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2n + 1, indicated the space group P2'/c. 
Solution and Refinement of the Crystal Structure. The structure 

was solved by heavy-atom methods and refined to R = 0.16, with 
anisotropic temperature factors, with no problems. At this point a 
difference map showed further peaks, which were taken to be an EtOH 
of solution. C(48) also showed evidence of disorder, occupying two 
positions. These were included at 0.5 occupancy and refined iso- 
tropically. Further refinement led to convergence at R = 0.083, R, 
= 0.107. Although the PF6 anions and the EtOH showed evidence 
of disorder (large temperature factors), no alternative atomic positions 
could be discerned on a difference map. Those hydrogen atoms whose 
positions are completely defined were included at fixed positions and 
not refined; other hydrogen atoms were omitted. 

Final refinement was by least squares in large blocks. An empirical 
weighting scheme of the form w = l/(l.O + ((F- was used, 
where A was taken as 60.0 and B as 25.0. This was shown to be 
satisfactory by a weight analysis. Computing was with the X-RAY 
76 systemm on Burroughs B6700 and CDC 7600 computers. Scattering 
factors in the analytical form and anomalous dispersion factors (for 
Ni and P) were taken from ref 21. Final solution details are in Table 
VIII, final atomic coordinates are in Table IX, and a listing of an- 
isotropic temperature factors and observed and calculated structure 
factors are listed as supplementary material. 
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The title compound belongs to the monoclinic space group P2'/c, with a = 10.011 (7) A, b = 18.062 (5) A, c = 15.135 
(4) A, p = 118.34 (4)', and Z = 2 [Cd(CF,COO)2P(C6H5),]2 molecules per cell. The structure was solved on 1741 observed 
reflections to an R factor of 0.038. The unit cell contains discrete centrosymmetric dimeric molecules in which the Cd 
atoms are part of a framework of four bridging carboxylate ligands, similar to those found with Mo(II), Cu(II), Cr(II), 
and Rh(I1). The apical sites are occupied by PPh' ligands (Cd-P = 2.524 A), but the Cd-P bond does not lie along the 
Cd-Cd axis (Cd-Cd-P = 153.7'). The Cd-Cd separation (3.452 %.) is consistent with the absence of metal-metal bonding. 
One pair of carboxylate groups is symmetrically coordinated (Cd-0-C = 128.2 and 132.8') as usually found in tetra- 
kis(pcarboxy1ate) frameworks, but the other pair undergoes considerable distortion (Cd-0-C = 109.0 and 154.2'). 

Introduction um(I1) which were first reported2 in 1940. Com- 
Our knowledge of tertiary phosphine complexes of cadmium plexes of cadmium(I1) thiocyanate with t r i - t e r t -bu t~ l - ,~  tri- 

has, until recently, been limited to the complexes of cadmi- 

(2)  Evans, R. C.; Mann, F. G.; Peiser, H. S.; F'urdie, D. J .  Chem. Soc. 1940, 
(1) (a) University of Guelph. (b) UniversitE de MontrBal. 1209-1 230. 

0020-1669/84/1323-0914$01.50/0 0 1984 American Chemical Society 



Inorganic Chemistry, Vol. 23, No. 7, 1984 915 

F7 FI 

Figure 1. Stereoview of the [Cd(CF3C00)2PPh3]2 molecule. The 
assigned two-digit symbols: the first digit identifies the ring; the I 

carbon attached to P. The hydrogens are omitted. 

cy~lohexyl-,~ t r i~heny l - ,~  and tri-m-tolyl phosphine^^ have been 
prepared very recently; the structure of c d ( S C N ) , P ( m - t ~ l ) ~  
has also been determined by a single-crystal X-ray diffraction 
study. In a subsequent study? triphenylphosphine complexes 
of cadmium(I1) perchlorate, nitrate, and trifluoroacetate have 
been prepared and characterized by spectroscopic measure- 
ments. 

