Acta Cryst. (1973). B29, 113

113

The Crystal Structure of Carbonatotetrakis(pyridine)cobalt(III) Perchlorate Monohydrate
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Carbonatotetrakis(pyridine)cobalt(II) perchlorate monohydrate (CoC, HzN,0,Cl. H,0) crystallizes
in space group P2,/c (No. 14) with a=9-457 (3), b=16-333 (6) and ¢=15-582 (11) A, B=97-93 “@)°,
Z=4. There is one formula unit in the asymmetric unit. The structure was solved by Patterson and
Fourier techniques and refined by full-matrix least-squares methods to an R value of 0-049, using 3302
diffractometer-collected three-dimensional single-crystal X-ray intensity data. The cobalt atom is
octahedrally surrounded by four nitrogen atoms of the pyridine molecules and two oxygen atoms of the
bidentate carbonate group. The coordination octahedron is distorted due to strain in the four-membered
chelate ring and steric hindrance between the pyridine molecules. The O~Co-0O angle is 69-3°, There are no
very short intermolecular distances, so the conformation is probably not very much affected by crystal

packing.

Introduction

Nearly all known octahedral tetrakis(pyridine) com-
plexes of transition metals have trans configuration.
Only a few complexes with cis configuration have been
reported, the dichlorotetrakis(pyridine)iridium(III)
ion (Delépine & Lareze, 1963), the cis-dihalogenotet-
rakis(pyridine)ruthenium(II) complexes (Raichart &
Taube, 1972), and the p-oxalatobis[tetrakis(pyridine)-
ruthenium(II)] ion. The crystal structure of the latter
as fluoroborate has been determined (Cheng, Loescher
& Nyburg, 1971).

The scarcity of cis isomers is without doubt due to
steric hindrance. Springborg & Schiffer (to be pub-
lished) prepared the carbonatotetrakis(pyridine)cobalt-
(III) ion that must be a cis configuration as the car-
bonato group is bidentate. The present X-ray crystal-
lographic investigation was undertaken in order to de-
termine the conformation of the complex ion.

Experimental

The crystal used for data collection was prepared by
diffusion. A 1 ml test tube was placed inside a 5 ml
tube. The inner tube was filled with saturated aqueous
sodium perchlorate solution, the outer one with satur-
ated carbonatotetrakis(pyridine)cobalt(IIT) perchlor-
ate solution, until the surfaces were about 2 mm from
the edge of the inner tube. Then a 5 mm layer of water
was placed above to connect the two solutions. After
12 to 24 hr beautiful red monoclinic crystals were
formed at the boundary between the carbonatotetra-
kis(pyridine)cobalt(III) perchlorate solution and the
water. Most of the crystals were elongated in the c-axis
direction. From Weissenberg and precession photo-
graphs the space group was determined as P2,/c. The
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unit-cell dimensions were obtained from least-squares
refinement of a series of diffractometer-measured 8
angles (1=0-71069 A). a=9-457 (3), b=16:333 (6), c=
15-582 (11) A, f=97-93 (4)°. V=2384 A3. The for-
mula weight is 552-6 (CoC,,H,,N,0;Cl); density, mea-
sured at 20°C=1-547 g cm~* (flotation), calculated =
1-540 gem =3 for Z=4. The linear absorption coeffi-
cient, u(Mo Ko) is 9-23 cm 1.

All X-ray data were obtained from a crystal 0-18
X 0:30 X0-30 mm in a Nonius 3-circle automatic dif-
fractometer using graphite monochromated Mo Ka« ra-
diation. The crystal was sealed in a glass capillary and
oriented with its ¢ axis along the ¢ axis of the gonio-
meter. The w-scanning mode was used. Scan speed 1:2°
per min. Each reflexion was scanned over a range of
1-0°. The background was measured on each side of
the reflexion for half the scanning time. The back-
ground count was set equal to twice the lowest count
obtained, as the scanning range apparently had been
too small. Intensities for 4188 independent reflexions
in a quarter of a sphere in reciprocal space in the range
2:5° <0< 25° were measured. 3302 of these had inten-
sities greater than 2-5 times their corresponding stan-
dard deviations (obtained from counting statistics) and
were considered observed.

A standard reflexion was remeasured after each 25
reflexions. A minor decline in the intensity of this re-
flexion appeared during the last half part of the inten-
sity measurements, It amounted to 5%, and was cor-
rected for. No absorption corrections were applied.

