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An Electron Spin Resonance Study of the Molecular Oxygen Adducts
formed by the Cobalt(n) Chelate of Salicylaldazine and Related Systems

By Thomas D. Smith.,” lvan M. Ruzic, and Selwyn Tirant, Chemistry Department, Monash University,
Clayton, Victoria, Australia 3168
John R. Pilbrow, Physics Department, Monash University, Clayton, Victoria, Australia 3168

Cobalt(il) chelates, as well as those of copper(il), nickel{ll), and manganese(ll), of salicylaldazine, 5,5'-
dichlorosalicylaldazine, 3,3'-dimethoxysalicylaldazine, and salicylaldehyde hydrazone have been prepared and
characterized by elemental analysis, thermogravimetric analysis, and magnetic susceptibility measurements. The
high-spin cobalt(il) chelates form reversible adducts with molecular oxygen in chloroform solutions containing
various bases at room temperature. The e.s.r. spectra of the molecular oxygen adducts have been recorded using
frozen solutions, and magnetic and structural parameters have been obtained by computer simulation of these spectra.
The effect of substituent groups on the ligands and of the various bases present on the numerical values of the
parameters is discussed. The electronic mechanisms which contribute to the hyperfine structure observed in the
e.s.r. spectra of the molecular oxygen adducts have been reassessed. Within the terms of the model, indirect spin-

polarization effects appear to be overshadowed by direct effects in many cases.

THE effects of various substituents and structural vari-
ations of the ligand NN’-ethylenebis(salicylideneimine)
(Hysalen) on the e.s.r. spectra and magnetic parameters
of the molecular oxygen adducts formed by cobalt(11)
chelates in the presence of nitrogenous bases were de-
scribed earlier.! The structure of salicylaldazine, formed
by the condensation of salicylaldehyde with hydrazine,?
is similar to that of salen, the difference lying in the
absence of the bridging CH,CH, group in salicylaldazine.
The preparation of a number of transition-metal com-
pounds of salicylaldazine has been reported,® while the
i.r. spectra of the ligand ¢ and related systems have been
discussed.>% Salicylaldehyde hydrazone, formed by
condensation of salicylaldehyde and hydrazinein 1 : 1 mole
ratio, also forms chelates with a range of metal ions 7-®
and provides a further structural variation for the study
of the molecular oxygen adduct of its cobalt(11) chelate.

RESULTS

The elemental analysis, magnetic susceptibility measure-
ments, i.r. spectral, and thermogravimetric data indicate
that the cobalt(11) chelates of salicylaldazine, 5,5’-dichloro-
salicylaldazine, and 3,3’-dimethoxysalicylaldazine exist as
dihydrated high-spin compounds. Identical conclusions
are reached concerning the formation of the copper(ir),
nickel(11), and manganese(11) compounds.

On passing molecular oxygen through a chloroform solu-
tion of cobalt(11) salicylaldazinate containing pyridine (209,
v{v), prepared under nitrogen, the reddish brown colour of
the solution acquires a darker hue as shown in Figure 1.
The oxygenation process is reversible, since, when dry
nitrogen is passed through the solution for ca. 5 min, the
solution returns to its original colour. This process may be
repeated through several cycles.

A sample of the chloroform solution of cobalt(1) salicyl-
aldazinate (salaz) containing pyridine (209, v/v), prepared
under nitrogen, does not possess an e.s.r. spectrum at 140 K.
On the other hand, when treated with dry molecular oxygen
the solution gives rise to an e.s.r. spectrum typical of that
observed for the molecular oxygen adducts of cobalt(11)
compounds as outlined in Figure 2. A number of studies
have shown that the addition of base has a marked effect on

the degree of oxygenation of cobalt(ir) chelates and also on
the magnetic parameters associated with the characteristic
e.s.r. signals due to the molecular oxygen adducts of cobalt-
(11) chelates. A striking example of this was found in a
study of the addition of various bases to cobalt(ir) tetra(p-
tolyl)porphyrinato-complexes.’® Addition of 1,3,5-trinitro-
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Ficure 1 U.v.-visible absorption spectra of the cobalt(1r)
salicylaldazinate chelate under nitrogen and oxygen atmo-
spheres in chloroform containing pyridine (10% v/v) (path-
length 1 cm). (a) Under nitrogen, (b) + oxygen, (¢) + nitro-
gen

benzene, picric acid, pyrene, acridine, 2,4-dimethylpyridine,
and 2,4,6-trimethylpyridine to toluene solutions of the
cobalt(i1) porphyrin brings about a wide variation in the
es.r. spectra of the molecular oxygen adducts. In the
present investigation, the e.s.r. spectra of the molecular
oxygen adducts of cobalt() salicylaldazinate formed in
chloroform in the presence of a similar range of bases which
include acridine, 2-methylpyridine, 2,4,6-trimethylpyri-
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FiGure 2 E.s.r. spectrum due to the molecular oxygen adduct
of cobalt(11) salicylaldazinate in chloroform containing pyridine
(10% v/v) at 100 K. The dashed line shows the computer
simulation using the parameters listed in Table 3. The stick
spectra labelled E, correspond to extremum lines (arising from a
non-principal direction) and X, x,, Y, y,, and Z, 2, to principal
axes directions respectively
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Ficure 3 E.s.r. spectra due to the molecular oxygen adduct of
cobalt(i) salicylaldazinate in chloroform contalning 10% v/v
of (a) 2,4,6-trimethylpyridine, (b) 2,4-dimethylpyridine, (c)
acridine, (d) pyridine, (¢) 2-methylpyridine, and (f) 2,6-
dimethylpyridine (see Table 3)

L
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dine, 2,4-dimethylpyridine, and 2,6-dimethylpyridine have
been studied, the results being shown in Figure 3.

