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IR, ESR, and 31P NMR spectroscopy, electrospray mass spectrometry, steady-state 
microelectrode voltammetry, and rotating-disk voltammetry have been used to characterize 
the solution chemistry of the deceptively simple Cr(CO)a(dpe)z (dpe = P ~ z P C H Z C H ~ P P ~ Z )  
system in benzene, toluene, chloroform, dichloromethane, acetone, and acetonitrile. These 
techniques show that while the expected cis-Cr(CO)z(dpe)Z (ciso) and trans-Cr(C0Mdpe)z 
(transo) compounds are present, trans-[Cr(CO)z(dpe)z]+ (trans+) also is involved in the solution 
chemistry of the Cr(CO)z(dpe)z system and that complex and rapid reactions may occur 
between these three compounds. The 17-electron cation trans+, formed in the presence of 
oxygen, is the key compound in these reactions. Electrospray mass spectrometry and ESR 
spectroscopy confirm that trans+ is present in solutions of Cr(CO)s(dpe)z. The formation of 
paramagnetic trans+ modifies the apparent isomeric distribution of the ciso and transo isomers 
determined by NMR methods because of line-broadening and relaxation effects. There is 
also an  unfortunate coincidence of IR absorptions between the two carbonyl bands of ciso 
and the single bands of both transo and trans+; therefore, interpretation of data obtained 
from IR spectroscopy is also difficult in this system. However, steady-state microelectrode 
and rotating-disk voltammetric techniques generally are able to resolve the isomerization 
equilibrium reaction transo = ciso from the redox reactions involving formation of the trans+ 
cation. Equilibrium constant calculations for the reaction transo - ciso demonstrate that 
while ciso is slightly favored in nonpolar solvents such as benzene and toluene, it is 
moderately favored in more polar solvents. Equilibrium constants for cis+ t trans+ and 
transo + cis+ --L ciso + trans+ reactions also are calculated from the voltammetric data and 
their solvent dependences are considered. 

Introduction 

There are three notable papers concerned with the 
solution chemistry of the Cr(C0)2(dpe)z system (dpe = 
P ~ z P C H Z C H ~ P P ~ ~ ) ,  but there are discrepancies between 
them. Chatt and Watson1 described the syntheses of a 
number of M(C0)2(P-P)2 compounds (M = Cr, Mo, W; 
P-P = diphosphine), but Cr(CO)z(dpe)~ was found to 
be unique among the compounds studied by these 
workers in that both cis and trans isomers were formed, 
the proportions of which in solution were reported to 
vary with the solvent. However, some caution may need 
to be attached to  this conclusion, since Chatt and 
Watson also noted an unidentified side reaction in the 
interconversion of the isomers. Significantly, yields of 
Cr(CO)~(dpe)z were less than 100% and, curiously, IR 
data were given only for the two carbonyl absorptions 
assigned to the cis isomer. In contrast, although Cross- 
ing and Snow2 also reported two IR absorptions for the 
product, they attributed them to trans-Cr(CO)~(dpe)2 
(transo) and trans-[Cr(CO)z(dpe)21+ (trans+). A subse- 
quent electrochemical study in dichloromethane and 
acetone solutions by Wimmer, Snow, and Bond3 seemed 
to indicate that the original suggestion of a mixture of 
cis- and tran~-Cr(CO)z(dpe)2 is indeed correct, although 

@ Abstract published in Advance ACS Abstracts, July 15, 1994. 
(1) Chatt, J.; Watson, H. R. J. Chem. SOC. 1961, 4980. 
(2) Crossing, P. F.; Snow, M. R. J. Chem. SOC. A 1971, 610. 
(3) Wimmer, F. L.; Snow, M. R.; Bond, A. M. Inorg. Chem. 1974, 

13, 1617. 
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trans-[Cr(CO)z(dpe)21+ was identified via voltammetric 
measurements in organic solvents and, importantly, it 
also was shown that in the presence of oxygen, Cr(C0)z- 
(dpe)z in solution is readily oxidized to trans+. 

The earlier investigations depended upon IR spec- 
troscopy for compound characterization, and confusion 
arose because of a double-coincidental degeneracy of 
frequencies. In fact, both transo and trans+, together 
with cis-Cr(CO)z(dpe)2 (ciso), are involved in this system, 
but the single IR carbonyl stretches of each of the two 
trans isomers fall at frequencies similar to those of the 
two carbonyl stretches for ciso (Table 1); therefore, IR 
spectroscopy is a poor technique for characterizing this 
particular system. 

In principle, it would be expected that the equilibrium 
distribution of the ciso and transo isomers (eq 1) could 
be measured by phosphorus-31 NMR spectroscopy4.5 and 
the solvent dependence studied very easily. However, 

0 
4 

trans' --L cis 

the presence of trans' renders the interpretation of the 
NMR data ambiguous because of an electron-transfer 
self-exchange reaction (see later). This reaction there- 
fore precludes the NMR method being used in many 

(4) Andrews, G. T.; Colquhoun, I. J.; McFarlane, W. Polyhedron 

(5) Bond, A. M.; Colton, R.; Kevekordes, J. E. Inorg. Chem. 1986, 
l983,2, 783. 