Determination and refinement of the structure

The positions of the cobalt and the chlorine atoms
were detected from a three-dimensional sharpened Pat-
terson synthesis. An E map phased by these two atoms
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Table 1. Observed and calculated structure factors (% 10)
for carbonatotetrakis(pyridine)cobalt(I11) perchlorate monohydrate

Unobserved reflexions are designated with an asterisk. The columns are #, F, and F,
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only (R=3>w(|F,|—|F.)/>|F,|=0-45) showed the six
ligating atoms (four nitrogens and two oxygens) in
octahedral positions around the cobalt atom. On this
basis a new E map (R=0-40) revealed the rest of the
non-hydrogen atoms except for the water oxygen atom.

All atoms were assumed to be non-charged and the
scattering factors were taken from International Tables
for X-ray Crystallography (1962).

During two cycles of least-squares refinement the
R value decreased from 0-30 to 0-18 and the missing
oxygen atom was found on a Fourier map. Two cy-
cles of isotropic full-matrix refinement led to an R
value of 0-11 and further isotropic refinement did not
improve the result. A difference Fourier synthesis
showed that the thermal vibrations of several atoms
were distinctly anisotropic. After three cycles of ani-
sotropic refinement the R value was 0-096, and a dif-
ference Fourier synthesis revealed all the hydrogen
atoms except those of the water molecule. The hydro-
gen positions were in accordance with those calcula-
ted from the positions of the bonded atoms, assuming
that the hydrogen atoms were placed at the extensions
of the diagonals of the pyridine rings. The carbon-
hydrogen bond length was set to 1-08 A

In the following cycles of refinement, new positions
for the hydrogen atoms were calculated after each
cycle, but refinement of the hydrogen atom parameters
was not attempted. The isotropic temperature factor
for the hydrogen atoms was fixed at B=50 A. The
refinement ceased at R=0-049. At this stage the shifts
were less than half the corresponding standard devia-
tion (average shift/error=0-22). Because of capacity
restrictions of the least-squares program, each of the
pyridine rings was treated as an isolated block and
so was the perchlorate ion and the cobalt atom plus the
carbonato group. Finally the blocking was changed
for a cycle of refinement to assure that the blocking
had not biased the result.

During the later stages of the refinement an empiri-
cal weighting scheme was used, which gave highest
weight to reflexions of moderate intensity and lower
weight to reflexions with high intensity or low
value of sin 8. 1/w= —0-54 26(F)*+0-85/sin § — 0-09 F +
0-002F2. A final analysis of >Sw(F,— F.)? as a function
of |F,] and sin @ showed a smooth distribution indi-
cating the validity of the weighting scheme. Observed
and calculated structure factors are listed in Table 1.
The refined coordinates and thermal parameters of the

Table 2. Final parameters (and e.s.d’.s) of non-hydrogen atoms

T.F. —Cxp { 277.'2( Uua*zhz + 2U12a*b*hk +2 U[sa*c*hl'*' Uzzb*zkz +2 Ung*C*kI'{‘ U33C*212)}
Thermal parameters are in A2 x 102,

