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Proton magnetic resonance data are presented for the 
paramagnetic complexes M(ligand)rXr where M = Co 
and Ni, ligand = pyridine and y-picoline and X= C!, 
Rr, I, and NCS. The shifts exhibited by the nickel 
compounds can be interpreted in terms of a contact 
interaction involving the same electron spin delocaliz- 
ation mechanisms as found previously for other pyri- 
dine complexes. In the case of the cobalt complexes, 
both contact and dipolar effects contribute to the ob- 
served shifts. However, the sign of the dipolar effect 
is found to depend upon the nature of X. The cloro- 
form solvent resonances suffer large shifts in the co- 
balt systems attributable to a dipoiar interaction. 

Introduction 

Isotropic nuclear resonance shifts of ligands coor- 
dinated to paramagnetic transition metals have been 
observed in some cases where the electron spin relax- 
ation is sufficiently fast.’ Pyridine and substituted 
pyridine complexes of octahedral cobalt(I1) and ni- 
ckel(I1) acetylacetonates’ and tetrahedral cobalt(II)3 
and nickel(II)4 halides have been studied. 

The isotropic resonance shifts in the case of pyri- 
dine cordinated to Ni(acetylacetone)z in which the ni- 
ckel is approximately octahedrally coordinated were 
interpreted’ as rising predominantly from contact 
shifts’ due to delocalization of unpaired electron spin. 
The magnitude and pattern of the shifts indicated’ 
that the shifts at the cc and p proton positions were 
due to interaction with unpaired spin in the r~ frame- 
work of the ligand whereas the shifts at the y position 
indicated interaction with unpaired spin in the x 
system of the ligand. 

The isotropic resonance shifts of the corresponding 
cobalt( II) acetylacetone-pyridine complexes could not 
be interpreted without invoking2 the presence of a 
sizeable dipolar or pseudocontact’ interaction. This 
dipolar interaction was most noticeable at the y posi- 
tion where the contact term was considerably smaller 
than at the a and f3 positions. The magnetic aniso- 
tropy responsible for the dipolar shift was such that 
g1>gll. 

Evidence for magnetic anisotropy has also been ob- 

(1) See D.R. Eaton and W.D. Phillips, rAdvances in Magnetic Re- 
sonance~+, Vol. 1, J.S. Waugh, Ed., Academic Press, New York, 1965, 
p. 103, for leading references. 

(2) I.A. Happe and R.L. Ward, I, Chem. Phys.. 39, 1211 (1963). 
(3) B.B. Wayland and R.S. Drago, 1. Am. Chem. Six., 88, 4597 

(1966). 
(4) R.H. Helm, G.W. Everett, Jr., and W. Dew. Horrocks, Jr., I. 

,Am. Chem. SOL, 88, 1071 (1966). 

tained for other 5 octahedral adducts of cobalt(I1) ace- 
tylacetonate and, in all cases, the dipolar shift indi- 
cated that gl >g{j. The forces responsible for the sign 
and magnitude of the magnetic anisotropy appear to 
be poorly understood. It was of interest to examine 
a series of compounds in which systematic changes 
were made and observe the effects, if any, on the ma- 
gnetic anisotropy. 

This study reports nmr shifts of pyridine-type bases 
coordinated to nickel(I1) and cobalt(I1) as complexes 
of the type metal(ligand)4Xz where X= I-, Br-, Cl-, 
and NC%, and ligand=pyridine and y-picoline. X- 
ray structural dPterminations6 on NipydBrz, Nipy& 
Nipy,(NWz (the corresponding cobalt complexes are 
isomorphous) show the complexes to be trans octa- 
hedral monomers in the solid state. The electronic 
spectra of the nickel pyridine complexes jn choloro- 
form containing excess pyridine compared with the 
solid-state spectra indicate’ that the trans octahedral 
structure is retained in solution. 

Experimental Section 

The complexes were all prepared by methods de- 
scribed in the literature.8 The nmr spectra were ob- 
tained with a Varian A56/60 spectrometer fitted with 
a variable temperature probe. The proton resonance 
peaks were measured relative to an internal TMS re- 
ference. 

