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The structures of 4-coordinate bis(acetato)bis(imidazole)cobalt(II) and -zinc(II) and the bis(propionato) analogues have
been determined by X-ray diffraction on a CAD4 automatic diffractometer using Mo Ka radiation and operating in a
6-26 scan mode. The four complexes [Co(C,H;0,),(C;HN,),], [Zn(C,H;0,),(C3HyN,),], [Co(C3H0,),(C3H,N,),],
and [Zn(C,H;0,),(C3H,N,),] crystallize in space groups P1, P1, P2,/c, and P1, respectively. They have the following
respective unit cell constants: a = 8.058 (2), 8.065 (3), 7.971 (6), 7.841 (4) A; b = 11.245 (1), 11.321 (2), 8.373 (1),
8.164 (2) A; ¢ = 7.792 (3), 7.736 (2), 23.703 (3), 12.392 (2) A; a = 99.78 (2), 99.81 (2), ..., 95.72(2)°; B = 96.10 (2),
96.31 (3), 98.32 (2), 96.55 (2)°; v = 92.66 (2), 92.34 (2), ..., 94.47 (3)°. The respective Z values are 2, 2, 4, and 2. The
structures were solved by heavy-atom methods and refined to final respective R values of 0.034, 0.036, 0.049, and 0.046.
The first coordination spheres of the discrete complexes are distorted tetrahedra with bond angles centered on the metal
ranging from 11° greater than to 15° less than the tetrahedral angle. The distortions appear to be independent of the
metal. The metal-ligand bond distances are virtually identical for cobalt(II) and zinc(II). Implications of the results with

regard to cobalt(II)-substituted zinc proteinases are discussed.

Introduction

Invaluable information concerning the chemical constitution
and general stereochemistry of active metal ion sites is provided
by crystallographic studies on metalloproteins. These struc-
tural results, which are of necessarily modest resolution, are
the focus of attempts to synthesize structural and electronic
mimics of these active sites in the form of model complexes.!
Such models can then be subjected to high-resolution structural
and other physical studies capable of elucidating details that
cannot be determined from experiments on the macromolecular
systems themselves. Particularly fruitful are parallel studies
on metalloenzymes and on realistic models that, together, are
capable of providing detailed information regarding the
electronic and stereochemical structure of an active metal site.

Of particular interest here are crystallographic results on
the zinc-requiring proteolytic enzymes carboxypeptidase A?
and thermolysin.®> These studies have established that the
active zinc site involves coordination by two imidazole moieties
of histidine side chains, a carboxylate group from a glutamic
acid residue, and a water molecule or hydroxide, which com-
pletes a highly distorted tetrahedral [ZnN,O,] first coordi-
nation sphere. The study of the metal ion site of zinc me-
talloenzymes by physical techniques is hampered by the ab-
sence in the zinc(II) ion of suitable spectroscopic properties.
A well-known approach to this problem is to substitute the
open-shell, d’, cobalt(II) ion for zinc(II) ion at the active site.*
The cobalt(II)-substituted proteinases are active, attesting to
the viability of the substitution, although no X-ray structure
of the substituted proteolytic enzymes have been reported.

The spectroscopic parameters obtained from studies of
various cobalt(II)-substituted proteins have generally been
treated in a phenomenological fashion and used to monitor
changes occurring at the active site as a function of changes
in various biochemical parameters (pH, ionic strength, in-
hibitor binding, etc.). Owing to the dearth of realistic models
for the active site in zinc proteinases or their cobalt analogues
little in the way of a detailed interpretation of the spectroscopic
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results has been offered. We have recently reported’ that
4-coordinate complexes of the type [Co(RCOO),(Im),], where
R = alkyl and Im is imidazole or a substituted imidazole, have
visible absorption spectra and magnetic circular dichroism
spectra remarkably similar to those of cobalt(II)-substituted
carboxypeptidase A and thermolysin. This result suggests that
the [CoN,0O,] coordination unit in these model complexes is
a reasonably close mimic of the metal ion environment in these
proteins.

