
2006 M .  E. KIMBALL, D. W. PRATT, AND W. C. KASKA Inorganic Chemistry 

been isolated for short periods of time.15 To deter- 
mine whether the copper(I1) complexes of cis-1,2-bis- 
(dimethy1arsino)ethylene would be stable, several re- 
actions between copper(I1) salts and cis-1,2-bis(di- 
methy1arsino)ethylene were carried out, wherein the 
reaction of copper(I1) perchlorate is typical. The 
copper(I1) derivatives of cis-1,2-bis(dimethylarsino)- 
ethylene are apparently even less stable than those of 
o-phenylenebis(dimethylarsine), since it proved im- 
possible to isolate any copper(I1) complexes, even for 
short periods of time. The copper(1) perchlorate pre- 
pared from this reaction is white and insoluble in all of 
the solvents with which it does not react, and conse- 
quently has not been further characterized. 

Conclusions 
Pure cis-1,2-bis(dimethylarsino)ethylene is an ex- 

It readily forms cellent bidentate chelating ligand. 

complexes with the first-, second-, and third-row transi- 
tion elements in both high and low oxidation states. 
The complexes of iron(II), iron(III), cobalt(III), and 
palladium(I1) are remarkably stable. The metal 
derivatives of cis-1,2-bis(dimethylarsino)ethylene can 
be handled in the presence of air and water without 
appreciable decomposition. The iron complex [Fe- 
(~is-edas)~]  [C104]3 is particularly stable in contrast 
with [ F e ( d a ~ ) ~ ]  [Clod13 which decomposes on standing. 
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The esr spectrum of Co(CH3NC)s2+ in ethylene glycol-water glasses and solutions has been investigated in the temperature 
range 77-300°K. Evidence is 
presented for increased unpaired electron delocalization in the Co(CH3NC)j2 + ion in comparison with the pentacyano com- 
plex C O ( C ~ ' ) ~ ~ - ;  this may explain the difference in chemical reactivity of the two complexes. Optical spectra for Co(CH3- 
NC)6a+ are also reported. 

The g values observed are consistent with a square-pyramidal structure for this complex. 

Introduction 
Pentacoordinated transition metal ions have been 

the subject of recent studies concerned with elucidating 
the molecular structure of these complexes in solu- 
tion.3-5 The two most likely geometries for such ions 
are the trigonal bipyramid and the square pyramid, 
of D3h and C.lV symmetry, respectively. 

Recently, Alexander and Gray4 have shown that the 
optical and esr spectra of C O ( C N ) ~ ~ -  can be explained 
by assuming a square-pyramidal ground-state geome- 
try for this complex. As part of a continuing study of 
pentacoordinated Co(I1) ions, we have investigated 
the physical properties of the low-spin pentakis(methy1 
isocyanide) cobalt(I1) ion using optical and esr meth- 
ods. The results of this study, which indicate that the 
symmetry of Co(CH3NC)e2+ is also C4", provide the 

basis for some interesting comparisons of the physical 
and chemical properties of the two ions. 

Experimental Section 
Materials.-Baker Analyzed reagent grade chemicals were 

used. Methyl isocyanide was prepared according to the method 
of Casanova, et u Z . , ~  and redistilled twice to ensure purity. The 
uv spectrum of the product in water showed no band a t  940 mp 
which is characteristic for quinoline used in the synthesis. Gas 
chromatographic analysis of the methyl isocyanide also showed 
no trace of quinoline or acetonitrile. The preparation of Co2- 
(CHsNC)la(N03)4 was accomplished by adding a small excess of 
CH3NC to the cobaltous salt in absolute ethanol a t  0" under 
nitrogen in the absence of light. The resultant red solid was 
washed with ethanol and used immediately or stored in Dry Ice. 

