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A INTRODUCTION

The description of the metal—iigand bonding in transition metal complexes presents a
contimuing problem for tnorganic chemists Theoretical work 1n this area has.progressed
from the valence bond approach of Pauling through crystal field theory to the current
molecular orbital approach QOur qualitative understanding of bonding in these complexes
c4an now be described as quite good. They are, however, complicated, many-electron
systems and quantitative calculations are still far from reliable From the point of view of
the chemist, much of the interest in this subject lies in just those finer details of the elec-
tronic structure which are most inaccessible to theoretical calculation Expenmental |
approaches to the problem are therefore still of considerable value. Of the varous physical
techniques which provide informairon mn this area, magnetic resonance methods are prob-
ably the most powerful. The full potentralities of the techmique are only real:ized when
the complexes are paramagnetic, 1n which case electron spin—nuclear spin interactions -
provide a very deimled probe of the electronic structure It 1s this area of the subject
which will be descnbed 1n the present review.

In prnctple, a paramagnetic metal complex offers a choice of magnetic resonance tech-
niques. Transttions involving 2 change m electron spin quantum number may be studied
by ESR and thase involving a change in nucleze spin quantumy number by NMR. A vapety
of double resonance techniques (ENDOR, the Overhauser effect) complement the straight-
forward experiments and related methods suck as Nuclear Quadrupole Resonance and
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Mossbauer spectroscopy where applicable, contribute valuable supplementary data How-
ever, in the present article only simpie ESR and NMR experiments will be considered
There are very few systems amenable to study by both ESR and NMR The primary
reason for this can be seen by reference to Fig 1. In this figure the magnetic energy levels
for a simple systern compnsing one electron and one nucleus of spin 1/2 are shown Two
ESR transitions differing in energy by A, the hyperfine coupling constant, are expected
There are also two NMR transitions. one at a frequency given by hv = gy B H — 1/2{(4)
and one at gy fiyy i + 1/2(4) The appearance of the spectra, however, depend critically on
the electron spin relaxation time Ty, The necessary condition for observing weil-resolved
hyperfine structure in the ESR spectrum 1s that 1/7_ <€A, 1e. that the relaxation tiine be
long For the NMR spectrumn the nuclear spin relaxation tune determines the spectral
properties For a paramagnetic compiex the dominant nuclear relaxation mechanism 1s
Iikely to anse from the fluctuating magnetic fields produced at the nucleus by changes in
the onentarion of the electron spin Thus the nuclear relaxation tirme 1s determined by
the electron spin relaxation time Furthermore, the limitation on the relaxation time
necessary for the observation of sharp NMR hnes 1s much more ngorous than that for
ESR Typically NMR lines are of the order of Hz broad whereas ESR line widths are
measured in MHz Hence the NMR transitions indicated in Fig I 1n practice ace never
observed. There are, however, certain conditions under which sharp-line NMR spectra can
be observed These anse in cases where the electron spin relaxation time s very shortie
1/T, 2 A _In these circumstances, the rapidly fluctuating magnetic fields produced by the
electron spia are no longer effective 1n producing nuclear relaxation The fluctuations are
of such a high frequency that they have neghgible components of the correct frequencres
to induce nuclear transitions, In these circumstances, the nucleus, instead of expenencing
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either the hyperfine magnetic field corresponding to interaction with an e electron spin or
the hyperfine field corresponding to interaction with a 8 spin, experiences an average local
field corresponding to the mean value, {5}, of the electron spin polanzation. This mean
value 1s not equal to zero since the population of the o and g states are not equal. Hence
there 15 a chemical shift resulting from the electron spin—nuclear spin interaction Thus it
15 apparent that the conditions for the ESR expennment (1/T, <€ .4) and for the NMR
experiment (1/T, 2> 4} are incompatible The two types of expenments are not, however,
completely exclusive. Relaxation times are temperature-dependent and tn some instances
1t 1s posstble to carry out ESR expenments in soltds at low temperatures where T, 15 long
and NMR expeniments tn solutions at ugh temperatures where T, is short. Examples of
such cases may be found below

Not only do the two forms of magnetic resonance differ in thetr practical applicability,
they also provide different, but complementary, mnformation for the tnorganic chemist,
In ESR, attention 1s focussed on the metal 101 and 1ts immediate environs and the ques-
tion 15 asked “how have the properties of the free 1on been modified by mteraction with
the ligands?' In NMR, the focus is on the ligands and the question 1s “how has the elec-
trontc structure of the ligand been modified by interaction with the metal 1on?”. There 1.
an obvious symmetry to the two approaches and the objective of the present review 1s 10
draw attention to some of the mterlocking facets of the two fields The fundamental
physics of the situation could probably be best 1llustrated by reviewing a number of the
very elegant expentments which have been carried out on relahively ssmple systems such as
transition metal hal:tdes. We choose, however, to adopt a more chemical criterion and to
discuss mstead work on transttion metal chelates, the appeal of which 1s more chemical in
nature Inmally, some of the relevant theory will be briefly reviewed

B ESR THEQCRY

Basically the interpretatton of the ESR spectrum of an 1sofated transition metal 1on
yields values for two different kinds of parameter The spectroscopic sphtting constants
(g values) describe the frequencies (or energies) required to bring about transitions be-
tween the different electron spin states The hyperfine coupling constants (4} describe
the electron spin—nuclear spin interactions which give rise to the hyperfine structure ob-
served n the spectrum Both of these parameters may be anisotropic, 1 e their values may
depend or the ortentation of the molecule with respect to the applied magnetic field In
addition, 1ons containing more than one unpaired electron will exhib:t zero-field sphtting
effects due to electron spin—electron spin interactions and to spin orbit coupling These
interactions (which are also usually anisotropic) are descnbed by the zero-field spatting
parameters £2 and £ Ail of these parameters are affected by the presence of ligands
around the central metal atom The ligand effects can be subdivided 1nto two kinds
In:trally, one may adopt the crystal field approxmmation of regarding the function of the
Ligands as one of providing an electrostatic field which will perturb the electronic struc-
ture of the metal 1on This approach proves inadequate for the type of complexes we wish
to discuss The breakdown occurs because chemucally interesting compiexes are usuaily
covalent rather than 1onic in character. In these circumstances, 1t 1s no longer satisfactory
to consider only a basts set of atomic orbitals centred on the metal ton. Instead one must
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deal wath molecular orbitals expressed as appropnate linear combinations of metal and
ligand atornic orbitals Using molecular orbital theo-y, a set of secondary parameters
(usually written «, 8 etc.), which are the coefficients of the vanous atamic orbitals i the
expansions for the molecular orbitals, can be derived from the primary parameters g and
A 1t 1s these secondary parameters which are of prime interest to the tnorganic chemist
since they provide detailed quantiiative data on the nature of the metai—Iligand bonding
The basic theory pertiment to the application of lipand field theory to ESR has been
developed in a number of excellent textbooks' and review articles? The g values of a
camplex are determined by the expectation values of the components of the vector
operator L + 25 (Allowing for relativistic corrections the 2 1n this expression becomes
20023 ) In many cases the orbital angular momentum 1n the ground state of the molecule
1s completely quenched and an 1sotropic g value of 2.0023 15 obtained to zero-order ap-
proximation This will always be the case if the complex 1s of sufficiently low syrminetry
that the orbtals containung the odd electrons are non-degenerate This approximation,
however, does not usually suffice for trans:tion metal complexes Spin-orbit coupling
leads to a2 mixing of excited state configurations with the ground state configuration and
1t 15 necessary to find the expectation values of L + 28 using these corrected ground-state
wave functions. Typically, therefore, perturbation theory leads to g values of the form

