
2556 Inorganic Chemistry, Vol. 13, No. 11, 1974 Robert A. Pribush and Ronald D. Archer 

Contribution from the Department of Chemistry, 
University of Massachusetts, Amherst, Massachusetts 01002 

Transition Metal Eight-Coordination. VI. Isomerization through Electronic and 
Environmental Effects-Electron Spin Resonance, Magnetic Circular Dichroism, and 
Electronic Spectra of Qctacyanotungstate(1V) and -(V)' 

ROBERT A. PRIBUSH and RONALD D. ARCHER* 

Received February 28, I974 AIC40140W 

The octacyanotungstate(1V) ion retains a dodecahedral geometry in aqueous solution, with the first spin-allowed d-d tran- 
sition established as 'E  +- 1.41 from magnetic circular dichroism spectroscopy. The other spin-allowed d-d transitions 
appear to be nondegenerate and are logically transitions to the IB, and 'A, excited states. Both dodecahedral and anti- 
prismatic ground states are evident for the octacyanotungstate(V) ion from electron spin resonance measurements, which 
indicate that the ground-state stereochemistry is both cation and solvent dependent. 

Introduction 
The octacyanometalate ions of molybdenum and tungsten 

are inert to substitution,' exist in two polytopal geometries3 
in the solid state,4 appear to be nonrigid in ~ o l u t i o n , ~  and 
exist in two oxidation states.6 These properties make the 
octacyano ions ideal for evaluating the stereochemical effects 
of d-electron interactions (particularly d' vs. d'), counter- 
ions, and solvents in eight-coordinate systems. Using a vari- 
ety of techniques, a multitude of investigators have studied 
the structures of these d'-d2 systems in the solid state and 
in solution, often arriving at seemingly conflicting results, 
particularly in solution. 

the octacyanomolybdate(1V) anion in this salt exists in a 
dodecahedral configuration for which C, site symmetry is 
imposed by the However, another study has 
shown that the H4 [W(CN)8]*6H,O solid assumes an approxi- 
mate square-antiprismatic structure!' Infrared and Raman 

The X-ray studies of K4 [ M O ( C N ) ~ ] * ~ H ~ O  have shown that 

(1) (a) Taken in part from the Ph.D. dissertation of R. A. Pribush, 
University of Massachusetts, 1972. (b) Presented in part at the 165th 
National Meeting of the American Chemical Society, Dallas, Tex., 
1973;  see Abstracts, No. INOR 105. R. D. Archer and 
D. A. Drum, J.  Inorg. Nucl. Chem., in press. (d) Part IV:  
Archer. W. D. Bonds. Jr., and R. A. Pribush, Inorg. Ckem., 11, 1550 
( 1 9 72) .  

(2) (a) A. W. Adamson, J .  P. Welker, and M. Volpe, J. Amer. 
Chem. SOC., 72,  4030  (1950);  (b) E. L. Goodenow and C. S. Garner, 
ibid., 77 ,  5268 (1955); (c) H. Baadsgaard and W. D. Treadwell, Helv. 
Ckim. Acta, 38,  1669 (1955) .  

(3),The terminology used in discussing positions, edges, and 
angles in the two common idealized geometries, the trigonal-faced 
D,d dodecahedron and the Archimedes or tetragonal antiprism of 
D,d symmetry, are from J.  L. Hoard and J .  V. Silverton, Inorg. Chem., 
2, 235 (1963) .  

(4) (a) J. L. Hoard, T. A. Hamor, and M. D. Glick, J, Amer. Chem. 
Soc., 90 ,  3177 (1968);  (b) J. L. Hoard and H. H. Nordsieck, J.  Amer. 
Ckem. SOC., 61,  2853  (1939);  (c) S. S. Basson, L. D. C. Bok, and 
J.  G. Leipoldt, Acta Crystallogr., Sect. B, 2 6 ,  1209 (1970);  (d) J .  
Chojnacki, J .  Grochowski, L. Lebioda, B. Oleksyn, and K. Stadnicka, 
Rocz. Chem., 43, 273  (1969); (e) B. J .  Corden, J .  A. Cunningham 
and R. Eisenberg, Inovg. Chem., 9, 356 (1970);  ( f )  L. D. C. Bok, 
J. G. Leipoldt, and S. S. Basson, Acta Crystallogv., Sect. E ,  2 6 ,  6 8 4  
(1970). 

(5)  (a) E. L. Muetterties, Inorg. Chem., 4, 569 (1965) ;  (b) E. L.  
Muetterties, Rec. Ckem. Progr., 31,  51  (1970);  (c) D. G. Blight and 
D. L. Kepert, Tkeor. Chim. Acta, 11,  51 (1968);  (d) E. L. 
Muetterties, Inorg. Chem., 12, 1963 (1973);  (e) M. Novotny, D. F. 
Lewis, and S. J. Lippard, J. Amer. Chem. SOC., 94, 6961 (1972); 
( f )  J. P. Jesson, E. L. Muetterties, and P. Meakin, ibid., 9 3 ,  5261 
(1971);  (9) 8. Bell, J. Chatt, G. J.  Leigh, and T. Ito, J.  Ckem. SOC., 
Chem. Commun., 34 (1972). 

of Mo and W see (a) Z. Stasicka, Zesz. Nauk. Univ. Jagiellon., Pr. 
Chem., 18,  39 (1973);  for a very comprehensive review on eight- 
coordinate species see (b) S. .I. Lippard, Progr. Inorg. Chem., 8, 109 
(1967);  cf. (c) E. L. Muetterties and C. M. Wright, Quart. Rev., 
Ckem. SOC., 21 ,  109 (1967) ,  and (d) R. V. Parish, Coord. Chem. Rev., 
1 ,  4 3 9  (1966) .  

(c) Part V: 
R. D. 

(6) For a recent comprehensive review on octacyano complexes 

studies7 have been in general disagreement over the structure 
of the octacyano ions, although the most definitive study 
using polarized Raman ~pec t r a '~  has shown that the K4 [Mo- 
(CN)8]*2Hz0 and K4 [W(CN)8]*2H,0 complexes are both 
C, in the solid state and appear to remain dodecahedral up- 
on dissolution. Ultraviolet and visible absorption spectra 
of these complexes in aqueous solution have been given 
both dodecahedral and antiprismatic interpretations? Fur- 
thermore, carbon-l 3 nuclear magnetic resonance spectros- 
copy ~ t u d i e s ~ ~ ' ~ * ~  have been equally inconclusive. The pos- 
sibility of a rapid equilibrium between the dodecahedral and 
antiprismatic states has been suggested, but antiprismatic 
geometry or accidental signal degeneracy is an alternate pos- 
sibility. 

The d' species have been fraught with similar uncertain- 
ties. X-Ray structures are known for both 
and e le~t ronic ,~"  vibrational,' and electron spin reso- 
n a n ~ e ~ ~ . ' '  spectral results have been given dual interpreta- 
tions. For example, whereas the electron spin resonance 
spectra of K3 [ M O ( C N ) ~ ] . ~ H ~ O  and K3 [W(CN),].2HZO 
glasses or solid solutions exhibit a pattern anticipated for an 
antiprismatic arrangement with a 'A1 ground state," the 
interpretation of the spectra has been questioned by Cordon, 
Cunningham, and Eisenberg.@ They found an isotropic 
(q) value for the solid tetra-n-butylammonium salt identical 
with that reported for the potassium salt ,lo whereas the 
onium salt possesses a slightly distorted dodecahedral struc- 
ture of D, symmetry in the solid state? 