The e.s.r. spectrum due to the molecular oxygen adduct of
cobalt(11) salicylaldazinate was also studied in dimethyl-
formamide and dimethyl sulphoxide. In addition, the

J.C.S. Dalton

presence of substituent groups 3-methoxy- and 5-chloro- on
the phenyl groups of the ligand produced a discernible
effect on the e.s.r. spectrum of the molecular oxygen adduct
of the cobalt(11) chelate.

The elemental analysis, magnetic susceptibility, and
thermogravimetric properties of the cobalt(1r) chelate of
salicylaldehyde hydrazone, as in the case of the copper(11),
nickel(11), manganese(11), and iron(11) chelates, show that it
exists in the high-spin form [ColT(salhy),]*2H,0 where salhy~
is the anionic form of salicylaldehyde hydrazone. The
formation of molecular oxygen adducts of the cobalt(ir)
chelate occurs reversibly at room temperature in chloroform
solutions containing pyridine. The e.s.r. spectrum of the
adduct in frozen solution was observed and compared to that
due to other solutions of the chelate containing various

FIGURE 4 Arrangement of g and 4 principal axes for Co(O,)
adduct with assumed C, molecular symmetry; x, y, z used to
conform to nomenclature of ref. 16; A4, = A4; A, = Ay,
A, = Ax. The planar part of the parent complex is outlined
but more evidence would be needed to establish the orientation
unequivocally in each case. The unpaired electron =* orbital
(hatched) and the relevant part of the cobalt d,, orbital (filled
in) are depicted schematically to illustrate the point that, as
« increases, n*—d,, overlap should increase and possibly go
through a maximum at ap

nitrogen bases. Little variation of the e.s.r. spectra could
be discerned. However, the presence of 3-methoxy- or
5-chloro- substituent groups on the phenyl ring of the ligand
anion produces a marked effect on the e.s.r. spectrum of the
molecular oxygen adduct of the cobalt(ir) chelate.

A satisfactory molecular model of cobalt oxygen adducts
was outlined previously.»11 It is depicted in Figure 4,
showing C; local symmetry, and takes into account the
spatial disposition of the oxygen molecule with respect to
the cobalt atom, as well as the symmetry properties of the
g and A4 tensors. A spin Hamiltonian appropriate to this
model is shown in equation (1) where S is the effective

# =83 gBiSi+ 3 AST (1)
1= %g, ¥g, %g i=X,YZ
electron spin (}) and I = % for the electron nuclear hyper-
fine interaction involving cobalt. In this paper #,, ¥, and
z, are used to denote the g principal directions whereas x, y,
and z are used for hyperfine co-ordinates on the cobalt atom
(Figure 4).

The computer-simulation program previously described
by us!? is based upon the following standard algebraic
relationships which hold when the Zeeman interaction is
very much larger than the cobalt hyperfine interaction, a
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condition certainly fulfilled by Co-O, adducts. These are
as follows: for g-value variation with orientation, where
I, l,, and [, are direction cosines of the magnetic field B with
g principal axes, equation (2), and for the hyperfine inter-

gz — gzﬂlx‘z + gy2ly2 _|,_ g32132 (2)

action, where X,Y,Z, and « are all defined in Figures 4 and
5, equation (3), where x = x, etc. in both cases. At a

g2A% = A x*(gds cos a + g, f, sin «)? +
Ap*(—gilz sin o + g d, cos ) + Ag%*  (3)
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Ficure 5 Co-ordinate system for monoclinic symmetry. For
C, symmetry, z, and Z are common g and A4 axes normal to
mirror plane. See also Figure 4. In contrast to Figure 4,
all the axes have been drawn frezn a common origin to assist
understanding of the spin Hamiltonian, equation (1)

particular orientation of B relative to the molecular axes,
the resonance fields are given by equation (4). The second-

B =By, — (4/gB)M; — alI(I + 1) — M;*] — bM,* (4)

order variables, a and b, are not written out in full although
they are automatically included in the simulation even
though their magnitudes will not be very significant for
Co-0O, adducts where the hyperfine constants are in the
rangeca. 7toca. 20 x 107cm™. Other corrections allowed for
in the simulation procedure are g anisotropy in the transition
probability,1? the 1/g field-frequency transformation factor,
and linewidth anisotropy. The latter was found to be
necessary but the actual values have not been reported here.

In view of the fact that not all examples of Co-QO, e.s.1.
spectra have been interpreted according to monoclinic or
lower symmetry, we now consider some important factors
which are relevant to the analysis of such data. When the
Zeeman interaction is much larger than the hyperfine con-
stants, as for Co-O, adducts, the turning directions in a
crystal must correspond to the principal g directions (x,, y,,
z;). In the e.s.r. spectra of powdered samples it is the
turning directions, where 2B/66 = 0 and or aB/dd = 0,
which produce the sharp features observed. Only when the
symmetry is at least as high as orthorhombic («x = 0 in
Figures 4 and 5) do the observed hyperfine splittings corre-
spond to the principal hyperfine components in every case.
When o # 0, and the complex has C, symmetry, only 42
could, in principle, be measured directly from a powder
spectrum, although it may be hard to measure because of
overlap between ‘2z’ spectra and other contributions. In
single crystals where the symmetry is low, hyperfine split-
tings must maximize or minimize at directions different
from the g axes.

