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THE PHENOMENON OF CONGLOMERATE
CRYSTALLIZATION. PART 46. THE CRYSTAL
AND MOLECULAR STRUCTURE OF
[Co(NH,),0x,(S,0,)-H,0 (I)

IVAN BERNAL*, JAMES CETRULLO' and FERNANDO SOMOZA
Chemistry Department University of Houston, Houston, Texas 77024-5641
(Received 21 November 1995; Revised 7 February 1996; In final form 26 February 1996)

Red specimens of [Co[(NH)4Ox]2(S4O(,) H20 (1), C0o284015NgCaHys, crystallize in the monoclinic
space group P2i/c. The cell is defined by the following constants: a = 7. 7601(7) b=10. 079(1;
c=29.865(3) A, B=90.914(8)°, V = 2335.59 A d(z=4MW.=672.42 gm-mole™)=1912 gm-cm
A total of 3430 data was collected in the interval 4.0° < 20 < 50.0° of which 1915 were unique and had
intensities greater than 36(]) The data were corrected for absorption using empirical Psi scan curves (five
reflections, L = 18.395 cm™ ) the relative transmission coefficients ranged from 0.9697 to 0.9988. The final
values of the discrepancy parameters were R(F) = 0.0388 and Ry(F) = 0.0484.

The axial Col-N distances are 1.950(4) and 1.936(4) A, while those associated with Co2 are
1.949(5) and 1.952(4) A. Col-N distances in the equatorial plane are 1.942(3) and 1.918(4) A,
respectively. For the second cation, the equatorial Co-N distances are 1.910(4) and 1.938(4) A. Thus,
the feature of short and long Co-N distances is consistent for both cations. The Col-O distances are
1.906(3) and 1.896(3) A, while those for Co2 are 1.914(3) and 1.899(4) A, showing a distortion in
these bonds which we have observed in earlier studies of bidentate oxalates and carbonates of
Co(IHI) amines, and which seem to parallel the inequivalence of the Co-N bonds.

The stereochemistry of the tetrathionate anion is as follows: (a) the outer S-S(O3) bonds are
2.127(2) and 2.120(2) A in length, while the central S-S distance is 2.014(2) A (b) the $-O distances
range from 1.430(4) to 1.461(4) A with mean value of 1.445(4) A. The S1-S2-83-84 torsional angle
is 97.8°, which is a few degrees larger than the value found in its alkali salts - a result, no doubt,
of the hydrogen bonding to the amines of the two cations.

The two independent cations are linked to one another by hydrogen-bonded interactions with the
038 - fragments of the tetrathionates in such a way that there are approximate (non-crystallographic)
mirror planes perpendicular to all three axes. We suggest this is the reason why this substance crystallizes
via the racemic pathway.

Keywords: conglomerate crystallization; tetrathionate; cobalt (111); structures; hydrogen bonding

* Author for correspondence; Bitnet: IBernal@UH.EDU.
T Fellow of the R.A. Welch Foundation.
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INTRODUCTION

Notes

(1) The meaning of the term ‘conglomerate crystallization’ has been given in
refs.>17 (2) The cation of (I) can be chiral only in the solid state where the
orientation of the -NHj ligands, with intermolecular hydrogen bonds, are locked
at orientations such that the cation acquires a C; point group symmetry. This is
evident in the left-most cation in Figure 1, and the point has been discussed in detail
for related species (for example in references” 1. The tetrathionate anion is always
chiral having only C, symmetry (for details, see reference?®). With these caveats,
we can proceed to the reasons why this study was undertaken.

Sometime ago, we! demonstrated that while [Co(NH3)40x]1-H,O crystallizes
as a racemate, the nitrate salt of composition [Co(NH3)40x]NO;-H,O crystal-
lizes as a conglomerate, space group P21242;. In that report, we suggcsted1 that
the reason for different crystallization pathways was the fact that the nitrate
anion formed very strong hydrogen bonds with the -NH3 hydrogens on the
cations and locked it into a dissymmetric configuration.

This proposal was made plausible by the observation that both cis- and
trans- [Co(NH3)4(NO,);]NO; salts also crystallize in enantiomorphic crystals, space
group P2,2,2;. In these latter species, rich hydrogen bonding occurs between cations
and anions. Moreover, it is known that closely related compounds, which lack the
outside lock on amine conformation, caused by ion pair formation, crystallize as
racemates. Among these are [Co(NH3)3(NO;);Br 2 (here the two -NO; ligands
are cis to each other) and [Co(NH3)3(N02)2Cl]3 in which the -NO; ligands are

trans.

