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(1) = 1.345 8. [Bond distances obtained from an 
X-ray structural analysis of pyrazole itself 31 are N (1)- 
N(2) = 1.36 A, N(2)-C(3) = 1.31 A, C(3)-C(4) = 

1.41 A, C(4)-C(5) = 1.34 f i ,  and C(5)-N(1) = 

(31) H. \X7. W. Ehilich, Acta C . j s t a i l o g ~ . ,  13, 946 (1960). 

1.35 A;32 this structural analysis is, however, of limited 
accuracy, since only hkO, h01, and Okl diffraction data 
were used. ] 

Finally, i t  may be noted that the N(1)-K(2)25 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). . .K( l ' )  distancez5 is 2.513 8, while the mean intra- 
ligand N(2).  . .N(2') contact is 2.892A. 

Intermolecular Contacts 
The packing of molecules within the crystal lattice 

(viewed down a )  is illustrated in Figure 4. The indi- 
vidual [HB (C3?;2H&]ZCoTT molecules are separated by 
normal van der Waals distances, closest approaches (of 
each type) being hydrogen, . . hydrogen, 2.57 A ; 
carbon. . .hydrogen, 2.84 f i ;  nitrogen. .hydrogen, 3.00 
8; boron. ' .hydrogen, 3.26 A. 
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(32) We have followed the  suggestion of Reimann, el a1.,30 t h a t  Ehrlich's31 
original assignment of lU(1) and  S ( 2 )  should be reversed. 
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p-Xmido-p-nitro-bis[tetraammiriecobalt( I I I ) ]  tetrachloride tetrahydrate, [ (XHa)dCo(SH2)( SOr)Co(SHa)4] Clr 4H20, crys- 
tallizes in the monoclinic system, space group P'rl 'm, with a = 10.328 (S), b = 18.103 ('r), c = 7.786 (1) A, p = 124.10 ( a ) " ,  
and Z = 2. The crystal structure has been determined from 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 

,. l l ie axo-N-0 boiid length (1.23 =k 0.01 8) is about equal to the S-0 distance in the nitrite ion. 
liowevcr, is considerably longer (1.31 =k 0.01 A),  approaching the S-0 single-bond letigth. 
cules are linked by a network of hydrogen bonds, in which most of the hydrogen atoms take part. 

The bridging S-0 botltl, 

The ions and the watcr mole- 

Introduction are 
Binuclear cobalt complexes containing one or two 

bridging NO2 groups were discovered and formulated 

be decided a t  that  time. Three possible arrangements c o  
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\ by Werner' more than 50 years ago. However, the 
arrangement of the bridging NO2 group could not 

c o  c o  co 
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c o  co /A \ 
(1) A. \Verner, Jzultrs Liebigs Aun. Cheiii . ,  375, 1 (1910). I I1 111 
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The first experimental evidence for the arrangement 
The came from infrared studies of cations a2 and b.3 

a b 

frequencies of the infrared-active vibrational modes 
vs(N02) and vas(N02) of these cations were found to 
be shifted as compared to these of the free nitrite 
ion, vas being increased and v s  lowered. Comparing 
these shifts (particularly the relatively large one of 
the antisymmetric stretching frequency, vas) with the 
corresponding shifts in nitro and nitrito complexes, 
Nakamoto, Fujita, and Murata2 concluded that  I 
is the most probable structure of the bridge. Chatt, 
et al., reached the same conclusion by comparing 
the infrared spectrum of b with that of esters of car- 
boxylic acids, where the 

0 
\ 

R /c-o\R 

group is present. 
The objective of the present X-ray diffraction in- 

vestigation was to check the conclusions drawn from 
the infrared spectra and to determine the exact geom- 
etry of b, the p-amido-p-nitro-bis [tetraamminecobalt- 
(111) ] cation. 

Experimental Section 
We prepared j t  amido-fi-nitro-bis [tetraamminecobalt(III)] 

tetranitrate monohydrate by Werner's' method, namely, by the 
replacement of 0%- by NOz- in the cation of h-amido-fi-superoxo- 
bis[tetraamminecobalt(III)] tearaniirate. 

The nitrate was then transformed into the chloride as described 
by Werner. Recrystallization f r o p  a water-pyridine solution 
yielded orange lath-shaped crystals of the tetrachloride tetra- 
hydrate. 