XA A
a=2(1-2)  a=2(-3)

for an orbitally non-degenerate ground state, where A 1s the spin-orbit coupling parameter,
4 15 an energy difference between the ground-state configuration and an excited-state
configuration and x and y are simple numenecal factors In principle, A and A are obtain-
able from optical spectroscopy In practice, 1t 1s found that the g values measured do not
agree with those calculated unless smaller values of h are assumed than those obtained for
the free 1ons Typically, a 20 or 30% reduction 1n the spin-orbit coupling constant s 1n-
volved This effect s attributed to covalency in the métal—hgand bonding In order to
calculate the g values i1t 1S necessary 1o start with the correct molecular orbitals rather
than with simple atomic & orbatals. Smce such a basis set will allow the electrons to spend
part of therr time on the ligand rather than on the metal, 1t 1s apparent that the effects of
spit-orbit coupling will be reduced The equations for the g values will now contain the
coefficients of the atomic orbitals (e, 8) in the initial molecular orbitals as well as the
parameters noted above. Analysis of the data, therefore, provides values for the molecular
orbiial coefficients. A rnumber of individual calculations will be discussed 1n more detail
1n the sections below

The hyperfine coupling between electron spins and nuclear spins arises from twe
sources The first of these 15 a direct dipolar interaction. The magnetic moment of the
electron produces a field at the nucleus, the directton of which depends on the onentation
of the electron spin The sitnation 1s illustrated in Fig 2. The most notable feature of this
mteraction 1s that it is anisotropic, t €. the magnitude depends upon the onentation of the
molecule with respect to the applied magnetic field Thus, referring te Fig 2, let us sup-
pose that the electron is located at a (ixed position on the x axis It 1s apparent that apph-
cation of the field parallei to the y axis {(Fig 2(a)) results in 2 dipole—dipole mteraction of
oppostte sign to that obtained by applying the field in the x direction (Fig 2(b)). In this
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Tig 2 Dipolar interactions between an electron spim and 2 nuclear spin fived n space

lustration we have Kept the position of the molecule fixed with respect to the x and y
axes and changed the directton of the field. In the actual experiment the direction of the
field 1s kept constant and that of the molecule, fixed in a crystalline matrix, 15 varied The
two are obviously equivalent A model in which the electrons are kept fixed in space 1s
not a vahd one for real molecules However, i1f the odd electron occupies an orbital with
directional properties, e £ an atomic p or @ orbital, it is apparent that some dtrections
will be preferred over others Analysis of the problem shows that the dipole—dipole coup-
ling 1s proportional to the average value {{3 cos?# —1)/r’) where 8 1s the angle between the
direction of the magnetic fieid and a line joining the odd electron and the nucleus, and r1s
the separation of the electron and metal nucleus Numemncal values of this average can be
readily calculated for the vanious o orbitals In a covalent metal complex the odd electrons
will be partly delocalized to the ligands. The value of ¢(1/r*}) for electrons located on the
lipand will be much smaller than for an electron located 1n a metal 4 orbi.al and dipolar
contributions from such a source are often neglected Thus in a covalent complex, the
ansatropic contribution to the hyperfine sphtting will be reduced by a factor &, where o
is the coefficient of the 4 orbital 1n the molecular orbital containing the unpaired electron
Thus effect, therefore, provides a method of estimating &« independent of that previocusty
discussed invelving the g values

The second source of hyperfine coupling 1s the Fermu Contact Interacthon This mech-
amism demands a finite probability of finding the odd electron at the metal nuclens, 1 e
there must be spin density 1n a metal S orbital Since S orbitals are involved, 1t 1s an iso-
troplc interaction An important consequence of this 1s that the 1sotropic hyperfine split-
ting 1s the same in solution, where the molecules are freely tumbling, as 1t 15 1n the sohd
state The dipolar coupling, on the other hand, averages to zero when the molecules are
freely tumbhng and therefore does not contribute to the solution spactrum, A recent
paper by McGarvey > has considered 1sotropic hyperfine coupling 1n metal complexes in
some detall Unpaired electrons 1n g orbitals do not contrnibute drectly to this effect
The major source of the interaction 1s thought to be spin polanzation of electron pairs in
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filled metal crbitals notably the 3s orbital in the first transition senes. In this respect the
situation 1s stnilar to that existing in aromatic radicals for which the well-known McConnell
relztionship A6

ay = Qpc

which s ates that the amount of spin polarization 15 proportional to the pr spin density,
holds There are, indeed, many complexes for which the metal hyperfine coupling pro-
vides 4 measure of the d orbital spin density *® In such complexes, mncreasing covalency
results in increasing delocalization of the unpatred electrons and decreasing metal hyper-
fine sphtting Estimates of the molecular orbrtal parameters obtained in this way are con-
sistent with those obtained by the methods outlined above There are, however, some
notable exceptions, especially amongst Cull complexes, where the meta! hyperfine coup-
ling appears to be increasing with mecreasing covalency ®. The most plausible interpretation
involves interaction with higher unfilled metal S orbitals and a specific case will be con-
sidered 1n more detatl below Obviously a degree of caution 1s necessary in this area

Finally, in some complexes, hyperfine splitting addstional to that expected from the
mezal nucleus has been coserved. This 1s attributed to mteraction with hgand nucle:
Usually, only atoms directly bended to the metal are invelved although there are ocea-
stonal exceptions to this generalization In principle, both 1sotropic (contact) and amso-
tropic {dipolar) interactions are involved but since the odd electrons are predominantly
on the metal so that {1/r®) for higand atoms 1s small the isotropic contribution usually
predominates A large 1sotropic ligand splitting 1s expected 1n cases where the spimn-con-
tarning orbital can mix directly with a ligand § orbital This 1s the case, for example, for
Cuf! complexes where the odd electron occupies a o antibonding orbital f 1t 1s assumed
that the ligand orbitals comprise sp? hybnds, or some other surtable combination of
ligand atomic orbitals, the hgand hyperfine sphiting 1s domiated by the § component of
the hybrid and the extent of metai—hgand orbital mixing can be caleulated Usually,
parameters obtained by this method agree well with those obtained from the g values
indicating that the above assumptions are correct Line-width considerations restrict the
observation of ligand hyperfine couplings of less than a gauss or 50 and as a result, unless
there 18 direct delocalization of spin to the Iigand § orbital as in the above example, ligand
splittig will not be seen Thus, 1n &' vanadyl complexes, the odd electron 1s in an orbital
orthogonal to the higand o orbitals and no higand hyperfine splitting has been reparted

Fnally, before discussing detaied results, 1t should be made clear that bonding para-
meters derwved from ESR results refer only to ligand interactions with metal orbatals con-
taining unpaired electrons Energetically, the most important mteractions are, of course,
with the s, p and 4 metal orbitals which hybridize to a set with appropriate geometrical
properties and gmve rise to completely filled bonding molecular orbitals We are dealing
here, therefore, with weaker additional interactions which, although they may contnbute
relatively little to the total bonding energy, nevertheless provide insight mnto the nature of
metal—ligand interactions Exactly the same considerations apply to the discussions of
NMR contact shifts
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C SOME ESR RESULTS

As indicated m the above paragraphs, the determination of bonding parameters from
ESR data 1s, i principie, quite straightforward In practice the algebraic complexity
of the problem tends to obscure this simplicity Initially, therefore, we will consider a
Cull complex without ligand hyperfine splitting. Cull has only a single unparred electron,
and its relaxation properties are such that most complexes give relatively sharp lines at
room temperature. As a result, a wide range of complexes have been studied. Mak: and
McGarvey? have carried out a singlecrystal ESR study of Cull acetylacetonate (structure
). The acetylacetonate hgand 15 typicat of the class which chemically speaking give “co-

bMe

Me o

n
valent” compounds and the ease of formation of 1ts complexes has led to many studies of
therr physical properties. Hence we wiil be able to compare these ESR results with NMR
data on other transition metal acetylacetonates The Cul! corpound has planar geometry
and 1ts crystal structure 18 1somorphous with the corresponding diamagnetic Pd! complex
Maki and McGarvey. therefore, made their measurements on Cu!! acetylacetonate d.luted
to 0 5 mole % in the Pd!T compound. The use of such magnetically dilute crystals elsmi-
nates dipole—dipole interactions which would otherwisc broaden the ESR lines The point
group symmetry of the molecule 1s D4, but the thombic distortions are sufficiently smail
to allow the use of the fuil Dy;, square planar symmetry in the theoreticat treatment The
relevant antt-bonding molecular orbitals can then he wnitten

Er _ b I
(1_312)11’2 5
B2g Bldxy - 2 (PS+P_K—P;—P;:?)
% b d
Ay oy d,2 2 —-,z—(ox“ oy -og —0o,)
f—ahi2
pa, L wr-r
ES 71/2
{1—-89 b_ pd
fd,, _T(P,_Pz)

The superscnipts 4, b, ¢ and 4 label the four hgand oxygens and the hgand o orbitals are
hybrtds of the oxygen s and p atom:c arbitals of the form

of! =nPT + (1-n)2gm

Coord Chem Rev, 7(1971)1937-227
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The coefficients a and oy give 2 measure of the ligand contrnibution to the o orbitals
and 8 and B, of the out-of-plane and in-plane 7 mixing respectively The objective 1s to
determine these coefficients QOverlap has been neglected for the 7 orbitals The odd elec-
tron 1s in the By, orbital These orbitals are eigenfunctions 1f spin-orbrt coupling is neg-
lected They can, however, be mixed by the spin-orbit coupling L § It 15, therefore,
necessary to determine first a new basis set treating ¥ ¢ as a perturbation This basis set
can then be operated on by the appropriate magnetic perturbation terms and the results
expressed in the form of the spin Hamiltonan.

