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I. Introduction

Advances in multinuclear NMR spectroscopy have
now provided a large but diffuse data base of NMR
parameters for transition-metal nuclei.''* This review
examines regularities in their coordination shifts in in-
organic and organometallic complexes. Commonly,
nuclear magnetic shielding is studied for a particular
metal or periodic group in isolation, but this phenom-
enon is a complex one, as two or more factors are in-
fluential and their effects are not easy to separate. As
ever, further insight may be gained from the periodic
relationships,'®® and the generalizations that emerge
have practical value as well as chemical interest.

Over the decades, links have been made between
transition-metal nucleus shielding and results from
electronic spectroscopy, particularly ligand field split-
tings and nephelauxetism (=cloud expansion) of the d
electrons. Here, too, there are important periodicities
that can help to disentangle the causative factors.
Reciprocally, it should be possible to complement the
optical spectroscopic information with conclusions from
the metal nucleus shielding in complexes with (formal)
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d° or d'° configurations, or with ligand field absorption
obscured by stronger bands.

An additional purpose of this review is to further the
development of a physical picture for the understanding
of NMR shifts. Chemists have a mechanical image for
vibrational spectroscopy, and even for one-electron
“jumps” in electronic and electron spectroscopy. Such
a picture began to develop in the form “the more neg-
ative the charge density, the higher the shielding”, but
this generalization is well-known to be unreliable. In-
deed, the deshielding with increase in electronegativity
of substituents is part of a periodic relationship that
holds across the row of the substituent and is reversed
down the group.'® A physical picture is, however,
possible, in terms of paramagnetic circulations in the
valence shell, deshielding the resonant nucleus. Such
a picture derives from the second-order perturbation
theory;!” the chemical shift arises from the mixing in
by the magnetic field of excited states that are magnetic
dipole allowed and so involve electronic circulations or
currents that reinforce the applied field.

For compounds of the transition metals, therefore,
a major role is played by d-d (i.e., d= — do*) circula-
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TABLE I. NMR Properties of the Transition Metals (Most Favorable Nucleus Listed in Each Case)

45G¢ 97 51y 530y 550Mn 5TFe 590 8IN{ 830y 6771
7 7/2 7/2 7/2 3/2 5/2 1/2 7/2 3/2 3/2 5/2
NA, % 100 5.51 99.76 9.55 100 2.19 100 1.19 69.09 4.11
Res 1720 1.18 2170 0.485 1014 0.0042 1560 0.242 368 0.671
Q, 102 m? -0.22 0.24 0.052 -0.15 0.40 0.42 0.16 -0.22 0.15
BBY 7y 93Nb %Mo 9T e ¥Ru 13Rh 106pq 108 Ag 13Cq
I 1, 8/, %/, 5/ %/, 5/, 1/, 8/, 1/, 1/,
NA, % 100 11.23 100 15.72 12.72 100 22.23 48.18 12.26
Re 0.676 6.05 2770 2.92 0.815 0.180 1.43 0.280 7.69
Q, 1078 m? -0.21 -0.32 -0.015 -0.13 0.076 0.6
175L‘_1 177Hf IBITa 183W 187Re 1870s 19311. 195Pt 197Au 199Hg
I /2 /2 /2 Y2 */a Y2 8/2 Y2 ¥/a Y2
NA, % 97.41 18.50 99.9 14.28 62.93 1.64 62.7 33.8 100 16.84
Re 173 1.47 213 0.061 511 0.0011 0.12 19.9 0.15 5.68
Q, 1078 m? 3.46 33 3.3 2.2 0.78 0.55
139]’_‘a 171y} 235U 1397 .o 171Yb 23617
I A 1, 7/, Re 343 45 0.0054
NA, % 99.9 14.31 0.72 Q, 1078 m? 0.22 4.55

3 Re is the receptivity relative to that of *C in natural abundance.

tions. The deshielding is more effective the lower the
excitation energy (a spectrochemical dependence), the
closer the circulation to the resonant nucleus (a ne-
phelauxetic dependence), and the larger the angular
imbalance of charge in the valence shell, producing the
orbital angular momentum that is unquenched by the
magnetic field.'>!"

Nuclear magnetic shielding is of course a tensor
property, since the electronic circulations use orbitals
related to the bond axes. In an anisotropic molecule,
therefore, the shielding differs according to the direction
of the magnetic field relative to the molecular axes, but
only the averaged shielding is observed in the liquid
phase. The individual tensor elements can, in principle,
be measured in the solid state.!®!® Unfortunately, as
discussed in section IX, relatively few measurements
have so far been possible for transition-metal nuclei, in
contrast to lighter nuclei with more favorable NMR
properties, and general discussions of ligand field effects
rely substantially on comparisons of complexes of the
same symmetry and electron configuration, without
mixed ligands (whether d°, d?, d*, d®, d&, or d!°).

The development of transition-metal NMR spec-
troscopy has been very uneven because of the very small
number of nuclei with favorable nuclear properties for
high-resolution NMR. But as the technology evolves,
more nuclei and bond types, and also the solid state,
are being brought into the spectroscopist’s net. The
literature is now so large that reference must be made
in general to the reviews!™* rather than to individual
papers.

II. Practical Limitations to Transition-Metai
NMR Spectroscopy

NMR properties of the transition-metal nuclei are
given in Table I. Favorable properties for high-reso-
lution NMR are spin quantum number I = !/,, or for
I> 1/, a relatively small value of the nuclear electric
quadrupole moment eQ and a larger value of I, to
minimize quadrupolar broadening, as discussed below.
Also necessary are a sufficiently large natural abun-
dance (4) and magnetogyric ratio v (effectively the ratio
of the magnetic moment to the spin quantum number),
to which the NMR frequency is proportional. The in-

trinsic NMR receptivity, which is a measure of the in-
tensity of signal to be expected, increases as [Y3|AI(I +
1). Thus, larger values of I are more favorable, by a
factor of 33 from I = !/, to I = ?/,. Transition-metal
nuclei with natural abundance below 5% that may
usefully be studied with enrichment are 5Fe, $!Ni, ¢’Zn,
and ¥70s.

Spin !/, nuclei with low v values have a further
problem of too slow relaxation, since the rate depends
on v, and long accumulation times or sensitivity en-
hancement techniques may be needed for adequate
sensitivity: examples are #Y, 183W, 5Fe, 1870s, %R,
and 1%Ag.

The majority of transition-metal nuclei have I > 1/,
and therefore a quadrupolar disposition of electric
charge. The electric quadrupole is coupled to the spin
(magnetic dipole), since transitions in the one change
the magnetic environment of the other. Whereas the
orientation of the spin dipole is quantized relative to
the magnetic field, that of the electric quadrupole is
quantized relative to the electric field gradient (efg) eq
at the nucleus due to the electrons and the other nuclei;
the nuclear electric quadrupole coupling constant
(NQCC) is x = e2¢qQ/h (in frequency units). The nu-
clear energy levels therefore depend on both the efg and
the magnetic field. In the liquid phase rapid and iso-
tropic molecular tumbling averages the quadrupolar (as
well as the dipolar) interactions; but the relaxation of
the electric quadrupole with fluctuations of the efg (e.g.
in molecular collisions) relaxes the nuclear spin also, and
fast relaxation leads to uncertainty over the line posi-
tion, i.e. quadrupolar broadening. The quadrupolar
relaxation rate and the line width are proportional to
xH1 + n?/3)(2I + 3)/I*(2I - 1) (where 5 is the asym-
metry parameter of the efg, maximally equal to 1, and
0 for axial symmetry) and also to the correlation time
., where (7)1 is (e.g.) the rate of molecular tumbling.
The quadrupolar broadening therefore increases sharply
with increase in @ and in the efg q. Again, higher values
of I are advantageous because of the line width de-
pendence on (21 + 3)/I?(27 - 1), which decreases by a
factor of 67.5 from I = 1to I = %/,.

For a given nucleus line widths are minimized for
small molecules in low-viscosity samples (r small), with
highly symmetry environments of the metal nucleus (g
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Figure 1. Comparison of the periodicity of the nuclear magnetic shielding ranges (in parts per thousand) with that of the p, d valence
electron radial functions for the free atoms. The derivation of the values is given in the text. 7 is in units of ay, the Bohr radius, which
is equal to 52.9 pm. The ranges cover diamagnetic compounds only and exclude metallic compounds showing Knight shifts. Arrows

indicate ranges that are limited by unfavorable nuclear properties.

small). Examples are tetraoxo [MO,]? or fully fluori-
nated species [MF;]?, or perhaps M(CO),, and for some
quadrupolar metal nuclei these are the only types of
compounds for which an NMR signal has been re-
ported. (In partially fluorinated species the efg and line
width may be large because of differing electronega-
tivities of the substituents.) As an example of heroic
measures, a signal 20 kHz in width was raised for 235U
in liquid UFg at 380 K (viscosity low), with 130-fold
enrichment (to 93.5%).2° Transition-metal nuclei for
which NMR spectroscopic studies have not as yet been
reported are 1"5Lu, ""Hf, 19%Pd, 189Qg, 193], 127Ay, also
35U (more than one signal being needed!). Nuclei giving
inconveniently broad lines include ¥'Ta, %Cr, and *Re.