Cadmium(I1) trifluoroacetate forms isolable 1: 1 as well as 
1 :2 complexes with triphenylphosphine. Although both the 
complexes are indicated to be nonionic compounds, it proved 
difficult to ascertain their structural features by vibrational 
and 31P and 19F N M R  spectral measurements. Carboxylate 
groups can act as either unidentate or bidentate ligands, and 
in the latter case, they may form chelates and/or bridges often 
leading to complicated polymeric patterns in the solids.' The 
infrared spectra of the two Cd complexes showed very similar 
bands (at ca. 1650 and 1690 cm-l) due to the antisymmetric 
C 0 2  stretching modes of the coordinated trifluoroacetato 
groups. It was difficult to assign the symmetric C 0 2  stretching 
frequency due to the presence of several other ligand bands 
in this region. The 19F N M R  spectra of both complexes are 
almost identical and exhibit a single resonance (at ca. 6 74.15 
upfield of CFCl,). Although their 'J(Cd-P) values are 
markedly different, they do not provide information pertaining 
to the coordination around cadmium in either complex. In 
view of the scarcity of structural data on metal trifluoroacetato 
compounds, a single-crystal X-ray diffraction study was un- 
dertaken on the 1:l cadmium(I1) complex. 

The structures of a number of simple cadmium carboxylates 
have been determined,* and they invariably show intricate 
three-dimensional arrangements of carboxylate groups bridging 
Cd atoms. Surprisingly, the present compound was found to 
contain discrete units in which two metal atoms are brought 
together by four bridging carboxylate groups, in a pattern 

(3) Cass, R. C.; Coates, G. E.; Hayter, R. G. J. Chem. SOC. 1955, 
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7,595-597. Goel, R. G.; Henry, W. P.; Srivastava, R. C.; Inorg. Chem. 
1981,20,1727-1731. Colton, R.; Daktemieks, D. Aust. J. Chem. 1980, 
33, 955-963, 1463-1470, 1677-1684. 

(4) Goel, R. G.; Ogini, W. 0. Znorg. Chem. 1977, 16, 1968-1972. 
(5) Goel, R. G.; Henry, W. P.; Olivier, M. J.; Beauchamp, A. L. Znorg. 

Chem. 1981, 20, 3924-3928. 
(6) Goel, R. G.; Jha, N. K. Can. J.  Chem. 1981, 59, 3267-3272. 
(7) Garner, C. D.; Hughes, B. Adu. Znorg. Chem. Radiochem. 1975, 17, 

(8) Post, M. L.; Trotter, J. J. Chem. SOC., Dalton Trans. 1974, 285-288; 
1974,674-678; 1974, 1922-1925. Acta Crystallogr., Sect B 1974,830, 
1880-1882. Harrison, W.; Trotter, J. J. Chem. SOC., Dalton Trans. 
1972, 956-960. Weber, G. Acta Crystallogr., Sect B 1980, B36, 
1947-1949. Langs, D. A.; Hare, C. R. J. Chem. Soc., Chem. Commun. 
1967, 890-891. Boman, C. E. Acta Crystallogr., Sect. B 1977, 833, 
834-838. Hempel, A.; Hull, S. E.; Ram, R.; Gupta, M. P. Zbid. 1979, 
835, 2215-2216. Flook, R. J.; Freeman, H.  C.; Scudder, M. L. Zbid. 
1977, 833, 801-809. 
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ellipsoids correspond to 35% probability. The phenyl carbon atoms are 
second indicates the position in the ring, position 1 corresponding to the 
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Figure 2. Two projections of the bridging framework -90" apart 
about the Cd-Cd axis. 

common for Cu(II), Mo(II), Cr(II), and Rh(II), but never 
reported so far for Cd(I1). 

Experimental Section 
Crystal Data: C44H30CdZF1208PZ; fw 1201.5; monoclinic; space 

group P21/c; a = 10.011 (7), b = 18.062 (5), c = 15.135 (4) A; p 
= 118.34 (4)'; V = 2408.7 AS; Z = 2 dimers per cell; Dmld = 1.656 
g cm-'; X(Mo Kn) = 0.71067 (graphite monochromator); T = 22 
"C; ~ ( M o  Ka) = 10.4 cm-I; crystal dimensions 0.30 X 0.30 X 0.05 
mm. 