The complexes were examined as solutions in CD- 
Cl3 with known concentrations of complex and excess 
ligand. Electronic spectra were recorded on a Cary 
Model 14 spectrophotometer. 

Results 

The isotropic nmr shifts of the cordinated ligands 
are presented in Tables I and II. The values are all 
relative to the diamagnetic, uncomplexed ligand reso- 
nances. In order to obtain meaningful comparisons, 
the observed shifts have been extrapolated to the idea- 
lized situation of a species M(ligand)rX2 at 25”. In 

(5) (a) W. Dew. Horrocks. Jr., R.C. Taylor, and G.N. Lamar, /. 
Am. Chem. SOC., 86, 3031 (1964). 

(b) R.W. Kluiber and W. Dew. Horrocks, Jr., I. Am. Chem. Sm., 
87, 5350 (1965). 

(6) M.A. Porai-Koshits, AS. Antzishkina, L.M. Dickareva, and E.K. 
Jukhnov. Acta Crysl., 10, 784 (1957). 

(7) D.A. Rowley and R.S. Drago, Inorg. Chem., 6, 1092 (1967). 
(8) J.R. Allan, D.H. Brown. R.H. Nuttall, and D.W.A. Sharp, /. 

Inorg. Nucl. Chem., 26, 1895 (1964). 
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Table I. Magnetic Resonance Data for the Nickel Com- 
plexes a. 

a 13 Y Y-CH, 

Nip+12 - -5600 -2060 468 
Nipy,Brz _b -2030 450 
NipyA - -5500 -2100 486 
Nipyr(NCSh - -5100 -2030 425 

Ni(ypic),CL - -5650 -1930 + 560 
Ni(ypic),Bn - -5400 -1910 +568 
N~(yp~hIz . . - -5550 -1960 + 560 
Ni(ypich(NCS)t _b -2260 +695 

p Shifts in Hz at 60 MHz/set and 25” from resonance po- 
sitions in diamagnetic ligand; in no case measured directly 
(see text). b Resonance too broad for accurate measure- 
ment. 

Table II. Magnetic Resonance Data for the Cobalt Com- 
plexes O. 

a P Y y-CH, 

CODVJ* - -5550 -2550 475 
Co&,BrZ - -5000 -2200 -150 
Copy,Cl* - -4400 -1680 +275 
Copyr(NC% - 4960 -1800 f410 

Co(ypic)A - -5400 -2540 -175 
Co(ypicLBn - -5000 -2170 + 105 
Co(ypic)XL - 4510 -1700 +530 
Co(pich(NCSh - 4780 -1720 +630 

0 Shifts in Hz at 60 MHz/set and 25” from resonance po- 
sitions in diamagnetic ligand. In no case were these values 
measured directly (see text). 

no case is it possible to measure this value directly. 
In the case of the nickel compounds, decomposition 
of the complexes occurs in the absence of excess li- 
gand, and in the presence of excess ligand, exchange 
between coordinated and uncoordinated ligand is ra- 
pid at 25” giving an averaged spectrum. Thus it is 
necessary to know the relative concentrations of com- 
plex and excess ligand in order to determine the ‘ab- 
solute’ shifts of the coordinated ligand. The validity of 
this procedure can be checked in this instance, since 
it is possible to ‘freeze out’ the exchange at tempera- 
tures less than -30” and thus observe resonances of 
coordinated and free ligand. With the instrument 
used in these studies only the y-proton of coordinated 
pyridine could be observed (the shifts at the other 
positions being too large). However, if the shift of 
the y-proton of the coordinated ligand observed at 
low temperatures is extrapolated back to 25” using 
an inverse temperature dependence (both the contact 
and pseudocontact mechanism have a Curie Law de- 
pendence), the resulting value agrees well with that 
calculated from the rapid exchange situation. 

