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Figure 2.-Infrared spectra of (A) &[Mo(CN)s] -2Hz0, (B) 
UOz(N03)z .6H~0,  and (C) (UOZ)~[MO(CN)S] enHz0 in KBr disks. 

solution, the solid materials analyze as (U0z)zMo (CN)*. 
nHzO, n - 6-8. The second uranyl group in the solid 
is apparently required for electroneutrality. Potas- 
sium ions, present in solution, were not detected in the 
solids by chemical analysis, One possible structural 
rationalization for the stoichiometry of the solids, 
suggested by the solution spectral results, is represented 
by the formula [UOz (HzO)aIn [UOz (Hz0)zMo (CN),ln. 
Here the uranium atom of the cation achieves eight- 
coordination by bonding to six water molecules in the 
hexagonal plane, in the usual mannerssb In order to 
complete the hexagonal coordination belt of the uranyl 
group associated with the anion, the nitrogen atoms of 
the [Mo(CN)sl4- complex might bond to the uranium 
atoms to form some kind of polymeric structure. Other 
polymeric structures in which both uranyl groups are 
bonded to  the nitrogen atoms of the anion are also 
possible. 

Evidence for the participation of the cyanide 
ligands in uranyl binding was obtained from infrared 
spectral studies of the solids. In  Figure 2 are displayed 
the infraredspectra of UOz(NO&. 6Hz0, K4 [Mo(CN),] 0 

2Hz0, and (UOZ)Z[MO(CN)~] .nHzO. From the figure 
it is apparent that  the sharp, distinct bands in the cya- 
nide stretching frequency region (2050-2140 cm-I) of 
[Mo(CN)8I4- are replaced by a broad envolope centered 
a t  2140 cm-' in the red-brown adduct. This result is 
consistent with Mo-C=N-U02 binding, as proposed 
above. It is, moreover, evident from the infrared 
spectra that the oxygen atoms of the linear uranyl 
group interact very weakly if a t  all with the molybde- 
num atoms, since the asymmetric 0-U-0 stretching 
frequency,lg -940 cm-', is unaltered upon adduct for- 
mation. 

Infrared spectra of the red-brown adducts formed 
from uranyl chloride or uranyl acetate were identical 
with that obtained for the uranyl nitrate (Figure 2), 
confirming that simple anions present in solution do 
not coprecipitate with octacyanomolybdate(1V). 
When solutions of K4[W(CN)8].2HzO were added to 

(19) J. I. Bullock, J .  Chem. Soc., A ,  781 (1969). 

solutions of uranyl salts, a red-brown color developed. 
The presumably analogous tungsten system was not 
studied further. Attempts to examine the photochemi- 
cal behavior1 of aqueous solutions of (UO& [Mo(CN)*] * 

nHzO were unsuccessful because of interference from 
the known photoreduction20 of the uranyl ion. 

In  summary, it may be concluded from the present 
study that the red-brown color that appears when [Mo- 
(CN)8I4- and UOzz+ ions are allowed to react in aqueous 
solution does not correspond to an increase in the coor- 
dination number of the molybdenum atom. Instead, 
it has been shown that the nitrogen atoms of the cyanide 
ligands are bonded to the uranyl groups to form a com- 
plex which is probably polymeric. 
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All of the group I V  metals with the exception of 
lead(1V) are known to form acetylacetonate complexes 
of the type M(acac)zClz. The constitution of Si(acac)z- 
Clz in solution is uncertain,l but the Ti(IV),2-4 Zr- 
(IV),s,6 Hf(IV),6s6 Ge(IV),7 and Sn(IV)7-g complexes 
are monomeric and have been assigned cis configurations. 
Neither these complexes nor their known derivatives 
with other P-diketonato or halo ligands have been 
shown to adopt a trans-dihalo structure.g& 

The nmr studies reported here establish the existence 
of both cis and trans structures for the dichlorobis(P- 
diketonato)germanium(IV) complexes Ge(dpm)zClz 
and Ge(pvac)zClz, where dpm = (tGH9)COCHCO- 
(t-C4H9)- and pvac = (t-C4Hg)COCHCOCH3-. Also, 
the nmr spectrum of Ge(acac)zClz has been reinvesti- 
gated, and the results indicate that the molecule adopts a 
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(9) J. W. Faller and A. Davison, Inoug. Chem., 6, 182 (1967). 
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994 NOTES Inorganic Chemistry 

trans configuratioii in addition to the previously re- 
ported' cis configuration. 

