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The one-electron electrochemical oxidation of the eighteen-electron (18e) Z and E isomers of CpFe- 
CO[P(OPh),] (ql-C(Ph)=C(Ph)Me) to their seventeen-electron (17e) counterparts has been studied by cyclic 
voltammetry and by deconvolution (semidifferential) voltammetry in dichloromethane in the temperature 
range -87 to 22 "C. At room temperature the 17e cations appear to be unstable and the electrochemistry 
is that of an EC system with a half-life of 0.4 s. At temperatures below ca. -60 "C two reversible redox 
couples are resolved in mixtures, whereas at temperatures around -20 "C the electrochemical response 
is indistinguishable from that of a single simple reversible system. This is attributable to the temperature 
dependent, but rapid E+ to Z+ isomerization and associated cross redox reaction. The electrochemistry 
at -78 "C may be described by the following equations: 

Z G+ Z+ + e- E,,2 = 0.51 V vs Ag/AgCI 

E G+ E+ + e- E,,* = 0.65 V vs Ag/AgCI 

E+ Z f  

E+ + z= z+ + E K~~ = 4 x 103 

By combining the Ellz  values measured at low temperature with NMR data for the neutral species an 
equilibrium ratio [C FeCO[P(OPh),](s1-(Z)-C(Ph)=C(Ph)Me)]+/[CpFeCO[P(OPh),](~1-(E)-C(Ph)= 
CMe(Ph)]+ of 9 X logat -78 "C is calculated. In the 18e configuration the E rather than the Z isomer 
is favored by a factor of about 5:l so the isomer distribution is strongly modified by oxidation to the 17e 
configuration. The change in isomer distribution may have implications in the synthetic chemistry of this 
class of compounds. 

Introduction 
Electrochemical data, especially when coupled with 

spectroscopic results, continue to  be of great value in 
providing insight into structure and reactivity in organo- 
metallic systems. Of considerable recent interest have been 
studies designed to  elucidate the enhanced reactivity of 
17-electron (17e) relative to  18-electron (Me) organo- 
metallic species in migratory insertion and in ligand sub- 
stitution reactions.l-* 

Alkenyliron complexes are compounds for which inter- 
esting and useful synthetic chemistry is being d e v e l ~ p e d . ~ J ~  

(1) Darchan, A.; Mahe, C.; Patin, H. J. Chem. SOC., Chem. Commun. 

(2) Hershberger, J. W.; Kochi, J. K. J.  Chem. SOC. Chem. Commun. 

( 3 )  Zizelman, P. M.; Amatore, C.; Kochi, J. K. J. Am. Chem. SOC. 1984, 

1982, 243. 

1982, 212. 

106. 3771. - - - I - . . - .  

(4) Therien, M. J.; Ni, C. L.; Anson, F. C.; Osteryoung, J. G.; Trogler, 

(5) Magnuson, R. H.; Meirowitz, R.; Zulu, S.; Giering, W. P. J. Am. 

(6) Magnuson, R. H.; Meirowitz, R.; Zulu, S. J.; Giering, W. P. Or- 

W. C. J.  Am. Chem. SOC. 1986, 108, 4037. 

Chem. SOC. 1982, 104, 5790. 

ganometallics 1983, 2, 460. 
(7) Golovin, M. N.; Meirowitz, R.; Rathman, M. M.; Liu, H. Y.; Prock, 

A.; Giering, W. P. Organometallics 1987, 6,  2285. 
(8) Therien, M. J.; Trogler, W. C. J. Am. Chem. SOC. 1987,109,5127. 
(9) Reger, D. L. Acc. Chem. Res. 1988,21, 229. 

Synthetic and structural studied0 have demonstrated that 
a number of alkenyliron complexes react rapidly with CO 
(1 atm) at  -78 "C in the presence of catalytic amounts of 
chemical oxidant (Cp,Fe+ or Ce4+) to yield alkenylacyl 
complexes (eq 1). These reactions do not take place in 

the absence of the oxidizing reagent. Although generally 
the reaction proceeds with retention of alkenyl stereo- 
chemistry, in certain cases where a phenyl group is trans 
to iron, inversion of stereochemistry to the cis form is 
observed (eq 2). 

