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The electrochemical oxidation of a series of tricarbonyl hormonal steroid complexes, M(CO),(steroid), 
(M = Cr, Mo, W; steroid = estrone 3-methyl ether, estrone, estradiol), has been examined in the nonco- 
ordinating solvent, dichloromethane. Three oxidation processes are observed at fast scan rates. 

(1) M(CO),(steroid) + [M(CO),(steroid)]+ + e- 1 (2) 
[M(CO),(steroid)]+ [M(C0)3(steroid)]2+ + e- 

4 
M(CO),(steroid) - 2e- - rearranged metal steroid - M(I1) + steroid + 3COt 

oxidation of steroid (3) 

As the scan rate is decreased, rearrangement of [M(CO),(steroid)]+ occurs, and process 1 is transferred 
from a chemically reversible one-electron oxidation process into a chemically irreversible two-electron step. 
The rate of rearrangement of [M(C0)3(steroid)]+ is markedly dependent on the nature of the steroid. The 
stability order for [M(CO),(steroid)]+ shows a well-defined trend [Cr(CO),(steroid)]+ >> [Mo(CO),(steroid)]+ 
> [W(CO),(steroid)]+. Controlled potential electrolysis experiments at potentials more positive than either 
process 1 or process 2 are consistent with a two-electron transfer. The uncomplexed steroid is recovered 
quantitatively in these experiments, without any evidence for rearrangement, and the overall oxidation 
process on the synthetic time scale is therefore M(CO),(steroid) - M(I1) + 3COt + steroid + 2e-. Chemical 
oxidation with NOPF6 is also consistent with an oxidative elimination reaction generating free steroid. 
The mechanism proposed to account for the data is compared with those previously reported for arene 
complexes in coordinating solvents. 

Introduction 

The influence of transition metals in biological and en- 
zymatic reactions has been studied widely for many years? 
In particular, the binding of transition metals to enzymes, 
vitamins, and their precursors and to steroids h a  attracted 
considerable research.6 Coordination to transition metals 
can also lead to  useful synthetic methods. For example, 
it has been well-established that coordination of transi- 
tion-metal moieties with steroids such as 3-keto-4-enes 
(reaction Scheme I) and conjugated dienes (reaction 
Scheme 11) leads to functionalized and modified products 
which are difficult to synthesize by other 

It has been demonstrated that protection of a steroid 
diene by complexation with Fe(C0)3 provides synthetic 
routes to  novel steroids and vitamin precursors9-11 via 
thermolytic and photochemical methods. Hormonal 
steroids can be coordinated to transition-metal carbo- 

(1) Deakin University. 
(2) University of the Phillipines. 
(3) Visiting Scholar at Deakin University, 1985, through the Interna- 

tional Development Program of Australian Universities and Colleges. 
(4) Nakamura, A.; Tsutaui, M. J. Med. Chem. 1963,6, 796. 
(5) Birch, A. J.; Cross, P. E.; Connor, D. T.; Subba Rao, G. S. P. J. 

Chem. SOC. C 1966, 54. 
(6) Schroeter, S. H. Tetrahedron Lett. 1969, 1591. 
(7) Barton, D. H. R.; Davies, S. G.; Motherwell, W. B. Synthesis 1979, 

265. 
(8) Collins, D. J.; Jackson, W. R.; Timms, R. N. Aust. J. Chem. 1977, 

30, 2167. 
(9) Barton, D. H. R.; Gunatilaka, A. A. L.; Nakanishi, T.; Patin, H.; 

Widdowson, D. A.; Worth, B. R. J. Chem. SOC., Perkin Trans. 1 1976,821. 
(10) Matios, A. F.; Davies, S. G. An. Quim. 1979, 385. 
(11) Barrett, A. G.; Barton, D. H. R.; Johnson, G. J. Chem. Soc., 

Perkin Trans. I 1978, 1014. 

Scheme I 

Scheme I1 

nyls5J2J3 to produce M(CO),S (M = Cr, Mo, W; S = 
steroid) complexes of the kind shown in structure I. These 

R, = H or CH, A 

R, = o or /OH 

M = Cr.Mo or W 
‘-+ 

co 
I 

complexes have been utilized advantageously in the field 
of analytical medical chemistry as new types of markers 
for endogenous steroids;14J5 they have not been examined 

(12) Nakamura, A.; Tsutsui, M. Z. Naturforsch., B: Anorg. Chem., 

(13) Pouskouleli, G.; Butler, I. S.; Hickey, J. P. J. Inorg. Nucl. Chem. 

(14) Tendu, S.; Top, S.; Vessieres, A.; Jouen, G. J .  Chem. Soc., Chem. 

Org. Chem. 18E, 666. 

1980,42, 1659. 

