, 388

Cyclophosphazine, phosphazenyl-, INDOR
spectra, 387

Cyclosiloxanes, oligodiorganyl, Si chemical
shift, 256

Cyclotetrasiloxane, octamethyl-, as reference
NMR, 228

Cytidine-5'-monophosphate, cyclic, metal
binding properties, 102

Cytochrome Ba, conformation, 94

Cytochrome Bs, conformation, 94

Cytochrome ¢, conformation, 93

Cytochrome ¢-557, conformation, 94

D

DANTE sequence, 365
Decaborane, 6-methyl-, 11B spectrum, 399
cis-Decalin, inversion, 379
Density matrix methods in multiple reso-
nance experiments, 323
Deuterium
chemical shift determination in magnetic
multiple resonance, 381
decoupling, 400
Dihydrofolate reductase, spin coupling in,
399
B-Diketones, lanthanide complexes, 36
Dilead, hexamethyl-, complex spin systems,
389
Dimethylsiloxanes,
shifts, 256
Dimethyl sulphoxide, paramagnetic com-
plexes, solvation parameters, 61
Diols, fluorosilicates, 296 chemical shifts, 263
1,3,2-Dioxaphosphorinanes, conformation,
lanthanide shift reagents and, 75
Dipolar relaxation, theory, 9
Disiloxane, hexamethyl-, as NMR reference,
228
Disiloxanols, sequence lengths, 251
Double resonance experiments, 390
calculation, 323

cyclic, S chemical

BC.("H) NMR, 392-395
Be.(13C) NMR, 396

BC.(F) NMR, 397

BC-(*H) NMR, 395, 396
"H-(C) NMR, 391

'H-('D) NMR, 391

'H.(*H) NMR, 390

'H-(**N) NMR, 391

'H-('P) NMR, 392

Drugs, alkali metal ion complexation by, 143

E

EHMO calculations, 12
Electron distribution in
species, 14, 15

Electron spin relaxation, theory, 9
Electron transfer, paramagnetic transition
metal complexes, 63
Electronic equilibria, paramagnetic species,
54, 55
Electronic structure, theory, 11-13
Enzymes, active site, 90
Esters, conformation,
reagents and, 73
Ethane, 1,2-dichloro-, C spectra assign-
ment, 359
1,2-dichloro-2,2-difluoro-, double reso-
nance experiments, exchange reac-
tions and, 324
1,1,2-trichloro-
conformation, 367
intermolecular  nuclear
effect, 369
multiple resonance spectrum, 323
proton spectra, phase modulation in,
339, 340
Ethanol 1,2-dichloro-, multiple resonance
spectrum, 323
1-(1-pyrazolyl)-,
exchange, 367
2,2,2-trichloro-, double resonance experi-
ments, exchange reactions and, 324
Ethylenediamine, lanthanide complexes, 36
Ethyl radical, isotropic B-proton hyperfine
coupling constant, delocalisation and
polarisation contributions, 13
Etioporphyrins I, paramagnetic, 93
Europium, '°F hyperfine interactions, 68

paramagnetic

lanthanide  shift

Qverhauser

acetaldehyde system,
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Exchange reactions
double resonance experiments, 324
magnetic multiple resonance and, 377-379
paramagnetic metal complexes, 59-64

F

Fermi contact shift, 5
Ferredoxin, NMR, 100
Ferricenium hexafluorophosphate, 37
Ferricytochrome ¢, exchange reactions, 378
Ferrimyoglobin, cyano-, conformation, 95
Flavoquinone, transition metal complexes,
32
Fluorenone radicals, electron distribution
and bonding, 41
Fluorine-19, decoupling, 400
Fluorosilicates, ’Si chemical shifts, 263
Formamide, N,N-dimethyl-
BC.(‘*H) NMR, 373
exchange reactions, 379
internal rotation, 367
Formation, paramagnetic metal complexes,
59-64
Formic acid, *C-(‘H) NMR, 372
Free radicals, electron distribution and bond-
ing, 40-50
Frequency synthesizer, 128
in magnetic multiple resonance, 328
Furan, 4-bromo-2-formyl-,cis-trans equilib-
rium, 367
2-Furancarboxylic acid, S-nitro-, methyl
ester, two-dimensional spectrum, 342