R R' I Me, Et; R = Me, R' = Ph; R = i-Pr, R' = Me 

(10) Reger, D. L.; Mintz, E.; Lebioda, L. J. Am. Chem. SOC. 1986,108, 
1940. 
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E-Z Isomerization Reactions in Iron Alkenyl Complexes 

In the absence of CO, the isomerization of the alkenyl 
ligand is also catalyzed by oxidizing reagents as shown in 
eq 3. For the example shown in eq 3, NMR measurement 

'Me 
[Ox](l5%1-78" 
c- 
CH2Clz 

Z E 

shows that the equilibrium mixture is a k4.7 ratio of the 
Z to E isomers. This isomerization reaction does not take 
place thermally, but it is also catalyzed by acids and AZO3. 

This work describes an electrochemical study in di- 
chloromethane of the equilibrium reaction shown in eq 3 
undertaken in order to determine, if possible, the differ- 
ence in oxidation potential of the two alkenyl isomers, to 
establish the relative thermodynamic stability of the two 
17e species produced by a one-electron oxidation process, 
and ultimately to gain a better understanding of factors 
influencing reactivity and product distribution in oxida- 
tively induced insertion of CO in alkenyliron complexes. 
The systems chosen for study were various mixtures of Z 
and E isomers of C~F~CO[P(OP~),](T$C(P~)=C(P~)M~). 
Specifically, we have examined a pure sample of the 2 
isomer (designated Z), an equilibrium mixture of E and 
Z ([E]/[Z] = 4.7 a t  -78 "C; designated E / Z ) ,  and a non- 
equilibrium mixture, approximately 70% Z (designated 2 
+ E )  which was prepared by stirring a pure 2 sample for 
about 5 min in a suspension of A1203 in CH2C12. 

I t  should be noted that the electrochemical response in 
systems of interconverting isomers is a matter of consid- 
erable complexity."J2 A wide variety of behavior may be 
observed, depending upon the thermodynamic and kinetic 
factors governing the relevant heterogeneous and homo- 
geneous reactions. As an example, it was recently 
that equilibrium and nonequilibrium mixtures of cis- and 
t ran~-Cr(Co),(P[OMe]~)~ exhibit oxidative cyclic voltam- 
metric (CV) behavior indistinguishable from that of a 
simple reversible one-electron system even a t  scan rates 
(u )  of 5 X lo4 V/s a t  microelectrodes. This is in spite of 
the fact that calculations from spectroscopic data show 
that a resolvable difference in reversible half-wave po- 
tential (El ,2)  for the two isomers is expected. 

Experimental Section 
The synthesis, purification, and NMR analysis of (2)- and 

(E)-CpFeCO[P(OPh),] ($-C(Ph)=C(Ph)Me) were carried out as 
previously reported.1° 

Electrochemical Studies. The dichloromethane solvent was 
HPLC grade and distilled from CaH2 just prior to use. Vac- 
cum-dried tetrabutylammonium hexafluorophosphate (TBAPF,) 
from Southwestern Analytical Chemicals was employed as the 
supporting electrolyte. 

A standard three-electrode cell was employed. The reference 
electrode was Ag/AgCl (CH2C12; saturated LiCl, 0.10 M tetra- 
butylammonium perchlorate) separated from the test solution 
by a salt bridge containing 0.10 M TBAPFB. A conventional gold 
disk working electrode was used. All measurements were made 
under an Ar atmosphere in a cell protected from light. Solutions 
were prepared by transferring weighed samples of the compounds 
to the cell containing a degassed solution of the supporting 

~~ ~ ~~ 

(11) Evans, D. H.; O'Connell, K. M. In Electroanalytical Chemistry; 
Bard, A. J., Ed.; Marcel Dekker: New York, 1986; Vol. 14, pp 112-207 
and references therein. 