Electron spin resonance, electronic absorption, electronic 
reflectance, and magnetic circular dichroism spectra from 
our laboratory confirm the stereochemical mobility of the 
octacyanotungstate(V) ion and demonstrate a definitive 

( 7 )  (a) T. V. Long I1 and G. A. Vernon, J. Amer. Chem. SOC., 
93, 1919 (1971);  (b) H. Stammreich and 0. Sala, 2. Elektrockem., 
64, 741 (1960);  65, 149 (1961);  (c) K. 0. Hartman and F. A. Miller, 
Spectrochim. Acta, Part A ,  24 ,  669  (1968);  (d) R .  V. Parish, P. G. 
Simms, M. A. Wells, and L. A. Woodward, J.  Ckem. SOC. A ,  2882 
(1968);  (e) E. Konig, Z. Naturforsck. A ,  23, 853  (1968). 

(8)  (a) R. M. Golding and A. Carrington, Mol. Phys., 5, 377 
(1962); (b) J. R. Perumareddi, A. D. Liehr, and A. W. Adamson, J.  
Amer. Chem. SOC., 85 ,  249 (1963);  (c) P. C. H. Mitchell and R. J .  P. 
Williams, J. Chem. SOC., 4570  (1962);  (d) E. Konig, Theor. Ckim. 
Acta, 1, 2 3  (1962);  (e) W. Jakob, A. Samotus, Z. Stasicka, and A 
Golebiewski, 2. Naturforsch. B, 21,  8 1 9  (1966); ( f )  M. Basu and 
S. Basu, J. Inovg. Nucl. Ckem., 30, 467  (1968); ( 9 )  A. Golebiewski 
and H. Kowaiski, Theor. Chim. Acta, 1 2 , 2 9 3  (1968):  (h) A. 
Golebiewski and R. Nalewajski, Z Naturforsck. A ,  27 ,  1672  (1972). 

(9)  Although early studiessad considered the high-intensity 
near-ultraviolet transitions of the d' species as d-d absorption bands, 
Golebiewski and Kowalski'g have shown that these transitions are 
undoubtedly charge-transfer bands, which mask the d-d transitions. 

(10) (a) B. R. McGarvey, Inorg. Ckem., 5, 476  (1966);  (b) R. G. 
Hayes, J.  Ckem. Phys., 44, 2210(1966) .  
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Table I. Summary of [W(CN)*],- Electron Spin Resonance Spectra 

Inorganic Chemistry, Vol. 13, No. 11, 1974 2557 

Cation Phys state Temp, 'C 811 gl (gP '411 '41 w a  Commentsb 

Na 
Na 
Na 
Na 
K 
Na 
Na 
Na 
K 
K 
K 
K 
K 
K 
(n-Bu),N 
(n-Bu),N 
(Z-BU) , N 
(n-Bu),N 
(n-Bu),N 
(n-Bu),N 
(n-Bu),N 
(n-Bu), N 

(n-Bu), N 
(n-Bu),N 

Ag 

Powder 
H I 0  
H,O 
H,O-glyc 
H,O-glyc 
CH , OH 
CH,OH 
CH , CN 
Powder 
CH,OH 
CH,OH 
CH,OH 
CH,COOH 
CH,COOH 
Powder 
Powder 
Powder 
1% powderd 
CH,CN 
CH,CN 
CH,COOH 
CH,COOH 
n-C,H,OH 
n-C,H,OH 
Powder 

-196 1.986 
25 

-196 
-196 1.986 
-196 1.982 

-196 1.986 
-196 
-196 

-196 1.986 
-196 1.989 

25 

25 

25 
-196 1.986 

25 
-196 
-269 
-196 

25 
-196 
-196 
-269 
-196 1.984 
-269 1.985 
-196 

1.963 

1.964 
1.968 

1.964 

1.964 
1.966 

1.964 

1.963 
1.964 

1.971 
1.970 
1.97 3 
1.971 
1.972 
1.969 
1.97 1 
1.973 
1.972 
1.969 
1.971 
1.974 
1.970 
1.97 1 
1.970 
1.973 
1.973 
1.970 
1.969 
1.97 1 
1.971 
1.973 
1.970 
1.971 
1.977e 

27 69 
(19) 68.5 

28 67 

27 61 
26 66 

28 66 

28 66 
28 67 

56 

55 
(52) 
56 
54 

56 
54 
53 
54 
54 

53 
54 

Figure 1 
Symmetric 
Symmetric 

Ref 10a 
Symmetric 

SymmetricC 
gll > gl; Figure 1 
Symmetric 

Ref 10b 
Symmetric 

Symmetric 
Symmetric 
Symmetric; Figure 1 
Symmetric 
Symmetric 
811 >g1 
gll >g1 
gll >g1 

Very broade 

a Calculated where 811 and gi separable; otherwise the observed (g) or psuedo (g); ( A )  is analogous. gll > gl refers to asymmetric signals for 
Tetra-n-butylammonium bromide matrix. e Symmetric but very broad; which difinitive breakdowns are not possible. 

half-width >150 G. 
Possibly gll > gP 

electronic spectral state ordering for the three spin-allowed 
d-d electronic transitions of the [W(CN),I4- ion in aqueous 
solution. 

Results 

state(V) species are tabulated in Table I. Representative 
spectra showing the cation and solvent effects are shown in 
Figures 1 and 2. The dramatic spectral differences found 
in going from sodium as a cation to potassium and tetra-n- 
butylammonium (onium) ions as solid powders (Figure 1 )  
are also evident in the solvent dependence of solid solution 
electron spin resonance spectra of the sodium salt at liquid 
nitrogen temperature (Figure 2). Whereas solid water and 
acetonitrile solutions of sodium octacyanotungstate(V) have 
a symmetrical electron spin resonance signal, anisotropic 
parameters can be obtained from methanol and aqueous 
glycerol solid solutions under comparable conditions. Fur- 
thermore, whereas the onium salt solutions possess a slightly 
asymmetrical signal in acetonitrile and in acetic acid at low 
temperatures, only the 1 -butanol spectrum can be definitive- 
ly resolved into anisotropic parameters. Even though the 
spectrum of the onium salt in acetic acid is asymmetric at 
liquid helium temperature, gll is only a slight bluge in the sig- 
nal. On the other hand, the potassium salt in acetic acid 
exhibits cleanly separated gI1 and gl signals, even at liquid 
nitrogen temperature. A tetra-n-butylammonium bromide 
matrix of the onium complex exhibits an electron spin reso- 
nance spectrum which is identical with that of the onium 
salt powder. 

The visible absorption spectra of the octacyanotungstate- 
(V) ion in various environments are listed in Table 11. The 
onium powder appears colorless to the eye, whereas the 
sodium salt appears yellow to deep orange, depending on 
crystallite size and temperature. The color intensity is 
much lower at liquid nitrogen temperature than at room 
temperature as anticipated for a vibronically coupled transi- 
tion. 