X y z Un Uz, Uss Ui, Uis Ux
Co 028213 (5) 0:27169 (3) 0-39756 (3) 2:69 (3) 2:79 (3) 391 (3) 0-08 (2) 0-:01 (2) —0-11(2)
Cl 0-68656 (11) 0-40849 (7) 0-15140 (8) 4-39 (5) 4-97 (6) 6-17 (6) 014 (4) —007(5) —007(5)
o) 0-1367 (3) 0-3508 (2) 0-4022 (2) 33(1) 4-1 (1) 6-2(2) 0-7(1) 0-1 (1) —-0-8 (1)
0(2) 0-3081 (3) 0:3620 (1) 0-3253 (2) 40 (1) 30D 54 (2) 0-0 (1) —0-3 (1) 04 (1)
0@3) 0-1519 (3) 0-4661 (2) 0-3241 (3) 5-8 (2) 36 (2) 10-3 (3) 1-0 (1) —1-3(2) 0-0 (2)
o4 0-8336 (7) 0-3738 (6) 0-4033 (5) 9-7 (4) 309 (1-1) 15-2(6) 3-:0(5) 4:6 (4) 3-7 (6)
O(5) 0-6481 (5) 0-3334 (2) 0-1083 (3) 11-7 (3) 56 (2) 11-0 (3) —-2:0(2) —4-1(3) —-0-1(2)
O(6) 0-5850 (6) 0-4319 (4) 0-2034 (4) 11-0 (4) 17-2 (6) 139 (5) 374 7-1 (4) 1-34)
O(7) 0-8192 (4) 0:3958 (3) 0-:2043 (3) 65 (2) 9-1 3) 12:6 (4) 06 (2) —36 (2) —1-7 (3)
0O(8) 0-7060 (6) 0-4699 (2) 0-0902 (3) 17-0 (5) 57 (2) 8-2(3) 03 (3) 29@3) 0-5(2)
N(1) 0-4516 (3) 0-2094 (2) 0-3682 (2) 3-5(1) 3-0 (2) 4-4 (2) 0-1 (1) 0-1 (1) 0-0 (1)
N(2) 0-3963 (3) 0-3331 (2) 0-4919 (2) 372 3-7(2) 4-6 (2) —-0-3 (1) 0-1(1) -0-4 (1)
N@3) 0-2106 (3) 0-1957 (2) 0-4822 (2) 37 (2) 3-8(2) 3.9 (2) 0-0 (1) 0-7 (1) 0-0 (1)
N@4) 0-1649 (3) 0-2145 (2) 0-3002 (2) 3-6 (2) 32(2) 42 (2) —0-1(1) 0-1(1) 0-1(1)
C(1) 0-1959 (4) 0-3994 (2) 0-3487 (3) 4-0 (2) 34 (2) 62 (3) 0-1 (2) —0-8(2) —1-0(2)
C(11) 0:5158 (5) 0-2396 (3) 0-3030 (3) 52(2) 4-4 (2) 54 (2) 0-8 (2) 1-7 (2) 0-8 (2)
C(12) 0-6342 (5) 0-2016 (3) 0-2770 (3) 6-3 (3) 6-1 (3) 6-8 (3) 1-:0 (2) 2-7 (2) 0-3(2)
C(13) 0-6870 (5) 0-1312 3) 0-3174 (3) 4-8 (2) 61 (3) 7-2 (3) 1-6 (2) 1-2(2) —09(2)
C(14) 0:6212 (5) 0-1008 (3) 0-3835 (3) 4-8 (2) 4-9 (2) 6-3 (3) 16 (2) 0-5(2) 0-1(2)
Cc15) 0-5035 (4) 0-1404 (2) 0-4068 (3) 4-4 (2) 41 (2) 50 (2) 0-7 (2) 0-2 (2) 0-0 (2)
C@2 0:5318 (4) 0-3550 (3) 0-4872 (3) 36 (2) 50 (2) 54 (2) —-0-5(2) —0-4 (2) -0-2(2)
C(22) 0-6055 (5) 0-4089 (3) 0-5466 (3) 4-5 (2) 57 (3) 59(3) —1-4(2) —-1-0 (2) 00 (2)
C(23) 0-5392 (6) 0-4411 (3) 0-6119 (3) 72 (3) 5-8 (3) 5-0 (3) —1-8(2) —07 (2) ~0-3(2)
C(249) 0-4012 (6) 0:4175 (3) 0-6170 (3) 73 (3) 63 (3) 49 (3) 19 (2) 10 (2) —-1-6 (2)
C(25) 0-3322 (5) 0-:3641 (3) 0-5568 (3) 54 (2) 5-4 (2) 49 (2) —1-0(2) 0-7 (2) —1:1(2)
Cc@31) 0-2923 (4) 0-1657 (2) 0:5525 (3) 50 (2) 4-2 (2) 3-8(2) 0-3 (2) 06 (2) —0-2(2)
C(32) 0-2402 (5) 0-1125 (3) 0-6102 (3) 68 (3) 4-5(2) 4-4 (2) 07 (2) 10 (2) —0-2(2)
C(33) 0-0976 (6) 0-0889 (3) 0-5944 (3) 76 (3) 4-8 (2) 533 —0-8 (2) 2:0 (2) =01 (2)
C(34) 0-0132 (5) 0-1219 (3) 05242 (3) 53 (2) 6-1 (3) 6-4 (3) —1-4 (2) 1-6 (2) —0-6 (2)
C(35) 0-0715 (4) 0-1751 (3) 0-4698 (3) 37 54 (2) 5-1 (2) —07(2) 0-8 (2) -0-5(2)
C41) 0-0699 (4) 0-2544 (2) 0-2424 (3) 4-5(2) 3-5(2) 47 (2) —0-2 (2) —-0-4 (2) 0-5(2)
C42) —0-0164 (4) 0-2150 (3) 0-1758 (3) 44 (2) 50 (2) 53 (2) —0-6 (2) —05(2) 09 (2)
C@43) —0-0063 (5) 0-1312 (3) 0-1683 (3) 50 (2) 51(2) 54 (3) -1-7(2) —-0-1(2) -0-3(2)
C(44) 0-0885 (4) 0-0891 (2) 0-2284 (3) 4-6 (2) 36 (2) 6:4 (3) —-0-5(2) 0-1 (2) -0-4 (2)
C(45) 0-1720 (4) 0-1320 (2) 0-2925 (3) 37@2) 3-7(2) 50 (2) —-0-2(2) 0-1(2) —-01(2)
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non-hydrogen atoms are listed in Table 2, and the
approximate coordinates of the hydrogen atoms in
Table 3.
Table 3. Approximate hydrogen positions
An isotropic temperature factor U=0-063 A? was used.

