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The crystal structure and molecular geometry of bis[hydrotris(1-pyrazolyl)boratojcobalt(II), [HB(CsNyH;);].Coll, have

been elucidated by single-crystal X-ray diffraction studies.

The complex crystallizes in the centrosymmetric monoclinic

space group P21/c (Cuf; no. 14) with ¢ = 9.754 = 0.006 A, b = 17.650 + 0.012 A, ¢ = 15460 + 0.010 A, 8 = 121.60 =

0.05°, Z = 4, pobsa = 1.40 &= 0.05 g cm~?, and peated = 1.421 g cm 3,

Data to sin § = 0.42 (Mo K« radiation) were col-

lected with a 0.01°-incrementing Buerger automated diffractometer, and the structure was solved by a combination of Patter-

son, Fourier, and least-squares refinement techniques.
nonzero reflections.
normal van der Waals distances.

The final discrepancy index is Ry = 7.289, for 2340 independent
The crystal is composed of discrete molecular units of [HB(C3N,yH;)s]2Col! which are separated by
The two hydrotris(1-pyrazolyl)borato ligands adopt a mutually staggered configuration.

The central cobalt(II) jon is in trigonally distorted octahedral coordination to six nitrogen atoms, the molecule having ap-

proximate (although not precise) Dsq symmetry.

Cobalt-nitrogen distances range from 2.120 (7) to 2.140 (7) A, averaging

2,129 A. Mean distances within the hydrotris(1-pyrazolyl)borato ligand are B-N = 1.544 (21), N-N = 1.364 (3), N-C =

1.335 (15), and C-C = 1.386 (24) A.

Introduction

Trofimenko and coworkers?—*! have reported the
preparation and characterization of a wide variety
of transition metal complexes containing poly(l-pyr-
azolyl)borato, R,B(pz)s_,™, ligands [where R = H,
alkyl, or aryl; pz = pyrazolyl (C;N.Hs) or substituted
pyrazolyl; 0 < #n < 2]. The uninegative anions with
#n = 2 are bidentate, while those with » = 0 or 1 typ-
ically behave as tridentate ligands. The tridentate
ligands (of which the parent species is the hydrotris(1-
pyrazolyl)borato ion, HB(C;N;H;);~) are remarkable
in forming a series of complexes analogous to w-cyclo-
pentadienyl or 1,2-dicarbollide species.

We now present the results of the first detailed single-
crystal X-ray diffraction study of a poly(l-pyrazolyl)-
borato complex—nbis[hydrotris(1-pyrazolyl)borato |-
cobalt(1I), [HB(C;N.H;);]:Coll.1213  Detailed nu-
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clear magnetic resonance, electron paramagnetic reso-
nance, and optical data on this species have previously
been reported.!®=15 Our present study confirms the
trigonally distorted octahedral coordination of the co-
balt(Il) ion and provides precise intramolecular dis-
stances and angles which may be used as a basis for
more refined calculations on this molecule (e.g., on the
dipolar contribution to the isotropic nuclear resonance
shift—cf. ref 13).

Unit Cell and Space Group

Optical examination and the observed reciprocal
lattice symmetry of Co, (2/m) indicated that the crys-
tals belonged to the monoclinic system. A survey of
k0L, k1l kO, kk1 Weissenberg photographs (taken with
Cu Ka radiation; X 1.5418 A) and of 0k/, 1k, hkO, hkl,
k0! precession photographs (Mo Ke radiation; X 0.7107
A) revealed the systematic absences 20/ for / = 2n + 1
and 0k0 for & = 2n 4 1, compatible only with space
group P2;/c (Can?; no. 14).1°

Unit cell parameters, calculated from calibrated
(awact = 5.640 A) zero-level precession photographs
taken with Mo Ka radiation at room temperature
(23 = 2°) area = 9.754 = 0.006 &, b = 17.650 =
0.012 A, ¢ = 15.460 = 0.010 A, and 8 = 121.60 =

(14) J. P. Jesson, ibid., 48, 1049 (1966).

(15) J. P. Jesson, ibid., 47, 579 (1967).

(16) ‘‘International Tables for X-Ray Crystallography,” Vol. 1, 2nd ed
The Kynoch Press, Birmingham, England, 1985, p 99.
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TasLe 1
OBSERVED AND CALCULATED STRUCTURE FACTOR AMPLITUDES (IN ELECTRONS X 10.00) For [HB(CyNyHy)s],Coll «
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0.05°. [Errors given are the “maximum
errors’’ based on the inaccuracies involved in
(on precession photographs) the positions of diffraction
rows from the crystal under investigation and from our
standard sodium chloride crystal. ]

The unit cell volume is 2267 A%, The observed den-
sity (pobea = 1.40 = 0.05 g em 3, by flotation in aque-
ous zinc iodine solution) is comnsistent with that cal-
culated for mol wt 484.96 and Z = 4 (peatea = 1.421 g
cm~9),
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Collection and Reduction of X-Ray Diffraction Data

The complex crystallizes as large bright yellow paral-
lelepipeds with well-developed (100) faces. Two crys-
tals were used in the course of the analysis. Crystal I
was approximately spherical (r 0.08 mm =+ 109%)
and was mounted along its unique (b) axis; crystal 11, of
dimensions 0.20 X 0.28 X 0.31 mm (referred to a, b, ¢,
respectively) was mounted on its ¢ axis.