Interestingly, flat, light yellow needles of the sodium salt 

The electron spin resonance results for the octacyanotung- 

911 
I 

! C40GA 3 3304 0 (-Nat 

4,- 
DPPH 

33420 

4,- 
DPPH 

33420 

Figure 1. Solid powder electron spin resonance spectra of the M,- 
[W(CN),] type, where M = Na, K, or (n-Bu),N. 

crystallize from hot acetonitrile. These needles are differ- 
ent from the orange columnar crystals obtained from aque- 
ous solution. The needles are very hygroscopic, producing 
an orange solution (with the 22-kK absorption peak), and 
were not investigated further. 

Magnetic circular dichroism spectra with the potassium 
salts of W(1V) and Mo(1V) and the sodium salt of W(V) in 
aqueous solutions and a comparable spectrum of the onium 
salt in acetonitrile were obtained in order to understand 
further the electronic properties of these complexes in rela- 
tionship to their structures. See Table I11 and Figure 3. 
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I gl= I 9 6 4  
L.... ....__. # ....__...._ J 

E =  6 E G  

Figure 2. Electron spin resonance of the [W(CN),]'- ion in solid- 
solution (glass) matrices: sodium salt in aqueous glycerol, potassium 
salt in acetic acid, and sodium salt in methanol. The sodium salt in 
acetonitrile looks like the tetra-n-butylammonium salt shown in 
Figure 1. 

3 0 k K  25kK 20 k K  
I I I 

i 

Figure 3. Magnetic circular dichroism spectrum of aqueous [W- 
(CN),I4- (potassium salt) together with a gaussian breakdown of the 
435-nm d-d transition into MCD A and B terms. The energies of 
the three spin-allowed d-d transitions are shown as solid arrows and 
the band near 500 nm (broken arrow) corresponds to a spin-forbid- 
den transition in the absorption spectrum of the complex ion. 

Table 11. Visible Electronic Transitions in [W(CN),J'- Species 
- 
v (max), 

Environment kK Environment T(max), kK 

Aqueous (Na') 23.0a Mull, Ag+ salt 19.1 
Mull, Na+ salt 22.0b Aqueous NH,(Ag+) 22.8-23.8 
Mull, K+ salt 22.8 Acetonitrile (onium) None 
Mull, onium salt None Acetonitrile (Nat) NoneC 

a E = 1.3 when corrected for charge-transfer overlap; the peak re- 
mains in the presence of strong oxidizing agents, specifically H 2 0 2 ,  
cerium(IV), and permanganate; but e appears concentration depend- 
ent even over the narrow range of concentrations through which it 
can be observed. Both at +25 and -195"; sharper and weaker at 
-195'. 
light yellow. 

Even Na, [W(CN),] crystals from acetonitrile are only 

Discussion 
Electron Spin Resonance Spectra. For an axially s y m  

metric complex containing a single unpaired electron, two 
electron spin resonance (esr) signals are expected for the 
basic spectrum, on which satellite hyperfine peaks are super- 
imposed due to a 14% isotopic abundance of tungsten-183 
(I = '/2). Using first- and second-order perturbation theory 
McGarveylOa derived equations for the spin-Hamiltonian 

Table 111. Absorption and MCD Spectral Comparisons for 
Octacvano Comulexesa 

23.0 sh 23.7 max 
28.0 27.6 max 27.9 27.6 max 
29.6 29.4 sh 29.5 29.5 sh 
32.8 sh 32.4 infl 32.8 32.8 sh 

39.2 sh 38.8 infl 38.9 38.9 infl 
41.2 41.5 infl 41.3 41.3 infl 
44.1 sh 44.1 infl 43.7 43.7 rnin 

37.0 

19.9 shb,c 19.6 max 19.6'sh 19.0 max 
23.0 sh 23.3 infld 23.3 sh 23-24 br sh 
27.0 27.0 rnin 27.3 27.5 rnin 
33.0 shb 32.7 rnin 35.7 35.8 min 

40.0 39.7 min 41.4 41.3 min 
43.7 sh 43.5 max 

36.6 shb 3 7 . 9  sh 

a Absorption peak and MCD terms in kX. Key: sh, shoulder; 
max, maximum; infl, inflection point; min, minimum; br sh, broad 
shoulder. See ref 8b for gaussian analysis of absorption Fpectra. 

analysis gives MCD A and B terms at 23.0 kK;  see Figure 3. 

parameters of the two energetically favorable geometries 
which the [M(CN)8]3- ion can assume. For the dodeca- 
hedron the equations take the form 

Reference 8b suggests spin-forbidden transition here. Gaussian 

2h 
g, = 2.0023 - 

for a 2B1 ground state. For reasonable values for the spin- 
orbit coupling parameter and the energy separations, one 
predicts that g, >gll .  Likewise, for the hyperfine splitting 
constants one predicts that 1A 1 > IB, [.loa 

E(&, > dyz) - E(d2-yZ) 

The square antiprism has corresponding equations 

gll = 2.0023 

having magnitudes gll > g, and similarly IB, I > IA I for a 
2A1 ground state.loa 

The derivative esr spectra of K3 [Mo(CN),] and K3 [W- 
(CN),] reported in the literature" clearly exhibit the fea- 
tures predicted for a square antiprism; however, the magni- 
tudes of the spin-Hamilitonian parameters obtained from 
the spectra are not in accordance with a simple crystal field 
approach. For instance,gll is less than 2.0023. Obvious 
explanations for this discrepancy include the following. (1) 
The spin-orbit coupling factor is too large for the second- 
order perturbation theory approximation. The fact that the 
deviation from 2.0023 is less for the molybdenum complex 
than for the tungsten analog reflects the decreasing impor- 
tance of spin-orbit coupling as one ascends a family. (2) 
Cyanide complexes are significantly covalent in nature, dis- 
allowing the use of pure d orbitals. (3) The geometry of 
the octacyanide anion deviates from the idealized D2 do- 
decahedral or D, square-antiprismatic point group: 

McGarveylOa was unable to account for the first two ef- 
fects by using an orbital reduction factor. Nevertheless, 
on the basis that gll >gL and IB, I > 1$ II I for K3 [Mo(CN)8] 
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and K3 [W(CN),] in glycerol and methanol glasses, these 
complexes were assigned a square-antiprismatic structure in 
solution. The same salts doped into a C,-distorted D2d 
matrix [the corresponding molybdenum(1V) and tungsten- 
(IV) salts] exhibit gl >gI1 as predicted for dodecahedral 
symmetry with a 'B1 ground state.loa 

Corden, Cunningham, and Eisenberg& obtained a single- 
line esr spectrum for [ ( ~ - B u ) ~ N ] ~  [Mo(CN),] both with the 
polycrystalline sample and in solid acetonitrile solution. 
The isotropic 6) value is 1.991 f 0.001, which is invariant 
for the two states at - 196" and for the polycrystalline sam- 
ple at  room temperature. Within experimental error this 
value is in agreement with the (g) values obtained for the K' 
salt in water and glycerol." The onium salt was shown by 
their (Corden, et aZ.4e) single-crystal X-ray structural deter- 
mination to be a distorted dodecahedron (Dz)  and they sug- 
gested that the equivalent (g) value is consistent with equiv- 
alent structures for both the onium and the potassium salts. 
A ground-state orbital having both d,z and dXzqy2 character 
was used to explain the ordering of the anisotropic (q) values 
in the potassium salt in glycerol and methanol. An implicit 
suggestion is put forth that on this basis esr is not a sensitive 
tool for determining the stereochemistry of eight-coordinate 
complexes. 