Experimental Section 
Syntheses.-The complexes reported here were prepared in 

better than 50y0 yield by using methods similar to those described 
previously for Ge(acac)zClz.lo,ii Since the compounds are hygro- 
scopic, all preparative reactions and subsequent manipulations 
of the products were conducted under an atmosphere of dry 
nitrogen. Germanium(1V) chloride (99.999+ %) was purchased 
from Research Organic/Inorganic Chemicals Corp. and was used 
without further purification. Acetylacetone (bp 136-140') was 
purchased from Matheson Collman and Bell and was freshly 
distilled before use. Dipivaloylmethane and pivaloylacetone 
were prepared in the manner described by Adams and Hauser.l2 
Benzene, hexane, and dichloromethane were dried by refluxing 
over calcium hydride. Chloroform was freed of ethanol by 
treatment with activated alumina and was dried over calcium 
hydride. 

Dichlorobis(2,2,6,6-tetramethyl-3,5-heptanedionato)germa- 
nium(IV).-A mixture of germanium(1V) chloride (2.58 g, 0.0120 
mol) and dipivaloylmethane (4.42 g, 0.0240 mol) in 60 ml of 
chloroform was heated just below reflux temperature for 120 hr. 
Removal of the solvent by vacuum distillation gave a white solid, 
which was recrystallized twice from hexane to remove any oc- 
cluded free ligand. A solution of the product in dichlorornethane 
a t  a concentration of ca. 0.2 g/ml was heated to boiling, and an 
equal volume of hot hexane was added. After aging 48 hr a t  
room temperature, the solution yielded colorless prismatic crys- 
tals, which were filtered and dried in vacuo a t  room temperature 
for 6 hr; mp 139-140"; A = 0.011 ohm-' cm2 mol-' (0.011 AT 
s o h  in CeH6NOz a t  25'). 

A n a l .  Calcd for Ge(C11HigOz)zCL: C, 51.81; H, 7.51; C1, 
13.90; Ge, 14.23; mol wt, 510. Found: C, 51.71; H ,  7.73; 
C1, 14.40; Ge, 14.65; mol wt (C&), 520. 

Three additional crops of crystals were obtained from the 
dichloromethane-hexane mother liquor by successively removing 
ca. 40y0 of the solvent by vacuum distillation, adding a volume 
of hot hexane equal t o  half the volume of solvent removed by 
distillation, and allowing the resulting solution to age a t  room 
temperature. Each of the four crops of crystals had the same 
melting point and, when dissolved in benzene a t  17', gave an nmr 
spectrum characteristic of only the trans isomer. Samples 
crystallized within 1 hr or less from hexane or benzene exhibited 
nmr spectra a t  17' characteristic of a mixture of cis and trans 
isomers. 

Dichlorobis (5,5-dimethyl-2,3-hexanedionato)germanium(IV) .- 
Pivaloylacetone (9.83 g, 0.0691 mol) and germanium(1V) chlo- 
ride (6.20 g, 0.0289 mol) were allowed to  react in 60 ml of hot 
chloroform for 120 hr. The volume of the mixture was reduced 
to  ca. 15 ml, and 40 ml of hot hexane was added. The solution 
was refrigerated for 24 hr, and the resulting solid was recrystal- 
lized twice from hexane. The fine white crystals were dried 
in vacuo a t  room temperature for 6 hr; mp 177-178.5"; A = 
0.022 ohm-l cm2 mol-' (0.010 M s o h  in CsH&TOz a t  25'). 