Recrystallization from pure water or from dilute IiCl solution 
yielded the same kind of crystals, but usually together with crys- 
tals of the orthorhombic monohydrate (which was the only 
modification reported by Werner to be obtainable under the latter 
conditions). 

Weissenberg photographs around the a and the b axes confirmed 
the monoclinic symmetry of the crystal. The only systematic 
absences are OkO with k odd, indicating P21 or P21/m as possible 
space groups. 

The unit-cell dimensions were obtained from a least-squares 
treatment of the readings of several independent reflections on 
Weissenberg photographs of the OkZ and h01 zones, prepared in a 
special Straumanis-type camera using copper radiation. The 
density calculated assuming two formula units in the cell is in 
excellent agreement with the value measured by flotation in a 
carbon tetrachloride-dibromoethane mixture. The crystal data 
are given in Table I. 

We have chosen the a axis to correspond to the needle axis of 
the crystals, resulting in an unnecessarily obtuse angle 0. Alter- 
nate lattice constants (a', b',  G'), with p as close to 90" as pos- 

(2) K. Nakamoto, J. Fujita,  and  H. Murata,  J .  Amev. Chem. Soc., S O ,  4817 
(1958). 

(3) J. Chatt ,  L. A. Duncanson, B. M. Gatehouse, J. Lewis, R. S. Nyholm, 
Rf. L. Tobe, P. F. Todd, and L. M. Venanzi, J. Chetn. Soc., 4073 (1959). 

TABLE I 
CRYSTAL DATA FOR 

~-AMIDO-~~-NJTROBIS [TETRAAMMINECOBALT( I I I ) ]  
TETRACHLORIDE TETRAHYDRATE 

a = 10.328 f 2 A CozN10Ha40~C14 a' = 8.775 b 
b = 15.103 =k 2 b 
c =  7 . 7 5 6 k l I k  2 = 2  c' = 7.756A 
p = 124.10 =k 2' 
Space group P21/m 
D, = 1.76 i. 0.01 g 
D, = 1.757 k 0.001 g cm+ 

mol wt 530.0 

F(000) = 548 

b' = 15.103 

p' = 102.94' 

X(Cu Koc~) 1.54051 b 
X(Cu(Ka2) 1.54433 A 
X(CU Koc) 1.5418 A 

sible, are also given in Table I; they are related to the original 
set by the transformaticp 

Intensity data were collected on a General Electric quarter- 
circle diffractometer opexating with Datex automation and using 
MnOz-filtered iron radiation. The diffractorneter was equipped 
with a proportional counter and a pulse-height discriminator. 
The 8-28 technique was used with a scanning speed of 2"/min; 
the scan range varied f r w  2" ( in 28) a t  28 = 15" to 4.5" a t  2 8  = 
150". The background was measured for 50 sec a t  both sides 
of the scanning interval, which contained both the a1 and the a? 
peaks. 

A standard reference reflection (002) was measured every 15 
reflections. I ts  intensity decreased continuously over the period 
of data collection, to about 90% of its initial value. A repetition 
of the intensity measurements for the first few hundred reflections 
after all reflections had been recorded indicated that all reflec- 
tions were probably affected in a similar way. Theiefore the 
recorded intensities were corrected according to the decreasing 
intensity of the check reflection. The complete data-collection 
procedure was then repeated with a new crystal; a similar fall-off 
in intensity was noted. Both crystals were prismatic fragments 
cut from longer needles; they had approximately rectangular 
cross sections with dimensions 0.06 X 0.04 X 0.05 mm along a ,  
b ,  and c .  They wgre mounted with a parallel to the cp axis 
of the diffractomeger. 

Initial data processing included the calculation of the F,, 
values and assignmept of standard deviations, u(Fo2) ,  according 
to 

Bi + B2 
%t 

F0 = [ (s  - ___ 

where BI and Bz are background counts, t is the time for back- 
ground count, T,  is the s anning time, S is the scan count, Lp 
is the Lorentz-polarization correction factor, and d is an empiri- 
cal constant, taken here as 0.017. p\To absorption correction was 
applied (M = 138 cm-'); we estimate that the transmission co- 
efficients varied by no pole  than 2% with variations in either the 
orientation of the crystal or the Bragg angle. The F, values of 
the two data sets were then scaled together and averaged. Six 
high-angle reflections with unusually high background were 
dropped from the data set; they were clustered within a small 
region of reciprocal space (mk3  and TOM), and we suspect that 
the primary beam was hitting the brass mounting pin. Of the 
resulting 1102 independent reflections 29, for which Fo2 was c- . !  

puted negative, were assigned a value of F, and a weight eqii,.: I 
zero. All other reflections which were calculated above zer 
were treated as observed. 
brought to the absolute scale by Wilson's4 method. 