In the case of the cobalt complexes, there is also 
an equilibrium between tetrahedral Co(ligand)2X2 and 
octahedral Co(ligand)lXz. The equilibrium may be 
forced to the octahedral side by excess ligand and 
low temperatures;9 thus these conditions were chosen 
for measurements. As in the nickel case, ligand ex- 
change is rapid at temperatures above -30”, leading to 
an averaged spectrum. 

(9) H.C.A. King. E. KGras, and S.M. Nelson, 1. Chem. SOC., 5449 
(1963). 

Discussion 

Examination of the shifts of the series of nickel 
complexes shows that the dependence upon X for Ni- 
(ligand)4Xz is small. The ratios of cz: p and @: y shifts 
are quite similar to those reported by Happe and 
Ward for pyridine coordinated to Ni” acetylacetona- 
te*. Thus there is no evidence for an appreciable di- 
polar interaction. This is not surprising since esr 
studies on a variety of distorted six-coordinate nickel 
compounds have shown’* that magnetic anisotropy 
is less than - 5 % . Anisotropy of this order of magni- 
tude will give rise to very small pseudocontact shifts. 

The shifts observed for hte nickel-picoline com- 
plexes at the a and @ positions are very similar to 
those of the pyridine complexes but the y-CH, re- 
sonance is found upfield whereas the y-H resonance 
of the pyridine complexes occurred downfield from 
the diamagnetic position. This is expected if the con- 
tact shift at the y-position is dominated by interaction 
with unpaired electrons in the x system of the ligands. 
The shifts observed for the coordinated pyridine and 
y-picoline in the nickel complexes are very similar 
in magnitude to those reported for pyridine and pico- 
line in octahedral adducts with bis-(salicylaldehydato) 
nickel”” and with bis-(benzoylacetonato) nickel(1 I )Ilb 
but substantially less than previously observed4 in te- 
trahedral nickel(lI) complexes. 

The shifts of the pyridine and picoline protons in 
the cobalt complexes show marked differences from 
their nickel(l1) analogues. In particular, there is a 
considerable dependence upon the halide or pseudo- 
halide coordinated. The shifts for the bromide and 
iodide complexes fall substantially downfield from 
those observed for the chloride and thiocyanate com- 
plexes. The resonances observed for the chloride and 
thiocyanate complexes resemble those reported for 
pyridine and y-picoline coordinated to bis-(salicyl- 
aldehydato) cobalt,“a where the results were interpret- 
ed” as arising from the superposition of an upfield 
dipolar effect on a primarily downfield contact effect. 
The shifts for bromide complexes are very similar to 
the nickel analogues and can be interpreted as being 
due primarily to interaction with unpaired spin in 
the Q orbital at the a and p positions and interaction 
with unpaired spin in the 7~ orbital at the y position, 
with no good evidence for a dipolar effect operating 
in these systems. The cobalt iodide complexes di- 
splay shifts downfield of those observed for the other 
cobalt species, in particular the methyl resonance for 
Co(y-pic)41z is the only methyl resonance found down- 
field for any of the cobalt or nickel picoline com- 
plexes. This could be reasonably interpreted in two 
ways (a) the shifts are the net effect of contact shifts 
of a similar magnitude to those found for the other 
cobalt complexes and a dipolar shift of opposite sign 
to that observed for the chloride and thiocyanato com- 
plexes, or (b) the shifts at all positions are the result 
of contact shifts caused by interaction with unpaired 
spin in the F orbital. Now since in all other pyridine 
and picoline complexes of nickel(I1) and cobalt 
(II), 2,3,4~11 the contact shift at the y position has been 

(10) B.R. McGarvey, *Transition Metal Chemistry>, Vol. 3, R.L. 
Carlin, Ed., Marcel Dekker, Inc., New York, 1966, p. 89. 

(11) (a) H.P. Fritz, W.C. Gretner, H.I. Keller, and K.E. Schwarz- 
ham. 2. Naturf., 236. 906 (1968). 

(b) R.W. Kluiber and W. Dew. Horrocks, Jr., Inorg. Chem., 6, 
166 (1967). 
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siderable magnetic anisotropy of the opposite sign 
to that found for Copy,CL and Copy4(NCQ. There- 
fore the pyridine protons in Copy& should experience 
a downfield dipolar shift. This agrees with the ten- 
tative explanation put forward from consideration of 
the ligand shifts. 

