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Complexes of N,N-bis[(5-chloro-2-hydroxyphenyl)phenylmethylene]-4-thiaheptane-1,7-diamine (cbpSH,) and 3-methylpyridine
(mpy) or pyridine (py) with cobalt(II) and nickel(II), [Co(cbpS)mpy], [Ni(cbpS)mpy], and [Ni(cbpS)py], have been
synthesized and studied by single-crystal x-ray diffraction. In each case the metal complexes were found to consist of distorted
octahedra, with the pentadentate ligand forming a square pyramid about the metal atom, having approximately linear N-M-N’
and O-M-0O’ arrangements. The Lewis base mpy or py occupies the sixth octahedral position, opposite the sulfur atom.
The metal-thioether bond is of special interest, and in each case this is found to be a normal metal-sulfur bond (Ni, 2.484
(1) A; Co, 2.537 (1) A). Although the formation of this bond, especially in the cobalt(IT) complex, is unexpected from
carlier literature data, it is proposed that such bonds are not the exception but the rule. Each of the three complexes contains
a small amount of solvent included in the crystal lattice and the solvent molecules could not be fully located due to extreme
positional disorder. No unsolvated complexes were obtained in crystalline form. Crystal data for [Co(cbpS)mpy]: space
group P2,/c, Z=4,a=16.456 (1) A, b= 1474 (1) A, ¢ = 16.56 (1) A, 8 = 112.79 (5)°, ¥ = 3704 A}, R = 3.7%, 2825
reflections. Crystal data for [Ni(cbpS)mpy]: space group P2,/c, Z = 4,a = 16.450 (6) A, b = 14.674 (1) A, ¢ = 16.59
(DA, B=112.56 (3)°, ¥ = 3698 A%, R = 3.7%, 2103 reflections. Crystal data for [Ni(cbpS)py]: space group P2,/c,
Z=4,a=18.002(9) A, b=15691 (4) A, c=16.401 (9) A, 8 =116.07 (4)°, V = 4164 A}, R = 4.6%, 4466 reflections.

Introduction

Complexes of the potentially pentadentate ligands salX (1),
¢bpX (2), and mbpX (X = N, O, S, P) with the metals Cu,

K
& o

Q O

2, cbpXH, (Y = Cl), mbpXH, (Y = CH,)

Ni, Zn, and Mn have been investigated by a variety of physical
techniques.>” Single-crystal x-ray diffraction data have shown
that an M-X bond is formed, and hence the ligands act as
pentadentates, when X = N,2%%7 the M—N bond being a
normal single bond for M = Zn” and Ni>*¢ and a dramatically
elongated bond for M = Cu.® Other physical methods had
failed to demonstrate the existence of such a Cu—N bond.
Moreover, the results of earlier physical measurements suggest
that the M-X bonds are nonexistent or very weak when M—X
represents such combinations as Co'™S and Cu'-S. We will
not only demonstrate the formation of M-S bonds for M =
Ni(IT) and Co(II) with cbpS but also show that the bonds are
normal rather than very weak. We further propose that this
is not an abnormal but a usual occurrence for such ligands.

We present here the crystal and molecular structures of three
complexes with the thioether ligand N,N-bis[(5-chloro-2-
hydroxyphenyl)phenylmethylene]-4-thiaheptane-1,7-diamine,
cbpSH; (2, X = S), and 3-methylpyridine (mpy) or pyridine
(py): [Co(cbpS)mpy], [Ni(cbpS)mpy], and [Ni(cbpS)py].
Experimental Section

The thioether ligand cbpSH, was prepared as described elsewhere.?

Preparation of the Complexes. [Co(cbpS)] and [Ni(cbpS)]. A
solution of the Schiff base ligand cbpSH, (2 mmol) in 1,1-di-
methoxypropane was added to a hot methanol solution of the metal
acetate. Piperidine (5 ml) was then added to the solution and the
volume reduced until the complex precipitated. Anal. Caled (Co)
for CoCl,SO,N,C;;,Hyg: C, 60.58; H, 4.45; N, 4.42. Found: C, 60.48;
H, 4.42; N, 4.43. Anal. Calcd (Ni) for NiCl,SO,N,C3,Hy: C, 60.60;
H, 4.45; N, 4.42. Found: C, 60.55; H, 4.64; N, 4.34.
. [Co(cbpS)mpy](mpy),,, was prepared by recrystallization of
[Co(cbpS)] from hot 3-methylpyridine. Anal. Calcd for
CoCl,SO;N;sCy Hyg st C, 63.62; H, 5.01; N, 6.33. Found: C, 63.60;
H, 5.02; N, 6.28.

[Ni(cbpS)mpy](mpy),,, was prepared as above. Anal. Calcd for
NiCLSO,N;sCyHyg st C, 63.62; H, 5.01; N, 6.33. Found: C, 63.96;
H, 5.06; N, 6.33,

[Ni(cbpS)py]-m-xylene was prepared as above, from pyridine
solution. The complex was then recrystallized from m-xylene. Anal.
Calcd for NiCl,SO,N;C4sH,y: C, 65.95; H, 5.28; N, 5.13. Found:
C, 66.34; H, 5.38; N, 5.19. For brevity, the included (uncoordinated)
solvent molecules will hereafter be omitted from the compound names.

Crystal densities were measured by flotation in aqueous potassium
iodide containing detergent as wetting agent.

