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The crystal structure and absolute configuration of the title compound, (—);se-[Co(bpy)s][Fe(CN)g] -8H,0,

has been determined from single-crystal X-ray data.

The yellow crystals are triclinic; unit-cell dimensions a=

12.174(3), b=16.742(7), c=10.651(3) A, «=103.25(3), f=104.09(2), y=94.71(3)°, space group Pl, Z=2. The
structure was solved by the heavy-atom method and refined to R=0.076. The (—);gp-isomer of [Co(bpy)s]*+
has 4 configuration. The [Co(bpy),;]®* and [Fe(CN)g]®~ ions have an approximate Dy symmetry and nearly

the same structure as those in other related complexes.

All the N atoms in [Fe(CN)¢]3~ and the water molecules

participate in a three-dimensional hydrogen-bond network.

The absolute configurations of [Co(bpy)s]3* and
tris(1,10-phenanthroline)cobalt(III), [Co(phen),]3+,
have been controversial. Mason and co-workers'—%
have applied the exciton theory, based on the CD
active, long-axis polarized (w, n*) ligand transition.
Hawkins and co-workers®~?) have proposed an al-
ternative procedure, involving an empirical analysis
of both CD and isotropic absorption data of the (d,
d*) ligand-field band. The absolute configurations
derived by the two methods are not consistent; the
former suggests (—);g9-[Co(bpy);]3+ to have a 4 con-
figuration, while the latter yields a A assignment.
The validity of the isotropic absorption analysis has
been questioned® and the assignment for (4 );ge-[Co-
(phen);]3t has been proposed from the Pfeiffer phenom-
enon,” but the controversy still remains unresolved.

We intend to determine the absolute configuration
directly by X-ray analysis, to judge which of the two
methods predicts it correctly. Preliminary results of
this work have been reported.!® The absolute con-
figuration thus determined will furnish the basis of
the CD theory.

Experimental

The complex of (—)s59-[Co(bpy);](ClO,); was prepared
by the method reported,® potassium (4 );g-bistartrato-
antimonate(III) being used instead of sodium (4-)sge-tartrate.

The crystals of (—)sg9-[Co(bpy)s][Fe(CN)g] -8H,O were
grown by the diffusion method, as shown schematically
in Fig. 1. A small glass vessel (A) filled with a solution
of (—)se-[Co(bpy);](ClO,); was placed in the center of
a beaker (C). A bent glass pipe with a small opening (B)
was filled with a solution of K;[Fe(CN)g]. Distilled water
was poured very carefully down the wall of the beaker until
the level was about 1 mm above the opening of the pipe
and the vessel. To minimize thermal and photo-racemiza-
tion, the beaker was kept in the dark at 5 °C. After about
24 h, yellow prismatic crystals were grown on the wall of
the central vessel. Found: G, 49.22; H, 3.89; N, 19.289%,.
Caled for [Co(C;HsN,);][Fe(CN)g]-8H,O; C, 48.94; H,
4.56; N, 19.029.

Figure 2 shows the absorption and circular-dichroism
spectra in solution, which were recorded on a Simadzu
Model MPS-50 spectrometer and JASCO Model ORD/
UV-5 spectrometer with CD attachment. These spectra
exhibit essentially the same pattern as those of (—)sg-[Co-

Fig. 1. A schematic drawing of the diffusion method.
A small opening of the bent glass pipe is as high as
the central vessel.
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Fig. 2. The absorption (upper curve) and circular

dichroism spectra (lower curve) of the (—);qe-[Co-
(bpy);][Fe(CN)g] complex in aqueous solution.

(bpy)s](ClO,),.Y
The symmetry and approximate cell dimensions of the

crystal were determined from oscillation and Weissenberg
photographs. The more accurate cell dimensions were
obtained by least-squares analysis of 20 measured on a
Rigaku automated four-circle diffractometer. The density
was measured by the flotation method in a mixture of carbon
tetrachloride and hexane. The crystal data are summarized
in Table 1.

Intensity data up to 20=555° were collected on the dif-
fractometer with Mo Ko radiation (A=0.71069 A) mono-
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TABLE 1. CRYSTAL DATA

Formula
F. W.
Space group

[Co(CyeH;N,);5][Fe(CN),] -8H,O
883.6

P1

12.174(3)A
16.742(7)A
10.651(3)A
103.25(3)°
104.09(2)°
94.71(3)°

2027 (1) A3

2

1.46 g/cm?
1.4477(7) g/cm3
8.3 cm™!

B

SONSST =& o o8

M

x
2
(=]

g

chromated by a graphite. An w-260 scan was employed
with a scan rate of 4° (260) min~'. A total of 6348 in-
dependent reflections, (|F,|=30¢(|F,|)), was used for the
structure determination. The intensities were corrected
for Lorentz and polarization factors but absorption cor-
rection was not applied.

Structure Determination

The positions of the two cobalt and two iron atoms
were obtained from the three-dimensional Patterson
function. Since the arrangement of these four atoms
exhibits a non-crystallographic center of symmetry,
the two crystallographically independent complex ions
were approximately related to each other by the
pseudo inversion center on the first Fourier map.
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The positions of the atoms in four pyridine rings,
which are not related by the pseudo inversion, were
selected carefully on the successive Fourier maps.