Crystallographic Measurements. Colorless plates were obtained 
as described elsewhere? The crystal was mounted on an Enraf-Nonius 
CAD4 diffractometer, and a set of 25 reflections were obtained by 
the SEARCH procedure of the CAD4 software. These reflections were 
centered several times, and the indexing routine deduced a reduced 
cell of monoclinic symmetry. No higher symmetry was suggested 
by the Niggli parameters. Long-exposure oscillation photographs taken 
about the crystallographic axes showed the expected layer-line spacings, 
a Laue mirror was observed for the oscillation about b. Fast scans 
on the OkO and hOl reflections indicated that the space group was 
E1/c .  This was subsequently confirmed by inspection of the complete 
data set. 

The intensity data-were collected as described elsewhere.s A total 
of 3148 hkl and hkl reflections (20 5 45") were collected (a on 
standard intensities =2.6%). 

The structure was solved by the conventional heavy-atom method 
and refined on 1741 nonzero reflections ( I  2 3 4 ) .  The phenyl 
hydrogens were fixed at ideal positions (C-H = 0.95 A, B = 7.0 A2). 
The hydrogen parameters were not varied, but the coordinates were 
recalculated after each least-squares cycle. Anisotropic refinement 
of all non-hydrogen atoms converged to R = 0.038 and R, = 0.043. 
The goodness-of-fit ratio was 1.40. The refined coordinates and 
equivalent temperature factors are given in Table I. Fluorines in 
CF3 groups commonly show high thermal motion. However, one of 
the CF3C02 ligands has markedly high temperature factors, not only 
for the fluorines (Fl,  F2, F3) but also for C2 (Table I). It is likely 
that, in addition to some rotation of the CF, group about the C2-C1 
bond, disorder or oscillation involving the (C)-CF3 unit may take place. 
The highest peaks in the final AFmap (f 0.44-0.51 e were indeed 
found near the F atoms involved and Cd. The general background 
was lower than f0.26 e A-3. 

The scattering curves were from Cromer and Waberg except for 
hydrogen.I0 The f' and f" contributions to anomalous dispersion 

(9) Cromer, D. T.; Waber, J. T. Acta Crystallogr. 1965, 18, 104-109. 
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Table I. Refined Atomic Coordinates (X 10" ; Cd, X 10') 
and Equivalent Temperature Factors (X  I O 3 ;  Cd and P, X IO") 
of Non-Hydrogen A t o m  

c o  
P 
F1 

F3 
F4 
F5 
F6 
01 
0 2  
0 3  
0 4  
c 1  
c 2  
c 3  
C4 
CI 1 
c 1 2  
C13 
C14 
C15 
C16 
c 2  1 
c 2 2  
C23 
C24 
C25 
C26 
C3 1 
C32 
c 3 3  
c 3 4  
c 3 5  
C36 

r 2  

5018 (7) 2532 (3) 
437 (2) 129 (1) 

-3754 (7) 1917 (4) 

-5008 (7) 1029 (5) 
2837 (9) 1702 (4) 
3433 (7) 2188 (3) 
1308 (7) 2363 (3) 

-2385 (6) 504  (3) 
-1573 (6) 919 (3) 

1814 (6) 1210 (3) 
1088 (6) 731 (3) 

-2454 (8) 887 (4) 

1701 (8) 1193 (4) 
2347 (IO) 1857 (5) 

-4143 ( I  1) 1683 (6) 

-3810 (12) 1355 (6) 

268 (8) -829 (4) 
1194 (9) -1333 (5) 
1 I48 (1 1) -2073 (5) 

184 (13) -2326 (5) 
-760 (13) -1846 (6) 
-761 (11)  -1094 (5) 

-1159 (8) 599 (4) 
-1038 (9) 1077 (5) 
-2310 (11) 1418 (6) 
-3689 (11) 1279 (6) 
-3845 (1 I )  797 (7) 
-2573 (10) 466 (5) 

2098 (8) 482 (4) 
2632 (9) 194 (5) 
3886 (1 1) 511 (6) 
4603 (10) 1088 (6) 
4139 ( I O )  1369 (5) 
2899 (9) 1054 (5) 