The information derived from the electron spin resonance 
spectra reported herein indicates that the analysis of the esr 
data by Corden, et aZ.,4e is partially untenable. The X-ray 
study of Na3 [W(CN)s]*4H204f showed that the structure of 
the anion is approximately square antiprismatic. The esr 
spectrum of a polycrystalline sample of the sodium salt re- 
ported here is identical with the solid methanol, glycerol, 
and acetic acid solution spectra, sans hyperfine structure, of 
the sodium and potassium salts, indicating (1) that there is 
no change in the gross structure of the W(V) salt in these 
solid solutions and ( 2 )  that the sodium and potassium salts 
in frozen methanol, glycerol, and acetic acid solutions have 
square-antiprismatic structures indistinguishable via electron 
spin resonance. Hence it appears that the treatment of the 
potassium salt by McGarveylOa is essentially correct. The 
deviations of the spin-Hamiltonium parameter from theo- 
retical values are most likely due to the net effects of spin- 
orbit coupling, covalency, and distortions from D M ,  none 
of which is included in the simple crystal field treatment. 

The near equivalence of isotropic (6) values for all salts is 
fortuitous and cannot be used to characterize either isomer. 
Distortions from idealized octacoordinate geometries and/or 
stereochemical nonrigidity are sufficient to cause (q) values 
to coalesce to 1.971 for the tungsten complexes and 1.992 
for the molybdenum complexes, regardless of the ground- 
state geiometries. 

line spectra for the salts in various environmepts. Solution 
of this enigma lies in the interpretation of the single, com- 
pletely symmetric esr signal for the polycrystalline [(n-Bu),- 
NI3 [W(CN)& which is presumably isomorphous to its mo- 
lybdenum analog, known to have D2 symmetry and a sym- 
metric esr signal.& Using the least-squares trapezoidal 
planes criterion of Lippard and Russ," the deviation of the 
anion from idealized dodecahedral geometry is only 2.3". 
One might, therefore, anticipate agl >gll esr pattern, the 
reverse of which is found for the square-antiprismatic sodium 
salt. Although the spectrum is considerably broader than 
that of the polycrystalline sodium salt, an asymmetric signal 
is expected for a dodecahedral complex with g, # gll, for 

The real problem concerns the interpretation of the single- 

(11)  S. J .  Lippard and B. J .  Russ, Inorg. Chern., 7, 1686 (1968).  
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the gL signal should have a greater intensity than the gll sig- 
nal. The acetonitrile glass spectrum consists of a solitary 
signal, which is overall broader than the polycrystalline sig- 
nal; however, the acetoiitrile glass spectrum is clearly asym- 
metric. The signal appears to be a broadened gll > gl spec- 
trum. Further evidence is the existence of a broad flat re- 
gion in the vicinity of the high-field B l  hyperfine peak found 
in the sodium and potassium salt spectra. The differences in 
the spectra seem to indicate that the solid and solution ge- 
ometries of the tetra-n-butylammonium salt are not the same 
and that in the acetonitrile glass, [(n-Bu),N], [W(CN)s] is 
"more square antiprismatic" than in the crystalline state. 

The solid-state broadening in the tetra-n-butylammonium 
salt spectrum cannot result from intermolecular metal-metal 
interactions because the closest Mo-Mo distance is 11.39 A. 
Delocalization through the cyaao ligands may account for 
the broadened signal. The relative freedom of the [M(C- 
N),I3- species within the lattice of this extremely loosely 
packed complexe and the completely symmetric esr signal 
initially appeared indicative of a stereochemically nonrigid 
structure for the octacyanometalate(V) anion; however the 
signal is virtually identical at liquid helium temperature, 
where nonrigidity appears very improbable. 

nance spectral symmetry is a result of tungsten-tungsten 
interactions via the unsaturated cyano ligands is ruled out 
by the onium bromide salt matrix spectrum. The matrix 
spectrum is identical with the neat onium powder spectrum. 

Corden, Cunningham, and Eisenberg& have suggested that 
the single g value results from low symmetry. That is, in 
intermediate geometries between the Dlld and DZd point 
groups pure d,2 or dxz-y2 ground states no longer occur. 
Instead, the mixing of states occurs to a sufficient extent 
that the gll and gl signals become coincidentally superim- 
posed, appearing as a unitary signal. The extent of the mix- 
ing depends on the distortion of the anion from the idealized 
geometries. The distortion is a function of the environment. 
By varying the environment the forces acting on the ion 
should change sufficiently for different eight-coordinate 
geometries to occur as ground  state^.^ 

The esr studies are consistent with this explanation. The 
powder spectra indicate that the nature of the cation and/or 
the solvation sphere of the cation has a significant influence 
on the geometry of the [W(CN),I3- anion. Hence the small 
sodium ion has a sufficient steric or electrostatic perturbing 
influence on the octacyanide to yield a square antiprism. In 
the crystal each sodium cation is surrounded by an octahe- 
dron of water molecules and cyanide nitrogen atoms, form- 
ing a highly structured network. The natural forces (with- 
out delectron considerations) also favor the a n t i p r i ~ m . ~  

In comparison, the lattice interactions in the tetra-n-butyl- 
ammonium salt crystal are minimized by a disordered, large 
cation; the shielding effect of the bulky n-butyl groups ap- 
preciably limits counterion interaction. Therefore, the [W- 
(CN),I3- anion in this salt, which has been shown to be D, 
dodecahedral, should closely approach an unperturbed, low 
energy state geometry. Apparently the loss of an electron 
from the D2d [W(CN),I4- moiety reduces the d-electron 
perturbation sufficiently to allow a distortion away from the 
idealized dodecahedron. In the presence of strong counter- 
ion and solvent interactions the effect of the single remain- 
ing d electron becomes subservient to steric effects and a 
square antiprism occurs, as is being approached by the crys- 
talline sodium 

The esr spectrum of the potassium salts shows that a cat- 
ion larger than sodium can have an effect similar to the 

The possibility that the onium powder electron spin reso- 
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onium groups. The slightly asymmetric signal indicates that 
the potassium ion, its related waters of hydration, and the 
natural steric preference for the antiprism distort the ion 
toward a square antiprism. The shorter, broader portion 
(-gIl) of the signal is downfield from the taller, narrower 
(-gJ signal. 

For the silver salt large interaction of the Ag’ ions with 
the nitrogens of the cyanide groups is anticipated. The 
broadness of the esr peak (W,,, = 152.5 G) might be indica- 
tive of an intermolecular exchange process occurring due to 
such a contact. Also the “@)” value is 1.977 t 0.001, clos- 
est of all the salts to the fiee electron value, indicating a 
greater delocalization of the electron than for the alkali and 
tetra-n-butylammonium salts. Unfortunately the peak’s 
broadness obscures the spectrum’s details. 

The solvent effect on the structure of [w(cN),]~- is quite 
evident from the frozen-solution esr studies. The sodium 
salt does not change structure upon dissolution in methanol 
or aqueous glycerol; the esr spectra yield parameters identical 
with those of the powder spectrum. In acetonitrile, however, 
the effect of the sodium ion appears to be decreased by the 
solvent and a 0, structure results as evidenced by the single 
symmetric signal. 