Crystal Data for [Co(cbpS)mpy). CoCl,SO,N,5CyHags: mol wt
727, space group P2;/n, Z = 4,a = 16.456 (7) A, b = 14.74 (1) A,
c=16.56 (1) A, 8 =112.79 (5)°, V= 3704 A’, dygrea = 1.32 g em™3,
dopsa = 1.30 g em™, uy(Mo Ka) = 7.3 em™; crystal dimensions
(distances in mm of faces from centroid) (111) 0.07,(111) 0.07, (110)
0.08, (110) 0.08, (110) 0.08, (110) 0.08; red crystal; maximum and
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Figure 1. Stereoview of [Ni(cbpS)mpy].

minimum transmission coefficients 0.946 and 0.919.

Crystal Data for [Ni(cbpS)mpy]. NiCl,SO,N;CyHigs: mol wt
727, space group P2,/,, Z = 4, a = 16.450 (6) A, b =14.674 (5)
A c=16359 (DA, 8=112.56 (3)°, V=3698 A3, d s = 1.32 ¢
em, dopsg = 1.34 g em™, u(Mo Ka) = 7.7 em™; crystal dimensions
(mm from centroid) (110) 0.09, (110) 0.09, (110) 0.11, (110) 0.11,
(001) 0.10, (001) 0.10; reddish yellow crystal; maximum and minimum
transmission coefficients 0.905 and 0.903.

Crystal Data for [Ni(cbpS)py]. NiCl,SO,N;C,sH,;: mol wt 820,
space group P2,/c, Z = 4,a =18.002 (9) A, b = 15691 (4) A, ¢
= 16.401 (9) A, 8=116.07 (4)°, V=4164 A, d g = 1.31 gcm™,
dopsg = 1.35 g cm™, u(Mo Ka) = 6.9 em™; crystal dimensions (mm
from centroid) (100) 0.085, (100) 0.085, (011) 0.315, (011) 0.315,
(011) 0.315, (011) 0.315; yellow crystal; maximum and minimum
transmission coefficients 0.926 and 0.937.

For each crystal, the Enraf-Nonius program SEARCH was used to
obtain 15 accurately centered reflections which were then used in the
program INDEX to obtain approximate cell dimensions and an ori-
entation matrix for data collection. Refined cell dimensions and their
estimated standard deviations were obtained from least-squares
refinement of 28 accurately centered reflections. The mosaicity of
each crystal was examined by the w-scan technique and judged to
be satisfactory.

Collection and Reduction of Data. Diffraction data were collected
at 292 K on an Enraf-Nonius four-circle CAD-4 diffractometer
controlled by a PDP8/M computer, using Mo K« radiation from a
highly oriented graphite crystal monochromator. The -2 scan
technique was used to record the intensities for all nonequivalent
reflections for which 0° < 26 < 48°, 0° < 26 < 46°, and 0° < 24
< 50° for [Co(cbpS)mpy], [Ni(cbpS)mpy], and [Ni(cbpS)pyl,
respectively. Scan widths (SW) were calculated from the formula
SW = A4 + Btan § where A4 is estimated from the mosaicity of the
crystal and B allows for the increase in width of peak due to K and
Ko, splitting. The values of 4 and B were 0.50 and 0.30°, respectively,
for {Co(cbpS)mpyl, 0.60 and 0.30 for [Ni(cbpS)mpy], and 0.70 and
0.30 for [Ni(cbpS)py]. The calculated scan angle is extended at each
side by 25% for background determination (BG1 and BG2). The net
count is then calculated as NC = TOT - 2(BG1 + BG2) where TOT
is the integrated peak intensity. Reflection data were considered
insignificant if intensities registered less than 10 counts above
background on a rapid prescan, such reflections being rejected au-
tomatically by the computer.

The intensities of four standard reflections, monitored for each
crystal at 100 reflection intervals, showed no greater fluctuations during
the data collection than those expected from Poisson statistics. The

raw intensity data were corrected for Lorentz—polarization effects
(including the polarization effect of the crystal monochromator) and
then for absorption. After averaging the intensities of equivalent
reflections, the data were reduced to 3977 independent intensities for
[Co(cbpS)mpy], 2851 for [Ni(cbpS)mpy], and 5095 for [Ni(cbpS)py],
of which 2825 for [Co(cbpS)mpy], 2103 for [Ni(cbpS)mpy], and 4466
for [Ni(cbpS)py] had F.2 > 3a(F,2), where o(F,%) was estimated from
counting statistics.” These data were used in the final refinement of
the structural parameters.

Determination and Refinement of the Structures, The positions of
the metal, the sulfur, and the ligand atoms, in the plane perpendicular
to the M-S bond, were determined for all three complexes from
three-dimensional Patterson functions calculated from all intensity
data. For each crystal the intensity data were phased sufficiently well
by these positional coordinates to permit location of the remaining
nonhydrogen and some hydrogen atoms. The compounds {Co-
(cbpS)mpy] and [Ni(cbpS)mpy] are isostructural.