Finally the structure factors wci 

(4) A. J. C. Wilson, Naluve, 160, 151 (1942). 
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Figure 1.-Final difference Fourier sectioiis, i i i  wlricli tlic 
hydrogen contributions were omitted frotii tlic Fc's .  Coiltours 
are at intervals of 0 .1  c-yA,{, kxginriing witli tlie o .~-e- :K: ,  co11- 

tour. Crosses indicate the assumed positions of the hydrogen 
atoms (Table 11.). 

Determination and Refinement of the Structure 
The statistical test of Howells, Phillips, and Rogers" 

indicated a center of symmetry, and hence the space 
group P2Jm was assumed. Since this space group 
has fourfold general positions, the two cations in the 
unit cell must lie on mirror planes. 

The positions of the cobalt and chlorine atoms were 

( 5 )  13. I<. Howells, D. C. Phillips, and 11. Rogers, A d a  C~ystiillok.;,. ,  3, 210 
( I  Y.50). 

ULF THEWALT AND RICHARD E. MARSH 

obtained from the sections v = 0 and v = of a 
three-dimensional Patterson function, and the positions 
of the remaining nonhydrogen atoms in the asymmetric 
unit were recovered from subsequent electron-density 
maps. Six cycles of full-matrix least-squares refine- 
ment with individual isotropic temperature factors 
resulted in an R index (X = ZllFol - \ F c ~ l / Z ~ F o ! )  
of 0.093. Difference Fourier maps were then cal- 
culated in the planes in which the hydrogen atoms 
of the ammonia groups must lie; all the hydrogen 
atoms except those on N(5) and N(6) could be located. 
The hydrogen atoms of the bridging NH2 group were 
also found in a difference map. These hydrogen atoms, 
with isotropic temperature factor B = 2.5 Az, were 
included in the subsequent structure factor calculations, 
but their parameters were not refined. Four cycles 
of anisotropic refinement then reduced I< to 0.059, 
Whereas the hydrogen atoms attached to K(6) now 
could be found from a difference map, the hydrogen 
atoms on N(5) still could not be located; these were 
then positioned a t  locations most suitable for the 
formation of hydrogen bonds. Difference maps 
through the water oxygen atoms and the potential 
hydrogen-bond acceptors gave clear indication of the 
hydrogen positions for 0 ( 3 ) ,  but near O(4) were found 
only diffuse electron density peaks, and those two 
hydrogen atoms were therefore positioned from steric 
considerations. 

The refinement was completed with six more cycles 
of full-matrix least squares. A total of 115 parameters 
were adjusted: a scale factor k and the coordinates 
and anisotropic temperature parameters of all non- 
hydrogen atoms. The quantity minimized was 
2:w(Fo2 - ( 1 / k z ) F c 2 ) 2 ,  with weights taken equal to 
1 /u2 (Fo2) .  The final shifts in all parameters were less 
than 0.05 of the corresponding estimated standard 
deviations. The final R index for the 1071 reflections 
of nonzero weight is 0.048, and the goodness of fit, 
[2w(Fo2  - F,2/k2)2:/(n - p)] '",  is 2.1. 

Scattering curves for Co2+, C1-, K,  and 0 were 
taken from ref 6 ;  that  for H was taken from Stewart, 
Davidson, and S i m p ~ o n . ~  The Co2+ curve was cor- 
rected for anomalous dispersion by subtracting 1.74 
electrons. All calculations were performed on an IBM 
7094 computer using programs of the CRYRIV? system. 

A three-dimensional difference Fourier synthesis cal- 
culated a t  the end of the refinement showed no positive 
peak greater than 0 . X  e- A-3 and no negative peak 
greater than -0.55 e- k3. Difference maps for 
which the contributions of the hydrogen atoms were 
omitted froin the calculated structure factors are shown 
in Figure 1. 