The potassium salt, on the other hand, apparently changes 
its structure upon dissolution in methanol or acetic acid from 
a distorted D2 to a D4d geometry. Demonstrating that the 
solvent effect occurs simultaneously with the cation pertur- 
bation, dissolution of the tetra-n-butylammonium salt in 
acetic acid does not result in the D4d esr spectrum noted for 
the potassium salt. Instead a D ,  signal occurs which is dis- 
torted toward a D4, signal. Interestingly, the tetra-n-butyl- 
ammonium salt, shown to be D ,  in the solid state appears 
“less dodecahedral” in acetonitrile tlian the Na’ salt, which 
is D4d in the crystalline form! 

In 1 -butanol the solvent effect overcomes the cation effect 
and the tetra-n-butylammonium salt yields a D 4 d  esr pattern 
similar to those of the sodium and potassium salts in meth- 
anol. 

Although the water-glycerol spectrum for the sodium 
salt is similar to the spectrum reported by McGarvey1Oa for 
the potassium salt, calculated values for gll and g, differ be- 
cause of different methods of interpreting the spectra. Ana- 
lyzing the center line by applying lorentzian and gaussian 
broadening functions to theoretical curves, McGarvey found 
little deviation in the position of the inflection point and, 
hence, chose that portion of the spectrum to abstract a value 
for gL.lz Using solvents of different polarity which yield 
spectra exhibiting various degrees of line broadening, how- 
ever, we observed that the major peak of the center line also 
occurred at a consistent field. We therefore utilized this 
peak to calculate a g, value in accordance with the method 
of Sands.13 For this reason our values are slightly lower 
than those of McGarvey.’Oa 

The difference in gll values results from what we feel is 
McGarvey’s misinterpretation of a deceptive feature of the 
water-glycerol solution spectrum. As the dielectric con- 
stant of the solvent is increased from that of methanol 
( E  32.6) to that of water ( E  78.5)-glycerol ( E  42.5)14 consid- 
erable dipolar broadening occurs, which in the case of a pure 
aqueous sample obliterates the minor features of the spec- 
trum. In spite of its low dielectric constant ( E  6.19) glacial 

(12 )  B. R. McGarvey, personal communication. 
(13 )  R. H. Sands, Phys. Rev., 99, 1222 (1955). 
(14) W. L. Jolly, “The Synthesis and Characterization of Inorganic 

Compounds,” Prentice-Hall, Englewood Cliffs, N. J. ,  1970, pp 99-101. 

acetic acid has an intermediate broadening effect, probably 
because of hydrogen bonding to the cyano ligands. The 
nature of this broadening effect enables the high-field A lI 
hyperfine peak to assume a greater apparent intensity than 
that of the actual gll peak, which occurs as a shoulder in the 
water-glycerine spectrum. The relative intensity of the gll 
peak is more accurately represented in the methanol spec- 
trum. Misled by the abnormal intensity of the A 1 1  hyper- 
fine peak in the water-glycerine spectrum, McCarvey took 
this peak as hisgil signal, yielding a smaller g,, value than that 
of the true gIl signal which occurs at lower field. 

Since Hayeslob did not present his methanol spectrum or 
his method of spectral analysis, the small deviation of hisg 
values from those reported here may be the result of differ- 
ences in instrument calibration. There is reasonable agree- 
ment of Hayes’ hyperfine splitting constant with those re- 
ported in this paper; although Hayes suggested that each 
major peak has two satellite peaks, the low-field B,. hyper- 
fine peak was not evident in our methanol spectrum. 

tance spectra provide further evidence for the solvent and 
cation effects on the structure of [W(CN)8I3-. In fact, the 
energy of the first d-d transition appears to be diagnostic 
for [W(CN),I3- polytopes. Mexachlorobutadiene mull spec- 
tra of Na3 [W(CW),], which is the only salt studied that gives 
a distinct square-antiprismatic esr spectrum for a powdered 
sample, contain a single strong peak at 22.0 kK. The energy 
of this transition is shifted from the nearest nonaqueous 
solution spectral transition by 6.0 ItK and by 1 .O kK from 
the 23.0-kK peak observed for the Na3 [W(CPJ)x] salt in con- 
centrated aqueous solution. The mull spectrum of K4[W- 
(CN),] shows a weak peak at 22.8 kK,la within experimental 
error of the analogous peak in aqueous solution, indicating 
that the 22.0-kK peak in the Na3 [W(CW),] mull spectrum 
is not caused by [W(CN),j4- impurity. Furthermore, oxi- 
dizing agents do not affect the 23.0-kK peak either. There- 
fore, other tungsten(1V) impurities are likewise eliminated, 
although some nonoxidizable impurity cannot be absolutely 
eliminated as the cause of the 23-ltK peak. The molar ex- 
tinction coefficient of this peak has a low value (<2) and 
appears to be concentration dependent indicating the “anti- 
prismatic character” being induced in the aqueous solutions 
is a result of ion pairing. The lack of observable “antipris- 
matic character” in the aqueous esr spectra (Table I) is a re- 
sult of the minimal ion pairing at such low concentrations 
and/or the dipolar broadening which occurs in aqueous esr 
spectra. At these low concentrations, the 23.0-kK absorp- 
tion peak is not observable either. 

The mull spectrum of [(n-Bu),N], [W(CN),] contains no 
peaks in the visible region, which indicates that the firsl 
transition observed in the other salts is blue-shifted under 
the 28.0 kK peak for the R, dodecahedral species. T’ne 
K3 [W(CN),] mull spectrum weak peak at 22.8 kK might be 
due to the presence of some K4 [W(CN),] or a third poly- 
tope. The powder esr spectrum of the potassium salt had 
only a slight square-antiprismatic distortion of the solitary 
signal. If the 22.8-kK peak is a K3 [W(CN),] d-d transition, 
the energy at which this transition occurs for the three salts 
is in the order tetra-n-butylammonium > potassii1.m > sodi- 
um, and the powder esr spectrum of the potassium salt is 
intermediate to those of the other two (although more simi- 
lar to the tetra-n-butylammonium salt spectrum). On this 
basis K3 [W(CN),] should have a structure further distorted 
from DZd than the tetra-n-butylammonium sa’rt, but not 
quite D,, square antiprismatic, based on both esr and elec- 
tronic absorption spectral observations. Bec,ause the esr 

Electronic Spectra. The electronic absorption and reflec- 
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spectra of the potassium salt are only slightly distorted and 
the d-d peak appears weak, a mixture of a predominant D2 

isomer plus a small amount of another isomer having anti- 
prismatic character is also possible. 

The mull spectrum peak position (19.1 kK) of the silver 
salt might be indicative of a square-antiprismatic structure. 
The esr signal is too broad to be useful and perturbations on 
coordinated cyanide by the silver ion apparently lower the 
energy of the first d-d transition. In fact, the silver salt has 
definite shoulders at 22.8-23.8 kK in ammonium hydroxide 
solution. Saturated solutions of other salts in acetonitrile 
and acetic acid appear slightly yellow, perhaps indicating 
that the 23-kK peak exists under the tail of the more intense 
band at 28.0 kK. 