For certain metals NMR study has been limited by
a restricted range of diamagnetic compounds, as for Cu
and Ag in solution, lanthanides, and actinides. Table
I includes only those lanthanides giving diamagnetic
compounds, though not cerium as this has no suffi-
ciently stable magnetic nucleus.

I111. Perlodicily of the Ranges of Chemical
Shifts of the Elements

A periodicity in the observed ranges of chemical shifts
for diamagnetic compounds, as noted over 20 years ago
for the main-group elements,?! is now evident in the
transition series also, as shown in Figure 1. The shift
range has practical value as a measure of the shielding
sensitivity. This is important for the transition ele-
ments, since the majority of them have no stable nuclide
with spin !/, and quadrupolar broadening is more
tolerable with a greater shift dispersion. Further, the
theoretical interpretation of the periodicity offers clues
as to important determinants of the shielding.

Figure 1 shows that in the transition series, the shift
ranges are small to the left of the periodic table and
increase across the row. The picture is incomplete,
particularly in the third series, but some key relation-
ships are unmistakable: thus, 51V is now a well-studied

nucleus, but the shift range for vanadium compounds
is clearly less than half that for cobalt compounds, al-
though the ranges of bond types are not very different
for the two elements. (The range for ¥Mn is limited
by the range of diamagnetic compounds.) Similar
comparisons can be made in the second and third
transition series. For the main-group elements the shift
ranges increase down the group, except that those for
the second row (lithium to fluoride) are larger than
those for the third. Certain of these group trends are
echoed in the transition series, as will be discussed.

1V. Perlodicity of the Radial Parameters

The periodicity of shift ranges of the main-group
elements was related?! to that of the inverse cube of the
valence p-electron radius (r3),, as obtained? from
spin-orbit splittings in atomic spectra.?? The (ré),
values in Figure 1 were so determined, and the corre-
sponding values of (r=3)4 for valence [i.e. (n - 1)d]
electrons were calculated from relativistic Hartree-
Fock-Slater atomic wave functions.?* The inverse cube
is the distance dependence for dipolar interactions, and
therefore the radial dependence of the paramagnetic
term in the Ramsey shielding theory,!” the origin being
taken at the resonant nucleus. The periodicity of this
radial term is related to that of Z,3, where Z,e is the
effective nuclear charge as experienced by a valence
electron.?® The radial term increases across the row of
the main-group elements, or across a transition series,
because of incomplete screening by electrons in the
same shell and interelectron repulsion. It increases
down the group also, as the valence p or d orbitals
become more penetrating though more diffuse. This
periodicity has well-known irregularities, due to the
irregular buildup of the shells, such as those observed
for the posttransition elements.28:27

The time spent by the valence electron close to the
nucleus is important to nuclear magnetic shielding. The
larger ranges of the radial term for main-group than for
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transition elements of the same principal quantum
number, as evident in Figure 1, relate to the greater
penetration of p than d electrons.

For purposes of comparison, free-atom values for the
radial term are plotted in Figure 1. The value for an
atom in a molecule is of course modified by effects of
substituents and overall charge, from which nephe-
lauxetic effects may be separated out, as discussed
below.

V. Factors in Nuclear Magnetic Shielding

A ligand field “atom in a molecule” formulation? of
the second-order perturbation theory!” gave the para-
magnetic term o, as in eq 1, summing over the d-elec-

~0, = (4o/4m)(e2/mI(AE) (r0)4(OILH0) (1)

tron excitations in a d® octahedral complex, and cor-
responding formulas were developed for square-planar®
and other geometries. The paramagnetic term largely
determines the chemical shift é (although ¢ and 6 are,
unfortunately, defined with opposite signs). The
paramagnetic term is balanced by a first-order (dia-
maghetic) term o4, the variation of which is much
smaller and can be neglected in qualitative discussions.!®
The magnitudes of ¢4 and o, depend on the choice of
gauge origin, which is conveniently located at the re-
sonant nucleus.

There is a voluminous literature, 5% reviewed annu-
ally,’! of theoretical calculations of nuclear magnetic
shielding, by ab initio and semiempirical methods.
Relative little attention has been paid as yet to the
transition elements because of the computational
problems. A good start at the ab initio level has, how-
ever, been made by Nakatsuji and co-workers, who re-
port calculations for manganese shielding in repre-
sentative d® complexes,? and for silver, cadmium,
copper, and zinc in representative d'° complexes.®
Their results will be mentioned in context in sections
VIII and IX, and their papers afford a good demon-
stration of the articulation of the shielding theory, since
they contain detailed tabulations of the contributions
calculated.

Equation 1 shows that the deshielding is greater the
closer is the paramagnetic circulation to the resonant
nucleus (r small), the smaller the frontier orbital gap
for magnetically active excitation (AE small), and the
greater the angular imbalance of charge ({(0|L?0) large).
This is zero for closed shells, as in free ions, or core
electrons. The angular and radial functions are usefully
discussed separately.

In transition-metal compounds r is normally the va-
lence d-electron radius and AE the ligand field splitting
A, or a weighted mean of the splittings for lower sym-
metries. (Valence shall p contributions become im-
portant only toward the end of the transition series, as
demonstrated by Nakatsuji et al.’>® and discussed
further below.) The shielding therefore increases (for
a given d-electron configuration) with increase in the
ligand field strength, following the spectrochemical
series, and also with increase in delocalization, de-
creasing the radial factor (r3)4.28

This expansion of the d shell is an intricate question.
It is manifest as a decrease of optical parameters from
the free metal ion to the complex, arising from decrease
in interelectron {Coulomb) repulsion because of delo-
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calization of the charge.?34-3¢ It has been described in
terms of L-M covalency, = back-bonding or antibond-
ing, o antibonding, polarizability, the electroneutrality
principle, L <+ M charge transfer, spin delocalization,
and so on, effects that are difficult to separate exper-
imentally. There are some operational definitions, e.g.
of an “orbital reduction factor” (in fact a reduction
factor allowing for the d-orbital expansion in the com-
plex)** k' or k,,, defined as unity for pure d orbitals,
which is somewhat reduced in the first transition series
and further reduced in the second and third.?® A useful
description is in terms of nephelauxetism, defined by
optical (Racah) parameters of interelectron repulsion.®®
A comparable parameter can be obtained from the re-
duction in spin-orbit coupling in the complex compared
to the free ion.?’

In formulations of the paramagnetic term the radial
function has been expressed as k’(r2)4,% or else a ne-
phelauxetic parameter may be incorporated,® as de-
scribed below. Alternatively, calculated coefficients
have been used; thus, the radial dependence may be
expressed as (Cp)%(r™3)q, where Cy is the coefficient of
the d(M) orbital in the LCAO description of the MQ.%
Similarly, (r )4 may be reduced in proportion to a
calculated reduction of the central charge by L — M
charge transfer, as in metalate ions.*!

For main-group elements a radial term dependence
is evident also in many of the shielding patterns that
are observed. Examples are the correlations of carbon
shifts with electron density in aromatic systems, or with
o-inductive effects. An increase in positive atomic
charge, as with electronegative substituents, contracts
the valence orbitals and decreases the shielding; cf. the
effects of nephelauxetic type observed in resonance of
27Al or ®°*Hg.*?2 Dependence of the energy term is ev-
ident when there are particularly low-lying magnetic
dipole allowed excited states, as in nitrogen shifts in
groups with low-energy n(N) — =* circulations.*?

VI. Comparison of the Perlodicitles for
Transition and Main-Group Elements

A. Effects of Local Symmetry

Figure 1 clearly shows that the shift ranges are much
larger for transition elements than for main-group ele-
ments of similar principal quantum number, despite
smaller (r%)4 than (r%), values later in the series. The
greater shift ranges are no doubt related to the larger
range of (0|L?0) values for valence orbitals of higher
angular momentum quantum number. Some shielding
formulations contain explicit terms (normally derived
from orbital populations) such as 3" in eq 2% or P, and
D, in eq 3% to express the imbalance of charge in the
valence p and d shells, where AE is a mean or effective
excitation energy.