A list of observed and calculated structure factors 
is given in Table 11. A list of the final heavy-atom 
parameters and their estimated standard deviations 

(6) "International Tables for X-liay Crystallography," Vol. 111, Kynoch 

(7)  R. P. Stewart, E.  12. Davidson. and W ,  T. Simpson, J .  C i ~ e r n .  P h y s ,  

(8) L>. J .  Lluchamp, .4merican Crystallographic Association Meeting, 

PI ess, Birmingham. England, 1962, p 202. 

42, 3176 (lD65). 

Uozeman, hlont. ,  Paper B-I4 (1064). 
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a Values of lOF, reported as " . . . " represent reflections with net counts less than zero; their intensities were arbitrarily set equal t o  
zero. Asterisks indicate reflections assigned zero weight in the least-squares calculations. 

TABLE I11 
THE FINAL HEAVY-ATOM PARAMETERS AND THEIR ESTiMATED STANDARD DEVIATIONS" 

2 Y 2 bii bm b 3 3  biz b13 b23 

L CO(1) 2253 (1) 2500 2995 (2) 50 (2) 16 (1) 92 (3) . . .  56 (4) . . .  
c o  (2 1 -932 (1) 2500 2971 (2) 52 (2) 23 (1) 89 (3) . . .  56 (4) . . .  
CI(1) 502 (2) 5838 (1) 2043 (2) 167 (3) 34 (1) 157(4) 60 (2) 129 (6) 20 (3) 

12 (3) 
N U )  2336 ( 5 )  3794 (3) 3003 (6) 69 (7) 29 (2) 142 (12) -8  (7) 
N(2) 4562 (7) 2500 4664 (9) 65 (10) 31 (4) 105 (17) . . .  93 (22) . . .  
K(3) 2114 (7) ' 2500 370 (9) 74 (10) 24 (3) 130 (19) . . .  87 (23) , . .  

N(5) - 1795 (7) 2500 4672 (10) 80 (11) 59 (5) 134 (20) . . .  71 (25) . . .  
N(6) -3018(7) 2500 457 (9) 73 (11) 43 (4) 128 (18) . . .  119 (24) . . .  
K(7) -1 (7) 2500 1409 (9) 66 (10) 16 (3) 111 (17) . . .  81 (22) . . .  
x(8) 2324 (7) 2500 5516 (9) 70(11) 11 (3) 81 (18) . . .  8 (24) . . .  
O(1) 1064 (5) 2500 5528 (7) 45 (8) 28 (3) 107 (14) , . .  59 (18) . . .  
O(2) 3542 (6) 2500 7262 (7) 68 (9) 41 (3) 91 (15) , . .  38 (20) . . .  

5039 (2) 3947 (1) 1828 (2) 101 (2) 31 (1) 217 (4) -11 (2) 171 (5) 
96 (15) -1 (9) 

29 (7) 125 (17) 8 (10) N(4) -921 (5) 3800 (3) 3054 (7) 92 ( 7 )  30 (3) 200 (14) 

O(3)  3661 (5) 5929 (3) 2235 (7) 232 (9) 33 (3) 458 (12) 2 (8) 418(22) -6(11) 
o ( 4 )  2581 (5) 4457 (3) 6770 (6) 170 (8) 35 (2) 206 (12) - 18 (17) 150 (16) -26 (9) 
a All values have been multiplied by lo4. The temperature factors are of the form exp[ - (h2bll + k2b?2 + Pb33  + hkb,, + hZbl3 + 

kZbna)]. b bij  terms reported as . . . are zero by symmetry. 

as calculated from the diagonal elements of the least- 
squares inverse matrix is given in Table 111. 

The coordinates assigned to the hydrogen atoms 
are listed in Table IV. Since the hydrogen atoms 
were positioned, a t  least in part, on the basis of struc- 
tural assumptions, no standard deviations are given 
for them. 

Discussion of the Structure 
The Cation.-Figure 2 shows a perspective drawing 

of the cation. Figure 3 shows a projection along b and 
summarizes the bond lengths and angles. 