Analysis.-Optical spectra of the complex in aqueous solution 
were recorded on a Cary Model 14 spectrophotometer to verify 
the purity of the sample. No evidence for the presence of quino- 
line was observed. Gas chromatographic analysis showed no 
trace of acetonitrile and thus ruled out the possibility of a Co(I1)- 
catalyzed isomerization of CH3NC to CHaCN. 
Esr Spectra.-A Varian 17-4502 X-band esr spectrometer and 
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intensities were measured with a gaussmeter which was cali- 
brated using DPPH attached to the outside of the sample tube. 
Samples of ~10-e10-6  M Co(CH3NC)P were prepared in 
deoxygenated ethylene glycol-water solutions and frozen in a 
quartz tube. Mixtures in a series of ratios from 2 : 3 up to 3 : 2 
were tried; the esr spectra were not significantly different over 
this range of concentrations. Computed esr spectra were de- 
termined by the method of Ibers and Swalen7 for an axial spin 
Hamiltonian with "Co (I = '/2) hyperfine structure. The rms 
deviations of the calculated spectra from those observed were 
5.0 and 4.1 for the Co(CHaNC)b2+ ion with and without excess 
CH3NC present, respectively. 

Results 
Esr spectra of dilute mixtures of C O ( C H ~ N C ) ~ ~ +  in 

ethylene glycol-water solutions and glasses were ob- 
tained over the temperature range 77-300°K both in the 
presence and in the absence of a slight excess of CHgNC. 
In all cases, the spectra a t  77°K consisted of an over- 
lapping pattern of eight line shapes characteristic of an 
axial spin Hamiltonian* with a strong "CO hyperfine 
interaction. 

Figure 1 shows the esr spectrum (I) of the isocyanide 
complex in a 40% ethylene glycol-water glass a t  77°K. 
The assignment of such spectra has been discussed by 
many authorsg In the case of CO(CHSNC)~~+,  the 
spectrum is qualitatively similar to that of C O ( C N ) ~ ~ -  
with gl > 811. The 6 9 C ~  hyperfine interaction produces 
a set of eight lines for each principal g value, with 
those belonging to g, being the more intense. Hence, in 
Figure I, a t  least four of the lines belonging to gll are 
hidden under the perpendicular line shapes a t  higher 
field. One of the 59C0 lines is further split into a trip- 
let with a separation of 5.2 G and approximately equal 
intensities. 

The esr spectrum (11) of Co(CH3NC)sZ+ in 40y0 
ethylene glycol-water a t  77°K in the presence of a 
slight excess of CH3NC is shown in Figure 2. The 
spectrum resembles that of the ion with no excess 
CH3NC except that i t  is considerably less anisotropic, 
as is evidenced by the coalescing of several of the paral- 
lel and perpendicular lines. In this case, six of the 
lines belonging to 811 are not observed. Under high 
gain, one of the observed parallel lines is also split; 
in this case the structure can be approximated by five 
lines separated by 5.2 G and relative intensities in the 
ratio 1 : 2 : 3 : 2 : 1. 

Spectra I and I1 were assigned by making estimates 
of gilt gL, All, andAL from theobservedspectra and then 
fitting the experimental line shape with a computed 
one calculated by the method of Ibers and S ~ a l e n . ~  
The computed spectra are also shown in Figures 1 and 
2. The resulting parameters are given in Table I. 
These were verified independently using a digital XY 
plot of the spectrum calculated using the axial program 
developed by Vanngard and Aasa. lo 

Esr spectra of the complex were also obtained a t  20" 
intervals from 77 to 273°K. Other than a loss of 

(7) J. A. Ibers and J. D. Swalen, Plzys. Rev., 127, 1914 (1962). 
(8) F. K. Kneubiihl, J .  Chem. Phys. ,  88, 1074 (1960). 
(9) See, for example, R. Wilson and D. Kivelson, ibid., 44, 154 (1966). 
(10) T. Vanngard and R. Aasa, Proceedings of the First International 

Conference on Paramagnetic Resonance, W. Low, Ed., Academic Press, New 
York, N. Y . ,  1963, p 509. 
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Figure 1.-The esr spectrum of Co(CH&C)jz+ in 407, ethylene 

glycol-water a t  77'K. Excess CHsNC is not present. The 
insert represents one of the parallel lines under high gain, 
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Figure 2.-The esr spectrum of Co(CH3NC)bZfin 40% ethylene 
glycol-water a t  77°K. Slight excess CHsNC is present. The 
insert represents one of the parallel lines under high gain. 