12178 (4) 557 
2858 (1) 526 
-528 (5) 159 

-1866 (6) 265 
-1336 ( I O )  302 

-699 (6) 163 

-518 (5) 122 
-1373 (4) 74 

694 (4) 131 

191 (4) 73 
1052 (4) 74 
-456 (4) 82 
-717 (6) 54  

-1004 (7) 135 

-87 (7) 80 
201 (6) 59 

3118 ( 5 )  56 
2986 (6) 75 
3189 (8) 99 
3492 (8) 124 
3603 (8) 127 
3423 (7) 92 
2859 (5) 55 
3598(6)  74 
3560 (7) 102 
2776 (8) 108 
2039 (8) 117 
2067 (6) 87 
3919 (5) 5 2  
4887 (6) 79 
5672 (7) 99 
5518 (7) 101 
4584 (7) 93 
3779 (6) 75 

were taken into account for Cd." The programs used are listed 
elsewhere.12 The temperature factors, as well as the observed and 
calculated structure factor amplitudes, are tabulated in the supple- 
mentary material. 
Description of the Structure 

The discrete [Cd(CF3C00)2PPh3]2 centrosymmetric dimer 
is shown in Figure 1. Four bidentate C F 3 C O 0  ligands, lying 
-90' apart about the Cd-Cd direction, are bridging the Cd 
centers in a syn-syn manner. The apical sites a t  both ends of 
the Cd-Cd axis are occupied by the PPh, molecules. 

Tetrakis(pcarboxy1ato)dimetal frameworks of this type are 
known for a number of complexes of Cu(II), Cr(II), Mo(II), 
Rh(II), and a few other metals.13,14 These species usually have 
high symmetry: both carboxylate oxygens are symmetrically 
coordinated, and no great distortions are produced by the 
apical ligands even if they are as bulky as PPh,.l5 In marked 
contrast, the Cd dimer described here is severely distorted, as 
can be appreciated from the projections given in Figure 2. 
Selected interatomic distances and bond angles are listed in 
Table 11. In plane A, the carboxylates are coordinated in the 
expected manner: the Cd-0  distances (2.249 (6) and 2.261 
(6) A) compare well with the short Cd-0 bonds involving 

Stewart, R. F.; Davidson, E. R.; Simuson, W. T. J .  Chem. Phvs. 1965. 

Table 11. Interatomic Distances and Angles 

Cd-P 
Cd-0 1' 
Cd-0 2 
P-Cl 1 
P-c2 1 
P-c3 1 
C1-C2 
C2-F1 
C2-F2 
C2-F3 
Cd-Cd 

P-Cd-0 1' 
P-Cd-02 
P-Cd-03 
P-Cd-04' 
0 IQ-Cd-02 
Cd-Cd-P 
Cd-P-C 1 1 
Cd-P-C2 1 
Cd-P-C3 1 
c 1 1 -P-c2 1 
CI 1-P-c31 
C21-P-C31 
0 1 -c 1-02 
0 I-c 1-c2 
02-Cl-C2 
Cl-C2-FI 
CI-C2-F2 
C 1-C2-F3 
FI-C2-F2 
F 1 -C2-F3 
F2-C2-F3 

Distances (A) 
2.524 (2) Cd-03 
2.249 (6) Cd-04' 
2.261 (6) (21-01 
1.800 (8) C I - 0 2  
1.810 (9) c3-03 
1.793 (8) c3-04 
1.479 (15) C3-C4 
1.231 (13) C4-F4 
1.323 (14) C4-F5 
1.211 (16) C4-F6 
3.452 (1) 

Angles (deg) 
104.8 (2) Cd-Cd-Ol' 
106.2 (2) Cd-Cd-02 
117.8 (2) C d C d - 0 3  
95.2 (2) Cd-Cd-04' 

147.8 (2) 0IQ-Cd-03 
153.7 ( 1 )  Ol'-Cd-04' 
110.4 (3) 02-Cd-03 
113.2 (3) 02-Cd-04a 

106.0 (4) Cd-Ol'-Cl' 
106.8 (4) Cd-02-CI 
106.0 (4) Cd-03-C3 
129.6 (8) Cd-O4'-C3' 
118.5 (8) 03-C3-04 
11 1.8 (8) 03-C3-C4 
121.3 (10) 04-C3-C4 
108.2 (9) C3-C4-F4 
115.8 (10) C3-C4-F5 
97.4 ( I O )  C3-C4-F6 

1 13.9 (1 1) F4-C4-F5 
94.1 ( I O )  F4-C4-F6 

F5-C4-F6 

113.8 (3) 03-Cd-04' 

2.256 (6) 
2.298 (6) 
1.239 (10) 
1.233 (9) 
1.239 (10) 
1.218 (10) 
1.521 (13) 
1.268 (14) 
1.310 (11) 
1.303 (12) 