The most important result of this structure investiga- 
tion is the confirmation of the unsymmetrical arrange- 
ment of the NO2 bridge between the Co atoms, as 
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TABLE IV 
POSITIOKAL PARAMETERS OF THE HYDROGEN ATOMS ( X  103)a 

NU) H(1) 250 402 430 

H(3) 135 403 179 
N(2) H(4) 495 303 56 1 

H(5) 493 250 375 
S ( 3 )  H(6) 319 250 81 

X Y z 

H(2) 324 398 297 

H(7) 153 303 - 32 
S ( 4 )  H(8) 0 400 439 

H(10) - 88 404 190 
H(9) - 189 40 1 289 

V(5) H(11) - 296 250 376 
H(12) - 144 303 556 

N(6) H(13) - 381 "0 81 
H(14) -315 303 - 42 

S ( 7 )  H(15) - 37 304 54 
O(3) H(16) 394 531 2 10 

o (4 )  H(18) 325 503 710 
H(19) 320 427 820 

H(1S) 264 586 2 14 

0- K-Bonded (0-bonded) hydrogen atoms were assigned isotro- 
pic temperature factors, B = 2.5 A2 (4 o At). 

Figure 2.-The p-arnido-p-nitro-bi~[tetran~minecobalt(III)] 
cation and its numbering scheme. This perspective drawing 
was prepared with a computer program written by C. K. Johnson, 
ORTEP, Report ORNL-3794, Oak Ridge Kational Laboratory, 
Oak Ridge, Tenn., 1965. 

N4-COe 1.964 A NI-CO, 1956 A 

N4-Co2-N5 88 5- N,-Co,-N, 879' 

N6 9090 N3 889" 

0, 890' N8 9 1 2 '  

N7 914' N7 921" 

Figure 3.-Bond lengths and angles within the cation. Ko 
corrections for thermal motions yere applied. Estimated stan- 
dard deviations are about 0.007 A for distances between cobalt 
atoms and their ligands, 0.010 A for distances between light 
atoms, 0.3" for angles a t  the Co atoms, and 0.6' for angles a t  light 
atoms. 

was predicted from the earlier infrared studies. The 
cation has mirror symmetry. The cobalt atoms, the 
atoms of the NO2 group, and the nitrogen atoms of 
the p-amido and four ammonia groups lie in the crys- 
tallographic mirror plane and are therefore strictly co- 
planar. All ligand-co-ligand angles for adjacent 
ligands are close to the value of 90" expected for regular 
octahedral coordination. 

The six independent Co-N (ammonia) bond lengths 
vary between 1.932 and 1.975 A. The rms deviation 
of these values from the average value (1.958 A) 
is 0.010 8, only slightly larger than the estimated 
standard deviation (0.007 8) in the individual values. 
We conclude that the differences are of doubtful signifi- 
cance. The mean value is in excellent agreement with 
average Co-K (ammonia) bond lengths in other bi- 
nuclear cobalt cations-for example, 1.952 f 0.019 A 
in [(NH~)~CO(O~)CO(NH~)~]S~~(HSO~)~~ and 1.962 =t 

0.01 1 A in [ (NH~)~CO(O~)CO(NH~)~](SO~)~.~H~O~~ and 
[ (N Ha) 4Co ("2) (On) Co ( NH3) 4 ] (N 03) 4 "-and with the 
Co-N bond length in cobalt(II1) hexamines, 1.96 f 
0.02 A.lZ A4s in riitropentaamminecobalt(II1) bro- 
mide,I3 the NO? group does not seem to exhibit a 
trans effect, the Co(l)-N(3) bond having a normal 
length of 1.959 f 0.007 a. The lengths of the two 
Co-N bonds to  the bridging nitrogen atom N(7) agree 
well (1.923 f 0.007 and 1.929 f 0.007 A), the average 
value, 1.926 * 0.005 A, being considerably shorter 
(by about 6 u )  than the average Co-N(ammonia) dis- 
tance, 1.958 8; similar values were observed in 
the p-amido-p-superoxo-bis [tetraamminecobalt (111) ] 
cation." The shortest Co-X distance, 1.915 f 
0.007 8, is the one between Co(1) and N(8) of the 
NOn bridge. It compares well with the value 1.921 f 
0.021 A found for the corresponding distance in nitro- 
pentaamminecobalt(II1) bro~nide. '~  Within the NO2 
group) the bond K(8)-0(2), 1.227 f 0.010 A, is not 
significantly shorter than the N-0 bond in the free 
nitrite ion, 1.240 f 0.003 8.14 The N(8)-0(1) bond, 
however, with a length of 1.307 f 0.010 A, is much 
longer. 