x y z
H(11) 0-4737 0-2948 0-2710
H(12) 0-6869 0-2258 0-2253
H(13) 0-7789 0-1010 0-2976
H(14) 0-6633 0-0457 0-4157
H(15) 0-4512 0-1161 0-4586
H(21) 0-5840 0-3301 0-4355
H(22) 07143 0-4265 0-5424
H(23) 0-5944 0-4828 0-6585
H(24) 0-3494 0-4425 0-6688
H(25) 0-2234 0-3463 0-5608
H(31) 0-4034 0-1833 0-5637
H(32) 0-3074 0-0875 0:6660
H(33) 0:0534 0-0473 0-6377
H(34) —0-0979 0-1044 0-5131
H(35) 0-0045 0-2001 0-4141
H(41) 0-0629 0-3201 0-2481
H(42) —-0:0914 0-2479 0-1394
H(43) —0:0726 0-0988 0-1173
H(44) 0-0956 0-0233 0-2228
H(45) 0-2466 0-0989 0-3389

The input tapes for the diffractometer were pro-
duced on a GIER computer by INDIFF (Serensen, un-
published). The rest of the calculations were performed
on the IBM 360/75 computer at NEUCC, Lundtofte,
Denmark, using the N.R.C. 2A Picker data reduction
program (Ahmed, revised by Alcock and Serensen)
and The X-ray System (Stewart, Kundell & Baldwin
1970). The drawings were prepared by ORTEP (John-
son, 1965).

Description and discussion of the structure

The structure of carbonatotetrakis(pyridine)cobalt-
(LIT) perchlorate monohydrate is built up_from dis
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crete carbonatotetrakis(pyridine)cobalt(III) cations and
perchlorate anions held together by electrostatic interac-
tion. Fig. 1 shows the atomic labelling of the carbo-
natotetrakis(pyridine)cobalt(ILI) ion. Fig. 2 shows the
content of a unit cell and the atomic labelling of the
perchlorate ion and the water molecule.

Conformation of the complex ion

The interatomic distances and angles, uncorrected
for thermal motion, are given in Table 4. As seen in
Fig. |1 and 3, the angles in the octahedron are distorted.
This is probably due to strain in the four-membered
chelate ring and to space requirements of the pyridine
molecules.

The four atoms of the carbonate group, the cobalt
atom and the two nitrogen atoms N(1) and N(3) form
one plane, the equatorial plane. The equation of this
plane and the deviations of the atoms from it are given
in Table 5. In the carbonatotetraminecobalt(III) ion
(Barclay & Hoskins, 1962) and in the carbonatobis-
(trimethylenediamine)cobalt(III) ion (Geue & Snow,
1971), an angle of 7° was found between the carbonate
group and the O-O-Co-N-N plane. Otherwise the
dimensions of the coordinated carbonate group as
well as the bond distances and angles of the coordi-
nation octahedron in carbonatotetrakis(pyridine)co-
balt(III) ion are close to previously reported values.