The structure was refined by the block-diagonal
least-squares method. After several cycles of the re-
finement, sixteen oxygen atoms of the water molecules
appeared on a difference map. Further refinement
revealed that the eight of sixteen oxygen atoms had
the decreased occupancy factors.

The positions of the hydrogen atoms in the 2,2'-
bipyridine ligands were obtained from the difference
map and refined with the isotropic temperature factors.
The hydrogen atoms of water molecules could not
be found. The weighting scheme in the final re-
finement, w=0.2 if |F,|<13.8 or |F,|>138.1, w=
(0.000956F 2—0.157|F,| +7.58)~L if 13.8=F |=<138.1,
was employed. The final R value became 0.076
for 6348 observed reflections. At the final stage,
no peaks higher than 0.58 ¢ A-3 were found on the
difference map. Atomic scattering factors including
the anomalous terms for Mo K« radiation were
taken from the International Tables for X-Ray
Crystallography.ll)  Final positional parameters and
their standard deviations are given in Table 2. A
list of the anisotropic thermal parameters and a table
of the observed and calculated structure factors are
kept in the office of the Chemical Society of Japan
(Document No. 8104). The computation was done
on a FACOM-HITAC system M-160 computer at
this Institute.

Results and Discussion

Absolute Configuration. The intensities of fifteen

Fig. 3.

The crystal structure viewed along the a axis.

The hydrogen bonds are represented by dotted lines.
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TABLE 2. FRACTIONAL COORDINATES, WITH THEIR STANDARD DEVIATIONS, MULTIPLIED BY 10%
FOR THE NON-HYDROGEN ATOMS AND 103 FOR THE HYDROGEN ATOMS