(12) Bond, A. M.; Oldham, K. B. J.  Phys. Chem. 1985,89,3739 and 
references therein. 

(13) Bond, A. M.; Colton, R.; Mann, T. F. Organometallics 1988, 7, 
2224. 
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Figure 1. CV and DV curves for 2 + E (1.1 mM) at 22 "C ( u  
= 600 mV/s). 

electrolyte. Low temperatures were produced by use of liquid 
N2 slushes with acetone (-87 "C), chloroform (-63 "C), and carbon 
tetrachloride (-23 "C) and monitored with a calibrated thermo- 
couple. 

Preliminary cyclic voltammetric (CV), differential pulse (DP), 
and rotating disk (RDE) measurements were made by using a PAR 
Model 174 polarographic analyzer along with a Metrohm rotating 
disk electrode assembly. All of the deconvolution voltammetric 
(DV) curves and most of the CV measurements presented in this 
paper were obtained by using the BAS CV-27 system. This 
instrument provides the semiderivative of the current m an output 
option, and this signal was recorded directly. 

Results and Discussion 
Deconvolution Voltammetry. In this study we found 

measurement of the semiderivative of the current upon 
application of a potential ramp to the electrode to be far 
superior to CV in the resolution of the closely spaced 
electrode processes. This technique, first reported by Goto 
and Ishii14 and developed by Oldham and c o - ~ o r k e r s , ~ ~ J ~  
provides, by appropriate processing of the current, a sym- 
metrical peaked response (the semiderivative, e ,  vs applied 
potential) in place of the conventional CV curve. It has 
the obvious advantages of a differential response on the 
time scale of CV. The term deconvolution voltammetry 
(DV) has been suggested as appropriate for the te~hnique.'~ 
Using ferrocene in CH2C1, as a model system we verified 
conformance to the DV curve parameters predicted for an 
uncomplicated system.16 While theory predicts no dif- 
ference in anodic and cathodic peak potentials, a small 
separation (AE,) was noted due to uncompensated re- 
sistance (ohmic iR drop), particularly a t  low supporting 
electrolyte concentrations and low temperature. The Eli2 
value ( - E o )  taken as the mean of the anodic and cathodic 
DV peak potentials was, however, exactly the same as that 
calculated from the mean of the CV peak potentials and 
was completely invariant with scan rate, u. 

In the discussion to follow, unless otherwise noted, all 
anodic and cathodic peak potentials ( E T  and E rd.) and 
peak currents ( ipox.  and iTd.) will be from DV Bata. 

(14) Goto, M.; Ishii, D. J. Electroanal. Chem. 1975, 61, 361. 
(15) Dalrymple-Alford, P.; Goto, M.; Oldham, K. B. J. Electroanal. 

(16) Dalrymple-Alford, P.; Goto, M.; Oldham, K. B. Anal. Chem. 1977, 

(17) Bond, A. M. Modern Polarographic Methods in Analytical 

Chem. 1977,85, 1. 

49, 1390. 

Chemistry; Marcel Dekker: New York, 1980, p 219. 
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Figure 2. CV and DV curves for E j Z  (0.5 mM) at -87 "C ( u  = 
400 mV/s). 

Alkenyliron Complexes. At room temperature (22 "C) 
all systems examined exhibit the same electrochemical 
response, shown in Figure 1. This is despite the fact that 
the mixtures are spectroscopically distinguishable (NMR). 
(It should be noted that in all figures the CV oxidation 
currents are plotted downward while the DV oxidation 
currents are plotted upward.) Features (E3/4 - iL/ 
C W ' / ~ )  of RDE curves for this oxidation, as compared to 
ferrocene are entirely consistent with an electrochemically 
reversible one-electron process. and are poten- 
tials at 'I4 and 3 /4  of the limiting current i,; C is concen- 
tration; w is rotation rate.) However, unlike ferrocene the 
system shows a degree of chemical irreversibility such that 
a half-life ( t 1 / 2 )  of 0.4 s (0.7 s at 10 "C) is calculatedls a t  
22 "C from peak current ratios as a function of u for the 
unidentified decomposition reaction of the 17e species. 