G

Gadolinium, °F hyperfine interactions, 68
Galactolipids, *C-("H) NMR, 372
Gallium
cations, solvation, 164
hydrated ions quadrupole relaxation, 162
organophosphorus complexes, 172
Gallium halides, solution properties, 166
Gated decoupling, 374
Gated experiments, spin decoupling by, 322
Gels, cross-linked, *C-("H) NMR, 374
7Ge, NMR, 176

419

a-D-Glucopyranoside,  2,3.4,6-tetra-O-tri-
methylsilyl-methyl, 2°Si chemical shift,
271
Glycine, lanthanide complexes, 36
Gold, (trifluoromethyl){methyldiphenylpho-
sphinyl)-, triple resonance spectrum,
358
Group III metals
NMR, 161-177
nuclear properties, 161
Group IV metals, nuclear properties, 162
Guanosine  5'-monophosphate, 3C-('H)
NMR, 373

H

Hamiltonian operator, 322
total spin, 2
Hartree-Fock calculations, 12
Heme proteins
conformation, 95
paramagnetic, 90-99
Hemocyanin, conformation, 89
Hemoglobin
cooperative oxygen binding in, 97
NMR, 95
Heteronuclear double resonance, 320
Heteronuclear transfer echo, 353
n-Hexane, *C spectrum, two dimensional,
349
Hoffmann-Forsen saturation transfer method
for slow rates of exchange, 377
Hydration, paramagnetic metal complexes,
60
Hydroxy acids, trimethylsilyl derivatives, Bsi
chemical shifts, 270
Hydrazy! radicals, electron distribution and
bonding, 49
Hydrocinnamaldehyde, reaction with a-chy-
motrypsin, 378
"H, chemical shift determination by magnetic
multiple resonance, 381

1
Imidazole, transition metal complexes, 29

Iminonitroxide radicals, electron distribution
and bonding, 43
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Immunoglobulins, conformation, lanthanide
shift reagents and, 84
Indazole, *C-(IH) NMR, 373
Indium
cations, solvation, 164
organophosphorus complexes, 172
I, NMR, 172
INDO calculations, 12
INDOR spectra, 329-333
calculation, 323
triple resonance, 356
INDOR technique, 368
Tonophores, alkali metal ion complexation
by, 143
Ion pairing, metal complexes, 55-59
Iron-57
chemical shift determination in magnetic
multiple resonance, 383
INDOR spectra, 329
Iron, troponyltricarbonyl-, conformation,
lanthanide shift reagents and, 73
Iron complexes
nitrosyl, 19
salicylideneiminato, 19
Iron porphyrins, NMR, 90
Iron (IT) complexes
flavoquinone, 32
imidazole, 29
pyridine, 30
Iron (III) complexes, 34
dithiocarbamates, 28, 54
halogenobis(N-dialkyldithiocarbamato)-,
20
nuclear spin relaxation time, 10
Iron (III) iodide, bis(N,N-diethyldithiocar-

bamato), nuclear spin relaxation
times, 10

Iron (III) perchlorate, second solvation
sphere, 58

Isopropyl group, rotation, 84
Isoquinoline, conformation, lanthanide shift
reagents and, 74

K
Ketones, conformation, lanthanide shift
reagents and, 73
Kurland-McGarvey treatment, 2
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L

Lactones, cyclic, alkali metal ion complexa-
tion by, 143
Lanthanate (I1I) complexes
hexa-nitrato, 55
penta-nitrato, 55
Lanthanides, complexes, 35-37
Lanthanide induced shifts, 71
Lanthanide shift reagents, 67-84
origin of shifts, 67~73
solution equilibria, 76-82
substrate structure determinations, 73
La, NMR, 185
Lead-207, chemical shift determination in
magnetic multiple resonance, 385
Leghemoglobins, conformation, 95
Line intensities in multiple resonance experi-
ments, calculations, 323
Line shapes in multiple resonance experi-
ments, calculations, 323
Liquid crystal solvents
magnetic multiple resonance in, 322, 400
paramagnetic shifts, theory, 7
Lithium-6, quadrupole relaxation, 133
Lithium-7
chemical shift determination in magnetic
multiple resonance, 381
ions, relaxation rate in glycerol, 136
proton decoupling and, 397
Lithium cryptates, solvation, 144
Lysozyme, conformation, 89