Atom x > z B or B, ¥ Atom x > z B or By®
Co(1) 7626( 1) 7003( 1) 8280( 2)  25A2 C(E7)  2281(11)  978( 7) 38593(11)  36A2
N (A1) 8526( 7) 7771(5) 9925(9) 30 C (E8) 2819(13)  373(9) 3938(13) 53
C(A2)  8311(11) 7902( 8) 11143(12) 42 C(E9)  3814(14)  215(8) 3611(15) 60
C (A3) 9045(13) 8428( 9) 12250(13) 54 C(E10) 4268(12)  735(9) 2916(15) 55
C(A4) 10051(12) 8839( 8) 12147(13) 48 C(E11) 3665(10) 1347( 8) 2584(12) 39
C(A5) 10276(10) 8731( 8) 10947(12) 41 N(E12) 2680( 8) 1452( 5) 2876(9) 33
C(A6)  9509( 9) 8181( 7) 9833(11)  3I N(F1) 871( 8) 1450( 5)  739(9) 32
C (A7)  9667(9) 7977( 7) 8513(11) 30 C(F2) —35(10)  887( 7)  585(13) 42
C(A8) 10633(11) 8307( 8) 8200(14) 46 C(F3) —572(12) 349(9) —606(15 54
C(A9) 10717(12) 8049( 9) 6883(16) 57 C(F4) —183(14)  391( 9) —1666(15) 64
C(A10) 9806(12) 7490(10) 5963(14) 57 C (F5) 752(13)  953(10) —1566(15) 61
C(All) 8897(12) 7138( 8) 6302(12) 46 C (F6) 1276 (10)  1499( 7) —303(10) 32
N(A12) 8838(7) 7398(5) 7576(9) 29 C(F7)  2251(10) 2152(7) —1(12) 36
N (B1) 6427( 7) 6660( 5) 9014( 9) 35 C (F8) 2801(13) 2308( 9) —912(15) 56
C(B2) 6339( 9) 5993( 6) 9528(11) 33 C(F9) 3692(15)  2933(10) —519(15) 66
C(B3) 5476(11)  5875( 8) 10119(13) 50 C(F10) 4037(12) 3424(9)  754(15) 57
C(B4) 4646(12)  6384( 8) 10125(15) 49 C(F11) 3436(12) 3224( 8) 1659(13) 46
C(B5)  4707(12) 7060( 8) 9599(14) 45 N(F12) 2597( 8) 2594( 5) 1270( 9) 31
C (B6) 5598(10)  7183( 7) 9037(11) 32 Fe(1) 2500( 2) 7040( 1) 3367(2) 30
C(B7) 5776( 9) 7854( 7) 8463(12) 34 C(11) 830(10) 6667( 7) 2996(11) 34
C(BS) 5047 (12) 8433( 8) 8321(15) 65 C(12) 2271(10)  8147( 8) 4283(13) 40
C(B9) 5272(12) 9012( 9) 7643(14) 67 C (13) 2242(10)  7295( 7) 1641(11) 33
C(B10) 6263(11) 9057(10) 7213(15) 54 C(14) 2685( 9) 5934( 6) 2445(11) 30
C(B11) 6917(10) 8466( 8) 7378(12) 37 C (15) 2845(11)  6770( 8)  5070(13) 43
N(B12) 6726( 7) 7858( 5) 7963( 8) 31 C (16) 4095(10)  7486( 7) 3647(12) 39
N(Cl)  8454( 8) 6099( 6) 8522(10) 28 N (11) —104( 9) 6473( 7) 2762(12) 49
C(C2) 9378(10)  6115( 7)  9541(12) 30 N (12) 2171(11)  8775( 7) 4918(12) 54
C(C3) 0947(12) 5444( 8) 9592(14) 43 N (13) 2065(10)  7384( 8)  570(11) 53
C(C4)  9554(11) 4714(9) 8550(14) 49 N (14) 2810( 8) 5317( 6)  1834(10) 41
C (C5) 8613(11) 4671( 8) 7497(14) 49 N (15) 3019(12) 6618( 8) 6118(12) 65
C(C6)  8089(9) 5387(7) 7534(11) 32 N (16) 5002(10)  7754( 9) 3802(14) 71
c(c) 7122(10) 5450( 7) 6459(12) 32 Fe(2) 6727(2) 2104( 1) 7114(2) 35
C(C8)  6609(14) 4813(10) 5333(18) 51 C (21 5096 (11)  1758( 8) 6846(13) 43
C(C9) 5695(13)  4985(10)  4388(17) 53 C (22) 6571(10) 3188( 8) 8130(11) 39
C(C10) 5390(13) 5744( 8) 4555(15) 56 C (23) 6399(11) 2475( 7) 5479(12) 38
C(C11) 5920(10) 6354( 7) 5682(12) 40 C (24) 6859(10)  1058( 7) 6054(13) 36
N(C12) 6790( 7) 6211(6) 6581(9) 25 C (25) 7082(11)  1721(10)  8734(16) 60
Co(2) 1700( 1) 2261( 1) 2402( 2) 27 C (26) 8340(10) 2434( 7) 7413(12) 37
N (D1) 731( 7) 3089( 5) 2034(9) 30 N (21) 4168( 9) 1529( 7) 6754(12) 56
C(D2) —201(10) 2988( 8) 1035(12) 42 N (22) 6482(10) 3850( 7) 8727(11) 56
C(D3) —827(10) 3634( 8)  893(12) 43 N (23) 6240(13) 2672( 7) 4538(11) 66
C(D4) —451(10) 4405( 8) 1823(13) 40 N (24) 6931(10)  430( 6) 5359(13) 53
C (D5) 533(10)  4504( 7)  2862(12) 35 N (25) 7242(12)  1511(11) 9696(15) 89
C (D6) 1089( 9) 3839( 7) 2969(11) 32 N (26) 9321(10) 2626( 7) 7598(12) 55
C (D7) 2111( 9) 3863( 7) 4087(11) 32 o (1) 6759( 8) 4431( 6) 1603(10) 58
C (D8) 2601(11) 4557( 7) 5112(12) 40 02 2478( 8) 4696( 7) 8839(10) 62
C (DY) 3514(11)  4487( 7) 6090(12) 42 0 (3) 1879( 9) 6158( 7) 7976(10) 67
C(D10) 3940(10) 3719( 8) 6050(12) 42 04 7740( 9) 6012( 8) 3137(12) 81
C(DI1)  3414(10) 3061( 7) 4989(11) 37 O (5) 1239( 9) 3263( 7) 6770(11) 75
N(D12) 2504( 8) 3118( 6) 3957( 9) 36 O (6) 8353(10) 9083( 7)  5386(10) 71
N(E1) 821( 7) 1823( 6) 3394(10) 34 o) 2801(11)  161( 7) 7221(11) 80
C(E2) —154(11) 2085( 8) 3630(14) 47 O (8) 7199(10) 7602( 7) 3616(14) 87
C(E3) —830(13) 1705(10) 4386(16) 59 0(9) 7357(21)  3094(14) 2676(25) 83
C(E4) —380(12) 1073(10) 4871(15) 56 O (10) 6214(24) 9229(17) 2439(23) 103
C (E5) 630(13)  8I3(9) 4643(13) 51 O (11) 9536(29)  3961(19)  5027(29) 129

C(E6)  1227(10) 1201( 7) 3888(11) 37 0(12) 2833(24)  9980(15) 9727(21) 97
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TasrLE 2. Continued.
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TaBLE 3. RELATION OF |F| IN FRIEDEL PAIRS

