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Formation of Mixed-ligand Complexes of Cobalt(Il) with Bromide
and Substituted Pyridines in 1,2-Dibromoethane
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(Received July 20, 1981)

The equilibria of a series of complexes of the CoBr,(R-py), type (where R-py=2-methyl-(2Me-py), 3-meth-
yl-(3Me-py), 4-methyl-(4Me-py), 4-acetyl-(4Ac-py), and 4-cyanopyridine (4CN-py), and pyridine(py)) with
TBA-Br (tetrabutylammonium bromide) in 1,2-dibromoethane have been investigated spectrophotometrically.
In the presence of an excess of R-py, the dibromocomplex gives rise to the following configurational equilibrium:

Kc
CoBry(R-py); + 2R-py == CoBry(R-py),
(tetrahedral) (octahedral)

with log K¢=0.67, 0.11, and 0.53+0.03 for the 4Me-py, 3Me-py, and py complexes respectively. The substitu-
tion equilibria of the tetrahedral complexes are written as:

K
CoBr,(R-py), + TBA-Br ‘—__3—‘ (TBA)CoBr,;(R-py) + R-py,

K
(TBA)CoBr;(R-py) + TBA-Br ﬁli (TBA),CoBr, +R-py.
The successive formation constants, log K, were determined as 2.23, 2.44, and 2.89+0.03 for the 4Me-py, 3Me-
Py, and py complexes respectively. The constants log K, for the 4Me-py, 3Me-py, 2Me-py, py, 4Ac-py and 4CN-
py complexes are —1.07, —0.94, 0.09, —0.74, —0.09, and 0.47+0.01 respectively. The values of log K; and

log K, show a linear correlation with the basicity of R-py, pK,, except for the 2Me-py complex.

In nonaqueous solvents containing an excess of pyr-
idine bases, R-py, the dihalogenocomplex of cobalt-
(II) is in a configurational equilibrium between tetra-
hedral [CoX,(R-py)s] and octahedral [CoX,(R-py),]
structures (where X=halogenide ion). Libus$ and his
co-workers!:?) have studied the configurational equi-
libria for a series of complexes of cobalt(II) and other
first-row transition metals by means of solubility and
spectrophotometric measurements. The thermody-
namic data of the equilibria with a series of substitut-
ed pyridines have been reported by Nelson et al.,3-%
and the kinetic parameters have been measured by
means of nitrogen-14 NMR® and T-jump method.?>®)
The addition of the halogenide ion to the dihalogeno-
complex solution results in the formation of the tetra-
hedral trihalogeno [CoX;(R-py)~] and tetrahalogeno
[CoX,2"] complexes.®) Besides the wvisible spectra,
UV,19 near-IR,%11:12) and far-IR3-15 spectra of the
di- and trihalogenocomplexes in solution and in crys-
tals have been measured.

Nelson et al.9 have interpreted the solution be-
havior and spectra of the CoX,(R-py), complexes in
terms of Co-N z bonding, which depends mainly on
X- and, to a lesser extent, on R-py and its pKk,.
Wayland and Drago!$'?) have explained the effect
of the Co-X bond strength on the Co-N bond in
terms of the molecular orbital theory, whereas Graddon
and Watton!® and La Mar!® have attributed the
effects to the ligand-ligand repulsion.

The effect of the basicity of pyridine bases on the
metal-nitrogen bond strength has been systematically
investigated for the zinc complexes, ZnX,(R-py),, by
means of the heat of complex formation,20:21) the far-
IR spectra,?0:22-24) and the crystal structure:?¥) and
the role of the n bonding has been discussed. Almost
no such systematic study has been attempted for the
cobalt(II) complexes, however.

In a previous paper? we have investigated the
equilibria of CoCly(R-py), with tetrabutylammonium

chloride (TBA-Cl) in 1,2-dichloroethane, and report-
ed the linear correlation between the cobalt(II)-
pyridine bond strength and pK, of R-py. In the
present paper, the equilibria of CoBry(R-py), with
TBA:-Br in 1,2-dibromoethane are investigated spec-
trophotometrically, and the results are compared
with those for the chlorocomplexes.