~0p = (uo/4m)2ug(AE) ™ (r3) ,22Q (2)
-0, = (2uo/3m)ugX(AE)[(r3) Py + (r3)4D;] (3)

For main-group elements variations due to changes
in local symmetry are relatively small. In singly bonded
compounds the Y} @ term in eq 2 takes values from 2
for carbon or nitrogen, reducing to 3/ for oxygen and
1 for fluorine (cf. O for a free atom or ion). Y@ = 2 also
for triply bonded carbon or nitrogen, because of zero
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TABLE II. Chemical Shifts (§) of Transition-Metal Nuclei
in d° Tetraoxo Species Relative to Those in the
Corresponding d°® Hexacarbonyls

8[MO*] - 8[MO] - 8[MO] -
8[M(CO)47] 8[M(CO)¢] 8[M(CO)s*]
v 1415 Cr 1800 Mn 1445
Nb 12000 Mo 1857
Ta ~1900 w 3500 Re 3400

9Based on an extrapolated value for 5(INbO2).

orbital angular momentum about the linear axis. It is
maximal in planar groups, increasing to 2.5-2.8, de-
pending on substituents.?? In eq 3, the d-electron
contribution is usually unimportant for main-group
elements and P; takes values from O (for spherical
symmetry) to 2, for two p orbitals filled and one empty
(or vice versa), again depending on the element and the
bonding. Variations in AE are not much greater than
this and are comparable for different bond types of the
same element, and for different elements. Hence, the
dominance of the radial term in the periodicity of the
shift ranges of main-group elements.?!

For transition elements, however, the D, parameter
in eq 2 can take values up to 12, for three of the d
orbitals filled and two empty (as in low-spin d® octa-
hedral complexes) or vice versa (e.g., d* tetrahedral). Of
the remarkable range of over 19000 ppm of %Co shifts
more than 16 000 ppm are spanned by octahedral Co-
(ITI) complexes, with the lower oxidation states con-
tributing overlapping ranges to lower frequencies.
Thus, the larger angular momentum integrals amplify
the differences in substituent effects, which themselves
may be greater in transition-metal than in main-group
compounds. In discussions of spectrochemical and
nephelauxetic effects it is necessary to avoid or mini-
mize variation in the angular terms, by considering only
compounds of similar symmetry and d-electron con-
figuration.

Closer examination of the shift ranges in Figure 1
shows effects of the different chemistry of different
groups or rows, such as a diversity of bond types for
particular elements increasing the variation in angular
imbalance and in AE, and therefore the range of
chemical shift. A factor limiting the ranges for groups
1, 2, and 7 is, no doubt, the paucity of bond types, and
this is evident in the smaller range observed for fluorine
than for oxygen shifts.?! Similarly the ranges for the
scandium, copper, and zinc groups are limited by the
small number of accessible oxidation states.

B. Irregularities In the Perlodicity

A pleasing anomaly in the periodicity in Figure 1 is
the dip in shielding ranges at the third row (Na to Cl)
in Figure 1, although the (r“'*),,p values are rather sim-
ilar for corresponding elements in the second and third
rows: in fact the (r“"})p values for the second-row ele-

Chemilcal Revlews, 1987, Vol. 87, No. 6 1303

ments are anomalously large compared to those for later
rows. These properties can be linked with the anom-
alous chemistry of the first member of a main group
(e.g.,C, N, O, and F) compared with that of subsequent
members (Si, P, S, Cl, etc.).262" Second-row atoms are
distinctive in their octet restriction, and also their
relatively high electronegativity, small atomic size, and
tendency to form multiple bonds. Many “second-row
anomalies” have a common origin in the small number
of inner electrons, only two, for these atoms. This en-
hances the valence electron penetration, and also (be-
cause of the small atomic size) the pr overlap, or re-
pulsion of lone pairs on adjacent atoms. Thus, N-N,
0-0, and F-F bonds are long and weak (AE small), and
CO,, N,, and nitrogen oxides are multiply bonded,
whereas SiO,, P, and oxides of phosphorus are singly
bonded (AE large). The greater shift ranges for the
second-row elements thus reflect the magnitude of the
radial factors, and also the greater range of angular
imbalance and of AE (with the inclusion of low-energy
n — 7 and ¢ < 7 circulations).

The radial terms (r~%)4 are similar for the first and
second transition series, echoing the similarity for the
second and third rows of the table: that is, they are
“enlarged” in the first transition series because of the
small number of inner electrons. They are greatly in-
creased in the third transition series, as in the sixth row
of the table, because of the filling of the f shell (the
lanthanide contraction) and relativistic effects. In the
heavier elements, it is likely that the shift ranges are
extended by spin-orbit coupling and other relativistic
effects (as discussed in section XI) and by the availa-
bility of d,f orbitals. Interestingly, one of the largest
observed ranges for a main-group element is that of
nearly 8000 ppm for the noble gas xenon, from the free
atom to XeOg*.

Despite the gaps in the record so far, some trends
down the transition groups are emerging. Shielding
ranges in the first transition series are large compared
to those in the second, as for the second relative to the
third row of the main-group elements, reflecting im-
portant differences in the bonding in the first series.
That the shift ranges are comparable in the first and
third transition series may be related to a large range
of AE values in the first series, as discussed in section
VIIL.

VII. Other Measures of Shielding Sensitivity

For comparisons to include elements with less fa-
vorable nuclear properties other approximate measures
of shielding range can be used, such as the difference
in chemical shift between highly symmetric species for
which quadrupolar nuclei give narrower lines. Values
of the chemical shift in the d° tetraoxo compound rel-
ative to that in the d® hexacarbonyl are given in Table
IT, and some shifts for halide complexes, in Table III.

TABLE II1I. Chemical Shifts (§) of Transitlon-Metal Nuclel in d° or d® Hexachloro Complexes Relative to Those In the

Corresponding Hexafluoro Complexes

[MX,*], d° [MX¢], d° [MX,], d° [MX*], d° [MX,*], d°
Ti ~900° (=280)° \' ~1100°
Zr 792 Nb 1550 Rh (-900)¢
Ta w 3300 Pt -7300 (-1900)¢

¢Based on an extrapolated value for [TiClg>]. ®Estimated from §[VOCL,"] - §[VOF,] = 820 ppm. °Shift from the hexabromo to the

corresponding hexachloro complex.
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These comparisons indicate rather similar values in the
first and second transition series, and larger values in
the third. Shift ranges for tungsten are greater than
for molybdenum;** but the ranges for rhodium and
platinum are contracted relative to those for cobalt and
probably iron.

These differences from the trends in the main groups
are usefully discussed in terms of substituent effects,
which can be labeled for convenience as
“spectrochemical” effects involving the energy term AE,
and nephelauxetic effects on the radial term (r2)y, as
related to delocalization and covalency.

VIII. Spectrochemical and Nephelauxetic
Effects of the Ligands

A. The Spectrochemical Series

Since the first reports in cobalt resonance,?%*® there
have been many &/X correlations of transition-metal
shifts § with the inverse energy or wavelength A of the
longest wavelength spin-allowed d-d transition; for
Co(III), A varies over the range 300~750 nm. The metal
shielding might then be expected to follow the spec-
trochemical series of increase in ligand field splitting
A. This well-studied series can be written approxi-
mately as a sequence of ligating atoms: I <Br <CIl <
S<F<0<N<C<HS? The ordering resembles that
of decrease in atomic radius, i.e. of closer approach of
the ligands, or stronger bonding. Synergic (¢ + 7)
bonding increases A, so that Se < S <O, but As ~ P
> N in this series.?

Indeed, complexes of strong ligands such as Cp, CO,
PFs, and H show high metal shielding, and the shielding
sequence F < O < N < C is observed. For ligating
atoms lower in the periodic groups, however, the 6/
plot gives lines of decreasing slope; in cobalt resonance
the slope is almost halved from second- to third-row
ligands. The increase in shielding in the sequence Cl
< Br < I was attributed to increase in the d-electron
radius with increase in polarizability of the ligand down
the group, and the connection was made3*3 with the
nephelauxetic series of the ligands.®! Platinum shifts
with changes in halide ligands were related to changes
in M-L covalency and the metal radial function,® and
similarly for other transition metals.!"16

Complexes that clearly show the spectrochemical
sequence of increase in the metal shielding as I < Br
< Cl < F are those of formally d° transition metals with
halide or group 16% ligands. Table III contrasts the d°
and d® halides in this respect. Quite strong deshielding
of the metal nucleus is observed in all the d° tetraoxo
species from VO, to Ru0,,*® and the shielding de-
creases in the sequence 0 > S > Se > Te whenever these
species are measured.’”* The difference from main-
group shielding is dramatic: thus, carbon shielding is
highest in CI,, whereas titanium shielding in lowest in
Til,.

Dominance of the AE term must be favored in tet-
rahedral complexes as the ligand field splitting is 4/,
that for analogous octahedral coordination, and the
nephelauxetic effect of four ligands less than for six.
Small differences in a small AE may then bulk large,
giving large shifts.

The nephelauxetic sequence Cl < Br < I has been
called “normal halogen dependence”, and the opposite,
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spectrochemical, sequence “inverse halogen
dependence”,'? although both extend to ligating atoms
from neighboring groups. The behavior of fluorine, as
a second-row element, is often anomalous.