Intensity data (Mo Ke radiation, X 0.7107 A) were
collected on a 0.01°-incrementing Supper-Pace Buerger
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TaBLE I (Continued)
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“0 9 ite 172 =2 14 221 198 - 08 216 =T & 28 =3 & 3 N s 135 120 -4 38 131 17 129 143 w3 1 376 388 -6 5 Hs6 i78 -6 | 139 228
=T 9 1es 115 -l 14 145 182 - 98 403 -3 3 11 . -4 121 9 16 . -3 90 416 =9 8 230 200 w2 1 322 113 -5 9 233 141 -4 1 193 20¢
=3 9 110 93 0 1s 203 212 96 286 -1 & 1y -3 4 423 9 4e2 121 -1 T o131 -8 8 3lc 248 1128 116 -6 9 L 77
~% 3 118 143 1 3% 21 2 41 360 0§ 36 L -3 257 9 152 46 1 220 -6 4 3E 333 5 2 (48 139 -3 ¢ 168 1sC
~L 9 134 293 =6 08 |47 187 37 222 L 8 2 4 e e 178 132 4 98 114 o & 170 161 <6 3 113 33 0 5 216 227
9 33 a3 -5 15 13 13 -l 44 115 2 6 1M [ . 9 248 233 10 60 240 1 8 140 122 -2 2 166 tez -7 10 176 1N
9 256 266 =4 15 153 140 <9 4 14 128 3 & 19 3 . 3 10173 133 .7 90 179 -8 ¢ 236 199 i 2 126 26 <& ic 249 247
0 23 246 =3 15 183 17 -3 4 195 28 -9 9 23 ¢ - s 1 10145 @ -3 31 440 -7 9 283 251 -0 3 125 3 -4 AL 270 274
-18 15 26l 238 -1 18 X0 273 -6 4 17 45 =0 9 22 1 -1 3 1 1D 301 281 -4 32 299 -6 9 118 121 ~T 3 144 78«3 1 191 180
“% 10 195 163 0 15 154 139 -5 4 234 226 =4 4 14T 146 -6 D 54 M0 -7 3 L 10 222 192 -3 187 197 5 9 189 115 ~8 3 132 tle -& 1l 125 18

¢ Table shows k, &, 10\ Fo|, 10| Fo| in blocks of constant L.

automated diffractometer, using a ‘‘stationary-back-
ground, w-scan, stationary-background” counting se-
quence.

Experimental details specific to the present analysis
include the following. (i) The X-ray generator was
operated at 45 kV/17 mA. (ii) The scan angle, o,
was chosen as w = [2.0 4 (0.8/L)]°, where L~ is the
Lorentz factor. (iii) The scan speed was 2°/min.
(iv) Initial and final backgrounds, Bi(kk!l) and By(hkl),
were each counted for omne-fourth the time taken
for the appropriate w scan, (v) I(kkl), the intensity
of the reflection hkl, was calculated as: I(hkl) =
C(hkl)y — 2[Bi(hkl) + DBy(hkl)] (where C(hkRI) is the
count associated with the w scan).

All other experimental details and precautions were
as described previously. '

Using equiinclination Weissenberg geometry, a total
of 3075 reflections (sift fmax = 0.38) in the quadrants
kKl and kKl (K = 0-18) were collected from crystal I;
4126 reflections (sil fuax = 0.42) in the quadrants kL
and hkL (L = 0-14) were collected from crystal II.

Data for which I(hkl) < 3[C(hkl) + 4By(hkl) +
4By(hkl)]"”* were rejected as being not significantly
different from background at the 3¢ level. Data with
highly asymmetric backgrounds, i.e., [Bi(hkl)/Bs(hkl)]
or [By(hkl)/Bi(hkl)] > 3, were similarly rejected
from the subsequent analysis.

All data were corrected for Lorentz and polarization
effects. Data from crystal II were corrected for ab-
sorption using a locally modified version of Burnham’s
GNABS (with u = 823 cm™! transmission factors
ranged from 0.799 to 0.857); data from the nearly
spherical crystal I were not corrected for absorption,
but systematic errors due to this omission will be less
than 3% in F2

Symmetry-equivalent reflections within a zone were
averaged and all data were merged to a common scale
by a least-squares procedure.’® The resulting 2340
independent nonzero reflections were used to calculate a
Wilson plot,!® from which were obtained an approxi-
mate absolute scale factor and an initial overall iso-
tropic thermal parameter.

(17) M. R. Churchill and J. P. Fennessey, I'norg. Chem., T, 1123 (1968).
(18) A. D. Rae, Acta Crystaliogr., 18, 683 (1965).
(19) A.J.C.Wilson, Nature, 160, 152 (1942).

Solution and Refinement of the Structure

All crystallographic calculations were, unless other-
wise stated, carried out under the cRYRM system® using
the Harvard University IBM 7094 computers. Scat-
tering factors for neutral nitrogen, carbon, boron, and
hydrogen were taken from the compilation of Ibers.?!
The Thomas-Fermi-Dirac values for neutral cobalt?*
were corrected to allow for dispersion (Af'(Co) =
+0.4e-, Af'"(Co) = 4 1l.1e7).2'* The function min-
imized during least-squares refinement processes was
2)'w(|Fo‘2 - ‘FCP)Z where the weighting scheme is that of
Hughes,?? with 4|Fo|min = 20 e~. Discrepancy indices
referred to are Ry = 3||F.,| — |F[|/Z|F,| and Ryp =
Tw(|Fol? — |F|n2/2w|Folt.

The phase problem was solved by means of a three-
dimensional Patterson synthesis which showed a series
of peaks consistent with a cobalt atom at x = 0.810,
y = 0.151, 2 = 0.162. A three-dimensional difference
Fourier synthesis, phased only by the cobalt atom
(Rz = 0.47), revealed the positions of all nonhydrogen
atoms. Three cycles of full-matrix refinement of posi-
tional parameters and individual isotropic thermal
parameters for the 33 nonhydrogen atoms led to con-
vergence at Ry = 11.56% and R,z = 11.12%. A
second three-dimensional difference Fourier synthesis
now showed evidence of anisotropic motion for many
atoms and also indicated the location of each of the 20
hydrogen atoms in the molecule, individual peak heights
ranging from 0.46 to 1.06 e~ A~%, as compared with
peak heights of ca. 4 e~ A-3 for carbon atoms on an
“‘observed’’ Fourier synthesis.