The present research represents part of a program designed
to scrutinize these and related complexes in detail by using
crystallographic, spectroscopic, and magnetic resonance
techniques. In particular, the present paper presents the first
detailed structural comparison between corresponding co-
balt(IT) and zinc(II) model complexes of biologically relevant
ligands. Our aim was to determine to what extent the com-
plexes of these two metal ions differ in their structural pa-
rameters. It is noteworthy that this comparison is made with
use of monodentate ligands so that any metal-dependent
preferences will be reflected. Chelate ring and other con-
straints on ligand juxtaposition such as may occur in macro-
molecular systems owing to the tertiary structure of the protein
are absent in the present models.

Experimental Section

Crystal Preparation. The [M(OAc),(Im),] and [M(pr),(Im),] (M
= Co, Zn; OAc = acetate, pr = propionate) complexes were prepared
as described elsewhere.’® [Co(OAc),(Im),] has a measured density
of 1.52 (2) g/mL.” Crystals were grown by slow evaporation of 95%
ethanol solutions. Irregularly shaped red-purple (Co(II)) or colorless
(Zn(II)) crystals with the approximate dimensions listed in Table I
were chosen for data collection. These were mounted with epoxy glue
on glass fibers coincident with the longest crystal dimension.

Data Collection and Reduction. Our current crystallographic
protocol will be described rather completely here and will not be
repeated in detail in subsequent papers. A given crystal was optically
centered on an Enraf-Nonius four-circle CAD4 automated diffrac-
tometer controlled by a PDP8/a computer coupled to a PDP11/34
computer. A full rotation orientation photograph was taken with the
polaroid cassette accessory, and 25 rather intense reflections were
chosen and centered with use of manufacturer-supplied software.? The

(5) Horrocks, W. D., Jr.; Ishley, J. N.; Homquist, B.; Thompson, J. S. J.
Inorg. Biochem. 1980, 12, 131.
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Table I. Crystallographic Parameters and Refinement Data

Horrocks, Ishley, and Whittle

[Co(0Ac),(Im), ] [Zn(OAc),(Im),] [Co(pr),(Im),] [Zn(pr),(Im),]
formula CoO,N,C,,H,, ZnO,N,C, H,, CoO,N,C,,H,, ZnO,N,C.C ,H,,
space group P1 Pl P2 /¢ Pl
z 2 2 4 2
cryst size, mm 0.15 X0.25 X0.45 0.12 x0.12 X 0.34 0.07 X0.24 X 0.44 0.18 X0.45 x0.52
a, A 8.058 (2) 8.065 (3) 7.971 (6) 7.841 (4)
b, A 11.245(1) 11.321 (2) 8.373 (1) 8.164 (2)
¢, A 7.792 (3) 7.736 (2) 23.703 (3) 12392 (2)
«, deg 99.78 (2) 99.81 (2) 95.72(2)
g, deg 96.10 (2) 96.31 (3) 98.32(2) 96.55 (2)
v, deg 92.66 (2) 92.34 (2) 94.47 (3)
v, A® 690.3 (5) 690.6 (7) 1565 (2) 781.0 (8)
dealed, g oM™ 1.507 1.537 1.448 1.478
abs coeff (u), cm ™ 13.09 18.47 11.62 16.41
no. of variables 172 172 190 190
measd refl 4269 4296 5189 2975
refl > 20()) 3414 2696 2490 2271
p 0.015 0.015 0.020 0.015
20 max- 9eg 40 40 40 40
A, deg 0.70 0.55 0.50 0.60
R 0.034 0.036 0.049 0.046
R, 0.041 0.036 0.046 0.057
drift cor 0.914-1.058 0.958-1.069

INDEX program was used to obtain an orientation matrix and unit
cell parameters. Successive centerings and least-squares refinements
of 26 values found for the 25 precisely centered reflections gave the
lattice constants listed in Table I for each of the four crystals. Program
TRACER was used to determine the appropriateness of the unit cell
initially chosen, and a transformation was applied in cases where the
initial choice was unsatisfactory. A small test data set (axial and
zero-layer reflections) was collected to determine the systematic
absences, if any. The space groups thus chosen are given in Table
I and are confirmed by the successful refinement of the structures.
The number of formula units per unit cell, Z (Table I), was determined
on the basis of the measured density of the cobalt acetate complex.