Differences in the spectra are also observed in the uv region 
for the sodium salt compared to the tetra-n-butylammonium 
salt in acetonitrile solutions and compared to the silver salt 
in ammonium hydroxide. These bands are charge-transfer 
transitions and would be sensitive to solvent and/or cation 
effects. 

Because the tetra-n-butylammonium salt has a poorly 
packed lattice, the Dz structure of this salt is considered 
more typical of the structure which [W(CN),I3- should ex- 
hibit where external perturbations and ligand-ligand are 
lower than the d' perturbation. Apparently the single d- 
electron perturbation finds difficulty in maintaining the D2d 
dodecahedron, which is the preferred polytope for d2 [W- 
(CN),I4- complexe~'~ and the polytope into which the d' 
ion can be forced by precipitation into the d2 lattice.loa 
The d-electron interactions apparently favor the dodecahe- 
dron. Removal of half the perturbation, as in the d' com- 
plexes, results in other structure-orientating factors com- 
peting with the d-electron effect and the [w(CN)8l3- anion 
distorts toward the antiprismatic structure under a wide vari- 
ety of conditions. Extending the concept, the hypothetical 
do complex [W(CN)sl2- would be square antiprismatic. Cal- 
culations neglecting delectron effects do favor the antiprism? 

Changes in the solution electronic spectra of these corn- 
plexes, in which the delectron effect favors the D2 configura- 
tion, should be observed upon decreasing the temperature of 
the solutions from ambient to lower temperatures. In the 
extreme, when glasses are formed, the external perturbations 
of the solvent and cation lattice should change the spectra 
for those glasses in which the D4d polytope is stabilized. 

Magnetic Circular Dichroism Spectra. The MCD tech- 
nique complements regular uv-visible spectral data by pro- 
viding information about transitions to or from double de- 
generate excited states, which are indistinguishable from 
transitions between nondegenerate states using regular uv- 
visible spectroscopy. A detailed explanation of this phe- 
nomenon can be found in an excellent article by Schatz and 
McCaffery .' 

Unfortunately, the MCD technique has limited function- 
ality in the interpretations of the delectron energy levels 
for the d' complexes, because every state is spin degenerate. 
For this reason each transition has associated A ,  B,  and C 
terms, although one may predominate for a given transition. 
Therefore, the various electronic energy levels are indistin- 
guishable via MCD, unless detailed calculations are performed 
on the system. 

The aqueous solution MCD spectra of Na3 [W(CN),] possess 
what appears to be an MCD B term centered at 23.7 kK not 
observed in the onium salt in acetonitrile (Table 111). This 
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(15) P. N. Schatz and A. J. McCaffery, Quart. Rev., Chem. Soc., 
552 (1969). 

difference in energy from 23.0 kK for the absorption peak is 
not within experimental error and implies that the MCD sig- 
nal consists o f A ,  B ,  and C term contributions as anticipated. 

The MCD spectra of the [M(CN),I4- salts (M = Mo, W) are 
most easily interpreted because the octacyano d2 systems 
are spin paired and have a nondegenerate 'Al ground state. 
Therefore, MCD C terms are eliminated and the degenerate 
d-orbital energy levels can be distinguishable from the non- 
degenerate levels by the presence of A terms in degenerate 
levels, unless the associated B terms are much more intense.'6 

For [W(CN),I4- the lowest energy MCD term observable 
is a B term at 19.6 kK. Although no transition is directly 
observed at this energy, gaussian analysissb of the visible 
spectrum indicates a weak ( E  4.8) shoulder at 19.9 kK. Us- 
ing the MCD value of 19.6 kK would not change the fit ap- 
preciably. The band was assigned as a weak spin-forbidden 
transition, 3A1 + 'A1 previously.8b This singlet-triplet tran- 
sition is allowed by the MCD A J =  1 selection rule. 

The next MCD signal is a definite A term having a negative 
B term superimposed. The distortion by the B term shifts 
the inflection point 0.3 kK from the position of the visible 
peak at 23.0 kK in the regular visible spectrum. The intensi- 
ty of the transition (e 1 
this transition as multiply degenerate, apparently 'E + 'Al 
[ ie . ,  (bl)'(e)' + (bl)2], establishing the lowest lying d- 
orbital excited state as a doubly degenerate energy level, 
even though most simplified calculations8 " have suggested 
that the 'E level should be slightly higher than the 'B1 level. 

The transition at 27.0 kK also has an extinction coefficient 
( E  25 1)8b which is typical of a d-d transition for a complex 
which does not contain a center of symmetry. The MCD 
term for this transition is a negative B term at the exact en- 
ergy of the absorption and indicates that the transition is 
the nondegenerate 'B1 + 'Al [i.e., (bl)'(al)' + (bl)'], or 
possibly 'A2 + 'Al [Le., (b1)'(b2)'], although most calcu- 
l a t i o n ~ ~ ~ ' ~ ~ ' '  suggest that the 'A2 level should be appreciably 
higher in energy. 

The next MCD term appears to be a B term associated with 
the 33.0-kK transition reported previously,8b suggesting that 
the third spin-allowed d-d transition, 'A2 + 'A1, occurs at 
this energy. The designation of this peak as a d-d transition 
between nondegenerate states is consistent with the extinc- 
tion coefficient (520) of this peak. The reported extinction 
coefficients of 23000 for the higher energy terms indicate 
that they are charge-transfer transitions. 

Analysis of the MCD spectrum of [Mo(CN),I4- in aqueous 
solution is in agreement with the conclusions reached for the 
tungsten analog. The lowest energy transition reported in 
the at 19.6 kK, is spin forbidden on the basis of 
its low extinction coefficient ( E  2.7). The MCD spectrum 
shows a B term at 19.0 kK, although the regular visible spec- 
trum obtained in this region shows only a flattened region 
in this vicinity from whch  a transition energy could not be 
ascertained with certainty. 

By comparison to the [Mo(CN),I4- regular visible spec- 
trum, the 'El + 'Al transition is expected to occur at 23.3 
kK. However, the superposition of A and B terms causes 
this transition to appear as a flattened portion on the tail of 

and the MCDA term establish 

(16) R. L. Russell and B. E. Douglas, Inorg. Chim. Acta, 3, 426 
(1969).  

(17) (a) W. D. Bonds, Jr., R. D. Archer, and W. C .  Hamilton, 
Inorg. Chem., 10, 1764 (1971); (b) M. Randic and M. Vucelic, J. 
Chem. SOC. A ,  3309 (1971). Naturally the possibility of a 3E state 
at the same energy as a nondegenerate singlet ('B, for example) can- 
not be absolutely ruled out, but the absence of even a hint  of an  "A 
term" for others of the next singlet levels supports our assignment. 
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the intense B term of the ‘B1 +- ‘Al transition at 27.5 kK, 
analogous to the regular visible peak (27.3 kK). The remain- 
ing peaks are B terms for the ‘A2 +- ‘Al transition at 35.8 
kK and a charge-transfer peak at 41.3 kK. 

