KATSUHIRO YAMAMOTO

Sakural, T. (1967). Universal Crystallographic Com-
putation Program System (UNICS) 1, pp. 45-52. The
Crystallographic Society of Japan, Tokyo.

SAkuURAL T., NAKATSU, K. & Iwasakl, J. (1967). Universal
Crystallographic Computation Program System (UNICS)
I, pp. 61-65. The Crystallographic Society of Japan,
Tokyo.

SHANNON, R. D. & PRewITT, C. T. (1969). Acta Cryst. B25,
925-946.

Acta Cryst. (1977). B33, 1485-1489

1485

SHIMAOKA, K. (1960). J. Phys. Soc. Japan, 15, 106—119.

STEWART, R. F., DAVIDSON, E. R. & SiMPsoN, W. T. (1965).
J. Chem. Phys. 42, 3175-3187.

TayLoR, W. H. & WEST, J. (1928). Proc. Roy. Soc. A117,
517-532.

TokoNAaMI, M. (1965). Acta Cryst. 19, 486.

YAamamoTo, K. & AkmMorto, S. (1974). J. Solid State Chem.
9,187-195.

YAmamoro, K. & AkiMOTO, S. (1977). Amer. J. Sci. In the
press.

The Crystal Structure of Bis[(R)-2-methyl-1,4,7-triazacyclononane]cobalt(III) Iodide
Pentahydrate

By M. Mikami, R. KURODA,* M. KONNO AND Y. SAITO
The Institute for Solid State Physics, The University of Tokyo, Roppongi-1, Minato-ku, Tokyo 106, Japan

(Received 15 October 1976; accepted 27 October 1976)

Crystals of {Co[(R)-MeTACN],}1,.5H,0 are trigonal, R32, with a = 8-799 (1),c=32-180(4) A and Z = 3.
The structure was refined by full-matrix least-squares methods to an R value of 0-039 for the 902 observed
reflexions collected by diffractometry. The complex ion exhibits orientational disorder on a site of symmetry
D, around the triad axis. Three of the nine I~ ions and the O atoms of water molecules show positional disor-
der. Two cyclic ligand molecules are spanned on opposite faces of an octahedron, being coordinated to the

central Co atom with six N atoms. The Co—N distance is 1-974

A. The conformation of each five-membered

chelate ring is 1. The substituted methyl group is attached in an equatorial position with respect to the average
plane of the chelate ring. The [CoN] chromophore is elongated along the threefold axis, the Co—N bond be-
ing inclined at an angle of 51-3° with respect to the threefold axis. The chromophore is twisted around the

threefold axis in the same way as in 4-[Co(en),]*+.

Introduction

Mason & Peacock (1976) synthesized the cyclic triden-
tate (R){—)-2-methyl-1,4,7-triazacyclononane and its
Co'"' complex, {Col(R)-MeTACNI],}3**. They found
that the complex exhibits the largest ring-conformation
d-electron optical activity for the (CoN,) chromophore
yet recorded (Mason & Peacock, 1976). Crystals of
{Col(R)-MeTACNI,}1,.5H,0 were subjected to X-ray
crystal-structure analysis in order to provide structural
data for the analysis of the observed optical activity for
this complex ion (Mason & Seal, 1976).

Experimental

Crystals of {Co[(R)-MeTACNI,}1,.5H,0 were kindly
supplied by Professor S. F. Mason. They were re-

* Present address: Department of Chemistry, King’s College,
Strand, London WC2R 2LS, England.

crystallized from water. The crystals are yellow trans-
parent hexagonal prisms. The diffraction symmetry on
Weissenberg photographs is 3m. The observed sys-
tematic absences, hkl for —h + k + [ = 3n, indicated
that the possible space group is R3m, R32 or R3c. Since
the crystal is optically active, the space group was
uniquely determined to be R32.

Crystal data

(—)sg9-{Co0l(R)-MeTACNI],}I;.5H,0, C 1aH N Os-
Col,, M, = 816-19, trigonal, a = 8-799 (1), ¢ =
32.180(4) A, U=2157-6 A%, Z = 3, D,=1-88gcm3,
u for Mo Ka (A =0-7107 A) = 35-3 cm~!, space group
R32 (No. 155).

A crystal with dimensions 0-26 x 0-23 x 0-33 mm
was used for intensity measurement. Intensity data
were collected on a Rigaku four-circle diffractometer
by w scans at 4° min~!, with graphite-monochromated
Mo Ka radiation. The scan range was calculated accor-
ding to 1-1° + 0-5°tanf. Of the 2404 reflexions
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recorded for 20 < 100°, 902 intensities greater than
30(F) as estimated from counting statistics were regar-
ded as ‘observed’ and used for the refinement.