The two pyridine rings in trans positions (rings 2
and 4) are almost perpendicular (83°) to each other
and form angles of 80 and 3°, respectively, with a plane
containing N(2), N(4), Co, C(1) and O(3). This plane
is perpendicular (89°) to the equatorial plane. Ring 1
is almost coplanar with the equatorial plane (the angle
is 8°). Ring 3 is rotated in a direction opposite to ring
1 so that it forms an angle of 52° with the equatorial
plane. The cobalt atom in no case lies on the extension
of the N—yC diagonal of the pyridine rings. The most
striking deviation is that of ring 2, which forms an

CARBONATOTE TRAK IS(PYRIDINE)COBALTI1I) ION

Fig. 1. Stereoscopic drawing of the complex ion. The thermal ellipsoids enclose 50 % probability. The hydrogen atoms have
been omitted for clarity,



118 CARBONATOTETRAKIS(PYRIDINE)COBALT(IIT) PERCHLORATE MONOHYDRATE

angle of 13° with the normal to the equatorial plane.
The planes of two of the pyridine rings (Table 5) con-
tain the cobalt atom, and thus only exhibit in-plane
bending. The most pronounced is the 5° bending of’
ring 1 towards the carbonate group. This clearly in-
creases the ring 1-ring 3 distance. The shortest distance
between o-carbon atoms in adjacent rings is the
C(35)-C(45) distance of 3-123 A, which is significantly
shorter than the 3-21 A in trans-tetrakis-(3,4-dimethyl-
pyridine)nickel(II) perchlorate (Madaule-Aubry, Bus-
ing & Brown, 1968) and shorter than the 3:17 A
in p-oxalatobis[tetrakis(pyridine)ruthenium(II)] ion
(Cheng, Loescher & Nyburg, 1971), the only cis-tetra-
kis(pyridine) complex structure reported so far.

The arrangement of the pyridine rings is completely
asymmetric. The crystals thus contain complex ions
of opposite chirality.

The pyridine ligand

The pyridine rings are planar and identical within
experimental error. Table 5 gives the equations for the
least-squares planes through the pyridine molecules
and the deviations of the atoms from it. Table 4 gives
the bond distances and angles. The means and the
estimated standard deviations of the means have been
calculated assuming that the pyridine molecules have
symmetry 2. The four crystallographically independent
pyridine molecules are oriented differently in the crys-
tal and the determinations of their atomic positions are
thus affected differently by such systematic errors as
absorption. So, the good internal agreement and the
agreement with values obtained by microwave spec-
troscopy (Bak, Hansen-Nygaard & Rastrup-Andersen
1958) and from other pyridine derivatives (Downie,
Harrison & Raper, 1972) show that the pyridine mol-

Table 4. Interatomic distances (A) and angles (°)

Co-N(1) 2:004 (4) o(1)----C(25)
Co-N(2) 1-974 (6) Oo(1)-+--C(35)
Co-N(@3) 1-:996 (5) o(1)- -+ -C41)
Co-N(4) 1-985 (7) 0(2)----C(11)
Co-0(1) 1-895 (3) 0(2)----C(21)
Co-0(2) 1-892 (3) 0(2)----C@41)
C(11)---C1
0(1)-Co-0(2) 69-28 (12) C§153 .. ‘C£3l;
O(1)-Co-N(2) 87:16 (12) C(15) - - - C(45)
o(h-CoNG@ 5107 (12 cayeey
—Co~ E vel
0O(2)-Co-N(1) 94-97 (12) CB33)---CE5)
0(2)-Co-N(2) 86-84 (13) Co-0(1)-C(1)
0(2)-Co-N(4) 90-96 (12) Co-0(2)-C(1)
N(1)-Co-N(2) 93-19 (12) Co-N(1)-C(11)
N(1)-Co-N(3) 10091 (12) Co-N(1)-C(15)
N(1)-Co-N(4) 8806 (13) Co-N(2)-C(21)
N(2)-Co-N(3) 91:38 (14) Co-N(2)-C(25)
N(3)-Co-N(4) 90-45 (13) Co-N(3)-C(31)

Pyridine rings

Co-N(3)-C(31)
Co-N(3)-C(35)
Co-N(4)-C(41)
Co-N(4)-C(45)