365

An orthorhombic approximation to the Co-O, adducts
may yield correct peak positions, however it is not possible
to match intensities satisfactorily. Furthermore, the
hyperfine constants so obtained will not necessarily be
correct; at least one of them will be too high, and another
too low. In the former case where « # 0, one must inte-
grate over ¢ in the range 0-180° whereas, when « = 0, ¢
ranges only from 0 to 90°. Figure 6 illustrates the effect of
changing « while keeping all other parameters the same.
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(f)
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FiGUrRE 6 Simulated e.s.r. spectra for Co®(O,) adduct illus-
trating effect of variation in «: « = 0 (a), 5 (b), 10 (¢), 15 (a),
20 (¢), and 25° (f); g and A values as for [Co'(tpps)(O,)]
(tpps = 5,10,15,20-tetra-p-sulphophenylporphyrinate) (ref. 11,
Table 2). Linewidths used are 6, = o, = 1.2 mT and ¢, = 1.0
mT. Microwave frequency 9 143 MHz. (See Figures 4 and 5
for relation between axes and molecular axes)

To illustrate the importance of chosing a realistic sym-
metry model for Co-O, adducts, the spectra reported by
Niswander and Taylor 8 for a series of cobalt(11) Schiff-base
molecular oxygen adducts have been reviewed. Nis-
wander and Taylor interpreted their results using ortho-
rhombic symmetry. Their spectra have been digitized and
the resulting spectra simulated using the model described
in Figure 4. It was necessary to relabel the axes to con-
form to our simulation program. The results are given in
Table 1 along with the results of Taylor and Niswander
which are given in parentheses. In Table 1 we also include
calculations of the hyperfine splittings along the principal g
directions, x; and y, axes, respectively. These are as given
in equations (5a) and (5b), from equation (3).

(5a)
(5b)

A(xg)* = Ax® cos® a { Ayp?sin® a
A(y,)? = Ax*sin®a + Ap? cos® a

The results in Table 1 make it quite clear that one cannot
be sure that hyperfine values measured from a spectral
chart are true principal values. As a consequence of the
reinterpretation of the data, g values show the most marked
difference for the intermediate value (g;) which is not sur-
prising for it is usually the most difficult one to determine
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TasBLE 1
E.s.r. parameters ¢ for some Co—-O, adducts

Rr? R?
o~ 'o: i
R® =N N=C R?
Rl CHY—X—(CHYy R
L
L
— A - Az (X)b Ay(Y)? Az(Z) b 4> Alzg) Alyg)
Complex X Rl R2 Rs af® 10-4cm~1 gat gy’ g Ref. d
() NH H H H 26 5.7 24 9.9 13.2 11.7 21.7 2016  2.084 1996  Figure 4(a)
() (13.5) (13.3) (22.7)  (2.007)  (2.085)  (2.000)
(1) NCH; H OCH; H 28 6.5 20.0 10.0 12.2 11.0 17.9 2.014 2.0 1995  Figure 4(b)
(0) (14.5) (12.1) (18.6)  (2.009)  (2.080)  (1.988)
(3 NCH; CHs H H 28 6.3 22.4 11.0 13.2 118 21.9 2.009  2.088 1993  Figure 5(a)
(0) (14.9) (13.0) (19.7)  (2:004)  (2.089)  (1.998)
4 NPR H H H 27 8.2 24.8 12.2 15.1 134 22.4 2.012 2.088 990 Figure 5(b)
(0) (17.0) (16.9) (22.6)  (2:.004)  (2.080)  (1.997)
(5 O H H « 27—28 7.5 31.3 : 17.9 15.7 28.1 2.013 2.089 988 Figure 6(a)
0) (19.1) (16.4) (27.6)  (2.003)  (2:090)  (1.995)
(6) PCH; H OCH; H 29 6.4 27.0 12.3 15.2 14.2 . 2.014° 2086 1987  Figure 6(b)
) (19.1) (14.3) (23.6)  (2.009)  (2.097)  (2.000)

a For definitions of axes see Figure 4. 3 Errors in 4 values 4-0.5 x 10~¢ ¢cm~'; assumed negative for hyperfine analysis. ¢ Errors in g values < 40.001.
on ref. 15. (Published spectra were digitized and simulated at Monash University by I. Ruzic. Axes relabelled to conform to monoclinic simulation program.
A values in parentheses are those reported by Niswander and Taylor. o value in parentheses is that implied by the orthorhombic model of these authors.)

d Based
£ and

from a powder spectrum. (Errors quoted in Tables 1——5 for
g and 4 values and « are based on goodness-of-fit criteria
judged by eye. Automatic least-squares fitting methods
have not been used because of computer time limitations.)

DISCUSSION

In the present work the precursor cobalt(1r) compounds,
the cobalt(1) chelates of salicylaldazine, reversibly form
molecular oxygen adducts at room temperature in the
presence of nitrogenous bases. Their e.s.r. spectra

chelates.? Table 3 shows that larger effects on the mag-
netic parameters occur as a result of changes of the base
associated with the cobalt(11) salicylaldazinate-molecular
oxygen adduct. For the purpose of comparisons, taking
pyridine as the starting point, the presence of 2,4,6-
trimethylpyridine causes a marked drop in the value of «
and an increase in the value of 4 x, whereas the presence
of 2,6-dimethylpyridine favours an increase in the value
of « and a decrease in the value of Ax. The structural
effects and changes to the hyperfine term A4y brought