¥ = Bq (8 H, S, + 8 (H Sy tH,S)) +AS I + B(S, T, +8,0)+
+ QUI2—LIG+ 1))~ W8nH 1
In this Hamtltoman, the first term represents the electron Zeeman effect, the second and
third anise from hyperrine interacuons, the fourth from nuclear quadrupole 1ateractions
and the final term from the nuclear Zeeman effect Spin-orbit coupling muxes the B,, and
Eg orbitals with the spin-containing Blg orbrtal but not the 4 g orbital The expressions

for the spm Hamiltonran parameters therefore contain a, § and #; but not o; Solution of
the problem gives

gy = 20023 — 8pfag; —La’1—p HY2 ()]
L
V2

A =P[Fe—w+ (g~ + g, ~2) - 4pe' (1=, H 2 T() - 3;/5;:&’(1—32}“2 T(n)

£, = 20023 - 2pfo—— =/ (1~ T(m)]

B =PRa2—x + B, -0~ 2 w12 70
., —e2qa?(rdy
7
where
Aoafy Agafi
o =Ex —Eq and #=Exz,yz*E0

T(n) 1s a function of the ligand atomic orbitals which can be calculated if n 1s known Itis
assumed that n =(2/3)}/3 carresponding to sp2 hybndization Ay 1s the spin-orbit coupling
constant for the free Cu?* 10n and the quantity P given by

also refers to the free Cu2® ton. In the expressions for the hyperfine coupling constants,
the first term is the dipolar contribution, the second the Fermt contact contribution and
the remamning terms are second-order corrections resulting from muoang 1n of the excited
states A relationship between o and o 18 also required and this 1s given as

where §, the overlap between dxz_yz and the [1gand o orbatals 1s calculated to be 0.094.
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{r 3y refexs to the orbitals of the free divalent 1on and 1s caiculated to be 7 25 au. The
measured expenmental quantities are

8 =2.266, g, =20534
A=-160%10"2cm! B =-0195X 102 cm’!
Q'=7%X10%cm!

From optical spectroscopy, the further information obtained 1s

Exy—Eg=15000cm L, v2—Eg=25000em™1  }Ag=-828 cin’!
Sufficient information 1s now available to calculate the bonding parameters The results

obtained are
a?=081 82=099 8,2=0.85 k=033

This value of k agrees well with that abtained from the 1sotropte hyperfine sphtting of
Cu2* i1n 10n1c salts and confirms the assumption implicit in the above treatment that, 1n
thus case, the 1sotropic sphitting 1s not sensitive to the degree of covalency. The qualitative
deduction from the bonding parameters 1s that the &8, and 8, orbitals have significant
Iigand character but the £g orbital 1s largely metallic We will compare these conclusions
with those obtained for acetylacetonates of the earlier transition metals below

It 1s mnteresting to ask how these interactions are modified by substitution on the
acetylacetonate ligand This question could be answered by carrying out single-crystal
studies on subsituted Cull acetylacetonates analogous to the study described above.
Expenimentally, this would be a rather formidable task and as yet 1t has not been under-
taken. Measurements on solutions or on polycrystallime solids are much less tedious but
st1ll yield a hmited amount of information on the bonding The work of Kuska and
Ropgers® on substituted Cull acetylacetonates serves to illustrate the possibihities

Analysis of solution ESR spectra yield two parameters, namely the average g value
(gZ%(g“ +2g, )} and the 1sotropic hyperfine coupling constant, 4 It s apparent from the
expressions given previously for gy and g, that bonding parameters cannot be abtained
directly from the average g If a McConnell-type relationship exists {or the 1sotropic
hyperfine coupling 1t should give a measure of the spin density 1n the Cu atom and hence
determine the covalency of the spin-containmg orbital Kuska and Rogers® have investi-
¥ated this possibility and have obtained the results shown in Table 1 Initially, they
assumed that 4 would be given by an equation

A= P[“ag.«:o + (g—2 0023) + second-order terms]

where K 1s the 1sotropic coupling constant for the free Cu?* son and & has been defined
above, The values of a? obtained using this equation are listed in the table as “apparent
«2™_ These values umply that substitution with electron-withdrawing groups such as CF4
leads to an increase 1n the amount of spin on the ligand, 1 ¢ make the bond less 1onic
Thus 1s contrary to what would be expected on chermecal grounds and 1s not supported by
polarographic data on the same compounds 1t was concluded that the initial assumption
thai the hyperfine coupling pves a measure of the metal spin density was in error
McGarvey ® has carmed out a perturbation treatment to investigate the effects of coval-

Coord Chem. Rev, 7{1971) 197-227
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TABLE 1

ESR hyperfine splittung constants and other data for copper acetylacetonates

Substituents ESR A value 2 Value Apparent Anisotropy
] R R {em™ X 10% o2 o2

CH3; CH3 CH; 785 2121 0 784 0421

CH, H CHx 772 2123 0779 07v3

CHs Ci CHs 76

Phenyl H CHj 76 4 2124 07177 0 795
Phenyl H Phensy 1 753 2124 0770

CF3 H CFa 547 2150 0698 0828

ency on the hyperfine coupling and has confirmed this conclusion. The essence of the
praoblem 1s that the partictpation of the 4s orbital as well es that of the 3d orbitals must
be considered Thus kg will not be a constant but 1s made up of two terms, one represent-
ing spin density 1n the 34 orbital and one spin density in tite 45 orbital Kuska and Rogers
suggest that the signs of these contributions are apposite and since both will depend on
t};e covalency 1t follows that the isotropic coupling does n st provide i direct measure of
o,

In a later paper, Kuska ct al ¢ have obtained values for the amsotropic hyperfine
coupling constants of these substituted Cull acetylaceton. ‘es by exammning the spectra
obtained 1n frozen chloroform solutions. Combmation of this data with the 1sotropic
splitting constants obtained 1n solution gives the dipolar contribution to the hyperfine
sphtting This quantity should be proportional to @2 and rearrangement of previous equa-
tions grves

|A
2_7 li 1A} 2 5 &

Thus &2 can be obtained in a manner which does not depend on the mechanism of the
contact mteraction Some values of & obtamed from the dipolar mnteractions are also
shown 1n Table 1 It 1s apparent that the trend 1s the opposite of that obtained {rom the
1sotropic 4’s and 1s thus consistent with the polaragraphic and other data mentioned
above. It 1s interesting to note that the spectrum of the diphenyl acetylacetonate {com-
pound 4 of Table {} s found to be complicated by additional hyperfine splitting from
the phenyl protons No detailed analysis of this add:tional splitting was achteved

An example of the successtul analysis of hyperfine splittiag from higand nuclel is pro-
vided by the work of Mak: and McGarvey” on Cul! bis salicy.aldehyde imme. This com-
pound has the structu.e