25, 749. 
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Solution Chemistry of [Ccr(CO)z(PhSCHzCHflPhdd+10 

Table 1. IR, 31P NMR, and ESR Data at 22 "C 
ciso transO trans+ 

Benzene 
IR (cm-l) 1847, 1786 1796 insol 

(ppm) 94.6,70.2 96.5 
Toluene 

IR (cm-') 1848, 1790 1797 insol 
31P NMR (ppm) 92.3,68.0 94.2 
ESR g = 2.012, 

A = 28.77 G 
Chloroform 

IR (cm-1) 1841, 1776 1790 1850 
31P NMR (ppm) 91.5,66.0 (br)" 
31P NMR + CoCp;? (ppm) 92.6,66.3 94.4 
31P NMR + CoCpz 93.3 

ESR g = 2.012, 
(-30 'C, ppm) 

A = 28.61 G 
Dichloromethane 

IR (cm-l) 1838, 1774 1791 1850 
31P NMR (ppm) 91.2,65.7 93 (v br) 

NMR + CoCp2 (ppm) 91.7,66.0 94.0 
31P NMR + CoCpz 92.0 

(-40 "C, ppm) 
ESR g = 2.012, 

A = 28.63 G 
Acetone 

IR(cm-') 1835, b b 1851 
31P NMR (ppm) 91.7, 66.3' 
ESR g = 2.012, 

A = 28.58 G 
Acetonitrile 

IR (cm-') 1833, 1769 1780 1849 
31P NMR ( p e d  too insol 
ESR g = 2.012, 

A = 28.57 G 

Position about 6 92-94, varying in different experiments depending 
upon relative proportions of trans+ and trans(). Cannot be observed in 
acetone. Very insoluble, many acquisitions required. 

solvents, and the system cannot be adequately charac- 
terized by any of the commonly used spectroscopic 
methods. 

In view of the discrepancies in the l i t e ra t~re l -~  
concerning the equilibrium position of eq 1 and the 
complications introduced by the combination of isomer- 
ization and redox reactivity, we have reexamined the 
solution chemistry of the Cr(CO)z(dpe)z system in a 
range of solvents (benzene, toluene, chloroform, dichlo- 
romethane, acetone, and acetonitrile) of varying dielec- 
tric constant. The complications and ambiguities in- 
troduced by the presence of trans+ have been examined 
by a range of spectroscopic techniques, including 31P 
NMR, ESR, and IR as well as electrospray mass 
spectrometry. However, only steady-state microelec- 
trode and rotating-disk voltammetric methods are able 
to provide quantitative data which unambiguously 
elucidate the solvent-dependent chemistry of the Cr- 
(CO)z(dpe)z system. 

Experimental Section 
Materials and Methods. All solvents used were of ana- 

lytical or HPLC reagent grade. The solvents were purified by 
passage through an alumina column. They were then stored 
over alumina, except for acetonitrile, which was stored over 
4-A molecular sieves. Cr(CO)e and dpe were purchased from 
Strem and used as supplied. 

Cr(CO)z(dpe)z was prepared by refluxing a solution of Cr- 
(CO)6 and 2 mol equiv of dpe in decane for about 65 h. ARer 
this mixture was cooled, the crude product containing red and 
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yellow crystals was collected by filtration and then washed 
with a small amount of dichloromethane, which dissolved the 
yellow solid to  leave red crystals of truns-Cr(CO)z(dpe)z. 
Addition of methanol to a dichloromethane solution of trans- 
Cr(CO)z(dpe)z caused the yellow cis-Cr(CO)z(dpe)z to separate 
from the solution, as reported in the literature.' The product 
was collected by filtration. Unless stated otherwise, all 
experiments were carried out using a pure isomer rather than 
a mixture of isomers. 

truns-[Cr(CO)z(dpe)z]PF6 was prepared by the slow addition 
of 1 mol of KPF6 in methanol to a solution of either cis- or 
truns-Cr(CO)z(dpe)z in dichloromethane exposed to the air.2 
The solvent was removed under reduced pressure until 
crystallization of the orange solid commenced. The solution 
was then cooled and the product collected by filtration. 

31P (proton-decoupled) NMR spectra were recorded on a 
Bruker AM 300 spectrometer at 121.5 MHz. Chemical shifts 
were referenced against external 85% HsP04, and the high 
frequency positive sign convention is used. Due to the effects 
of paramagnetic trans+ present in some solutions, the relax- 
ation rates for ciso and transo are very different because of 
rapid relaxation of trans0. In order to achieve the correct 
values of IC1 (in agreement with those obtained by electro- 
chemical means), it was necessary to add the paramagnetic 
relaxant Cr(acac)s to the solutions and to use a long delay time 
(1 s) between acquisitions. Under these conditions the ciso 
isomer also relaxed completely. 

ESR spectra were recorded in solution at room temperature 
using a Bruker ECSlO6 spectrometer. IR spectra in the 
carbonyl region were recorded in solution on a Perkin-Elmer 
FT-IR 1720 X spectrophotometer. The electrospray mass 
spectrum of truns-[Cr(CO)z(dpe)z]+ was recorded on a VG Bio-Q 
(VG Bio Tech, Altrincham, U.K.) electrospray mass spectrom- 
eter. A 2 mM solution of the compound in chloroform or 
dichloromethane was diluted 1: 10 with either dichloromethane 
or methanol and injected directly into the mass spectrometer 
via a Rheodyne Model 7125 injector equipped with a 10-pL 
loop. A Carlo Erba Phoenix 20 micro LC syringe pump was 
used to deliver the solution to the vaporization nozzle of the 
electrospray ion source of the mass spectrometer at  a flow rate 
of 3 pL min-l. 