Hydrogen atoms were now included in calculated
positions,?® each being assigned an isotropic thermal
parameter of 1.8 A2, which was not varied. A structure
factor calculation, phased now by all 53 atoms, had dis-
crepancy indices of Rz = 10.80% and R, = 10.529.

(20) crYRM is an integrated sequence of crystallographic routines for the
IBM 7094, compiled under the direction of Professor R. E. Marsh at the
California Institute of Technology.

(21) “International Tables for X-Ray Crystallography,” Vol. III, The
Kynoch Press, Birmingham, England, 1862: (a) p 202; (b) p 211; (c) p 216.

(22) E.W. Hughes, J. Amer. Chem. Soc., 68, 1737 (1941).

(23) With ¢(C~H) = 1.080 A and the appropriate sp? geometry about the
carbon atom and with d(B~H) = 1.100 A and sp? geometry about the boron
atom. It should be noted that all calculated positions are close (z.e., within

ca. 0.2 A) to the centers of the peaks observed on the 11.56% difference
Fourier synthesis.
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TaBLE IT

FINAL PosITIONAL PARAMETERS FOR
[HB(C;N:Hj;);].Coll @ ®

Atom
Co
B(1)
B(2)
N(la)
N(2a)
N(1b)
N(2b)
N(le)
N(2¢)
N(1d)
N(&2d)
N(le)
N(2e)
N(1f)
N(2f)
C(3a)
C(4a)
C(5a)
C(3h)
C(4h)
C(5b)
C(3c)
C(4c)
C(5c)
C(3d)
C(4d)
C(5d)
C(3e)
C(4e)
C(5e)
C(3M)
C4f)
C(5f)
H(1)
H(2)
H(3a)
H{4a)
H(5a)
H(3b)
H(4b)
H(5b)
H(3c)
H(4c)
H(5¢)
H(3d)
H(4d)
H(5d)
H(3e)
H(4e)
H(5e)
H(3f)
H(4f)
H (5f)
@ Estimated

her.

Refinement of nonhydrogen atoms was now continued
using anisotropic thermal parameters.
limitation in storage space in the IBM 7094 computer,
submatrices.
Matrix 1 contained the overall scale factor along with
parameters for the cobalt atom and atoms of pyrazolyl
ring a; matrix 2 included parameters for B(1) and the
atoms of pyrazolyl rings b and c; matrix 3 contained

parameters

HHH OO0 P OO0 000 00 HH,HOOOCCOCSCHHFRF,OOOOODOHF,OODOCOOOOOOoOCOoOooO

X

.80718 (13) 0
7365 (13) 0
.8859 (14) —0.
L6067 (8) 0
L6162 (8) 0.
.7336 (10) 0.
L7617 (8) 0.
.9025 (8) 0.
L9573 (8) 0
_8814 (8) -0,
8448 (9) 0
L7226 (8) 0
8651 (9) 0
.0206 (9) 0
.0088 (8) 0
.4973 (12) 0
.4063 (12) 0
.4830 (11) 0
7388 (12) 0
6926 (13) 0
6915 (11) 0
.1000 (11) 0
1373 (11) 0
L0111 (12) 0
.8508 (13) 0
.8929 (14) -0
.9101 (12) -0
L5218 (11) 0
.4823 (13) 0
.6108 (13) 0
L1450 (11) 0
.2487 (12) 0
L1625 (12) 0
.7101 0
9111 -0
4740 0
.3088 0
4500 0
7524 0
6652 0
6640 0
1728 0.
.2368 0.
.9995 0.
8253 0.
.9071 -0
.9409 -0
,4499 0.
.3812 0.
6237 -0
.1688 0.
.3612 0.
.2016 0.

were blocked

¥

15028 (6)
3054 (6)

0038 (6)

.2449 (4)

1745 (4)
3185 (4)
2591 (4)
2740 (4)

2084 (4)

0188 (4)

L0394 (4)
L0288 (4)
.0038 (4)
L0563 (4)
1257 (4)
L1350 (5)
L1797 (6)
2486 (5)
L2854 (5)
.3618 (5)
.3798 (5)
L1957 (5)
.2505 (6)
.2992 (6)
L0116 (8)
L0644 (6)
L0811 (5)
L1052 (5)
L0484 (6)
L0019 (6)
.1609 (5)
L1155 (7)
L0470 (8)
3589

.0566

.0800

.1639

.2049

.2543

.3957

4312

1507
2543
3472
0415

0991
11321

1494
0422

.0461

2152
1286
0005

into three

[eReloeNeNoNoeNeNoNo)

[Due to the

<

o~
j)

2

0.16211 (8)
0.0385 (8)
0.92878 (10)
0.
0
0
0

0273 (5)

.0120 (5)
.1356 (8)
L1998 (5)
0.
L1218 (5)
L1902 (5)
.1234 (5)
.2648 (5)
.2008 (6)
.3519 (5)
.3104 (5)
.0594 (8)
.1490 (7)
1223 (7)

0669 (5)

L1980 (8)
.2449 (9)
L2839 (8)
3743 (8)
(4547 (18)
4369 (8)
.0040
.3305
.0532
2153
1679
.3321
.2064
.1335
L1680
L0796
.0042
L0170
.0147
.1900
.1604

2469

.3238

3648

5121
L4806
standard deviations, shown in parentheses, are
right adjusted to the least-significant digit of the preceding num-
® Hydrogen atoms are in calculated positions (see ref 23).