Full-matrix least-squares refinement was based on F, and the
function minimized was " w(|F,| - |F])%. The weights w were then
taken as [2F,/a(F,?)]?, where |F,| and |F,| are the observed and
calculated structure factor amplitudes. The atomic scattering factors
for nonhydrogen atoms were taken from Cromer and Waber,!® and
those for hydrogen, from Stewart et al.'! The effects of anomalous
dispersion for all nonhydrogen atoms were included in F, using the
values of Cromer and Ibers!? for Af” and Af”. Agreement factors
are defined as R = Y[ F| - |F.)/Z|F,| and R, = (Ew(|F,| -
|F)?/ S w|F.2)1/2. To minimize computer time, the initial calcu-
lations were carried out on the first 1000 reflections collected.

Anisotropic temperature factors were introduced for all nonhydrogen
atoms. Further Fourier difference functions permitted location of
the remaining nonmethyl hydrogen atoms, which were included in
the refinement, with fixed temperature factors (5.0 A?). Peaks due
to atoms of the disordered solvent molecules were observed in the
Fourier difference functions calculated for all three complexes. In
the case of the [Ni(cbpS)py] complex, most of a (partially occupied)
xylene molecule was located, but it was not possible to locate contiguous
solvent molecules in any of the compounds, due to partial occupancy
and the positional disorder. Therefore a final Fourier difference map
was calculated with all atoms including hydrogen, and the most intense
peaks observed included in the least-squares refinement calculations
(occupancy also being refined). The included solvent molecules are
of no chemical interest. A number of weaker peaks, having intensities
lower than that of the hydrogen atoms, were ignored. The models
converged with R =37, R, =4.0%; R =36,R,=4.1%;and R =
4.6, R, = 6.6% for [Co(cbpS)mpy], [Ni(cbpS)mpy], and [Ni-
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Figure 2. Stereoview of [Ni(cbpS)py].

Figure 3. Molecular packing in [Ni(cbpS)mpy].

(cbpS)py], respectively. A structure factor calculation with all observed
and unobserved reflections included (no refinement) gave R = 4.4,
4.5, 5.1% for [Co(cbpS)mpy], [Ni(cbpS)mpy], and [Ni(cbpS)py],
respectively; on this basis it was decided that careful measurement
of reflections rejected automatically during data collection would not
significantly improve the results. A final Fourier difference function
was featureless. Tables of the observed structure factors are available.!®
The principal programs used are as previously described.’

Results and Discussion

Final positional and thermal parameters for [Co(cbpS)mpy],
[Ni(cbpS)mpy], and [Ni(cbpS)py] are given in Table 1.
Tables II and III contain the bond lengths and angles. The
digits in parentheses in the tables are the estimated standard
deviations in the least significant figures quoted and were
derived from the inverse matrix in the course of least-squares
refinement calculations. Figures 1 and 2 are stereoscopic pair
views of [Ni(cbpS)mpy] and [Ni(cbpS)py], respectively, while
Figures 3 and 4 show the molecular packing in the unit cells
of the same compounds. Single molecule and packing dia-
grams of [Co(cbpS)mpy] do not show well the small but
significant differences between this molecule and [Ni-

o

(cbpS)mpy] with which it is nearly isomorphous, and no
diagrams are included for the cobalt complex for that reason.

Variable analyses obtained for a wider range of complexes
related to the present series'* show that there is a proportion
of included solvent which varies from compound to compound,
from solvent to solvent, and in some cases from preparation
to preparation. This suggests that “crystallographic holes”
exist in the lattices of the compounds which can accommodate
whatever solvent molecules are present during the crystalli-
zation. 'The observation of partial occupancy by solvent
molecules in the present series of complexes agrees with the
microanalyses which indicate the presence of fractional solvent
molecules. The high degree of disorder prevented the location
of complete solvent molecules and suggests that the lattice
holes are significantly larger than the solvent molecules they
accommodate and do not constrain them in any way. We were
unable to obtain the unsolvated complexes in crystalline form,
which may be fortuitous or may indicate a requirement that
the lattice holes be filled for crystals to form.

The molecular structures of the three complexes consist of
distorted octahedra with the cbpS ligands wrapped around the
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Table II. Bond Lengths (&) for {Co(cbpS)mpy ], [Ni(cbpS)mpy], and [Ni(cbpS)py], Respectively?®