H H
\C=N/ 5
\c/
o/ U\Nzc

N

H H
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It was examined as a single crystal magnetically dilute in the corresponding nickel com-
pound. To simplify the spectrum, 1sotopically pure 83Cu was use.t It 1s to be anticipated
that the four lines due to the copper hyperfine splitting will be further split by the two
nitrogen atoms directly attached to the metal A five-line pattem 1s predicted. In fact 2
more complicated eleven-line pattern 1s observed The add:tional splitéing can be aurmuted
ta a pair of nuclel with spin 1/2 which in the present case can only be protons. The most
likely origin of the splitting nught be thought to be the N—H protons since thyese are clos-
est to the metal atom but deuteration disproved this possibtlity However, methyiation of
the adjacent carbon did elimunate the additional splitting which must therefore be
attributed to the proton marked H* Analysis of the spectrum yieldea the parameters

£ = 21040, £y, = 2050 g, = 22004
A=—185X102cm! =—021 X 072 cm™!
AN=11.1guz A *H =155 gauss

The stmitarity of g and gy shows that the Cu—N and Cu—0O bonds are similar 1n char-
acter. These values yreld the bonding parameters

a?=083 82091 B,2=074 k=034

Comparnison with the values previously given for Cull acetylacetonate shows that the only
significant difference 15 a rather higher ligand contnibution to the in-plane 7 orbitals It
appears that the contact contnbution is most important for the nitrogen hyperfine spht-
ting—dipolar mteractions are estunated 1o contribute only ~ 1 5% of the total splitting
The contact part 1s given by

) _
w= (%) Crtot 5" 50)

where o 1s the coefficient of the nitrogen orbital i the spin-containing molecular orbital
A value of a’'2 = 0 25 (consistent with a2 = Q 83 gven above when allowance 15 made for
overlap) gwves a calculated coupling of 10 8 X 107% eni’! compared with an experimental
value of 10 4 X 107% emi”! The spin-contatning orbital has symmetry B¢ (predominantly
de2_,2) It should be noted that the N—H proton lies near a node of this orbital but that
the C—H proton, which shows hyperfine coupling, lies close to a direction of maxunum
electron density

The d? configuration found n the above copper complexes 1s particuiarly favourable
for ESR studtes of metal—ligand bonding The d! configuration found ir vanadyl com-
plexes 1s also favourable The reasons are stmiar It is an5=1/2 1on and in the relatively
low-symmetry vanadyl complexes with orbitally non-degenerate ground states the spectra
are easy to observe Kivelson and Lee® have carnied out a study of vanadyl acetylaceton-
ate They use a set of molecular orbitais sirmilar to those used by Ballhausen and Gray® 1in
therr calculations on this mciecule These orbitals have the form

Vb, =Badyy t385(Py + Py, — Py, —Py)

Yo, =B1dea 2 +301(0; —03+ 03— 0p)

2

Coord Chem Rev, 7(1971)197-227
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W, =€ de te P +\/56;;(le —P2)

TX

Vg, =‘1i(dzz +Sg}+ov) 05
Vg, =ayld,2—So)— $oq(a; to,t 031 04)

The symmetry of the complex 1s strictly Cp, but the assumption of Oy, symmetry mm-
plicit 1n the above orbatals 15 justified by the rather small thombic distortton The sub-
scripts 1-4 refer to the oxygens of the acetylacetonate igands and 5 to the vanadyl oxy-
gen Aswritten above, these are all bonding orbrtais. 2| and b, being o bonding, b, In-
plane 7 bonding and e out-of-plane m bonding The coefficients in the corresponding ant1-
bonding orbitals are denoted by stars Al these anti-bonding orbitals are unoccupred ex-
cept for b3 which 1s singly occupied Expressiuns can be derived for g, g), 4| and 4]
involving these molecular orbital coefficients which are quite stmilar in form to those
crwen above for the d? case Experimentally, £1=2054,g1=2023,4=1665X 1074

Al =635X 10%cm! 1t 15 assumed that ﬁ* =1 ,0‘2’* =0,1¢e , there 1s no in-plane
7 interaction This seems to be generally a valid assumption for vanadyl complexes which
1s supported by the failure to observe ligand hyperfine structure with nitrogen ligands
This may be contrasted with the behaviour of Cu'l complexes The other derved para-

mefers are
BY? =084 A% =044 €*2 =095

Thus 1t 15 deduced that the o orbitals are considerably delocalized — 1t may be noted thar
the overiap 1s substantial The out-of-plane 7 orbitals are only shghtly delocalized and 1t
15 stated that this probably involves predominantly the vanadyl cxygen

The analysis of the ESR spectra of metal complexes with ntore than one unpaiwred elec-
tron 1§ more comphcated than those of §= % systemns It 1s necessary to take account of
electron—electron dipolar interactions An uiustrative exarmple 1s provided by the work on
Crltl acetylacetonate This molecule was examined by Singer '° and more recently by
McGarvey '' The latter used a sample magnetically d:lute 1n the Colll compound The
spectrurn can be fitted to the spin Hamiltoman

H=gBHS+D(S; —2 )+ E(SE -~ S})

The g values are the man source of information on the electronic structure D and £
which describe the dipolar 1nteractions are very sensitive to distortrons of the melecule
from octahedral symmetry but are not sensitive to the detailed nature of the molecular
orbitals McGarvey found the following parameters

£=1 9802 + 0 0005
1D1=0600=000] cm™
1£} = 0 0085 = 0 0005 cm™?

In add:tion, he was able to observe hyper{ine coupling from the $3Cr 1sotope (= 3/2
abundance 9 54%) which gave the additional parameters
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A=162£01X10%cm!
B=169x01 X 10%cm?

The lack of atusotropy 1n the g value and the small anisotropy of the hyperfine couplng
15 expected 1n view of the orbitally non-degenerate ground state (4 2¢) The g value dif-
fers from that of the free electron since spin-orbit coupling leads to mixing of the ground
state with the “Tﬁg excited state. Crystal {ield theory leads to the expression

8x
AE(‘*ng)
The observed g value may be compared with those of the hexa-aquo Cri!! complex (g =
1 976} and the hexacyano complex (g = I 992) The intermediate value for Criff acetyl-
acetonate tmplies that the complex 15 more covalent than the aquo compound but less
covalent than the cyanide There 1s a similar trend in the metal hyperfine coupling con-
stants, 4 Cr(H,0)?* =170 X 1074, 4 Cr(CN)?" = 14 7 X 107%cm™! which supporis
this conclusion McGarvey has examined a number of Crill complexes and carried out a
more quantrtative analysis The # T, excited state anses from a configuration in which
an electron has been promoted from the half-filled 7,4 orbitals to the e, orbitals These
latter are anti-bondmg o¥ orbitals and as such are mixtures of metald .4 2 20 S and p
orbrtals and appropriate ligand o combinations The expression for the g value hecomes

BAP,;
g=20023 — —— _ s
AE(3T,,)

where P; 15 a function of the g orbrtal coefficients The value of P; of 0 68 1s cons:dered
to indicate considerable ¢ mixing In this treatment minteractions are neglected This s
justified to some extent by the value of the metal hyperfine coupling constant wluch s
relatively little changed from that of the aquo complex This latter inference rests on the
assummption that the hyperfine coupling constant, being a ground-state property, depends
only on the coefficients of the half-filled dx).,d «r and d ; orbitals which m turn can be
muxed only with hipand m orbitals

As a final ESR examplz, we will consider the work on Coll trispyrazoly! borate carried
out by Jesson'? Co!l has a d7 configuration and the electron spin relaxation is such that
tts complexes are usually suitable for NMR studies in solution at room temperature Thrs
15 the case for the present complex. It appears that the shifts are predorminantly dipolar
mn character and it 15 therefore important to estabhsh the ESR parameters to aid the inter-
pretation of the NMR¥*_ At liquid-helium ternperature the relaxation time 13 sufficiently
long to allow observation of the ESR spectrum. However, at this temperature only the
lowest of the Kramers doublets resulting from the combined effect of the trigonal distor-
tion and spin-orbit coupling on the “Tig ground state 15 populated The spectrum can
therefore be analysed using the Spin Harmiltonman

K = BlgyH,S, +g,(H.S, +H,S,)] +AS.1, +BES S +S,1)

£=20023 —

* An alternative which is now considered preferable 1s to measure the single-crystal magnetic suscepti-
bilities (W D Horrocks and ES Greenberg, W D Horrocks and D W Hall, prepnints)

