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steric hindrance and bond strain are introduced when 
the three groups are not all the same. This strain is 
probably sufficient to preclude the stable existence of 
such isomers. 

The requirement that the singly attached amine 
molecules have the same configuration as the bridging 
molecules should be less stringent. Models show that 
isomers of the ~- (ddd)  (1111) type complexes might pos- 
sibly occur. We feel that if such isomers would have 
been present in our mixtures to the extent of several 
per cent they would have been detected, and so we 
can only say that our procedure must have formed them 
only in very small amounts, if a t  all. 

Steric hindrance probably also accounts for the 
failure to replace the last water molecule on each 
cobalt despite the presence of large excesses of the 
amine used in the preparation. Rather severe steric 
crowding occurs when a third singly attached amine 
molecule is placed on a given cobalt. 

An examination of the possible conformations of 
other truns-1,2-cycloalkanediamines shows that rings 
containing more than five carbon atoms should be 
sufficiently flexible to permit unhindered chelation 
by the two amine groups, while rings containing five 
or fewer carbons would be expected to introduce con- 
siderable steric strain. This predicted difference be- 
tween the compounds containing five- and six-membered 
rings is supported by the contrast between the results 
reported here and the normal behavior of the tris- 
(trans-l,2-cyclohexanediamine)cobalt(III) ion. l9 This 
difference is also illustrated by the observation20v21 
that trans-1,2-cyclopentanediaminetetraacetic acid is 
a much weaker coordinating agent than trans-1,2- 
cyclohexanediaminetetraacetic acid. 

(19) T. S. Piper and A. G. Karipides, J. Am. Chem. SOL.,  86, 5039 (1964). 
(20) W. Hoyle and T.  S. West, Talaizta, 2 ,  158 (1959). 
(21) H. Kroll and M. Gordon, Ann. N .  Y .  Acad .  Sci., 88, 341 (1960). 
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Electric moments of bispyridine complexes of CdI2, NiI2, ZnBr2, ZnIz, Zn( NCOh and Zn( NCS), and of bishexamethylphos- 
phoramide complexes of CdBr2, Cd12, CoCl,, CoBrz, CoI2, Co( NCO)Z, Co( NCS)2, ZnClZ, ZnBrz, Zn12, Zn( NC0)2, and Zn- 
( NCS)z have been determined in benzene or dioxane solution. The increase in moments from chlorides to iodides corresponds 
to the order of increasing polarizability. The complexes of cobalt and of zinc containing the NCO group appear to be iso- 
cyanates, The order of 
dipole moments of corresponding complexes is Co > Zn > Cd. 

The P-0-M bond angle in hexamethylphosphoramide complexes is appreciably less than 108'. 

The electric dipole moments of dichlorobis(pyridine)- 
zinc and dichlorobis(y-pico1ine)zinc indicate2 a regular 
tetrahedral configuration for these complexes in di- 
oxane. As an extension of this study, the moments of 
other tetrahedral complexes of pyridine and of hexa- 
methylphosphoramide have been determined. The 
bispyridine complexes of ZnBrz, ZnIn, Zn(NCO)z, 
Zn(NCS)2, CdI2, and NiIz proved to be sufficiently 
soluble in benzene or dioxane for dielectric constant 
measurements. The nickel complex is the first of its 
type (containing two Ni-N bonds) for which evidence 
has been offeredS for a tetrahedral configuration. In- 
frared spectra obtained in this laboratory indicate a 
tetrahedral configuration for the other above com- 
pounds also. This configuration for the cadmium 
iodide complex is in contrast to the bridged, tetragonal 

(1) The Radiation Laboratory is operated by the University of Notre 
Dame under contract with the Atomic Energy Commission. This is A.E.C. 
document No. COO-38-381. 

(2) M. J. Schmelz, M. A. G. Hill, and C. Curran, J. Phys. Chem., 66, 1273 
(1961). 

(3) M. D. Glonek, C. Curran, and J. V. Quagliano, J. Am.  C h e m  Soc., 84, 
1273 (1962). 

structure revealed by infrared and/or X-ray diffraction 
measurements for the bispyridine complexes of cadmium 
~h lo r ide ,~  bromide, isocyanate,s and isothiocyanate. 
The very low solubility of these complexes in benzene 
indicates that this solvent does not break these bridges. 
The low solubility of the complexes of pyridine with 
cobalt(I1) halides in benzene and their reaction with 
dioxane prevented the determination of their electric 
moments. 