A similar observation has been made for the poly- 
nuclear complex [Ni(en)2(K02) ]BF4, where the nickel 
atoms are held together by NOn bridges;Ib the N-O 
distances were found to  be 1.224 f 0.025 and 1.276 f 
0.026 A. These results reflect the change of bond 
order of the N-0 bonds when the free nitrite ion ( c )  
forms a bridge between the metal atoms (d). Structure 

CO, PJ 

C d 

(9) W. P. Schaeler and I<. E. hlarsh,  A c t a  Cvyslaliogv., 21, 735 (1966). 
(10) W. P. Schaefer, I?zorg. Chem., 7 ,  7 2 5  (1968). 
(11) G. G. Christoph, R. E. Marsh, and W. P. Schaefer, ibid., 8 ,  291 

(1969). 
(12) M. T. Barnet, B. 11. Craven, 11. C. Freeman, S. E. Kime, and  J. A. 

Ibers, Cizem. Commun., 307 (1966). 
(13) F .  4 .  Cotton and W. 7 .  Edwat-ds, A d o  C ~ y s t u l i o g v . ,  S e d .  A, 24, 474 

(1868). 
(1.1) X. I. Kay and B. C. Prazer, ibid., 14, ,556 (1961). 
(15) M G. I h e w .  I). h l .  L. Goodgame, 11. A.  Hitchman, and U. Kogeis, 

Chern. Coinmuu., 4 i 8  (1Y66). 
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d, however, does not seem to describe the bonding 
completely. A comparison with N-0 single- and dou- 
ble-bond lengths from other structures (see, e.g., 
Sutton16 or Padmanabhan, Smith, and Peterson17) sug- 
gests that  the em-N-0 bond is longer than an N-0 
double bond and that  the ring N-0 bond is shorter 
than an N-0 single bond. 

The Overall Structure. The structure, viewed 
down the b axis, is shown in Figure 4. It is held to- 

I ,  

_>%<, 

Figure 4.-The structure viewed along the b axis. 
tween the mirror planes a t  y = '/4 and y = 

The part be- 
is showw. 

gether by a three-dimensional network of hydrogen 
bonds among the water molecules, the anions, and 
the cations. The structure can be regarded as being 
composed of layers (parallel to the a,c plane) of cations 
alternating with layers containing the anions and water 
molecules. 

The hydrogen-bonding scheme is summarized in Ta- 
ble V. The two ammonia groups outside the mirror 
plane, N( l )  and N(4), are each linked by one hydrogen 
bond, of length 2.96 and 3.18 A, respectively, with 
water molecules O(4) and O(4g). Whereas the two 
remaining H atoms of N(4) are not involved in hydro- 
gen bonds, the two remaining H atoms of N ( l )  point 
approximately toward chloride ions (Cl(2) and Cl(lh)), 
the N-C1 distances being 3.39 and 3.37 A. (See Table 
VI for short distances not ascribed to hydrogen bonds.) 

For the ammonia groups in the crystallographic 
mirror plane, only two conformations are allowed (if 
no disorder is assumed) 

For all these ammonia molecules the out-of-plane hy- 
drogen atoms, as located in the difference maps (and 
assumed for N(5)), are a t  such positions that  they 
point to hydrogen-bond acceptors closest to the re- 
spective N atom. However, the electron density as- 
sociated with same of these hydrogen atoms (see Fig- 
ure 1) is so diffuse that  disorder cannot be ruled out. 

Both of the water molecules O(3)  and O(4) exhibit 
(16) L. E. Sutton, "Tables of Interatomic Distances and Configuration 

in Molecules and  Ions," Special Publication No. 11, T h e  Chemical Society, 
London, 1958; Supplement, Special Publication No. 18, T h e  Chemical 
Society, London, 1965. 

(17) V. M. Padmanabhan, H. G. Smith,  and  S. W. Peterson, Acta Cvyslal- 
logy., 22, 928 (1967). 