Experimental

Reagents. 1,2-Dibromoethane dehydrated by means
of the molecular sieve was distilled. Tetrabutylammonium
bromide (TBA-Br) was dried at 140 °C, and its purity was
determined by argentometry. The substituted pyridines,
R-py, and dibromobis(substituted pyridine)cobalt(II) were
prepared by a method similar to that described in a pre-
vious paper.?)

Measurements. The CoBry(R-py), solution was pre-
pared by dissolving CoBr,(R-py), crystals in 1,2-dibromo-
ethane containing 10-3 mol dm—2 of R-py. This solution
was titrated with a TBA-Br solution in a stoppered quartz
cell (volume: 50 cm3, light path: 10 mm), and the change
in the visible spectra of the solution was measured by a
Shimadzu double-beam spectrophotometer UV-200 at 25.0+
0.2 °C.

Results

Configurational Equilibria of Dibromocomplexes. The
visible spectra of CoBr,(R-py), are shown in Fig. 1
(A). By the addition of 10-3 mol dm~3 of R-py, the
formation of a lower pyridine complex such as CoBr,-
(R-py) is surpressed. The fact that the spectra have
no peaks of such higher bromocomplexes as the tri-
bromocomplex indicates that they are the spectra of
the pure dibromocomplex. The solubilities of the
4Ac-py and 4CN-py complexes are too low for the
spectra to be measured.

Upon the addition of a large excess of R-py, the
absorbance decreases monotonously, while the ratios
of the peak heights do not change. This spectral



March, 1982]

change can be interpreted in terms of the formation
of an octahedral complex,!=5% which has quite a
small molar extinction coefficient compared with that
of the tetrahedral complex; i.e., the molar extinction
coefficient of the tetrahedral complex of cobalt(II)
is about 103, as is shown in Fig. 1, whereas that of
the octahedral complex is less than 10 in the region
of 600—700 nm.2:25 We thus obtain the following
equilibrium:

K.
CoBr,(R-py), + 2R-py == CoBry(R-py),. 1)

As the concentration of R-py, Cy,y, is much larger
than that of the complex, Cg,, and as the absorption
of the octahedral complex is negligible, the apparent
molar extinction coefficient, &, is written as:

&a

TS A @
We thus obtain Eq. 3 immediately:
log (_'22_—1) = log K, + 2 log Cg_py- 3)

Plot of the log (g,/e-1) values of the peaks of the
dibromocomplex as a function of log Cy_,, gives rise
to a straight line with a slope of 2. The equilibrium
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Fig. 1. Absorption spectra of CoBr,(R-py), (A), (TBA)-
CoBr,(R-py) (B), and (TBA),CoBr, (C) in dibromo-
cthane.

R-py: ——, 4Me-py; -+, SMe-py; —:—, 2Me-py;
— py; —+— 4Ac-py; —:--—, 4CN-py.
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constants of configurational change, K,, obtained from
the intercept are listed in Table 1.

Formation of Tribromocomplexes. The change in
the spectra of the CoBr,py, solution (containing 0.05
mol dm=3 pyridine) upon the addition of TBA-Br is
shown in Fig. 2. These spectra show an isosbestic
point at 658 nm. In Fig. 3 the apparent molar ex-
tinction coefficient of the pyridine complex at 596
nm is plotted as a function of the mole ratio, Cig,.g./
C.o, where Cig,.5. refers to the total concentration
of TBA-Br added. These results indicate a reaction
of one molecule of bromide with a cobalt(II) com-
plex, i.e., the formation of a tribromocomplex:

K
CoBr,py, + TBA-Br ‘:‘3 (TBA)CoBr;py + py. “)

As will be shown in the next section, the successive
formation constant of the tetrabromocomplex, K,, is
much smaller than that of the tribromocomplex, Kj;
the formation of the tetrabromocomplex in this re-
gion of Cyg,.5./Coo is negligible. Thus, the total con-
centration of cobalt(II) is given by:

Cco = [CoBrypy,] + [CoBrypy,] + [(TBA)CoBr;py]l, (5)

where [ ] denotes the equilibrium concentration. As
the molar extinction coefficient of the octahedral com-

900

600

3001

1 '
600 650 700

Wavelength/nm

Fig. 2. Absorption spectra of pyridine complex at low
TBA-Br concentrations.
CTBA’BI‘: ]., 0; 2, 2.72; 3, 4.50; 4’, 6.04; 5, 7.77; 6,
9.89; 7, 25.5x10~*mol dm=3. C,=9.84x 10-4 mol
dm-3. C,y;=>5.00x 102 mol dm3.