TABLE 2
Magnetic parameters associated with the molecular oxygen adducts of cobalt(i) chelates of salicylaldazinate (salaz),
3,3’-dimethoxysalicylaldazinate (dmsalaz), and 5,5’-dichlorosalicylaldazinate (dcsalaz) in chloroform containing pyri-

dine (209, v/v) *

10%4,(X)  10%4,(Y)  1044,(2)
Compound 8z . & cm™ af°
[Co(dmsalaz)(0,)] 2.010 2.081 1.994 10.3 20.2 7.6 27
[Co(salaz)(O,)] 2.016 2.082 1.991 7.2 20.3 11.6 29
[Co(dcsalaz){O,)] 2.010 2.081 1.994 7.3 19.0 7.0 30

* Errors as in Table 1.

observed in frozen solutions enable substituent effects to
be studied as well as the influence of the bases on the
spatial disposition of the molecular oxygen with respect
to the cobalt centre. Asshown by Table 2, the angle « is
a little higher in the cobalt(11) salicylaldazinate-molecular
oxygen adduct compared with that observed previously
in the molecular adduct of NN'-ethylenebis(salicylidene-
iminato)cobalt(11), [Co{salen)].! Substitution of the
methoxy-group into the phenyl ring of salicylaldazine or
salicylaldehyde hydrazone leads to a diminution in the
value of « and an increase in the magnitude of 4y as

about by the bases are interesting to compare, since both
bases possess the same degree of steric hindrance but
differ in the substituent present at the 4-position. Again
comparing the structural and hyperfine effects which
accrue from taking the bases 2,4-dimethylpyridine and
2-methylpyridine, both of which have similar steric re-
quirements at the nitrogen, but differ in the substituent
in the 4-position, the former favours a lower value of «
while the latter gives a higher value of «. A reasonable
conclusion from these limited comparisons is that the
controlling factor is the presence of a methyl group in the

observed previously for the quadridentate Schiff-base

4-position.

TABLE 3

Electron-density transfer from the methyl

Magnetic parameters associated with the molecular oxygen adducts of the cobalt(11) salicylaldazinate chelate in
chloroform containing various bases (209, v/v) at 77 K (v = 9 149 MHz)

10%4,(X) 1044,(Y) 10%4,(Z)

Base 8 &y y cm™* o®
2,4,6-Trimethylpyridine  2.017 4- 0.006  2.081 4 0.002 1.995 4 0.002 10.5 + 0.05 1756 + 1 11.6 + 0.5 22 4+ 1
2,4-Dimethylpyridine 2.018 2.082 1.993 5.0 20.5 8.8 27
Acridine 2.012 2.083 1.995 5.8 20.2 10.5 27
Pyridine 2.016 2.082 1.991 7.2 20.3 11.6 29
Methylpyridine 2.015 2.081 1.994 5.8 20.5 10.6 30
2,6-Dimethylpyridine 2.017 2.081 1.993 5.0 20.5 8.8 32
Dimethylformamide 2.011 2.081 1.994 7.0 20.5 10.0 28
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group to the nitrogen is able to offset the effect of steric
hindrance caused by the methyl groups in the 2- or 2,6-
positions.

Table 4 shows that the presence of the methyl group in
the 4-position of the base co-ordinated to the molecular
oxygen adduct of the chelate {o-phenylenebis(salicyli-
deneiminato)jcobalt(i1), {Co(salphen)], again leads to a

367

to determine a value for 12 from 4s-electron admixtures
yield a value of ca. 0.5. It is as a result of such a dis-
crepancy that explanations based upon spin-pairing
models have been sought.

Equations similar to (6a) and (6b) have been used in
connection with d, rather than 4,, admixture but the
former puts 4., along z.

TABLE 4

Magnetic parameters associated with the molecular oxygen adducts of cobalt(ir) chelates of the 3-methoxysalicyl-
aldehyde hydrazone (msalhy) and 5-chlorosalicylaldehyde (csalhy) hydrazone anions in chloroform containing

pyridine (209% v/v) at 7T K *

10%4,(X) 1044,(Y) 1044.(Z)

Compound 8z &y cm™ of®
[Co(msalhy),(04)] 2.017 2.081 1.995 8.3 18.5 10.0 18
[Co(salhy),(O,)] 2.019 2.091 1.998 6.2 18.5 9.6 21
[Co(csalhy),(0,)] 2.019 2.088 1.999 10.3 17.4 10.5 25

* Errors as in Table 1.

diminution in the value of « and an increase in the value
of A X-

E.S.R. Parameters due to Cobalt(11)-Dioxygen Adducts.
—Models invoked to account for the electronic properties
of cobalt(1r) chelate-molecular oxygen adducts and their
e.s.r. paramaters are of two main types. A frequently
discussed picture consists of an O, radical thought to
result from almost complete electron transfer from cobalt-
(11) to molecular oxygen. On the other hand, the work of
Drago and co-workers 16718 and also Dickinson and Chien1?
recognizes the importance of indirect spin-polarization
contributions to hyperfine structure and the formation of
a Co~0, bond with electron transfer occurring in the
bonding region. Our conclusion (see later) is that both
direct and indirect hyperfine couplings are required to
account for the observed cobalt hyperfine structure.