An assignment of DZd symmetry for aqueous [w(cN)8]4- 
and [Mo(CN),l4- ions is logical and consistent with the MCD 
results, whch  verify Long and Vernon’s vibrational spectro- 
scopic c o n c ~ u s i o n s . ~ ~  

Experimental Section 

Bell). A stock solution containing 0.1 N cerium(1V) and 1.8 N sul- 
furic acid was prepared according to Brown and Sallee.’, 

Potassium Permanganate (Baker). A stock solution of 0.101 N 
potassium permanganate was prepared by dissolving the salt in high- 
purity water. Because the permanganate anion is more stable in 
neutral or basic solutions than under acidic conditions, the stock 
solution was prepared in pure water and stored in the dark, as light 
is known to catalyze the decomposition of permanganate to man- 
ganese dioxide.” However, the solution to be titrated was made 
acidic (0.5 N with nitric acid) to allow the oxidation of the octacy- 
anotungsten(1V) species to occur. 

N-Phenylanthranilic Acid (Eastman). A 0.005 M stock solution 
containing approximately one-tenth as much sodium carbonate was 
prepared following the procedure of Syrokomsky and Stiepin.” 

Potassium chloride (Fisher), sodium chloride (Mallinckrodt), 
silver nitrate (Mallinckrodt), sodium carbonate (Fisher), tetra-n-butyl- 
ammonium bromide (Eastman), anhydrous diethyl ether (Fisher), 
and 1-butanol (Fisher) were used without further purification. Wa- 
ter was purified using a Vaponics Control-o-Matic 200 water purifica- 
tion system to a conductivity of 90.1 pmho cm-*. 

tungstate(1V). A sample prepared by a standard procedurez1 was 
dissolved in a minimum amount of high-purity water, filtered, and 
allowed to recrystallize by slow evaporation of the water. The yel- 
low powder was dried over potassium hydroxide before use in further 
syntheses or physical studies. 

Anal. Calcd for K,[W(CN),].2H2O: C, 16.4; H, 0.69; N, 19.2. 
Found:22 C, 16.3; H, 0.90; N, 18.9. 

Potassium Octacyanomolybdate(1V). A sample prepared by a 
standard procedureZ3 was dissolved in a minimum amount of high- 
purity water. filtered, and precipitated by the addition of cu. 200 ml 
of ethanol. The powder was then washed with ethanol and dried 
in vacuo over calcium chloride for 2 days. 

Anal. Calcd for K4[Mo(CN),].2H20: C, 19.4; H, 0.82; N, 22.6. 
Found: C, 19.2; H, 0.36; N, 22.6. 

T h i s  and the other complexes have variable waters of hydration 
depending on the method of preparation and drying, although the 
dihydrate has been established as the stable hydrate for the potassium 
salt. 

Sodium Octacyanotungstate(V). The synthetic scheme used in 
the preparation of hydrated Na, [W(CN),] was similar to that of 
Baadsgard and TreadwelLZ4 Ceric sulfate was used as the oxidizing 
agent with N-phenylanthranilic acid as the indicator.20 

tion. The orange-yellow powder was redissolved in a minimum 
amount of water and large columnar crystals were obtained upon 
slow evaporation of the solvent. The crystals were dried overnight 
over potassium hydroxide; yield 78%. 

Calcd for Na,[W(CN),].4HzO: C, 18.0; H, 1.50; N, 21.0. Found: 
C, 18.2; H, 1.29; N, 22.0. The ease of removal of the waters of hy- 
dration, noted by Bok, Leipoldt, and Basson,4f explains the difference 

Solvents and Reagents. Ceric Sulfate (Matheson Coleman and 

Synthesis of the Octacyano Complexes. Potassium Octacyano- 

Isopropyl alcohol was used to precipitate the product from solu- 

Anal. Calcdfor Na,[W(CN),].3HzO: C, 18.6; H, 1.16; N, 21.8. 

Robert A. Pribush and Ronald D. Archer 

(18) G. H. Brown and E. M. Sallee, “Quantitative Chemistry,” 
F’rentice-Hall, Englewood Cliffs, N. J . ,  1963. 

(19)  F. A. Cotton and G. Wilkinson, “Advanced Inorganic Chem- 
istry,” 2nd ed, Interscience, New York, N. Y., 1967,  pp 839-840. 

(20) W. S. Syrokomsky and V. V. Stiepin, J. Amer. Chem. SOC., 
58, 928 (1936) .  (See, however, R. Belcher and C. L. Wilson, “New 
Methods of Analytical Chemistry,” Chapman and Hall, London, 
1964, PP 34-36.) 

(21)  E. A. Heintz, Inorg. Syn., 7 ,  142 (1963).  
(22) Analyses from the University of Massachusetts Division of 

(23)  N. H. Furman and C. 0. Miller,Inorg. Syn., 3, 160 (1950). 
(24)  H. Baadsgaard and W. D. Treadwell, Helv. Chim. Acta, 38, 

Research Services Microanalytical Laboratory. 

1669 (1955) .  

in stoichiometry from the tetrahydrate species found for a single- 
crystal X-ray study by these authors. 

Potassium Octacyanotungstate(V). The procedure used in the 
preparation of K, [W(CN),].H,O was analogous to the method des- 
cribed for the sodium salt, replacing sodium chloride with potassium 
chloride. 

Anal. Calcd for K,[W(CN),].H,O: C, 18.2; H, 0.38; N, 21.3. 
Found: C, 18.6; H, 0.76; N, 21.4. 

Silver Octacyanotungstate(V). This salt was isolated as an inter- 
mediate in the preparation of the hydrated Na, [W(CN),]. The red 
powder was washed well with water and dried in vacuo over potas- 
sium hydroxide overnight. 

Anal. Calcd for Ag3 [W(CN),I: C, 13.4; H, 0.00; N, 15.7. 
Found: C, 13.6; H, 0.23; N, 15.6. The residual hydrogen was 
probably due to absorbed water. 

Tetra-n-butylammonium Octacyanotungstate(V). The procedure 
used in the preparation of this salt was similar to the method used by 
Corden, Cunningham, and E i ~ e n b e r g . ~ ~  K, [W(CN),].2HzQ was oxi- 
dized in dilute nitric acid solution by 0.01 N potassium permanganate 
and the W(V) complex was precipitated by the addition of silver ni- 
trate. After washing of the silver salt with several portions of water, 
the salt was dissolved in 3 N hydrochloric acid. The silver chloride 
was removed by filtration and excess tetra-n-butylammonium bromide 
was added to the filtrate, precipitating [(n-Bu),N],W(CN), as a white 
powder. 

The powder was dissolved in a minimum amount of acetonitrile 
and ether was added until a turbidity was noticed. Then additional 
acetonitrile was added until the solution was again clear. Colorless 
square plates were obtained by slow evaporation of the solvent mix- 
ture. 

Anal. Calcdfor [(n-Bu),],W(CN),: C, 60.2; H,  9.75; N, 13.8. 
Found: C, 60.0; H, 9.52;N, 14.1. 

The colorless product slowly photodecomposed in the solid state 
to a red product, which was likewise soluble in acetonitrile. Further 
decomposition to a green species has not been noticed, although hy- 
drated Na,[W(CN),] readily yielded a green product upon photode- 
composition. 