The usual correction was made for Lorentz and
polarization effects, but no correction was applied for
absorption or extinction.

Structure determination

In the space group R32 the general positions are
eighteenfold. The Co atom must lie on a set of three-
fold special positions, since there are three formula
units in the unit cell. The positions for the Co atoms
were chosen as 0,0,0. The complex ion is thus required
to have symmetry D,. This means that the complex
ions exhibit some orientational disorder, since they do
not possess D; symmetry, because of the substituted
methyl groups.

Three-dimensional sharpened Patterson maps
showed four prominent peaks on 0,0,w, indicating that
the I~ ions are on 0,0,z. Since the special position 0,0,z
in the space group R32 is sixfold, nine I~ ions may be
accommodated on two sets of sixfold positions with
appropriate population parameters. The calculation of
the structure amplitudes based on the coordinates of
the Co atom and the two I~ ions gave an R value of
0-28. The positions of the N atoms that form an oc-
tahedron around the Co atom were also deduced from
the Patterson maps. Successive Fourier syntheses
including these atoms revealed the positions of the
other lighter atoms of the ligands. At this stage, the dif-
ference syntheses revealed that six I~ ions are on a set
of sixfold special positions with population 1-00 and
the remaining three 1~ ions are situated closer to the
complex cation than the former and are distributed on
two sets of sixfold positions and a set of general
positions with different populations. Taking the disor-
der of the I~ ions into account and applying anisotropic
thermal parameters for the heavy atoms, the R value
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dropped to 0-14. Other small peaks on the difference
syntheses were attributed to the O atoms of the water
molecules. The population parameters of I~ ions in
each site as well as those of O atoms were refined by
the full-matrix least-squares program L/NUS (Coppens
& Hamilton, 1970). The R value became 0-078. The
thermal parameters of the C atoms in the chelate ring
became about 10 A?, unusually large compared with
those of the remaining atoms; moreover, the difference
syntheses at this stage suggested positional disorder in
the ethylene portion of the chelate ring. Calculation of
the interatomic distances and bond angles based on the
possible positions of the C atoms deduced from the dif-
ference maps suggested that the positions of the
substituted and unsubstituted methylene C atoms can
have slightly different values. When this disorder
was taken into account, the positions of the H atoms
attached to all the C atoms in the chelate ring came out
clearly on the difference maps and the map became flat
at the region where the C atoms of the chelate ring were
located. Final cycles of the refinement were then car-
ried out where the isotropic thermal parameter of each
H atom was fixed and given the value 3-5 A2. The R
value dropped to 0-039 for the 902 observed reflexions.
The final difference map became flat within 0-2 ¢ A3,
At the final stage of the refinement almost all the
parameter shifts were less than one tenth of the corre-
sponding standard deviations. The atomic scattering
factors were taken from International Tables for X-ray
Crystallography (1962). The scattering factor curve of
Stewart, Davidson & Simpson (1965) was used for H.
Table 1 lists the atomic parameters.*

A test was made for the absolute configuration of the
molecule by changing the indices of all reflexions hklI to
hkl. The converged R value was 0-041. With the for-

* A list of structure factors has been deposited with the British
Library Lending Division as Supplementary Publication No. SUP
32287 (8 pp.). Copies may be obtained through The Executive Sec-
retary, International Union of Crystallography, 13 White Friars,
Chester CH1 INZ, England.

Table 1. The final positional and thermal parameters with estimated standard deviations (x 10%)

The Uj; are defined by exp[—2m (U, /2a*? + U,,k2b*2 + UsyI2c*? + 22U, hka*b™ + 2U,kib*c* + 2U  hla*c*)l.