A n a l .  Calcd for Ge(C8H130z)zClz: C, 45.12; H, 6.15; C1, 
16.65; Ge, 17.04,molwt,426. Found: C, 44.93; H, 6.18; C1, 
16.64; Ge, 17.11; mol wt (C&6), 418. 
Dichlorobis(2,4-pentanedionato)germanium(IV).-This com- 

pound was prepared by reaction of germanium(1V) chloride and 
acetylacetone as described by Ong and Prince.1i The white 
crystalline product was recrystallized by dissolving in hot di- 
chloromethane, adding hot hexane to  produce a turbid solution, 
and cooling. The crystals were washed with hexane and dried 
in vacuo a t  room temperature; mp 240-242'; lit., mp 238-244,7 

Physical Measurements.-All solutions were prepared in a 
Benzene, dichloromethane, 

240," 236-240" . I3  

glove bag filled with dry nitrogen. 
~~ 

(10) G. T. Morgan and H. D. K. Drew, J .  C h e m .  Soc., 126, 1261 (1924). 
(11) W. K. Ong and R, H. Prince, J .  Inovg. N u l .  Chem., 27, 1037 (1965). 
(12) J. T. Adams and C. R. Hauser, J .  A m .  Chem. SOL., 66, 1220 (1944). 
(13) M. Cox, J. Lewis, and R. S. Nyholm, J .  Chem. Soc., 6113 (1964). 

and deuteriochloroform were dried over calcium hydride. Nitro- 
benzene was washed with 1 : 1 sulfuric acid, water, 1 M sodium 
hydroxide, and water; each washing was repeated until the wash 
solution was colorless. The nitrobenzene was then dried over 
molecular sieves and vacuum distilled. 

Molar con- 
ductivities were measured with a Beckman conductivity bridge, 
Model RC16B2. Proton magnetic resonance spectra were 
recorded on a Varian A56/60D analytical spectrometer (60.000 
MHz) equipped with a Varian temperature controller, Model 

Results and Discussion 
Dichlorobis(dipivaloylmethanato)germanium(IV), 

Ge(dpm)zClz, and dichlorobis(pivaloy1acetonato)ger- 
manium(IV), Ge(pvac)zClz, are monomeric in benzene 
and very weak electrolytes in nitrobenzene. The acetyl- 
acetonate derivative, Ge(acac)zClz, has been previously 
reported to be a and a weak electrolytell 
in ionizing solvents. Dissociated species of the type 
Ge(dik)&l+, which have been postulated by Osipov 
and cow~orkers~~ in attempting to account for the di- 
pole moment of Ge(acac)zClz in chloroform, cannot 
be present in solution in an appreciable amount. 

Nmr spectra for Ge(dpm)zClz in benzene are shown 
in Figure 1. A fresh solution a t  17" exhibits a single 

Molar weights were determined cryoscopically. 

V-6040. 
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Figure 1.-Nmr spectra for (A) trans-C;e(dpm)lC12 in benzene 
a t  17' and (B)  an equilibrium mixture of cis- and trans-Ge- 
(dpm)sClz in benzene a t  40'. Concentrations are ca. 2.0 and 
5.0 g/1000 ml of solvent, respectively. Spectrum A was recorded 
within 5 min after preparation of the solution a t  17'. 

t-C4H9 proton resonance line and a single -CH= 
line, which is in accord with the result expected for a 
trans structure (symmetry D2h). At 37" isomerization 
of the complex occurs within 2.5 hr, and two new 
lines a t  9.00 and 4.15 appear in the spectrum of 
the equilibrium mixture. The line a t  T 9.00 represents 
one of the two equally intense t-CdH9 resonances ex- 
pected for the cis isomer (symmetry (22). The other 
t-C4H9 resonance component of the cis isomer has 
the same chemical shift value as the t-CdH9 line of 
the trans isomer. The line a t  r 4.15 is assigned to 
the -CH= resonance of the cis isomer. 