B. The Nephelauxetic Series

The nephelauxetic parameter 3, like A, is derived
from optical spectra.®® The wavenumber of the first
(lowest energy) spin-allowed d-d band gives the split-
ting A, and the interval between the first and second
band is a function of the interelectron repulsion, sys-
tematized by the Racah parameters. @8 is usually de-
fined as the ratio of the values of the Racah B param-
eter in the complex and in the gaseous metal ion. The
nephelauxetic sequence of increase in (1 - 8) and in the
d-electron radius is given as F~ < H,0 < urea < NH;,
<en =~ 0x* < NCS < CN- =~ ClI" < Br < I" < dtc
< dtp~ < dsep™ < diars.?! (The last four ligands are
diethyl dithiocarbamate, dithiophosphate and di-
selenophosphate, and 1,2-(dimethylarsino)benzene.)
Thus, for a given metal ion the nephelauxetic effect
tends to decrease across the row of the table (as C >
N> O > F, etc.) but to increase down the group (as F
<Cl<Br<I,O0<S <8Se<Te N<P< As <8b),
although the expression as a series of ligating atoms is
less reliable than for the spectrochemical series. Certain
ligands are more sensitive than others to the nature of
the metal ion; thus, the interaction of a strong m-ac-
ceptor such as cyanide increases with increase in the
number of d electrons and decreases with increase in
effective nuclear charge on the metal.

For a given metal ion the nephelauxetic effect in-
creases with decrease in electronegativity of the ligand,
with increase in ligand reducing power and polariza-
bility, and with increase in covalency of the M-L bond
(as, for example, acceptance of ¢, 7 charge from the
ligand into the metal s, p, d orbitals expands the d
electron cloud).

We have, therefore, an interesting difference in pe-
riodicity. The spectrochemical and nephelauxetic ef-
fects reinforce for ligating atoms from the same row,
this explaining the linearity of 6/\ correlations for
second-row ligands and the difficulty of extrapolation
to a meaningful origin. Down the group of the ligating
atom, however, spectrochemical and nephelauxetic
effects are usually opposed (with an exception from
nitrogen to phosphorus). This explains the decreasing
slope of the 6/ plot for ligands from successive rows,
and other anomalies.

C. Quantification of Spectrochemical and
Nephelauxetic Effects

The nephelauxetic ratio 8 has been incorporated in
the shielding equation for a series of cobalt(III) com-
plexes.®® The radial function was expressed as (r2)4/6
and the energy term as h/3, where h is the energy of
the first d-d band. The parameters were obtained from
optical spectroscopic data by intermediate field calcu-
lations, giving an internal field strength (h/8) series of
cobalt shielding, F- < H,O < CI" < ~ Br- < NH; <
CN-, in which the heavier halides are moved forward
by their nephelauxetism from their spectrochemical
positions. Orthoaxial complexes (in which the ligands
lie on the Cartesian axes) gave a good linear relation
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TABLE IV. Periodicity of the Spectrochemical
Parameter f and the Nephelauxetic Parameter h (eq 4 and
5) for Representative Ligands®

C N 0 F
f CN- ~1.7 NH, 1.25 H,O0 1.0 F 0.9
Co ~1.8 en 1.28 ox*~ 0.99
=-C,H, =1.4 py 1.23 wurea 0.91
h CN- 2.0 NH, 1.4 H,0 1.0 F 0.8
en 1.5 ox* 1.5
urea 1.2
P S Cl
f PR,®> ~1.25 dtp~ 0.83 CI° 0.78
P(OR), =2
h dtp 2.7 CI' 2.0
As Se Br
f diars 1.33 dsep” 0.8 Br 0.72
h 3.0 2.3

R(I7) ~ 2.7

¢ f and h are dimensionless and scaled to unity for the
hexaaquo ion. The value of the parameter is a property
of 6L, or 3(LL) for bidentate ligands, as determined from
d-d bands in [ML,]9 complexes. (The values for biden-
tate li%fm ds may include effects of bond angle distortion,
ete.) R = Et, Ph.

between the cobalt magnetogyric ratio and h/3, ex-
trapolation of which gave a good value of v for the
cobalt nucleus. The results with nonorthoaxial com-
plexes such as [Co(en);]** were, however, less regular.®
Significant shifts are often observed for distorted ge-
ometries, as with chelating or bulky ligands.

A further example of the difficulties that arise in
attempts to quantify these important relationships is
the question of the power to which 8 should be raised.
The linear relation established the constancy of (r2)4/8
for the orthoaxial complexes. But Coulomb repulsion
follows an (r™!) law; should not the appropriate power
be the cube? Interestingly, rhodium salts in Rh(III)
complexes with H;0, Cl, Br ligands are better described
by an optical parameter containing 3° rather than 3.3

The ab initio calculations of d-orbital contributions
to the 55Mn shielding in [Mn(CO);L] complexes show
that the shielding increases with decrease in =(L. — M)
donation, as C1 > CH; > H > CN (corresponding to
increase in ligand field splitting). The shielding in-
creases also as L becomes a harder ligand, H- ~ CN-
< CH; < CI, reducing the interaction with the soft
Lewis acid [Mn(CO),]*.%2
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A useful quantification of spectrochemical and ne-
phelauxetic effects has been achieved by Jergensen by
the analysis of optical spectra of complexes with open
d shells.®! Remarkably, the octahedral splitting A, can
be written as a product of two functions (eq 4) and the

A, = f(ligands) X g(central ion) (4)
(1 - 8) = h(ligands) X k(central ion) 5)

nephelauxetic effect similarly (eq 5) such that the f and
h values order the ligands in the spectrochemical and
nephelauxetic, series respectively, and the g and k
values order the metal ions similarly. Tables IV and
V show the periodicities of these parameters. In Table
IV the f and h parameters both decrease from left to
right across the row of the ligating atom, with rein-
forcing (deshielding) effects. the spectrochemical pa-
rameter f also decreases, gently, down groups 17 and
16, whereas the nephelauxetic parameter g increases
markedly, by a factor of 3 or more.

These results illustrate the transferability of spec-
trochemical and nephelauxetic parameters between
chromophores. The calculation of ligand field splittings
in terms of parameterized contributions from M-L g,
w, 0, etc., bonding is systematized in the angular overlap
model.®!

D. Perlodicities In Chemical Shift Additivitles

Regular increments in the metal nucleus shift are
often observed with successive substitutions of similar
ligands, as in polyhalide complexes, mixed oxothio an-
ions, M(0) complexes with mixed phosphine, carbonyl,
etc., ligands, and so on. Such relationships have prac-
tical value in the identification of species in solution.
There are regularities also in the size of increment:
thus, the Br-Cl increment in Pt(IV) hexahalides is
about half the I-Br increment, in a nephelauxetic se-
quence. Similarly the S-Se increment in BC,* ions (B
=V, Nb, Ta; C = 8, Se, Te) is half the Se-Te incre-
ment, in a spectrochemical sequence.?’” Parallels can
thus be drawn with the periodicities of the optical pa-
rameters.

A related additivity is that of ligand contributions to
the electric field gradient at the metal center, as probed
by nuclear electric quadrupole effects in NMR, NQR,
or Mossbauer spectroscopy.!® Departures from addi-

TABLE V. Periodicity of the Parameters g and k Expressing the Ligand Field Splitting (A = fg) and Nephelauxetic Effect

[(1 - 8) = hk] of the Metal (eq 4 and 5)°

V(II)  Cr(Ill) Mn(IV) Mn(I) Fe(III) Co(III) Co(II) Ni(IV) Ni(II) Cu(II)
d3 d3 d3 dS dS dé d7 d6 d! d!
g 120 17.4 24 8.0 14.0 18.2 9 22 8.7 15.7
k 0.08 0.21 0.5  0.07 0.24 0.35  0.13 0.12
Mo(III) Te(IV) Ru(II) Rh(III) Pd(IV) Ag(III)
d3 d3 d6 d6 d6 ds
g 24.6 31 20 27.0 29 20.4
k 0.15 0.3
Re(IV) Os(III) Ir(III) Py(IV)
ds ds ds ds
g 35 32 36
k 0.2 ~0.28 0.3 0.5

@ g isin units of 1000 cm™*; k is dimensionless.
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tivity may be indicative of ligand interactions. Addi-
tivities of substituent shifts, and departure from this,
are well-known for main-group compounds also.

E. Perlodicities in Spectrochemical and
Nephelauxetic Effects of the Metal

Table V shows the periodicities of the Jorgensen
parameters g and k, which express relative tendencies
of the metal ions to split the ligand field and to expand
the d shell, following eq 4 and 5. Compared with the
ligand parameters, the metal ion parameters show a
greater range of variation, since each increases signifi-
cantly with increase in oxidation number of the metal.
This is of particular interest to the NMR spectroscopist,
in view of the importance of the oxidation state in de-
termining the likelihood of nephelauxetic, spectro-
chemical, or mixed ordering of the shifts.