FIGURE 1 The ions and the water of crystallization defining the asymmetric unit of (I). Note there
is nearly an inversion center between the two cations halfway between N4 and N8 and located at
the intersection of the three non-crystallographic mirror plane ( at 0.359, 0.405, —0.280). Also, note
the hydrogen bonds formed by the oxygens on O1 and O4 with the amine hydrogens of N4 and N8.
Finally, the water was placed at the symmetry position giving shortest hydrogen bond.
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Another interesting observation is that the following oxalato metal amines
crystallize in enantiomorphic space groups:

In 1975, Couldwell, et al® reported the synthesis of mixed amine-dien oxalato
complexes, [Co(dien)(NH3)(oxalato)]X ( X =PFg and X =NO3"). A complete
structure determination was carried out on the former (space group Cc; a polar, but
non-enantiomorphic space group containing racemic pairs of cations) and the space
group of the latter was reported as P2,122; - a conglomerate. The observation that
[Co(dien)(NH3)(oxalato)]PFg is a racemate while [Co(dien)(NH3) (oxalato)] (NO3)
is a conglomerate is not surprising, given our previous discussion of the effect
charge compensating counterions have on conglomerate crystallization.g'17

About a decade ago, Yoneda, et al.'® determined the structure and absolute
configuration of (+)s5g9-[cis-Co(en);(NH3)Cl]{d-3-bromcamphorsuifonate),-H,O
(1), the compound that Werner first succeeded in resolving. 19 1n this report, Yoneda,
et al.'® described in detail the cation-anion interactions present in (II). These can
be summarized thus, the sulfonate groups of the BCS anion bind the cation by
short hydrogen-bonded contacts which are responsible for the known specificity
of this resolution.

It occurred to us that if the hydrogen-bonded interactions described by Yoneda,
et al.*® were that important, an anion such as S4062_ might similarly interact with
Wermner’s cation, [cis-Co(en),(NH3)Br]* and cause it to undergo conglomerate
crystallization. That occurred and the resulting species, (+)-[cis-Co(en),
(NH3)Brlx(S40¢) crystallizes in space group P2;.2° Thus, we decided to
determine the crystallization characteristics of the [Co(NH3)40x]* cation using
the related tetrathionate anion, S4062". Thus, in order to explore the extent to
which hydrogen bonding between cations and anions can exert an influence on
the crystallization pathway of salts of [Co(NH3)40x]* and in order to further
explore the influence which the tetrathionate anion may have on conglomerate
crystallization of cobalt amine-oxalates, we prepared compound (I) and
determined its crystal structure; the results are described in this manuscript.

EXPERIMENTAL

Synthesis

Co(NH3)40x](NO3)-Hz0 was prepared by the procedure of Bernal and Cetrullo!
and [Co(NH3)40x,(540¢)-H,0 was prepared by the equimolar addition of solid
Na»S40¢ to a warm (60°C) solution of {Co(NH;3)40x](NO3)-H-O, cooling and
then filtering. Slow evaporation at room temperature produces the desired crystals.
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X-Ray diffraction

Data were collected with an Enraf-Nonius CAD-4 diffractometer operating with a
Molecular Structure Corporation TEXRAY-230 modification®! of the SDP-Plus
software package.?? The crystal was centered with data in the 18° < 20 < 25°
range and examination of the cell constants and Niggli matrix?3 clearly showed it
to crystallize in a primitive, monoclinic lattice whose systematic absences belong
to those of the space group P2,/c. The intensity data set was corrected for absorp-
tion using empirical curves derived from Psi scans*!=2? of five reflections. The
scattering curves were taken from Cromer and Waber’s compilation.24 The
structure was solved from the sections and lines of the Patterson function, which
found the Co atoms. The missing atoms were found in subsequent difference maps.
The oxygen of the water of hydration was also found.