75.8 (1) 
72.6 (1) 
88.5 (1) 
58.5 (1) 
88.5 (2) 
85.9 (2) 
84.8 (2) 
82.8 (2) 

146.9 (2) 
128.2 (5) 
132.8 (5) 
109.0 (5) 
154.2 (6) 
128.9 (8) 
115.9 (7) 
115.1 (8) 
113.6 (8) 
112.6 (8) 
110.5 (8) 
108.5 (9) 
106.4 (9) 
104.8 (8) 

' --x, -y ,  - z .  

unidentate oxygen in various cadmium carboxylates.a The only 
anomaly apparent in this plane is the Cd-P bond pointing 
upward instead of lying in the plane, along the Cd-Cd di- 
rection. This is more obvious in projection B at 90° from 
projection A. This Cd-P bond makes an angle of 26.3O with 
the Cd-Cd direction. It is slightly shorter (2.524 (2) A) than 
in the five-coordinate Cd(SCN)2P(m-tol)3 complex (2.584 (2) 
A).5 The PPh, lone pair lies along the Cd-P direction as usual, 
as evidenced by the nearly equal Cd-P-Ph angles (1 10.4, 
113.2, and 113.8O; Q = 0.3O). Carboxylate coordination in 
plane B is very unsymmetrical: the Cd-04 bond (2.298 (6) 
A) is significantly longer than Cd-03 (2.256 (6) A), and the 
CF,COO groups are so oriented that the Cd-O-C and angles 
(109.5 (5) and 154.2 (6)O) differ considerably from the value 
found in ligands A (130.5'). 

The geometry of the phosphine is normal. Details on the 
distances and angles in the phenyl rings are provided in the 
supplementary material. The C-CF, portion of one of the 
carboxylates is involved in high thermal motion or disorder. 
Thus, the distances and angles involving C2, F1, F2, and F3 
reflect this effect and are unreliable. The geometry of the other 
carboxylate group is normal.' 

The packing pattern (Figure 3, supplementary material) 
shows that the dimers interact by normal van der Waals 
contacts in the unit cell. 

42, 3175-3187. Discussion 
Cromer, D. T. Acta Crystallogr. 1965, 18, 17-23. 
Authier-Martin, M.; Beauchamp, A. L. Can. J .  Chem. 1977, 55, 
1213-1217. 
Koh, Y. B.; Christoph, G. G. Znorg. Chem. 1979, 18, 1122-1 128 and 
references therein. 

Ch.; Kalinnikov, V. T. Znorg. Chim. Acta 1980, 40, 1 1  5-1 19. 

The effects on the structure of factors such as the carbox- 
ylate "bite", metal-metal bonding, and various features of the 
apical ligands have been extensively discussedI3 and are still 
an active research field. With Cr(II), Mo(II), Ru(II), and 

clearly a determining fa~tor . '~J '  In Cu(I1) dimers, which also 

Kirillova, N. I.; Struchkov, Yu. T.; Porai-Koshits, M. A,; Pasynskii, A. 
A,; Antsyshkina, A. S.; Minacheva, L. Kh.; Sadikov, G. G.; Idrisov, I. 

Christoph, G. G.; Halpern, J.; Khare, G. P.; Koh, Y .  B.; Romanowski, 
C. Znorg. Chem. 1981,20,3029-3037. Cotton, F. A,; Felthouse, T. R.; 
Klein, S. Ibid. 1981, 20, 3037-3042. 

Rh(II)  for instance, the existence of strong M-M bonds is 

(16) Cotton, F. A. Arc. Chem. Res. 1978, 1 1 ,  225-232. 
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Table 111 

M-M(complex), M-M(metal),a 
a a M-O, A C-O-M, deg 0-C-O, deg ref 

[AgCF,COO12b 2.967 (3) 2.88 

[CpV(CF,COO), 1 ,' 3.704 2.70 
[Pr(CH,CO,),(H,O), I ,' 4.42 -3.60 

[ UO , (OPPh, )(CH,CO 1 I ,' 5.582 3.12 

[Ni(CH,CO,)L] zd 2.984 (1) 2.50 

[Ni(Me,CCO,),( uinaldine)] 2c  2.754 (3) 2.5 0 
3.151 (2) 2.50 3 [Ni(CF,CO,)Ll , 

[ Ni(CH,CO,)L] zd  3.079 (1) 2.50 

a Reference 23. Bis(p-carboxylate) (planar). Tetrakis(pcarbox1 
3-norbornyl. 