Complexes of hexamethylphosphoramide, [ (CH&N 13- 
PO (HMPA), with cobalt(I1) halides and isothiocya- 
nate have been reported by Donoghue and Drago.6 
Similar compounds of zinc were prepared, along with 
Co (NCO)Z(HMPA)Z and Zn (NC0)2(HMPA)2. The 
preference of palladium(I1) for Pd-N bonds and the 
similar frequencies observed' for the NCO symmetric 
stretching vibration in M(NC0)2(CsHsN)2 complexes 
(1340, 1348, and 1347 cm.-l for Pd, Co, and Zn, 

(4) R. Zannetti, Gam. chim. ttal., 90, 1428 (1960). 
(5) M. R .  Petra and C. Curran, Abstracts, 141st National Meeting of the 

(6) J. T. Donoghue and R. S. Drago, Inovg. Chem., 2, 572 (1963). 
(7) Sr. M. R. Petra, Ph.D. Thesis, University of Notie Dame, Jan 1963. 

American Chemical Society, Washington, D. C , March 1962, p. 45R. 



624 SR. MICHAEL SCHAFER AND COLUMBA CURRAN Inorganic Chemistry 

Compound 

CdI>( CsHjN)z 
KiIz( C~HH,N)Z 
X I z (  C5HjN)Z 
ZnBrd C ~ H ~ N ) Z  
ZnId CsHs?J)z 
Zn( NCO)L( C,H,h')z 
Zn( XCS)Z( C ~ H ~ N ) I  
Hexamethylphosphoramide 
CdBrz( HMPA)z 
CdIz( HMPA)z 
CoC12( HMPA)z 
CoBrz( HMPA)? 
COII( HMPA)2 
CO( XCO)z(HMPA)2 
CO( SCS)z( HMPA)2 
ZnClz( HMPA)z 
ZnBr*( HMPA)z 
Zn12( HMPA)2 
Zn( XCO)z( HMPA)z 
Zn( XCS)*( HMPA)z 

TABLE I 
POLARIZATIOXS AND ELECTRIC MOMENTS AT 25" 

Solvent looOzL:f* Ae/u$n Ad,'wf2, g./ml. 

B 2 .9-3,8 17.5 0.35 
B 3.3-4.7 21.2 0.37 
D 2.5-3.2 24.8 0 .51  
D 2.5-3.0 28.9 0.44 
B 3.0-3,3 22.3 0.45 
B 3,3-4,9 34.1 0.24 
D 2.3-4.1 43.3 0.53 
B 17-13 11.2 0.08 
B 4,5-6.2 14.9 0.27 
B 3,8-9.9 14.9 0.47 
B 6.4-28.9 19.9 0.19 
B 3.6-7.1 17.7 0.25 
B 2.1-9.5 18 .5  0.35 
B 2.5-3.2 21.7 0.14 
B 4,2-5.9 24.4 0.33 
B 2.7-6.4 18.0 0.30 
B 4.2-7.1 16.8 0.42 
B 4.9-7.5 16.5 0.46 
B 3.3-4.9 20.9 0.27 
B 4.5-7.0 23.9 0.34 

Prm, ml. 

1832 
1969 
1987 
1883 
2080 
2046 
2395 
384 

1924 
2145 
1955 
2055 
2475 
2190 
2561 
1789 
1949 
2215 
2115 
2543 

l . l 5 \ . IR~ ,  ml. 

102 
99 
99 
86 
98 
84 

102 

145 
157 
136 
140 
154 
122 
158 
134 
140 
152 
139 
156 

52.76 

P ,  D. 

9 .19 
9 . 6  
9 . 6  
9.37 
9.84 
9.82 

4.31 
9.32 
9.85 
9.43 
9.67 

10.6 

10.7 
10 .0  
10.8 
8.99 
9.40 

9.82 
10.0 

10 .8  
.If2 is the weight fraction of solute, AE and Ad are the changes in dielectric constant and density, respectively, from solvent t o  solu- 

B, D, and HMPA represent benzene, tion, P r ,  is the total polarization of solute a t  infinite dilution, and p is the electric dipole moment. 
dioxane, and hexamethylphosphoramide 1 1 0 h 4 R ~  

respectively, and 1331 cm.-l for CO(NCO)Z(H~~PA)Z) 
suggest that these complexes are isocyanates. In 
support of this interpretation, infrared spectra indicate 
Si-?\T bonding in Si(NCO)I.* Infrared spectra reveal 
that the zinc and cobalt complexes with the NCS 
group are isothiocyanates. 