Refinement proceeded smoothly. Heavy atoms were assigned anisotropic
thermal parameters, hydrogens of the cations were added at computed positions
(C-H=N-H=0.95 A). Hydrogens were assigned fixed, thermal parameters
B=40 Az). The final R(F) and Ry, (F) facors are 0.0388 and 0.0484, respectively.
Details of data collection and processing are summarized in Table IL

TABLEI Structure of chelate complexes

Compound Space Group Ref
[Co(en),0x]Br-H,0 P2, 4,5, 6
[Co(en),0x]CI-4H:0 P21212; 6
[Co(en),(0x)]1 c2 6
[Cr(en);Ox]Br-H20 7, 4,7
[Rh(en),0x]Br-H,0 7. 7
[Rh(en),0x]JCI-H0 ? 7
[Co(dien)(NH3)Ox]NO3 P2,2,2, 8

* These substance were identified as forming conglomerates either from solubility measurements, by seeding
experiments or by measuring the CD specira of resulting crystalline material. No structural data on them are yet
available.

TABLE 1l Summary of data collection and processing parameters for racemic [Co(NH3)40x]2
(8406) H0

Space Group P2ylc
Cell Constants a="7.7601(7) A
b=10.079(1)
¢ = 29.865(3)
B = 90.914(8)
Cell Volume V= 233559 A
Molecular Formula CozS4015NgC4H?6
MolecularWeight 672.42 gm—mol”
Density(calc; z = 4 mol/cell) 1.912 gm-cm3
Radiation Employed MoKa (A = 0.71073 A)

Absorption Coefficient p = 18.395 cm™!
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TABLE Il (Continued)
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Transmission Coefficients
Data Collection Range
Scan Width

Total Data Collected

Data Used In Refinement”
R = Z||Fof - [Fqll-[Fol

Rw = [Ew2([Fol- [Fo)*/E(Fol]"?

Weights Used

0.9697 to 0.9997

4° <20 £ 50°

A8 = 0.90 + 0.35tan®
3430

1915

0.0388

0.0484

w =[c (Fo)-2

* The difference between this number and the total is due to subtraction of 1515 data which either
were systematically absent (but collected for verification of space group) standards or did not meet

the criterion that I < 3o(I).

Figure 1 gives a labelled stereoview of the asymmetric unit; Figure 2 depicts
in stereo the packing of the ions in the unit cell. Final positional and equivalent-
isotropic thermal parameters are given in Table III. Bond lengths, angles and

torsional angles are given in Table IV,

FIGURE 2 The packing of the constituents of compound (1) in the unit cell. Note the crystallographic
inversion center at 1/2, 1/2, 1/2 located between a pair of waters of crystallization.

TABLE III Positional parameters and their estimated standard deviations

Atom X y z B(42)
Col 0.3588(1) 0.4055(1) 0.71980(4) 1.81(2)
Co2 0.3710(1) 0.6453(1) 0.93041(4) 1.90(2)
S1 -0.1340(3) 0.3833(2) 0.83568(8) 2.59(4)
S2 -0.1161(3) 0.2790(2) 0.89750(8) 2.92(5)
S3 0.0302(3) 0.1203(2) 0.88275(9) 3.39(5)
S4 0.2844(3) 0.1692(2) 0.90388(8) 2.68(4)
Ow ~-0.013(2) 0.139(1) 1.0016(4) 9.6(3)
01 0.5379(7) 0.2945(5) 0.6981(2) 2.3(1)
02 0.5358(7) 0.5303(5) 0.7324(2) 2.2(1H)
03 0.8214(7) 0.2967(6) 0.6886(2) 3.3(1)
04 0.8195(8) 0.5532(6) 0.7252(2) 3.4(1)
05 0.5598(7) 0.5342(5) 0.9485(2) 2.6(1)
06 0.5415(7) 0.7666(6) 0.9110(2) 2.8(1)
Q7 0.8424(R) 0.5470(7) 0.9554(2) 4.0(2)
08 0.8233(8) 0.7775(7) 0.9022(3) 4.6(2)
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TABLE I (Continued)