possess high symmetry, the mechanism of interaction between 
the Cu atoms is still a debated q u e ~ t i 0 n . l ~  Metal-metal 
bonding is not prerequisite for the formation of carboxylate- 
bridged species. Data on systems in which bridging is achieved 
only by carboxylate groups and M-M bonding is nonexistent 
or unlikely are given in Table 111. Silver t r i f l u ~ r o a c e t a t e ~ ~  
is unique in being devoid of apical ligands. The Ag-Ag sep- 
aration is only slightly above the distance in metallic silver. 
The remaining compounds all contain apical ligands. I n  all 
cases, the M-M distance exceeds considerably twice the 
metallic radius. This suggests that, in the absence of M-M 
bonding, the bridging framework is quite soft. Distortions are 
absorbed by this part of the molecule to accommodate steric 
or electronic requirements of the rest of the metal coordination 
sphere. For instance, in [CpV(CF,C02)2]2, where the V-V 
distance is 3.70 A, the metal atoms are moved away from each 
other by the bulky cyclopentadienyl rings in apical positions. 
In the present case, the PPh, ligands probably have a similar 
effect. The Ph-P-Ph angles here (average 106.3") are on the 
average 2-3" greater than in Rh  complexes, where the 
phosphine is more restricted and lies closer to the carboxylate 
bridge, with the Rh-P bond along the Rh-Rh axis, as a result 
of metal-metal bonding. 

Carboxylate groups can accommodate surprisingly large 
M-M separations in two ways:13 by opening the 0 -C-0  
angles to - 130" and by retaining appeciable Lewis base 
character for a wide range of C-0-M angles. Thus, the 

(17) Cotton, F. A.; Wilkinson, G. "Advanced Inorganic Chemistry", 4th ed.; 
Wiley: New York, 1980; pp 817-818, 931, 947. 

(18) Aleksandrov, G. G.; Struchkov, Yu. T. Zh. Strukt. Khim. 1970, 1 1 ,  
479-483. Larin, G. M.; Kalinnikov, V. T.; Aleksandrov, G. G.; 
Struchkov, Yu. T.; Pasnskii, A. A.; Kolobova, N. E. J .  Organomet. 
Chem. 1971, 27, 53-58. 

(19) Bone, S. P.; Sowerby, D. B.; Verma, R. D. J. Chem. Soc., Dalton Tram. 
197A 1544-1 54R - - . -, - - . . - - . -. 

(20) Panattoni, C.; Graziani, R.; Bandoli, G.; Zarli, B.; Bombieri, G. Inorg. 
Chem. 1969,8, 320-325. 

(21) Zocchi, M.; Tieghi, G. J. Chem. SOC., Dalton Tram. 1975, 1740-1743. 
(22) Tieghi, G.; Zocchi, M. Cryst. Struct. Commun. 1973, 2, 557-560, 

561-564 - - *  ~ - . .  
(23) Wells, A. F. "Structural Inorganic Chemistry"; Oxford University Press: 

London, 1962; p 984. 
(24) Griffin, R. G.; Ellett, J. D., Jr.; Mehring, M.; Bullitt, J. G.; Waugh, J. 

S. J. Chem. Phys. 1972, 57, 2147-2155. 

2.249 (6) 120.7 (5) 130.1 (8) 24 
2.232 (6) 122.3 (5) 
2.05 (av) 134 (av) 124 (av) 18 
2.41 (1) 175 (1) 125 (2) 19 
2.52 (1) 111 (1) 
2.42 (1) 141 (1) 130 (2) 
2.45 (1) 141 (1) 