Table V shows that the metal contribution (g) to the
ligand field splitting increases from left to right across
the table, for a given d configuration, with decrease in
atomic radius. Down the group the ligand field splitting
increases markedly, by about 50% from the first series
to the second and 75% from the first to the third, with
increase in covalent bonding. Since the effect of in-
crease in A is to reduce the paramagnetic circulation
and 6, this “spectrochemical” periodicity of the metal
acts in opposition to that of the radial term. Also in
opposition, as they affect the shielding, is the increase
in g and in (r3)4 with increase in oxidation number.

The metal contribution (k) to the nephelauxetic ef-
fect, also, increases from left to right across the table
(for a given d configuration), as the d orbitals contract
and interelectron repulsion increases. But again, the
periodicities differ in the trend down the group: the
metal nephelauxetism changes rather little, decreasing
slightly, as the d orbitals become more diffuse. This
property, also, tends to oppose the effect on the metal
shielding of the increase in the (atomic) radial term
down the group.

Such differences from the main-group elements can
explain the inconsistencies in the group trends in the
transition series, as shown in Figure 1. The most im-
portant factor reducing shift ranges or sensitivities in
the second and third series compared to the first ap-
pears to be the greater ligand field splittings after the
first series.

Table V shows that a strongly nephelauxetic shielding
pattern is to be expected at the end of the transition
series, say with Pt(IV), for which the g and k values are
both large. Indeed, the whole range of platinum
shielding is spanned by the [PtXg]?" halides, the
shielding increasing from fluoride to iodide. It is a
general observation that the shielding of transition
metals (particularly later in the series) in lower oxida-
tion states shows nephelauxetic ligand dependence,
whereas transition metals in high oxidation states,
earlier in the series, show spectrochemical ligand de-
pendence, as further discussed below. Both sequences
can be shown by the same metal: thus, Mo and W
shifts show nephelauxetic ordering (as C1 < Br <1) in
d® compounds, e.g. with phosphine or carbonyl coli-
gands, and spectrochemical ordering O > S > Se in the
metalates as so far measured,***” and similarly for va-
nadium.?
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F. Early and Late Transition Elements

Spectrochemical ligand dependence is relatively un-
common and can always be linked with low-energy
magnetically active excitations. These may be mediated
by low-lying d orbitals early in the transition series or
by valence p orbitals at the end of the series. Spec-
trochemical ordering is found for certain d'° species,
such as Ag(I) in the solid halides,*® and Cu(I) (although
other d'° compounds of the later transition elements,
including Cd and Hg, show nephelauxetic ordering).l"14
A small number of examples can be found in main-
group chemistry, as in the alkali metals, which have
low-lying p orbitals. It is found in certain compounds
with low-lying n — 7* states, as in acid halides RCOX
in oxygen resonance*® (though not in carbon resonance,
since the lone pair is on the oxygen), in nitrogen reso-
nance in nitrosyl halides NOX or diazenes XN=NX,*
and in cyclophosphazenes (N=PX,),, though not in
phosphorus resonance.

Inverse halogen dependence has been linked!? with
sign change in spin-orbit coupling (inversion of the
multiplet) at the half-filled subshell, on the grounds
that the valence orbital set is less than half-full in the
free atoms K (s!), Sc (d%), Ti (d%), V (d%), and Cu
(d¥%s!).!12 The presence of low-lying magnetically active
excitations (particularly in the tetrahedral compounds)
can, however, account for the inverse ordering.

That the inverse dependence observed for the for-
mally d° metalates is associated with low excitation
energies is exemplified by the semiconductor properties
of the A;BC, compounds with C = 8, Se, or Te, and A
= Cu, or T, studied in resonance of the B nucleus, V,
Nb, or Ta.?” More generally, the metalates in which the
metal nucleus is quite strongly deshielded are deeply
colored, permanganate ion for example, which shows
the temperature-independent paramagnetism explained
by Van Vleck in terms of low-lying magnetically active
electronic states.’® In the O, S, Se-substituted com-
pounds the low-energy electronic absorption moves to
longer wavelengths as the metal shielding decreases, and
this was noted also for the 170 shielding.®!

As demonstrated by the MO theory for per-
manganate,’? the main contribution to the susceptibility
is from ligand field (mainly 1t, — 2e) excitations of
oxygen g- and w-bonding electrons in low-lying d or-
bitals. These excitations therefore dominate the metal
nucleus shielding. The oxygen shifts in transition-metal
tetraoxo compounds from VO, to OsO, were inter-
preted in terms of corresponding (t; — 3t,) circulations
of nonbonding electrons on oxygen.’! Such excitations
are not, in fact, responsible for the color, which is due
to a low-energy nonmagnetic (t; — 2e) excitation, but
the three bands move to lower energies and the
shielding to higher frequencies in concert.

In formally d° complexes, therefore, the metal nucleus
shielding is mediated by d-d circulations made possible
by L — M charge transfer. In d'° complexes, similarly,
M — L charge transfer may leaves holes in the d shell
which allow d-d excitation, and low-lying np orbitals
also come into play. Orgel remarked?®: that d-s mixing
is favorable in Cu(I), Ag(I), Hg(II), T1(III), etc., and s-p
mixing in Pb(II), formally d'%?, to account for the low
coordination numbers observed, such mixing being
detectable by marked paramagnetic contributions to the
susceptibility and the NMR shift.



NMR of Transition-Metal Nuclei

TABLE VI. Angular Momentum Operations on the d
Orbitals’

Ld,, = -id,, ld, =idepe-  Id,=id,
i(3Y/2d,2)

ld, =i@Yd2 + 1d, =id, ld,, =-id,,

_idye )

ld,, = id,, ey = —idy, ld,, = -2id,2.,

L2, = —id,,

ld
Ld e = -id,, L d,2 2 = 2id,,
Idz2 = -i(3V4d,,) id =

d2=i(3Y4d,)  Ldp=0

The ab initio study® of metal nucleus shifts in com-
plexes of Cu, Ag, Cd, and Zn concluded that the d
mechanism is predominant for Cu, the shielding de-
creasing with increase in 7#(M — L) charge transfer as
Cl < NH; < CN, whereas the p mechanism is dominant
for Zn and Cd, the shielding decreasing with decrease
in ligand electronegativity, as H,O > C1 > CH;. For Ag
the d and p mechanisms are competitive. Again, we see
a periodic dependence, since the trends depend on the
energy levels of the free metal atoms, as they determine
the energy intervals in question.

In Pt(0) complexes with alkyne and phosphine lig-
ands, similarly, the role of d—p mixing was demon-
strated by EHMO calculations, and the decrease in
platinum shielding with decreasing energy of the d(xz,
x? - y%) — &* excitation, the LUMO being formed from
d and alkyne =* orbitals.5*

IX. Solid-State Studles

The elements of the shielding tensor measured in
oriented molecules are given by!®

g = ((711 + J99 + 033)/3

where @ is the averaged value, as obtained in the liquid
phase in the absence of solvation effects, and o;; < gy9g
< 033 by convention. There is a problem of sign con-
vention, since the shielding o, by the definition B =
By(1 - ¢), is more positive to lower frequency (higher
field): the shielded nucleus experiences a reduced field
B,y The shielding ¢ is thus opposite in sign to the
chemical shift § as now defined. Some recent work has
used the high-frequency positive convention with the
symbol ¢ (=s for shielding); but if this convention is
preferred, the elements so given are those of the shift
tensor §, not the shielding tensor o.

For axial symmetry, the shielding anisotropy Ac is
given by

Ao =0g -0,

or, more generally, by
Ac = J33 = (011 + 022)/2

although other definitions of Ag, e.g. (g3 — @), are in
use. A shielding asymmetry parameter is defined also:

n = (09 — 011) /(033 — 7)

Table VI gives the angular momentum operations [
on the d orbitals.®® Thus, in a d® square-planar complex,
with only the d,._,. orbital unfilled, the shielding ele-
ment o,,, corresponding to a magnetic field direction
parallel to the fourfold (z) axis, generates d,, — d,:_,»
circulations with excitation energy AE('A, — 1A2§.
Similarly a magnetic field parallel to the in-plane x (or
y) axis generates d,, — d,z,2 (or d,, = d,2») circulations
with excitation energy AE('A; — 'E), giving rise to the
0. (or 0,,) element. The shielding tensor is then axially
symmetric; but with mixed ligands in the plane the
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degeneracy of the d.,, d,, orbitals and of the 'E state
is lifted and the tensor i)ecomes fully anisotropic.