Atom x y z B(42)
09 —0.2660(9) 0.4815(7) 0.8459(3) 4.4(2)
010 0.0360(9) 0.4371(8) 0.8269(3) 5.1(2)
011 —0.194(1) 0.2895(7) 0.8031(2) 5.3(2)
012 0.2757(9) 0.2095(8) 0.9498(2) 4.6(2)
013 0.3645(9) 0.0421(6) 0.8963(3) 4.5(2)
014 0.3466(9) 0.2740(7) 0.8754(3) 4.7(2)
N1 0.3326(9) 0.4830(7) 0.6602(3) 2.7(2)
N2 0.1900(8) 0.2684(7) 0.7062(3) 2.7(2)
N3 0.1898(9) 0.5258(7) 0.7425(3) 2.7(2)
N4 0.3978(9) 0.3272(7) 0.7783(2) 2.5(1)
N5 0.375(1) 0.7187(8) 0.9908(3) 3.4(2)
Né6 0.2106(9) 0.5125(7) 0.9483(3) 2.8(2)
N7 0.1958(9) 0.7707(7) 0.9111(3) 3.2(2)
N8 0.3744(9) 0.5660(7) 0.8708(2) 2.6(1)
Ci 0.688(1) 0.3501(9) 0.7012(3) 2.3(2)
C2 0.685(1) 0.4890(7) 0.7213(3) 2.1(2)
C3 0.705(1) 0.5905(9) 0.9418(3) 2.6(2)
C4 0.696(1) 0.7222(9) 0.9162(3) 2.7(2)
Hwl -0.0898 0.0703 0.9824 4.0*

Hw2 0.0917 0.1074 1.0136 4.0*

H1 0.2792 0.5625 0.6601 4.0%

H2 0.2648 0.4237 0.6397 4.0%*
H3 0.4496 0.4992 0.6465 4.0%*
H4 0.1660 0.1875 0.7324 4.0*

HS5 0.2302 0.2195 0.6780 4.0%*
Hé6 0.0773 0.3111 0.6987 4.0%*
H7 0.1406 0.5000 0.7753 4.0*

HS8 0.0901 0.5308 0.7211 4.0**
H9 0.2436 0.6168 0.7454 4.0%*
H10 0.3046 0.3339 0.7988 4.0*

H1l 0.5005 0.3696 0.7931 4.0%*
Hi2 0.4217 0.2292 0.7747 4.0%*
H13 0.4179 0.7929 0.9921 4.0*

H14 0.4403 0.6607 1.0118 4.0%*
H1s 0.2529 0.7293 1.0019 4.0%*
H16 0.2226 04375 0.9335 4.0*

H17 0.0924 0.5454 0.5421 4.0%*
H18 0.2292 0.4936 0.9804 4.0%*
H19 0.2226 0.8554 0.9101 4.0*

H20 0.0955 0.7625 0.9320 4.0%*
H21 0.1553 0.7448 0.8802 4.0%*
H22 0.4179 0.6250 0.8417 4.0*

H23 0.2538 0.5378 0.8625 4.0%*
H24 0.4508 0.4866 0.8717 4.0%*

Starred atoms were not refined. Doubly starred atoms have calculated positions and were not refined.
Anistropically refined atoms are given in the form of the isotropic equivalent thermal parameter defined
as: (4/3) * [a2*B(1, 1) + b2*B(2, 2) + c2*B(3, 3) + ab (cos gamma) *B(l, 2) + ac(cos beta) *bc (cos alpha)
*B(2, 3)].
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TABLE IV
A} Bond Distances in Angstroms

Atoml Atom2 Distance Atoml1 Atom2 Distance

Col Cation
Col O1 1.906(3) Col 02 1.896(3)
Col N1 1.950(4) Col N2 1.942(3)
Col N3 1.918(4) Col N4 1.936(4)
01 Cl 1.291(5) 02 Cc2 1.277(6)
03 Cl 1.234(7) 04 C2 1.233(6)
Cl C2 1.524(6) NI H1 0.902(4)
N1 H2 0.999(3) N1 H3 1.015(5)
N2 H4 1.148(4) N2 HS5 1.029(5)
N2 Ho6 0.997(3) N3 H7 1.091(5)
N3 H8 0.995(3) N3 H9 1.012(4)
N4 H10 0.958(5) N4 HI1 1.002(3)
N4 H12 1.010¢4)

Co2 Cation
Co2 05 1.914(3) Co2 06 1.899(4)
Co2 N5 1.949(5) Co2 N6 1.910(4)
Co2 N7 1.938(4) Co2 N8 1.952(4)
05 C3 1.277(6) 06 C4 1.284(6)
o7 C3 1.219(5) 08 C4 1.215(7)
C3 C4 1.534(7) NS5 HI13 0.820(4)
N5 H14 0.991(4) N5 H15 1.017(5)
N6 H16 0.880(4) N6 H17 0.989(4)
Né6 H18 0.987(4) N7 H19 0.880(4)
N7 H20 1.009(5) N7 H21 1.004(4)
N8 H22 1.107(4) N8 H23 1.004(4)
N8 H24 0.997(4)