Atom x » z B or By,
O(13) 3706(18)  8813(10) 665 (20) 59 Az
O (14) 7587(23)  9926(16) 902 (24) 93
O (15) 9971(24) 5518(18) 5664(28) 106
O (16) 5158(144)  883(87) 345(152) 106
H(A2) 756 ( 8) 752( 6) 1107(9) 25(22)
H(A3) 900(12) 833(9) 1280(14) 84 (10)
H(A4) 1078( 9) 914( 7)  1301(11) 43(28)
H (A5) 1121( 9) 890( 7)  1089(11) 52(28)
H(AS) 1139( 7) 885( 5) 902( 9) 17(20)
H(A9) 1144 (11) 828( 8) 670(13) 77(10)
H (A10) 984 (10) 730( 8) 508 (12) 66 (35)
H(All) 827 (11) 657( 8) 580(13) 78(10)
H(B2) 697( 9) 563( 6) 928(10) 22(25)
H(B3) 558( 9) 544( 6)  1049(11) 61(28)
H(B4) 406 (12) 633( 9) 1039(14) 75(10)
H(B5) 401( 9) 757( 6) 958 (10) 39(26)
H(BS) 427( 8) 833( 6) 891( 9) 82(22)
H(BY9) 487( 8) 953 ( 6) 774(10) 69(24)
H (B 10) 639(10) 943(7) 694 (12) 51(32)
H(BI11) 740 (10) 841( 8) 712(12) 11(36)
H(C2) 950( 8) 661( 6) 1035( 9) 34(22)
H(C3) 1062 (10) 545( 8)  1035(12) 52(35)
H(C4) 987(11) 430( 8) 845(13) 91(10)
H(C)5) 828( 9) 411( 7) 672(11) 35(29)
H(C8) 694(11) 428( 8) 522(13) 22(10)
H(C9) 553(11) 458 ( 8) 382(13) 25(36)
H (C10) 490( 9) 595( 7) 407 (11) 57(29)
H(C11) 549( 7) 688( 5) 583( 8) 67 (19)
H(D2) —48( 8) 247( 6) 49( 9) 23(23)
H(D3) —145( 7) 356( 5) 14(9) 16(20)
H (D4) —83(10) 477( 8) 180(13) 65(36)
H (D5) 79( 9) 505( 6) 348(10) 37(27)
H (D8) 235( 8) 509( 6) 509 (10) 31(25)
H(D9) 376(11) 500( 8) 650(13) 76 (10)
H (D10) 454(10) 368( 7) 653 (11) 43(29)
H(DI1I) 365(10) 245( 8) 512(12) 70(35)
H(E2) —49( 7) 268( 5) 318( 8) 89 (18)
H(E3) —168(12) 209( 9) 482 (14) 59(10)
H(E4) —85(10) 69( 7) 506(11) 50(31)
H(E5) 102(10) 37(7) 509(11) 48(32)
H(ES) 263( 9) 9( 7) 431(11) 57(29)
H(E9) 424(9) —15(7) 379(11) 53(29)
H (E 10) 487 (10) 71(7) 268 (12) 83(32)
H(E1I) 395(12) 179( 9) 218(14) 10(10)
H(F2) —37(10) 85( 7) 134(11) 58(32)
H(F3) —127(9) —3(7) —46(11) 49 (29)
H(F4) —57(11) 12( 8) —234(13) 78(10)
H(F5) 117 (11) 103( 8) —227(13) 80 (10)
H(F8) 235( 9) 206( 7) —194(10) 33(25)
H(F9) 412(11) 303( 8) —112(13) 76 (37)
H(F 10) 459( 9) 395( 7) 107 (11) 49(29)
H(F11) 355( 9) 357( 6) 274 (10) 38(26)

a) B, means the equivalent isotropic temperature factor,
defined by B.q=28n%(U;+U,+Uy)/3 where U,, U,, and
U, are the principal components of U matrix. All

the values of B and B, are multiplied by 10.

ho k1 |Fe(Rkl)| |Fe(hkl)|  |Fo(hRD)] | Fo(hkD)|
1 8 1 24.8 > 10.8 19.6 > 8.8
1 5 1 46.0 < 64.0 43.0 < 65.5
3 %3 1 49.6 > 26.0 59.4 > 30.6
3 3 1 22.0 > 10.8 24.3 > 9.8
1 4 1 54.0 < 73.6 51.5 < 75.1
05 2 34.0 > 23.2 28.0 > 17.2
4 1 2 23.6 > 15.2 23.7 > 15.5
2 1 2 20.0 < 46.8 40.0 < 64.1
05 2 22.8 > 14.0 25.8 > 16.8
712 3 21.2 > 11.2 16.2 > 9.9
113 68.0 > 49.2 58.3 > 43.3
i 4 3 21.2 > 12.8 22.3 > 14.7
2 7 4 25.2 > 15.6 19.2 > 9.1
1 4 5 20.0 < 30.0 19.2 < 30.5
1 4 7 12.0 < 20.0 9.1 < 17.0

Friedel pairs (hkl and Fkl), for which differences in
intensities were the largest, were measured on the
diffractometer using Ni-filtered Cu Ko radiation. The
observed and calculated structure factors are com-
pared in Table 3, the anomalous scattcring terms
being taken from the International Tables.!) All the
relations between |F,(kkl)| and |F,(kkl)| are con-
sistent with those between |F,(kkl)| and |F,(kkl)],
indicating that (—);4-[Co(bpy)s]®>t has the 4 con-
figuration.'?

The Structure of [Co(bpy)s|®+ and [Fe(CN)gl*~.
The crystal structure viewed along the a axis is shown
in Fig. 3, in which the numbering of the atoms is
also given. The two crystallographically independent
complexes are approximately related by a non-crystal-
lographic inversion center except for the four pyridine
rings including N(A12), N(B1), N(E1), and N(F12).
The structures of the two crystallographically in-
dependent complexes are not significantly different.
Both of the [Co(bpy);]?t and [Fe(CN)¢]3~ ions, which
are shown in Fig. 4(a) and (b), have approximate
point-group symmetry Dj.