M-S 2.537 (1) 2.484 (1) 2.484 (1) C(9)-C(10) 1.383 (6) 1.36 (1) 1.404 (4)
M-O 1.997 (3) 2.008 (3) 2.034 (2) C(10)-C(11) 1.389 (7) 1.40 (1) 1.378 (4)
M-0’ 2.039 (3) 2.053 (3) 2.004 (2) Cc(11-CQ12) 1.348 () 1.393 (9) 1.379 4)
M-N(1) 2.080 (3) 2.044 (5) 2.076 (2) C(12)-C(13) 1.374 (6) 1.37(1) 1.397 (4)
M-N(1") 2.104 (3) 2.076 (5) 2.062 (2) C(14)-C(15) 1.529 (6) 1.536 (7) 1.517 (4)
M-~-N(2) 2,202 (4) 2.149 4) 2.117 (2) C(15)-C(16) 1.523 (6) 1.534 (8) 1.526 (5)
CI(1)-C(5) 1.745 (4) 1.755 (6) 1.751 (3) C(1H-C(2") 1.433 (6) 1.420 (8) 1.426 (4)
Cl(2)-C(5") 1.758 (5) 1.768 (6) 1.769 (3) C(1)-C(6") 1.416 (6) 1.428 (7) 1413 (4)
S-C(16) 1.809 (5) 1.790 (7) 1.811 (4) C(1H-C() 1.468 (5) 1.460 (8) 1.473 (3)
S-C(16") 1.803 (5) 1.799 (7) 1.812(4) C(2"H-C(3) 1.415 (6) 1434 (7) 1.424 (4)
0-C(2) 1.299 (%) 1.305 (6) 1.302 (3) C(3)-C(4") 1.375 (6) 1.381 (M) 1.351 (4)
0'-C(2") 1.306 (5) 1.316 (6) 1.294 (3) C4H)-C(5") 1.371 (6) 1.347 (9) 1.368 (4)
N(Q)-C(7) 1.288 (5) 1.318 (6) 1.287 (3) C(5H-C(6) 1.361 (6) 1.388 (8) 1.355 (4)
N(1)-C(14) 1.487 (3) 1.501 (6) 1472 (3) C(7)-C(8") 1.504 (6) 1.486 (8) 1.504 (4)
N(1"H-C(7") 1.293 (5) 1.301 (6) 1.292 (3) C(8)-C(9) 1.388 (6) 1.383 (9) 1.382 (4)
N(1")-C(14") 1.369 (5) 1.488 (6) 1.497 (3) c@8H-Cc13h 1.381 (6) 1.378 (8) 1.379 (4)
N(2)-C(17) 1.342 (5) 1.333.(7) 1.336 (3) C(9")-C(10") 1.378 (6) 1.369 9) 1.361 (5)
N(2)-C(21) 1.340 (%) 1.349 (6) 1.334 (3) C(10)-C(11" 1.369 (6) 1.419 (8) 1.376 (7)
C(1)-C(2) 1.429 (5) 1413 (7) 1.420 (4) C(11)-cQ2") 1.387 (6) 1.420(9) 1.361 (7)
C(1)-C(6) 1.412 (6) 1.428 (7) 1.407 (3) C(12HY-cQ3H 1.401 (6) 1.358 (9) 1.380(5)
C(1)-C(7) 1.475 (5) 1.490 (8) 1.483 (3) C(14)-C(15" 1.517 (6) 1.530(7) 1.534 (5)
C(2)-C(3) 1.419 (6) 1.425 (8) 1.422 (4) C(15)-C(16" 1.535 (6) 1.522 (8) 1.518 (5)
C(3)-C(4) 1.376 (6) 1.404 (7) 1.354 (4) C(17)-C(18) 1.398 (6) 1.403 (7) 1.368 (4)
C(4)-C(5) 1.379 (6) 1.379 (7) 1.379 (4) C(18)-C(19) 1.390 (7) 1374 (9) 1.365 (5)
C(5)-C(6) 1.367 (6) 1.370 (8) 1.368 (4) C(18)-C(22) 1.547 (7) 1.538 (8)

C(7)-C(8) 1.505 (5) 1.474 (9) 1.486 (4) C(19)-C(20) 1.380 (7) 1.391 (8) 1.354 (5)
C(8)-C(9) 1.388 (6) 1.391 (8) 1.386 (4) C(20)-C(21) 1.379 (6) 1.389(7) 1.345 (4)
C(8)-C(13) 1.396 (6) 1.385 (9) 1.386 (4)

¢ For [Ni(cbpS)py ] the second half (') of the cbp$ ligand bears closer resemblance to and is therefore listed with the first half for the
other two molecules.

Table III. Bond Angles (deg) for [Co(cpbS)mpy], [Ni(cbpS)mpy], and [Ni(cbpS)py], Respectively®