TABLE I 

COMPLEXES OF COBALT(II)" 
ESR PARAMETERS FOR ISOCYANIDE AND CYANIDE4 

Complex gh El All, G G (g)onlcd* (g)exptl 
I. Co(CHaNC)s2+ 

77OK 2.000 (2) 2 .117 (1 )  78 (1) 57 (1) 2 .080 (2) 
300°K 2 . 0 1  (5) 

11. Co(CHaNC)s* + 

Excess CHsNC, 
77'K 

77OK 

2.025 (2) 2.092 (1) 65 (2) 75 (2) 2 .070  (2) 

1 .992 ( 5 )  2.157 ( 5 )  87 (2) 28 (2) 2 .102 (5) 
111. Co(CN)a3- 

300°K 2.10 (1) 
a Numbers in parentheses indicate uncertainty in last digit 

shown. (g) = '/3(2gl + gll). 

hyperfine structure and considerable line broadening, 
no unusual behavior was noted. Although Co(CH3- 
NC)s2+ is unstable in aqueous solution above O", spec- 
tra of the transient species were recorded a t  pH 5-6 
and 20". The spectrum was isotropic with g - 2.01. 

The optical spectrum of Co(CH3NC)s2+ in water 
solution a t  pH of 5-6 and a t  a pH of 7 was essentially 
the same as reported by Pratt and Si l~errnan.~ We 
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observed that the stability of the complex may be 
extended if the pH is lowered to approximately 6. 
An attempt was made to obtain the optical spectrum a t  
77°K but experimental difficulties prevented resolu- 
tion of the bands. 

The data obtained in these experiments are sum- 
marized in Tables I and 11. For the purpose of later 
discussion we have listed the results obtained previously 
for CO(CT\T)~~-.~ 

TABLE I1 
OPTICAL SPECTRA OF CYANIDE ASD ISOCYANIDE COMPLEXES 

CO(C??)sS- Co(CHsNC)a2 * 
Max, cm-1 (e) Max, cm-1 (e )  

10,350 (233) 14,280 (300) 

23,300 (65) 30,300 (-10) 
31,700 (527) 38,300 
35,700 (4030) 
38,100 (980) 
43,300 (6500) 

16,200 (7) 22,200 

Discussion 
Esr Spectra.-Simple considerations of crystal field 

theory predict a 2E, ground state for the low-spin con- 
figuration of a d7 ion in a field of octahedral symmetry. 
If an axial ligand is removed to form a pentacoordi- 
nated complex, the degeneracy of both the lower t a g  
and upper eB; levels will be partially removed. In this 
situation, the ground-state configuration is either (e) 4- 

(bz) 2(al) or (e”) ‘(e’) 3, corresponding to Cav or D3h 
symmetry, respectively. That our results are consist- 
ent with Cqv symmetry for C O ( C H ~ N C ) ~ ~ +  can be seen 
by a comparison of the predicted g values in the two 
cases. 

In  the case of Cdv symmetry, application of the 
method of Abragam and Prycell yields the following 
expressions for the principal values of the g tensor, cor- 
rect to first order 

gil = g e ,  g, 2 2.002 + 6 ] t l / A  (1) 
Here, .$ is the one-electron spin-orbit parameter, g, = 
2.002, and A = E(al) - E(e’). For a 2E’ ground state 
in Dah symmetry, gll >> g,.4 Thus, by comparison 
of these predictions with the observed g values shown 
in Table I, the esr spectra of Co(CH3SC)b2+ point to a 
structure of C.iv symmetry for this ion, as well as the 
pentacyano complex. The deviation of the measured 
gll from g, is presumably due to second-order effects not 
included in eq 1. 

Using the measured value of g, in the absence of ex- 
cess ligand (2.117) and ,$ ,< 540 cm-l,12 eq 1 yields for 
A the estimate A 6 27,800 cm-l. This can be com- 
pared with the value A 6 21,000 cm-1 for Co(CN)b3- 
obtained in a similar way from the published g values 
(see Table I). 

In  the presence of excess ligand, the esr spectrum of 
C O ( C H ~ N C ) ~ ~ +  becomes less anisotropic; in this case, 
A 6 36,000 cm-l. The decrease in lgL - g 1 is con- 

(11) See, for example, A. Carrington and A. D. McLachlan, “Introduction 

(12) T. M. Dunn, T ~ a n s .  F a r a d a y  SOL., 57, 1441 (1961). 
to Magnetic Resonance,” Harper and Row Inc., New York, N. Y., 1967. 

