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A new theoretical relation between proton and cobalt-59 chemical shifts in cobalt(III) compounds has been
established on the assumption that the proton shift comes primarily from the anisotropy of the second-order para-

magnetism of the central cobalt(III) ion.
explained and applied to the problem of proton shifts.

The additivity observed for cobalt-59 chemical shifts in solution is
The relation between *H and 5°Co chemical shifts, coupled

with this additivity, allows one to calculate the chemical shift of a proton under the influence of the paramagnetic

anisotropy of a cobalt ion.

In previous papers,!:2 we have reported the chemical
shifts of ammine protons of a series of pentaammine
cobalt(I1I) complexes. The shifts have been inter-
preted as arising primarily from the paramagnetic
anisotropy of the central cobalt ions.

In this paper a more rigorous and convenient method
of calculating the PMR shifts for cobalt(I1II) ammines
is given. This new result can explain quantitatively
the ammine proton chemical shifts. It has already
been applied to a-aminocarboxylato cobalt(III) com-
pounds.®

The core of the present theory is the use of cobalt-59
chemical shift data. First we establish a relation be-
tween the proton chemical shift and the paramagnetic
susceptibility tensor of a cobaltic ion using the formula-
tion of Ramsey® and McConnell.5) Next the para-
magnetic susceptibility of the central cobalt ion will be
shown to be directly proportional to the chemical shift
of the cobalt-59 nucleus. Thus, PMR shifts can be
obtained from data on cobalt-59 chemical shifts which
have been documented for the vast majority of cobaltic
complexes. Finally, an additivity of cobalt-59 shifts
will be used to show that proton shifts can be calculated
very easily.

Theory

Chemical Shift Induced by Paramagnetic Anisotropy.
We start with Ramsey’s expression for the chemical
shift®

o(*H) = (02/2'"0”)(0]?{1(7?)2—7}’f}’}/(f}')3|0>
'—2¥(En—Eo)'1[<0112_m?/(f?)3]">
X(n];m2|0)+c.c.] )

All notations have their usual significance®® and c.c.
denotes the complex conjugate. The origin of the
coordinate system is at the proton under consideration.
Equation (1) has been simplified by McConnell,® using
the point dipole approximation, to the form

ots) = (=) @
Here, the vector R is from the atom exerting the dipole
field, in the present case the central cobalt(III) ion, to
the proton in question. The magnetic susceptibility
tensor of the cobalt(III) ion may be written:

X = —(1/2)(e*/2me*) <013 H{1(r,)* —ri7:}10>
+¥(En_EO)_1[<OIE‘mt]n><nl2mt}O> +c.c.] 3)

Note that quantities with the superscript 0 refer to the
proton and those without 0 to the metal center. We
assume that the first term of the right-hand side of
Eq. (3) is nearly isotropic and constant over a wide
variety of cobaltic complexes and consider only the
second term which we denote by xP(%Co). The validity
of this assumption has been discussed extensively?% and
has been well established for many cobalt compounds.®
With this assumption, we need to treat only the para-

magnetic term in proton chemical shift. Thus, we
obtain
1 3R-R
oP(H) — (F__RT)XP(”CO) @)

Relation to 5°Co Chemical Shifts. The chemical
shift of a cobalt-59 nucleus can be calculated from

5(Cio) = a*($*Co) + o7 (Co) )
where
0*(%Co) = —23}(Es— Ex) [<OISImfryln>
X <n|¥m,|0} +c.c.] (6)

For the reasons mentioned above, we need to consider
only the term oP(3?Co). We use a simple molecular
orbital theory, which takes into account the covalency
and the anisotropy in chemical shift. The wavefunc-
tions used here are assumed to be well approximated
by those appropriate in a crystal field of Oy, symmetry,
irrespective of the real symmetry of the complex in
question. Thus, the theory is similar, in some respects,
to that which Yamatera? used to explain the absorption
spectra of diamagnetic cobalt compounds. This we
call the Oy, approximation.