S-M-0 88.7 (1) 88.9 (1) 93.5(1) C(7)~C(8)-C(13) 121.2 (4) 119.9 (6) 119.2 (2)
S-M-0O' 93.3(1) 929 (1) 88.3 (1) C(9)-C(8)-C(13) 118.2 (4) 117.8 (9) 118.6 (3)
S-M-N(1) 85.9 (1) 86.0 (1) 86.7 (1) C(8)-C(9)-C(10) 120.0 (4) 122.2(9) 121.1 (3)
S-M-N(1" 85.9 (1) 86.5 (1) 84.8 (1) C(9)-C(10)-C(11) 120.6 (4) 119.9 (7)) 119.8 (3)
S-M-N(2) 177.0 (1) 177.1 (2) 176.2 (1) C(10)-C(11)-C(12) 119.4 (5) 118.2 (8) 119.3 (3)
0-M-0' 175.5 (1) 175.2 (2) 176.7 (1) C(11)-C(12)-C(13) 121.1 () 121.1 (9) 121.0 (3)
O-M-N(1) 87.7 (1) 88.9 (1) 84.1 (1) C(8)-C(13)-C(12) 120.8 (5) 120.7 (8) 120.1 (3)
O-M-N(1") 92.9(1) 92.0(2) 94.5(1) N(1)-C(14)-C(15) 110.7 (4) 109.3 (4) 110.4 (2)
O-M-N(2) 89.0 (1) 88.7 (1) 90.2 (1) C(14)-C(15)-C(16) 1158 4) 116.5 (5) 114.8 (3)
O'-M-N(1) 96.4 (1) 95.7 (2) 93.3(1) S-C(16)-C(15) 111.3(3) 111.3(4) 111.9 (2)
O'-M-N(1") 83.2 (1) 83.7(2) 88.5 (1) C(2)-C(1"H-C(6) 118.8 (4) 119.2 (7 118.5 (2)
0'-M-N(2) 88.9 (1) 89.4 (1) 88.0 (1) C(2"H)-C(1H-C(T) 122.2 (4) 122.0 (6) 123.7 (2)
N(1)-M-N(1") 171.7 (1) 172.4 (1) 171.2 (1) C(6")-C(1)-C(7") 119.0 4) 118.7 (7) 117.7 (2)
N(1)-M-N(2) 95.8 (1) 95.6 (2) 93.2(1) 0'-C(2H-C1) 123.8 (4) 124.1 (6) 125.1 (2)
N(1)-M-N(2) 92.4(1) 92.0(2) 95.4 (1) 0'-C(2")-C(3") 119.0(4) 118.0 (8) 118.3 (2)
M-S-C(16) 99.1 (2) 100.4 (3) 100.3 (1) C(1)-C(2H-C@3") 117.2 (4) 117.9 (6) 116.6 (3)
M-S-C(16") 99.7 (2) 100.8 (3) 100.3 (1) C(2)-C(3)-C4" 122.3 (4) 120.7 (6) 122.6 (3)
C(16)-S-C(16") 100.2 (2) 100.2 (3) 99.8 (1) C(3)-C(4")-C(5") 119.3 (4 120.5 (D) 120.0 (3)
M-0-C(2) 124.9 (§) 124.1 (4) 119.8 (2) C4)-C(5)-C6"H 121.7 (8) 122.2 (6) 120.9 (3)
M-0'-C(2") 119.8 (5) 118.9 (4) 125.1(2) C1(2)-C(5")-C(4") 119.0 (4) 120.1 (6) 120.0 (2)
M-N(1)-C(7) 127.0 (3) 127.8 (5) 126.3 (2) Cl(2)-C(5")-C(6") 119.4 (4) 117.7 (6) 119.1 (2)
M-N(1)-C(14) 113.7 (3) 1149 (3) 113.8 (2) C(1)-C(6")-C(5") 120.6 (4) 119.2 (7) 1215 (3)
M-N(1)-C(7") 124.9 (3) 125.2 (5) 126.8 (2) N(1H-C(7)-C1") 121.1 (4) 121.4 (8) 122.7 (2)
M-N(1)-C(14") 114.1 (3) 114.3 (3) 113.7 (2) N(1)-C(7)-C(8") 121.4 (4) 121.1 (7) 120.6 (2)
M-N(2)-C(17) 118.9 (3) 119.8 (4) 119.4 (2) C(1)-C(7)-C(8" 117.4 (4) 117.5 (6) 116.7 (2)
M-N(2)-C(21) ° 122.5 (3) 120.9 (4) 123.0 (2) C(7")-C(8)-C(9") 119.9 (4) 120.5 (6) 119.6 (3)
C(17-NQ)-C(21) 117.5 (4) 118.3 (5) 117.0 (2) C(7)-C(8")-C(13) 120.6 (4) 119.7.(7) 122.0 (3)
C)-C(HY-C(M) 123.4 (4) 124.3 (6) 122.1 (2) C(9)-C(8)-C(13") 1195 4) 119.7 (8) 118.4 (3)
C(2)-C(1)-C(6) 118.1 (4) 119.7 (6) 119.0(2) C(8)-C(9")-C(10) 120.9 (4) 122.0 (8) 121.3 (4)
C(6)-C()-C(N) 118.4 (4) 115.9(7) 118.8 (2) C(9)-C(10)-C(11) 1199 (4) 119.7 (8) 118.7 (4)
O0-C(2)-C(1) 124.8 (4) 125.5 (7) 124.3 (2) C(10)-C(11)-C(12") 120.2 (4) 116.1 (8) 122.1 (4)
O-C(2)-C(3) 118.0 (4) 116.7 (8) 119.2 (2) C(11)-C(12")-C(13") 119.9 (4) 123.3(7) 118.2 (4)
C(1)-C(-C(3) 1172 4 117.8 (6) 116.5 (2) C(12)-C(13)-C(8") 119.5 4) 119.1 (8) 121.3 (4)
C(2)-C(3)-CH) 122.7 (4) 120.8 (7) 123.0(3) N(1)-C(14)-C(15") 110.5 (4) 109.8 (4) 110.7 (2)
C3)-CAH-C®) 119.5 (4) 120.2 (7N 119.8 (3) C(14)-C(15")-C(16") 1151 (4) 114.9 (6) 116.3 (3)
C-C(5)-C(6) 120.1 (4) 120.8 (6) 120.0 (3) S-C(16")-C(15") 111.6 (4) 112.6 (§) 112.7 (2)
CI(1)-C(5)-C(4) 119.4 (4) 118.5 (6) 120.1(2) N(Q)-C(17)-C(18) 125.0 (4) 125.7 (6) 123.1 (3)
CI(1)~C(5)-C(6) 120.5 (4) 120.7 (6) 119.8 (2) C(17)-C(18)-C(19) 115.6 (5) 113.6 () 117.6 (3)
C(1)-C(6)-C(5) 122.5 (4) 120.7(7) 121.7 (2) C(17)-C(18)-C(22) 121.4 (5) 121.2 (6)

N(D-C(N)-C(1) 122.4 (4) 120.7 (8) 120.5 (2) C(19)-C(18)-C(22) 123.1 (5) 125.1 (6)