Intensity data were collected at room temperature (A = 0.71073
A) with a graphite single-crystal monochromator (using Mo Ka
radiation (takeoff angle 2.8°). A 6-26 scan mode was used with 24
ranging from (A4 + 0.347 tan 6)° below the calculated position of the
Ka; reflection to (4 + 0.347 tan §)° above the calculated position
of the Ka;, reflection. The A values used are given in Table I. The
scan rate was varied automatically from 1 to 5° min!, depending on
the intensity of a reflection as determined by a preliminary brief scan.
Background counts were measured with the detector stationary and
positioned at the beginning and end of the scan each for one-fourth
of the total scan time. Three standard reflections were measured after
every 80 min of X-ray irradiation, and the same reflections were
recentered automatically after every 200 reflections to check on crystal
orientation and stability. The total numbers of unique reflections
measured and their numbers with respect to the standard deviation
in intensity, a([), are indicated in Table I for each of the crystals.

Linear absorption coefficients for Mo K« radiation are given in
Table I. ¢ scans indicated absorption problems were not severe, and
no absorption corrections were applied. The data were processed by
manufacturer-supplied software.® The integrated intensity, I, was
calculated according to the expression® I = [SC - 2(B; + B,)]Tk,
where SC is the count accumulated during the scan, B, and B, are
the background counts at each end of the scan, and Ty is the 26 scan
rate in degrees per minute. o(I) was calculated as follows: o(l) =
TRISC + 4(B, + B;) + (pD)?]'/2, where the p values are indicated
in Table 1.

In two cases the standard reflections were used to rescale the data
automatically to correct for drift due to changes in temperature,
centering, etc. during data collection. The ranges of random long-term
drift are indicated in Table I. The unique, normalized, integrated
intensity set was processed to give F and E values. The polarization
corrections were calculated under the assumption that the incident
beam is polarized to some extent by the monochromator. The graphite

(8) All programs used in data collection reduction and refinement are part
of the : Enraf-Nonius Structure Determination Package”; Enraf-
Nonius: Delft, The Netherlands, 1975, revised 1977.

(9) Corfield, P. W. R,; Doedens, R. 1.; Ibers, J. A. Inorg. Chem. 1967, 6,
197.

Table II. Positional Parameters and Their Estimated Standard
Deviations for [ Co(OAc),(Im), ]

atom X ¥y z

Co 0.41629 (3) 0.24555(2) 0.16154 (3)
OlA 0.3098 (2) 0.3495 (1) 0.3492 (2)
O1B 0.4301 (2) 0.0881 (1) 0.2369 (2)
02A 0.4009 (2) 0.4676 (1) 0.1808 (2)
O2B 0.1569 (2) 0.0643 (1) 0.2319 (2)
NIA 0.6638 (2) 0.2695 (1) 0.1503 (2)
NI1B 0.2968 (2) 0.2288 (1) ~0.0827 (2)
N2A 0.9262 (2) 0.2251 (2) 0.1671 (2)
N2B 0.2487 (2) 0.2565 (2) ~0.3531(2)
ClA 0.7718 (3) 0.1918 (2) 0.1951 (3)
C2A 0.9187 (3) 0.3296 (2) 0.1010 (3)
C3A 0.7574 (2) 0.3563 (2) 0.0908 (3)
C4A 0.3269 (2) 0.4543 (2) 0.3075 (3)
CSA 0.2547 (4) 0.5570 (2) 0.4152 (4)
ClB 0.3358 (3) 0.2959 (2) ~0.1982 (3)
C2B 0.1480 (3) 0.1586 (2) ~-0.3380 (3)
C3B 0.1783 (3) 0.1427 (2) -0.1717 (3)
C4B 0.2984 (2) 0.02%90 (2) 0.2561 (2)
C5B 0.3209 (3) -0.0904 (2) 0.3138 (3)

crystal was assumed to be 50% perfect and 50% perfectly mosaic for
this purpose.