Commun. 1985, 326. 
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as routes fo r  possible synthesis of new steroids. 
Much in te res t  has been shown in the area of inorganic 

electron-transfer reactions and catalysis (see ref 16-23, for 
example) as alternatives to thermolytic and photochemical 
synthetic routes. Electrochemical synthetic methods have 
also been successfully employed  with noncoordinated 
steroids.24 However,  the redox proper t ies  of transit ion- 
metal hormonal steroids have ye t  to be repor ted ,  and 
whether  the possibility of new electrochemical synthetic 
methods are available has ye t  to be established. In the 
present work the electrochemical and chemical oxidation 
of the tricarbonyl steroids M(CO),(S) [where M = Cr, Mo, 
and W and S = estrone 3-methyl ether, estrone, and es- 
tradiol]  has been s tudied .  Of  par t icu lar  in te res t  was t o  
understand if eliminative oxidation of CO and steroid 
could be achieved and to ascertain if steroid modification 
occurs during the course of oxidation. Since the hormonal 
steroids investigated are steroid arene complexes, a com- 
parison of results with electrochemical oxidation of simple 
arene c ~ r n p l e x e s ~ ~ - ~ *  also is considered i n  detail .  

Experimental Section 
Prepara t ions .  P repa ra t ion  of Cr(C0)3(~6-estradiol)?g 

1,3,5(10)-Estratriene-3,17@-diol (0.55 g, 2.0 mmol) was dissolved 
in a mixture of n-butyl ether (90 mL) and tetrahydrofuran (10 
mL). The solution was purged with dry, oxygen-free argon for 
20 min and heated to  50 "C. To the solution was added hexa- 
carbonylchromium (0.44 g, 2.0 mmol), and the reaction mixture 
was refluxed in an  argon atmosphere for 48 h. The unreacted 
Cr(CO)6 was sublimed, the solution filtered, and the filtrate 
evaporated to dryness in vacuo. In an inert atmosphere, the 

Bond et al. 

(15) Jouen, G.; Vaessieres, A.; Top, S.; Ismail, A.; Buttler, I. C.R. Acad. 

(16) Arewgoda, C. M.; Robinson, B. H.; Simpson, J. J. Chem. Soc., 

(17) Hershberger, J. W.; Kochi, J. K. J. Chem. Soc., Chem. Commun. 

(18) Darchen, A.; Mahe, C.; Patin, H. J. Chem. SOC., Chem. Commun. 

(19) Fukuzumi, S.; Wong, C. L.; Kochi, J. K. J. Am. Chem. SOC. 1980, 

(20) Hershberger, J. W.; Klingler, R. J.; Kochi, J. K. J. Am. Chem. SOC. 

(21) (a) Klingler, R. J.; Kochi, J. K. J. Am. Chem. SOC. 1980,102,4790; 

(22) Kliingler, R. J.; Mochida, K.; Kochi, J. K. J. Am. Chem. Soc. 1979, 

(23) Bagchi, R. N.; Bond, A. M.; Brain, G.; Colton, R.; Henderson, T. 

(24) Ponsola, K.; Kash, H. 2. Chem. 1982,22, 157. 
(25) Doxsee, K. M.; Grubbs, R. H.; Anson, F. C. J. Am. Chem. Sot. 

1984, 106, 7819. 
(26) Degrand, C.; Radecki-Sudre, A.; Besancon, J. Organometallics 

1982, I ,  1311. 
(27) Degrand, C.; Radecki-Sudre, A. J. Organomet. Chem. 1984,268, 

63. 
(28) Rieke, R. D.; Milligan, S. N.; Tucker, I.; Dowler, K. A.; Willeford, 

B. R. J. Organomet. Chem. 1981,218, C25. 
(29) Rieke, R. D.; Tucker, I.; Milligan, S. N.; Wright, D. R.; Willeford, 

B. R.; Radonovich, L. J.; Eyring, M. W. Organometallics 1982, I ,  938. 
(30) Milligan, S. N.; Tucker, I.; Rieke, R. D. Znorg. Chem. 1983, 22, 

987. 
(31) Lloyd, M. K.; McCleverty, J. A.; Connor, J. A.; Jones, E. M. J .  

Chem. Soc., Dalton Trans. 1973, 1768. 
(32) Gubin, S. P.; Khandkarova, V. S. J. Organomet. Chem. 1970,22, 

449. 
(33) Ahlberg, E.; Parker, V. D. J. Electroanal. Chem. 1981,121, 73. 
(34) Ikeshoji, T.; Parker, V. D. Acta Chem. Scand., Ser. B 1983, B37, 

(35) Ikeshoji, T.; Parkeri V. D. Acta Chem. Scand., Ser. B 1984, B38, 

(36) Ikeshoji, T.; Parker, V. D. Bull. Chem. SOC. Jpn. 1984,57, 1112. 
(37) Ikeshoji, T.; Parker, V. D. Acta Chem. Scand., Ser. B 1985, B39, 

797. 
(38) Peterleitner, M. G.; Tolstaya, M. V.; Krivykh, L. I.; Denisovitich, 

L. I.; Rybinskaya, M. I. J. Organomet. Chem. 1983,254, 313. 
(39) (1,3,5(10)-estratriene-3,l7~-diol)tricarbonylchromium is described 

in the text as Cr(CO)3(estradiol). Other compounds have been described 
similarly by their trivial names. 