Bond distances and angles in the coordination sphere
of [Co(bpy)s]3t are given in Table 4. The average
Co-N distance and N-Co-N angle are 1.93 A and
83.3°, respectively. These value are in good agree-
ment with those found in [Co(bpy)s(NO,) 3+ (1.929
A and 83.27°, respectively),’® and distinct from those
in [Co(en);]** (en: ethylenediamine), (1.978%0.004
A and 85.4%0.3°, respectively).1d

For the [Co(en),]3* and other trisbidentate com-
plexes with five-membered rings, the following em-
pirical rule has been proposed; those complexes which
show prominent positive circular dichroism in the
first absorption region possess 4 absolute configura-
tion.1®) The absolute configuration of the present
(—)ss9-[Clo(bpy)s]3* complex conflicts with the em-
pirical rule because the prominent positive circular
dichroism is found at 22103 cm~1 as shown in Fig.
2. The octahedron around the cobalt atom in the
[Co(bpy)s]®* is compared with that of [Co(en)z]3+ 19
in Fig. 5, in which the characteristic values are given,
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N(A1)-N(C1) triangle N

|

(2231 Co 57.8

-I. [55.41

N(A12)-N(CI2) triangle

Fig. 5. Comparison of the octahedrons in [Co(bpy);]*+

Fig. 4. The molecular structures of [Co(bpy),;]*+, (a),
and [Fe(CN)g]%~, (b), viewed along the pseudo three-

fold axis.

These structures are not significantly dif-

ferent from those of the other crystallographically
independent ions.

and [Co(en);]3* (in brackets). (a) Projection down
and (b) normal to the pseudo three-fold axis. The
values are taken from the present complex including
Co(l) and [Co(en);]*+ in [Co(en);]3*+-CH,O4% -
Cl--5H,0.1»

TaBLE 4. Bonp pisTances(//A) AND ANGLES(¢/°) IN THE GOORDINATION SPHERE OF [Co(bpy);]3+

Co(1)-N (A1)
Co(1)-N (A 12)
Co(1)-N (B1)
Co(1)-N (B 12)
Co(1)-N(C1)
Co(1)-N (C12)

N (A1)-Co(1)-N (A12)
N (A1)-Co(1)-N (B1)
N (A1)-Co(1)-N (B 12)
N (A1)-Co(1)-N (C1)
N (A1)-Co(1)-N (C12)
N (A12)-Co(1)-N (B 1)
N (A12)-Co(1)-N (B 12)
N (A12)-Co(1)-N (C1)
N (A12)-Co(1)-N (C12)
N (B 1)-Co(1)-N (B 12)
N (B1)-Co(1)-N(C1)
N (B 1)-Co(1)-N (C12)
N (B 12)-Co(1)-N (C 1)
N (B 12)-Co(1)-N (C12)
N (C1)-Co(1)-N (C12)

1.93(1)
1.95(1)
1.92(1)
1.96(1)
1.92(1)
1.91(1)

82.
95.
176.
95.
88.
86.
94.
177.
94.
83.
95.
176.
87.
93.
83.

9(4)
1(4)
9(4)
4(4)
2(4)
7(4)
5(4)
6(4)
8(4)
1(4)
1(4)
6(1)
3(4)
8(4)
5(4)

Distances

Angles

Co(2)-N(D1) 1.94(1)
Co(2)-N (D12) 1.91(1)
Co(2)-N(E1) 1.89(1)
Co(2)-N(E12) 1.95(1)
Co(2)-N(F 1) 1.95(1)
Co(2)-N (F 12) 1.95(1)
N (D1)-Co(2)-N (D12) 84.1(4)
N(D1)-Co(2)-N (E1) 94.9(4)
N (D1)-Co (2)-N (E 12) 176.9(4)
N (D1)-Co(2)-N (F1) 92.7(4)
N (D1)-Co(2)-N (F 12) 88.8(4)
N (D12)-Co(2)-N (E 1) 90.9(4)
N (D 12)-Co(2)-N (E 12) 93.5(4)
N (D12)-Co(2)-N (F 1) 175.7 (4)
N (D12)-Co(2)-N (F 12) 94.2(4)
N (E1)-Co(2)-N (E12) 83.1(4)
N (E1)-Co(2)-N (F 1) 92.3(4)
N (E1)-Co(2)-N (F 12) 174.0(4)
N (E12)-Co(2)-N (F 1) 93.3(4)
N (E12)-Co (2)-N (F 12) 93.3(4)
N (F1)-Co(2)-N (F 12) 82.9(4)
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These values are not so different between the two
octahedrons. It seems difficult to ascribe the op-
posite sign of the circular dichroism to the slight dif-
ference in geometries of the two octahedrons. A more
rigorous study is necessary to explain the circular
dichroism of the (d, d*) transition.

Bond distances and angles in the bipyridine ligands
are listed in Table 5. The average values are given
in the final column. There is no significant difference
between the corresponding values in the present com-
plex and in other related complexes, such as [Fe-
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(bpy)s]*+,1»  [Clo(bpy),(NOR) [+, [Ni(bpy),]**,1419
[Ni(bpy) (H,0),]2+,29 and [Cu(bpy);]?*+.21) The aver-
age distances of C-N, C-C, and C-C (connecting
two pyridine rings) in these complexes are 1.35, 1.40,
and 1.48 A, respectively.