N(1)-C(T)-C(®8) 121.0 (4) 121.6 (7) 121.8 (2) C(18)-C(19)-C(20) 120.4 (5) 123.3 (6) 120.2 (3)
C(H-C(N-C®B) 116.7 (4) 117.6 (6) 117.6 (2) C(19)-C(20)-C(21) 119.5 (5) 117.6 (6) 118.8 (3)
C(NH-CB)-LCH® 122.0 (4) 122.4 (8) 119.2 (2) N(2)-C(21)-C(20) 122.2 (4) 121.4 (6) 123.4 (3)

@ See footnote g of Table 1.
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Figure 4. Molecular packing in [Ni(cbpS)py].

metal atom in a square-pyramidal configuration with the sulfur
atom at the apex. In each case the Lewis base mpy or py is
coordinated via the nitrogen atom approximately opposite the
sulfur atom so as to complete the octahedron. The metal—
sulfur distances (Co-S = 2.537 (1) A, Ni-S = 2.484 (1) A
compare with Ni-S distances of 2.470 (5) and 2.472 (5)
for high-spin octahedral nickel(II) complexes 3 and 4,'
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respectively. A much stronger metal-sulfur bond is expected
in low-spin planar nickel(IT) complexes and observed?? (Ni-S
=2.177,2.175 A, Table IV) in the tetrafluoroborate nickel(II)
complexes, 5. Some typical metal-sulfur distances are given

2+
s. 8
\/ j
s/ Vs

5

in Table IV for complexes of nickel and other transition metals.

The fact that the thioether sulfur atom is coordinated to the
cobalt atom in the cbpS complex is of particular interest in
relation to observations on the analogous cobalt(II) complexes
with SalS ligands.* Spectral data suggest that the sulfur atom
does not bond to the cobalt atom in the SalS complexes,* while
cobalt-sulfur coordination was postulated in the cbpS com-
plexes on the basis of similar studies. Such failure of a po-
tential cobalt—sulfur bond to form is not uncommon. Kadooka
et al.*® have drawn attention to the fact that in dichloro-
[bis(2-pyridyl) disulfide]cobalt(II) neither of the two sulfur
atoms acts as a donor, whereas copper—sulfur bonding is
observed with the same ligand. However there is no intrinsic
reason that cobalt-sulfur bonding is forbidden with ligands
of types 1 and 2. The cobalt—sulfur bond observed in the
Co(cbpS)mpy molecule is not markedly weaker, at 2.537 A,
than the Ni-S bonds (2.484 A) in the related nickel complexes.
The Co-S bond may therefore be regarded as a normal

Table IV. Some Metal-Sulfur Bond Distances (A)

Complex Bond(s)° Length, A Ref
3 Ni-S  2.470 (5) 15
4 Ni-S  2.472 (5) 16
trans-Ni(etu),Cl,%b Ni-S 2490 (6),2.451(5) 17
trans:Ni(etw) C1,° Ni-S 2.44(8),2.482(7) 17
Ni(tu),NCS, Ni-§  2.53(1),2.56 (1) 18
Ni(dtp),(py),° Ni-S 2.482(4),2523(3) 19
Ni(tu),Cl, Ni-S  2.462 (4) 20
Ni(tmtw),CL, Ni-S  2.465 (5),2.491(5) 21
5,M =Ni (Ni-S)  2.176 (2) 22
Ni(dtp), Ni-S  2.230(4),2.236(4) 23
Ni(dtc)? Ni-S  2.201(2),2.217 (2) 24
5,M=Cu Cu-8) 2.303 (1) 22
Cu(tam), CI* Cu-S 2.343 (5) 26
Zn(tu),Cl, Zn-S  2.35(1) 27
Zn(tu),(OAQ), Zn-S 2.326(2),2.261(4) 28
Zn(dtc),py Zn-S 2.598 (4),2.612 (4)} 29

2.330 (4), 2.325 (4Y

Zn(mtb), (H,0),* Zn-S 2278 (2) 30
Co(dtc), Co-S) 2.266 (7) 31
Cr(pcd)! (C1-S) 2.404 (8) 32
Fe(ped) (Fe-S) 2.422 (1), 2.449 (1™ 32
Cr(enS),en” Cr-S  2.389(2) 33

[Cr(en),(SCH,CO)ICIO, Cr-§8 2.337(2) 34

@ gtu = ethylenethiourea. ? Triclinic form. ¢ Monodlinic form.
4 tu = thiourea, € dtp = 0,0’'-diethyldithiophosphate. [ tmtu=
trimethylthiourea. & dtc =N,N-diethyldithiocarbamate. ® tam =
thioacetamide. ' Axial in trigonal bipyramid. ’ Equatorial.

mtp = monothiobenzoate. ! ped = 1-pyrrolidinecarbodithioato.
™ Minimum and maximum lengths. " enS= mercaptoethylamine.
© Indicates values averaged over very similar bond lengths.