TABLE V 
HYDROGEN-BOND DISTANCES AND ANGLES 

The Donor (D)  Is a t  2, y, z. The Following Designations Are 

(b) x ,  Y,  e + 1 ( e )  x - 1, Y, z ( f )  --x + 1, - Y  + 1, 
(9) --x, - Y  + 1, (h) --x, - Y  + 1, - 2  ( j )  - x  + 1, Y - 1/z, 

Made for the Positions of the Acceptor (A) 

- 2  + 1 

- 2  + 1 - z +  1 

No Corrections for Thermal Motions Were Applied. 
Atom Linked with D by a Covalent Ron!. 

(k) - x ,  Y - ' /z, - 2  (1) - x ,  Y - I/?, -Z + 1 (p) x + 1, Y, z i- 1 

C Is an 
Estimated Standard 

Deviations Are about 0.01 A and 0.6" 
d(DA), 

A 
2 .96  
3.39 
3 .37  
3 .13  

3 .38  

3.18 
3 .28  

2 .98  

LADC, 
deg 

108.70 
96 .2  
98 .8  
98 .3  

118.4 
9 5 . 8  
98 .3  

1 4 6 , 5  
99 .8  

112.4 
105.6 
113 .0  

Hydrogen Bonds around the Water Molecules. The N Atoms 
Are the Donors and the Chloride Ions the Acceptors 

I.ength, A 
3 .18  
3 .40  
3 .13  
2 .98  
3 .16  
3.35 
2 .96  
3 . 1 8  

Angle, deg 
115 .3  
102 .3  
100 .5  
129.9 
125.1 
74 .9  
8 0 . 8  

102 .5  
71 .9  

131.7 
102.2 
124 .8  

TABLE VI 
SHORT DI~TANCES (A) NOT ASCRIBED TO HYDROGEN BONDY 

N( 1 )-Cl( 1) 3.48 N(6)-Cl(2e) 3 .51  

N(3)-C1(2) 3.37 0(2)-0(4 1 3.07 
N(4 1-0 (4 1 3.27 O ( ~ ) - N ( ~ P )  2.98 
N(5) Cl(2e) 3.50 
a For positions see Table V. 

N(2)-C1(2) 3.33 N(7)-Cl(lh) 3.49 

Estimated Standard Deviations 
are about 0.01 A. 

TABLE VI1 
THERMAL MOTIONS OF THE CHLORIDE 

IONS AND WATER MOLECULES" 
Atom Axis i 

Cl(3) 1 
2 
3 

Cl(4) 1 
2 
3 

0 (3 )  1 
2 
3 

O(4) 1 
2 
3 

- 
(%%?"2, A 

0.292 
0.191 
0.163 
0.218 
0.200 
0.172 
0.311 
0.270 
0.195 
0.279 
0.220 
0.186 

4io 

-0.912 
0.270 

-0.309 
0.377 

-0.632 
-0.678 
-0.230 
-0.972 
-0.054 
-0.993 
-0,042 
-0.109 

qib 

-0.409 
-0.545 

0.732 
-0.408 

0.544 
-0.734 

0.017 
-0.060 

0.998 
0.056 
0.644 

-0.763 

q i e  

0.487 
-0.809 
-0.330 
-0.900 
-0.104 

0.424 
-0.677 

0.734 
0.056 
0.641 

-0.610 
-0.467 

The magnitudes of the principal axes of thermal motion, 
( ~ i ~ ) " ~ ,  are rms displacements (A); the direction cosines 9ij  are 
relative to the crystal axes. The estimated standard deviations 
in therms displacements are about 0.003 A for C1- and 0.008 A for 
0. 
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an approximately tetrahedral coordination with two 
hydrogen-bond acceptors (Cl- ions) and two hydrogen- 
bond donors (ammonia molecules). The coordination 
about the chloride ions is rather irregular. Each has a 
hydrogen-bonded water molecule as closest neighbor, 
with distances 3.18 A for Cl(1)-0(3) and 3.16 A for 

It is interesting to note that neither of the bridging 
NOz and NH2 groups of the cation is involved in 
hydrogen bonding. 