Sci., Ser. 2 1984, 298, 683. 

Chem. Commun. 1982, 284. 

1982, 212. 

1982, 243. 

102, 2928. 

1982,104, 3034. 

(b) Ibid. 1981, 103, 5839. 

101, 6626. 

L. E.; Kevekordes, J. E. Organometallics 1984,3, 4. 

715. 

175. 

Table I. Summary of Electrochemical Data for Oxidation 
of 1 X 10" M Hormonal Steroids at Platinum Electrodes in  

Dichloromethane at 20 "C" 
( E T ) :  V vs. (El/z),c V vs. 

compd An/A&l AgIAgC1 
estradiol +1.47 +1.4gd 
estrone +1.56 +1.54 
estrone 3-methyl ether +1.73 +1.76 

' E'l/z for -the + / O  redox c o u ~ l e  is +0.495 V vs. Ag/ 
AgCl in CH2Cl2. *(E?) is the oxidation peak potential at sta- 
tionary Pt electrode under conditions of cyclic voltammetry at a 
scan rate of 200 mV s-l. Values are scan rate and concentration 
dependent. (Ell2) calculated from limiting current obtained at 
rotating platinum electrode at  2000 rpm. Values are rotation rate 
and concentration dependent. No limiting current; (El l z )  calcu- 
lated from maximum current, see Figure la. 

H 

Table 11. Summary of Cyclic Voltammetric Data for 
Oxidation of 1 X M Cr(CO)*(estrone 3-methyl ether) a t  

a Platinum Electrode in  Dichloromethane a t  20 OC" 
(E,'",), V 

scan rate, ( E ~ O X . ) ,  v vs. "vs. c ~ ~ ~ ,  v vs. 
V d  Ag/AgCl Ag/AgCl Ag/AgCl 

process 1 0.200 +0.77 b C 

0.500 +0.79 b c 
1.00 +0.80 b c 
5.00 +0.82 +0.67 0.75 
10.0 +0.85 +0.65 0.75 
50.0 +0.90 +0.55 0.73 

process 2 0.200 +1.20 b C 
process 3 0.200 +1.70 b c 

DValues of ErlIP for [Fe(C,H,)z]+/O redox couple is +0.495 V vs. 
Ag/AgCl in CHZCl2. E T  and Epd. are the oxidation and reduc- 
tion peak potentials at given scan rate, respectively. El = re- 
versible half-wave potential calculated as the average of ip and 
ETd. * No reduction peak. 

remaining solid residue was taken up in a minimum quantity of 
diethyl ether and filtered. The procedure was replicated until 
the clear yellow solution on cooling (acetone/C02 bath) afforded 
yellow air-sensitive crystals of Cr(C0)3($-estradiol): yield 0.3 g 
(37%); mp 127 "C dec (&.I3 125 "C dec); IR (u(CO), CHzC12) 1955 
(s), 1873 (br) cm-' (lit.I3 1955, 1875 cm-*); MS, m / e  408.5 (calcd 
408.4). 

Preparation of Other  Compounds. Other M(CO)3(steroid)39 
compounds were prepared and characterized according to liter- 
ature procedures13 and stored in a nitrogen/vacuum atmosphere 
glovebox. 

Chemicals a n d  Reagents. Steroids were obtained from the 
Sigma Chemical Co., metal hexacarbonyls from Strem Chemicals, 
and tetrabutylammonium perchlorate from Southwestern Ana- 
lytical Chemicals. These materials were all vacuum dried before 
use. Carbon monoxide from CIG, Australia, was used as received. 

Ins t rumenta t ion .  IR spectra were recorded with a Perkin- 
Elmer 457 spectrophotometer (calibrated against polystyrene). 
Mass spectra were obtained with a Finnigan 3200 series mass 
spectrometer. 

Voltammograms were recorded in dichloromethane (0.1 M 
Bu4NC104) by using either a BAS CV-27 voltammograph coupled 
with a Houston Instruments Model 100 X-Y Recorder or a 
BAS-100 electrochemical analyzer employing a conventional 
three-electrode cell a t  (20 f 1) "C. For cyclic voltammetry, the 
working electrode was a BAS platinum disk electrode, while for 
rotating electrode voltammetry, Metrohm or Beckmann rotating 
platinum disk electrodes and electrode assemblies were used. The 
reference electrode was Ag/AgCl (saturated LiCl, CH2C12) and 
the auxiliary electrode was a platinum wire. Solutions of steroid 
metal carbonyls for electrochemical measurements were prepared 
just before use, degassed with argon, and maintained under an 
argon atmosphere throughout the measurements. Oxidation of 

M ferrocene was routinely used for calibration purposes. 
A PAR Model 173 potentiostat/galvanostat was used for the 

controlled potential electrolysis experiments with a platinum gauze 
working electrode, Ag/AgCI reference electrode, and a platinum 
gauze auxiliary electrode separated from the bulk solution via a 

Not applicable. 
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w 
I I 1 1 

2.0 1 .o 0.0 

E h t )  

Figure 1. Voltammograms for the oxidation of 1 X lo9 M 
estradiol in CHzClz (0.1 M Bu4NC10J at (a) a stationary platinum 
electrode and (b) a rotating platinum disk electrode. 

salt bridge containing a porous vycor plug. Coulometric deter- 
minations were undertaken with the aid of a PAR Model 179 
digital coulometer. 