Experimental 
Preparation and Purification of Compounds.-The complexes 

of pyridine with the iodides of zinc, cadmium, and nickel and 
the bromides and isothiocyanates of zinc were prepared by 
Glonek.9 The complexes of the isocyanates of cobalt and zinc 
R ith pyridine were prepared by Petra.7 

Anal. Calcd. for CdIZ(C5HjS)i: Cd, 21.43; I ,  48.39. 
Found: Cd, 21.29; I ,  48.25. Calcd. for ZnBrZ(ChHjS)2: Zn, 
17.05; Br, 41.43. Found: Zn, 16.81; Br, 41.08. Calcd. for 
ZnIz(CsHsr\')z: C, 25.16; H, 2.11. Found: C, 25.07; H,2.19. 
Calcd. for Zn(iVCS)2(C5H5N)Z: C, 42.45; H ,  2.94; Zn, 19.24. 
Found: C, 42.69; H, 3.21; Zn, 19.69. Calcd. for Zn(NC0)z- 
(C5H6S)2: C, 46.84; H ,  3.25; Zn,  21.26. Found: C, 45.55; 
H ,  3.41; Zn, 21.51. 

Complexes of hcxamethylphosphoramide were prepared by 
addition of anhydrous metal halide or thiocyanate to an excess of 
HMPA with slight heating t o  effect dissolution; the complexes 
precipitated on the addition of petroleum ether and the products 
u ere washed with petroleum ether. The isocyanates were pre- 
pared by dissolving Co( NCO)z( C5HsT)z and Zn( SCO)z( C,H&)2 
in HMPA, precipitating with petroleum ether, and washing with 
ethyl ether and petroleum ether. Infrared spectra revealed that 
the products were pyridine-free. All complexes were dried under 
vacuum. 

Anal. Calcd. for CoClz(HMPA)*: Co, 12.07; C1, 14.52. 
Found: Co, 11.91; C1, 14.16. Calcd. for CoBrZ(HMPA)z: 
Co,  10.21; Br, 27.68. Found: Co, 10.90; Br, 26.89. Calcd. 
for CoIz(HMPA)2: Co, 8.63; I, 37.81. Found: Co, 8.43; I ,  
36.09. Calcd. for CO(NCO)I(HMPA)Z: C, 33.53; H, 7.23. 
Found: C, 33.73; H ,  7.34. Calcd. for Co(NCS)z(HMPA)2: 
C, 31.51; H,  6.75; Co, 11.05. Found: C, 31.86; H, 7.00; Co, 
11.03. Calcd. for CdBr2(HMPA)*: Cd, 17.82; Br, 25.34. 
Found: Cd, 17.94; Br, 24.99. Calcd. for CdIz(HMP-l)z: Cd, 

(8) F. A. Miller and G. I,. Carlson, Sgectvochim. A c f a ,  17, 977 (1961). 
(9) Sr. Ivf. D. Glonek, Ph.D. Thesis, University of Notre Dame, Aug. 

1962. 

15.51; I ,  35.02. Found: Cd, 16.02; I ,  31.74. Calcd. for 
ZnClg(HiMP.1)2: Zn, 13.21; C1, 14.33. Found: Zn, 12.78; 
C1, 14.30. Calcd. for ZnBr2(HMPA)2: Zn, 11.20; Br, 27.39. 
Found: Zn, 10.63, Br, 27.04. Calcd. for Zn12(HMPA)z: Zn,  
9.65; I, 37.46. Found: Zn, 9.92; I ,  36.08. Calcd. for Zn- 
(KCO)z(HMPA)z: C, 33.20; H ,  7.12; Zn, 12.87. Found: C, 
32.10, H,  7.19; Zn, 12.44. Calcd. for Zn(NCS)z(HhlPA)z: C, 
31.14; H,6.72. Found: C,31.22; H,6.97. 