Spectral Studies. Electron Spin Resonance. The electron spin 
resonance spectra of the tungsten(V) octacyanide salts were recorded 
at ambient (+25’), liquid nitrogen (-196”), and liquid helium 
(-269”) temperatures on a Varian E-9 spectrometer. The esr signals 
were referenced to a sealed sample of N,Ndiphenylpicrylhydrazyl 
contained in the auxiliary chamber of the dual resonant cavity. Spec- 
tra were interpreted following the procedure of Sands.’, All samples 
were subjected to X-band microwave radiation; modulation frequency 
was 100-kHz microwave power varied from 0.5 to 10 mW; in general 
spectra were repeated at both ends of the range to ensure that all 
weak peaks were resolved as well as possible and that no signals were 
being saturated. The klystron frequency was 9.5 GHz at room tem- 
perature, 9.3 GHz at liquid nitrogen temperature, and 9.4 GHz at 
liquid helium temperature. 

The powdered Na,W(CN), spectrum is actually an average com- 
posite of several spectra of the powdered sodium salt. Single spectra 
had artifacts because of nonrandom crystal orientations. Increasing 
the randomness of the microcrystals by increasing the volume of 
sample and introducing multiple reorientations of the sample tube 
resulted in eventual peak averaging. The other powders were finer 
and multiple spectra produced no changes. 

tion and glass spectra whenever possible. Aqueous solutions were 
measured in a specially designed cell to reduce broadening effects 
due to dipolar interactions. A matrix esr spectrum was also obtained 
with a 1% w/w powdered sample of the onium octacyanide in a (n- 
Bu),NBr matrix prepared by mixing solutions of each of the constit- 
uents dissolved in a minimum amount of acetonitrile and then rapid- 
ly removing the solvent under vacuum. Trace solvent was then re- 
moved by heating the sample to 100” in vacuo for 4 days in a drying 
pistol covered with aluminum foil to prevent photodecomposition of 
the octacyanide. 

absorption spectra of the salts were recorded on a Hitachi Model 
EPS-3T spectrophotometer and reflectance spectra were obtained 
with the addition of an integrating sphere accessory. Samples were 
investigated as 1,1,2,3,4,4-hexachIorobutadiene mulls between 
Supracil plates or as aqueous, acetonitrile, acetic acid, and 1-butanol 
solutions in matched 1.000-cm length Supracil cells with pure solvent 
in the reference beam. Spectral energies were calibrated with ben- 
zene in the near-infrared and ultraviolet regions and with didymium 
glass in the visible region.2s 

Magnetic Circular Dichroism. Room-temperature MCD studies 

Solution concentrations of -5 X lo-, M were used for the solu- 

Electronic Absorption and Reflectance. Ultraviolet and visible 



Nmr Study of Thiocarbonyl Derivatives of Fe and Mn 

were made with solutions of the tungsten and molybdenum species 
using the Cary 60 as modified by  the Cary Division of Varian Instru- 
ments to accommodate a Varian superconducting magnet, employing 
a magnetic field of 44 kG. Samples and pure solvent were studied 
in 1- and 2-cm Supracil cells. Only spectral observations made for 
dynode voltages <400 V were considered as reliable. Spectra are 
base line corrected for solvent and cell absorptions. 

of tetra-n-propylammonium octacyanotungstate(1~)’’ is very similar 
to the spectra reported earlier for other salts of the tungstate(V) ion.’ 
In fact, the tetra-n-propylammonium octacyanotungstate(V) salt has 
been isolated in our laboratory [ C .  J. Donahue, unpublished results] 
using the synthetic proceduresd for the “IV” salt. Apparently the 
octacyanotungstate(1V) ion is more susceptible to  oxidation than the 
corresponding molybdenum complex; e.g.. the tungsten ion readily 
oxidizes in aqueous acid [A. Samotus and B. Kosowicz-Czajkowska, 
Rocz. Chem., 4 5 ,  1623 (1971)l .  

(25)  Note Added in Proof. The spectrum recent1 reported as that 
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I T  nmr spectra have been obtained for a series of complexes of the types n-(C,H,)Cr(CO),-, n-(C,H,)Mn(CO),L (L = CS, 
CO, P(OPh),, P(OCH,),, PPh,, PBu,, C,H,,NH, C,H,,), and n-(C,H,)Fe(CO),L+ ( L =  CS, CO, PPh,, NH,). The observ- 
ed carbonyl chemical shift data are in agreement with a previously suggested hypothesis of increasingly deshielded carbonyl 
resonances with increasing transition metal + carbonyl n backdonation and suggest that the CS ligand is a significantly bet- 
ter n acceptor than CO in n-(C,H,)Mn(CO),(CS). The thiocarbonyl in n-(C,H,)Mn(CO),(CS) exhibits the most intensely 
deshielded carbon resonance yet reported. This would appear to  indicate the localization of a substantial positive charge 
on the thiocarbonyl carbon atom, in close similarity to  that suggested previously for the carbene carbon in (CO),CrC(OCH,)- 
CH,. 

Introduction 

plexes1’2 preceded the first reports of analogous thocarbonyl 
complexes by over 75 years.3 While only a limited number 
of thiocarbonyl derivatives have been synthesized to date, 
their ubiquitous nature has been demonstrated by the char- 
acterization of complexes containing Rh,3-6 Ir,7-9 Ru,~’,’~ 
C O , ’ ~  Fe,I3’l4 Mn ,15*16 Cr,Mo, and W,17 and Ni,Pd,Pt, and 
os.’* 

The characterization of transition metal-carbonyl com- 
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The relative scarcity of thiocarbonyl complexes does not 
arise from an inherent instability, but rather from synthetic 
complications. Thiocarbonyl complexes have been obtained 
via two synthetic schemes (eq 1 and 2 )  and thus depend either 
r-(C , H,)Fe(CO) ,‘ t ClC(S)OR -+ n- (C ,H ,)Fe(CO) C(S)OR 

n-(C ,H,)Fe(CO) ,C(S)OR t HC1+ n-(C , H,)Fe(CO) (CS) + 

(1) 

(2) 
(Ph,P),RhCl t CS, + (Ph,P),RhCl(n-CS,) 

(Ph,P),RhCl(n-CS,) t PPh, + (Ph,P),RhCl(CS) t S=PPh, 

upon the nucleophilicity of the starting material toward a 
derivative of thiophosgene or the relative stability of a transi- 
tion metal-n-CS2 intermediate. 

Substantial evidence suggests that the CS ligand is a better 
IT acceptor toward transition metals than its CO analog. 
Baird and Wilkinson3 have argued that the absence of oxida- 
tive addition of HC1 to (Ph,P),RhCl(CS) and the instability 
of this complex in the presence of HgC12 suggest the impor- 
tance of a (Ph3P)2ClRh6 +=C=S6- resonance structure. This 
formulation is in accord with the crystallographic data of De 
Boer, et aL,4 who found that the Rh-C bond length in (€‘h3- 
P),RhCl(CS) is 0.1 A shorter than in (Ph,P),RhCl(CO), while 
the C-S bond length is only 0.018 A shorter than the C=S 
bond length in CS2, Yagupsky and Wilkinson7 and Mays and 
Stefanini’ have noted a reluctance of Ir-CS complexes to 
undergo oxidative addition with Hz under conditions where 
their Ir-CO analogs undergo rapid reaction, and they have 
invoked an increased IT acidity of the CS ligand to explain 

(18) G. Wilkinson, U. S. Patent 3,452,068 (1969). 