Chromatograms were obtained under HPLC conditions by 
using a Millipore-Waters M45 pump, Model 440 UV detector at 
X = 254 nm, and Merck 125 mm X 4 mm Lichrosorb RP-18 
column. The mobile phase was 70:30 methanol/water buffered 
with 0.01 M (NH4)zHP04 for Cr(CO)3(estrone 3-methyl ether) 
and 55:45 methanol/water with 0.01 M (NH4)zHP04 for Cr- 
(CO)3(estrane). The mobile phase flow rate was 2.0 mlsmin;'. 

Results and Discussion 
Electrochemical Oxidation of Free Steroids. The 

electrochemical activity of hormonal steroids has been 
Estrogens are oxidized at  fairly positive 

 potential^.^^ The electrochemical responses of the free 
steroids are an important factor in elucidating the elec- 
trochemical oxidative mechanism of metallic carbonyl 
steroid complexes and are therefore briefly reported. 
Figure l a  shows the rotating electrode and Figure l b  cyclic 
voltammograms of the electrochemical oxidation of es- 
tradiol. The oxidation current is a linear function of 

(40) Zuman, P.; T e n d ,  J.; Brezina, M. Collect. Czech. Chem. Com- -- 
mun. 1964, 19, 46. 

(41) Kabasakalian. P.: McGlotten. J. J. Am. Chem. SOC. 1966.78.5032. 
(42) Jacobsen, E.;Korvald, B. Anal. Chim. Acta 1978, 99, '255. 
(43) De Boer, H. S.; Den Hartigh, J.; Ploegmakers, H. H. J. L.; Van 

(44) De Boer, H. S.; Van Oort, W. J.; Zuman, P. Anal. Chim. Acta 
Oort, W. J. Anal. Chim. Acta 1978,102, 141. 

1981,130, 111. 

127. 1.15 
(45) Bond, A. M.; Heritage, I. D.; Briggs, M. H. Anal. Chim. Acta 1981, --.. 
(46) Shihaki, Z. K.; Scaro, J.; Thomas, B. F. J.  Chromatogr. 1981,22, 

99. 

3 0  

2 0  1.5 1.0 0.5 00 

€(volt )  

Figure 2. Voltammograms of 1 X M Cr(CO),(estrone 3- 
methyl ether) in CHzClz (0.1 M Bu4NC104) obtained at a rotating 
platinum disk electrode. 

500 4J 
proas.. 3 

1 . 8  I \ , I 1  I S , <  I ,  1 )  1 1 1  I ,  

+ 2.0 + 1.0 0.0 -1.0 -2.0 

E(Vol1) 

Figure 3. Cyclic voltammograms for the oxidation of 1 X 
M Cr(C0)3(estrone 3-methyl ether) in CHzCl2 (0.1 M Bu4NC104) 
obtained at a stationary platinum electrode. Initial potential is 
0.00 V vs. Ag/AgCl. 

concentration. On the reverse scan of this oxidative cyclic 
voltammogram well-defined peaks consistent with product 
adsorption or stripping of insoluble materials are observed. 
The height of the peaks on the reverse scan is a function 
of the time the potential is held beyond the oxidation peak. 
The electrochemical data for the estrogens are summarized 
in Table I. 

Electrochemical Oxidation of Cr(CO),(estrone 3- 
methyl ether). Figure 2 shows voltammograms obtained 
in CHzClz at  a rotating platinum disk electrode. Three 
processes are observed each with a designated number as 
given in Figure 2. Process 3 near the solvent limit can be 
assigned to the oxidation of steroid. Processes 1 and 2 have 
limiting currents of similar magnitude to each other (after 
background correction). 

Cyclic voltammograms in Figure 3 exhibit some inter- 
esting comparisons with the rotating electrode voltam- 
mograms. Three processes are observed, as was the case 
at  the rotating electrode. However, at low scan rates, 
process 2 is almost unobservable. As the scan rate in- 
creases, process 2 becomes well-defined. At  scan rates in 
excess of approximately 200 mV s-l, both waves are of 
similar height. Process 3, attributed to oxidation of the 
steroid, is present for all scan rates. 