M

Magnetic multiple resonance, 319414
instrumentation, 325-329
techniques, 329-365
theory, 320-325

Manganese (II) complexes
acetylacetonate, 23
inner sphere, 59
outer sphere, 59

Manganese (III) complexes, dithiocarba-

mates, 28

*Mn, NMR, 198

Manganocene
electronic equilibria, 55
paramagnetic, 38
1,1’-dimethyl-, paramagnetic, 38
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Membranes, NMR, 103-105
Menthone, °C spectrum, 364
Mercury-199, chemical shift determination in
magnetic multiple resonance, 384
Mesoporphyrins IX, paramagnetic, 93
Metallocarboranes, paramagnetic, 39
Metallocenes, paramagnetic, 37
Metalloporphyrin
cation radicals, 50
NMR, 90
Methane, bromodeutero-, *C-(*D) NOE,
374
Methanol, INDOR spectra, 331
Metmyoglobin, conformation, 95
MINDOR spectra, triple resonance, 356
Molybdenum-95
chemical shift determination in magnetic
multiple resonance, 383
NMR, 197
Molybdenum (II) complexes, 34
Multinuclear spectrometers, 128
Multiple quantum transfer echo, 353
Myoglobin, conformation, 94
deoxy-, conformation, 94

N

Naphthylamine, conformation, lanthanide
shift reagents and, 74
1,8-Naphthyridine, transition metal com-
plexes, 30
Nickel (IT) complexes, 30
acetates, 31
acetylacetonate, 23
amines, 27
alcohols, 31
benzoyltrifluoroacetonato, 25
bis(alkylxanthato)-, 29
bis(di-p-tolyl-dithiophosphinato)-, 22
N,N’-bis(2-pyridylmethylene)-1,3-diamino
propane, 27
4-coordinate, electron distribution and
bonding in, 14
square-planar-tetrahedral
50
dihalogenobis(tertiary phosphine), 50
dithiophosphates, 28
ethylenediamine-N,N’-diacetic acid, 53
flavoquinone, 32

equilibrium,

N-hydroxypropylsalicylaldimines, 28
imidazole, 29
iminodiacetates, 31
1,8-naphthyridine, 30
octahedral, 23
pseudo-octahedral, 16, 52
pseudotetrahedral, 16
pyridine, 30
tetrahydrocorins, 33
triazine-l-oxide, 30
tris(ethylenediamine)-, 27
Nickelocenes, paramagnetic, 38
Nicotinamide adenine dinucleotide, *C spec-
tra, 360, 361
Nigabliactones, NOE, 367
“Nb, NMR, 188
Nitriles, conformation,
reagents and, 74
Nitrogen-14, chemical shift determination in
magnetic multiple resonance, 381
Nitrogen-15, chemical shift determination in
magnetic multiple resonance, 381
Nitrosyl complexes, transition metal, 19
Nitroxide radicals, electron distribution and
bonding, 41
Noise modulation in spin decoupling, 321
Nonadecane, 10-methyl-, *C-(*H) NMR, 373
Norbornan-2-ol, 2-methyl-, C spectra
assignment, 359
7-Norbornenyl-type radicals, electron distri-
bution and bonding, 49
Nuclear Overhauser Effect, 365-377
BC.(YF), 375
Be-(*H), 372-375
1B¢cd.(H), 376
CIDNP and, 377
difference spectra, 368
Br.(‘H), 376
generalized—See Spin population transfer
H-('H), 375
H-('H), 375
heteronuclear systems, 370-372
%Hg-('H), 377
homonuclear systems, 367
intermolecular, 369
BN-('H), 375
3p_(*H), 376
»gi-1H, 283-286
B8i-(*H), 376
198n-(*H), 377

lanthanide shift
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suppression, gated techniques, 371
Nucleic acids, conformation, 104,
Nucleosides alkali metal ion complexation

by, 143

conformation, 104

N.(*H) NOE, 375
Nucleotides

alkali metal ion complexation by, 143

conformation, 104

N-('H) NOE, 375

o

One-bond coupling, ¥Si NMR, 276-281
Organic acids, alkali metal ion complexation
by, 143
Organoberyllium compounds, NMR, 159
Organolithium compounds NMR, 149
relaxation, 133
Organometallic compounds, paramagnetic,
37-40
Organophosphorus compounds conforma-
tion, lanthanide shift reagents, 75
Group III metal complexes, 172
INDOR spectra, 331
Organosilicone compounds
BC.(*H) NMR, 373
Si chemical shifts, 245-257