Anion and Water
St S2 2.127(2) S2 S3 2.014(2)
S3 5S4 2.120(2) S1 09 1.461(4)
S1 010 1.454(4) S1 o1l 1.430(4)
S4 012 1.435(5) S4 013 1.443(4)
S4 014 1.445(4) Ow Hwl 1.076(5)
Ow Hw2 0.941(6)
B) Bond Angles in Degrees

Atoml  Atom2 Atom3 Angle Atoml Atom2 Atom3 Angle

Col Cation
01 Col 02 85.8(1) [e) Col N1 89.5(2)
01 Col N2 90.3(2) 01 Col N3 176.2(1)
01 Col N4 87.9(2) 02 Col N1 88.8(2)
02 Col N2 176.0(2) 02 Col N3 90.4(2)
02 Col N4 89.4(2) N1 Col N2 92.0(2)
Ni Col N3 90.4(2) N1 Col N4 176.9(2)
N2 Col N3 93.5(2) N2 Col N4 89.7(2)
N3 Col N4 92.1(2) 01 C1 03 123.3(4)
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TABLE IV  (Continued)
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Atom!  Atom2 Atom3 Angle Atom1 Atom2  Atom3 Angle

Col Cation
02 Cc2 04 125.0(4) 01 Cl1 Cc2 114.2(4)
(0] Cl1 C2 122.5(4) 02 C2 Cl 114.8(4)
04 C2 Ci 120.2(5) Col Ol Cl 112.4(3)
Col 02 2 112.9(3) Col . N1 HI 113.6(4)
Col N1 H2 111.5¢(3) Col N1 H3 110.6(2)
Col N2 H4 118.6(2) Col N2 HS5 107.4(3)
Col N2 Hé6 109.0(3) Col N3 H7 114.7(3)
Col N3 H8 109.5(3) Col N3 H9 108.7(3)
Col N4 H10 116.1(3) Col N4 HI11 109.7(3)
Col N4 HI12 109.3(3) H1 N1 H2 107.0(3)
Hi N1 H3 105.6(4) H2 N1 H3 108.3(4)
H4 N2 H5 105.8(3) H4 N2 H6 108.0(4)
H5 N2 Hé6 107.4(3) H7 N3 H8 108.1(4)
H7 N3 H9 106.8(4) H3 N3 H9 108.9(3)
H10 N4 HI1 106.8(4) H10 N4 HI2 106.2(4)
H1l N4 HI2 108.5(3)

Co2 Cation
(0] Co2 06 85.9(1) o5 Co2 N5 87.7(2)
05 Co2 N6 90.6(2) 05 Co2 N7 174.6(2)
05 Co2 N8 89.8(2) 06 Co2 N5 92.1(2)
06 Co2 N6 175.6(2) 06 Co2 N7 88.8(2)
06 Co2 N8 88.0(2) NS Co2 N6 90.5(2)
N5 Co2 N7 91.7(2) N5 Co2 N8 177.5(2)
N6 Co2 N7 94.7(2) N6 Co2 N8 89.2(2)
N7 Co2 Ng 90.9(2) 05 C3 07 123.9(5)
05 c3 c4 115.4(4) 06 c4 08 124.2(5)
06 C4 C3 113.3(5) 07 C3 C4 120.6(5)
08 C4 C3 122.5(5) Co2 05 C3 111.6(3)
Co2 06 C4 113.1(3) Co2 N5 H13 113.3(5)
Co2 N5 H14 111.3(4) Co2 N5 HI15 109.9(3)
Co2 N6 Hl6 112.8(4) Co2 N6 H17 108.6(3)
Co2 N6 Hi8 108.7(3) Co2 N7 H19 118.5(3)
Co2 N7 H20 107.8 (3) Co2 N7 1121 108.1(3)
Co2 N8 H22 120.1(3) Co2 N8 H23 108.2(4)
Co2 N8 H24 108.5(3) H13 NS H14 107.8(4)
HI13 NS5 HI15 105.4(5) H14 NS H15 108.9(5)
H16 N6 H17 107.6(3) H16 N6 HIS 107.8(4)
H17 N6 HI8 111.5(5) H19 N7 H20 106.5(5)
H19 N7 H21 107.0(4) H20 N7 H21 108.4(3)
H22 N8 H23 104.9(3) H22 N8 H24 105.4(4)
H23 N8 H24 109.4(3)