Thermal Motion.-The ellipsoids of thermal motion 
for the atoms of the cation are shown in Figure 2 .  The 
rms amplitudes along the principal directions range 
from 0.13 to 0.26 f i .  The smallest and most isotropic 
movements are associated with the Co atoms. The 

C1(21)-0(4). 

a.toms a t  the periphery of the cation have somewhat 
more pronounced movements than the atoms of the 
central ring. The largest thermal VibrdtiOllS iii the 
structure are displayed by the water molecules and 
chloride ions, with rms amplitudes up to 0.31 k ;  their 
ellipsoids are described in Table VII. No attempt 
was made to correct the bond lengths for the effects 
of thermal vibration. 
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The structure of chlorobis(triphenylstibine)tetrakis(trifluoromethyl)rhodiacyclopentadiene-dichloromethane solvate, 
RhCl(Sh(CBHi)s)2Ca(CF3)r. CHQCIQ, has been determined from three-dimensional X-ray data collected by counter methods. 
The final conventional and weighted R factors obtained from a block-diagonal least-squares refinement for 2537 reflections 
are both 0.044. The material crystallizes in tGe monoclinic system with space group P2,/c and a unit cell of dimensions 
a = 13.250 (l), b = 25.496 (2), c = 16.852 (1) A; p = 125.4 (2 ) ' .  The calculated density of 1.805 g/cm3 for four formula 
units agrees well with the experimental value, 1.80 (2) g/cm3, determined by flotation. The crystal consists of discrete 
monomeric molecules interspersed with solvent molecules which do not interact significantly with the metal atoms. The 
coordination about rhodium is in the form of a slightly distorted trigonal bipyramid with Sb atoms in axial positions and a C1 
atom and the 1 and 4 C atoms of the C4(CFs)4 moiety occupying equatorial positions. The RhC? portion constitutes a five- 
membered ring which is planar. The chlorine atom and theSarbon atoms of the trifluoromethyl groups are also very nearly 
in the same plane. The average Rh-C distance is 1.98 (1) A, suggesting Rh-C r bonding. The C-C distances in the ring 
vary to some extent but are consistent with a considerable degree of delocalization over the four carbon atonis. Distortions 
from the idealized C?, symmetry are attributed to  packing requirements while all other dimensions in the molecule appear 
normal. 

Introduction 
In  recent years, the search for efficient transition 

metal catalysts for the polymerization of unsaturated 
organic molecules has led to  the production of a wide 
variety of novel organometallic complexes. 2 , 3  During 
studies on the triphenylstibine analog of the versatile 
hydrogenation catalyst chlorotris(tripheny1phosphine)- 
rhodium (I), the reaction with hexafluorobutyne-2 was 
attempted and a yellow crystalline compound of for- 
mula RhCl(Sb (CEHQ)3)2(CRF12) was obtained. Chem- 
ical and spectroscopic data for this complex were most 

(1) Supported by h-ational Science Foundation Grant GP-8066. 
(2) G. E. Coates, A I .  L. H. Green, and K.  Wade, "Organometallic Com- 

pounds," Vol. 2, Methuen, London. 1968, Chapters 8 and 9. 
( 3 )  U'. Hubel in "Organic Synthesis via Metal Carbonyls," T'ol. 1, P. 

Pino and  I .  Wender, Ed., Wilep-Interscience, New York, N.  Y., 1968, p 273. 
(4) J ,  T. Mague and G. Wilkinson, i n o r g .  Chem.,  7, 842 (1968). 

consistent with the presence of a tetrakis(trifluor0- 
methy1)rhodiacyclopentadiene moiety, but  unequivocal 
proof was not possible. More recently, IrCl(Nn) (P(C6- 
Hj)3) 25 and Rh (CsH4) P ( C6H6)2(P(CsHj)3)z6 have been 
shown to undergo reactions with acetylenes containing 
electronegative substituents and similar metallocyclic 
products were postulated. In addition, Rh(C0)Cl- 
(P ( C6H3)3)2 was observed to trimerize these same acetyl- 
enes, but no intermediate metallocycles could be iso- 
lated7 

-4lthough such metallocycles have been known for 
some time,a only a limited amount of structural data is 

( 5 )  J. P. Collman, J. W. Kang, W. F. Little, and hI. F. Sullivan, ibid., 7 ,  

(6) W. Keim, J .  OYganomelal. Chein., 16, 191 (1969). 
( 7 )  J.  P. Collrnan and J. W'. Kang, J .  Arne?. Chem. Soc., 89, 844 (1967). 
(8) W. Hubel and E. H. Braye, J .  Inovg. L V z d .  C h e w . ,  10, 280 (1959). 

1298 (1968). 