Figure 4a illustrates the effect in cyclic voltammetry 
when the potential is switched between process 1 and 
process 2 at  various scan rates. Figure 4b shows the re- 
sponse when the potential when the potential is held at  
+1.00 V for varying time intervals. On the reverse scan 
after holding the potential a t  positive potentials a large 
peak is observed which demonstrates characteristics of an 
adsorbed or insoluble product attaching itself to the 
electrode surface. At very fast scan rates (Figure 5), 
process 1 is chemically reversible and the surface process 
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mV/s 

5 0  

100 

200 V 
+ O . S  t0.4 0.0 -0 .4  -0.8 -1.2 

E(Volt) 

A b 

E (Volt) 

Figure 4. Cyclic voltammograms of 1 X M Cr(CO)&estrone 
3-methyl ether) in CH2C12 (0.1 M ByNC104) obtained at a sta- 
tionary platinum electrode: (a) potential switched at +LOO V vs. 
Ag/AgCl after commencing scan at 0.00 V vs. Ag/AgCl and (b) 
initial potential held at +1.00 V vs. Ag/AgCl at time intervals 
indicated. 

v/s 

10 

, , , , . ,  . , . . . , I . I , . I , , I ,  

+ 1 2  t0.S +0.4 0.0 - 0.4 -0.8 

EIVolt) 

Figure 5. Cyclic voltammograms showing the first oxidation 
process of 1 X 10" M Cr(CO)3(estrone 3-methyl ether) in CH2C12 
(0.1 M Bu4NC104) when a stationary platinum electrode at fast 
scan rates and an initial potential of 0.10 V vs. Ag/AgCl are used. 

V /I 

0 5  

1.0 

. . . . . . . . . . . . . . . . . . . . . . . . . . .  

c1 .2  +0.8 + 0 . 4  0.0 -0 .4  -0.8 

E(Volt1 

Figure 6. Cyclic voltammograms showing the first two oxidation 
processes of 1 X M Cr(CO)&strone 3-methyl ether) in CH2C12 
(0.1 M Bu4NC104) when a stationary platinum electrode and an 
initial potential of 0.10 V vs. Ag/AgCl are used. 

on the reverse scan is absent. Importantly, the position 
of this response at -0.4 V vs. Ag/AgCl is well-removed from 
the material produced by oxidation of free steroid, thereby 
eliminating the possibility of a catalytic ligand based ox- 
idation process being operative. 

Figure 6 indicates that the second process is not chem- 
ically reversible even at very fast scan rates. However, for 
scan rates greater than 1 V d ,  a reduction process is ev- 
ident in the vicinity of -0.4 V which has exactly the same 
characteristics as that observed when the potential is held 
between process 1 and process 2 for short periods of time. 
Processes 1 and 2 are independent of carbon monoxide 
concentration in solution (added a t  partial pressures up 
to 1 atm) and steroid concentration (1 x lo4 to 1 x 10-2M). 

Figure 7 shows chromatograms before and after con- 
trolled potential electrolysis at 1.0 V vs. Ag/AgCl in CH2C12 

1 2  8 4 0 1 2  8 4 0 1 2  8 0 

t, (rnin) 

Figure 7. Chromatograms of (a) 10 GL (10 nmol) of M 
Cr(CO)3(estrone 3-methyl ether) [sens. 0.101, (b) 25 pL M 
(25 nmol) of electrolyzed Cr(CO)3(estrone 3-methyl ether) [sens. 
0.021, and (c) 25 pL (25 nmol). of M estrone 3-methyl ether) 
[sens. 0.021 at a mobile phase flow rate of 2 mL.min-'. Retention 
times ( t R ) :  tR(comp1ex) = 4.2 min; tR(steroid) = 8.0 min. 

a t  20 "C. Quantitatively, the free steroid is recovered at  
the (95 f 5)% level irrespective of whether the applied 
potential is more positive than either the first or the second 
process. The infrared spectrum after electrolysis shows 
the complete absence of metal carbonyl bands, but all 
steroid bands remain. The infrared data in conjunction 
with HPLC data imply oxidative elimination of the car- 
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Table 111. Summary of Cyclic Voltammetric Data for Oxidation of 1 X lo-' M Steroid Hormonal Chromium, Molybdenum, 
and Tungsten Tricarbonyl Complexes at a Platinum Electrode in Dichloromethane at 20 O c a  

+0.75 +0.65 +0.70 +1.21 +1.60 
+0.73 +0.63 +0.68 +1.28 +1.50 
+0.70 d d +1.04 +1.44 
+0.75 d d +1.18 +1.40 

aIPl/2 for [Fe(CSH,),]+/O redox couple is +0.495 V vs. Ag/AgCl in CH2C12. (E,".), is the oxidation peak potential and (E,'".), is the 
reduction peak potential for process n (n = 1-3). (IPl,z)l is the reversible half-wave potential calculated as the average of (EPo"), and 
(E *Data obtained under conditions of cyclic voltammetry at  a scan rate of 200 m V d .  cData obtained under conditions of cyclic 
vortammetry at  a scan rate of 10 V d .  dNo reduction peak. 

bony1 steroid occurs a t  potentials positive of either process 
1 or process 2. Electrochemical monitoring of controlled 
potential electrolysis experiments reveals the disappear- 
ance of the carbonyl complex (processes 1 and 2 vanish) 
while the response due to the noncoordinated steroid re- 
mains. Mass spectrometry also confirmed the generation 
of free steroid after electrolysis. Coulometric data gave 
an n value of 1.95 f 0.05 electrons in the charge-transfer 
process irrespective of whether the potential was applied 
at  potentials more positive than either process 1 or process 
2. Chemical oxidation with NOPF6 also led to the oxi- 
dation of Cr(CO)3(steroid) with identical products pro- 
duced as in the case of controlled potential electrolysis 
experiment. 