(14) 0. A. Osipov, V. L. Shelepina, and 0. E. Shelepin, J .  Gen. Chem. 
USSR, S6, 274 (1966). 
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Further evidence for the existence of both cis- and 
trans-dichloro configurations is obtajned from the 
nmr spectrum of Ge(pvac)zClz. Because of the asym- 
metry of the diketonate ligand, a cis-dichloro configura- 
tion should give rise to three geometric isomers. ' Two 
of the isomers have CZ symmetry, and the third has 
CI symmetry. A trans-dichloro configuration should 
give two isomers with point group symmetries of CZh and 
(22". If all five isomers were present in an equilibrium 
mixture, then the t-C4Hg, CH3, and -CH= regions 
of the nmr spectrum each should contain six resonance 
lines. As shown in Figure 2, six t-C4H9 lines ( r  8.86- 

I 
I !!I 

r 
Figure 2.-Nmr spectrum of Ge(pvac)zClp in benzene a t  40'; 

concentration is 12.0 g/100 rnl of solvent. 

9.03) and six CH3 lines ( r  8 31-8.41) are indeed ob- 
served in benzene solution. The presence of only 
five -CH= lines in the region r 4.42-4.52 is probably 
due to a coincidence of chemical shifts for two of 
the lines. 
In the case of Ge(acac)ZClz, nmr studies by Smith 

and Wilkins7 indicate that the molecule adopts the 
cis configuration in deuteriochloroform solution. The 
large dipole moment reported for the compound in 
chloroform (7.4 D)14 also supports a cis structure.16 
In view of the results obtained for Ge(dpm)zClZ and 
Ge(pvac)zClz, we reinvestigated the nmr spectrum of 
Ge(acac)2Clz. The spectrum in dichloromethane is 
shown in Figure 3. The two equally intense CH3 

A R  

Ad" 422 4.25 7- JUL 7.82 7.93 

Figure 3 -Nmr spectrum of Ge(acac)aCls in dichloromethane a t  
40'; concentration is ca. 2.0 g/100 ml of solvent. 

resonances a t  r 7.82 and 7.93 and the -CH= resonance 
of appropriate intensity a t  r 4.25 indicate that the 
molecule does indeed adopt primarily the cis con- 
figuration. However, the remaining CHa and -CH= 
lines a t  r 7.84 and 4.22, respectively, strongly suggest 

(15) N. Serpone and R. C. Fay, I n o y g .  Chem., 8, 2379 (1969). 

the presence of an appreicable equilibrium amount 
of the trans isomer (ca. 15-20%). A qualitatively 
similar spectrum was obtained in deuteriochloroform 
solution. Apparently, the presence of free acetyl- 
acetone as an impurity in the sample investigated 
by Smith and Wilkins prevented them from detecting 
the trans isomer. 

Previous discussions of the stereochemistry of di- 
halobis(P-diketonato) complexes of titanium(IV)2a16 
and tin(1V)I' have pointed out that  differences in 
the a-bonding abilities of the donor oxygen atoms 
on the diketonate ligands and the halogen ligands 
should lead to stabilization of the cis configuration. 
Any difference in the ability of oxygen and chlorine 
to a bond to germanium(1V) may not be very important 
in influencihg the stereochemistry of the complexes 
studied here. For G e ( d p m ) G  in benzene a t  40°, 
the value of the equilibrium constant, K = [cis]/ 
[trans], is 6.60 f 0.10, as deterinined by planimetric 
integration of five spectral copies of the t-C4H9 res- 
onances for the equilibrium mixture ( c j .  Figure 1, 
spectrum B). The statistical value of K expected 
on the basis of symmetry considerations alone is 4.00. 
Thus an exothermic enthalpy change of only 0.31 
kcal/mol, whether due to more favorable a bonding 
in the cis isomer or to some other effect, such as differ- 
ences in solvation enthalpies, is sufficient to account 
for the deviation of K from the statistical value. 