x y z Uy Up, Uss U, Uy Ui, Population
Co 0 0 0 28 (0) 28 (0) 37(1) 14 (0) 0 0 1-0000
N 1125 (20) 2017 (6) 384(2) 38(6) 36(2) 44(7) 23(3) 1(3) -5(2) 1-0000
C(4) 2556 (18) 416 (23) 577(3) 35(5) 46 (6) 52(5) 21(5) -34) 3(5) 1-0000
C(1B) 2203 (51) 1820(41) 716 (11)  51(18) 70(17) 62(20) 29(14) -8 (13) 17(11) 0-6667
Cc(2B) 2094 (69) 1799 (82) 699 (21)  22(15) 69 (26) 55(32) 10(16) —15(18) —47(24) 0-3333
C(3) 3716 (38) 3348 (36) 877(D 69 (18) 58 (16) 44(13) 26(14) —-18(13) —12(11) 0-3333
I(1) 0 0 3513(0) 35(0) 35(0) 105 (1) 17 (0) 0 0 1-0000
1(2) 0 0 1953 (8) 67(7) 67(7) 44 (7) 34(7) 0 0 0-19 (4)
1(3) 0 0 1837(19)  92(16) 92 (16) 421(65) 46(16) 0 0 0-12(2)
1(4) 473 (84) 566 (177) 1874 (13)  76(21) 164 (57) 47(12) 20(35) —23(16) —32(25) 0-06(-)
o(1) 3806 (207) 118 (164) 1643(26) 669(211) 562(170) 60(31) 560(190) —82(62) —90(69) 0-35(6)
0(2) 3306(196) 3892(169) 1566(18) 200(54) 382(114) 87(46) 157(77) —=3(57) -59(54) 0-34(6)
0®3) 437 (157) 33(149) 4659 (16) 67(83) 31(40) 224 (46) 32(56) 20(36) -—24(38) 0-14(1)
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mer value of 0-039, Hamilton’s (1965) R test indicated
the first choice to be significantly valid at the 99-5%
confidence level. Equi-inclination Weissenberg photo-
graphs were taken, with Cu K« radiation, of the zero
and third layer lines around the ¢ axis. Table 2 lists the
calculated F values and observed intensity relations be-
tween Akl and khl pairs. The concordance in the table
confirms the absolute configuration deduced by the test
mentioned above. The absolute configuration of
MeTACN was determined to be (R) in agreement with
that of the starting substance (R)-(—)-propylene-
diamine (Mason & Peacock, 1976).
Table 3 lists some relevant interatomic distances.

Table 2. Determination of the absolute configuration

hkl F.(hkl) Observed F. (kR
220 2777 < 291-9
250 168-9 = 161-9
550 74-8 < 813
253 134-4 > 128-3
553 60-8 < 648

Table 3. Relevant interatomic distances (A)

Key to symmetry operations

(i) X, Y, oz ) —X, —X+J,
(i) —x+y, -, z i)  x—y ¥
(i) - x—y, z (vii)  F-x,5—x+y, 31—
(iv) A X, —z (vii)  f+x, I+y, —+

H - - - H distances within the complex

N(H)-H(I'XC1B) 2-69 HQ3)CA)-H(2XC1B) 2-18
N(H)-H(2)C1B) 202 H(1)C1B)~H(#XCA) 251

N(H)—H(3"XC4) 2-21 H(1XC1B)-H(@'My{CA) 206
N(H)-H(3"XC4) 2-11 H(1)(C1B)—H(1"{(C1B) 2.55
N(H)-H@iYCA) 2-17

C.. -1 distances shorter than 4.70 A and I---0O, O...C and
O .- O distances shorter than 3.90 A. The distances that may
not occur because of the disorder are indicated by an asterisk
for comparison.

C3)-12)
CQ3)—1(3)
C(3)-1(4)
C(3)—1(4™)
C(3)—I(1vit

1(1)-0(3)
1(2)-0(1i)
12)-0(1¥#)
1(3)—0(1)
1(3)—O( 1Vl
1(4)-O0(1i)
12)-0Q2)
1(2-0(2")
13)-0(2)
1(4)-0(2")
O(1)-C(3).
0(1)-C(3)
O(1)-0(2i)
0(2)-0(3"4iy

2:91(14)*
379 (15)
3.95(16)
2:94(18)
2-42(20)*

CE-ICY
C(3)y-12")
CR3)-13")
CG3)-1(4"")

1(4)—0(2"i)
0(1)-1(21)
O(1)-1(3ty
O(1)—1(4i)
O(1)-K4"")
0(2)—1(3i)
0(2)-1(3")
0(2)—1(4)
0Q)-1(1%)
0(2-C(3)_
C(3)-0(3"i)
O(1)-0(2')

3-83(3)
3-07(4)*
3.28(5)*
3-88(9)
2-85(9)*

2:79(18)*
3-45(19)
3-36(19)
3-83(26)
2-67(17)*
3-32(11)
3.24(19)
3-59(13)
3-71(5)

2:34 (9"
3.27(14)
3-57(25)
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Description of the structure and discussion

The structure (Fig. 1) is essentially ionic, comprising
the complex cation, I~ ions and water molecules. The
Co atom lies on a threefold special position and the
complex is required to have D, symmetry. The methyl
group is attached to one of the three chelate rings of the
cyclic tridentate ligand, so that the complex ion exhibits
orientational disorder. There are three possible geo-
metrical isomers for the complex ion in respect of the
positions of the two methyl groups. No conclusion can
be drawn concerning the isomerism due to the
orientational disorder, since the X-ray analysis only in-
dicates the average structure.