metal-ligand bond, although it is clearly not at the strong end
of the range of metal-sulfur bonds listed in Table IV. The
observation of the normal Co-S bond has further ramifications:
the proposed different structures for the salX analogues of
these complexes are not reflected in the spectral properties.®
Instead, similar electromagnetic spectra are observed for the
two classes of complexes, and the electron impact mass spectra
indicate closely analogous fragmentation patterns. It therefore
appears that the most significant distortions from octahedral
geometry are represented by two features: the deviation of
one oxygen—metal-oxygen bond angle by 6° (Ni) or 7° (Co)
from a right angle in each complex and the 8-9° deviation
from linearity of the angle subtended at the metal by the two
cbpS nitrogen atoms. The other ligand—metal-ligand angles
are within 5° of being parallel or at right angles, as are the
angles between the three squares of ligand atoms which form
the octahedral metal environment (planes I-III in Table V).
In each case the metal atoms lie close to these planes, and no
marked differences are observed between the cobalt and nickel
complexes in any of these features.
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Table V
Coefficients of Least-Squares Planes for AX + BY + CZ =D for [Co(cbpS)mpy], [Ni(cbpS)mpy], and [Ni(cbpS)py], Respectively
Plane Atoms® A B C D Distances from plane, A
I 0,0, 8, N(2) -0.942 0.019 -0.335 -2.301 0,-0.01;0',-0.01;S, 0.01; N(2), 0.01;
Co, 0.05
0.940 0.022 ~0.339 —2.342 0,-0.02;0',-0.02; S, 0.02; N(2), 0.02;
Ni, 0.06
0.136 0.917 -0.376 3.269 0,-0.02;0',-0.02;S, 0.01; N(2), 0.02;
Ni, 0.03
11 0,0, N(I), N11) —0.040 -0.993 -0.115 -1.860 0,-0.09; 0", -0.09; N(1), 0.09; N(1'),
0.10; Co, -0.07
-0.041 -0.992 -0.123 -1.911 0,-0.08; 0", -0.08; N(1), 0.08; N(1"),
0.09; Ni, -0.05
0.855 -0.286 ~0.434 1.196 0, 0.09; 0, 0.09; N(1),—-0.09; N(1'), —0.09;
Ni, 0.06
111 S, N(1), N(19, —0.405 0.144 -0.903 —2.560 S, 0.03; N(1),—0.03; N(1),—0.03; N(2),
N(2) 0.03;Co,—0.02
-0.399 0.142 -~0.906 -2.564 S, 0.03; N(1),~0.03; N(1), —0.03; N(2),
0.03; Ni,—-0.02 .
—0.508 -0.196 ~-0.839 -2.992 S, —0.05; N(1), 0.05; N(1"), 0.05; N(2),
—0.05;Ni, 0.02
v C(1)-C(6) 0.025 —0.846 -0.533 ~2.528 C(1), 0; C(2),—0.02; C(3), 0.02; C(4), 0;
C(5),—-0.02; C(6), 0.01
0.020 -0.848 -0.530 —2.546 C(1), 0; C(2), —0.02; C(3), 0.02; C(4),
-0.01; C(5), —0.01; C(6), 0.01
0.605 -0.522 -0.601 —1.090 C(1),-0.01; C(2), 0.01; C(3), —0.01; C(4),
0;C(5),0;C(6),0
A" C(8)-C(13) -0.162 0.597 -0.786 -0.239 C(8), 0; C(9), 0.01; C(10), 0; C(11), 0;
C(12),0;C(13),0
-0.163 0.585 ~0.795 -0.268 C(8),~0.01; C(9), 0.01; C(10),-0.01;
C(11),0;C(12), 0.01; C(13),0
—0.789 —0.258 -0.558 -5.325 C(8), 0.01; C(9), 0; C(10), -0.01; C(11),
0.01;C(12), 0; C(13),-0.01
VI C(1H-C(6") 0.228 0.780 -0.583 -2.421 C(1,-0.02;C(2",0.03;C(3"),-0.02;
C(4"),-0.01; C(5"), 0.03; C(6"),-0.01
0.242 0.780 -0.577 -2.399 C(17,-0.02; C(2"), 0.03; C(3"), ~0.02;
C(4",-0.01;C(5"), 0.03;C(6"), -0.01
0.965 0.263 0.008 2.721 C(1", 0;C(2",0.01;C(3",-0.01;C(4",
—-0.01;C(5"), 0.01; C(6"),—-0.01
Vil C(8"Y-C(13) -0.184 -0.675 -0.715 -4.712 C(8",0.01;C(9), 0;C(10"), -0.01;
C(11,0.01;C(129, 0.01; C(13"),-0.01
-0.181 -0.674 -0.717 -4.728 C(8), 0.01;C(9"),—0.01; C(10"), 0; C(11",
0.01;C(129,-0.01; C(13),0
0.221 -0.457 -0.861 -0.351 C(8",0;C(9), 0;C(10"), 0; C(11"), 0;
C(12",0;C(13",0
VIIL N(2), C(17)-C(21) 0.426 0.307 -0.851 -2.648 N(2), 0; C(17), 0; C(18), 0.01; C(19),
0;C(20),0;C(21),0
0.432 0.287 —0.855 ~2.745 N(2),~0.01; C(17),-~0.01; C(18), 0.02;
C(19),-0.02; C(20), 0.01; C(21), 0.01
—0.477 -0.816 -0.328 —4.664 N(2),-0.01;C(17), 0; C(18), 0.01;
C(19),-0.01; C(20), 0; C(21), 0.01
Interplanar Angles, Deg
LII LIII 1L 111 v,V IvV,VI v, vil V., VI V., VI
[Co(cbpS)mpy] 89.0 85.6 88.7 84.8 69.9 18.7 27.5 79.2
[Ni(cbpS)mpy] 88.9 86.3 89.3 86.5 69.5 18.7 28.9 78.2
[Ni(cbpS)py] 89.0 86.2 89.2 89.6 63.2 27.1 55.5 64.9
VLVIL VIILI VIILIII VIILIV VIILV VIILVI VLV
[Co(cbpS)mpy}] 81.3 46.2 50.2 78.2 38.5 33.7 71.1
[Ni(cbpS)mpy] 81.1 453 50.0 77.4 39.1 34.7 70.0
[Ni(cbpS)py] 84.3 435 47.4 70.4 39.7 42.2 56.6

@ See footnote a of Table I1.