sistent with the view that, in the presence of excess 
CH3NC, the complex is essentially hexacoordinate, but, 
because the spectrum is still anisotropic, the axial and 
equatorial metal-ligand bond distances must be un- 
equal. The A-value anisotropy is also reduced by the 
addition of excess ligand. The observation that A 
increases as excess ligand is added suggests that the 
splitting of the upper al, bl levels in Clv symmetry is 
greater than that of the lower e, bs levels. This result 
has also been observed in C O ( C N ) ~ ~ - . ~ , ~ ~  

The additional splitting of one of the ”CO hyperfine 
lines into an apparent triplet (and a quintet in the 
presence of excess ligand) can be interpreted as hyper- 
fine structure which arises from a contact interaction 
with the 14N nucleus (I = 1) of a CH3NC ligand. The 
quintet pattern might be expected if the complex be- 
comes six-coordinate on addition of excess ligand, al- 
though no structural evidence for a six-coordinated 
cobalt(I1) cyanide complex has been reported. l4  

The possibility that this splitting can be explained 
by a 14N hyperfine interaction is interesting in view of 
recent X-ray studies on C O ~ ( C H ~ N C ) ~ ~ ( C I O ~ ) ~ .  These 
have shown that the ligands in Co2(CH3NC)10(C104)4 
are bonded through the carbon atom to the central 
metal ion. Hayesl8 has recently observed 14N hyper- 
fine structure in the esr spectrum of Mo(CN)5N03- 
due to the nitrogen atoms of the carbon-metal bonded 
ligands. However, since the additional splitting in Co- 
(CH3NC)b2+ is observed on only one line of each spec- 
trum and because the esr spectra are not well resolved, 
further work is necessary before our result can be fully 
interpreted. 

Optical Spectra.-Pratt and co~vorkers~~ have con- 
cluded from a qualitative comparison of optical spectra 
that the pentakis(methy1 isocyanide) and penta- 
cyanide complexes of Co(I1) are actually six-coordinate 
in water, Co(CH3NC)~.H202+ and Co(CN)6.H203-, 
respectively. They have based their conclusion on the 
observation that the C O ( C & , N C ) ~ ~ +  complex may ex- 
ist in an aquated blue form which may be completely 
dehydrated to a yellow form. Since the uv spectrum 
of the aquated blue form is similar in many respects 
to the pentakis(methy1 isocyanide) and pentacyanide 
complexes in solution, they reasoned that both of these 
complexes must be aquated as well. Although our cur- 
rent esr data are not sufficiently detailed enough to 
draw any conclusions with regard to the aquation of 
these complexes, C a ~ l t o n ’ ~  has shotm that an analysis 
of the optical spectrum of the pentacyanide complex 
does not lead to any definite decision about the exis- 
tence of Co(CN)B. H203- .  It appears that additional 
information is necessary before the question of aqua- 

(13) K. G. Caulton, I ~ z o Y ~ .  Chem., ?, 392 (1968). 
(14) Kinetic evidence for Co(CN)s4- has been presented: J. Halpern and 

S. Nakamura, Proceedings of the 8th International Conference on Coordi- 
nation Chemistry, Vienna, 1964, V. Gutmann, Ed., Springer-Verlag, Vienna, 
1964, p 271. 

(15) F. A. Cotton, T. G. Dunne, and J. S.  Wood, InoYg. Chem., 3, 1495 
(1904). 

(16) R. G. Hayes, J .  Chem. Phys., 47, 1692 (1967). 
(17) J. M. Pratt and P. R. Silverman, J .  Chem. Soc., A ,  1286 (1967); 

J. M. Pratt and R. J. P. Williams, ibid. ,  A ,  1291 (1967). 



VoZ. 7, No. 10, October 1968 ESR SPECTRUM OF PENTAKIS(METHYL ISOCYANIDE)COBALT(II) 2009 

tion in the pentakis(methy1 isocyanide) and penta- 
cyanide cobalt(I1) complexes may be decided upon. 

Chemical Behavior.-The complexes Co (CN) 53- and 
Co(CH3NC)b2+ offer some arresting physical and 
chemical comparisons as well. Green, high-pH, aque- 
ous solutions of Co(CN)b3- react readily with hydro- 
gen,18 oxygen,lg and carbon monoxidez0 a t  room tem- 
perature and atmospheric pressure. The radical char- 
acter of Co(CN)b3- has been supported by product 
studiesz1 with alkyl halides and kinetic22 as well as 
polarographic23 analysis of its many reactions. All 
of these contributions suggest that there is a ready 
availability of electron density on the central cobalt 
atom in CO(CN)~~-.  