1,3-Oxazine, tetrahydro-3,3,4 6-tetramethyl-,

N-methyl group orientation, 367
Oxygen-17, chemical shift determination by
magnetic multiple resonance, 382

P

Palladium, bis(acetylacetonate), C-(‘H)
NMR, 373

Pancreatic trypsin inhibitor, *C-("H) NMR,
373

Papain, reaction with N-benzoylacetalde-
hyde, 378

Paramagnetic linewidth, theory, 8-11

Paramagpnetic shift, theory, 2-7

Paramagnetic species, NMR, 1-124

Paramagnetic susceptibilities, measurement,
65

Penicillins, conformation, lanthanide shift
reagents and, 84

Pentasiloxane, 2Si chemical shifts, 255
Peptides
conformation, 87-90
cyclic, alkali metal ion complexation by,
143
NH protons, NOE, 368
Phosphates, paramagnetic vanadium com-
plexes, 63
Phosphines, aryl, coupling constants, 386
Phosphinimine, N-silylated triorgano, *°Si
NMR, 235
Phosphinium,  (p-methylbenzyl)triphenyl-,
bromide, triple resonance spectrum,
358
Phospholipids in membranes, NMR, 104
Phosphorus-31
chemical shift determination in magnetic
multiple resonance, 382
decoupling, 400
Phosphoryl compounds, trimethylsilylimido
derivatives, ZSi chemical shifts, 270
Picoline
actinide complexes, 35
N-oxide, lanthanide complexes, 35
Piperidines, conformation, lanthanide shift
reagents and, 74
nitroso-, conformation, lanthanide shift
reagents and, 73
Plastocyanins, conformation, 89
Platinum
nitrogen complexes, INDOR spectra, 387
thiocyanante complexes, INDOR spectra,
386
Platinum-195, chemical shift determination
in magnetic multiple resonance, 384
Poly(alkyl methacrylate), "*C-('H) NMR,
374
Poly(but-1-ene), *C-(*H) NMR, 374
Poly(cis-butadiene), '*C spectra assignment,
359
Polydimethylsiloxane
as reference NMR, 228
flow behaviour, 250
#Si chemical shift, 246
8 relaxation in, 284
Polyethylene, *C-(‘H) NMR, 374
Poly(methyl methacrylate), C-(‘"H) NMR,
374
Polysilanes
coupling constants, 281
#Si chemical shift, 240-245
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Polysiloxanes, bulk viscosity, 251
Poly(vinylidene fluoride), '*C-('"H) NMR,
374
Porphyrins
lanthanide complexes. 76
paramagnetic. 90-99
Potassium-39, ions, solvation. 137
Potassium silicate, *Si chemical shift, 261
Propene, (l-dimethylamino)-2-methyl-, "*C
spectrum, 364
Proteins
conformation, 87-90
iron-sulphur, NMR, 99-101
solution conformation, 85
Proton decoupling in double resonance
experiments, 397
Proton flip in two dimensional spectra, 246
Pseudocontact shifts, calculation, 5
Pulsed experiments, spin decoupling by, 322
Pulsed Fourier transform NMR, 222
Pulse FT spectrometers, multinuclear, 325
Purines, °C-(‘H) NMR, 373
Pyridazine, *C-(*H) NMR, 372
Pyridine
conformation, lanthanide shift reagents
and, 74
N-oxide, transition metal complexes, 30
transition metal complexes, 30
Pyrimidine
BC-('H) NMR, 372
INDOR spectra, 331
Pyrroles, conformation,
reagents and, 74
4-bromo-2-formyl-l1-methyl-, cis-trans equi-
librium, 367

lanthanide shift

Q

Quadrupolar nuclei
instrumental requirement for NMR, 128-
130
less common, NMR, 125-219
Quadrupole relaxation, Group III metals,
162
Quaternary carbon atoms, selective popula-
tion inversion and, 336
Quinoline, conformation, lanthanide shift
reagents and, 74