The main metal-dependent differences between the com-
plexes appear tc be the metal-ligand bond lengths, though
again these differences are relatively small. The cobalt
complex exhibits a slight bond elongation along two axes
relative to the nickel complexes: the S—Co-N and the N-
Co-N axes. This would lift the degeneracy of the t,, orbitals,
splitting the octahedral d” “T, state into a lower A and a
higher “E state, in keeping with a Jahn—Teller distortion and
could therefore be attributed to the latter. This assumes that
the t,, orbitals are still close to being degenerate and that the
nickel(TT) geometry in an undistorted 3A, state represents the

geometry of an idealized T state in the absence of distortion.
Certainly there is no other obvious cause for the difference
between the metal environments of the cobalt and nickel
complexes.

The other interplanar angles, involving ligand phenyl or
heterocyclic rings, are quite similar for the various complexes.
In each case, the phenyl rings in the same half of the cbpS
ligand are in approximately orthogonal positions. Each of the
heterocyclic base rings is tilted with respect to both chloro-
phenyl rings near them, The tilted aromatic rings in this
molecule leave regions of unoccupied space which probably
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enhances the observed tendency for crystals of the complexes
to occlude solvent molecules. The symmetrical coordination
of the cbpS ligand to the metals (oxygen atoms on opposite
sides of the metal and imine nitrogens also opposite) is the most
common bonding arrangement for ligands of the cbpX type
in both five- and six-coordinated complexes®* though an
exception is known.*® Comparison with the known cbpN
complexes®’ suggests strongly that the five-coordinated
complexes [Co(cbpS)] and [Ni(cbpS)], formed by removal
of the adducted mpy or py, would have a square-pyramidal
structure, distorted markedly in the direction of a trigonal
bipyramid. The axis of this hypothetical trigonal bipyramid
would pass through the imine nitrogens. Moreover, it now
seems likely from the discussion above that the salS analogues
of the cbpS complexes generally have similar structures,
including a metal-sulfur bond.
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There has been considerable upsurge in the literature on
kinetic and mechanistic studies involving aquotitanium(III)
as the reducing ion.!”” The most recent reports have been on
the reduction of cobalt(III)-ammine complexes by this ion.
Mechanistic classification into the inner- or the outer-sphere
type for these latter reactions*”’ has been predominantly based
on the complexity of the rate dependence on hydrogen ion
concentration. The rate expressions obtained can only be
rationalized by invoking a series of reaction steps involving
the formation of binuclear precursor complexes as preceding
the electron-transfer step. The reduction of azidopenta-
amminecobalt(III) by Birk,’ the reduction of fluoropenta-
amminecobalt(IIT) by Thompson and Sykes,” and the re-
duction of a series of carboxylatopentaamminecobalt(III)
complexes by Martin and Gould* provide such examples.
Moreover, Sykes and Thompson suggested the relative
“hardness” or “softness” of a potential bridging ligand as an
important consideration in the choice of mechanism by the

“hard acid” titanous ion and, hence, explains why the sulfato,
acetato, fluoro, and u-superoxo complexes are reduced by the
inner-sphere mechanism while the chloro, bromo, and iodo
complexes react by the outer-sphere mechanism.’ In this work,
our rate studies are on the reduction of Co(NH,);SCN?* by
Ti**. The potential bridging ligand is very close to CI” in terms
of the hard acid-hard base concept. Our results also provide
additional data to Birk’s workS® on the reactivity pattern of the
thiocyanato-, azido-, and isothiocyanatopentaammine-
cobalt(III) complexes with 'a common reducing ion.

Experimental Section

[Co(NH;)sSCN]Cl,-1.5H,0 was prepared and characterized by
means of the UV-visible spectra as reported in the literature.®
Titanium(III) solutions were prepared by dissolving anhydrous TiCl,
in 0.1 M HCL. LiClO,4 was prepared by neutralizing Li,CO; (AR
grade) with HCIO, (AR grade). LiCl and HCI (AR grade) were
used without further purification. Concentrations of titanium(IIIl)
solution were determined by indirect iodometry; viz., a known excess
of deaerated Ce(IV) solution was added to an aliquot of the tita-
nium(III) solution, and the excess Ce(IV) was determined by adding
KI and titrating the liberated iodine against standardized Na,S,0,
solution,

The course of the reaction was followed by monitoring the decrease
in the absorbance of the cobalt(IIT) complex at A 288 nm, a
wavelength, where, for the concentrations of reactants and products,
the cobalt complex is the dominant absorbing species. The reaction
was followed using a Durrum-Gibson stopped-flow spectrophotometer.
In all runs, titanium(III) concentrations were in large excess over
cobalt(III), rate profiles were analyzed with a pseudo-first-order rate