All voltammograms were acquired in the dark using a 
Cypress Systems Model CS-1090 computer-controlled elec- 
troanalytical system in the cyclic staircase mode. Rotating 
disk electrode experiments were undertaken at  a rotation rate 
of 2000 revolutions/min using a Metrohm rotating disk elec- 
trode assembly driven by a Metrohm 628-10 power unit. 
Samples were always at 5.0 x M concentration and 
supporting electrolytes at 0.1 M concentration. Supporting 
electrolytes were (Hex)&PFe in benzene, (HexhNC104 in 
toluene, and B u P F 6  in the other solvents. 

A single-compartment cell with a conventional three- 
electrode arrangement was used, the working electrode being 
a 12.5- or 25-pm-radius Pt-disk microelectrode or a 1.5"- 
radius glassy-carbon rotating-disk electrode. A Pt-wire pseudo- 
reference electrode or a AglAgC1 (saturated LiC1) reference 
electrode was used. Solutions were purged with nitrogen for 
at least 5 min prior to electrochemical measurements, and 
solutions were kept under a nitrogen atmosphere throughout 
the measurements. The reversible ferrocene oxidation (Fc+/ 
Fc) was recorded with the same experimental setup, and all 
potentials are quoted against this reference. 

Results and Discussion 

The solution chemistry of the Cr(CO)z(dpe)z system, 
rather than only involving trans0 === ciso isomerization 
(eq l), is in fact quite complicated; therefore, a series of 
observations will be described before a general explana- 
tion is given. It will emerge from these studies that the 
factor determining the apparent stability of the ciso and 
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Figure 1. 3lP NMR spectra as a function of time for 
benzene solutions of initially ciso (a) 2 min, (b) 8 min, and 
(c) several days after dissolution and initially transo (d) 2 
min, (e) 8 min, and (f) several days after dissolution. 

transo isomers in the Cr(CO)n(dpe)z system in some 
solvents is associated with the presence of trans+ and 
some complex reactions associated with the presence of 
this moiety. In particular, the presence of trans+ 
produces a modified distribution of carbonyl complexes 
which needs to be corrected for when the equilibrium 
constant (K1) associated with eq 1 is calculated. 

Solvent Dependence of Spectroscopic Data. (a) 
Toluene and Benzene. A freshly prepared solution 
of the red crystals of trans0 in toluene shows a strong 
carbonyl IR absorption at 1797 cm-l consistent with the 
formulation of transo and similar to the value reported 
by Crossing and Snow,2 but an additional weak band is 
always apparent at 1848 cm-l which rapidly increases 
in relative intensity until after about 1 h two strong 
bands of approximately equal intensity are observed at 
1848 and 1795 cm-'. A freshly prepared solution of ciso 
in the same solvent initially gave two strong carbonyl 
IR stretches of approximately equal intensity at 1848 
and 1790 cm-l. However, continuous monitoring of the 
IR spectrum over a period of several minutes showed 
that the peak at lower frequency rapidly shifted to about 
1795 cm-l so that the IR spectrum is finally the same 
irrespective of whether the initial isomer was transo or 
ciso. Thus, the IR data suggest an equilibrium exists 
between the transo and ciso isomers in toluene, but 
separate spectra for the two isomers cannot be observed 
because of the accidental degeneracy of the frequency 
of the carbonyl stretch for the transo isomer with one of 
the carbonyl stretches for the ciso isomer. Very similar 
spectra were observed in benzene solution (Table 1). 

Figure 1 shows the 31P NMR spectra of both cis- and 
trans-Cr(C0)2(dpe)2 in benzene as a function of time. 
Figure l a  shows the NMR spectrum of a solution 
initially containing only ciso acquired as soon as possible 
after dissolving the solid. The two strong sharp reso- 
nances at 6 94.6 and 70.2 are due to  ciso, and a small 
signal due to transo is observed at about 6 96.5. After 

Table 2. Equilibrium Constants for the ciso transo 
Reaction in Toluene and Benzene As Determined by 31P 

NMR Measurements at 22 "C 
isomer 
initially ciso:trans0 

solvent in soha ratio (K1) 
toluene cis0 1.0 f 0.1 
toluene trans0 1.0 zk 0.1 
benzene cis0 1.2 iz 0.1 
benzene trans0 1.2 f 0.1 

a To achieve equilibria, solutions were maintained at 22 "C for several 
days. 

about 8 min (Figure lb) the resonance due to transo is 
now quite intense. After several days the spectrum 
(Figure IC) shows the equilibrium position which slightly 
favors ciso. Figure Id shows the NMR spectrum of a 
solution which initially contained only trans0, acquired 
as soon as possible after dissolution of the solid. A 
resonance due to the transo isomer is apparent, and two 
weak, but sharp, signals due to ciso also can be seen. 
M e r  about 8 min the spectrum (Figure le) shows the 
peaks due to ciso are now well developed, and finally 
Figure If shows the NMR spectrum after several days, 
which is similar to that shown in Figure IC. Thus, the 
same equilibrium position is established in benzene 
irrespective of whether the ciso or transo form is used 
as the starting material. 

Very similar 31P NMR spectra are observed in toluene 
solution, except that the signal due to transo is slightly 
broadened relative to the signal in benzene and also 
relative to the signals due to ciso in toluene, especially 
when transo is present at relatively high concentrations. 
It is thought that the broadening of the transo signal is 
due to a slight solubility of trans+ in this solvent, but 
not in benzene, which allows an electron self-exchange 
reaction to occur between transo and trans+ (see next 
section for more details), leading to line broadening. No 
additional 31P NMR resonances were observed in tolu- 
ene or benzene over the period of several days the 
solutions were kept to ensure that equilibrium has been 
achieved. 