Anion and Water

St S2 S3 103.40(9) S2 S3 S4 106.00(7)
S2 S1 09 100.9(2) S2 St Ol10 107.1(2)
S2 S1 Ol1 106.2(2) 09 St 010 115.2(3)
09 Sl 011 106.2(2) 010 St 011 114.4(3)
S3 S4 012 107.0(2) S3 sS4 013 98.5(2)
S3 S4 014 108.2(2) 012 4 013 115.43)
012 54 014 112.2(3) 0o13 S4 014 114.1(3)
Hwl ow Hw2 116.7(7)
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TABLE IV  (Continued)

C) Hydrogen Bonds

Bond Dist. (4) N-H...O Angle(°)

Ol1-H22 211 N8§-22...01 158.2 Ol at 1-x, 1/2+y, 3/2-z
02-H12 2.04 N4-H12...02 178.7 02 at 1-x, -1/2+y, 3/2-z
03-H6 2.01 N2-H6...03 149.7 03 at -14x, y, z
03-H21 2.13 N7-H21...03 1424 03 at 1-x, 1/2+y, 3/2-z
04-H4 1.86 N2-H 4...04 167.2 04 at 1-x, -1/2+y, 3/2-z
04-H8 2.12 N3-H 8...04 136.8 04 at -1+x, v, z
07-H17 1.99 N6-H 17...07 150.6 07 at -14x, y, z

08-H2 2.05 N1-H2...08 166.9 08 at 1-x, 1/-2+y, 3/2-z
010-H7 1.86 N3-H7...010 171.3

010-H23 2.23 N8-H 23...010 160.4

O13-H3 1.99 NI-H3...013 163.0 013 at 1-x, 1/2+y, 3/2-z
O13-H19 222 N7-H 19...013 161.2 013 at x, 1+y, z

Numbers in parentheses are estimated standard deviations in the least significant digits.

TABLE V  Torsional Angles (°)

Atom ] Atom 2 Atom 3 Atom 4 Angle
Col o1 C1 03 -179.1
Col 01 Cl1 C2 0.2
Col 02 C2 04 178.3
Col 02 C2 Cl 0.6
01 Col 02 C2 0.6
o1 Ci C2 02 0.3
01 C1 C2 04 -178.6
02 Col 01 Cl -0.4
03 C1 C2 02 179.6
03 C1 Cc2 04 0.7
N1 Col (0)} Ci 88.5
N1 Col 02 Cc2 -89.0
N2 Col 01 Cl -179.6
N2 Col 02 C2 12.5
N3 Col 01 Cl 0.2
N3 Col 02 C2 -179.4
N4 Col 01 C1 —-89.9
N4 Col 02 Cc2 88.5
Co2 03 C3 o7 170.9
Co2 05 C3 C4 -7.4
Co2 06 C4 08 172.7
Co2 06 C4 C3 -7.0
os Co2 06 C4 2.7
05 C3 Cc4 06 10.0
05 C3 C4 08 -169.8
06 Co2 05 Cc3 3.0
07 C3 c4 06 -168.5
07 Cc3 C4 08 11,7
N5 Co2 (6] C3 -89.2
N5 Co2 06 C4 90.3
N6 Co2 05 C3 -179.7
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TABLE V  (Continued)

Atom 1 Atom 2 Atom 3 Atom 4 Angle
N7 Co2 05 C3 -5.9
N7 Co2 06 C4 -178.1
N8 Co2 05 C3 91.1
N8 Co2 06 C4 -87.2
o9 S1 S2 S3 169.7
010 S1 S2 S3 —69.4
on S1 S2 S3 533
S1 S2 S3 S4 97.8
S2 S3 sS4 012 53.2
S2 S3 S4 013 1732
S2 S3 S4 014 -67.9
DISCUSSION

The contents of the asymmetric unit are shown in Figure 1, where it is evident
that the two -SO,~ termini of the tetrathionate anion are hydrogen bonded to the
amine hydrogens of the two cations. The shortest contacts between -SO;~ oxygens
and -NH, hydrogens are O10-H7 = 1.86 A (<N8-H23...010 = 171.2°) and
013-H3 = 1.99 A (<N1-H3...013 = 163.0°) both of which are not only fairly
short but have N-H...O angles that are associated with strong hydrogen bonds.
There are additional cation-anion hydrogen bonds, listed in Table III(C), but
those are longer (ca. 2.22 A).