Measurements and Calculations.-Dielectric constant and den- 
sity measurements and calculations of electric moments were 
carried out as in previous investigations.10 A few of the dielec- 
tric constants were obtained with an oscillator similar to  that 
described by Estok." The value of MRD for HMPA, 47.86, waq 
obtained from index of refraction and density measurements a t  
25'. The refractions of the complexes were taken as the sum 
of the refractions of the ligands and the metal halides, isocya- 
nates, and isothiocyanates. The following refractions were used 
in the calculations: Co 10.5,'* Ni 10.0,12 Cd 13.0,13 Zn 9.3,'3 
NCO 8.0,14 pyridine 24.07,15 and Vogel's'~ values: C1 5.9, Br 
8.7, I 13.9, and NCS 15.6. The distortion polarizations of the 
complexes were taken as 1.15MRn and that of HMPA as 1.10 
MRD. As the dielectric constant was practically a linear func- 
tion of concentration for solutions of all complexes, average 
values of Ae/wfz (for a t  least three different concentrations) were 
used in calculating solute polarizations. Polarizations and elec- 
tric moments are listed in Table I. 

Discussion 
Pyridine Complexes.-The moments of the bis- 

pyridine complexes of zinc chloride, bromide, and iodide 
are 9.20, 9.37, and 9.84 D., respectively. This is the 
reverse order of moments of the majority of simple 
halides. For example, the moments of the arsenic and 
antimony trihalides decrease from chloride to iodide. 

(10) C. Curran, P. A. McCusker, and H. S.  Makowski, J. Am. Chem. 

(11) G. K. Estok, J. Chem. Edzrc., 39,478 (1962). 
(12)  P. J. McCarthy and A.  E. Martell, J .  A m .  Chem. SOC., 78, 2107 

(1956). 
(13) Landolt-Bornstein, "Physickalisch Chemische Tabellen," Supple- 

ment, Vol. I, 1927, p. 530. 
(14) E. G. Cowley and J. R. Partington, J. Chem. Soc., 45 (1936). 
(15) D. G. Leis and C. Curran, J. Am. Chem. SOC., 67, 79 (1945). 
(16) A. I. Vogel, J. Chem. SOC., 1842 (1948). 

Soc., 79, 5188 (1957). 
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On complex formation with dioxane, however, a greater 
increase in moment is observed for arsenic and antimony 
tribromides than for the corresponding chlorides. l8 
This is attributed to the greater polarizability of bro- 
mine. In the formation of the bispyridine complexes 
the electron release from nitrogen to zinc is counter- 
acted by an electron withdrawal by the halogen atoms. 
The moments reveal that this withdrawal is greatest for 
iodine; this is very probably related to the order of 
polarizabilities : iodine > bromine > chlorine. Ven- 
anzi and co-w~rkers'~ have observed a general increase 
in the moments of bistriarylphosphine complexes with 
nickel halides from chloride to iodide. They have 
attributed this in part to increased polarizability, but 
chiefly to decreasing X-Ni-X bond angles. This 
latter suggestion appears to us to be very unlikely. 

The moments of the bispyridine complexes of ZnIz 
and CdI2, 9.84 and 9.18 D., respectively, indicate a 
greater N-M-I resultant for the zinc complex. The 
N-H proton magnetic resonance spectraz0 of ZnIz- 
($-toluidine)z and CdIz($-toluidine)z reveal a greater 
chemical shift (to low field) for the former complex, 
indicating a greater polarity for the N-Zn bond than 
for the N-Cd bond. These dipole moment and n.m.r. 
results indicate similar polarities for the Zn-I and Cd-I 
bonds. The moment of the nickel iodide complex is 
seen to be only slightly lower than that of the zinc 
iodide complex and independent of the solvent. 