Structure Solution and Refinement. The position of the metal atom
in each case was determined from a sharpened, origin-removed
Patterson map. The remaining non-hydrogen atoms were located with
one or two Fourier syntheses. Hydrogen atoms were located at their
calculated positions. In the case of methyl groups a tetrahedral model
was used wherein the hydrogen atoms were placed at positions giving
the closest agreement with peaks found in difference Fourier maps
(C-H =0.97 A; N-H = 0.87 A). All hydrogen atoms were assigned
isotropic temperature parameters'® of B = 5.0 A2, The number of
parameters including overall scale factor, positional parameters, and
anisotropic thermal parameters' varied in each case are listed in Table
I. None of the parameters for the hydrogen atoms was varied.
Neutral-atom scattering factors were those given by Cromer and
Mann!! and by Stewart et al.' for non-hydrogen and hydrogen atoms,
respectively. Real and imaginary anomalous dispersion corrections
to the atomic scattering factors were included.!* In the last cycle
of least-squares refinement the maximum parameter shift was less

(10) Isotropic thermal parameters are of the form exp[-B(sin? 6)/A?]; an-
isotropic parameters are of the form exp[{-(B(1,1)k* + B(2,2)k* +
B(3,3)12 + B(1,2)hk + B(1,3)hl + B(2,3)k])}.

(11) Cromer, D. T.; Mann, J. B. Acta Crystallogr., Sect. A 1968, 424, 321.

(12) Stewart, R. F.; Davidson, E. R.; Simpson, W. T. J. Chem. Phys. 1965,
42, 3175.

(13) “International Tables for X-Ray Crystallography”, 3rd ed.; Kynoch
Press: Birmingham, U. K., 1968; Vol. III, Table 3.3.2C, pp 2115-2116.
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Figure 1. Stereoview of [Zn(OAc),(Im),].