N-aC «C-pC
N(1)-C(11) 1-348 (6) C(11)-C(12)
N(1)-C(15) 1-337 (5) C(14)-C(15)
N(2)-C(21) 1-342 (5) C(21)-C(22)
N@2)-C(25) 1:347 (D) C(24)-C(25)
N@3)-C(31) 1-344 (6) C(31)-C(32)
N(3)-C(35) 1:346 (5) C(34)-C(35)
N4)-C(41)  1-:349 (6) C(41)-C(42)
N@4)-C(45) 1-:354 (5) C(44)-C(45)
Mean 1-346 (5) Mean
Microwave 1-3402 Microwave
N-vertex aC-vertex
N(1) 1182 (3) C(11) 121-4 (4)
C(15) 122:4 (4)
N(2) 1182 (3) C(21) 121-7 (4)
C(25) 1219 (4)
N(@3) 117-8 (4) Cc(@31) 122:8 (4)
C@35) 122-3 (4)
N(4) 117-3 (3) C@41) 122:9 (3)
C(45) 1226 (3)
Mean 1179 (4) Mean 122:3 (5)
Microwave 116-83 Microwave 123-88

2-835 (12) C(1)-0(1) 1-:330 (6)
3-146 (6) C(1)-0(2) 1:319 (5)
2940 (6) C(1)-0(3) 1:210 (3)
2:857 (5) Cl—-0(5) 1421 (4)
3:063 (13) Cl—-0(6) 1-393 (8)
3-004 (8) Cl—O(7) 1417 (7)
3:420 (6) Cl—0(8) 1414 (5)
3:250 (12)
3-387 (13) C(1)-0(1)- - -O(4) 115:4 (3)
3263 (6) O(1)-C(1)-0(2) 108-7 (3)
3.123 (9) O(1)-C(1)-0(3) 1255 (4)
O(2)-C(1)-0(3) 1258 (4)
90-7 (2)
91-2 (2) O(5)-Cl—O0(6) 1111 (4)
1163 (3) O(5)-Cl—O(7) 1073 (3)
1255 (3) 0O(5)-Cl-—O0(8) 1100 (3)
121-5 (3) O(6)-Cl—O(7) 109-1 (3)
119:6 (3) O(6)-Cl—0O(8) 1112 (4)
123-9 (3) O(7)-Cl—0O(8) 108-0 (3)
1239 (3)
1183 (3)
122-2 (2)
120-4 (2)
BC—C
1389 (7) C(12)-C(13) 1-371 (7)
1-379 (7) C(13)-C(14)  1-368 (8)
1-392 (7) C(22)-C(23) 1-372 (8)
1:377 (7) C(23)-C(24) 1-373 (8)
1-388 (7) C(32)-C(33) 1391 (D)
1-381 (7) C(33)-C(34) 1-372 (8)
1-388 (7) C(42)-C(43) 1-377 (6)
1-377 (7) C(43)-C(44) 1:385 (7)
1:384 (6) Mean 1-376 (8)
1-3945 Microwave 1-3944
BC-vertex yC-vertex
C(12) 119-9 (5) C(13) 118:4 (5)
C(14) 119-7 (4)
C222) 119-8 (4) C(23) 118:1 (4)
C(24) 120-2 (5)
C(32) 1187 (4) C(33) 118-4 (4)
C(34) 1199 (4)
C(42) 119:0 (4) C(43) 1188 (4)
C(44) 119-4 (4)
Mean 119:6 (5) Mean 118-4 (3)
Microwave 118-53 Microwave  118-33
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ecule is not distorted even in a complex with pro-
nounced steric hindrance. This also agrees, within the
respective experimental error, with the values obtained
in other tetrakis(pyridine) complexes.

Perchlorate ion

The perchlorate ion is a nearly perfect tetrahedron
with dimensions close to previously reported values
(Vijayan & Viswamitra, 1966). The average CI-O dis-
tance is 1-411 (13) A and the average O-Cl-O angle
109-5 (1-6)°. The thermal vibrations, which are rela-
tively high, seem to be determined by the packing of
the ions.

Water molecule

The water molecule — O(4) - forms no close con-
tacts to the rest of the structure, in accordance with
the relatively poor definition of its position and the
high values of its thermal parameters. The closest ap-
proach of the water molecule is to the ligating oxygen

O(1) of the carbonate group. This distance (2:89 A)
might be interpreted as a hydrogen bond although the
hydrogen atom has not been located. The angle
C(1)-O(1)---0O(4) is 115° and O(4) is situated only
0-27 A from the equatorial plane. The distance of 3-106
A to O(7) of the perchlorate ion does not differ sig-
nificantly from the sum of the van der Waals radii.

Packing

The closest intermolecular approaches (Table 6) are
all between pyridine rings and oxygen atoms (either
the non-ligating oxygen atom of the carbonate group
or the oxygen atoms of the perchlorate ion).