The proton chemical shifts for cis- and trans-Ge- 
(acac)zC12 are of special interest. Calculations by 
Smith and Wilkins7 and Serpone and Fay15 indicate 
that electric field effects arising from the dipole moment 
of a cis-M(acac)&!lz molecule can be expected to shift 
the proton resonances to lower field relative to neutral, 
nanpolar M(acac), complexes. For the cis isomer of 
Ge(acac)zClz in dichloromethane, the average chemical 
shift of the nonequivalent CH3 protons and the chern- 
ical shift of the equivalent -CH= protons lie in the 
ranges expected in the presence of an electric field 
effect. However, the proton resonances of the trans 
isomer occur a t  slightly lower values of magnetic field 
strength than those of the cis isomer An electric field 
model would predict that the CH3 and-CH=resonances 
of the nonpolar trans isomer should occur upfield from 
the cis isomer by ca. 0 1 and 0.25 ppm, re~pective1y.I~ 
As pointed out by Serpone and Fay, although a through 
space electric field model permits quantitative estimates 
of the low-field shifts of cis-M (acac)zXz complexes, 
the shifts can be interpreted in terms of inductive 
effects acting through bonds. The results obtained 
here for trans-Ge(acac)zClz suggest that  the low-field 
shifts are indeed due to inductive effects of the chlorine 
atoms. The nearly equal chemical shifts observed 
for cis- and trans-Ge(dpm)zClzin benzene also favor an in- 
ductive niodel over an electric field model. Thompson18 
has recently cited -CH= proton chemical shift 
data for cis and trans isomers of Si(acac)%(OOCCH& 

(16) D. C Bradley and  C E Holloway, J Chem Soc , A ,  282 (1969) 
(17) W H Nelson, Inorg Chem , 6 ,  1509 (1967) 
(18) D W Thompson, J Magn Resonance, 1,606 (1969) 
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and for Al(acac)z(DMF)2+, along with data for other 
metal acetylacetonates suspected of having either 
exclusively cis or trans structures in solution, which 
also indicate that factors other than electric field effects 
are important in determining ririg proton shifts. 

Acknowledgment.-We wish to acknowledge partial 
support of this research by the National Science Foun- 
dation. Grant GP-9503. 

CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY, 
NORTHWESTERN USIVERSITY, EVANSTON, ILLINOIS 60201 

Carbon Monoxide Exchange Reaction 
of o-Phenanthrolinechromium 
Tetracar bony1 

By MASAYUKI DOKIYA, RONALD D. JOHNSTON, 

ASD FRED BASOLO 

Recezaed September 9, 1969 

Early carbon monoxide exchange studies of the com- 
pounds Mn(CO)BX (X = C1, Br, 1)' were interpreted 
as indicating that the four equatorial carbonyl groups 
exchanged a t  a much faster rate than did the axial 
group. More recently infrared techniques have been 
employed to examine the rate of I3CO or Cl8O incorpo- 
ration into Mn(CO)BX compounds. 3 , 4  Under these 
conditions no significant difference in the rate constants 
for equatorial and axial substitution was detected, and 
mechanisms based on the equivalence of these rate 
constants have been p ~ s t u l a t e d . ~  However, Brown5 
has questioned the validity of these mechanisms and 
suggested that intermolecular exchange a t  the axial 
and equatorial positions may occur a t  different rates 
but that  equilibration, either by a nondissociative twist 
mechanism or by halide exchange via an acyl halide 
intermediate, may offer an alternate explanation for 
the observed similarity of the rate constants. 

In  continuing our examination of the possibility 
of different exchange rates for stereochemically differ- 
ent CO ligands in substituted carbonyl compounds, 
we have examined the exchange reaction of Cr(C0)4- 
(a-phen) with Cl8O. Evidence is presented that the 
rate constants for exchange of the axial and equatorial6 
CO groups are significantly different. 

Experimental Section 
Cr(CO)r(o-phen) was prepared and purified by the literature 

1,Z-Dichloroethane was dried by refluxing over PzOj 
Cl80 was supplied by Miles 

method.' 
and was freshly distilled before use. 
Laboratory, Inc., Elkhart, Ind. 

(1) A. Wojcicki and F. Basolo, J .  A m .  Chem Sac., 83, 525 (1961). 
(2) U'. Hieberand K. Wollmann, Chem. Be?., 95, 1552 (1962). 
(3) H. D. Kaesz, R .  Bau, D. Hendrickson, and J. M .  Smith, J .  Am.  Chem. 