A sample of trans-[Cr(CO)z(dpe)2lPF~ was too in- 
soluble to allow observation of an IR spectrum in 
benzene or toluene, but trans+ is sufficiently soluble in 
toluene, although not in benzene, for a weak ESR signal 
to be observed (Table 1). It will emerge that it is this 
insolubility of trans+ which greatly simplifies the chem- 
istry in these solvents relative to others, and under 
these circumstances an accurate estimate of K1 can be 
made by NMR methods. Table 2 provides a summary 
of the equilibrium constants calculated from the 31P 
NMR data in benzene and toluene, and it can be seen 
that the ciso isomer is slightly favored in benzene with 
almost equal amounts of each isomer in toluene. 
(b) Chloroform. In chloroform solution a freshly 

prepared solution of the red crystals of transo shows a 
strong carbonyl stretch at 1790 cm-l, corresponding to 
that observed for toluene and benzene solutions, but 
after a few minutes a rather broad new absorption 
appears at 1850 cm-l and with successive scans this 
peak sharpens and increases in intensity until it is of 
approximately the same intensity as the band at around 
1790 cm-l, which has in turn broadened slightly. If the 
chloroform solution is allowed to stand for several days, 
only the absorption at 1850 cm-' remains, but it is now 
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Solution Chemistry of [Cr(CO)2(PhSCH2CHSph~~+ 10 

sharp and symmetrical. This is the peak assigned by 
Crossing and Snow2 to  the carbonyl stretch of trans+. 

The IR spectrum of a freshly prepared solution of ciso 
in chloroform shows two strong bands at 1841 and 1776 
cm-l. However, after a few minutes the band at  lower 
frequency begins to broaden (but no resolution of peaks 
is observed) and gradually reduces in intensity relative 
to the peak at  higher frequency. Concomitantly, this 
peak gradually shifts from 1841 to 1850 cm-l, being 
slightly broadened in the process, but eventually it 
becomes sharp again. After several days only the sharp 
symmetrical absorption at 1850 cm-l remains. 

The IR spectrum of trans-[Cr(CO)2(dpe)2lPFs in chlo- 
roform solution gives a single strong stretch at 1850 
cm-l whose position does not change with time. 

It will become apparent, on the basis of further 
evidence presented in this paper, that in chloroform 
solution there is not only the equilibrium between transo 
and ciso but also easy formation of trans+ by oxidation 
of trans0. However, there is now a double-coincidental 
degeneracy of carbonyl stretching frequencies, since that 
for trans+ is very similar to that of the higher frequency 
band for ciso while the stretch for transo almost coincides 
with the lower frequency band of ciso. 

The 31P NMR spectrum of a freshly prepared solution 
of transo in chloroform at room temperature is very 
broad, unlike the case in benzene. However, if transo 
is dissolved in chloroform in the presence of cobaltocene 
(CoCpz), then at -30 "C an extremely sharp 31P NMR 
resonance is observed at 6 93.3 due to trans0. This 
result can be rationalized by the fact that cobaltocene 
reduces trans+ to trans0, via the reaction 

tr~ns-[Cr(CO),(dpe)~l+ + CoCp, - 
trans-Cr(CO),(dpe), + [CoCp,I+ (2) 

and removal of the trans+ moiety leads to a sharp NMR 
signal for trans0. Since, in the absence of CoCpz, trans+ 
in the solution of transo leads to substantial line 
broadening, it suggests that the self-exchange reaction 

trans' + (trans+)* - trans+ + (transo)* (3) 

is fast on the NMR time scale. When the above solution 
is warmed to room temperature, the sharp transo signal 
broadens and decays rapidly and the very sharp reso- 
nances due to ciso appear and their intensities increase 
rapidly, but on the longer time scale all 31P NMR signals 
disappear for chloroform solutions due to the quantita- 
tive formation of paramagnetic trans+ (see later). 

It is not easy to estimate K1 at  room temperature in 
chloroform by 31P NMR spectroscopy because of the self- 
exchange reaction. In contrast, in benzene and toluene, 
where trans+ is almost insoluble, relatively sharp 3lP 
NMR spectra were observed for trans0, although in the 
case of toluene some broadening of the signal was 
apparent due to the presence of trace concentrations of 
trans+. Nevertheless, the NMR spectrum (unlike IR) 
does unambiguously show the presence of ciso in chlo- 
roform solutions originally containing only trans0. 

The 31P NMR spectrum of a freshly prepared chloro- 
form solution of ciso consists of two sharp signals of 
equal intensity at 6 91.5 and 66.0, together with a weak 
broad resonance assigned to transo undergoing fast 
electron exchange with trans+, which is rapidly formed 

Organometallics, Vol. 13, No. 9, 1994 3437 

I I 904 
100 1 I 

848 

I i ! 

i 

i 

i 
2 U d L '  0 1 ,  

800 820 840 860 880 900 920 940 960 
d Z  

Figure 2. Positive ion electrospray mass spectrum of a 
chloroform solution of trans+. 

in this solution by aerial oxidation. Confirmation of the 
facile oxidation of transo is provided by the ESR 
spectrum of a freshly prepared chloroform solution of 
the red crystals of trans0, which gives the expected6 five- 
line spectrum (A = 28.61 G )  of trans-[Cr(CO)z(dpe)z]+ 
and whose intensity increases with time. 