The packing diagram (Figure 2) shows that the cations are so oriented to one
another that there are hydrogen bonds between the terminal oxalato oxygens and
the amine hydrogens on adjacent cations. Table IV(C) lists O4-H4 = 1.86 A
(<N2-H4....04 = 167.2°), O7-H17 = 1.99 A (<N6-H17...07 = 150.6°), O3-H6
= 2.01 A (<N2-6...03 = 149.7°), 02-H12 = 2.04 A (<N4-H12...02 = 178.7°)
and O8-H2 = 2.05 A (<N1-H2...08 = 166.9°), all of which are reasonably
strong hydrogen bonds.

These observations indicate that hydrogen bonds of comparable magnitude
with those present in [Co(NH,) 4Ox](NO3)-H201 exist in this compound; there-
fore, the question is why does it not crystallize as a conglomerate, as was the
case with the nitrate? It was suggested that locking the cation into a highly
dissymmetric conformation and configuration by a combination of hydrogen
bonds between cations and anions rendered the whole not only dissymmetric but
rigid.1 Since the iodide, [Co(NH3)4Ox]I‘H201, crystallized as a racemate, it
was concluded! that the nitrate played a crucial role since any potential cation-
cation interaction was still possible in the iodide complex, as well as in the
nitrate complex. That observation, coupled with our observation?® that the
tetrathionate anion forms a tight ion pair with its cation in the conglomerate sait
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[cz's-Co(en)z(NH3)Br]S 406’ led to our testing the crystallization behavior of (I).
Therefore, the failure of this compound to crystallize as a conglomerate was a
disappointment.

CHOICE OF SPACE GROUP AND PACKING CONSIDERATIONS

The B angle of the monoclinic cell is very close to 90°; consequently, we checked
the Laue symmetry very carefully and oriented the crystal several times, using
high angle data, in order to ascertain our assignment. The Niggli matrix?3 of the
cell described in Table II is

60.220 101.586 891.918
0 -3.697 0

Consequently, there is no higher system to which this crystal can belong.
Program Tracer 22-23 also produced no higher crystal system for this compound
if the range of error is properly restricted. Therefore, once the crystal had been
centered to our satisfaction, we checked for systematic absences and found that
they correspond to those expected for space group P2i/c, whose systematic
absences are unmistakable. Finally, data were collected without any systematic
absence constraints, and the total data set searched for those absences. Again, the
space group consistent with the data was P2,/c.

Interestingly, the relationship between cations present in the asymmetric unit
(see also Figure 1) indicates that the difference in fractional coordinates between
their constituent atoms constitutes the trace of a straight line approximately through
(0, 1/4, 2); e.g. a pseudo two-fold axis. The presence of a pseudo two-fold axis
between cations is very suggestive in that one generates a species of somewhat
higher symmetry than can occur in the case of the nitrate by having two cations
forming an ion pair with the two symmetrical ends of a divalent anion. Perhaps we
did two things which cancelled each other by choosing this cation-anion combination.
On the one hand, we produced a powerful hydrogen-bonding anion which could lock
the cations into rigid, dissymmetric, species; however, by having a 2:1 combination,
we introduced an overall symmetry impossible in the nitrate.

This prompted us to check the possibility of additional, non-crystallographic,
symmetry elements using the ‘missing symmetry’ routine of the NRCVAX program.25
Interestingly, three approximate mirror planes were found linking cation pairs, as
follows (Note: in the standard setting of the space group P2)/c, the mirrors
perpendicular to the b—axis are located at 0 1/4 0 and 0 3/4 0):



15:54 23 January 2011

Downl oaded At:

68 I. BERNAL et al.

[0 10] perpendicular mirror plane through 0.0000 0.405  0.0000
{1 0 0] perpendicular mirror plane through 0.359 0.000  0.0000
[0 0 1] perpendicular mirror plane through 0.0000 0.000 -0.280

We accidentally selected a counteranion which arrayed cation pairs in nearly
enantiomorphic pairs. In order to test this idea, we are exploring the crystallization
behavior of the [Co(NH3)40x]* cation with thiosulfate as the counter anion.
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