Coord Chem Rev 7(1971)197-227
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The g value and the hyperfine coupling are both highly anisotropic (g, =846 £ 001,
£,=097+001,4=00362 00003 cm™, B <0.0001 cm™'). The amsotropic g value,
of course, favours dipslar NMR shifts Combmation of this ESR data with optical spectro-
scopy allowed calculaznion of the g values for other Kramers doublets m the ground-state
manifold and hence provides basic data for interpretation of the NMR Since the ESR
parameters are determined predominantly by the geometry and spin-orbit coupling of the
complex, they do not provide a great deal of direct evidence on the nature of the bonding
Thus 1s generally true for orbitally degenerate ground states In his calculation of the g
values, Jesson used an orbital reduction factor of 0 9 for the matrix elements of the orbital
angular momentum and reduced the free 1on spin orbit coupling by 20% Both of these
factors are indicative of covalency. Similarly, the rnalysis of the hyperfine coupling sug-
gested about 15% charge transfer o the higand. However, the information on metal—
ligand interactions obtawed by ESR on this type of compound 1s, at best, qualitative

D NMR THEQORY

In principle, the theory applicable to the NMR of paramagnetic complexes 15 more
straightforward than the corresponding ESR theory. In practice, the difficuliies of mter-
pretation are such that 1t may be faurly stated that all results reported thus far should be
regarded as having qualitatrve rath2r than quantitative significance. Basically, there are
two problems The first is tgseparate the dipolar effects from the contact effects Only
the contact contribution provides direct informat on regarding the bonding The contact
shifts, when obtained, give directly the spin densrites 1n the S orbitals of the magnet:ic
nucler, Usually there 1s no direct overlap of these orbitals with the spin-containing metal
orbitals and they have acquired unparred electron density indirectly from other ligand
orbitals It i5 the disentangiing of these indirect pathways which provides the information
on metal—hgand bonding and which constitutes the sacond problem

The separation of dipolar and contact effects has been attempted 1n a number of ways
McConnell AS first pointed out that contact shifts should be identical in both solution and
solid whereas dipolar shifts should differ in the different phases Comparison of solution
and polycrystalline solid spectra should therefore establish the presence of dipolar effects
McConnell and HolmK1 applied this principle to vanadocene and concluded the shift was
contact in origmn but the method has not been further exploited The experimental prob-
lem [1es 1n the excessive line widtlis of NMR lines of polycrystalline solids It has heen
suggested A2LR1 that the different dependences of nuciear 7y’s and 73’ on hyperfine
couphing constants could form the basis of a method for identif ying contact interactions
Thas suggestion does not appear to have been followed up, probably because of the ex-
permmental difficulties of measuring short 7’s

The most generally used arguments to establish or disprove dipolar contributions to
1sotropie shifts have been based on experimental data or theoretical inferences on the
presence or absence of magnetic 1sotropy 1n a complex Dipolar (sometimes called pseudo-
conxact} effects can only be present 1f there 1s magnetic anisotropy Thus McConnell and
Robertson®3 derived the expression

B2 HLS(S +1) (3 cos’ 8 —1)
AH: _W (g|]+2gl)(gﬂ_gl) J"'3
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for the dipolar contnbution 1n solutton In this expression, § 1s the angle between the
principle magnetic axis and a Iine joining the metal atom and the magnetic nucleus under
consideration and r 1s the distance of this nucleus from the metal atom This equation ge-
mands at least a three-fold axis The other symbols have their usual significance It1sap-
parent that the dipolar shifts will be equal to zero if gy =g, Later work by JessonAld
has shown that the exact form of the dipolar expression depends on the relative values of
the electron spin relaxation time, the correlation time for molecular tumbhng and the
Zeeman anisotropy energy The qualitative dependence on the g value amisotropy and the
molecuiar geometry 1s, however, mamtained Still more recently Horrocks A1 has pointed
out that previous treatments have neglected the contribution of the second-order Zeeman
effect, which may be substantial in some cases, and has sugzested that 1t would be pre-
ferable {o evaluate the dipolar contribution to 1sotropic shifts from measurements of the
anisotropy of the magnetic susceptibility rather than of the g values Thus, although 1t ap-
pears that the theory of drpolar shifts 1s working towards a definitive form, 1t must be
conciuded that most of the quantitative calculations published thus far are unreliable
It 1s probable, though, that many of the qualitative conclusions which have been made 1n
the past will not be substantially altered by refinements in the theory Thus 1t has often
been postulated that in octahedral or near-octahedral Nt complexes, dipolar effects can
be neglected since magnetic anisotropy is not expected from the orbitally non-degenerate
34, ground state. Shifts of such complexes have therefore been treated as purely contact
in origin and 1t seems unhkely that this assumptton can be seriously in error Stmularly,
for other complexes such as Crill acetylacetonate and Tilll acetylacetonate where the g
values are known to be erther 1sotropic or only slightly anisotropic, 1t 1s improbable that a
more refined theory will alter the conclusion that the shifts are predominantly contact 1n
origin Thus if ESR measurements have established that the g value amsotropy 1s small or
if theoretical arguments show that the ground state 1s orbitally non-degenerate and well-
separated from excited states which can be mixed in by spi-orbit coupling. 1t seems fanly
safe to assume that 1sotropic shifts observed will be predeminantly contact m origin
Three other lines of argument have been developed to estimate the extent of the di-
polar contribution to NMR shifts in paramagnetic molecules. They may be groupad to-
gether 1n that none of them require any prior knowlege of the magnetic properties of
the moelecule The first such method depends on estimating the ratios of the pseudo-con-
tact shufts from their geotnetrical dependence Prowiding the geometry of the molecule 1s
known and there is sufficient symmetry to 1dentfy a principal axis without ambigurty,
values of (3 cos?8 — 1)/r? can be calculated for each proton and the dipolar shifts must
be proportional to these values If the expermmental shifts diverge widely from these ratios,
and particularly if the signs are wrong, 1t can be deduced that dipolar effects do not pre-
domnate This argutnent has been applied to Crlt complexes© 1t 1s open to the objec-
tion that relatively small contact contributions can affect the ratios Secondly, 1f the
mode of spin delocalization can be wdentified and the shifts show good proportionality to
calculated spin densrties, this has been taken as good evidence for a contact mechanisn.
The argument 1s most persuasive for w delocalization 1n a non-alternant system for which
the alternation of positive and negative spin densities, and hence of high and low field
shifts, provides a rather charactenstic pattern. An extension of this argument rests on the
observation that 2 methyl group shifts i the opposite direction to a proton substituted

Coord Chem Rer, 7(1971} 197227



12 B R EATON,K ZAW

at the corresponding posttion Such an observation is readily interpretable by a o delocal-
jzation mechamism {see below) but would require very spzcific geometry for a dipolar
mechanism® Single inferences along these lines are mcc ~~lusive but if a Jarge number of
data can be fitted to a single 7 delocalization mechamism, tt must be regarded as rather
good evidence for the preference of a contact to a dipolar mechanism If the spin density
calculatrons are reliable, the residual dipolar contribution can be found by subtraction
A third method depends on the companson of the ratios of shifts for complexes with the
same bgand but different meta] atoms This has been apphed most extensively to octa-
hedral Ni!T and Colf complexes It 1s argued that the Nilf complexes show only conmact
shufts, that the mechanism of delocalization will be the same for both Nitt and Coll.
hence that the ratios of the contact shifts will be the same for both complexes and that
discrepancies 1n the observed ratios must therefore be attributed 1o dipolar effects in the
Coll complex™1é The crucial assumption 1s that delocalization mechamsms are the same
for Nill and Co!! and this has led to some controversy®*® Obviously none of these meth-
ods s completely unambigucus

The overall conclusions reached thus far on the question of dipolar versus contact shifts
can be summarized as follows In the first transition series there seems to be little doubt
that the slufts of octahedral CrlIl and Nil! complexes arise from the contact effect It 1s
widely agreed that octahedral Coll complexes show large, and 1n many cases predominant,
dipolar effects Octahedral VIT and Cr!! and tetrahedral Nilf have been widely studied
and all the mnterpretations advanced have been based on contact effects i spite of the
fact that theory indicates dipoiar effects should be present It appears to the present
author that by and large the attribution of the shifts in rhese complexes is probabiy cor-
rect for the reason that all the complexes studted are distorted {rom octahedral or tetra-
hedral geomeiry sufficiently to give arbitally non-degenerate ground states well separated
{several thousand cm™' } fram excited states Detailed measurements of the magnetic and
spectroscopie properties of these complexes would do much to clanfy the situation. Tetra-
hedral Co!! appears to show dipolar shifts F81n spite of 1ts orbitally non-degenerate ground
state, presumably because of mixuing of low-Iying excited states. Data on the remaiming
first-row 10ns are rzther scarce but the experimental evidence, such as 1t 15, favours pre-
dominantly contact interactions Data on second- and third-row transition metal com-
plexes and on rare earth complexes are even more sparse but 1t 15 to be anticipated that di-
polar interactions will be relatively more important if oniy because of the larger spin-orbit
coupling constants,

We may now turn to the orggin of the contact shifts McConnell and Robertson
lated the contact shuft to the hyperfine coupling constant A by the expression

AH Ye PSS+ 1)

AS re.