Each perchlorate ion is surrounded by five complex
ions and a water molecule and each complex ion by
five perchlorate ions and a water molecule. The con-
formation of the complex ion is only slightly affected
by the neighbour ions, though as mentioned above
ring 2 is bent 13° probably due to close contacts to
ring 1 (3.50 A).

Table 5. Least-squares planes
The equations of the planes can be expressed as Px+ Qy+ Rz=S in direct space.

Plane determined by:
Carbonate group

Pyridine ring 1 Pyridine ring 2 Pyridine ring 3 Pyridine ring 4 Co, N(1), N(2)

P 4-887 —2-388 —-2911 -7-531 4-530
(e} 8916 12-595 12-684 —1-769 7-230
R 9-067 —8-477 9-146 10-897 10-668
S 7-407 —0-925 6297 1-658 7-489
Distances of the atoms from least-squares planes in A and the corresponding standard deviation.
N(1) 0-005 N(2) 0-004 N@) -—0-018 N@) —0-008 C(1) 0-005
C(11) —-0-002 C(21) —0-002 C@331) 0-006 C(41) 0-007 O(1) —-0-043
C(12) 0-001 C(22) -0-003 C(32) 0-011 C(42) 0-001 0O(2) —-0-006
C(13) —0-002 C(23) 0-007 C(33) -0-017 C(43) -—0-008 0Q3) 0-026
C(14) 0-004 C(24) —-0-005 C(34) 0-005 C(44) 0-007 Co —0-005
C(15) —0-006 C(25) —0-001 C(35) 0-013 C(45) 0-001 N(1) -0-001
Co#* —0-001 Co* 0-304 Co* —0-036 Co* 0-069 N(@3) 0-024
o®* 0-270
e.s.d. 0-004 e.s.d. 0-004 e.s.d. 0-014 e.s.d. 0-007 e.s.d. 0-023

* Not included in the calculation of the plane.

Fig. 2. Stereoscopic illustration of the contents of the unit cell. The view is down a, with b vertical and ¢ horizontal. Thermal
ellipsoids are shown for the perchlorate ion and the water molecule and enclose 50 % probability.
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Table 6. Interionic distances (A) between
non-hydrogen atoms

The first column contains atoms belonging to the crystal
chemical unit (CCU), see Fig. 2.

Key to symmetry operations:

i: 1+x y z v: X t+y %-z
ii: x—1 y z vi:  14+x t—-y z-%
iii: 1-x 1-y 1-z vii: X 4-y 14z
ivi 1-x %+y 4-z viii: x 3-y z-1%
0-0 and O-C distances <3-5 A
O(1): - - - O(4) (i) 2:894 (7)
0O(2) -+ - C(32) (viii)  3-350 (7)
0(@3)----C(22) (iii)  3-496 (11)
0(@3)----C(23) (iii)  3:321 (9)
0O(@3)- - - C(43) (v) 3:037 (5)
0O(3): - -C(44) (v) 3-060 (7)
Oo4):-+-0(7) 3-106 (10)
o4):---C21) 3-313 (12)
04)----C(22) 3-361 (14)
O(5)----C(12) 3-414 ()
O(5)- -+ -C(15) (viii)  3-275 (11)
O(5)- - --C(31) (viii)  3-357 (9)
O(6)- - - - C(32) (viii)  3-458 (12)
Oo(7)--+-C(33) (vi)  3-342 (12)
O(7)- - - - C(41) (i) 3-305 (6)
O(7)- - - - C(42) (i) 3-397 (6)
O(7)--+-C(44) (iv) 3403 (6)
O(8)- - - - C(14) (viii) 3-412(9)
O(8):---C(15) (iv)  3-421 (6)
O(8)----C(45) (iv)  3-331(7)

C-C distances <3-7 A

C()- - - - C(23) (iii) 3-609 (7)
C(12)- - - C(23) (viii)  3-495 (8)
C(12): - - C(24) (viii)  3-651 (13)
C(13)- - - C(23) (viii)  3-517 (11)
C(21)- - - C(23) (iii) 3:693 (7)
C(22)- - - C(23) (iii) 3-611 (9)
C(24)- - - C(44) (vii)  3-632 (12)
C(32)- - -C(41) (vii)  3-533 (9)
C(33)- - -C(41) (vii)  3-479 (6)
C(33)---C(42) (vii))  3-663 (7)
C(34)---C(42) (vii)  3-597 (T

Thanks are due to the Danish State Research Foun-
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