The geometries of the five-membered rings in the
[Co(bpy)s]®*, [Fe(bpy)s]®*, and [Ni(bpy)s]** com-
plexes are compared in Table 6. The complex of
[Cu(bpy)s]** is omitted because Jahn-Teller effect dis-
torts its octahedron. The N-M-N angle decreases
with the increase of the M-N length. It is noteworthy

TaeLE 5. Bonp pisTances(//A) AND ANGLES(¢/°) IN THE 2,2’-BIPYRIDINE LIGANDS

Atom?® bpy A bpy B bpy C bpy D bpy E bpy F Average
Distances
N (#1)-C (82) 1.36(2) 1.35(2) 1.36(2) 1.32(2) 1.36(2) 1.34(2) 1.35(2)
N (81)-C (6) 1.37(2) 1.35(2) 1.39(2) 1.37(2) 1.35(2) 1.34(2) 1.36(2)
C (32)-C (£3) 1.36(2) 1.37(2) 1.37(2) 1.39(2) 1.48(2) 1.35(2) 1.39(2)
C(33)-C (34) 1.40(2) 1.41(2) 1.38(2) 1.40(2) 1.38(2) 1.34(2) 1.39(2)
C (34)-C (£5) 1.35(2) 1.38(2) 1.38(2) 1.39(2) 1.40(2) 1.38(2) 1.38(2)
C ($5)-C (¢6) 1.39(2) 1.40(2) 1.38(2) 1.36(2) 1.43(2) 1.40(2) 1.39(2)
C (£6)-C (¢7) 1.43(2) 1.46(2) 1.42(2) 1.49(2) 1.45(2) 1.47(2) 1.45(2)
C (£7)-C (#8) 1.40(2) 1.38(2) 1.38(2) 1.37(2) 1.32(2) 1.37(2) 1.37(2)
C (37)-N (£12) 1.36(2) 1.36(2) 1.39(2) 1.36(2) 1.36(2) 1.33(2) 1.36(2)
C (#8)-C (89 1.40(2) 1.40(2) 1.38(3) 1.36(2) 1.37(2) 1.36(2) 1.38(2)
C (§9)-C (410) 1.40(2) 1.34(2) 1.39(2) 1.42(2) 1.42(2) 1.36(2) 1.39(2)
C (£#10)-C (#11) 1.37(2) 1.36(2) 1.34(2) 1.37(2) 1.37(2) 1.42(2) 1.37(2)
C (311)-N (£12) 1.35(2) 1.32(2) 1.34(2) 1.38(2) 1.33(2) 1.32(2) 1.34(2)
Angles
Co(n)~-N (#1)-C (42) 127 (1) 127 (1) 127 (1) 127 (1) 125(1) 126 (1) 127(1)
Co(n)-N ($1)-C (£6) 115(1) 116(1) 114(1) 113(1) 115(1) 114 (1) 115(1)
C ($2)-N ($1)-C (£6) 118(1) 118(1) 119(1) 120(1) 120 (1) 120(1) 119(1)
N (31)-C ($2)-C (#3) 122(1) 122(1) 120(1) 121(1) 123 (1) 122(1) 122(1)
C ($2)-C (#3)-C (#4) 120(1) 119(1) 122(1) 119(1) 115(1) 118(1) 119(1)
C (83)-C (44)-C (85) 120(1) 121 (1) 120(1) 119(1) 122(2) 122(2) 121(1)
C (#4)-C (5)-C (46) 119(1) 116(1) 118(1) 119(1) 120(1) 117(1) 118(1)
N (#1)-C (6)-C (£5) 122(1) 124(1) 122(1) 121(1) 120 (1) 120(1) 122(1)
N (#1)-C (§6)-C (87) 114(1) 113(1) 114(1) 115(1) 115(1) 115(1) 114(1)
C (#5)-C (#6)-C (#7) 125(1) 123 (1) 124(1) 123 (1) 125(1) 126(1) 124(1)
C (46)-C (£7)-C (48) 123 (1) 124 (1) 124 (1) 124 (1) 126 (1) 125(1) 124 (1)
G (46)-C ($7)-N (412) 115(1) 115(1) 114(1) 112(1) 113(1) 115(1) 114(1)
C (48)-C (47)-N (#12) 121 (1) 120(1) 121(1) 125(1) 121 (1) 121(1) 122 (1)
C (§7)-C (£8)-C (£9) 119(1) 117 (1) 118(1) 118(1) 121 (1) 119(1) 119(1)
C (#8)-C (£9)-C (¢10) 117 (1) 121 (1) 121(1) 121(1) 118(1) 122(1) 120(1)
C (#9)-C ($10)-C (%11) 124 (1) 120(1) 116(1) 118(1) 118(1) 116(1) 119(1)
C (£10)-C (£11)-N (#12) 118(1) 120(1) 126 (1) 123 (1) 122 (1) 121(1) 122 (1)
Co(n)-N ($12)-C (¢7) 113(1) 113(1) 114(1) 116(1) 114(1) 114(1) 114(1)
Co(n)-N ($12)-C (¢11) 125(1) 125(1) 129(1) 128(1) 126 (1) 125(1) 126 (1)
C (§7)-N (#12)-C (411) 121(1) 122(1) 117 (1) 116(1) 120(1) 121 (1) 120(1)
a) “4” is A, B, G, D, E, or F and “n” is 1 or 2.
TapLE 6. DisTANcEs (J/A) AND ANGLES (¢/°) IN THE FIVE-MEMBERED RINGS
OF TRIS 2,2’-BIPYRIDINE COMPLEXES
M-N2» N-C C-C N-M-N» M-N-G» N-C-C