The ligand and solvent shifts in the case of CopyJ- 
Brz indicate that this system has only slight magnetic 
anisotropy. The solvent shift is in the same direction 
as Copy412 but much smaller and only slightly larger 
than the corresponding nickel complex. 

We have so far assumed that the structure of all of 
the complexes remains truns-octahedral in solution, 
and that the explanation of the observations is a 
change in sign of the magnetic anisotropy in a series 
of closely related cobalt complexes. There are some 
alternative explanations for these observations which 
will now be considered. 

(1) Some of the cobalt complexes change to a cis 
configuration in solution. 

(2) Some of the cobalt species become five-coordin- 
ate complexes of the type Copy3Xz or [Copy,X]+X- 
in solution. 

Several pieces of evidence indicate that the explan- 
ation based on anisotropy inversion is the best avail- 
able. Firstly the nmr spectra of these complexes at 
temperatures low enough to allow observation of both 
coordinated and free ligand ( --60”) shows that there 
is only one type of coordinated ligand, and that there 
are four of these per cobalt. This immediately pre- 
cludes cis Mpy,Xz species and five-coordinate species 
of the type Copy3X2. The electronic spectra of the 
cobalt complexes in chloroform containing excess py- 
ridine and cooled to w-20” are very similar to the 
reflectance spectra of the solids.” Further, the inten- 
sities of these transitions are typical of octahedral 
cobaltf I I); i.e. e < 20, militating against five-coordinate 
structures of the type [ Copy4X]+X- where the inten- 
sities would be expected to be similar to those reported 
for tris(2-diphenylphosphinoethyl)amineCoX” where 
E values of > 100 were found. We thus conclude 
that all of the complexes examined retain the trans- 
octahedral structure in solution. 

It is apparent therefore that the cobalt complexes 
fall into two groups, with respect to magnetic aniso- 
tropy, the chloride and isothiocyanate exhibit g\l> g L 
whereas the iodide and bromide display anisotropy 
of the same sign as the cobalt(II)acetylacetonate-ad- 
ducts,= gl >g11. 

The effect of a weak field of Oh symmetry on the 
lowest state (4F) of the free Co*+ ion is to resolve the 
sevenfold orbital degeneracy into two triplets and a 
singlet, with the lowest state being a triplet (4T~,). In 
considering the magnetic anisotropy of the cobalt 
compounds studied here at least two further perturb- 
ations must then be applied, (a) a lower symmetry 
component (6) and (b) spin-orbit coupling. This leads 
to a ground state manifold containing six Kramers 
doublets. If 6 is known to be much larger than X 
the spin-orbit coupling constant, the anisotropy results 
could be interpreted” in terms of the sign of 6. Such 

(14) C.D. Burbridge, D.M.L. Goodgame, and M. Goodgame. 1. 
Chem. Sm. A, 349 (1967). 

(15) L. Sacconi and I. Bertini. I. Anrer. Chew. Sm., 90, 5443 (1968). 
(16) (a) B. Bleaney and D.J.E. Ingram, Proc. Roy Sot. (London), 

A208. 143 (1951). 

the result of interaction with unpaired spin in the z 
system, explanation (b) above does not seem very 
plausible. Thus, the tentative conclusion reached 
from consideration of the ligand shifts is that the di- 
polar effect seems to be contributing in an upfield 
direction for the chloride and thiocyanato complexes 
but in a downfield direction in the iodide complexes 
with the bromide complexes displaving little evidence 
of any dipolar effects. More definite proof for these 
conclusions comes from a consideration of the solvent 
shifts observed in these systems. 

Table III. Effect of Metal Complexes on Chloroform Proton 
Resonance Shift (at -60”). 