(4) B. F. G. Johnson, J. Lewis, J. R.  Miller, B. H. Robinson, P. W. Robin- 

(5) T. L .  Brown, I n a v g .  Chem., 7, 2673 (1968). 
(6) The  l,l0-phenanthroline ligand is assumed to  be in the equatorial 

The two  CO ligands tuans t o  the amine are the equatorial CO groups. 

Soc., 89, 2844 (1967). 

son, and A. Wojcicki, J .  Chem. Soc., A ,  522 (1968). 

plane. 
The  two  mutually trans CO groups are in the axial positions. 

(7) R. J. Angelici and J. R.  Graham, Inavg. Chem., 6 ,  988 (1967). 

The apparatus used for the exchange experiments was essen- 
tially the same as has been previously described.8 All exchange 
reactions were carried out in 1,2-dichloroethane. Under an 
atmosphere of carbon monoxide, the decomposition of the sub- 
strate a t  the temperature of the experiments was effectively zero. 
A large number of other solvents were tested but poor solubility 
or rapid decomposition of the substrate precluded their use. 

The infrared spectrum of Cr(CO)a(o-phen) exhibits four C-0 
stretching absorptions. They have been assignedg as 2008 cm-l 
(al, axial CO), 1907 cm-' (bl, axial CO), 1883 cm-I (al, equatorial 
CO), and 1831 cm-' (bz, equatorial CO). Upon substitution 
with C180 new bands were observed a t  1986, 1888, 1875, and 1822 
cm-'. Spectra before and after exchange are shown in Figure 1. 
Since there was no overlap with bands due to the isotopically sub- 
stituted products, the intensities of the bands a t  2008 and 1831 
cm-' were measured as they decreased with increasing substitu- 
tion. The extinction coefficients of these two bands were mea- 
sured for solutions from 1.0 X M (the maxi- 
mum concentration range). Beer's law was confirmed and the 
effective molar extinction coefficient for the axial ai band was 
found to be 1.8 X 108 1. mol-' cm-I and for the equatorial b2, 3.1 
X lo3 1. mol-' cm-'. The solubility of carbon monoxide in 
1,2-dichloroethane was measured by a tensimetric technique.l0 

Carbon Monoxide Exchange Calculations .-The reaction 
sequence to be studied is shown in Figure 2.  Let C,, represent 
the concentration of each particular species, where i refers to the 
number of equatorial CO groups that have been substituted by 
Ciao, and similarly j is the number of axial CO groups that have 
become labeled. I t  was assumed and verified under the condi- 
tions of the experiments that  

to 6.0 X 

c02 + ClZ + czz = czo + CZl + cz2 = 0 (1) 
In order to treat the data, the simplification was made that 
coupling between cis CO groups is negligible. Then if we let 
COO + CIO = x and COO + COI = y ,  the intensity of the axial a1 
band is proportional to x and that of the equatorial bz band is 
proportional to y. Now if we consider a system containing a 
mol of Cr(CO)e(a-phen) and b mol of free CO, i t  can be shown" 
that  

where z is the concentration of Ci80 a t  time t ,  and R,, and Re, are 
the gross rates of exchange a t  the axial and equatorial positions, 
respectively. From an examination of mass balance 

z = d - Coi - C1o - 2Cu (4) 
where d is the concentration of Ci80 a t  time t = 0. 
for Col and Cia, the term CII cancels, and thus 

Substituting 

z =  d - 2 a + x +  y (5) 
Hence for a first-order reaction 

-dx. k,, ~- - -[a(d - 2a - b )  + 
dt 2b 

(d - a - b ) y  + ax + xy + y21 (7) 
(8) J. P. Day,  F. Basolo, and R. G. Pearson, J. A m .  Chem. Soc., 90, 6927 

(1968). 
(9) C. S. Kraihanzeland F. A. Cotton, Inoug. Chem., 2, 533 (1963) 
(10) D. F. Shriver, "The Manipulation of Air-Sensitive Compounds,'' 

(11) A. A.  Frost and R. G. Pearson, "Kinetics and Mechanism," 2nd ed, 
McGraw-Hill Book Co., Inc., New York, h-. Y., 1969, p 5 8 .  

John Wiley and Sons, New York, N.  Y. ,  1961, p 192. 