Two molecules of the cyclic tridentate ligand coor-
dinate to the Co atom with six secondary N atoms
from above and below the metal atom to form an oc-
tahedral complex. A ligand molecule is spanned on a
face of an octahedron. There are six five-membered
chelate rings, with A conformation. The C—CH, bond
is equatorial with respect to the mean plane of the che-
late rings. The conformations of the chelate rings with
and without a substituted methyl group are different.
Co—N—-C(4)—C(1B)—N form two chelate rings with-
out a methyl group and Co—N—-C(4)-C(2B)—N
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Fig. 1. The structure viewed along b. Atoms exhibiting positional
disorder are indicated by broken circles. Disordered methyl
groups are connected by broken lines. For clarity, O(1) and O(2)
are not illustrated.
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form the other one with a methyl C(3) atom bonded to
C(2B). C(1B) and C(2B) are only 0-1 A apart in
the average structure. The complex {Col(R)-
MeTACNI,}3* is expected to owe its d-electron optical
activity to the dissymmetric potential arising from dis-
tortion of the (CoN,) chromophore and from the dis-
symmetric puckered chelate rings with the same type of
ring conformation. The AA1 configuration may contri-
bute to the large optical activity taking account of its
additivity. In fact, a circular dichroism spectrum
showed a magnitude of rotatory strength of more than
twice that expected for six individual A1 chelate rings
{Mason & Peacock, 1976). The bond lengths and bond
angles are shown in Fig. 2. Co—N is 1.974 A, which
is in good accordance with 1-978 A reported for
[Co(en);]** (Iwata, Nakatsu & Saito, 1969). The
N—Co—N angle is 85-0°. As can be seen from Fig. 2,
the bond distances and angles which involve C atoms
are not sufficiently accurate. This may be a result of the
orientational disorder and the resulting parameter inter-
actions. The coefficients of the correlation matrix in the
full-matrix least-squares calculation indicated large
correlations between the coordinates and temperature
factors of C(1B) and C(2B), the populations of O(1)
and O(2) and of the I~ ions.

The (CoNg) chromophore is elongated along and
twisted around the threefold axis. The Co—N bond is
inclined at an angle of 51-3 {2)° with respect to the
threefold axis; 54-75° is the value for a regular oc-
tahedron. The triangle formed by the three N atoms of
the upper ligand is rotated clockwise from an octa-
hedral position by about 7-6° with respect to that of
the lower ligand. This rotation of one cyclic ligand with
respect to the other may be attributed to the steric
repulsion between non-bonded H atoms. The closest
approach of 2:02 A occurs between the H atom bon-
ded to the N atom of one ligand and that bonded to the
C atom in the other ligand. If the direction of twist were
counterclockwise, the non-bonded H distances would
be much shorter than the sum of the van der Waals
radii. Thus the direction of the distortion seems to be

Fig. 2. Bond lengths (A) and bond angles (°).

THE CRYSTAL STRUCTURE OF {Col(R)-MeTACN},}1,.5H,0

uniquely determined by the steric effects of the H
atoms. A similar distortion of the (CoNg) chromo-
phore is present in a sandwiched complex. (+)¢-bis-
(tribenzolb, £, j1[1,5,9]triazacycloduodecene)cobalt(I11)
ion (Wing & Eiss, 1970)., which is reported to be about
8°.

A complex cation {Co[(R)-MeTACN],}** is sur-
rounded by six I~ ions located approximately in one
plane through the Co atom and perpendicular to the ¢
axis. The I~ ions which are closer to the Co atom ex-
hibit positional disorder. Three I~ ions are distributed
among two sets of sixfold positions and a set of general
positions with an approximate population ratio of
3:2:1. The interatomic distances between the methyl C
and the I~ ions on general positions range from 2-85 to
4.28 A. Since the van der Waals radii of the I~ ion and
the methyl group are 2-20 and 2-0 A respectively, it
would be impossible for an I~ ion to approach a
methyl group at a distance shorter than 3-9 A. Thus the
positional disorder of the I~ ions might occur to accom-
modate the bulky methyl group. The water molecules
are arranged in a space between the complex cation and
the I ions. 15 water molecules are distributed on a
set of sixfold positions and two sets of general
positions.

The single-crystal circular dichroism spectrum shows
a single negative peak at 487 nm with light parallel to
the optic axis, while that in an aqueous solution has a
positive peak at about 477 nm.