The excited state that contributes most to ¢,(3*Co)
is the 1Ty, state, which corresponds to the first absorp-
tion band in cobaltic complexes. In the Oy approxi-
mation, it will suffice to investigate the zz component
as an example. It is a straightforward matter to show
that Eq. (6) can be reduced to

cgz (EQCO) = - 4(EE - EO) _1[<qrt2g (z) I m, r I Weg (z) >
X AW og ) || ¥ 261> +C.C.] (7)

for a cobalt(III) ion in a crystal field of Oy, symmetry.
Here, Ex and E, are the energies of the excited state
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Fig. I. The coordinate system for a complex [Co(ABC-
DEF)]. A, B, ..., F stand for ligand molecules.

1T, and the ground state A, respectively. Covalency
effects can be taken into account by using the molecular
orbitals of the form

Weg(z) = ‘Mlgdx*—y' + ¢1a®Pra (8)
Ve = cme3dyy + €LaPro 9)

Here, the ligand molecular orbitals are defined by linear
combinations of atomic orbitals:

@y = (04 +05—0c—0p)/2 (10)

Bry = (ma+ 78— 76— 7p) /2 (11)
The subscripts A, B, C, and D stand for ligand mole-
cules or ions, see Fig. 1. In cases where ligand n*
orbitals are important, molecular orbitals (11) should
be replaced by

Vieerr = ‘Ms3dxy+0LacDLs (12)
&py = (nk + 7§ —n& —nf)/2 (13)
Substitution of Egs. (8) and (9) into Eq. (7) yields
of,(*°Co) = —32f%r~%) (Ep—Ey)™*

X (eM1tma +Onz6r1So + Cur0r2Sx)* (14)
where we have used the relations
Bpy = 8,3dp_ e + S,/4d g ye + o (15)
dyy = 8.3d,, + S/4dy, + - (16)
in which
S, = <3dx--y']¢’m> (17)
S, = <3dxqu)L2> (18)

We have neglected small terms in S.2 and S.2, which
do not affect the final result (see below). <r=3> is
an average of 72 over a metal 3d orbital.

Almost the same calculation leads us to an expression
for 25 (5°Co).

X5,(Co) = 166%(Eg—Eo)™*

X (Cwatuat+ CuabraSs + cur6raSe)? (19)
Thus, we obtain
X5,(%Co) = — o, (*Co)/2{r™%) (20)
and hence
AP(*Co) = —a?(**Co0)/2<r™%) @1

This result is quite general and does not depend on the
symmetry of the complex in question. In the previous
paper,? we verified the above relation using molecular
orbitals appropriate to C,, symmetry and applied it to
the calculation of the proton chemical shift of [CoX-
(NH;);]. From Egs. (4) and (21), we obtain

) = () recare @)
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which establishes the relation between the proton and
cobalt-59 chemical shifts.

Additivity of 5°Co Chemical Shifts. Since the pio-
neering work of Proctor and Yu,® the chemical shift of
the cobalt-59 nucleus has been the subject of many in-
vestigations.®6:9-19) Freeman, Murray, and Richards!®
and Griffith and Orgel'® have noted that the shift is
inversely proportional to the energy of the first absorp-
tion band in cobalt(III) complexes. Betteridge and
Golding!® and Fujiwara and coworkers®) have pointed
out that the covalency between the metal and ligand
orbitals should be considered. Recently, it has been
reported by Fujiwara et al.1? that an additivity holds
for shift values of a wide variety of cobaltic compounds,
namely, the observed shift value in solution can roughly
be given by the sum of contributions from each ligand.
To this additivity rule we present an interpretation and
an extension, which we believe explains all the above
observations. The details are given in the Appendix.
The results may be summarized as follows: this rule
comes from the additivity valid for each (xx, yy, and
zz) component of the shielding tensor.

2.(**Co) = o(C) + (D) + o(E) + o(F) (23)
o?,(*Co) = 6(A) + o(B) + o(E) + o(F) (24)
o,(**Co) = o(A) + o(B) + o(C) + o(D) (25)

where ¢(X) is the contribution from a ligand X to the
paramagnetic term of the cobalt-59 shielding. The
o(X) values of typical ligands are given in Table 1.

TaBLE 1. o(X) VALUES FOR SOME LIGANDS. DATa ARE
TAKEN FROM REFS. (10) To (12) anD (17).
ox=C,0,2", en=ethylenediamine, phen =phenanthroline.