TaBLE 1. EQUILIBRIUM CONSTANTS OF CONFIGURATIOANL CHANGE, K, AND SUCCESSIVE FORMATION
CONSTANTS OF TRICHLOROGOMPLEXES, K,;, AND TETRACHLOROCOMPLEXES, K,
log K, log K log K,
R-py pK,» —_——

Chloride?) Bromide Chloride? Bromide Chloride® Bromide
4Me-py 7.97 0.03+0.03 0.67+0.03 3.484-0.03 2.23+0.03 0.08+0.01 —1.07+0.01
3Me-py 8.32 —-0.70 0.11 3.70 2.44 0.27 —0.94
2Me-py 8.04 1.18 0.09
pY 8.80 0.27 0.53 4.10 2.89 0.48 —0.74
4Ac-py 10.49 1.06 —0.09
4CN-py 12.12 1.59 0.47

a) D. D. Perrin, “Dissociation Constants of Organic Bases in Aqueous solution, Supplement,” Butterworths,

London (1972). b) Ref. 9.
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Fig. 3. Plot of apparent molar extinction coefficient
at 596 nm as a function of mole ratio, Crps.g:/Coo-
Coo=1.01 X 10*moldm=3. C,;=1.60% 10-2moldm-3.
Solid line is the plot of & calculated by using the
values of 5, &5, and K shown in Fig. 1 and Table 1.

plex is negligibly small at this wavelength, we obtain:
& = {&,[CoBr;py,] + &3[(TBA)CoBr;py]}Coo, (6)

where the molar extinction coefficient of (TBA)-
CoBrypy, &, was evaluated by the extrapolation of
the plot of ¢ to Cy5,.5,/Coo=1. The formation con-
stant of the tribromocomplex:

[(TBA)CoBr;py][py]

Ky = [CoBr,py,][TBA-Br]

is calculated by using Eqs. 5 and 6. The spectrum
of the tribromocomplex obtained from the e; values
at various wavelengths, as evaluated by the extra-
polation of the plot of & to Cpgy.5,/Coo=1, is shown
in Fig. 1. (B).

The value of the apparent molar extinction coef-
ficient calculated by using the &,, &, and K, values
thus obtained is shown in Fig. 3 by a solid line; it
is in good agreement with the experimental results.
The K3 of the pyridine complex is listed in Table
1, along with those of the 4Me-py and 3Me-py com-
plexes obtained in the same manner as the pyridine
complex.

Formation of Tetrabromocomplexes. 10~ mol of
CoBr, were dissolved in 100 cm?® of 2x 10-3—10-1 mol
dm=® TBA-Br 1,2-dibromoethane solutions (Cy_,,=
0). The spectra of the solutions (Fig. 1 (C)) show
the characteristics of the tetrabromocomplex.?®) The
spectra have no peaks of other complexes and do
not change upon a change in the concentration of
TBA-Br. Concequently, the spectrum of Fig. 1 (C)
is that of pure (TBA),CoBr,.

The addition of a large excess of bromide to the
CoBr,(R-py), solution causes further spectral change,
as is shown in Fig. 4. These spectra show an iso-
sbestic point at 694 nm, and the spectrum at the highest
Crpa.pr value shows the characteristics of the - tetra-
bromocomplex. Thus, the reaction in this region of
Crpa.p: May be written as:

K
(TBA)CoBry(R-py) + TBA-Br —
(TBA),CoBr, + R-py. )

The total concentration of cobalt(II) and the ap-
parent molar extinction coefficient are written as fol-
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Fig. 4. Absorption spectra of pyridine complex at
high TBA-Br concentrations.
Crpa-prt 1, 2.53;5 2, 4.51; 3, 6.59; 4, 9.86; 5, 15.5;
6, 25.5; 7, 41.1x10-*moldm-3. Cg,=1.33x10-3
mol dm=3. G;;=0.996 X 10-2 mol dm~3.