423

Relaxation
alkali metal nuclei, 132-134
»Si NMR, 283-286
Relaxation perturbation probes, biological
applications, 84
'8Re, NMR, 200
'87Re, NMR, 200
Rhenium (IIT) complexes, 34
Rhodium-103
chemical shift determination in magnetic
multiple resonance, 383
INDOR spectra, 329
tRNA, structure, 103
Ruthenium (IIT) complexes
acetylacetonate, nuclear spin relaxation
times, 10
amino, 34
tetra-ammine,
times, 11

nuclear spin relaxation

S

Salicylic acid, trimethyl silyl derivatives, Si
NMR, 256
Salicylaldimine, N.hydroxypropyl-,
complexes, 28
J-Scaling, 359
“Sc, NMR, 183
Selective population inversion, 335
Selective population transfer, 335
Selenium-77, chemical shift determination in
magnetic multiple resonance, 383
Selenium, (trimethoxyphosphinyl)-, triple
resonance spectrum, 358
Sesquiterpenes, lactones, NOE, 370
Shielding range, alkali metal nuclei, 131
Shift perturbation probes, biological appli-
cations, 84
Sickle cell hemoglobin, conformation, 99
Silacyclopropane, Si chemical shift, 242
Silacyclopropene, #Si chemical shift, 243
Silanes
aryl, 28 chemical shift, 225, 238-240
coupling constants calculations, 273
cyclic, 2Si chemical shift, 240-245
halogeno, 2Si chemical shift, 237, 238

ethyl
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methyl derivatives, 2Si chemical shift, 229-
236

one-bond coupling, 277

Si chemical shift, 226

ethoxytrimethyl-, 2Si chemical shifts,
steric effects and, 268
2,2’ 2"-nitrilotriethoxy-, S  chemical

shifts, 261
phenoxytrimethyl-, ®Si chemical shift, 236
phenyl-, NOE, 285
phenylenedioxybis(trimethyl-, #$i chemi-
cal shift, and steric effects, 268
phenyltrimethyl-, 2Si chemical shift, 236
tetraethoxy-, as reference NMR, 228
tetrafluoro-, as reference NMR, 228
tetramethoxy-, as reference NMR, 228
tetramethyl-, as reference NMR, 228
triethoxy-, Si chemical shifts, 262
trimethylphenoxy-, #Si chemical shifts,
steric effect and, 268
Silanols
fluids, molecular weight, 250
2Si chemical shifts, solvent effect, 267
Silatranes, »*Si chemical shifts, 261-262
Silazanes, 29Si chemical shift, 246
Silicates, 2Si chemical shifts, 258-261
Silicic acid, trimethyl silyl esters, structure,
253, 254
Silicone, organo, ZSi chemical shift, 245-257
Silicon-29
chemical shift determination in magnetic
multiple resonance, 382
NMR, 221-318
long range coupling, 282
polytrimethylsilylated sugars,
decoupling in, 397
reference compounds, 227-229
Silicon compounds, extracoordinate, 2°Si
chemical shift, 262-266
Silicon(IV) compounds, trisacetylacetonato,
2Si chemical shift, 263
Silicon hydrides, 2Si chemical shifts, 238-240
Siloxane
polycyclic, 2°Si chemical shifts, 255
polymeric, *Si chemical shift, 248
Silver-107, INDOR spectra, 329
Silver-109, INDOR spectra, 329
Silver (I) complexes, flavoquinone, 32
Silylamine, *Si chemical shifts, solvent
effect, 267

proton

SUBJECT INDEX

Sodium, anions, 148
Sodium-23, chemical shifts, 137
Sodium acetate, “*C-(‘H) NMR, 373
Sodium cryptates, decomplexation, 144
Sodium metasilicate, 2°Si chemical shift, 258
Sodium silicate, 2°Si chemical shift, 260
Solvation
alkali metal ions, 137-142
Group III metals, 164-174
metal complexes, 55-59
Solvent effects, 2Si chemical shifts and, 266
268
Spin decoupling, 320
Spin delocalisation, theory, 11-13
Spin echo spectra, 338-355
Spin population transfer in magnetic multiple
resonance, 333-337
Stannic tetrachloride as shift reagents, 83
Stereochemistry, paramagnetic species, 50-