Electrospray mass spectrometry (ESMS) is a new 
technique which allows ions in solution to be gently 
transferred to the gas phase and then examined by 
conventional mass spectrometric  technique^.^^^ We have 
recently shown that ESMS can be applied to  organo- 
metallic systems, including carbonyl compound~.~J~ 
Figure 2 shows the electrospray mass spectrum of a 
solution of Cr(CO)z(dpe)a in chloroform which has been 
exposed to the air. The peak at mlz 904 is due to the 
intact ion [Cr(CO)z(dpe)zl+, and it shows the expected 
isotopic mass distribution. There is another prominent 
peak at mlz 848 that corresponds to the ion [Cr(dpe)21+ 
(loss of the carbonyl ligands) which is formed by 
collisional activation of the intact ions in the high- 
pressure region of the sampling orifice of the mass 
spectrometer since its intensity relative to that of mlz 
904 increases with increasing collisional energy. There- 
fore, there can be no doubt on the basis of ESR and 
ESMS data that trans+ is the product formed from 
oxidation of trans0, so that solutions of Cr(CO)z(dpe)z 
in chloroform evidently consist of mixtures of ciso, 
trans0, and trans+. The formation of trans+ in solution 
is due to the oxidation of transo by oxygen which may 
be acid-~atalyzed,~ and the distribution of the ciso, 
trans0, and trans+ species is therefore dependent upon 
a complex combination of several reactions and not just 
eq 1. 

The properties of the Cr(CO)n(dpe)z system can be 
understood in terms of eq 4, in which the second 
equilibrium lies heavily in favor of trans+. The evidence 

0 2  

cis-Cr(CO),(dpe), e truns-Cr(CO),(dpe), - 
trans-[Cr(CO),(dpe>,lf cis-[Cr(CO),(dpe),l+ (4) 

for cis+ is based on voltammetric data for dichlo- 
romethane solution presented in ref 3 and data for other 

~ ~~ ~~ 

(6) Bagchi, R. N.; Bond, A. M.; Colton, R.; Creece, I.; McGregor, K.; 

(7) Yamashita, M.; Fenn, J. B. J. Phys. Chem. 1984, 88, 4451. 
(8)Yamashita, M.; Fenn, J. B. J. Phys. Chem. 1984, 88, 4671. 
(9) Colton, R.; Traeger, J. C. Znorg. Chim. Acta 1992,201, 153. 
(lO)Ahmed, I.; Bond, A. M.; Colton, R.; Jurcevic, M.; Traeger, J. 

Whyte, T. Organometallics 1991, 10, 2611. 

C.; Walter, J. N. J .  Organomet. Chem. 1993,447, 59. 
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Scheme 1 
tran~-[Cr(CO)~(dpe)~]+ + cisCr(CO)2(dpe)2 === 

t 1 trans-Cr(C0)2(dpe)2 + cis-[Cr(C0)2(dpe)2]+ 

I 

Bond et al. 

' I  

I cis-Cr(CO)n(dpe)2 tran~-[Cr(CO)~(dpe)~]+ 
I 

solvents to be given later in this paper. Thus, in 
chloroform solution, ciso may be in equilibrium with 
transo but the aerial oxidation of transo generates 
trans+. 

The equilibrium position of the cross redox reaction 

tr~ns-[Cr(CO),(dpe)~I~ + cis-Cr(CO),(dpe), 
trans-Cr(CO),(dpe), + ci~-[Cr(CO)~(dpe),]+ ( 5 )  

lies heavily to  the left, but because it is fast, it can 
combine with the equilibria in eq 4 to give a cyclic 
exchange process. Thus, transo generated in eq 5 
partially isomerizes to ciso and cis+ isomerizes to  trans+ 
in accordance with eq 4. That is, the original reactants 
are re-formed. In addition, especially in chloroform, 
aerial oxidation of transo to trans+ ensures that the h a l  
product is trans+. The overall reaction in chloroform 
solution is shown in Scheme 1. 

(c) Dichloromethane. A freshly prepared solution 
of the red crystals of transo in dichloromethane shows 
a single IR absorption at 1791 cm-l. However, a repeat 
scan of the spectrum a few minutes later shows a 
decrease in the intensity of the 1791 cm-l band and the 
development of three new bands at 1845 and 1838 cm-l 
(barely resolved) and at 1774 cm-l (barely resolved from 
the peak at 1791 cm-l). Further monitoring of the 
solution spectrum showed that the peaks at 1838 and 
1774 cm-l gradually disappear and the peak at 1845 
cm-l gradually moves to  1850 cm-l as the others 
decrease. When the solution stands for several days, 
the peak at 1850 cm-l, which is assigned to trans+, 
becomes dominant. A freshly prepared solution of an 
authentic sample of ciso gave carbonyl absorptions at 
1838 and 1774 cm-l, thus strongly suggesting that some 
cis0 is present in solution at some stages during the 
overall oxidation to trans+. 

Figure 3a shows the 31P NMR spectrum of a solution 
of transo in CHzClz in the presence of CoCp:! at -40 "C. 
The sharp signal is assigned to trans0. When the 
solution is warmed to room temperature, the signal 
broadens as shown in Figure 3b and after about 7 min 
sharp signals due to  ciso are observed in addition to  the 
broad peak for transo (Figure 3c). After about 2 h 
(Figure 3d) the spectrum is dominated by the reso- 
nances of ciso. Thus, this NMR spectroscopic evidence 
shows, like the IR evidence, that in dichloromethane 
transo isomerizes to ciso. However, on the longer time 
scale the final product is trans+, which of course is not 
observed by NMR spectroscopy, but its presence was 
confirmed by both ESR and ESMS methods. 