[Co(bpy)s]3t 1.932 1.36 1.45 83.2 115 114

[Fe(bpy),]3+ 1.963 1.36 1.47 82.3 115 114

[Ni(bpy),]**+ 2.089 1.35 1.48 78.6 115 116

a) M means Co, Fe, and Ni atoms.
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that the M-N-C angles take a constant value. This
indicates that the bipyridine ligand has not a planar
conformation; otherwise the M-N-C angle should in-
crease with the increase of the M-N distance. The
two rings of each bipyridine ligand in [Ni(bpy),]*+
are twisted along the connecting C-C bond. The
twist angles are reported as 5.8—10.9°.1%) On the
other hand, the bipyridine ligands of [Co(bpy)s]3*
have more planar conformations. Two rings of the
bipyridine ligand in [Co(bpy);]3*t are not twisted but
slightly bent at the connecting C-C bond. The an-
gles between the normals to the pyridine rings in
the six bipyridine ligands are 2.3° to 4.7°. For the
[Fe(bpy)s]®t complex, those angles have intermediate
values between those in [Ni(bpy);]2* and [Co(bpy),]3*.

Bond distances and angles in [Fe(CN)4]3~ are given
in Table 7. The average Fe-C and C-N distances,
1.94 A and 1.14 A, are in good agreement with those
in other hexacyanoferrate(11I) crystals.22-26)  Although
the deviation of each Fe-C bond length from the
average value is slightly large, similar distorted octa-
hedrons, characterized by widely varying M-C
bond lengths, have been observed in other hexacyano-
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metalate(III) complexes.??

Hydrogen Bond. The hydrogen bonding scheme
is shown in Fig. 3. All the N atoms of [Fe(CN),]*~
and the water molecules participate in the hydrogen
bonds to form a three-dimensional network through
the O-H:N and O-H:--O hydrogen bonds. The
distances of O--*N and O---O and angles of O---O--:N
and O--O--O are given in Table 8. The [Co-
(bpy)3]3* cations are packed in the network with the
van der Waals contacts.

The occupancy factors of O(9), O(10), O(11),
0(12), O(13), O(14), O(15), and O(16) showed the
decreased values from 0.5 to 0.2. The water mole-
cules may be partly lost from the crystal during the
data collection, as judged by the fragility of the crystal
after the experiment.

Four water molecules, O(2), O(3), O(5), and O(15),
are approximately related to O(1), O(9), O(4), and
O(11), respectively, by the pseudo inversion center.
The other water molecules occupy the positions near
the bipyridine ligands which are not related by the
pseudo inversion. Preliminary experiments showed
that the racemic crystal of this complex has the space

TasLE 7. Bonp pistances (J/A) AND ANGLEs (4/°) IN [Fe(CN)gJ3-
Distances
Fe(1)-C (11) 1.99(1) Fe(2)-C (21) 1.95(1)
Fe(1)-C (12) 1.96(1) Fe(2)-C (22) 1.94(1)
Fe (1)-C (13) 1.94(1) Fe(2)-C (23) 1.94(1)
Fe(1)-C (14) 1.95(1) Fe(2)-C (24) 1.90(1)
Fe(1)-C (15) 1.93(1) Fe (2)-C (25) 1.94(2)
Fe(1)-C (16) 1.95(1) Fe(2)-C (26) 1.94(1)
C (11)-N (11) 1.11(2) C (21)-N (21) 1.14(2)
C (12)-N (12) 1.15(2) G (22)-N (22) 1.17(2)
C (13)-N (13) 1.16(2) C (23)-N (23) 1.11(2)
C (14)-N (14) 1.13(2) C (24)-N (24) 1.16(2)
G (15)-N (15) 1.15(2) C (25)-N (25) 1.14(3)
C (16)-N (16) 1.12(2) C (26)-N (26) 1.17(2)
Angles
C (11)-Fe(1)-C (12) 88.8(5) C (21)-Fe(2)-C (22) 88.8(6)
C (11)-Fe(1)-C (13) 90.2(5) C (21)-Fe (2)-C (23) 90.7 (6)
C (11)-Fe(1)-C (14) 89.8(5) C (21)-Fe(2)-C (24) 90.9(6)
C (11)-Fe(1)-C (15) 92.7(5) C (21)-Fe(2)-C (25) 90.2(7)
C (11)-Fe(1)-C (16) 174.7 (5) C (21)-Fe(2)-C (26) 178.7 (6)
G (12)-Fe(1)-C (13) 93.4(5) C (22)-Fe (2)-C (23) 90.3(6)
C (12)-Fe(1)-C (14) 178.5(5) C (22)-Fe(2)-C (24) 177.6(6)
C (12)-Fe(1)-C (15) 88.6(6) C (22)-Fe (2)-C (25) 90.7(7)
C (12)-Fe(1)-C (16) 88.2(6) C (22)-Fe (2)-C (26) 91.3(6)
C (13)-Fe(1)-GC (14) 86.5(5) C (23)-Fe(2)-C (24) 87.4(6)
C (13)-Fe(1)-C (15) 176.5(6) C (23)-Fe (2)-C (25) 178.7(7)
C (13)-Fe(1)-C (16) 85.6(5) C (23)-Fe(2)-C (26) 90.6(6)
C (14)-Fe(1)-C (15) 91.6(6) C (24)-Fe(2)-C (25) 91.7(7)
C (14)-Fe(1)-C (16) 93.2(5) C (24)-Fe(2)-C (26) 89.0(6)
C (15)-Fe(1)-C (16) 91.6(6) C (25)-Fe (2)-C (26) 88.5(6)
Fe(1)-C (11)-N (11) 178(1) Fe(2)-C (21)-N (21) 175(1)
Fe(1)-C (12)-N (12) 174(1) Fe(2)-C (22)-N (22) 179(1)
Fe(1)-C (13)-N (13) 175(1) Fe(2)-C (23)-N (23) 178(1)
Fe(1)-G (14)-N (14) 174 (1) Fe(2)-C (24)-N (24) 177 (1)
Fe(1)-C (15)-N (15) 177(1) Fe(2)-C (25)-N (25) 178(2)
Fe(l)-N (16)-N (16) 179(1) Fe (2)-C (26)-N (26) 179(1)
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Tasre 8. Distances (J/A) AND ANGLES (¢/°) OF HYDROGEN BONDS