M. R. CuurcHiLL, K. GoLp, anp C. E, Maw, Jr.

parameters for B(2) and the atoms of pyrazolyl rings
d, e, and f. Hydrogen atom positions were not refined,
but were up-dated relative to the new carbon and boron
positions at the end of each three cycles of refinement. ]
Six cycles of refinement of positional and anisotropic
thermal parameters for the 33 nonhydrogen atoms led to
convergence (Amax/o < 0.05) at Ry = 7.289, and
Ryp = 5.48%,. It should be noted that (i) inclusion
of hydrogen atoms and (ii) anisotropic thermal param-
eter refinement each constitutes a process significant
at a confidence level far greater than 99.59,.24

A final difference Fourier synthesis had, as its sole
significant feature, a peak of height ~0.7 e~ A—%in the
vicinity of the cobalt atom. The structural analysis
was thus judged to be correct and complete.

Observed and calculated structure factors are shown
in Table I. Final atomic parameters are collected in
Table II. Anisotropic thermal parameters are dis-
played in Table II1, the axes of their associated vibra-
tion ellipsoids being defined in Table IV,

The Molecular Structure

Intramolecular distances and their estimated stan-
dard deviations (esd’s) are shown in Table V; bond
angles (with esd’s) are colected in Table VI. The
stereochemistry of the paramagnetic (S = 1/,) bis-
[hydrotris(1-pyrazolyl)borato]cobalt(IT) molecule and
the system for labeling atoms are depicted in Figure
1, which also illustrates the thermal vibration ellipsoids.

Figure 1.—Numbering of atoms within the [HB(C;N:Hj)s]s-
Col! molecule. This diagram also shows the 689, probability
envelopes for the atomic vibration ellipsoids [constructed using
orrips, an IBM 1620/CALCOMP program written by Dr.
P. H. Bird].

[Hydrogen atoms, not labeled in this figure, are num-
bered similarly to the carbon or boron atoms to which
they are attached. ]

The central cobalt(II) ion is bonded directly to six
nitrogen atoms [N(2a), N(2b), N(2¢), N(2d), N(2e),
and N(2f)], with individual cobalt—nitrogen hond dis-
tances ranging from 2.120 (7) to 2.140 (8) A, averaging
2.129 (7) A. The two tridentate hydrotris(1-pyr-
azolyl)borato ligands adopt a mutually staggered con-
formation. The coordination sphere about the central

(24) W. C. Hamilton, Acta Crysiallogr., 18, 502 (1965).
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TABLE II1
ANISOTROPIC THERMAL PARAMETERS FOR [HB(C;NHjy)s5].Coll @b

Atom 10481 10482 104833 104812 104813 1048323
Co 103.5(1.7) 18.2(0.3) 38.7(0.7) 5.1(1.3) 67.6(1.7) 9.6(0.8)
B(1) 145 (18) 21(3) 47(7) —19(12) 87(18) 7(7)
B(2) 163 (19) 21(3) 67(8) 42(12) 114 (21) 18(8)
N(1la) 124 (12) 27 (2) 37(5H) 14(9) 69 (12) 23(6)
N(2a) 114 (12) 21(2) 42 (4) —7(8) 47 (12) 16 (5)
N(1b) 169 (13) 19(2) 51(5) 17 (9) 119 (14) 0(6)
N(2b) 138 (12) 21 (2) 45(5) 9(9) 99(13) 0(6)
N(lc) 125(12) 20 (2) 46 (5) 9(8) 72(13) 7(5)
N(2¢) 90(11) 26 (3) 46 (4) 26 (8) 74(12) 20 (5)
N(1d) 113 (11) 19(2) 40 (4) 9(8) 63 (12) —3(5)
N(2d) 178 (14) 21(2) 41(5) 15(9) 114 (14) 6(6)
N(le) 98 (11) 19(2) 42 (4) —10(8) 50(12) 11(5)
N(2e) 132(13) 19 (2) 61(5) 4(9) 113 (14) 14 (6)
N(1f) 156 (13) 20(2) 33(5) 28(9) 55(13) 15(5)
N(2f) 92(11) 25(2) 44 (5) —5(8) 50(13) 4(6)
C(3a) 154 (16) 24 (3) 56 (6) —22(11) 89 (18) 0(7)
C(4a) 149 (17) 41(4) 44 (6) —6(13) 84 (17) —3(8)
C(ba) 144 (14) 26 (3) 43(6) 11(11) 77(16) 1(7)
C(3b) 169 (18) 29(3) 56 (6) 6(12) 109 (18) —10(8)
C(4b) 181 (18) 20(3) 72(7) 35(11) 125(19) —5(7)
C(5b) 130(15) 21(3) 59(7) 9(10) 82(17) —10(7)
C(3c) 134 (16) 29 (3) 45(6) 21(11) 77(16) —5(7)
C(4c) 120(14) 40(4) 59(7) 8(13) 107 (17) 10(9)
C(5¢) 171 (18) 32(4) 59 (7) —30(12) 138(19) 2(8)
C(3d) 165(17) 38(4) 64 (7) 2(14) 118(19) —26(9)
C(4d) 214 (21) 33(4) 69 (8) —1(14) 133 (22) —38(9)
C(5d) 135(16) 21(3) 75(8) —26(11) 83(19) —29(8)
C(3e) 106 (14) 24(3) 77(7) 3(10) 103 (18) 13(8)
C(4e) 149 (17) 38(4) 93 (9) 0(14) 165 (22) 23(10)
C(5e) 192 (19) 33(4) 68 (8) —18(14) 160 (21) 1(8)
C(3f) 118(14) 32(3) 62(7) —42(12) 110(17) —15(8)
C(4f) 136 (17) 53(5) 45(6) 54 (15) 43(18) —7(9)
C(51) 141 (17) 39(4) 57 (7) 36(13) 85(19) 6(8)

e Estimated standard deviations are shown in parentheses. ? The anisotropic thermal parameter (1) is defined as:

Baok? — Busl® — Buhk — Bkl — Baskl].

cobalt(1I) ion is thus essentially octahedral rather than
trigonal prismatic. However, intraligand N(2)-Co-
N(2)% bond angles are each significantly lower than
the ideal octahedral angle of 90°, individual angles
lying between 84.6 (3) and 86.3 (3)°. The cobalt(II)
ion is thus in a trigonally distorted octahedral (Djq4)
coordination environment and lies 1.316 (3) A below
the plane defined by N(2a), N(2b), N(2¢) [equation:
—0.094X — 0.854Y -+ 0.512Z = —3.107;* see Table
VII] and 1.328 (3) A above the plane defined by N(2d),
N(2e), N(2f) [equation: —0.087X — 08557 -+
0.526Z = —0.363].