X ¢ (X) Calcd from
NH, —4860 ppm  — 19440 ppm of [Co(NHj),]
en —9205 —18410 [Co(en),]
Cl —5910 —20140 [Co(NH;),;Cl]
Br —5865 —20110 [Co(NHj),Br]
NO, —4073 —18915 [Co(NH,);NO,]
CN —2760 —18040 [Co(NH,);CN]
N, —5655 —19970 [Co(NH,);N,]
OH —6345 —20430 [Co(NH,);OH]
H,0 —6255 —20370 [Co(NH;);H,O]
CO; —12090 —21020 [Co(NHj,) ,CO;4]
ox —11440 —19900 [Co(en),0x]
phen —9135 —18270 [Co(phen),]

The method for obtaining these values is expounded
in the Appendix. Thus, the cobalt-59 chemical shift
for a complex [CoABCDEF] in solution is given by

olo(**Co0) = 31a%(**Co)/3 (26)
= (2/3)3]s(X) (27)

Substituting Egs. (23) to (25) into Eq. (22), we obtain
o2, (*H) = — (1 —3sin?6 cos® §)
X (6(C) +o(D) +6(E)+o(F))/2R3(r"%)  (28)
6% (*H) = — (1—3sin? 0 sin? )
X (6(A) +6(B) +6(E) +0(F))/2R3r™3> (29)
o2,(H) = — (13 cos?6)
X (6(A) +06(B) +6(C) +6(D))/2R3r2) (30)
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The proton chemical shift in solution is given by

oho(*H) = 31e%('H)/3 (31)

Discussion

Hendrickson and Jolly'® have pointed out, in their
interpretation of the PMR spectra of cobalt(I1I) penta-
ammines, the importance of the second-order para-
magnetism of the central metal ion. However, their
explanation for the shifts is only qualitative. They
qualitatively explained a gradual change in chemical
shifts when the sixth ligand is varied along the spectro-
chemical series. Buckingham and Stephens!®) were the
first to try to treat quantitatively the chemical shift of
a proton under the influence of the magnetic anisotropy
of metal ions. They considered transition metal hydrides
and made an almost ab initio calculation. Their cal-
culation was, however, hampered by the paucity of
experimental data necessary for the estimation of several
parameters, resulting in a qualitative explanation.

We formulated the theory of proton chemical shifts
in such a way as to use cobalt-59 chemical shifts. This
is because a vast amount of data has been accumulated
for many cobaltic compounds. The results obtained
here afford a quantitative explanation of proton chemi-
cal shifts in cobalt(III) ammines. This we will show
in subsequent publications.

Appendix

It seems worthwhile to determine the origin and the im-
plication of the empirical additivity rule for cobalt-59 chemical
shifts. As in previous discussions, we use the O, approxima-
tion. The energy levels pertinent to the present discussion
are the ground level A, and the excited level 1T,,.

Now, the excited state 'T,, is obtained by a one-electron
excitation from the t,, to the e, state. The energy of the
T,, state may be considered to contain the following terms;?
5Xe(tyg)s &(eg), the electron repulsion energies, and the
configuration interaction energies, where &(t,;) is the one-
clectron energy of the t,, state and ¢(e,) the corresponding
energy of the e, state.

Ep = 5e(ty,) + eleg) + --- (A1)
Similarly, the energy of the ground state 'A,, is given by
Ey = 6e(tyy) + - (A2)

Contributions from kinetic and potential energies of valence
electrons in the field of metal core have been included in
&(ty,) and g(e,). We assume that of these terms only &(t,,)
and ¢(e,) vary from ligand to ligand and the others remain
almost unaltered. This assumption is equivalent to that of
Yamatera,”? who has been successful in explaining the shifts
and splittings of the absorption spectra of diamagnetic cobalt
complexes. The justification for this assumption can be
found in his paper. The change in the denominator of Eq.
(14), (Egz—E,), on going from one complex to another is
therefore set equal to the change in (g(ty;) —é&(eg))-

In a simple molecular orbital scheme,? the energies
&(t,) and &(e,) are given by

s(tscg) = HMM(t2g) + S:?HMM(tzg)Hx(HMM(t%g)—Hx)_l
e(eg) = Hyy(eg) + S?Hyy(eg) H,(Hyy(e,) — H,)™?

where we define

(A3)
(A4)
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HMM(tZg) = <3dxylHI3dxy> (A5)
Hyy(eg) = 3dx_y| H|3d s> (A6)
H, = <‘I’L11H [®Pry (A7)
H, = <¢L2’H I¢L2> (A8)
and
H = Hcore + U (Ag)