Thus, each shielding element is mediated by a ligand
field (d7 — do*) circulation in the plane perpendicular
to the axis of that element. As we have seen, d-d
contributions are usually important in formally d°
complexes and may be so in d'° complexes; and p-p
contributions become important for late-transition el-
ements.

For anisotropic site symmetries, therefore, knowledge
of the tensor components allows a much more precise
description of the chemical shift. Solid-state techniques
are important also for insoluble materials (ceramics,
catalysts, etc.) and for bio-NMR work.

High-resolution NMR spectroscopy of solids has
flowered in recent years, with a combination of tech-
niques for line-narrowing and sensitivity enhancement
for less receptive nuclei.’®!® Direct dipolar interactions
and shielding anisotropies that do not average to zero
in oriented samples are greatly reduced by magic angle
spinning MAS (or some special pulse sequences), and
high-power rf decoupling can be used both for reducing
dipolar interactions and for sensitivity enhancement by
cross-polarization from protons (CP). Shielding tensors
can, however, be recovered, by use of MAS at lower
frequencies than the shielding anisotropy in hertz. The
broad-line spectrum breaks up into a series of spinning
side bands, and an analysis of the pattern of their in-
tensities gives the shielding tensor elements.’® The
contribution of such techniques to the study of ligand
effects in the shielding of transition-metal nuclei has
been limited as yet by the technical problems, but the
field is now ripe for development (with expertise!).
Anisotropies of the shielding tensor are reviewed an-
nually.?!

Some of the problems of the transition-metal nuclei,
as illustrated in Table I, were discussed in section II.
Of the 10 nuclei with spin !/, several have rather low
sensitivity, the most favorable ones being 1%°Pt, 113Cd,
and ®Hg; indeed, %Pt has 20 times the receptivity of
13C. In general, for such work, the compounds for study
must be carefully chosen to reduce line broadening and
maximize sensitivity, e.g. by using cross-polarization
techniques with organic ligands.

Of the 32 nuclei in Table I two-thirds have spin I >
1/,, and the nuclear electric quadrupole poses greater
problems in the solid than in the liquid phase.'®*® They
tend to be greater for heavier nuclei, with larger quad-
rupole moments (eQ) and electric field gradients (eq)
at the nucleus. Except in highly symmetric environ-
ments (g small) the quadrupolar coupling to the efg
(which averages to zero in the liquid phase) normally
dominates the solid-state spectrum, multiplying,
broadening, and shifting the lines.

Most favorable are nuclei with nonintegral spins, such
as YAl with I = 5/,, since the (}/5, -!/,) spin transition
is independent of the alignment of the efg tensor rela-
tive to the magnetic field and so is free of quadrupole
effects to first order. The second-order effects remain,
shifting and broadening the lines, and are reduced but
not eliminated by MAS. Variable-angle or off-(magic-
angle) sample spinning (VASS)5" is sometimes useful
but does not minimize other sources of line broadening
(dipolar interactions, shift anisotropy), and complex
patterns may be obtained. Higher fields are advanta-



1308 Chemlcal Reviews, 1987, Vol. 87, No. 6 Mason
TABLE VII. Shielding Tensors (ppt, +0.2) for Transition-Metal Nuclei with Spin 1> 1/,
3 Orx Tyy 0y Ac NQCC, MHz 7 Amaxs A ref
%Co (ref K;[Co(CN)g]
[Co(CO),Mn(CO);], d® 3.0 3.0 3.0 3.1 0.1 128.7¢ 0.12¢ 61
[Co(CO),SnPh,], d® 3.2 3.3 3.2 3.1 -0.1 2700 59
[Co(CO),SnBr,), d? 2.6 2.4 2.3 3.0 0.65 3038, 2675 59
[Co(CO0),Gel,], d® 2.3 1.9 1.8 3.1 1.3 3919, 3119 59
[Co(CO)4(u-CO)]y, dB 2.2 2.4 2.4 19 -0.5 89.79 0.40° 64
[CoCp,]NO,-H,0, d° 2.5 0.2 0.5 6.7 6.35 165.6 0.007 58
trans-[Coeny(NOQ,),]NO;, db -6.3 -6.2 -6.5 -6.1 0.25 13.2 0.727 58
[Co(NH,);CNICl,, d8 -6.7 -6.0 -5.9 -8.2 -2.25 26.6 0.185 58
trans-[Coen,Cl;)CI-HCI-2H,0, d® -9.2 -10.6 -10.9 -6.1 4.65 71.7 0.225 58
[Co(NH,),CO,]Br, d? -9.7 -9.9 -10.4 -89 1.25 18.8 0.727 58
%5Mn (ref MnO,")
[Mn(CO);Re(CO);], d8 2.55 small 8.67 0.61 3112 62
[Mn(C0);GePh,], d® 2.4 2.3 2.3 2.5 0.2 63
[Mn(CO);],, d® 2.3 2.3 2.4 2.3 0.0 3.28 0.36 3410 62
[Mn(C0);Co(C0),], d® 16 1.5 1.5 1.9 0.4 -19.9 0.004 3490 61, 62
[MnCp(CO);], d® 2.3 2.0 2.0 3.0 1.0 64.3 0.01 60
[Mn(CO),]*, d° 1.51 0.0 60
[Mn(CO)I], d® 1.3 1.0 1.0 2.0 1.0 19.8 0.02 60
[Mn(CO);Br], d® 1.1 0.6 0.7 19 1.2 17.5 0.04 60
[Mn(C0);C1], d® 1.0 0.5 0.6 19 1.3 13.9 0.04 60
187Re (ref Re0,")
[Re(CO);),, d® 4.2 4.4 4.2 3.9 0.3 134.0 0.63 62

9 Averaged values for nonequivalent lattice sites.

geous, giving a reduction in quadrupolar effects (which
are inversely proportional to the field strength) as well
as better shift dispersion. But in contrast to the interest
focussed on ?7Al in aluminosilicates (which cannot be
studied in solution), there has been rather little MAS
study as yet of quadrupolar transition-metal nuclei,
although preliminary results were reported for 5'V in
V,0; (with A¢ =~ 1000 ppm) and %Nb in NaNbO,, with
relatively small efg.5”

Most desirable is NMR study of oriented single
crystals in which the molecular structure is known from
X-ray crystallography. For quadrupolar nuclei, useful
comparison can be made also with the efg tensor (de-
termined by NQR), since the shielding and efg tensors
have the same dependence on the ground-state charge
distribution, in the approximate descriptions of eq 1-3.
Inear ¢/NQCC relationships are then possible if the
effective excitation energies are similar (or vary in
parallel).!51® Important but neglected single-crystal
work that was done by Spiess, Sheline, and others®%
before the general availability of modern CP-MAS
techniques is shown in Table VII. They measured a
range of ligands in d® and d® complexes of **Co, *Mn,
etc. The compounds are arranged in general order of
decreasing overall shielding (), although certain groups
are listed together for comparison. The component
along the axis of highest symmetry is labeled o,,, fol-
lowing the convention for the efg. The asymmetry of
the efg (1), which takes a maximum value of 1 and is
0 for axial symmetry, may show nonzero values in
compounds that are in fact axially symmetric, because
of lattice distortions; and doublings may arise from the
presence of two lattice sites, averaged values being given
in Table VII. The shifts are large and expressed in
parts per thousand (ppt).

For cobalt the highest shielding (6.7 ppt), observed
for the axial direction of the d® cobalticenium ion
[CoCp,]™, is related to the high (near-cylindrical) sym-
metry and lack of low-lying excited states, and this ion
shows the highest anisotropy (6.35 ppt).*® Higher

overall shieldings are observed in the d® carbonyls,3%%!

related to high excitation energies for the strong CO
ligand, and for the d® configuration. In the series of
(C0O)4Co~M binuclear compounds the o,, value (with
the 2 axis parallel to the Co-Mo bond) is effectively
constant at 3.1 ppt; and the perpendicular values in-
crease as Gel; < SnBr,; < SnPh,, with decrease in A(d~
d).5%81 In [Coy(CO)g],* however, the o, element shows
relatively low shielding, with two bridging carbonyl
(“inorganic ketone”) groups. This result has added
interest because solutions of this compound contain
other (e.g., nonbridged) structures in equilibrium.
Among the d® octahedral complexes®® the anisotropy
Ag varies in linear fashion with the NQCC. The largest
deshielding is observed for the tensor components
sensitive to the weak ligand Cl in trans-[Co(en),Cl,],
which shows the largest anisotropy. Highest shielding
is observed for the strongest ligand CN. The o,, values
show significantly higher shielding for two ethylene-
diamine ligands in the plane (-6.1 ppt) than for four
NH; ligands (-8.2, -8.9 ppm), and this is attributable
in good measure to chelate effects. The different values
for the two tetraammines illustrate a general observa-
tion, of indirect influences of ligands that do not con-
tribute directly to a particular tensor element. Such
influences include (g, 7) inductive effects transmitted
by the metal, and steric effects of angle distortion.
Corresponding results were observed in 5°Mn reso-
nance.’>%® Highest shielding is observed for o,, in
[MnCp(CO);],®° with high symmetry and strong ligands.
In the Mn(CO);-M series, with metal-metal bonds and
no bridging carbonyls, all the tensor elements increase
as Co < Mn ~ Ge (<Re, probably), with decrease in
wavelength of the longest wavelength UV band, at-
tributed to ¢ — o* excitation in the metal-metal
bond.?' %3 In the d® compounds® the anisotropy in-
creases as the shielding decreases, as CO > I > Br > CL
The d-d bands, at relatively high energy, are masked
by charge-transfer bands, but the shielding sequence
was related to PES evidence of diminishing 3d partic-
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TABLE VIII. Shielding Tensors (ppm) for Transition-Metal Nuclei with Spin !/,
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Ao