H, vy & 3kT

In tius expression, AH 15 the shift at applied field H, A, turn,is related to the spin
density ({&(0)]2) at the nucleus in question by

* Recent INDO calculations suggest that o delocalizatian can alse lead to a reversal of CH, shufis
(W D. Heorrocks and D.L. johnson, preprint}
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Bs
A= S BeEnebn [W(O)]?

Thus, measurement of the contact shift immediately gives the spin density at the nucteus
Since only S orbitals have a finite density at the nucleus, in the simplest case a proton con-
tact shift immediately gives the contribution of the H 1s orbital to the partly filled molec-
viar orbital However, this smphfication 1s inadmissible since 1t neglects spin correlation
Thus problem was first encountered by ESR spectroscopists mn the case of aromatic ign
radicals For these radicals the unpamred electron clearly occupies a 7 molecuiar orbital
which has a node at the hydrogen atoms Nevertheless, there 1s finite hyperfine coupling
due to hydrogens and m-o spin polarization must be invoked. The tnformation which one
would Iike to obtain from contact shift measurements relates to the amount of mexng of
specific lgand orbitals with specific metal orbrtals and hence a description of the covalen-
cy of the various types of metal—ligand bonding In principle, this requires comparson of
the observed stufts with § orbital spin densities obtained by complete, many-lectron cal-
culations with full allowance for spm correlation In practice, such calculations are niot
feasible for molecules meluding transition metals

In spite of the above limitations, contact shift measurements can yield vald informa-
tion on metal—ligand mnteractions mn certain cases. The man requirements 1s that 1s should
be possible to identify a single dominant delocalization mechanism If more than one such
mechamsm 1s present, the bond:ng information 1s likely to he, at hest, very qualitative
It 1s probably most profitable to illustrate the type of information that can be obtained
1n this way by reference to some specific examples as will be done tn the next section but
we summarize, at this point, some of the possible modes of spin delocalization .

It 1s assumed, rmitraily, that the unpaiwred electrons occupy predominantly metal 4 or-
bitals 1n a manner determined by simple crystal field theory. Thus a VI complex (approx-
imately octahedral) will have two unparred electrons in the 1,,(d\,,.dy;.d),,) orbitals.
The Boltzman distribution will determing that the « spin states of these unpalred elec-
trons are favoured 1n a magnetic field. The spin-contaming orbitals can mix directly with
an empty lisand 7* orbital of similar energy giving rise to « spin density 1n ligand pn
atomic orbitals. The 7 spin densities can be related directly to hydrogen atom or methyl
group hyperfine coupling constants using the theory developed for the ESR of aromatic
radicals This corresponds to 7 “back-bonding™ with metal-to-ligand charge transfer and
the ligand hyperfine coupling constants would be a measure of the extent of this process
There 1s also the possibihity that the metal orbitals could interact with a filled igand =«
orbital This corresponds to  bonding with hzand-to-metal charge transfer Since the d
orbitals are less than half-filled, either an « electron or a f electron could be donated In
the former case there will be excess fi spin density remarning on the hgand and 1n the latter
case excess &« spin density Since the wave functions and hence the spmn density distribu-
tions are usually different for the 7 and #* orbitals and since the signs of the contact
shifts are different for @ and f§ spin densities, we can, in principle, distinguish these possi-
bilities. However, 1f the symmetry is less than octahedral, the dyy.d,; and d,; orbitals
can also mix with ligand o* orbitals. Thus can lead to direct de[ocahzat;on ofa spin to
hydrogen atoms on the ligand In general, the spin density in g orbitals will fall off rather
raprdly with an inereasing number of bonds separating the magnetic nucleus from the met-
al atom and this argument 1s often used to 1dentify or refute o delocalization. It has ob-
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vious hazards. Still more subtle delocalization mechanisms may be encountered. Thus un-
pawred electrons wn essentially non-bonding 7 orbitals may polanze the spins of patred
electrons sn neighbouring ¢ bondmng orbatals leading to excess 8 spins 1n the hgand o or-
bital Again the maiwn delocalization may be to the o orbrtals of the atom attached directly
to the metal but this can polanze filled ligand & orbitals. Since 1ncorrect 1dentification of
the delocalization mechanism will lead to incorrect inferences with regard to the bonding,
1t 15 apparent that results i this area must be assessed with some care

Fally, we might say a word about the calculation of ligand spin densities The most
desirable approach would cbviously be a complete calculation involving all metal and
Iigand orbitals with full allowance for electron correlation. Needless to say such calcula-
tions have not been carried out In a number of cases (notably metallocene complexes),
extended Huckel calculations on the complete molecule have been used to obtain spin
denstties®7_ These lack allowance for correlation effects but the reasonable agreement
with experiment suggests they may be fair approximations This does not imply, however,
that the methad will necessartly work equally well in other cases especially where bath
positive and negat:ve spin densities occur. A more common procedure has been to carry
out a calculation on a radical derived fiom the hgand, to compare the relative spit densi-
ties at different positions, and hence to deduce the fraction of an electron delocalized
which gives a2 measure of the metal-ligand interaction. The mayjority of applications have
been to m radicals of the non-alternant type showing large negative spin densities In such
cases it s essential to include electron correlation and single electron Huckel calculations
are inadmissible. Earher workers resorted to valence bond calculations (which automatrc-
ally include correlation} and these were surprisingly successful in a number of cases @3
Later, MacLachlan developed a rather simple molecular orbital technique for dealing
with this situation and this has been widely used B3 Calculations on o radicals are more
limuted and have been confined to the extended Huckel #15and lLinear combination of
bond orbital methods 2% neither of which include correlation [a general, the success of
these caiculations 1s such that the conclusions reaclied with regard to the type of orbital
contamning the unpaired electrons and qualitative estimates of the amount of delocaliza-
tion can be regarded as reliable 1n favourable circumstances In the present state of the
art, this 15 perhaps the maxumum amonnt of information which can be derived from con-
tact shift studies.

E SOME MMR RESULTS

The study of the isotropic NMR shafts of paramagnetic metal complexes has been an
active area of research for almost ten years. During this pertod a rather substantial num-
ber of papcrs has becn published and an attempt has been made to provide a bibliography.
In the prescnt section, only a small number of selected papers will be reviewed These
have been chosen, somewhat arbitranly, to fry and illustrate the utility of this type of ex-
periment in studies of metal-ligand bonding The contnbutions of the papers listed to cther
areas of mterest, ranging from 1somerism 1n metal complexes to hyperconjugation in the
organic igands, have been substantial so that the followmp examples by no means represent
a balanced selection.