Complex Shift (Hz) a Complex Shift (Hz) Q 

Nipy,Ch +26 
Nipy,Bn +26 
NipyA * +11 
Nipy,(NCS), -2 
Ni(y-pic),CL * +12 
Ni(y-pic),Bo * +9 
Ni(y-pic)A * 
Ni(y-pic),(NCS)2b 

+10 
0 

COPY,Cl* 
Copy4Br2 
COPY,12 
Copy,(NCS)> 
Co(y-pic),Cl, 
Co(y-pic)4Brz 
Co(y-pic)& 
Co(y_pic),(NCS), 

-96 
+35 

+116 
-80 
-48 
+32 

+151 
-55 

n Except as noted the complexes were examined as 0.10 A4 
solutions in CDCl, containing 1% CHCl,, which was also 
0.2 A4 with respect to pyridinz. *Complexes examined as 
0.05 M solutions because of lower solubility. However, the 
shifts are linear with respect to concentration variations and 
thus comparisons are readily mede. 

The CHCll solvent shifts in Table III show some 
dramatic differences between the cobalt and nickel 
series. The upfield solvent shifts observed in the 
systems containing NipyL4, Nipy,Brz, and Nipy41z are 
slightly larger than those observed” for CHCl, solu- 
tions containing ~(C6Hs)rPCol~]- and [(C6H&PNi13]- 
ions where the shift was attributed to a contact shift 
via a hydrogen bond between the CHCl, and the hal- 
ide on the metal. Apparently this mechanism does 
not exist in the case of Nipyh(NCS)t which shows es- 
sentially no solvent shift. The solvent shifts for the 
cobalt containing systems are much larger than those 
observed in the nickel cases. It is apparent that the 
solvent is experiencing a dipolar shift.” Since the 
solvent shifts in the nickel system indicate an inter- 
action between the solvent and the electron spin via 
a halide chloroform hydrogen bond, it is obvious 
that metal to chloroform-proton distance wit1 resuIt 
in a smaller value along the z axis on average than 
along the x and y axes (where the metal-N4 grouping 
defines the xy plane). Thus if the metal is magne- 
tically anisotropic, one would expect dipolar solvent 
shifts in the opposite direction to those observed for 
the pyridine protons. This is borne out for the Copyr 
Cl2 and CO~~~(NCS)~ systems where the pyridine re- 
sonances experience an upfield dipolar shift (vide su- 
pa) whereas the solvent protons are shifted down- 
field. Thus the sign and magnitude of the solvent 
shift can be used as a test for magnetic anisotropy 
in these systems. In this light, the large upfield sol- 
vent shift of the Copy41z system is evidence for con- 

(12) M.F. Rettig and R.S. Drago, J. Am. Chem. Sm., 88, 296G 
(1966). 

(13) These large solvent shifts will be discussed in more detail else- 
where. 
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an approach is probably of limited usefulness when 
6 and h. are of comparable magnitude,17 which may 
be the situation in many cobalt compounds.16 This 
may explain the difficulty in interpreting the inversion 

(b) K. Kambe, S. Koide, and T. Usui, Progr. Theor. Phys., 7, 15 
(1952). 

(17) (a) H.M. Gladney, Phys. Rev., 146. 253 (1966). 
(b) H.M. Gladney and J.D. Swalen, 1. Chem. Phys., 42, 1999 (1965). 
(18) The ground state manifold of Coz+ doped into the tetragonal 

sites of MaF. has been characterized by means of a fluorescence soec- 

of magnetic anisotropy by use of ‘chemical logic’. 
Gerloch and Slade have recently showrQ9 that the 
anisotropy of distorted tetrahedral nickel( II) comple- 
xes can be expected to pass through at least two in- 
versions with respect to variation of a single para- 
meter (in this case an angular distortion parameter). 
Similar trends might well be expected in octahedral 
cobalt(H) complexes.M 

- L 

trum [L.F. Johnson, R.E. Dietz, and H.J. Guggenheim, App. Phys. 
Letlers, 5, 21 (1964)] and all six Kramers doublets fall within 1500 
cm-l, with no obvious division into two groups of four and two. 

(19) M. Gerloch and R.C. Slade, I. Chem. SOC. (A), 1012 (1969). 
(20) M. Gerloch, private communication. 
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