Table III. Positional Parameters and Their Estimated Standard Table V., Positional Parameters and Their Estimated Standard
Deviations for [Zn(OAc),(Im),] Deviations for [ Zn(pr),(Im), ]
atom X y z atom x y z
Zn 0.41615 (4) 0.23961 (3) 0.15401 (4) Zn 0.16632(8)  0.39618(7) 0.25569 (5)
OlA 0.3097 (2) 0.3459 (2) 0.3364 (2) 0l1A 0.2378 (5) 0.3813 (4) 0.1099 (3)
O1B 0.4268 (2) 0.0858 (2) 0.2370 (3) 01B 0.3469 (4) 0.3077 (4) 0.3509 (3)
02A 0.4039 (2) 0.4754 (2) 0.1858 (2) 02A 0.2478 (5) 0.1113 (4) 0.0834 (3)
O2B 0.1540 (2) 0.0596 (2) 0.2245 (3) 02B 0.1826 (5) 0.3888 (5) 0.4733 (3)
N1A 0.6624 (2) 0.2648 (2) 0.1469 (3) N1A —-0.0703 (5) 0.2856 (%) 0.2478 (3)
NIB 0.2952 (2) 0.2277 (2) -0.0881 (2) NIB 0.1612 (5) 0.6431 (4) 0.2732 (3)
N2A 0.9235(3) 0.2221 (2) 0.1652 (3) N2A ~0.3403 (5) 0.2518 (5) 0.2734 (4)
N2B 0.2484 (3) 0.2563 (2) -0.3605 (3) N2B 0.1773 (6) 0.8942 (5) 0.2275 4)
ClA 0.7704 (3) 0.1873 (2) 0.1907 (4) ClA —0.1843 (7) 0.3252(6) 0.3127 4)
C2A 0.9152 (3) 0.3266 (3) 0.1007 4) C2A -0.3263(7) 0.1601 (6) 0.1783 (5)
C3A 0.7535 (3) 0.3530 (2) 0.0902 4) C3A -0.1592(7) 0.1799 (6) 0.1615 4)
C4A 0.3279 (3) 0.4532 (2) 0.3055 (3) C4A 0.2605 (7) 0.2496 (6) 0.0525 (4)
C5A 0.2492 (5) 0.5496 (3) 0.4202 (5) C5A 0.3083 (11)  0.2667 (7) -0.0593 (5)
ClB 0.3363 (3) 0.2940 (2) -~0.2037 (3) C6A 0.2842(13) 0.4184 (10) -0.1046 (6)
C2B 0.1452 (4) 0.1609 (3) -0.3462 (4) C1B 0.2066 (7) 0.7371 (6) 0.1982 (4)
C3B 0.1738 (3) 0.1438 (2) -0.1785 (3) C2B 0.1130 (8) 0.9012 (6) 0.3241 (5)
C4B 0.2958 (3) 0.0263 (2) 0.2543 (3) C3B 0.1029 (7) 0.7450 (6) 0.3527 (4)
C3B 0.3204 (4) —0.0908 (3) 0.3176 (4) C4B 0.3090 (7) 0.3252(6) 0.4495 (4)
CsB 0.4323 (9) 0.2583 (8) 0.5324 (5)
Table IV. Positional Parameters and Their Estimated Standard C6B 0.3682(11)  0.1758(11) 0.6125 (7)
Deviations for [Co(pr),(Im),]
Table VI. Selected Bond Distances (A) and Angles (Deg)
atom x y z
Co  0.83312(6) 0.41800(6)  0.12517(2) otk ZnDAch Colbn= Zaen.
olA 0.7774 (3) 0.4331 (3) 0.2047 (1) : 2 2 z
OlB 0.6334 (3) 0.3331 (3) 0.0730 (1) M-01A 2.005 (D 1.987 (1) 2.002(2) 1.947(2)
02A 0.7481 (4) 0.1763 (3) 0.1908 (1) M-O1B 1.962 (1) 1.958(1) 2.000(2) 1.967(2)
O2B 0.8176 (3) 0.3946 (3) 0.0174 (1) M-N1A 2013 (1)  2.003(2) 2023(2) 1.987(2)
N1A 1.0642 (3) 0.3154 (3) 0.1285 (1) M-NIB 2.014 (1)  1.995(2) 2.037(2) 2010(2)
NiB 0.8555 (4) 0.6585 (3) 0.1157 (1) M-02A 2.485 (1) 2.645 (2) 2.698(2) 3.151(2)
N2A 1.3248 (3) 0.2799 (4) 0.1112 (1) M-02B 3.009 (1) 3.034 (2) 2.547 (2) 2.692(2)
N2B 0.8326 (4) 0.9108 (4) 0.1355 (1) O1A-C4A 1.280(2)  1.283(2) 1.276 (3) 1.265(4)
Cla 1.1761 4) 0.3505 (4) 0.0942 (1) O1B-C4B 1.263(2) 1.261(2) 1.274(3) 1.286 (4)
C2A 1.3101 (5) 0.1954 (4) 0.1595 (2) 02A-C4A 1.232(2)  1.220(2) 1.224(3) 1.228(3)
C3A 1.1482 (4) 0.2164 (4) 0.1698 (1) 02B-C4B 1.230 (2)  1.228(2)  1.228(3) 1.206 (4)
C4A 0.7457 (5) 0.2932(5) 0.2217 (1) O1A-M-0O1B  105.1 (1) 104.8 (1) 109.8 (1) 106.8 (1)
C5A 0.7005 (7) 0.2788 (5) 0.2805 (2) N1A-M-N1B  108.6 (1) 109.9(1)  109.3 (1) 110.4 (1)
C6A 0.6552 (8) 0.1245 (7) 0.2995 (2) Ol1A-M-N1A 119.5(1) 118.5(1) 1083 (1) 109.2(1)
C1B 0.8057 (5) 0.7628 (5) 0.1524 (2) OlA-M-N1B 1154 (1) 112.8(1) 944(1) 959()
C2B 0.9010 (6) 0.9038 (5) 0.0867 (2) O1B-M-N1A  94.6 (1) 96.0 (1) 120.8 (1) 116.3 (1)
C3B 0.9149 (5) 0.7471 (4) 0.0744 (2) O1B-M-N1B  111.4(1) 113.8(1) 111.0(1) 116.0(1)
C4B 0.6789 (5) 0.3392 (4) 0.0237 (1) M-O1A-C4A 1023 (1) 107.0 (1)  108.7(2) 125.9(2)
C5B 0.5570 (5) 0.2764 (6) —-0.0258 (2) M-O1B-C4B  120.0 (1) 121.3 (1) 104.3(2) 1084 (2)
C6B 0.6218(7) 0.1392 (7) -0.0540 (2) M-NIA-C1A  122.8(1) 122.7(1)  1249(2) 125.5(2)
M-N1B-C1B 124.1 (1) 124.0(1) 122.5(2) 1226(2)
than 0.33 of a standard deviation. The final R values'“ are listed in M-NIA-C3A  131.8(1) 131.1(1) 129.0(2) 127.1(2)
Table I. Final difference Fourier maps showed no peaks greater than M-N1B-C3B  129.9(1) 129.7(1) 131.3(2) 130.5(2)

0.31 e A3, with the largest usually located ~1 A from the metal atom.