129.6 (8) 2.249 (6) 128.2 (5) 
2.261 (6) 132.8 (5) 
2.256 (6) 109.0 (5) 128.9 (8) 
2.298 (6) 154.2 (6) 
2.33 (3) 128 (3) 113 (5) 20 
2.35 (4) 148 (3) 
1.996 (4) 125.8 (3) 125.4 (3) 22 
1.912 (3) 125.6 (3) 
2.04 (1) 124.5 (7) 126 (1) 14 
1.904 (7) 130.4 (6) 127.8 21 
1.911 (7) 127.8 (6) 
1.989 (7) 129.2 (6) 130.3 
2.038 (8) 124.9 (6) 
1.895 (5) 130.7 (2) 125.8 22 
1.904 (5) 128.4 (2) 
1.969 (5) 130.3 (2) 126.1 
2.001 (5')  127.5 (2) 

this work 

!late). Bis(p-carboxylate) (nonplanar); L = 2-(methylallyl)- 

C F 3 C O 0  groups can assemble two molecular fragments in 
which the metal environment is dictated by its coordination 
preference and by the steric requirements of the remaining 
ligands. Factors, other than M-M bonding, leading to car- 
boxylate-bridged dimers instead of monomers with chelated 
carboxylates are unclear. In fact, for some of the compounds 
listed in Table 111, both bridging and chelating carboxylate 
groups exist within the same molecule. 

In the Cd compound, the two binding modes of bidentate 
CF3C02- groups could not be distinguished from the infrared 
spectra, because the number of observable vibrational modes 
for the low-symmetry species is not expected to be very sen- 
sitive to its e n ~ i r o n m e n t . ~  Furthermore, the position of the 
easily recognized OCO antisymmetric stretching band is metal 
sensitive. Correlation with the frequency difference between 
the symmetric and the antisymmetric modes seem to be more 
promising, but in the present case, the symmetric band was 
masked by phosphine bands. The existence of two components 
for the antisymmetric vibration (1690 and 1648 cm-') is 
consistent with the observed structure. There are two pairs 
of CF,COO groups interacting differently with the Cd atoms, 
and since the bridging framework as a whole is centrosym- 
metric, only one band is expected to be infrared active for each 
pair. The low-wavenumber component probably originates 
in the symmetrically coordinated CF3CO0 groups. The other 
pair of groups, in which one of the oxygens is more weakly 
bonded to Cd, would behave to some extent as a unidentate 
carboxylate and, consequently, give rise to the band at 1690 
cm-'. 

Despite the similar wavenumbers for the OCO stretching 
bands of the 2:l Cd(CF,CO2),(PPh3), complex, the tetra- 
kis(pcarboxy1ato) framework is unlikely to be retained, be- 
cause introducting a second bulky PPh, would undoubtedly 
disrupt the bridging framework. Alternative structures can 
be put forward, the simplest of which would be a monomer 
with two chelating carboxylates. Such a model is highly 
speculative in the absence of further X-ray work on this 
compound. 
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The four possible diastereomers of [Rh((*)-bn),13+ ('bn" = 2,3-butanediamine, C4HI2N2) have been isolated and the 13C 
NMR spectra determined. Isomer abundances indicate that the increase in enthalpy per ob ring in [Rh((&)-bn)J3+ 
diastereomers is only one-third that in [Co((i)-bn)J3+ complexes. The lel,lel,lel diastereomer of [Rh((&)-bn)3]3+ does 
not exhibit the broadened methyl group I3C NMR resonance found earlier for lel,lel,lel-[C~((f)-bn),]~+ even though a 
crystal structure of the former complex as the bromide salt ([Rh(C4H12N2)3]Br3, trigonal system, space group P31c, a 
= 12.549 (2) A, c = 8.195 (1) A, Z = 2) shows a decreased intra-ring methyl group contact distance. These observations 
rule out steric interactions proposed earlier as a source of the anomalous broadening and indicate that the broadening involves 
the 59C0 atom. I3C NMR spectra of corresponding rhodium(II1) and cobalt(II1) tris((f)-2,3-butanediamine) diastereomers 
are virtually identical. The possible contribution of magnetic anisotropy of the metal ion to I3C NMR chemical shift 
differentiation of diastereotopic carbon atoms in these complexes is discussed. 

Introduction 
from our group have demonstrated the utility 

of 13C N M R  spectroscopy in differentiating and identifying 
diastereomeric complexes of diamagnetic metal ions- 
particularly diastereomers arising from the presence of si- 
nambic4 ligands. From this work there has arisen an in- 
creasingly intriguing question: What  is the ultimate origin 
of 13C NMR chemical shift differences between diastereotopic 
carbon atoms in such complexes? 