Figure 2 shows the molecule projected onto the plane
defined by N(2a), N(2b), N(2¢). It is immediately
apparent that (in the solid state, at least) the molecule
as a whole is distorted significantly from ideal Dsq sym-
metry—probably as a result of imtermolecular repul-
sions. The atoms B(1), Co, B(2)-—which define the
Ss axis in a species of regular Dy symmetry—are essen-
tially collinear [ZB(1)---Co---B(2) = 178.8 (3)°],
the major distortion from D4 symmetry appearing to
involve slight rotations of the pyrazolyl rings about
their appropriate N(1)-N(2) axes.? This is partic-

(25) N(2) and N(2’) are used as generic names for the atoms N(2a),
N(2b), N(2¢), N(2d), N(2e), N(2f)—with the proviso that N{(2) = N(2’).
‘This nomenclature is used for convenience throughout this paper.

(26) Cartesian coordinates——see Table VII, footnote a.

T = exp[—pBuh? —

ularly pronounced for ring f (see Figure 2). The net
result of these distortions is that the cobalt(II) ion is not
coplanar with any of the pyrazolyl rings; rather, it lies
0.062 A from plane a (the least-squares plane through
the atoms of ring a), 0.205 A from plane b, 0.123 A from
plane ¢, 0.138 A from plane d, 0.042 A from plane e,
and 0.277 A from plane f. The boron atoms B(1) and
B(2) similarly are displaced from the least-squares
planes defined by the pyrazolyl rings (see Table VII).

57°43

52°05
-

Figure 2.—The [HB(C;N;H;)].Co!! molecule, projected onto
the plane defined by N(2a), N(2b), N(2¢). Note the distortion
of the molecitle from precise Dyq symimetry.
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TaBLE IV

ATOMIC VIBRATION ELLIPSOIDS FOR
[HB(C3NHj)s]:Coll a/b

Atom Bmax, A2 Bmed, A2 Bmin, A2
Co 2.97 2.83 1.96
B(1) 4.40 3.36 2.05
B(2) 5.21 4.39 2.03
N(la) 4.08 3.56 1.75
N(2a) 4.68 2.83 1.95
N{1b) 4.77 3.00 2.16
N(2b) 3.88 2.74 2.33
N(lc) 3.69 3.30 2.32
N{2¢) 4.16 2,52 2.00
N(1d) 3.51 2.76 2,18
N(2d) 5.00 2.49 2.13
N(le) 4.02 2.54 2.02
N(2e) 4.48 3.14 2.07
N(1f) 5.18 3.06 1.66
N(2f) 3.80 2.97 2.46
C(3a) 4.86 3.90 2.67
C(4a) 5.17 4.21 3.02
C(5a) 4.33 3.11 2.98
C(3b) 4.76 4.26 3.00
C(4b) 5.44 4.99 1.79
C(5b) 4.65 3.60 2.32
C(3c) 4.62 3.23 2.69
C4c) 5.17 3.91 2.68
C(5¢) 5.35 4.18 2.30
C(3d) 5.95 4.58 2.904
C(4d) 6.54 5.89 2.31
C(5d) 6.27 4.07 1.98
C(3e) 5.68 2.92 2.60
C(4e) 6.98 4.585 2.59
C(5e) 5.72 4.27 2.89
C(3f) 5.15 3.72 2.08
C4f) 8.15 3.85 2.73
C(5f) 5.64 4.10 3.20

¢ Axes dimensions for the vibration ellipsoids are presented in
terms of the isotropic thermal parameter, B. The transforma-
tion to root-mean-square displacement is ({72)/* = (B/8x%)Y2
b The vibration ellipsoids are illustrated in Figure 1.

Figure 3.—Mean bond distances and angles for the “asym-
metric unit’”’ of the [HB(CsNyHai);]2Cor molecule. Individual
bond distances and angles are listed in Tables V and VI.

As shown in Figure 2, angles between the least-
squares platies of successive (relative to the psuedo-Sg
axis) pyrazolyl rings vary from 52° 03’ to 76° 23’
Each of the two hydrotris(1-pyrazolyl)borato ligands
1s individually distorted from idealized C;, symmetry,
dihedral angles between the appropriate least-squares
planes being: a-b = 116° 31/, b—¢ = 128° 35’, ¢ca =

M. R. CuurcHILL, K. GoLp, anp C. E. Maw, Jr.

TABLE V

DisTaNcES WITHIN THE [HB(C;NoH;);]2Cofl MOLECULE,
WITH ESTIMATED STANDARD DEVIATIONS?