The first series of complexes to be extensively studied were the Nil amunotroponesmme-



ELECTRONIC STRUCTURE OF TRANSITION METAL COGMPLEXES 215

A m a ¢ e‘lbo

Fiz 3 H spectram of Nift N, N-bis(p-1,3-butadenylphenyammotropenesmineate
CDCl; solvent, TMS reference

ates of structure (I)G6 In the hght of subsey,uent work, this was an extremely fortu-
tous senes of compounds with which to start. In contrast fo other compounds, the results
can be mterpreted in a relatively simple manner, the hgands allow wide synthetic flex:ibil-

ity and the NMR relaxation properties are particularly favourable. There 1= only one com-
plication, namely that there 1s an exchange process, fast on the NMR timne scale, between
a planar diamagnetic isomer and a tetrahedral paramagnetic 1somer. As a result, the ab-
served shufts are the average of the paramagnetic and diamagnetic forms For our present
purpose we will neglect this aspect of the studies It was ongmally considered that the
fast 1somer exchange determined the fast electron spin relaxation but this does not ap-
pear to be correct. However, for whatever the cause, the NMR Iines are sharp enough to
resolve spin-spin splitting 1n many cases and shufts of up to 15,000 Hz at 60 MHz are ob-
served A typical spectrum is shown i Fig 3 The most notable qualitative feature about
this spectrum 1s the existence of both high and low field shufts Closer exammation of
this and related molecules shows that the fundamental pattern 1s very simple — protons
attached to successive carbons shuft in oppostte directions. This pattern 18 maintained m-
definitely as the ligand 7 system 1s extended. This pattern can be interpreted very simply
with a model involving contact shifts due to spin delocalization in the & system. The pro-
ton hyperfine coupling constants can be used to obtam = spin densihies from the relation-
ship

AH =Qpc
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where () 1s a constant of numencal value approximately —22 5 pauss The theory pertinent
to the use of this equation was developed to mterpret the ESR of aromatic radicals High
field shifts correspond to positive  spin densities and low field shifts to negative 7 spin
densities A simple valence bond formulation suffices to detenmine which posthons wall
experience positive spin densities and which negative sptn densities. Thus, 1f a radical 1s
formed by transferring an electron from the aminotroponeumineate ion to the metal, the
principal contributing structures will be

Y| N N ’ M
(I C;E L O

Reasonable structures placing positive spin at the e and v positions can be written, but
there 1s no such possibility at the § position Experience with stmilar radicals, such as the
allyl radical, suggests that this position will acquire negative spin density by spin polariza-
tion of the filled « orbitals Simular valence bond structures can easily be written for the
more complex ligands obtatned by substituting aromatic moeties on the nitrogen or at
the ¢ position Spin densities on these radicals can be calculated by the valence boud
method and compared with the experimental results Since we are not dealing wath **free™
radicals but only with ligands wath some radical character, the fit of the model must be
judged from the relative spin denstties at the different positions If a common scaling
factor mives satisfactory agreeinent at all positions, this scaling faction is a measure of the
fraction of an electron delogalized and hence of the amount of m interaction Table 2 gives
some compansons of calculated and exper mental spin densities The implication s that
about 1/10 of an electron 15 delocalized to the amunotroponeimineate framework and
about 1/30 to aromatic fragments attached to the nitrogen The overall agreement 1s bet-
ter than might have been expected from the rather unsophisticated method ef calculation

Thus the immediate conclusion 1s that 7 interaction is sufficiently tmportant to give
nse to about a 10% contnbution from structures involving delocalization of the unpatred
electrons to the hgand. It should be noted that tetrahedral Ni! has unparred electrons in
the d, ., d,, and d,,, orbitals which are cajable of direct overlap with the ligand 7 system
so there is no necessity to postulate any indirect mode of delocahzation. Furthermore,

TABLE 2

Spin denstties in nickel! NN-bis(p-1,3butadienylphenyl} aminotroponeimineate

Proton Pabs Pcale Proton Pobs Pealc

a +0 0410 a —0 00586 -0 00465
B -00210 b +0.00422 +0 00643
b +0 D568 c —0 00281 —0 00219
ortho +0.00792 +0.01099 a +0 00342 +0 QD288
meta —~0.00869 -0 00629 c +0 00305
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the mteraction must involve ligand-to-metal charge transfer since motecular orbital calcu-
lations E8 show that tne spm density distribution in the % orbital 1s incompatible with
the experimental results Considering the consistency of the results over the substantial
number of compounds studied, 1t seems certain that the shifts arise predominantly from
this mechamism Smaller contributions from other sources are, however, by no means
excluded Thus the observation of shifts in NM-alkylsubstituents and discrepancies i some
of the proton shifts of aromatic substituents at positions relatively close to the metal are
certainly indicative of some o contribution Recently, *3C shifts have been observed for
one of these compounds and 1t is considered that they are also indicative of some a de-
localizatron G35, Simularly, although the arguments against a substantial dipolar effect are
strong, a small contribution from this source cannot be excluded Thus, even in this well-
studred system, one must be content with qualitative conclustons about the bonding
Even with more reliable calculations on the spin density distnbuirtion, 1t 1s unitkely that
one will be able to be more explicit than to estimate [0% for the 7 delocalization

The Nil! galicylaldimines of structure (11} are a similar senes of compounds which
have also been rather extensively studied G17 Again, the suggested interpretation mvolves
delocalization 1nto the ligand # system by dr—pr interaction In thus case, the delocaliza-
tion ts smaller, amountmg only to about 1/30th of an electron Probably the interacting
7 orbital 1s energetically less favourably sitvated for imnteraction with the d orbitals than
in the ammnotroponermineates. The recervations expressed m the last paragraph apply
equally well here but the predominant mecharism seems to be well established

In both of the above cases the rather targe number of chemcally distinct hgand protons
allows extensive comparison of observed and calculated spin densities which is a valuable
aid in establishing the delocalization mechanism However, 1n cases with less favourable
relaxation condifions, the lines are broad and a complex lhigand 15 hikely to give nise to -
difficulties in the assignment of ines For compansons between different metal 1ons it 1s
therefore better to choose a stmple Iigand. A serzes of first-row transition metal acetyl-
acetones has been examined with this consideration m mind B2 The observed soiropic
shifts are given 1n Table 3 There are only two chemically distinct types of proton, pres-
ent 1n the ratio of si1x to one, so for any reasonable resolved spectrum there 1s no assign-
ment problem In spite of thus the lines were too broad 1n the cases of Tii!f and Crf! 1o
locate the single C—H proton It was argued that, in the early trang:tton metals at least (up
to Felll), dipolar effects are not important This argument 1s by no means watertight for
ali the complexes but 1n the authors’ opinion 15 probably substantially correct because
there 1s a smooth progression of the shifts (as seen from the figures of Table 3) 1n a sertes
which mcludes both complexes where dipolar effects can be certainly elimimated and
those where 1t 15 less certain The suggested interpretation was based on spin delocalization
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TARLE 3
NMR of paramagnetic acetylacetonates

Tl Vit ottt anlH gelll
CH; ~ =3500 2744 2320 —150Q5 —-1243
H —2404 —1085 +1644

Shifts i Hz at 60 MH2 from TMS

TAEBLE 4
Molecular orbital ealculations
Acetylacetonate
Energy top bonding +094178
Enerzy bottom antt-bonding —36103p
Spin dens:ties
Top bonding Bettom anti-bonding
Huckel McLachlan Hucke! McLachlan
0 +0 0890 +0 0710 +( 0799 +0 0852
Ci (C-CH3) +0 1260 +0 0640 +0 4201 +0 4979
Ca (C—1) +0 5683 +0 7291 +0 300 -0 1658

to the 7 systemn Table 4 contamns calculated # spin densities for both the bottom anti-
bonding m orbital and the top bonding 7 orbital Both the CH; and the single H shifts can
be related to these spin densities but in the first case the Q value should be taken as post-
tive {~+27 gauss) and 1n the second case negative. These calculations lead to the follow-
ing predictions for the contact shifts

{a) For metal-to-hgand charge transfer to the lowest unoccupied n orbital, the CH;
will have a large low field shift and the single hydrogen will also move to low field shift
though somewhat less