7 o 090 033 coord sphere ref
13C4, @19 (ref Cd(Cl10,),)
[Cd((Me,N),CS)5(NOs),] -98 -327 -307 340 657 0,8,° 67
[Cd(glycinate),]-H,0 -113 -256 -200 116 344 O;N,° 67
[Cd(S,COELt),] -410 -583 -386 -262 222 tetrahedral® 69
[CA(TPP)]® -399 -626 -285 -285 -341 planar 68
[Cd(py)(TPP)] -432 -502 -397 -397 -105 N; 68
183W (ref WO,>)
H,[W1,0,P), d° 174 -409 -148 1079 1357 oct 71
195pt (ref K,[PtClg])
cis-[PtC1,(NH,),], d® 237 134 209 367 170 oct 66
cis-[PtMe,(PEt;)],, d® 4654 4261 4644 5056 603 planar 66
columnar, d® & o oy Ao coord sphere ref
K,[Pt(CN),])-3H,0 4870 3400 5600 -2200 65b
Ba[Pt(CN),]-4H,0 5100 3400 5930 -2500 65a
[Pt(NH,),]ClH,0 2070 -3000 4600 -7600 65a
K,[Pt(C,0,),]-2H,0 1130 -4600 4000 -8600 planar 65a
K,[PtCly) 1799 -5143 5270 -10414 65a
1400 -5600 4900 -10500 65¢
K;[Pt(CN),)Brg32.3H,0 870 0 2600 -2600 65b

sDistorted. ®meso-Tetraphenylporphin.

ipation in the dr HOMO down the group of the halo-
gens, decreasing the contribution to ¢,,.5%62

The o,, component is constant within the series (at
1.9-2.0 ppt), being independent of the substituent, but
differs significantly from the values observed for [Mn-
(CO)¢]™ (1.5) and the Mn(CO); dimer (2.3). The lower
shielding in the cation and higher axial shielding in the
Mn-Mn compounds are consistent with the conclusions
from MO calculations on the d® hexacarbonyls of V, Cr,
and Mn that M-CO back-bonding decreases across the
row with increase in oxidation number of the metal,
decreasing AE and increasing the 3d participation in
the HOMO, and so reducing the shielding.5%¢

Table VIII gives anisotropic shielding tensors ob-
served for spin !/, transition-metal nuclei, including
single-crystal work on compounds of platinum®%—~ and
cadmium.’% Powder patterns can often be interpreted
unambiguously, with the wealth of information from
solution studies.’¢7! Most attention has so far been
paid to platinum®%—~ and cadmium®-"° because of the
favorable NMR properties and the chemical properties
of cadmium related to those of zinc and calcium, which
are much more difficult to study by NMR (**Ca has a
natural abundance of 0.145%). Solutions raise prob-
lems of fast ligand and solvent exchange, and the pos-
sibility of protein-binding studies has promoted interest
in ligand environments that may resemble those found
in enzymes.

Large shielding anisotropies have been observed for
platinum in planar (d® complexes from solution studies
of shielding anisotropy relaxation rates,® which increase
as (Ag)?By%. The anisotropy has been determined di-
rectly as —10.4 ppt in single crystals of K,PtCl,,%2¢ with
particularly low shielding for the out-of-plane compo-
nent (o) which is sensitive to the four (weak) ligands.

Ligand field effects are shown very nicely by the se-
ries of square-planar complexes of Pt(II) in Table VIII.
o) increases by 9 ppt with increase in the ligand field
strength in the sequence Cl~ < oxalate> < NH; «< CN-,
and the anisotropy diminishes by 8 ppt across this
range, since ¢, varies much less.?>® Still higher axial
shielding and a smaller (absolute) magnitude of the
anisotropy were measured more recently for the strong

ligands Me and PEt,.% Interestingly, the tetrachloro,
-ammine, and -cyano complexes crystallize with infinite
stacking of the planes (usually 45° staggered) to form
columns parallel to the z (o)) direction.

There is some increase in ¢, (by 900-1200 ppm) from
the ammine or the chloro complex to the cyanide, which
no doubt involves ligand field effects. The increase in
o, was thought to be related to the decrease in the
Pt-Pt distance (by 90 pm from the ammine to the
cyano complex) and increase in unidimensional metallic
character;%% but there is little correlation of the plati-
num shift with Pt-Pt distance in a series of tetracyano
complexes of Pt(II), even when the metal ions approach
so closely that the crystals become colored and the
optical properties unidimensional, absorption and re-
flection bands being polarized in the direction of the
metal chain.%5

Really close Pt-Pt approach, within 11 pm of that in
platinum metal, can be achieved by partial oxidation,
and the crystals then have a bronze luster and some
electric conductivity.%% One such Krogmann salt in
which the platinum has oxidation number +2.3 (with
0.3 Br~) was measured as a large single crystal (cf. Table
VIII). In comparison with the colorless Ko[Pt(CN),]-
:3H,0, the platinum NMR changes in parallel with the
optical properties. The Pt signals are broadened
fourfold, and both the parallel and perpendicular tensor
components shift by 3 ppt to higher frequencies. Such
shifts are greater than normal Pt(II)-Pt(IV) chemical
shifts, and resemble Knight shifts produced by con-
duction electrons, just as the broadening can be ex-
plained by electron-nuclear relaxation. Thus, the
changes in nuclear magnetic shielding and relaxation,
as in the optical properties, are related to electron de-
localization by overlap of the incompletely occupied d,.
orbitals along the platinum chain, these changes being
reversible between the colorless and bronze forms. That
the electron delocalization is confined to a region along
the metal chain is shown by the proton resonance of the
water in the crystal lattice, which does not differ sig-
nificantly from that observed for corresponding color-
less complexes of Pt(II).65> Thus, NMR can add to the
information given by other physical techniques.
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Of interest is 3-dimensional information of changing
ligation, including effects of chelation. Thus, in Cd(T-
PP), as shown in Table VIII, the anisotropy at cadmium
is -341 ppm. Addition of pyridine at one axial position
reduces ¢ by only 33 ppm but reduces |Ag| by 136 ppm;
interestingly, the axial shielding element (sensitive to
ligands in the porphin plane) increases by 124 ppm,
because the pyridine pulls the cadmium out of the
plane.® Quite large anisotropies are reported for linear
(2-coordinate) compounds of cadmium from liquid
crystal or relaxation studies, larger still for analogous
mercury compounds (by a factor of 2 or more, given the
greater shift range for the heavier element); e.g. ca. 7000
ppm for HgPh,.?

Many of the solid-state results confirm those that are
familiar from solution work (while affirming potential
value, e.g., for membrane studies). Thus, cadmium
shielding increases with ionicity (longer bonds) or with
coordination number for a given ligand (as well-known
for other nuclei, such as tin). There are, of course,
complications intrinsic to solid-state work, such as
multiple resonances arising from nonequivalent lattice
sites, and anisotropies or asymmetries observed for
compounds for which octahedral site symmetry might
be expected from the formula of the complex, because
of distortions arising from the crystal packing, hydrogen
bonding, chelation, varaiable puckering in chelate rings,
etc.

The shielding patterns show that ligand field effects
are relatively small for these late-transition elements.
For cadmium, the metal shielding in solids®*¢"-™ in-
creases approximately as N < O for 6-coordination, and
S < Se < Cl < Br < Te < I for 4-coordination (with
varying chelation effects for bidentate sulfur ligands),
the shifts for alkyl or aryl ligands occurring in the S,
Se region. Again, the conclusions of the theoretical
study apply,®® that the deshielding depends largely on
p—P circulations, increasing with electron donation from
the ligand (the d-d contributions becoming significant
with back-bonding ligands).