Rotating disk electrode experiments showed that the 
limiting current per unit concentration of the known 
one-electron oxidation reaction of the tricarbonyl complex 
fac-Cr(CO),(P(OMe),)~' to be essentially identical with 
process 1 of Cr(CO),(steroid) at fast scan rates or fast 
electrode rotation rates. At slow scan rates, process 1 
appears to involve transfer of more than one electron and 
process 2 less than one, but the s u m  is always equal to two 
electrons. This and other data are consistent with pro- 
cesses 1 and 2 both being one-electron steps a t  short time 
domains. Process 1 under short time scale experiments 
is assigned to reaction 1. On the long time scale of con- 

Cr(CO),(steroid) + [Cr(C0)3(steroid)]+ + e- (1) 

trolled potential electrolysis (or chemical oxidation) it is 
clear that the process is a two-electron step. Furthermore, 
the same products are obtained irrespective of whether the 
oxidation potential is positive of process 1 or 2 or if 
chemical oxidation is employed. This is consistent with 
the concept that [Cr(CO),(steroid)]+ is inherently unstable 
on long time scale experiments and rearranges to give an 
ECE-type mechanism. The overall oxidation process is 
given in eq 2. Voltammetric data reveal that the same 

Cr(CO),(steroid) - Cr(I1) + steroid + 3COt + 2e- (2) 

intermediate chromium complex is formed after the po- 
tential was held between process l and process 2 or the 
data scanned through for the two-electron stage as evi- 
denced by well-defined reduction waves at  4 . 4  V on the 
reverse scan of cyclic voltammograms. This species is not 
oxidized ligand and appears to be an adsorbed or precip- 
itated two-electron-oxidized product of Cr(CO),(steroid). 
Clearly, this surface active species is not stable on the 
synthetic time scale and ultimately decomposes to produce 
free steroid and carbon monoxide. 

Electrochemical Oxidation of Cr(CO),(estrone). 
Process 1 in this case is chemically reversible even at slow 

~~ 

(47) Bond, A. M.; Cam, S. W.; Colton, R. Organometal2ic.s 1984,3,541. 

P- 

I I I 

1 .o 0.5 0.0 

E(Volt) 

/-==ox process 1 

I 

1.5 1.0 0.5 0.0 
E lvolt l 

Figure 8. Voltammograms for the oxidation of 1 X M 
Cr(CO)3(estrone) in CH2C12 (0.1 M Bu4NC1O4): (a) cyclic volt- 
ammogram of process 1 when a stationary platinum electrode at 
a scan rate of 200 mV& is used; (b) voltammogram of processes 
1, 2, and 3 a t  a rotating platinum disk electrode a t  500 rpm. 

scan rates so that [Cr(C0)3(estrone)]+ is apparently more 
stable than [Cr(CO),(estrone 3-methyl ether)]+. The ex- 
perimental data are summarized in Table 111 and parallel 
that for Cr(CO),(estrone 3-methyl ether) at fast scan rates. 
That is, mechanistic details for the two carbonyl steroids 
are believed to be similar, but reaction rates for decom- 
position of [Cr(CO),(steroid)]+ are faster in the case of the 
estrone 3-methyl ether complex. 

Controlled potential electrolysis a t  potential after the 
first or second process gave an n value of 1.91 f 0.05 
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electrons in the charge-transfer process. After electrolysis, 
the steroid was recovered quantitatively, as demonstrated 
by HPLC, infrared, and electrochemical monitoring. No 
metal carbonyl IR bands were observed after bulk elec- 
trolysis of the complex. NOPFs oxidation of Cr(CO),(es- 
trone) gave the same products as for electrochemical ox- 
idation. 

The observed reaction on the synthetic time scale is eq 
3. This indicates that the overall process is essentially 
identical with Cr(CO),(estrone 3-methyl ether), despite the 
evidence for enhanced stability of [Cr(CO),(estrone)j+ on 
the voltammetric time scale. 

Cr(CO),(estrone) - Cr(I1) + (estrone) + 3COt + 2e- 

Organometallics, Vol. 6, No. 2, 1987 

(3) 

Electrochemical Oxidation of Cr(CO),(estradiol). 
Cr(CO),(estradiol) was found to be the most stable of the 
18-electron steroid complexes in CH2C12. Two well-defined 
one-electron oxidation processes are observed in addition 
to process 3 assigned to the oxidation of estradiol. Ex- 
perimental data are summarized in Table 111. The first 
process is chemically reversible under all voltammetric 
conditions examined, and it was hoped that isolation of 
a stable 17-electron species [Cr(C0)3estradiol]+ may have 
been possible. However, controlled potential electrolysis 
or chemical oxidation with NOPF, is again consistent with 
an overall two-electron oxidation (eq 4). 
Cr(CO)3(estradiol) - 