{b} Ligand-to-metal charge transfer will leave unpaired spin density tn the highest
occupied m ormtal For a less than half-filled d shell. an o electron will be trarsferred
This gives nise to a large low field shaft of the single hydrogen and a small sh:ft of indeter-
minate sign for the CHy For 2 half-filled or more shell, the signs are reversed, 1e. a large
high field shift 1s predicted for the single hydrogen. The expenmental results can be fitted
rather nicely ta these predictions At the beginning of the series (T1H1} 11 15 postulated
that the 4 arbatals are relatively close in energy to the a* orbital and metal-to-ligand trans-
fer predominates. On passing along the senes, the increasing nuclear charge lowers the
energy of the 4 orbitals and ligand-to-metal charge transfer must also be constdered
Delocalization in the #* orbital decreases from about 7% to 1% of an electron from Til!!
to Fel'l The change tn sign of the C—H shft at Fell! 1s predicted from the higand-to-
metal charge transfer mechanism. Perhaps even more significantly the interpretation is
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consistent with the chemustry of these tons The complexes showing the largest tendency
to metal-to-ligand charge transfer involve those 1ons most easily oxitdized and where
ligand-to-metal charge transfer is involved the 1ons are reducible to a lower ox:idation
state It should be emphasized, though, that results of this kind do not have more than
qualitative significance. It is plausibie from the expectarion that the d orbitals wall be
closer in energy to the 1t orbitals of the bgand than to the ¢ orbitals that 7 delocalization
will be more mpertant than g delocalization There is also some experrmental evidence to
this effect from the early observation of Forman et al B! that substitution of CHj for
the single hydrogen of the VI complex reversed the sign of shift as expected foran
radical There could, however, eastly be enough o delocalization to spoil quantitative
interpretations m addition to the uncertanties introduced by possible dipele interactions
and maccurate spin density calculations Chenmucally, however, results of this kind are of
unportance in dentonstrating trends in the bondmng and 1n giving a qualitative idea of the
extent of r interaction.

It 1s approprate to discuss next a case where several delocalization mechanisms have
been shown to occur stnultaneously In a recent paper, Cramer and Drago $46 have dis-
cussed contact shifts in complexes of the type N1L6+ where L 1s a pyridine or substituted
pyrnidine. There had been previous :eports of shifts for nickel pyrnidine complexes with dis-
torted octahedral or distorted tetrahedral geometry. The use of regular octahedral com-
plexes enabled the authors to diwsrmuss the possibility of dipolar effects with some certainty
and also to ehminate cirect delocal:ization mte the # system The unpatred electrons
reside in an e, crbital which can interact with higand o orbitals but which 1s orthogonal to
the 7 orbrtals At room temperature there 1s fast hgand exchange so that only averaged
shifts are observed but the contact shufted resonances can be obtamed at —40°C. The ob-
served shifts are shown i Table 5. For the pyndine complex itself, the general pattern is

TABLE 5
NrLg+ contact slufts
Ligand L ap (cfsec)
Pyridine O —3820
M —1420
P — 445
4-Methylpyridine G —4570
M -1500
P—-CHj, + 422
3-Methylpyndine O -4320
M —1575
P —~ 450
M—CHs —~ 313
4-Vinylpyndine O —-23631
M —-1236
Hj; ~ 195
H, + 53 .
H, ~ 218

Shifis in Hz at 60 MHz relative to TMS

Coord Chem Rev,7{1971) 197-227
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that expected for o delocalization The shifts are to low field, indicating the protons can
sense directly the & spin on the metal, and dimmish rather rapidly with distance fron: the
nicke!l. The results on some of the substituted pyndines indicate that this mechanism 18
not completely satisfactory In particular, the high field shifts of the CHy of 4-methyl-
pyndine and of H2 of 4-vinylpyridine cannot be explarned in this manner The sugges-
tior 1s made that polanzation leads to spin density in the 7 system Extended Huckel
calculations suggested about 4 X 1072 spin density 1n the o orbitals 8 spin density in the
m orbitals 15 abaut an order of magnitude less than this and 1t was not possible to identify
the specific orbital These results seem quite plausible *. It might be neted, though, that
the observation of both hugh and low field shifts does not necessartly implicate 7 orbitals.
Such effects have been observed 1n some substituted Nif! ammotroponeimineates i
which the sabstituent has no x system. The only firm conclusion 1s that one-electron
calculations for such systems are not sufficient

The above papers are indiwcative of the kind of attempts which have been made to ob-
tain mformation on metal—ligand bonding directly from contact shift measurements
There are a large number of variations on the themes already introduced In this final
section we would Lke to indicate some of the more indirect uses of NMR n this area The
work of Jesson et at F23 on cobalt!! pyrazolylborates has already been mentioned The
predominant shift mechamsm 18 dipolar and so does not prowvide direct information on
the bonding. There 1s, however, a significant contact contribution so that banding para-
meters are likely to be obtamned as a by-product from detailed studies of this kind A very
recent paper by McGarvey A5 has re-examined the theory of these d7 systems and intro-
duced some quantitative changes in the interpretation. We refer the reader to the original
paper for detatls Work of thus land involving continuing refinement of the theory empha-
sizes the imitation of most of what has been published so far to qualitattve significance
At the other end of the scale a recent paper by Rakshys G33 itlustrates very mcely the
esefulness of the NMR technique m an empirical way The molecules studied were com-
plexes of the type Ni(acac),L, (acac = acetylacetone, L= substrtuted anilines) in which
the contact shifts were correlated with stability constants Both electronic and steric
eiiects appear to be important and the NMR measurements provide a sensttive probe for
disentangling these effects Frnally we mught mention the rather imr*ed number of studies
on complexes with mixed Iigands G13.G19 The interest here ltes 1n the approach which
contact shifts offer to the question of how substituent changes m one higand affect bond-
g o other ligands This 1s an important problem in studies of substitution mechanisms
of complexes and :n homogeneous catalysis It has been demonstrated that rather large
effects are observed 1n the NMR spectra of mixed complexes The suggested interpreta-
f1ons have been based on differences mn the occupation of the spin-containing metal
orbitals as the various higands are changed This would appear to be a very promising area
which awaits nmiore systematic experimental explottation

* Recent INDO calculations Euggest that 1t may be posstble to interpret these results purely on the
basis of o delocalization (W D Horrecks and D I Johnson, preprint}
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F. CONCLUSION

For the reasons outlined wn the Introduction, it 1 not possible to make explicit com-
parisons between ESR and NMR results on metal—lipand bonding It 1s, however, feasible
to make soeme comments on the consistency of the general pictures which emerge from
the two types of studies The results described above have been very largely confined to
chelate complexes of the first-row transition metal 1ons Both techmques demonstrate
that covalency 1s a factor of major wnportance 1n this class of compounds In both cases
mteractions allowed by symmetry considerations are most unportant Thus. heand hyper-
fine splitting 15 observed mn Cull complexes but not in VIV complexes m defocabization
appears to be dominant from contzet shuft studies of tetrahedral Nitl complexes but 1s
subsidiary to ¢ effects in octahedral Nill complexes where spin can reach the # system
only indirectly ESR results indicate up to 20% contribution of bgand ¢ orbitals to form-
ally 4 orbitals but 1n general less than 10% ligand contnbution to 7 orbitals NMR results
agree with this imitation on « bonding Perhaps one of the more direct comparisons 1s
that of 5% ligand « contribution in vanadyl acetylacetonate from ESR and about the same
percentage in VIH acetylacetonate from NMR The NMR techn:ique 1s more sensitive but
less specific Thus, a detailed single-crystal ESR study can separate out the different modes
of spin delocalization without ambiguity [t will probably not, however, detect 2 or 3%
contribution of a given type of ligand orbital Such a contnibution will be sufficient to
unpart substantial contact shufts to the NMR spectrum but there 18 no simple experimental
cntenon for disentangling the mechanisms This sensitivity of the NMR method means
that relatively exotic indirect modes of spin delocalization whuch can be safely neglected
in ESR must he considered m interpreting the NMR spectra The theory for ESR 1s rather
well developed and allows quantitative mnterpretations to be put forward with some con-
fidence. That for NMR 15 more complex and cannot be applied with certamnty wathout
sophisticated many-electron calculations on complete complexes The overall result is
that ESR gives us a relrable quantitative description of a few classes of complexes NMR
has given a large amount of essentially qualitative data on a much wader range of com-
pounds Both techniques are capable of much wider exploitation and jointly are likely to
continue to make a substantial contribution to our understanding of the electronic struc-
ture of transition metal complexes
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