(d) Acetone and Acetonitrile. IR spectra in aceto- 
nitrile are generally similar to those in dichloromethane, 
but in acetone the absorption for trans0 and the lower 
frequency carbonyl band for ciso cannot be observed due 
to  absorption by the solvent. Both ciso and transo are 
only very sparingly soluble in acetone, and the equilib- 

100 80 60 

,331P) 
Figure 3. 31P NMR spectra for a dichloromethane solution 
of initially transo (a) at -40 "C in the presence of CoCpz, 
(b) on warming to room temperature, (c) after a further 7 
min, and (d) after 2 h. 

rium between them favors ciso (see electrochemistry 
later). As a result of the sparing solubility, the 31P NMR 
spectra of ciso could only be observed in acetone after 
many scans and transo could not be detected. No NMR 
spectra were detected in acetonitrile because of solubil- 
ity problems. 

In summary, each of the spectroscopic methods used 
in the present study has limitations in the calculation 
of the equilibrium constants for eq 1 and the thermo- 
dynamics of the redox chemistry coupled to this reac- 
tion. Most of the problems can be traced to the 
formation of trans+, and except in the cases of benzene 
and toluene, the determination of K1 is not trivial using 
spectroscopic techniques. In addition, the accidental 
coincidence of the carbonyl IR absorption bands has 
contributed to confusion in this system. 

Determination of K1 by Steady-State Microelec- 
trode and Rotating-Disk Voltammetry. In prin- 
ciple, steady-state voltammetric studies at microelec- 
trodes or voltammetric studies at rotating-disk electrodes 
should be able to distinguish between both the isomeric 
form and oxidation state of the various components in 
the Cr(CO)z(dpe)z system and, hence, lead to reliable 
values for the equilibrium constant K1 (Table 3) in all 
solvents. Voltammetry at a rotating-disk electrode also 
is capable of distinguishing between the oxidative and 
reductive components of a redox process, but in this case 
the rising part of the voltammograms are distorted by 
uncompensated resistance. However, the limiting cur- 
rents are independent of resistance; therefore, the 
equilibrium constants (K1) derived from them are valid. 
The proportions of ciso and transo present in various 
solvents measured using a rotating glassy carbon disk 
electrode (radius 1.5 mm) are given in Table 3 and 
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Table 3. Voltammetric Data in Different Solvents at 22 "C a 

Ell2 (V vs Fc+/Fc) amt at equil (%) voltammetric 
initial isomer (electrolyte) technique cis+/O trans+/O MID (mV) cis0 tran8 KI 

Benzene (Dielectric Constant 2.27) 
0.5 mM ciso (0.1 M (THA)PF6) 
0.5 mM tran8 (0.1 M (THA)PF6) 

0.5 mM c i 8  (0.1 M THAP) 
0.5 mM tran8 (0.1 M THAP) 

0.5 mM c i8  (0.1 M (TBA)PFs) 
0.5 mM c i8  (0.1 M (TBA)PFs) 
0.5 mM tran8 (0.1 M (TBA)PF6) 

0.5 mM ciso (0.1 M (TBA)PF6) 
0.5 mM ciso (0.1 M (TBA)PF6) 
0.5 mM ?ran8 (0.1 M (mA)PF6) 

0.5 mM ciso (0.1 M (TBA)PF6) 

0.5 mM tran8 (0.1 M (TBA)P&) 
0.5 mM c i 8  (0.1 M (TBA)P&,) 

2 5 - p  Pt disk -0.154 -1.086 332 
2 5 - p  Pt disk 

Toluene (Dielectric Constant 2.38) 
12.5-p Pt disk -0.758 -1.082 324 
2 5 - p  Pt disk 

12.5-p Pt disk -0.719 - 1.059 340 
1.5-pm GC RDEb 

12.5-w Pt disk -0.705 - 1.065 360 

1.5-mm GC RDEb 

Chloroform (Dielectric Constant 4.81) 

Dichloromethane (Dielectric Constant 8.93) 

1.5-mm GC RDEb 

Acetone (Dielectric Constant 20.56) 
12.5-p Pt disk -0.667 -1.012 345 
1.5-mm GC W E b  
1.5-mm GC W E b  

Acetonitrile (Dielectric Constant 35.94) 
12.5-p Pt disk -0.621 -0.995 374 
1.5-mm GC RDEb 
1.5" GC RDEb 

55 
53 

51 
53 

66 
69 

87 
88 
86 

86 
85 
84 

93 
92 
91 

45 1.2 
47 

49 1.1 
47 

34 2.1 
31 

13 6.1 
12 
14 

14 5.7 
15 
16 

7 11.5 
8 
9 

Dielectric constants at 20 "C except for chloroform, which is the value at 25 "C: Reichardt, C. Solvents and Solvent Esfects in Organic Chemistry, 2nd 
ed.; VCH: New York, 1988. (THA)PF6 = H e w & ,  THAP = HeWC104, and (TBA)PF6 = Bu$rlPF6. Other experimental parameters are the same as 
those given in the captions for Figures 4 and 5. reported because of distortions due to uncompensated resistance, but the 
equilibrium constants obtained from the limiting currents are independent of resistance and therefore valid. 

No actual values for 

confirm the values derived from the steady-state mi- 
croelectrode measurements. Consequently, an electro- 
chemical study of the system has been carried out in 
the same solvents used for spectroscopic studies. 