Results and Discussion

The crystal structures of the four complexes of the type
[M(OAc),(Im),] and [M(pr),(Im),] where M = Co or Zn
have been determined. The crystallographic and structure

refinement parameters are set out in Table I. The final atomic
positional parameters for the complexes [Co(OAc),(Im),],
[Zn(OAc),(Im),], [Co(pr),(Im),], and [Zn(pr),(Im),] are set
out in Tables II-V, respectively. The hydrogen atom param-
eters are given in Tables A-D;!’ the anisotropic thermal pa-

(14) R= ZFO - Fc/zFo; R, = [Zw(F,— Fc)Z/ZW(Fo)Z]UZ’ w= I/U(Fo)z'

(15) Supplementary material.
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Figure 3. Stereoview of [Zn(pr),(Im),], space group P1.

rameters for the complexes are given in Tables E-H;'5 a listing
of the final observed and calculated structure factors is also
available.! The atom-labeling scheme for the isomorphous
(P1) and isotructural [M(OACc),(Im),] (M = Co, Zn) com-
plexes are indicated in the stereoview of the zinc complex
shown in Figure 1. The atom-labeling scheme for the pro-
pionate complexes, which are not isomorphous, is indicated
in the stereoviews of Figures 2 and 3. Selected bond distances
and angles for the four complexes are presented in Table VI,
All other bond lengths and angles are given in Table J.I*°

General Description. The structures all consist of discrete,
monomeric, 4-coordinate [M(RCOO),(Im),] coordination
units, which are neutral overall. The first coordination spheres
are all best described as being distorted tetrahedra (vide infra).
The carboxylate ligands each bond in a monodentate fashion
with M—O-C angles ranging from 102 to 126°. The distances
from the metal ion to the nonbonded carboxylate oxygen atoms
range from 2.49 to 3.15 A, all beyond normal bonding distance.
In each case the metal atom lies approximately in the plane
of the carboxylate moiety with the greatest deviation being
0.12 A. The carboxylate ligands are unremarkable, with the
average distance from the carboxylate carbon to the oxygen
atom bonded to the metal (01-C4 = 1,28 A) being slightly
longer than the average distance to the unbonded carboxylate

Horrocks, Ishley, and Whittle

oxygen (02-C4 = 1.23 A), owing to the greater double-bond
character in the latter case.

The average bond lengths for the eight independently de-
termined imidazole ligands are indicated in structure 1. These

are in excellent agreement with the parameters reported for
the structure of imidazole itself determined at —150 °C.1* The
imidazole ligands are quite accurately planar, with no atom
deviating from a least-squares plane through the five atoms
by as much as 0.01 A. The imidazole ligands coordinate so
that the metal ion lies in or near the plane of the cyclic ligand,
the largest deviation being 0.36 A in the case of [Zn(pr),-
(Im),). Thus the carboxylate and imidazole ligands themselves

(16) Martinez-Canera, S. Acta Crystallogr. 1966, 20, 783.
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and their modes of coordination appear to be entirely normal.

Structural Comparison between the Cobalt(IT) and Zinc(II)
Complexes. A principal aim of the present work is to assess
the intrinsic similarities and differences between analogous
cobalt(II) and zinc(II) complexes involving biologically rele-
vant ligands. The two metals differ in atomic number by 3
units. Cobalt(II) with the [Ar]3d’ electronic configuration
is potentially susceptible to ligand field stabilization of certain
ligand arrangements, although this effect is expected to be
small in a pseudotetrahedral complex. Zinc(II), on the other
hand, having the [Ar]3d!? configuration is incapable of ex-
hibiting ligand field stabilization effects of any kind. Unlike
the situation when cobalt(II) replaces zinc(II) at the metal
ion binding site of a protein, the present comparisons are made
between complexes devoid of constraints on ligand disposition
imposed by the architecture of the protein. With monodentate
ligands only the stereochemical preference of the metal ion,
interligand repulsive forces, and crystal-packing energetics
determine the stereochemistry of the complex.