Superoxide formulation. Within the superoxide form-
ulation, cobalt hyperfine structure is understood as
arising from partial occupation of one or more d orbitals
by the unpaired electron on the oxygen. If the cobalt
hyperfine splittings (h.f.s.) were due solely to admixture
of d., with the maximum h.f. constant along y (Figure 4),
then, as pointed out many years ago by Hoffman et al.,20
equations (6a)—(6c) hold where g, and 8, are the nuclear

A, = A, = P(—K + %?) (6a)
Ao = Ay ® P(—K — 2%) (6b)
P = 28g,8,{r"%)00 (6¢)
g factor and nuclear magneton respectively. Here, we

use 7 for the mixing coefficient (Hoffman ef al. used «) to
avoid confusion with the non-coincidence angle « (Figures

4 and 5). Rearranging the equations one obtains
equations (7) and (8).
| A | = [<AD| + $P<2 (7
4y =3Ax + Ay + 44) (8)

Typically, analysis of cobalt h.f.s. due to Co-O,
adducts yields ? & 0.1, a value which would indicate
more or less complete electron transfer from cobalt to
oxygen. Tovrog et al.l® have pointed out that attempts

Spin-pairing model. Dickinson and Chien!® found
that the anisotropic cobalt h.f.s. for cobalt-myoglobin-
dioxygen was due to positive spin density on d, (their
dy,) and negative spin density on 4,, (their 4,,). In a
review of 170 hyperfine splittings observed for [Co(bza-
cacen)(O,)]  [bzacacen = NN'-ethylenebis(benzoylace-
toneiminate)] Tovrog et al.l® concluded that the total
oxygen spin density was 1 with 0.4 on the middle oxy-
gen, nearest cobalt, and 0.6 on the outer oxygen. They
concluded that the observed cobalt h.f.s. must be largely
due to an indirect effect and postulated a spin-polariz-
ation mechanism in which spin was not directly trans-
ferred to cobalt 4 orbitals. The foregoing conclusions
are based upon the assumption that @/l the hyperfine
constants are negative, a conclusion which could only be
confirmed by use of ENDOR. What is known is that
all the signs must be the same.

Spin-pairing concepts are by no means new and in
similar or related contexts have been mentioned by
Wayland et al.®! and, from a Heitler-London point of
view, by Harcourt,? the simpler models requiring con-
sideration of three electrons. Support for these ideas
may be found in results of molecular-orbital calcula-
tions. 224

Before going into details of the spin-polarization model
put forward by Tovrog et al.,'® but which must be modi-
fied as will be explained, two observations are necessary.
The observed h.f. constants must first be corrected for
the direct electron (oxygen)-nuclear (cobalt) dipole-
dipole interaction. Tovrog ef a/.18 used the co-ordinates
for [Co(bzacacen)(O,)] reported by Rodley and Robin-
son.?> A tilt to the dipolar axes caused by the fact that
the cobalt-terminal oxygen direction is #of along z was
neglected because it is a small effect. The resultant
value for both oxygens is given by equation (9) resulting

x y

Agip = (—0.5, —0.5, 1.0) x 10 cm™ 9)
from the use of the equations (10a) and (10b).

Adip(x:y) = - gagngn/ra
Adip(z) = 2gﬂg,,ﬂn/73

(10a)
(10b)
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Tovrog et al.1® found that there were difficulties in
connection with the extent of the s-electron contribution
from cobalt 4s and so concentrated upon the d-electron or
anisotropic part of the hyperfine structure. They then
sought to explain the observations by invoking spin
polarization of d,.. This does not adequately account
for the e.s.r. results, since it puts A ,, along z whereas
there is good evidence that it should be along y.

The general idea for spin pairing is shown in Figure 7

¥
" DR W
x2-ylyz ,z? i <_ S ER P
e W
v
2lx2-ylyz o "M
M L\
ZX, Xy ——em--m T
22,yz, X2yl ——— e
Al ]
Co c0_02 Oz

Ficure 7 Simplified molecular-orbital scheme for Co!(O,)
adducts with C, symmetry, adapted from ref. 16. Not all
possible interactions are illustrated, e.g. the direct overlap of
d,, and ¢, is not shown

where to sum up the various contributions by Tovrog
et al.16 and Dickinson and Chien 19 the Tovrog ef al. model
is modified as follows: ¢, should include d,, as well as
d,, therefore we write equation (11) while the unpaired

b= o do o+ o dy o+ y(dS) + BrM() (1)

electron, originally in a n* orbital on the oxygen molecule,
is, according to the back-bonding argument of Tovrog

J.C.S. Dalton

et al., described by equation (12). As far as is possible,
the notation agrees with that used by Tovrog e al. The

Py = en*(z;) + o dy, (12)

orbital ¢ is unfilled. Since d,: and d,, transform accord-
ing to the same representation of C, (putting x normal to
the mirror plane) then their individual contributions to
the spin-polarization mechanism cannot be separated.
In Figure 7, the d orbitals are labelled according to C,
symmetry and not according to the nearly tetragonal
symmetry appropriate to many of the parent chelates.

In order to separate the various contributions to the
cobalt h.f.s. the following equations [(13a)—(13c)]
should be considered where f and 4, assumed to arise from

Az —<A4A) =a, =%(f+ g + 2h) (13a)
Ay —KA) =a,=3%f—2¢+h) (13b)
A, =4y =a,=%(—2f+g—h (13

indirect spin polarization of d,» and d,, respectively by
the unpaired electron, especially that on the middle
oxygen of spin density po, are given by equations (14a)
and (14b); Ugo-o is a spin-polarization constant. For

f = PpoUgo-0a"®
h = PpoUgo-02'""2

fa—
S
o

~

(
(14b)
the direct h.1. contribution from d,,, equation (14c) holds.
g = Pu" (14c)

The use of g is not to be confused with the g values
referred to earlier but is retained here to be consistent
with the notation of Tovrog ef al. Tables 6—10 give the
results of the foregoing analysis for the data reported in

TaABLE b
Magnetic parameters associated with the molecular oxygen adducts of cobalt(ir) chelates of [Coll(salphen)] in
chloroform containing various nitrogenous bases (20% v/v) *

1044,(X) 1044,(Y) 1024.(2)

Base &x &y g: cm™ af®
2,4-Dimethylpyridine 2.020 2.093 1.991 8.3 22.5 10.0 27
Pyridine 2.023 2.081 1.994 7.0 20.5 10.0 30
2-Methylpyridine 2.011 2.081 1.994 7.0 20.5 10.0 31

* Errors as in Table 1.
TABLE 6
Cobalt hyperfine analysis: cobalt Schiff-base-O, adducts
10%a, 10%a, 10%a,
Compound ¢ cm™ f+ g+ h Ref.