The difference syntheses at the final stage revealed
eight peaks around the Co atom which appear to be at
least partly due to the asphericity of the d electrons
(Fig 3a and b). They are arranged at eight corners of a
distorted cube (Iwata & Saito. 1973). Six of them are
0-67 A from the Co atom and two of them are on the
threefold axis 0-96 A away from the Co atom. It seems
certain that the maps contain information on the nature
of the Co—N bonding: however. the intensity data are
not sufficient to warrant detailed analysis. Moreover,
various errors tend to accumulate on the threefold axis.

B

(a) ' (2]

Fig. 3. Sections of final difference Fourier syntheses perpendicular
to ¢. The contours are at intervals of 0-1 e A "; (a) A section 0 3
A above the cobalt atom. (b) A section 0-96 A above the cobalt
atom.
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All the computations were carried out on the
FACOM 270-30 at this Institute and on the HITAC
8700/8800 at the Computer Centre of the University of
Tokyo with a local version of the Universal Crystallo-
graphic Computation Program System (UNICS, 1967).
This research was aided by a Scientific Research Grant
from the Ministry of Education, to which the authors’
thanks are due. The authors wish to express their
gratitude to Professor Mason for kindly supplying the
crystals and for the CD results in advance of
publication.
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Synthése et Structure Cristalline du Bis[difluorooxostannate(II)] d’Etain (II),
(Sn,0,F,)Sn,
PAR BERNARD DARRIET* ET JEAN GALYT
[norganic Chemistry 2, Chemical Centre, PO Box 740, §-22007 Lund 7, Suéde

(Recu le 18 octobre 1976, accepté le 5 novembre 1976)

The synthesis and the crystal structure of a new tin(II) fluoride oxide are described. The crystal structure of
(Sn,0,F,)Sn, has been determined by single-crystal X-ray techniques. The symmetry is monoclinic, and the
space group is C2/m with a = 9-296 (2), b = 8-076 (2), ¢ = 5-074 (3) A and 8 = 97-9 (1)°. The final R value
is 0-036 for the 381 observed reflexions. The Sn atoms have a stereochemically active lone pair of electrons
E. In the lattice, the geometry of the Sn'' coordination is of two types: the tetrahedron Sn(1)OF,E (1) with the
lone pair at the apex; and the trigonal bipyramid Sn(2)O,F,E(2), E being at one corner of the equatorial
plane Sn(2)0,E(2); these bipyramids form a dimer by sharing the O—O edge: (Sn,O,F E,)*". These new
anion complexes are connected along ¢ by Sn'' atoms [Sn(1)], forming infinité strings [(Sn,0,F )Sn,],. The
strings are held together by weak Sn(1)-F bonds. The trigonal-bipyramidal coordination arcund Sn(2) by

light elements (O and F) is rather uncommon.

Au cours de I'étude du systéme SnO—SnF,, un oxy-
fluorure inédit a été isolé: Sn,OF,. Sa synthese, sa
caractérisation et la détermination de sa structure font
I'objet du présent mémoire.

La phase mise en évidence résulte de l'interaction
directe d’un mélange équimolaire d’oxyde d’étain(II),
(SnO) et du difluorure (SnF,) en tube scellé, a une tem-
perature de 200°C. La durée de chauffe a été de 24 h.
La poudre qui en résulte, de couleur blanche, est bien
cristallisée.

Le spectre X de poudre est reporté au Tableau 1.

* Laboratoire de Chimie du Solide du CNRS, Université de Bor-
deaux I, 33405 Talence, France.

T Laboratoire de Chimie de Coordination du CNRS, BP 4142,
31030 Toulouse Cédex, France.

Etude radiocristallographique

Un petit bloc monocristallin de forme prismatique a été
isole de la poudre et étudié par voie radiocristallo-
graphique (dimensions 0,02 x 0,02 x 0,03 mm).

Les diagrammes obtenus a I'aide d’une chambre de
précession de Buerger ont permis de déterminer les
paramétres cristallins et le groupe spatial; a partir de
ces données, le spectre X de poudre est totalement in-
dexé (Tableau 1): a = 9,296 + 0,002, b = 8,076 +
0,002, ¢ = 5,074 + 0,003 A; 3 = 979 + 0,1°. Ex-
tinctions: Akl, h + k = 2n + 1; groupes spatiaux: C2,
Cmou C2/m.

La masse spécifique déterminée par pycnomeétrie sur
poudre dans Porthophtalate de diéthyle, D,, = 5,11
0,02, est en bon accord avec la valeur calculée, D,
5,13 g cm~3, pour quatre motifs Sn,OF, par maille.

I+