Cr(I1) + (estradiol) + 3COT + 2e- (4) 

Electrochemical Oxidation of M(CO),(estradiol) (M 
= Mo, W). These starting materials are much more re- 
active than their chromium analogues, and this feature is 
transferred to the oxidized complexes. Thus the electro- 
chemical behavior of the Mo estradiol complex resembles 
that of Cr(CO),(estrone 3-methyl ether). That is, process 
1 exhibits chemical reversibility at fast scan rates. As the 
scan rate is increased, process 2 increases in magnitude and 
is well-defined under conditions where process 1 is re- 
versible. With the W complexes, process 2 is extremely 
small relative to process 1 for most scan rates examined. 
The limiting current a t  slow scan rates for the irreversible 
present is approximately twice that for the reversible 
one-electron oxidation of the chromium complexes. Only 
with scan rates of 50 Ves-' is partial reversibility seen for 
process 1. Data for the Cr, Mo, and W complexes are 
compared in Table 111. 

There is a well-defined stability trend exhibited with the 
oxidized estradiol complexes: 

[Cr(CO),(estradiol)]+ >> [M~(CO)~(estradiol)]+> 
[ W(CO),(estradiol)]+ 

Mechanistic Considerations. All data suggest that 
a similar electrochemical mechanism is operative for all 
complexes, irrespective of metal or steroid. However the 
kinetic stability of the different 17-electron cations appears 
to be vastly different. For all of the complexes, two one- 
electron transfer steps are observed at  very fast scan rates 
(e.g., 50 Vas-'). The first process (eq 5) at  fast scan rates 
corresponds to the generation of a 17-electron cation. The 
second oxidative step corresponds to process 6. On longer 

M(CO),(steroid) + [M(CO),(steroid)]+ + e- ( 5 )  

[M(CO),(steroid)]+ - [M(CO),(steroid)l2+ + e- - 
products (6) 

time scale controlled potential electrolysis experiments a 

Bond et al. 

Scheme I11 

single two-electron process (eq 7) is observed, irrespective 
of the oxidation potential. 

M(CO)&teroid) - M(I1) + 3COt + steroid + 2e- (7) 

Cyclic voltammetric data indicate that an intermediate 
is present prior to the ultimate elimination of steroid, 
which is recovered quantitatively in an unmodified form. 
Stability comparisons of the steroid complexes when 
bonded to Cr(CO), show greater reactivity for the decom- 
position of the cation [Cr(CO),(steroid)]+ when an -OCH, 
group is attached to the arene ring of the steroid rather 
than is the case with an -OH group. Similarly, greater 
reactivity is found when Mo or W replaced Cr in the series 
of [M(CO),(steroid)]+ complexes. 

A rationalization for the high reactivity and nature of 
the intermediate can be presented. The stereochemistry 
of the tridentate ligand steroid in the metal carbonyl 
complex forces the carbonyl groups into a facial geometry. 
It has been shown e ~ p e r i m e n t a l l ~ ' ~ ~ ~  that this configura- 
tion is electronically strained for a 17-electron group 6 
carbonyl compound. That is, a meridional configuration 
would have a lower energy. However, clearly a meridional 
geometry is impossible for the [M(CO),(steroid)]+. I t  is 
postulated that an alternative rearrangement occurs to 
relieve the electronic strain. I t  is possible to achieve an 
alternative geometry via migration of a proton or methyl 
group from the arene steroid ring.25 This species is ex- 
pected to be readily oxidized to a formally 18-electron 
oxidation state (11) species which are common in group 6 
carbonyl ~ h e m i s t r y . ~ ~ - ~ ,  For example,5o electrochemical 
oxidation of M(CO),(~'-dpm)(qz-dpm) leads to formation 
of the 18-electron, seven-coordinate species [M(CO),(v2- 
dpmz)l2+ where dpm = bis(dipheny1phosphino)methane. 

(48) Bond, A. M.; Darensbourg, D. J.; Mocellin, E.; Stewart, B. J. J. 

(49) Panizo, M.; Cano, M. J. Organomet. Chem. 1985,287, 221. 
(50) Bond, A. M.; Colton, R.; McGregor, K. Inorg. Chem. 1986, 25, 

Am. Chem. SOC. 1981,103, 6827. 

1880 and references cited therein. 

S. Inorg. Chem. 1978, 17, 729. 
(51) Brown, L. D.; Datta, S.; Kouba, J. K.; Smith, L. K.; Wreford, S. 

(52) Datta, S.; Wreford, S. S. Inorg. Chem. 1977, 16, 1134. 
(53) Fong, L. K.; Fox, J. R.; Foxman, B. M.; Cooper, N. J. Inorg. Chem. 

1986, 25, 1880. 
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A common reduction process a t  negative potentials is ob- 
served on the reverse scan of cyclic voltammetry either 
after a two-electron oxidation or under conditions where 
process 1 is an ECE-type mechanism. This process pre- 
sumably corresponds to a two-electron reduction of a re- 
arranged seven-coordinate oxidation state(I1) complex to 
M(CO),(steroid). 