(1) 3.8 —10.3 6.5 —3.2 16.5 b
(2) 2.7 —17.3 —4.7 —2.7 12.0 b
(3) 2.7 —8.7 5.9 —4.3 13.3 b
(4) 3.4 —9.3 5.9 —2.9 11.8 b
(5) 3.4 —12.9 9.4 -7.0 19.0 b
(6) 3.4 —11.3 7.8 —5.1 17.2 b
[Co(salen)(0,)] 4.3 -17.2 3.0 1.5 13.4 c

(also salpd, salpn)
[Co(aMe-salen)(O,)] 3.0 —17.6 4.5 —1.8 12.3 c

(also aEt-salen)
[Co(30Me-salen)] 5.6 —6.4 0.7 5.7 14.0 ¢

(also salen)
a See Table 1 for formulae of complexes (1)—(6).
salpn = NN’-propane-1,2-diylbis(salicylideneiminate).
on ref. 1.

Ligand abbreviations: salpd = NN’-propane-1,3-diylbis(salicylideneiminate);
® Data based on recalculated values outlined by Table 1.

¢ Data based
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Tables 1—5. Equations (13) have been rearranged to
give equations (15a) and (15b).

az — a, = 3(f+ k) (15a)
o —ay =Yg+ h) (15b)

It is unfortunate that individual values of f, g, and 4
cannot be obtained. Some general observations will
have to suffice. For the Schiff-base data (Table 6) and
the base variation (Table 7), (¢ + 4) values lie mainly in

TABLE 7

Cobalt hyperfine analysis: substituent effects based on
e.s.r. data in Table 2

10%a, 10%az, 10%q,

Compound * cm™! f+r g+k
[Co(dmsalaz)(0,)] 56 —7.0 1.4 6.0 15.8
[Co(dcsalaz){O,)] 4.5 —6.5 3.0 1.8 12.9
[Co(salaz)(O,)] 1.9 —6.8 48 —33 10.2

* dmsalaz = 3,3’-Dimethoxysalicylaldazinate, dcsalaz =
5,5’-dichlorosalicylaldazinate.

the range 10—17. Suppose for the moment that %z =~ 0,
then the limiting values of g imply that «’’2 < 0.08, con-
sistent with the requirement laid down by Tovrog et al.18
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In Figure 8(a) the (f -+ k) versus (g + h) correlation
shows two kinds of behaviour. The bulk of the results
have negative (f + %) values, implying net direct hyper-
fine coupling involving d,, and d,. orbitals, and they lie
within a region bounded by the dashed lines. These
results suggest that the greater the overlap of the un-
paired electron n* orbital on oxygen with d,,, the greater
it is also with d,, and d,,. The points represented by
open circles come from a study of substituent effects for
some Schiff-base adducts ! showing that the greater the
change near the cobalt(i) produced by the methoxy-
substituent, the larger is the observed indirect effect.
The open squares represent substituent effects for salicyl-
aldazine complexes, where again the methoxy-substitu-
tion gives a large net indirect hyperfine coupling in-
volving d,, and ds. Correlations of (f+ %) versus «
and (g + &) versus « are given by Figures 8(b) and 8(c)
respectively. While in Figure 8(b) the substituent-effect
results stand separately from the remainder, and al-
though they are correlated linearly within each group in
Figure 8(c), all the points in that case are found to lie
within the same family of results. The broad conclusion
which is tentatively suggested is that, as « increases,

TABLE 8
Cobalt hyperfine analysis: base variation in cobalt(11) salicylaldazinate—-O, (based on e.s.r. data in Table 3)
10%a, 10%a, 10%a,

Base cm™1 f+r g+ h
2,4,6-Trimethylpyridine 2.1 —4.2 1.7 0.5 7.4
2,4-Dimethylpyridine * 3.1 —8.6 5.4 —2.7 13.7
Acridine 2.2 —1.5 54 —3.7 11.3
Pyridine 1.9 —6.8 5.2 —3.8 10.2
2-Methylpyridine 2.2 -1 5.5 —3.8 11.6
2,6-Dimethylpyridine * 3.1 —8.6 5.4 —2.7 13.7
Dimethylformamide 3.0 —1.5 4.5 —1.8 12.3

* g Values differ slightly. Within

that back bonding be small. In obtaining the estimate
of o'’2 it was assumed that P ~ 0.02 cm™. Within the
terms of reference of the model, almost all of the values of
(f + k) are negative, implying either that the hyperfine
contributions from 4, and d,, are direct, arising from a
positive spin density, or that the model is inadequate.
Indeed, for C, symmetry, putting ¥ normal to the mirror
plane, then ¢, should be augmented by d,:_,s and ¢, by
d,,. Such additions would introduce two more para-
meters into the problem but these cannot, at present, be
handled. Nevertheless, there are two good cases
illustrated by Tables 7 and 9in which there is a trend from
indirect coupling (positive values of f + %) to direct
coupling (negative values of f 4 4) involving d,. and d,,
cobalt orbitals.

An attempt to correlate the various parameters de-
duced from the hyperfine analysis is shown in Figure 8.

fitting errors 4 values identical.