lows:
Coo = [(TBA)CoBry(R-py) + [(TBA),CoBr,],  (8)
¢ = {&;[(TBA)CoBr;(R-py)] + &4[(TBA),CoBr,]}Cc,?,
©)]

where ¢, refers to the molar extinction coefficient of

(TBA),CoBr,. From Eqgs. 8 and 9, we obtain the
following equation:
' [(TBA),CoBr,] e—ey

(10)

[(TBA)CoBry(R-py)] ~ e3—¢

By using the equilibrium constant of Eq. 7, K,, and
Eq. 10, we obtain:

[TBA-Br]
[R-py] ~

The plot of the left-hand side of Eq. 11 as a func-
tion of log [TBA-Br]/[R-py] falls on a straight line
with a slope of unity. This indicates the validity of
the assumption of the equilibria (7).

In the cases of the 4Ac-py and 4CN-py complexes,
the solution of the tribromocomplex, (TBA)CoBry(R-
py), was prepared by saturating the 102 mol dm—3
TBA-Br solution with the CoBry(R-py), complex.
The mole ratio of the TBA:Br and CoBr,(R-py),
of the saturated solution was determined as Cypy,.5,/
Coo=1. Thus, the formation of only the tribromo-
complex was ascertained. The spectra of the tri-
bromocomplexes are shown in Fig. 1 (B).

log g—ef =
€

&y —

log K, + log (1)

Discussion

As can be seen from Fig. 5, there is no systematic
correlation between the K, and pK, of R-py. Gen-
erally, the configurational change from tetrahedral to
octahedral structures is enthalpy-driven, and the en-
thalpy is largely compensated by the entropy term.3-5:26)
Thus, the effect of the entropy change on the con-
figurational equilibrium is so appreciable that the dif-
ference in the basicity of the pyridines may be over-
whelmed by the change in the entropy. The K, of
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the 3Me-py complex is considerably smaller than those
of the py and 4Me-py complexes. This may indicate
steric hindrance in the octahedral complex caused by
the substitution at the 3-position of the pyridine.16-19

As is revealed in Fig. 5, the plot of log K; and log
K, vs. pK, of R-py shows a linear correlation; t.e.,
the Co—R-py bond strength decreases upon a decrease
in the basicity of R-py. The fact that the constants,
K; and K,, of the 3Me-py complexes show normal
values indicates that the steric effect of 3Me-py is
not important in the tetrahedral complexes. La Mar!?
has suggested the presence of steric hindrance of 3Me-
py in the tetrahedral complexes, whereas Wayland
and Dragol” have denied this argument on the basis
of the rasults of the molecular model and the contact
shift of proton NMR. Our results support the latter

conclusion. The K, value of the 2Me-py complex
5r r 1 L
x
3 (7!0
4 K3 ° <\/
3t . N
.2 8 9
PKp
2 -
X
g
S 4|
O l
4t

PKb
Fig. 5. Plot of log K., log K3, and log K, as a function
of pK, of R-py.
R-py: 1, 4Me-py; 2, 3Me-py; 3, 2Me-py; 4, py;
5, 4Ac-py; 6, 4CN-py. Filled circle: bromocom-
plexes, open circle: chlorocomplexes (Ref. 9).
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is much larger than those of the complexes of the
other pyridines having comparable pK, value. Thus,
the steric effect of 2Me-py is significant even in the
tetrahedral configuration.

The ratio of the successive formation constants, K,/
K,, is much larger than the statistical one, (K3/K,)gn=
8/3. As has been shown in the previous paper,? this
fact can be interpreted in terms of the steric hindrance
increasing in the order of: CoX,(R-py),<CoXz(R-
py)~<CoX,2.

The formation constants, K; and K,, of the bromo-
complexes are smaller than those of the corresponding
chlorocomplexes: this trend agrees with the results
of other systems.?®) The difference in log K, between
the chloro- and bromocomplexes (A log K,=1.16)
is almost the same as that of log K; (A log K;=1.24).
This may indicate that the steric effect of the bromo-
complex is of the same magnitude of that of the chloro-
complex. This is consistent with the fact that the
magnitude of the steric effects of the octahedral 3Me-
py chlorocomplex and the tetrahedral 2Me-py chloro-
complex is almost the same as those of the bromo-
complexes respectively.