Previous work has indicated that, relative to rigid chelates, 
diastereomers containing flexible chelate rings are more easily 
differentiated by 13C NMR spectroscopy and that diastereo- 
topic atoms lying in conformationally distinct environments 
within such complexes have enhanced 13C chemical shift 
differences.'** Thus, we can readily interpret chemical shift 
variations between diastereotopic methyl carbon atoms in 
ms-2,3-butanediamine complexes as arising from steric com- 
pression shifts5 associated with axial/equatorial differences 
in the chelate ring.' Moreover, we can explain the striking 
differentiability of ms-2,3-butanediamine diastereomeric 
complexes as due to the conformational flexibility of the ligand 
allowing different time-averaged conformations for symme- 
try-nonequivalent chelate rings.' Unfortunately, such expla- 
nations are not easily extended to chelate ring carbon atoms 
where steric compression shifts are not expected, nor are they 
readily applied to complexes such as [Co((A)-bn),l3+ ("bn" 
= 2,3-butanediamine) whose diastereomers are easily distin- 
guished by 13C N M R  even though the three chelate rings are 
expected to be rigid and to have very similar conformations.' 

Past 

(1) Hilleary, C. J.; Them, T. F.; Tapscott, R. E. Inorg. Chem. 1980,19, 102. 
(2) Mather, J. D.; Tapscott, R. E. J .  Coord. Chem. 1981, 11, 5. 
(3) Gargallo, M. F.; Mather, J. D.; Duesler, E. N.; Tapscott, R. E. Inorg. 

Chem. 1983, 22, 2888. 
(4) Tapscott, R. E.; Mather, J. D.; Them, T. F. Coord. Chem. Rev. 1979, 

29, 87. 
(5 )  Grant, D. M.; Cheney, B. V. J .  Am. Chem. SOC. 1967, 89, 5315.  
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Equally disconcerting is recent work showing exceptionally 
large chemical shift differences between diastereotopic carbon 
atoms in complexes of cis- 1,2-~yclopentanediamine, a ligand 
expected to give rigid chelate rings with relatively fixed con- 
formationsS6 

In order to determine what influence subtle electronic and 
steric effects might play in chemical shift differentiation of 
diastereotopic carbon atoms in complexes, we have separated 
the diastereomers of [Rh((*)-bn)J3+ and have determined 
their 13C N M R  spectra for comparison with (redetermined) 
spectra of [Co((*)-bn),l3+ isomers. A crystal structure of 
lel,lel,lel-[Rh((f)-bn),]Br3 has also been determined in order 
to compare the geometry of the cation with that found for 
[Co( (*)-bn),] ,+.' 
Experimental Section 

Synthesis. 2,3-Butanediamine was obtained commercially, and the 
meso and racemic isomers were separated as described elsewhere.' 
The racemic material as the dihydrochloride salt (9.66 g, 60 mmol) 
was dissolved in 50 mL of 80% aqueous methanol and was allowed 
to react with NaOH (4.8 g, 120 mmol) dissolved in a minimum of 
water. The NaCl precipitate was filtered off and the solution was 
added to aqueous RhC13.3H20 (2.63 g, 10 mmol). The mixture was 
heated on a steam bath and two more 60-mmol portions of (&)- 
2,3-butanediamine were added. After additional NaCl had precip- 
itated, the solution was allowed to mol and isopropyl alcohol was added. 
The NaCl was removed by filtration, the solution was concentrated 
in vacuo with heating, and acetone was added to precipitate a mixture 
of [Rh((*)-bn),]Cl, and excess ligand as the hydrochloride salt. 

An aqueous solution of the precipitated mixture was chromato- 
graphed on SP Sephadex C-25 cation exchange resin on a 2.7 cm X 
50 cm column using 0.5 M aqueous Na2S04 eluent with a flow rate 
of 1 mL mi&. Elution curves plotted from the spectral absorbances 
at 300 nm showed the presence of four chromatographic bands, which 
were identified as the lel,lel,lel, lel,lel,ob, lel,ob,ob, and ob,ob,ob 

(6) Toftlund, H., private communication. 
(7) Duesler, E. N.; Gargallo, M. F.; Tapscott, R. E. Acta Crysrallogr., Sect. 

B 1982, B38, 1300. 
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