TABLE 9
Cobalt hyperfine analysis (based on e.s.r. data in
Table 4)
10ta,  10%a, 104,

Compound * cm™ f+hk g+ h
[Co(csalhy),(O,)] 2.7 —4.2 1.4 1.2 8.4
[Co{msalhy),(O,)] 2.8 —5.7 3.0 —0.2 9.9
[Co(salhy),(O,)] 23 —66 42 —22 104

* csalhy = 5-Chlorosalicylaldehyde hydrazone anion;
msalhy = 3-methoxysalicylaldehyde hydrazone anion.

(f + &) becomes more negative, suggesting increased
overlap of =* and (d,, 4,:). From Figure 8(c), there is
the faintest suggestion of a maximum in (g + %) at
o ca. 26° which may be understood by reference to Figure
4 where an increase in « should lead to an increase in
n*-d,, overlap, an overlap which might conceivably go
through a maximum.

TARBLE 10

Cobalt hyperfine analysis: base variation in [Coll(salphen)] in chloroform (based on e.s.r. data in Table 5)

10%a, 10%a, 10%a,

Base cm™ f+h g+ h
2,4-Dimethylpyridine 4.1 —8.4 4.3 —0.2 14.6
Pyridine 3.0 —17.5 4.5 —1.8 12.3
2-Methylpyridine 3.0 —1.5 45 ~1.8 12.3
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Figure 8 Correlation diagrams for cobalt hyperfine parameters
for cobalt-oxygen adducts: (a) (f+ k) versus (g + k); (b} (f+ &)
versus o; and (c) (g + k) versus «. (@), Cobalt Schiff-base
adducts, reinterpreted results based on ref. 15 (Tables 1 and
6); (O), cobalt Schiff-base adducts, substituent effects?!
(Table 6); ([O), cobalt salicylaldazine-oxygen adducts in
chloroform-pyridine solution (Tables 2 and 7); (A), cobalt
salicylaldazine—oxygen adducts, base variation (Tables 3 and
8); (A)., cobalt salicylaldehyde hydrazone-oxygen adducts,
substituent effects (Tables 4 and 9); (Bj). [Co(salphen)]-
oxygen adducts, base variation (Tables 5 and 10). Error bars
are not shown but the values of (f + %) and (g + &) probably
have errors of 4-1. Errors in « lie most probably in the range
41 to 4+2°. In some cases the error in « could be higher

J.C.S. Dalton

In the small number of cases where (f + %) > 0, one
might hope to compare ColI-0O, e.s.r. spectra with those
of a comparable NO adduct, a method used by Tovrog
et all® Using subscripts O and N to distinguish O,
and NO adducts, equations (16a) and (16b) might be
compared. The nitroxide data used by Tovrog et al.1®

Jo 4 ko = PpoUgo-o(®o? + «o'"'?) (16a)
fx + hx = PpyUgon(ox'? 4+ an’’’?) (16b)

suffer from the drawback that the precise orientation of
principal 4 values is not known. In view of the need
for the use of appropriate symmetry models, such com-
parisons should await a single-crystal study of com-
parable O, and NO adducts. Nevertheless, one should
remain a little cautious in view of the molecular-orbital
calculations already mentioned where electron transfer
appears to involve the ligand as well as the cobalt atom.

If it were possible to follow the method of the previous
paragraph, then the extent of electron transfer (e.t.) from
metal to oxygen in the bond region would be that given
by equation (17). At the moment, electron transfer

et =2(1 — o« — ") — 1 (17)

cannot be calculated reliably. While the specific
details of the theory advanced by Tovrog et al. need to be
changed, it must also be pointed out that Drago 18 has
indicated some of the qualifications embodied in that
work.

g Values. The g values originally calculated by
Kanzig and Cohen,? for O, in KCl crystals, have often
been referred to in connection with Co-O, adducts.
They are based upon a removal of degeneracy between
the =*(x;) and =*(z,) orbitals upon formation of O,
For g, and g, (Figure 4), first-order corrections were also
given arising from spin-orbit coupling to a filled 2pg,
low-lying state. In theory, g, and g, remain very close
to 2 while g,, along the O-O bond, is given by equation

& =2+ 2[2/(3% + A%} (18)

(18) where 2 is the oxygen spin-orbit coupling and A the
energy separation between n*(x,) and =*(2,). For O,

TABLE 11

Elemental analyses of the metal chelates of salicylaldazinate (salaz), 5,56’-dichlorosalicylaldazinate (dcsalaz), and
3,3’-dimethoxysalicylaldazinate (dmsalaz)

Found (%)

Calculated (%)

Compound C H
[Co(salaz)]-2H,0 50.75 4.20
[Ni(salaz)]-2H,0 50.65 4.25
[Cu(salaz)]2H,0 50.0 4.15
[Mn(salaz)]-2H;O 51.0 4.20
[Co(dcsalaz)]-2H,O 41.9 3.40
[Ni(dcsalaz)]-2H,0 41.85 3.45
[Cu(dcsalaz)]-2H,0 41.25 3.45
[Mn(dcsalaz)]-2H,O 42.2 3.50
[Co(dmsalaz)]-2H,0 45.4 4.80
[Ni(dmsalaz)]-2H,0 45.65 4.85
[Cu(dmsalaz)]-2H,O 45.05 4.80
[Mn(dmsalaz)]-2H,0 46.0 4.90