Atoms Distance, & Atoms Distance, &
(a) Distances from Cobalt

Co---N(2a) 2.123 (7) Co---N(2d) 2.133 (8)

Co---N(2b) 2.120 (7) Co---N(2e) 2.128 (8)

Co---N(2¢) 2.130 (7) Co---N(2f) 2.140 (7)
Av  Co---N 2.129 (7)®

Co-++B(1) 3.198 (11) Co--+B(2) 3.102 (13)
Av Co---B 3,195 (1P

(b) Distances within Hydrotris(1-pyrazolyl)borato ligands

B(1)---N(la) 1.558 (14) B(2)---N(1d) 1.510 (15)
B(1)---N(1b) 1.533 (14) B(2)---N(le) 1.549 (15)
B(1)--N(lc) 1.541 (14) B(2)---N(1f) 1.571 (15)
Av  B---N(1) 1.544 (21)
N(1a)---N(2a) 1,363 (10) N(1d)---N(2d) 1.363 (11)
N(1b)---N(2b) 1.368 (11) N(le)---N(2e) 1.361 (11)
N(lc)---N(2¢) 1.367 (10) N(1f)---N(2f) 1.359 (11)
Av  N(1)---N(2) 1.364 (3)"
N (2a)---C(3a) 1.307 (13) N(2d)---C(3d) 1.829 (14)
N (2b)---C(3b) 1.351 (18) N(2e)---C(3e) 1,326 (13)
N (2¢)---C(3¢) 1.343 (12) N(2f)---C(3f) 1.324 (13)
Av  N(2)---C(3) 1.330 (15)"
C(3a)---C(4a) 1.428 (15) C(3d)---C(4d) 1.386 (17)
C(3b)---C(4b) 1.403 (15) C(3e)---C(4e) 1.403 (16)
C(3c)---C(4c) 1.864 (15) C(3f)---C(4f) 1.375 (16)
Av C(3)---C(®) 1.393 (23)"
C(4a)---C(5a) 1.373 (15) C(4d)---C(5d) 1.397 (16)
C(4b)---C (5b) 1.388 (15) C(4e)---C(5e) 1.347 (17)
C(4¢)---C(5¢) 1.355 (15) ©C4f)---C(51) 1.415 (16)
Av  C(4)---C(5) 1.879 (25)Y
C(5a)---N(la) 1.327 (12) C(5d)---N(1d) 1.326 (13)
C(5b)---N(1b) 1.839 (13) C(5e)---N(1e) 1.356 (14)
C(5¢)---N(1¢) 1.358 (13) C(5)---N(1f) 1.328 (14)
Av  C(5)---N(1) 1.339 (15)"
(¢) Intramolecular Contacts
N(la)- - N(1b} 2,509 (11) N(2a)- - »N(2b) 2.891 (10)
N(la)---N(lc) 2.511 (10) N(2a)- - -N(2¢) 2.807 (10)
N(1b)- - -N(l¢) 2.507 (11) N(2b) - - - N(2¢) 2.881 (10)
N(1d) - - - N(le) 2,511 (10) N(2d) - - N(2e) 2.869 (11)
N{(1d)- - -N(1f) 2.508 (11) N(2d) - N(2D) 2,897 (11)
N(le):+ N(1f) 2.529 (11) N(2e)- - N(20 2.918(11)
N(2a)- - N(2d) 3.007 (11) N(2a)- - -N(2e) 3.175 (11)
N(2b)- - -N(2e) 3.094 (11) N(2Zb)- - - N(2f) 3.155 (10)
N(2¢)- - - N(2d) 3.056 (11) N(2c)- - N(2D 3.182 (11)

¢ Esd's, shown in parentheses, are right adjusted to the last
digit of the preceding number. ! Esd's for average bond lengths
are calculated from

f=N /2
¢ = R >~ X)Z}/(N - 1>:|
=1

where X; is the ith bond length and X is the mean of the N equiva-
lent bond lengths.

115° 04'; d-e = 120° 23/, e~f = 120° 49/, d-f = 109°
467,

Individual cobalt-boron distances are Co-:-B(1)} =
3.198 (11) A and Co- - -B(2) = 3.192 (13) A. The av-
erage value of 3.195 (4) A is thus significantly lower than
the distance of 3.4 A used by Jesson!® in his calculations
of the dipolar contribution to the isotropic nuclear reso-
nance shifts in poly(l-pyrazolyl)borato complexes of
Co(11).

Individual B(sp?)-N(sp?) distances in the present
molecule range from 1.510 (15) to 1.571 (15) A, av-
eraging 1.544 (21) A—a value consistent with B(sp?)-
N(sp?) distances of 1.59 (4) A (av) in [HyB(NHy)g]*-
Cl= % and 1.56 (5) A in H;B - NH,. %2

(27) C. E. Nordman and C. R. Peters, J. Amer. Chem. Soc., 81, 3551
(1959).

(28) E. W. Hughes, ibid., T8, 503 (1956).

(29) E.L Lippertand W. N. Lipscomb, 1bid., T8, 503 (1956).
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TABLE VI
A~GLES wITHIN THE [HB(C3N:H;);3]2Coll MOLECULE®
Atoms Angle, deg Atoms Angle, deg
(a) Angles around Cobalt

B(1):+:Co---B(2) 178.8 (3)
N (2a)-Co-N(2b) 85.9 (3) N(2b)~Co-N(2f) 95.5 (3)
N(2a)-Co-N(2¢) 85.8(3) N(2¢)-Co-N(2d) 96.6 (3)
N(2a)-Co-N{(2d) 93,4 (3) N (2¢)—Co~N(2e) 177.2 (3)
N (2a)-Co-N(2e) 06.6 (3) N(2¢)-Co~N(2f) 91.4 (3)
N (2a)~Co-N (2f) 176.8 (3) N (2d)-Co-N(2e) 84.6 (3)
N (2b)—Co~N(2¢) 85.3 (3) N(2d)-Co-N(2f) 85.3 (3)
N (2b)~Co-N{2d) 177.9 (3) N (2e)~Co-N(2f) 86.2 (3)
N (2b)~Co~N(2e) 93.5 (3)

(b) Angles around Boron Atoms
N(1la)-B(1)-N(1b) 108.5 (8) N (1d)~-B(2)~-N(le) 110.3 (9)
N(la)-B(1)-N(lc) 108.2 (8) N (1d)-B(2)-N(1f) 109.0(9)
N (1b)~B(1)~N(1lc) 109.3 (8) N(le)~B(2)-N(1f) 108.3 (9)