(a) Toluene and Benzene. The use of most vol- 
tammetric methods has been considered impossible in 
high-resistance solvents such as benzene and toluene. 
However, recently it has been shown1' that microelec- 
trode voltammetry in these high-resistance solvents can 
lead to the theoretical responses when tetrahexylam- 
monium salts., for example (Hex)fiClO* (Hex = n-CsHu), 
are used as supporting electrolytes. The principles of 
the use of steady-state measurements at microdisk 
electrodes in high-resistance media have been reviewed 
recently by Heinze.12 With microdisk electrodes and at 
slow scan rates, near-steady-state conditions can be 
achieved. Furthermore, the steady-state method, unlike 
conventional cyclic voltammetry, can be used to distin- 
guish between transo and trans+ species via the relative 
proportions of reduction (trans+) and oxidation (transo) 
components of the total current for the process 

trans+ + e- * trans' (6 )  

as well as that of the ciso species via the reaction 

ciso == e- + cis+ (4 trans+) (7) 

Fortunately, the potential for this latter process is well 
separated from the trans+/transO redox potential and 
occurs a t  more positive potentials; therefore, it does not 
contribute to the current associated with the reaction 
in eq 6. Still more fortunately, on the time scale of 
steady-state measurements, the isomerization of cis+ to 
trans+ does not contribute to the voltammetric response, 

(11) Bond, A. M.; Mann, T. F. Electrochim. Acta 1987,32,863 and 

(12) Heinze, J. Angew. Chem., Znt. Ed. Engl. 1995,32, 1269. 
references cited therein. 

3. 7 
2. 

l i  
i I ~ I ' I ~ I ' I '  

-1.6 -;.4 -1.2 -1.0 4.8 -0.6 4.4 - 2 
potentia (V vs Fc YFc) 

Figure 4. Voltammetry of 5 x M ciso in toluene (0.1 
M (Hex)&PFG) as a function of time: (i) 5 min; (ii) 10 min; 
(iii) 20 min. Experimental parameters: 25-pm-radius Pt- 
microdisk electrode; scan rate 10 mV s-l; temperature 22 
"C. 

unlike the situation in conventional cyclic voltammetric 
experiments.3 

Figure 4 shows the steady-state voltammogram of the 
Cr(CO)~(dpe)2 system in toluene (0.1 M (Hex)fiClOd 
at a platinum-disk microelectrode obtained as a function 
of time, starting with the ciso isomer. The first scan, 
recorded approximately 5 min after dissolution of the 
solid, shows two well-separated, well-defined .sigmoidal- 
shaped responses with E 1 1 2  (Em = reversible half-wave 
potential) values of -0.758 and -1.082 V vs Fc+/Fc 
corresponding to the processes in eqs 7 and 6, respec- 
tively. With long periods of time, the total current 
slowly decreases but the Er1/2 values remain the same 
and the ratio of the oxidation currents for ciso and transo 
becomes constant. The ratio of the oxidation currents 
for the two processes is a direct measurement of relative 
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concentrations and therefore of the equilibrium con- 
stant, which in this case is close to unity (Table 3). This 
value is in agreement with that derived from NMR 
measurements. The very small reduction current (be- 
low the zero of current) is consistent with the presence 
of a very low concentration of trans+ in the bulk 
solution, but this current does not increase significantly 
with time presumably because the concentration at- 
tained the value governed by its solubility limit. The 
overall decrease in total current with time is due to the 
slow formation of trans+, most of which precipitates due 
to its low solubility in toluene, although traces of trans+ 
can be detected in solution by ESR spectroscopy. 

Similar voltammograms are obtained for benzene 
solutions, but there is no voltammetrically detectable 
reduction current for trans+, which is consistent with 
our inability to observe an ESR signal due to trans+ in 
this solvent. The value of K1 in benzene is found by 
microelectrode voltammetry to be 1.2 irrespective of the 
isomeric form of the starting material, again in agree- 
ment with the NMR data. 
(b) Chloroform. In chloroform trans+ is rapidly 

generated by aerial oxidation and it is soluble in this 
solvent (cf IR results); this changes the characteristics 
of the electrochemical responses for the system. Figure 
5a shows rotating-disk voltammograms of a solution 
initially containing transo in chloroform. Two responses 
are again observed, but the trans+/transO couple now 
shows a large reduction component, confirming the 
presence of significant concentrations of trans+ in solu- 
tion. The reduction current for trans+, and the oxida- 
tion currents for transo and ciso, are proportional to their 
concentrations in the bulk solution. 

In order to calculate the value of K1 in chloroform, it 
is necessary only to observe the oxidative components 
of the two electrochemical responses; therefore, Figure 
5b shows these as a function of time for a solution 
initially containing only trans0. After a time, the ratio 
of the oxidation currents becomes constant as the transo/ 
cis0 equilibrium is established and the value of I C 1  is 
found to be 2.1 in chloroform. The total oxidation 
current decreases with time as more trans+ is formed 
(cf. IR and ESR data). However, the isomerization 
reaction is faster than the formation of trans+ under 
these conditions where oxygen is largely excluded (see 
Experimental Section), and the ratio of the concentra- 
tions of ciso and transo (KI) is independent of time once 
the equilibrium is established. 

The same electrochemical responses are observed for 
a solution initially containing only the ciso isomer, and 
after equilibrium is reached, the same value of K1 is 
obtained. 

(c) Dichloromethane. Figure 5c shows that the 
electrochemical responses in dichloromethane are simi- 
lar to those in chloroform, but the equilibrium position 
(curve iii) favors ciso to a greater extent, and the 
formation of trans+ is slower. However, after 9 h the 
solution contains only trans+. 