The ionic radius of 4-coordinate cobalt(II) is given as 0.58
A while that of zinc(II) is listed as 0.60 A in a recent com-
pilation.!” In contrast, the structures of the two pairs of
complexes of interest here show the Zn-O and Zn-N bond
lengths to be the same as, or slightly shorter than, the cor-
responding Co—O and Co—N bond distances. The differences,
however, are very small and of marginal significance when
compared to experimental error. Our finding that the cor-
responding bond distances for the two metals are so similar
is certainly consistent with the fact that cobalt(II) readily
substitutes for zinc(II) in several enzymes with retention of
biological activity.

A comparison of the angular distortions in ligand disposition
in the first coordination spheres between cobalt(II) and zinc(II)
complexes is of interest. Deviations from ideal T, bond angles
are to be expected for 4-coordinate complexes involving two
types of monodentate ligand. The highest symmetry, con-
sidering the metal and four ligand atoms only, is C,,. The
actual bond angles about the metal (Table VI) reveal that,
while some of the angles are quite near the tetrahedral angle
(109.5°), there are significant deviations in many cases. These
deviations do not preserve even C,, symmetry (in which the
O-M-0 and N-M-N would differ but all O-M-N angles
would be identical). In fact the greatest deviations from
tetrahedral angles are found for O-M-N angles, which range
from 94.4 to 120.8° for the four complexes. In contrast, none
of the O-M-0 or N-M-N angles deviate by more than 5°
from 109.5°. For the isomorphous [M(OAc),(Im),] pair it
is not surprising that the corresponding bond angles are vir-
tually identical for the two metals, with the largest discrepancy
being 2.4°. In this situation crystal-packing and interligand
forces will be potentially the same for the two complexes.
Since the [M(pr),(Im),] pair crystallize in different space
groups, the above mentioned forces need not be identical in
the two crystals. This is reflected in deviations of up to 5°
between corresponding bond angles in the two molecules. In
the case of the isomorphous [M(OAc),(Im),] complexes the
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largest and smallest O~-M-N angles span opposite edges of
the distorted tetrahedron while for the [M(pr),(Im),] pair the
largest and smallest angles span adjacent sides of the coor-
dination polyhedron. These subtle distortional differences have
a profound effect on the EPR spectra of the cobalt(II)-doped
zinc(II) complexes.’ Distortion from idealized T, symmetry
do not appear to be systematically greater for either the co-
balt(II) or zinc(II) complexes.

A reviewer suggested that the structure of [Co(OAc),(Im),]
provides evidence for the incipient formation of a fifth bond
to cobalt(II). The Co—O2A distance of 2.485 A is signicantly
shorter than the corresponding distance (2.645 A) in the
isomorphous zinc complex. If this is a valid description of the
structure, then the acetate ligand acts as a bidentate ligand
and the coordination polyhedron is best described as a distorted
trigonal bipyramid with O2A and O1B occupying apical
positions while N1A, N1B, and O1A occupy equatorial pos-
itions. The Co atom is displaced from the equatorial plane
by 0.45 A in the direction of O1B. The O1B-Co—O2A angle
is 160° compared to the ideal 180°. The angles subtended
at the Co atom by the bonds in the “equatorial plane” (ideally
120°) range from 109 to 120°. Regardless of one’s view of
the “best” description of this structure, the results attest to the
flexibility of cobalt(II) in adjusting its coordination environ-
ment. This flexibility is further demonstrated in the following
paper,'® where it is shown that 4- and 6-coordinate cobalt(II)
structures of this type differ only marginally in energy.

Taken all together our findings show, for monodentate
4-coordination at least, that cobalt(II) and zinc(II) complexes
of the same ligands are structurally very similar and that the
two ions possess virtually identical radii. Angular distortions
from idealized T, symmetry of the atoms in the first coor-
dination sphere of up to 11° greater than and 15° less than
the tetrahedral angle are observed and are similar for both
metals. The fact that the distortions occur for both cobalt(II)
and zinc(1I) complexes rules out ligand field stabilization as
a cause in the former case. The variability in the various bond
angles suggests that neither metal shows marked stereochem-
ical preference, although, as discussed above, cobalt(II) may
exhibit a greater tendency to achieve a higher coordination
number than does zinc(II). Further discussion will be deferred
to the following paper!® in which the structures of analogous
complexes formed from imidazole ligands with alkyl substit-
uents in the 2-position are examined.
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