8.50
8.40
8.30
8.60

6.90
6.90
6.90
7.10

7.66
7.80
7.60
7.70

- c H N et/ B.M. *
50.45 4.20 8.40 4.34
50.65 4.20 8.45 3.28
49.8 4.15 8.30 1.85
51.1 4.25 8.50 5.81
41.8 3.50 6.95 4.52
41.8 3.45 6.95 3.36
413 3.45 6.90 1.91
42.2 3.50 7.05 5.89
45.55 4.90 7.60 4.30
45.6 4.80 7.65 3.34
44.95 4.80 7.50 1.83
46.05 4.95 7.65 5.84

* 1 BM. = 9.274 x 10724 A m?,
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in potassium chloride crystals, the two oxygens are equiv-
alent, whereas in almost all of the Co-O, adducts so far
reported the oxygens are inequivalent. Furthermore, in
view of the fact that to explain cobalt h.f.s. one may
need to alter the cobalt d-orbital energies of Figure 7, it is
possible that the oxygen molecular-orbital scheme used to
obtain the g values by Kanzig and Cohen may need some
reassessment.

TABLE 12

Weight losses for the transition-metal chelates of
salicylaldazine with increase in temperature

Weight loss 0./

Chelate (%) °C
[Co'(salaz)]-2H,0 5.2 75
10.2 162

{Cu'*(salaz)]-2H,0 5.4 76
10.8 163

[MnT(salaz)]-2H,0 5.3 73
10.1 165

[VO(salaz)]-2H,0 5.9 73
11.2 164

[Nill(salaz)]-2H,0 5.2 75
10.8 165

[Fell(salaz)]-2H,0 5.1 74
10.4 164
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hydrazine hydrate (5.0 g) dissolved in ethanol (50 cm3). Ice-
cold water (50 cm?3) was added to the reaction mixture with
constant stirring. The white product formed was filtered off,
washed with ice-cold water, and recrystallized from ethanol.
All the other salicylaldehyde derivatives were prepared in a
similar way using the appropriate aldehyde.

Preparation of the Cobalt(11) Chelate of Salicylaldazine.—
To a solution of salicylaldazine (2.40 g) in dimethylform-
amide (50 cm?®) was added an aqueous solution (50 cm3) of
hydrated cobalt(i1) chloride (2.5 g) followed by triethyl-
amine (2.2 g). The product was isolated by addition of an
excess (100 cm?) of ice-cold water. The chelate was filtered
off, recrystallized from water—ethanol (1: 4), and air dried.

The elemental analyses and magnetic susceptibility data
for the cobalt(i1) chelates of salicylaldazine, 5§,5’-dichloro-
salicylaldazine, and 3,3’-dimethoxysalicylaldazine as well as
those of the chelates of nickel(11), copper(i1), and mangan-
ese(11) prepared in a similar manner are shown in Table 11.
The gravimetric data showing the loss of water by the
chelates with progressive rises in temperature are summar-
ized in Table 12.

Preparation of the Cobalt(11) Chelate of Salicylaldehyde
Hydrazone.—The cobalt(11) chelates as well as those of
copper(11), nickel(11), manganese(1r), and iron(r) were

TABLE 13

Analytical and magnetic susceptibility data for the metal chelates of the salicylaldehyde hydrazone anion (salhy)

Calculated (%)

Founfl (%)

—

) s

Chelate C H C H N et /B.M.
[Cul(salhy),(OH,),] 44.4 4.85 15.05 44.35 4.85 14.85 1.89
[Coll(salhy),(OH,),] 45.9 4.85 15.05 45.8 4.80 16.0 4.91
[Nill(salhy),(OH,),) 46.25 4.95 15.65 46.25 5.06 15.7 2.97
[(Mn!(salhy),(OH,),) 46.25 5.00 15.2 46.25 5.10 15.1 6.03
[Fell(salhy)y(OH,),] 46.15 4.85 15.5 46.2 4.75 16.6 5.03
CulICl,-4salhy 49.2 4.80 16.5 49.2 4.80 18.7 1.88
CollCl,4salhy 49.85 4.55 16.6 49.9 4.60 16.5 4.83
NillCl,-4salhy 49.85 4.75 16.65 49.95 4.80 16.65 3.20
Fe'(SO,)-4salhy 48.3 4.60 16.7 48.3 4.70 16.9 4.93
MnCl,-4salhy 50.16 4.80 16.7 50.25 4.80 16.95 6.08

* 1BM = 9.274 x 1073 A m?,

EXPERIMENTAL

Absorption spectra in the u.v.-visible region were
recorded on a Unicam SP 800 spectrophotometer at room
temperature using l-cm pathlength glass cells. The i.r.
spectra were obtained on a Jasco IRA-1 diffraction grating
spectrophotometer using sodium chloride plates. The e.s.T.
spectra were recorded using a Varian E-12 spectrometer
employing 100 kHz modulation. All e.s.r. measurements
were carried out at about 9 149 Hz. Cooling of the sample
was provided by a nitrogen flow system. Magnetic suscepti-
bility measurements were made at room temperature by the
Gouy method using glass sample tubes and corrected for
diamagnetism.

Salicylaldazine was prepared as outlined 2? by treating
salicylaldehyde (8.5 g) in ethanol (50 cm?®) with hydrazine
hydrate (1.8 g) dissolved in ethanol (25 cm3®). The mixture
was stirred for 5 min when the product separated, followed
by recrystallization from hot ethanol. The other salicylald-
azine derivatives were prepared in a similar manner using
the appropriate aldehyde. Salicylaldehyde hydrazone was
prepared by a modification of the method outlined by Jain
and Kamar.?” Salicylaldehyde (12.2 g) was added to

prepared by the method of Hunter and Marriot.2® The
elemental analyses and magnetic susceptibility data are
summarized in Table 13.
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