The potential for work with lower vy nuclei, despite
long relaxation times, has been demonstrated in the
case of 18W."1 Table VIII shows the shielding tensor
in the Keggin polytungstate Hs[P(W504].nH,0, which
has 12 equivalent tungstens, each octahedrally coor-
dinated by oxygen, with phosphorus at the center. In-
terestingly, low shielding is observed for the equal
tensor elements sensitive to the electronegative sub-
stituent. This agrees (according to the theory of the
shielding in d° metalates discussed in section VIIIF)
with the evidence of UV and redox potential studies™
that the first charge-transfer band moves to longer
wavelength (and the oxidative capacity increases) with
a more electronegative heteroatom<P vs. Si) inside the
Keggin polyanion.

X. Dependence of the Shielding on Metal
Oxidatlon State and M—M Bond Order

Deshielding with increase in oxidation number, as
with decrease in electron density, is commonly observed
for main-group and transition elements and correlates
with increase in the radial function. Optical spectros-
copy shows an increase in the metal g and k parameters
with increase in oxidation number, indicating that lig-
and effects are of greater importance. In transition-

Mason

metal nucleus shielding, the low-frequency (high-field)
range is occupied by M(0) complexes of strong neutral
ligands (CO, phosphines, PFj, etc.); but very high metal
shielding is observed also for complexes with small »*
rings. Examples are the piano stool compound
[FeCb(CO);] (Cb = cyclobutadiene),”® [MCp,]? sand-
wiches (M = Fe,”* Co, Ru,*® Rh), and bent sandwich
compounds [MCp,H,] (M = Mo, W, etc.), and these
have formal oxidation numbers up to +4. Furthermore
protonation, e.g. to [FeCp,H]* or [MoCp,Hj3]*, signif-
icantly increases the metal nucleus shielding and also
the formal oxidation number, up to +6. Thus, com-
plexes with highest shielding may have high oxidation
numbers and a d° or d? configuration, and may be
positively charged.

These “anomalies” can be related to the MO dia-
grams. In sandwich and piano stool compounds the
metal shielding increases with increase in the ligand
field splitting as the ring becomes smaller and more
strongly bound, through better matching of the M(d)
and ring 2p~ orbital energies, for which there is PES
evidence.”” Protonation increases the metal shielding
by stabilizing (nearly) nonbonding d electrons in M-H
o bonds;*" an analogue is the protonation of nitrogen
in delocalized systems (as in pyridine), which increases
the nitrogen shielding by stabilizing the nitrogen lone
pair electrons.*? An interesting question is that of the
nephelauxetic effects of %" ligands, to be discussed in
the general context of coordination shifts.”

Effects of change in local symmetry, also, are to be
expected. For quadrupolar metal nuclei this can be
monitored by changes in the NQCC, as already dis-
cussed, through its dependence on the efg at the nu-
cleus, which decreases with increase in local electronic
symmetry. The NQCC (x) can be estimated from the
NMR line width or quadrupolar relaxation rate (both
proportional to x?). Cyclopentadienyl complexes com-
monly give sharp lines,”” and broader lines are observed
for mixed sandwich compounds.”

At low shieldings, also, there are “anomalies” readily
explained in MO terms. Thus, the lowest shielding
observed for molybdenum or tungsten so far (lower than
in the d° metalates) is in the formally M(II) dimers with

quadruple MM bonds.** The low shielding can be
related to small excitation energies (¢ <> 7, 7 < §, etc.)
and considerable angular imbalance of charge, as evi-
dent in the quadrupolar broadening. As expected, the
metal shielding is higher in [Mo,X ,(phos),] (X = Cl, Br,
I) complexes than in the carboxylates [Mo,(O,CR),],*’
in which it decreases with decrease in pK, of the car-
boxylic acid;* but the Mo shifts in [Mo,Xg]* (X =
Cl, Br) and [Mo,X,(phos),] (X = Cl, Br, I) show a
quasi-nephelauxetic dependence, perhaps with some
relativistic contribution, as discussed below.
Interestingly, in Mo-Mo-bonded compounds with
comparable ligands the metal shielding decreases
steadily with increase in bond order, as Mo—Mo >

Mo=Mo > Mo=Mo > Mo%Mo,* in contrast to the
well-known single > triple > double bond sequence
found in carbon? or nitrogen*® shielding. The Mo
quadrupolar broadening tends to increase with the
multiplicity, and excitation energies are likely to de-
crease with the decrease in overlap from o to = to 6
orbitals, so the monotonic order is to be expected. It
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is the second-row ordering that is anomalous, in fact an
effect of local symmetry. It arises from the free dia-
magnetic circulation about the triple-bond axis,?® which
is not possible for transition metals with nonlinear co-
ordination.

X1. Relativistic Effects In Transition-Metal
Shielding

Effects of relativity must play a significant part in
the shielding of the heaviest nuclei. An electron close
to a heavy nucleus reaches velocities near that of light,
so that its mass and binding energy increase and the
radius decreases, depending on the its penetration, i.e.
s> p > d > for a given n, and also np'/2 > np®% the
spin-uncoupling increases sharply with atomic number,
as Z*/n®. Chemical effects are direct and indirect.™
Relativity contributes 10-15% to the lanthanide con-
traction, and by the end of the third transition series
the increase in nuclear screening by the s, p contraction
is sufficient to expand the 5d shell, making this more
available for covalent bonding. Such arguments account
for “anomalous” chemical properties of Au, Hg, and T,
higher valencies for W compared to Mo, and so on.™
The theory as applied to NMR shifts is difficult and
is under development.”™

Heavy atom ligands produce a spin-orbit shielding
(LS) contribution o g transmitted by a mechanism as
for J coupling (so the interacting atoms must be dis-
similar).® Paramagnetic currents on the heavy ligand
produce spin polarization in the bonds to the central
atom, and the Fermi contact of the bonding s electrons
with the resonant nucleus stabilizes one of its spin
states, in proportion to applied field. This was pro-
posed®! and calculated for halogens bonded to protons®
or carbon.®% The g9 contribution to the carbon
shielding is 307 ppm in Cl,, cf. 76 ppm in CBr4 and 12
ppm in CCl,.23

The heavy-neighbor spin—orbit contribution has not
as yet been studied in transition-metal complexes (it
has been suggested for 2’Pb in PbTe®). It is highly
sensitive to low-lying excited states, as o is a third-
order term, with an additional (AE)™! factor for the
singlet-triplet excitation. The effect must be sizable
when there is polysubstitution by heavier ligands, but
the ordering is the same as for the nephelauxetic effect,
so the two can be confused. The next step will perhaps
be elucidation of the spin contribution to the shielding
of the heavy atom itself.

X1I1. Concluslons

Our analysis began with the three major factors in
nuclear magnetic shielding, and the part played by the
radial term in the periodicity of the shielding range of
the elements. From the main-group to the transition
elements, however, the ranges are amplified by the
larger angular momentum factors (0|L?|0) for d than
for p orbitals. The ranges for the first transition series
(compared to the second and third) are further am-
plified by the smaller ligand field splittings. Thus, all
three factors play a part.

Comparisons of transition-metal shifts usually assume
rather little variation in the angular momentum factor,
although sizable shifts may in fact be observed with
departure from orthoaxial symmetry due to ring strain,
bulky ligands, small ligands such as hydride, etc. In
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view of the ease with which the local electronic sym-
metry can be monitored for quadrupolar nuclei, by line
width or other relaxation measurements, we may hope
to see further studies of the less common geometries
from this point of view.

The propensities of transition metals and ligands to
split the ligand field and to expand the d shell in com-
plexes play a key role in nuclear magnetic shielding as
in electronic spectroscopy. The degree to which these
propensities may be compared and estimated as
transferable properties has been demonstrated for op-
tical spectroscopy. The periodic relationships show that
there is some transferability also between the two
spectroscopies, and more semiquantitative studies are
needed in this field as well.

The two spectroscopies are complementary in certain
respects. The NMR spectroscopy in question is limited
to diamagnetic compounds, but information from op-
tical spectroscopy of high-spin and low-spin complexes
is relevant to it. Reciprocally, ligand field effects in the
NMR shifts of d° or d'° complexes, or others in which
the d—d bands are unobservable, are relevant to optical
spectroscopic theory. It would be helpful if more NMR
spectroscopists would take in interest in the theory of
electronic spectroscopy, and vice versa. The high dis-
persion of NMR shifts is valuable (and we have not
discussed the further contributions from J coupling,
relaxation, etc.) Each form of spectroscopy probes
electronic structure and bonding in its own way: in due
time the debt of NMR spectroscopy to optical spec-
troscopy and ligand field theory will no doubt be repaid.
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In this paper the periodic group notation is in accord with

recent actions by IUPAC and ACS nomenclature committees.

A and B notation is eliminated because of wide confusion.

Groups IA and IIA become groups 1 and 2. The d-transition

elements comprise groups 3 through 12, and the p-block ele-

ments comprise groups 13 through 18. (Note that the former

Roman number designation is preserved in the last digit of the

new numbering: e.g., III — 3 and 13.)