Av N-B-N 108.9 (8)
(c¢) Angles from Cobalt Atom
Co-N(2a)-N(la) 119.1 (6) Co-N(2d)~N(1d) 119.6 (6)
Co-N(2b)~N{(1b) 119.0 (6) Co-N{(2e)-N(le) 118.7 (6)
Co-N(2¢)-N(1¢) 118.9 (6) Co-N(2f)-N(1f) 119.3 (6)
Av Co-N(2)-N(1) 119.1 (3)
Co-N(2a)-C(3a) 134.2 (7) Co-N(2d)~C(3d) 133.5(7)
Co-N(2b)-C(3b) 133.9(7) Co-~N(2e)-C(3e) 135.4 (7)
Co-N(2¢)-C(3¢c) 136.4 (7) Co-N(2f)-C(3f) 134.7(7)
Av Co-N(2)-C(3) : 134.7 (11)
(d) Angles from Boron Atoms
B(1)-N(la)~N(2a) 119.4 (8) B(2)-N(1d)-N(2d) 118.9 (8)
B(1)-N(1b)-N(2b) 119.7 (8) B(2)-N(le)-N{(2e) 119.6 (8)
B(1)-N(1¢)-N(2¢) 119.4 (8) B(2)-N(1f)-N(2f) 118.4 (8)
Av B-N({1)-N(2) 119.2 (7)
B(1)~N{la)-C(5a) 130.2 (8) B(2)-N{(1d)-C(5d) 131.3 (9)
B(1)-N{1b)~-C(5b) 130.3 (9) B(2)~N{(1e)—-C(5e) 131.9 (8)
B({1)~B(1¢)-C(5¢) 131.0(9) B(2)-N(1f)-C(5f) 129.4 (9)
Av  B~N(1)~C(5) 130.7 (9)

(e) Angles within Pyrazole Rings
C(5a)~N{(la)~N(2a) 110.4 (8) C(5d)-N(1d)~-N(2d) 109.8 (8)

C(5b)-N{(1b)-N(2b) 109.7 (8) C(5e)~N(le)-N(2e) 108.4 (8)
C(6¢)-N(1c)-N(2¢c) 109.6 (8) C(5f)-N(1f)-N(2f) 111.3 (8)
Av  C(5)-N(1)-N(2) 109.9 (11)
N (1a)-N(2a)—C(3a) 106.7 (8) N{(1d)-N(2d)-C(3d) 106.8 (8)
N (1b)-N(2b)-C(3b) 106.8 (8) N{1le)-N(2e)-C(3e) 105.9 (8)
N(1e)~N(2¢)~C(3¢) 104.5 (T) N(1f)-N(2f)~C (31} 105.5 (9)
Av N(1)-N(2)~-C(3) 106.0 (9)
N(2a)~C(3a)-C(4a) 110.4 (9) N (2d)~C(3d)~C(4d) 110.6 (11)
N(2b)-C(3b)-C(4b) 109.8 (9) N(2e)~-C(3e)~C(4e) 112.0 (10)
N (2¢)—C(3¢)-C(4c) 112.2 (9) N (2f)-C (3f)-C(4f) 112.1 (10)
Av  N(2)~C(3)-C(4) 111.2 (10)
C(3a)-C(4a)~-C(5a) 103.5 (9) C(3d)~C(4d)—-C(5d) 104.2 (11)
C(8b)-C(4b)~C(5b) 104.7 (10)  C{3e)-C(4e)—-C(5e) 102.9 (11)
C(3¢)-C(4c)-C(5¢) 105.1(10)  C(3H)-C4f)-C(5f) 104.0 (10)
Av  C(3)-C(4)~C(5) 104.1 (8)
C(4a)-C(5a)-N(la) 109.9 (9) C(4d)-C(5d)-N(1d) 108. 6 (10)
C(4b)-C(5b)-N(1b) 108.1 (9) C(4e)-C(5e)-N(le) 110.8 (10)
C(4¢)-C(5¢)-N(lc) 108.6 (10)  C(4f)~C(5f)-N(1f) 107.0 (10)
Av CH-C(B)-N(1) 109.0 (13)

@ See footnotes to Table V.

The Pyrazolyl Rings

Each of the six five-membered pyrazolyl rings is
planar within the limits of experimental error, root-
mean-square deviations from planarity each being less
than 0.009 A (see Table VII).

Mean bond lengths and angles obtained from the six
crystallographically independent pyrazolyl systems in
[HB(C3N3Hj3)5:Co'! are shown in Figure 3. They are
in good agreement with values obtained from the pyr-
azole rings in frams-dichlorotetrakis(pyrazole)nickel-
(IT),% (C3N.H,)4NiCl,, in which average bond distances
(with N(2) bonded directly to the nickel(IT) ion) are
N(1)-N(2) = 1.344 A, N(2)-C(3) = 1.325 A, C(3)-
C(4) = 1.391 A, C(4)-C(5) = 1.364 A, and C(5)-N-

(30) C.W.Reimann, A. D. Mighell, and F. A. Mauer, 4cta Crystallogr., 28,
123 (1967).
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TABLE VII

IMPORTANT LEAST-SQUARES PLANES WITHIN THE
[HB(C;N;Hj;);]:Col! MOLECULE® "

Atom Dev, A Atom Dev, A
Plane a: N(la), N(2a), C(3a), C(4a), C(5a)
Equation: —0.896X + 0.300Y + 0.327Z = —4.320
N(la) +0.000 (8) Co —0.062 (1)
N(2a) —0.002 (8) B(1) —0.052 (12)
C(3a) +0.002 (11)
C(4a) —0.002 (11)
C(5a) +0.001 (10)

Plane b: N(1b), N(2b), C(3b), C(4b), C(5b)
Equation: 0.790X + 0.260Y + 0.551Z = 7.277