The moments of ethyl chloride, isocyanate, and iso- 
thiocyanate in benzene solution are 2.O,I7 2.8," and 3.31 
D.21 The moments of the bispyridine complexes of 
zinc chloride, isocyanate, and isothiocyanate are 9.20, 
9.82, and 10.6 D.,  respectively. The difference be- 
tween the latter two moments, 0.8 D., is about the 
expected value (for tetrahedral zinc bond angles) for 
Zn-NCO and Zn-NCS bonding; this is further evidence 
for an isocyanate. M-OCN bonding is expected to 
result in a larger moment than M-NCO bonding 
(alkylthiocyanates have moments 0.3 D. larger than 
those of alkylisothiocyanates2') and in the event of 
Zn-OCN bonding the above difference would be re- 
duced. The magnitude of the moment of the isothio- 
cyanate, compared to that of the chloride, indicates 

very little, if any, contribution of the Zn=N=C==S 
structure which would involve the use of 4d orbitals of 
zinc in forming n-bonds. 

HMPA Complexes.-Steric effects and electrostatic 

- +  

interaction probably results in a conformation of the 
N(CH& groups in HMPA corresponding to minimum 
moment. The moment observed for this compound, 4.31 

(17) A. L. McClellan, "Tables of Experimental Dipole Moments," 

(18) P. A. McCusker and C. Curran, J .  Am. Chem. SOC., 64, 614 (1942). 
(19) M. C. Browning, R. F. B. Davies, D. J. Morgan, L. E. Sutton, and 

W. H. Freeman and Co., San Francisco and London, 1963. 

D., compares with a value of 4.25 D. for tripropylphos- 
phine oxide obtained some years ago in this laboratory. 
It suggests some +N=P-0- character in the NPO 
bonds. 

The P-0-M bond angle in MX*(HMPA):, com- 
plexes is expected to be less than 180' because of the 
spatial requirements of the unshared pair of oxygen 
electrons. The C=O-Cd bond angle in complexes of 
cadmium chloride with acetamide, urea, and mono- 
methylurea ranges from 134 to 128°.22 The calcula- 
tion of the moments of HMPA complexes in various 
conformations requires a knowledge of the pertinent 
bond moments. There is no reliable value known to 
the authors for the moment of the PO+M dative bond. 
The following comparisons are helpful for estimating 
the difference between the N+-M bond moment in 
pyridine complexes and the 0+-M bond moment. 
The moment of BClp-dioxane is 4.9 D.23 The moment 
of BCla-pyridine is 7.5  D.2 Subtracting the moment 
of pyridine, 2.3 D. (slightly enhanced in the complex 
from its normal value of 2.2 D.), yields 5.2 D. for the 
sum of the N+-B+Cl dipoles, 0.3 D. greater than the 
sum of the O+B+Cl dipoles in the dioxanate. As- 
suming that this difference holds for the N-c-Zn and 
O 4 Z n  dipoles in the pyridine and HMPA complexes, 
one can calculate the moment of ZnCI2(HMPA)2 as- 
suming tetrahedral zinc bond angles and 180' as the 
oxygen bond angle. This value is the moment of di- 
chlorobis(pyridine)zinc + l . l B p ~ % ~ p ~  - 1.16(0.3) 
- 1.16pLpyridine This sum is 11.3 D. compared to the 
experimental value of 8.99 D., indicating that the 
P-0-Zn bond angle is not 180'. The moments of the 
HMPA complexes thus depend on the equilibrium con- 
formations of the HMPA ligands. Construction of 
Fisher-Hirschfelder models indicates that there can be 
different unstrained conformations of these ligands re- 
sulting from rotation about the 0-Zn bonds. Assum- 
ing 125' as the oxygen bond angle, the calculated 
moment corresponding to minimum moment (and 
minimum repulsion between the methyl groups of the 
same complex) is 3.3 D., much less than the observed 
value. If one ligand is in the conformation of minimum 
moment and the other in the conformation of maximum 
moment, the calculated moment is 9.9 D. 

In  the HMPA complexes of both cobalt and zinc 
halides, the increases in moment from chlorides to 
iodides are greater than for the pyridine complexes 
with the zinc halides. This suggests that in addition 
to polarizability factors, steric effects are operative. 
The spatial requirements of the large iodine atoms 
cause the HMPA molecules to assume conformations 
more favorable for large over-all dipole moments. 

The difference between the moments of the HMPA 
complexes of the isothiocyanates and isocyanates is 
0.8-1.0 D., again indicating that the latter are iso- 
cyanates. The moments of all cobalt complexes are 
greater than those of the corresponding zinc complexes. 

L. M. Venanzi, J .  Chem. SOC., 4816 (1961). 
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