(d) Acetone and Acetonitrile. Although both iso- 
mers of Cr(CO)z(dpe)z are relatively insoluble in acetone 
and acetonitrile so that NMR measurements are dif- 
ficult, they are sufficiently soluble for electrochemical 
studies. The electrochemical responses are generally 
similar to those in dichloromethane, and the values for 
KI in these solvents are given in Table 3. 

Bond et al. 

L I 
-1.4 ' -1:2 -1.0 ' -0:s -0:6 4.4 

Potential (V vs Fc+lFc) 

,!// 
-112 ' -1:O ' -0.8 -0.6 -0.4 

potential (V vs Fc+/Fc) 

0 

Figure 6. Voltammetry of the Cr(CO)z(dpe)a system as a 
function of time at a rotated 1.5-mm-radius glassy-carbon- 
disk electrode: (a) 5 x M transo in chloroform (0.1 M 
BuJWF6) after 15 min, (b) 5 x M transo in chloroform 
(0.1 M B a P F 6 )  with expanded scale for the oxidation 
processes after (i) 5 min and (ii) 15 min; (c) 5 x M ciso 
in dichloromethane (0.1 M B a P F 6 )  after (i) 5 min, (ii) 15 
min, and (iii) 50 min. Experimental parameters: scan rate 
10 mV s-l; rotation rate 2000 rpm; temperature 22 "C. 

Calculation of Further Thermodynamic Data 
from Steady -S ta te Microelectrode Vol tamme try. 
The equilibrium constant (Kz) for the reaction 

Kz 
trans' + cis+ == trans+ + ciso (8) 

may be calculated from the separate measurement of 
the reversible potentials for the 

P Y Z ( 1 )  

cis+ + e- --L ciso 

couple and eq 6, assuming that the E'112 value for the 
cis+/ciso couple measured under short time domain 
steady-state conditions does not contain a contribution 
from the cis+ - trans+ isomerization reaction and using 
the relationship 

AGO = -RT In K2 = -FAErl12 (10) 

Additionally the equilibrium constant for the reaction 
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Solution Chemistry of [Cr(CO)Z(PhSCHzCHflPh2)27+/0 

K3 

cis+ - trans+ (11) 
may be calculated from the relationship K3 = KdK1. 

The thermodynamic data obtained from the steady- 
state voltammetry of the Cr(CO)z(dpe)z system are 
summarized in Table 4. Under conditions where ex- 
traneous reactions are eliminated from influencing the 
measurements, it is now found that in low-dielectric 
solvents such as toluene the transo and ciso concentra- 
tions are essentially equal at equilibrium. However, as 
the dielectric constant of the solvent increases, the ciso 
form generally becomes more favored by a factor of 
about 2:l in chloroform, 7:l in dichloromethane, 6:l  in 
acetone, and 12:l in acetonitrile. The reversible poten- 
tials in the different solvents relative to the ferrocene 
redox potential (Fc+/Fc) given in Table 3 are not strongly 
solvent dependent, ranging over less than 100 mV for 
each couple. The value of K2 is very large (in the range 
105-106) and indicates that in the redox sense trans+ 
and ciso are the favored components as previously 
d e d ~ c e d . ~  KZ is only slightly dependent upon solvent, 
increasing slightly with dielectric constant with the 
single exception of acetone. In the higher oxidation 
state, the trans+ isomer is very strongly favored over 
cis+ (K3) by a factor of about lo5, which is consistent 
with earlier studies of other 17-electron systems.13J4 
Interestingly this equilibrium constant is almost inde- 
pendent of solvent. In previous studies it was shown 
that the kinetics of isomerization also were not very 
solvent dependent.15 

Conclusions 

The present study demonstrates that the chemistry 
of the Cr(CO)n(dpe)z system may be deceptively simple 
when examined by conventional spectroscopic tech- 
niques. Thus, the double-degeneracy of the frequencies 
of the carbonyl bands for ciso with those of transo and 
trans+ causes ambiguity in the interpretation of the IR 
spectra and the rapid electron exchange between transo 

Organometallics, Vol. 13, No. 9, 1994 3441 

Table 4. Equilibrium Constants k, Kz, and K3 at 22 "C 
Equilibrium Constants 

solvent Ki K2 4 
benzene 1.2 4.7 x 105 4.0 x 105 
toluene 1.1 3.6 x 105 3.3 x 105 

dichloromethane 6.7 1.5 x lo6 2.2 x 105 
acetone 5.7 8.2 x 105 1.4 x 105 
acetonitrile 11.5 2.6 x lo6 2.2 x 105 

chloroform 2.1 6.7 x 105 3.2 x 105 

and trans+ causes analogous ambiguity in the interpre- 
tation of the 31P NMR data. The problems with the 
system are dominated by the extreme ease of oxidation 
of transo to trans+. However, voltammetric measure- 
ments may be reliably interpreted because both redox 
and isomer distributions may be evaluated separately. 
The steady-state microelectrode data lead to the conclu- 
sion that low-dielectric-constant solvents best favor the 
transo isomer. The formation of significant amounts of 
transo isomer by refluxing the hexacarbonyl species and 
dpe in the low dielectric constant decane (see Experi- 
mental Section) is consistent with this conclusion. In 
all solvents the amount of cis+ is very small as deter- 
mined by the electrochemical measurements and is 
below the detection limits of all the spectroscopic 
techniques used in this work. 
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