Reaction Scheme I11 demonstrates a proposed mecha- 
nism for a process involving formation of a rearranged 
steroid with two competing pathways. Quantitative re- 
covery of the initial steroid and not a modified steroid is 
observed experimentally and would be expected by the 
proposed mechanism when the 18-electron oxidation state 
(11) complex decomposes. 

A number of mechanistic pathways for the oxidation of 
arene metal carbonyls complexes have been reported. In 
noncoordinating solvents, Lloyd et al.29 observed two 
one-electron steps. The first process was reversible and 
the second irreversible. The potential separating the two 
processes was approximately 1 V. In our work, the dif- 
ference in potential between the two oxidation processes 
is about 0.5 V. However, generally results for the hormonal 
steroids parallel those of electrochemical studies of related 
arene complexes in dichloromethane. 

In other r e p ~ r t s , ~ ~ , ~ ~ , ~ ~ - ~ ~  coordinating solvents such as 
acetonitrile and dimethylformamide have been used. 
Frequently, irreversible waves were observed in such media 

and the total number of electrons associated with the ox- 
idation process seems to vary between two and three. In 
the presence of coordinating ligands, alternative pathways 
are available for releasing the electronic strain. E.g., 
formation of a 19-electron intermediate by direct addition 
of a ligand% or formation of a metal carbonyl complex with 
loss of arene.*37 These solvent-assisted pathways are not 
available in a noncoordinating solvent, such as dichloro- 
methane, and cannot be considered in the present work. 
However, clearly the mechanism proposed is a form of a 
19-electron intermediate achieved via an internal rear- 
rangement and in this sense bears some resemblance to 
the mechanism proposed by Doxsee, Grubbs, and AnsonZ5 
to explain reactivity in the presence of coordinating lig- 
ands. 
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Photochemical Reaction of Fe(CO),(NO), and Co(CO),NO with 
1,3-Butadiene in Liquid Xenon Solution: Possible Intermediates 

in the Catalytic Dimerization of Dienes 
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IR spectroscopic evidence is presented showing that UV photolysis of CO(CO)~NO and Fe(C0)2(N0)2 
in liquid Xe (LXe) doped with 1,3-butadiene (C4H6) yields q2-C4H6 and q4-C4H6 complexes of Co (1 and 
2) and Fe (3-5). Under similar photolytic conditions in liquid Kr, Ni(C0)4 forms only Ni(CO),(q2-C4H6), 
which is thermally less stable than the compounds of Fe and Co. Both C O ( C O ) ~ ( N ~ ) ( ~ ~ - C ~ H ~ )  (1) and 
Fe(CO)(N0)2(q2-C4H6) (3) are thermally stable up to -35 “c in LXe. co(co)(NO)(q4-C4H6) (2) reacts 
thermally with CO to regenerate 1 with an enthalpy of activation 6 AH* < 15 kcal mol-’ and a half-life 
of -11 min at -41 OC. Fe(NO)2(q4-C4H6) (5)  has a similar thermal stability. Only Fe(CO)z(NO)z, a known 
catalyst for photodimerization of butadiene, forms a bis(butadiene1 complex, Fe(N0)2(q.2-C4H6)z (4), which 
is a likely candidate for the catalytically active intermediate. We suggest that catalysis may proceed via 
a five-coordinate intermediate Fe(N0)2(q2-C4H6) (q4-C4H6) (8) with a bent NO group. Species 1 through 
5 have been characterized by observation of IR bands due not only to v(C0) and v(N0) but also to coordinated 
C4H6. Tentative assignments of these C4H6 spectra are given. 

Introduction 
It has been known for many years that transition-metal 

nitrosyl compounds can photocatalyze the dimerization of 
Particularly striking is the contrast between 

(1) Jolly, P. W.; Stone, F. G. A.; MacKenzie, K. J. Chem. SOC. 1965, 

(2) Candlin, J. P.; James, W. H. J. Chem. SOC. C 1968, 1856. 
(3) Lombardo, L.; Wege, D.; Wilkinson, S. P. A u t .  J. Chem. 1974,27, 

143. Moggi, L.; Juris, A.; Sandrini, D.; Manfrin, M. F. Rev. Chem. In- 
terned. 1981, 4, 171. 

6416. 

Fe(C0)z(N0)2, a highly specific catalyst for the dimeri- 
zation of butadiene to 4-vinylcyclohexene,2 and Co(C- 
O),NO, which is catalytically almost inactive.2 A number 
of detailed studies have together shown that “Fe(N0)2” 
is the active catalyst. Carbon monoxide suppresses cata- 
lysis1,2 while “Fe(N0)2” precursors such as [Fe(N0)2C1]z 
can be used to generate  catalyst^.^ Furthermore, Fe- 

(4) Ballivet, D.; Billard, C.; Tkatchenko, I. Inorg. Chim. Acta 1977,25, 
L58. Ballivet-Tkatchenko, D.; Riveccie, M.; El Murr, N. Ibid. 1978, 30, 
L289; J. Am. Chem. SOC. 1979, 101, 2764. 
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