Distances
O (1)-N (22) 2.92(2) O (6)-0 (8) 2.77(2)
O(1)-0O (4) 2.77(2) O (7)-N (12) 2.86(2)
O (1H)-0(9) 2.81(3) O (7)-N (21) 2.93(2)
O (2)-N (14) 3.03(2) O (7)-0(12) 2.75(3)
0 (2)-0 (3) 2.89(2) O (8)-N (16) 2.76(2)
0O (2)-0 (5) 2.87(2) O (9)-N (23) 2.84(3)
O (3)-N (13) 2.99(2) 0 (9)-0(11) 3.14(4)
O (3)-N (15) 2.88(2) O (10)-0(13) 3.10(4)
0O (3)-0 (15) 2.86(3) O (10)-0 (14) 2.95(4)
O (4)-N (11) 2.82(2) O (11)-0O (15) 2.52(5)
0 4)-0(8) 2.76(2) 0O (12)-0(13) 2.58(4)
O (5)-N (26) 2.90(2) 0O (12)-0O (16) 2.94(18)
O (5)-0 (11) 2.94(4) O (13)-N (13) 2.95(3)
O (6)-N (24) 2.95(2) O (16)-N (25) 2.96(18)
Angles

O #)-0(1)-0(9) 117.7(7) N (12)-O (7)-N (21) 110.9(6)
O 4)-0(1)-N(22) 124.5(5) N (12)-0O(7)-0(12) 121.6(8)
O (9)-0(1)-N(22) 105.9(7) N (21)-0(7)-0(12) 123.5(8)
0 (3)-0(2)-0(5) 108.2(5) N (16)-O (8)-0O (4) 116.2(7)
0O (3)-0 (2)-N (14) 100.6(5) N (16)-0O (8)-0O (6) 99.8(6)
O (5)-0 (2)-N (14) 135.9(5) 0 (4)-0(8)-0 (6) 132.4(7)
N (13)-0O (3)-N (15) 119.3(5) N (23)-0(9)-0O (1) 119.1(10)
N (13)-0 (3)-0(2) 102.1(5) N (23)-0O (9)-O(11) 127.3(9)
0O (13)-0(3)-0O (15) 130.8(8) O (1)-0(9)-0 (11) 100.9(9)
N (15)-0 (3)-0 (2) 116.3(5) O (13)-0 (10)-O (14) 106.7 (10)
N (15)-0 (3)-0O (15) 84.8(7) O (5)-0 (11)-0 (15) 110.6(14)
0(2)-0(3)-0(15) 103.5(7) O (7)-0(12)-0(13) 123.3(13)
N (11)-O 4)-0O (1) 111.8(6) O (7)-0 (12)-0O (16) 81.1(35)
N (11)-O (4)-O (8) 94.8(6) O (13)-0 (12)-O (16) 89.1(35)
Oo(1H-04)-0(8) 139.3(6) N (13)-0(13)-0O(12) 116.1(11)
N (26)-0 (5)-0 (2) 107.9(5) O (3)-0O (15)-0(11) 113.0(14)
N (26)-0O (5)-0O (11) 85.3(8) N (25)-O (16)-O (12) 155.1(66)
0(2)-0 (5)-0(11) 103.2(8) O (3)-N(13)-0O(13) 105.4(6)
N (24)-0 (6)-0O (8) 111.8(6)

group P1 and similar unit-cell dimensions to the present
crystal; a=12.374, b=16.305, ¢=10.540 A, «=102.76,
p=103.84, y=95.48°. These results indicate the two
crystals to be isostructural except for the four pyridine
rings and eight water molecules.
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