H,, ., is the energy of an electron in the field of the metal
core and U the potential energy of an electron in the field
of the ligands. In Eqgs. (A3) and (A4), the following rela-
tions have been used.2%)

3dx--y'|Hl¢’m> = Sﬂ(HMM(eg) H,)v? (A10)
Bdyy | H | ®pap = S, (Hyy (tag) H) Y2 (Al1)

Further, the coefficients ¢y, and ¢;, should obey the normaliza-
tion condition,

e+ 20m16045, + ¢}y =1 (A12)

1 (A13)

If we assume that the value of Hyy(e,) is little influenced by
ligand substitution,”? Eqs. (A3) and (Al2) indicate that
&(eg)s cy1, and ¢y, are functions of two independent variables,
S, and H,. Likewise, &(ts,), ¢z, and ¢, can be considered -
to be functions of S, and H,. Thus, under these conditions
62, (°Co) is a function of four variables: S,, S,, H,, and H,,
the values of which vary of course from ligand to ligand.
However, the changes in these values upon going from one
complex to another may be assumed to be much smaller
than the corresponding values in the parent complex.?
Therefore, we might as well develop of,(5?Co) into a power
series in these increments. For convenience, we denote the
zz component of the shielding tensor for a complex [Co-
ABCDEF] as o2,(ABCDEF) (see Fig. 1).

o3,(ABCDEF) = o2,(000000)

3%

I

I

iz + 20y90105: + iy

(st —s0)+ a"“z(ax—e.,)

ook,
aS“ z(sx

X

+

Z(‘fx &)

+ (second-order terms) (Al4)

Note that the summation runs from A to D. We have
employed the relation

S, =205% sz = Bdu_p|Eox/2 (A15)
Se = 355, sk = <Bdgyltmyd/2 (A16)
H, =3, ex = <ox|H|ox/4 (A17)
H, =3}, & = (nx|H|npd[4 (A18)

where X=A, B, C, and D and the subscript o represents
some “reference” ligand, e.g. NHj or ethylenediamine. Equa-
tion (Al4) can be recast into

o,(ABCDEF) = s(A) + o(B) + o(C) + o(D) (Al9)
Here
o(X) = 14[o2,(000000)
+ (55— at) +- SR Ao e0)
+ 2% (55— 1) + o8 4o —ed)]
= of (XX XX00)/4 (A20)

is just one fourth of the zz component of the shielding tensor
for a complex [Co(XXXXO00)], which is in turn equal, in
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the O, approximation, to that for [Co(XXXXXX)]. Thus,
the situation may be visualized simply as

-D|B_lAlABEB C—¢ . b0
Nargel War g Ay b aveg i ar:

In the Oy approximation, the xx and yy components can be
obtained by interchanging the symbols in parentheses.

o2, (ABCDEF) = ¢(C) + o(D) + o(E) + o(F)
o2 (ABCDEF) = 6(A) + o(B) + o(E) + o(F)

(A21)
(A22)

The cobalt-59 chemical shift for a complex [Co(ABCDEF)]
in solution is given by Eqgs. (26) and (27) in the text.

Fujiwara et al.®) reported of,(**Co)=—19440 ppm for
[Co(NH,)]3+. This value can be used, along with

6o (*"Co) = (2/3)60(NH,) = 40(NH,) (A23)
to obtain o(NH,)=—4860 ppm, which is in turn used to
evaluate 6(X) from data on [CoX(NHj;);] (X=Cl~, Br-,
CN-, OH-, NO,-, N,-, and H,0). These values are sum-
marized in Table 1.

The results obtained here permit us to estimate the chemical
shift anisotropy of a cobalt-59 nucleus. It is clear from the
procedure that the method used here can be applied to those
physical quantities that are closely connected to the optical
transitions of six-coordinated metal complexes. In fact, if
the physical quantity under consideration is the energy of the
electronic transition itself, we can obtain results which are
in complete agreement with those reported by Yamatera.?

The authors thank Prof. S. Fujiwara and Dr. A.
Yamasaki, Tokyo University, for informing them of the
cobalt-59 chemical shift data prior to publication and
for stimulating discussions.
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