N(1b) +0.004 (8) Co —0.205 (1)
N(2b) —0.006 (8) B(1) —-0.119 (12)
C@3b) +0.006 (11)
C(4b) —0.003 (11)
C(5b) —0.001 (10)

Plane ¢;: N(lc), N(2¢), C(3c), C(4c), C(5¢c)
Equation: 0.015X + 0.532Y + 0.847Z = 3.438

N(le) +0.001 (8) Co —0.123 (1)
N(2e) —0.000 (8) B(1) —0.041 (12)
C(3¢) —0.001 (10)

C4e) +0.002 (11)

C(5¢) —0.002 (11)

Plane d: N(1d), N(2d), C(3d), C(4d), C(5d)
Equation: 0.852X 4+ 0.245Y + 0.462Z = 7.090

N(1d) +0.000 (8) Co +0.138 (1)
N(2d) +0.002 (8) B(2) +0.022 (13)
C3ad) —0.004 (12)

C(4d) +0.004 (13)

C(5d) —0.002 (11)

Plane e: N(le), N(2e), C(3e), C(4e), C(5e)
Equation: —0.019X + 0.528Y + 0.849Z = 3.133

N(le) +0.005(8) Co —0.042(1)
N(2e) —0.001 (8) B(2) —0.067 (13)
C(3e) ~0.003 (11)

Clde) +0.007 (13)

C(5e) —0.008 (12)

Plane f: N(1f), N(2f), C(3f), C(4f), C(5f)
Equation: —0.779X + 0.351Y + 0.510Z = —2.795
N(1f) +0.012 (8) Co —0.277 (1)
N(2f) —0.013 (8) B(2) —0.180 (13)
c(3f) +0.010 (11)
cf) —0.002 (12)

c(56) —0.006 (12)

Plane g: N(2a), N(2b), N(2¢)
Equation: —0.094X — 0.854Y + 0.512Z = —3.107
Co +1.316 (1)

Plane h: N(2d), N(Ze), N(2f)
Equation: —0.087X — 0.855Y + 0.526Z = —0.363

Co —1.328(1)
Angles between Planes
a-b 116° 31’ b-c¢ 128° 25’ c—e 184° 31/
a—c 115° 05’ b-d 186° 26/ c-f 52° 05’

a-d 57°24' b-e 53° 27’ d-e 120° 23’

a-e 63° 03’ b1 76° 25" d-f 109° 46’

a—f 193° 14/ c-d 57° 43/ e—{ 129° 49’

g-h 1°08’

¢ Planes are defined as X + Y + ¢:Z = d, where X, V, Z
are Cartesian coordinates which are related to the natuiral mono-
clinic cell coordinates (x, y, 2) by the transformations: X =
xa + zc cos B; Y = yb; Z = zc sin B. P Estimated standard
deviations, shown in parentheses, are right adjusted to the least
significant digit of the preceding number.
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Figure 4. —DPacking of [HB(C3N:H;)s].Coll molecules within the
unit cell, as viewed down a.

(1) = 1.345 A. [Bond distances obtained from an
X-ray structural analysis of pyrazole itself*! are N(1)-
N(2) = 1.36 A, N(2)-C3) = 1.31 &, C(3)-C4) =
1.41 A, C4)-C(B) = 1.34 A, and C(B)-N(1) =

(31) H. W.W. Ehrlich, Acta Crystallogr., 18, 946 (1960).

ULF THEWALT AND RICHARD E. MARSI

1.35 A ;% this structural analysis is, however, of limited
accuracy, since only %0, A0/, and Ok/ diffraction data
were used. |

Finally, it may be noted that the N(1)~N(2)% bonds
of the pyrazolyl rings are not parallel to the B(1)- - -
Co- - - B(2) axis but are canted toward the boron atoms,
due to the B-N bond distances being shorter than the
Co—-N distances. Thus, the average intraligand N-
(1)---N(1’) distance?is 2.513 A, while the mean intra-
ligand N (2)- - -N(2') contact is 2.892 A.

Intermolecular Contacts

The packing of molecules within the crystal lattice
(viewed down a) is illustrated in Figure 4. The indi-
vidual [HB(C;N:Hj);:Co'f molecules are separated by
normal van der Waals distances, closest approaches (of
each type) being: hydrogen- - -hydrogen, 2.57 A;
carbon - - -hydrogen, 2.84 A ; nitrogen- - - hydrogen, 3.00
A;boron- - -hydrogen, 3.26 A.
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(32) We have followed the suggestion of Reimann, ¢f al.,3 that Ehrlich’s3t
original assignment of N (1) and N(2) should be reversed.
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u-Amido-u-nitro-bis[tetraamminecobalt([11)] tetrachloride tetrahydrate, [(NH;)4Co(NH;)(NO;)Co(NHj):]Cly:4H,0, crys-
tallizes in the monoclinic system, space group P2;/m, with a = 10.328 (2}, 5 = 15.103 (2),¢ = 7.756 (1) A, 8 = 124,10 (2)°,

and Z = 2.

The crystal structure has been determined froimn three-dimensional X-ray data using the heavy-atom method

and refined by least squares to an R index of 0.048. The cation has mirror symmetry and contains the planar group of atoms
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The exo-N-O bond length (1.23 4= 0.01 f&) is about equal to the N—-O distanice in the nitrite ion. The bridging N-O hond,

liowever, is considerably longer (1.31 == 0.01 A), approaching the N-O single-bond length.

The ions and the water mole-

cules are linked by a network of hydrogen bonds, in which most of the hydrogen atoms take part.

Introduction
Binuclear cobalt complexes containing one or two
bridging NO, groups were discovered and formulated
by Werner! more than 30 years ago. However, the
arrangement of the bridging NO, group could not
be decided at that time. Three possible arrangements
(1) A. Werner, Justus Liebigs Ann. Chem., 376, 1 (1910).
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