The effect of the basicity of substituted pyridine
on the metal-pyridine bond strength has also been
discussed. Wong and Brewer?? have suggested that,
when the substituent on pyridine is more electron-
attractive than hydrogen, the metal-nitrogen ¢ bond
is weakened by the decrease in electron density on
the nitrogen atom of pyridine, but that the @ bond
is strengthened by the back-donation of the = elec-
tron from metal to nitrogen. Thus, the decrease in
metal-pyridine bond strength upon the decrease in
¢ bonding is partially compensated by the increase
in # bonding. Steffen and Palenik?®) have concluded
that the linear correlation of the Zn-N bond length
in ZnCl,(R-py), with the pK, of R-py suggests a min-
imum contribution of & bonding. As can be seen
from Fig. 5 a linear correlation of the Co-N bond
strength with pK, is observed even for the cobalt(II)
complex. This can be interpreted in terms of the
linear correlation between the = bond and the ¢ bond,
or a minimum contribution of the # bond to the Co-
N bond. Wayland and Drago'® have suggested that
the contribution of the = bond is not so significant

TaBLE 2. FREQUENCY OF THE GRAVITY CENTER AND OSCILLATOR STRENGTH OF THE ABSORPTION
BAND OF THE TETRAHEDRAL HALOGENO COMPLEXES OF COBALT(II) IN 1,2-DIHALOETHANE,
ACETIC ACID, AND ACETONE®

1,2-Dihaloethane Acetic acid® Acetone®

Chloride? Bromide® Chloride Bromide Chloride
CoX,S, v./10% cm—1 16.39 15.92 15.93 15.53 15.92
f/10-3 (7.04) (7.21) (0.53) (4.16)9 (3.92)
CoX,S- /108 cm—1 15.74 15.13 15.57 14.93 15.39
f/10-2 (6.05) (6.91) (4.15) (4.99) (4-50)
CoX,2- 1,/10% cm~1 15.03 14.38 15.19 14.42 15.11
f/10-3 (5.88) (6.97) (6.00) (8.91) (5.34)

a) Anionic species form ion-pairs with the tetrabutylammonium ion or the lithium ion.
S is acetic acid.

c) This work. S is pyridine. d) Ref. 25.
hedral and octahedral dihalocobalt(II) complexes.

b) Ref. 9. S is pyridine.

e) Ref. 28. S is acetone. f) Mixture of tetra-
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for the ligand with no low-lying empty = orbital such
as pyridine.

Much as with the chlorocomplexes, the dibromo-
complexes and the tribromocomplexes have virtually
the same visible spectra irrespective of the change
in the pyridine bases, although those of the 2Me-py
complexes are slightly shifted to a higher wavelength
(Figs. 1 (A) and (B)). The frequency of the gravity
center, »,, and the oscillator strength, f, of the absorp-
tion band are listed in Table 2, along with the data
on chlorocomplexes in 1,2-dichloroethane,” bromo-
and chlorocomplexes in acetic acid,? and chloro-
complexes in acetone.?®)

The plot of », vs. the number of the halogenide
ion coordinated to cobalt(II) gives rise to a good
linear relationship. The », of cobalt(II) coordinated
by four pyridine molecules tetrahedrally, Co(py),*t,
is estimated as »,=17.64x103cm=t. This may in-
dicate that the rule of average environment can be
applied to both the ligand-field strength and the elec-
tron-repulsion parameter. The trend of change in f
with the number of the halogenide ion in the complex
depends on the neutral ligand. This may indicate
that the structures of the dihalogeno- and trihalogeno-
complexes are seriously affected by the structure of
the solvent or neutral ligand. On the other hand,
as can be seen from Fig. 1, the effect of the basicity
of the neutral ligand on the spectra is very small.

We are grateful to the Ministry of Education, Sci-
ence and Culture for its financial support through
Grant No. 374188.
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