In contrast, the blue Co(CH3NC)b2+ ion shows no 
evidence of reaction with carbon monoxide, hydrogen, 
oxygen, or methyl iodide. It does react with nucleo- 
philic species and exhibits a chemistry reminiscent of 
C O ~ ( C O ) ~ . ~ ~  Such dramatic differences in the chemical 
properties of the two ions suggest that  there are im- 
portant differences in their electronic and/or molecular 
structures. 

While the investigations reported here on the esr 
and optical porperties of C O ( C H ~ N C ) ~ ~ +  have uncov- 
ered no changes in the over-all symmetries of the ions, 
there do appear to be some subtle differences between 
the two complexes. In fact, most of these can be ex- 
plained in terms of an increased delocalization of the 
unpaired electron over the ligand orbitals in the Co- 
(CH3NC)52+ ion. Qualitatively, this might be ex- 
pected in view of the negatively charged ligands in Co- 
(CN)53-, and this phenomenon may explain the in- 
creased chemical reactivity of the pentacyano com- 
plex. 

Bowers and Owenz5 have discussed in qualitative 
terms some of the expected properties of an esr spectrum 
for an ion in which there is extensive delocalization. 
Among the indicators of such behavior are a reduction 

(18) B. de Vries, J .  Catalysis, 1, 489 (1967). 
(19) (a) A. Haimand W. K. Wilmarth, J .  A m .  Chem. Soc., 83, 509 (1961); 

(b) J. H. Bayston, R. N. Beale, N. K. King, and M. F. Winfield, Austvolian 
J .  Chem., 16,954 (1963). 

(20) W. Hieber and C. Bartenstein, 2. Anorg. Allgem. Chem., 276, 1 
(1954). 

(21) J. Kwiatek and J. K. Seyler, J. Ovganometal. Chem. (Amsterdam), 3, 
421 (1965). 

(22) J. Halpern and J. P. Mayer, J .  A m .  Chem. Soc., 87, 5361 (1965). 
(23) A. A. Vlhek and J. Hanzlik, Inorg. Chem., 6, 2053 (1967). 
(24) M. E. Kimball, Ph.D. Thesis, University of California, Santa Bar- 

(25) K. D. Bowers and J. W. Owen, Rept. Progr. Phrs., 18, 305 (1955). 
bara, Calif., 1968. 

in g values, a reduction of the metal hyperfine inter- 
action, and a ligand hyperfine interaction. Some of 
these phenomena have been observed in the esr spec- 
tra of C O ( C H ~ N C ) ~ ~ +  reported here. Indeed, inspec- 
tion of Table I reveals that the g value anisotropy of 
the methyl isocyanide complex is considerably reduced 
from that observed in Co(CN)s3-. This is consistent 
with more delocalization in the former situation. 

The lack of information regarding the relative signs 
of All and A L  for the two complexes precludes a deter- 
mination of the change in the isotropic 59C0 coupling 
constant. Hence our data cannot be used as evidence 
for the reduction of the metal hyperfine interaction in 
CO(CH~NC)E?+. However, it is interesting to note 
that the possible existence of 14N hyperfine structure 
in the esr spectrum of this ion supports the concept of 
increased delocalization. 

Although the extent of electron delocalization in 
ligands such as CO, CN-, and CH,NC has not been 
clearly defined, some additional remarks place our re- 
sult in perspective with other work. The data ob- 
tained on Co(CH3NC)b2+ can be explained by an 
increase in the ir-acceptor tendency of the ligand rela- 
tive to Co(CN)53-. The isocyanide group as a ligand 
in transition metal complexes has been shown by Cotton 
and ZingalesZ6 to be formally isoelectronic with carbon 
monoxide. Thus the ligand may function as a u-donor 
as well as a ir-acceptor group. 

Shriver and Posner2' have discussed the effects of 
Lewis acids on transition metal cyanide adducts. In  
each case the complexation of H+, BF3, and CH3f to 
CN- leads to ligands which are better ir acceptors and 
poorer cr donors than CN-. Although the CH3 group 
is generally regarded as an electron-releasing group, 28 

this apparently does not radically affect the explana- 
tion that CH3NC is a poorer u donor than CN-. 
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