55

Steric effects, 2Si chemical shifts and, 268
270

Steroids, trimethylsilyl derivatives, 2Si

chemical shifts, 270
Structure, paramagnetic species, 50-55
Sugars
alkali metal ion complexation by, 143
conformation, lanthanide shift reagents
and, 75
polytrimethylsilylated, #Si NMR, proton
decoupling in, 397
trimethylsilyl derivatives, 2°Si chemical
shifts, 270
g, NMR, 181, 182
Suspectibility field, 9

T

Tellurium-125, chemical shift determination
in magnetic multiple resonance, 384

Temperature, metal acetylacetonate com-
plexes and, 10

Tetracycline, conformation, lanthanide shift
reagents and, 84

Tetrasiloxane, 2Si chemical shifts, 255

Thallium-205, chemical shift determination
in magnetic multiple resonance, 385

Thiophosphoric acid, transition metal com-
plexes, 28



SUBJECT INDEX

Thulium fluorides, *°F hyperfine interactions,
67
Thyroxine, copper complexes, 22
Tin, trimethylstanyl-, lithium salt, tetra-
hydrofuran adduct, INDOR spectra,
330
Tin-117, chemical shift determination in mag-
netic multiple resonance, 384
Tin-119, chemical shift determination in mag-
netic multiple resonance, 384
TINDOR spectra, triple resonance, 356
“Ti, NMR, 187
“Ti, NMR, 187
Titanium tetrachloride as shift reagents, 83
Toluene-dithiol, cobalt complexes, 15
Transition metal complexes
acetylacetonates, 25
bis(benzoyltrifluoroacetonato)-, 24
4-coordinate, electron distribution and
bonding in, 14-20
5-coordinate, electron distribution and
bonding in, 20-22
6-coordinate, electron distribution and
bonding in, 23-35
flavoquinone, 32
tris(acetylacetonato), 57
tris(dithiocarbamato), 51
Transition metals, NMR, 182-212
Triazine, 1-oxide, transition metal com-
plexes, 30
Tricyclo [5.1.0.0] octane, 1,3,5,7-tetra-
methyl-, stereochemistry, 367
Trimethylsilyl compounds
BC.(*H) NMR, 373
#Si NMR, 229
Triple resonance in magnetic multiple reso-
nance, 356-358
Trisiloxane, Si NMR, 254
Triterpenes, INDOR technique, 368
Tropolene, silicon derivatives, 2$i chemical
shifts, 266
Tryptophan, exchange reactions, 378
TTL-IC sequence controller, 328
Tungsten-183
chemical shift determination in magnetic
multiple resonance, 384
INDOR spectra, 329
Tungsten carbonyl complexes, complex spin
systems, 390
Tungsten (IV) complexes, 35
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Two-dimensional spectra, 338-355

U

Umbelliferone, O-carboxymethyl-4-methyl-,
binding to antibodies, 368
Urethanes, trimethylsilyl derivatives, 2Si
chemical shifts, 270
Urantum,
tetrakis (tetraecthylammonium)
octa-thio-cyanato-, 36
Uranium (IV) complexes, 36
tetra-allyl, 37
triscyclopentadienyl, 37
Urea, thio-, transition metal complexes, 29

v

Valium, inversion in, 378
Vanadium, bis(h’-t-butylcyclopentadienyl)-,
paramagnetic, 37
Vanadium-51, NMR, 188
Vanadium (IV) complexes
acetyacetonate, 25
oxo, 20
ligand exchange, 62
Vancomycin, conformation, lanthanide shift
reagents and, 84
Vinyl bromide, relaxation processes, 367
Vitamin B12, conformation, 89
Vitamin D, conformation, lanthanide shift
reagents and, 84

w

Water exchange reactions, paramagnetic
metal complexes, 60

Woolastenite, trimethylsilyl derivatives, S
NMR, 252

X

Xanthene, 9,9-dialkylthio-, cation radicals,
49
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Y VA
Ytterbium, °F hyperfine interactions, 68 Zeolites complexation of molecular hydrogen
Yiterbium fluorides, °F hyperfine interac- on, 67
tions, 67 synthetic, molecular motion in, 67

7Zn, NMR, 210

Zinc (II) complexes, flavoquinone, 32

Zinc tetraphenylporphyrin, N-(!H) NOE,
375