A second oxidation is observed with both isomers at 1.05 
V which also shows a high degree of chemical reversibility 
a t  room temperature. This process was not further in- 
vestigated. 

A t  -87 "C a solution of the equilibrium mixture ( E / Z )  
exhibits the CV and DV responses shown in Figure 2. 
Here, unlike the case a t  room temperature, two oxidation 
processes are clearly visible in the DV scan and indicated, 
but much less evident, in the CV data. The total current 
corresponds to a one-electron process. The ratio of the DV 
peak currents of the partially resolved oxidation peak a t  
0.55 V (least positive) to that of the principal peak a t  0.68 
V (more positive) is in reasonable agreement with the ratio 
of Z to E in the equilibrium mixture as determined by 
NMR. However, it should be particularly noted in Figure 
2 that the reduction DV peak at 0.47 V on the reverse scan 
exhibits a peak current more than twice that of the cor- 
responding oxidation peak a t  0.55 V and is, in fact, closer 
in height to the second oxidation peak a t  0.68 V. This 
clearly indicates that the product of the oxidation a t  0.68 
V is rapidly converting to the species which is reduced a t  
0.47 V, even a t  -87 "C. 

(18) Nicholson, R. S.; Shain, I. Anal. Chen.  1964, 36, 706. 

I I I 
t .o 0.5 0 

Potential ( V  v 8  AplAgCI) 

Figure 3. CV and DV curves for E / Z  (0.5 mM) at -23 "C (u  = 
400 mV/s). 

Similarly resolved oxidation peaks were obtained a t  -87 
"C by using conventional differential pulse voltammetry 
with a pulse amplitude of 25 mV, but reproducibility was 
poor, apparently due to electrode fouling during the rel- 
atively long times required for this experiment. The DV 
technique is therefore preferred. 

If the system E / Z  is examined at -23 "C, the data shown 
in Figure 3 are obtained. The CV curve exhibits the 
characteristics of a single quasi-reversible one-electron 
oxidation process instead of the two chemically reversible 
processes observed at -87 "C. However, the anodic DV 
peak, which occurs at a potential intermediate between 
those observed a t  -87 "C, shows some distortion and 
broadening, which suggests that the process is still complex 
and may involve a modified form of the two processes seen 
a t  -87 "C. At this temperature the system exhibits ap- 
parent overall chemical reversibility as evidenced by DV 
(and CV) iTd. / ipoX.  values of 1.0 for u > 100 mV/s. 

Insight into the complexities of this system is provided 
by examination of the partially isomerized mixture (2 + 
E )  which is predominately Z as shown in Figure 4. Again, 
two reversible couples are clearly seen in the DV scans at 
-87 "C. Here the less positive couple (E ,  - 0.51 V) must 
be assigned to the oxidation of the preAominate species 
Z while the more positive couple ( E l j 2  = 0.66 V) is at- 
tributable to oxidation of E. At 4 3  "C this isomer mixture 
gives a similar pattern, with both couples resolved. The 
cathodic DV peak near 0.6 V associated with the reaction 
E' + e - E is, however, less evident at -63 "C and at lower 
scan rates. This is shown in Figure 5 which is a DV curve 
a t  u = 200 mV/s on an expanded potential scale. 

Partially isomerized mixtures (2 + E )  when examined 
at -23 and 22 "C give the patterns shown in Figures 3 and 
1, respectively. 

Finally this mixture, when left in contact with A120, in 
0.05 M TBAPF6 overnight and then cooled to -87 "C, gives 
the CV and DV pattern of Figure 2, indicating that an 
equilibrium E / Z  mixture which is predominately E is 
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I I - T  
1 .o 0.5 0 

Potential (V  v s  A g l A g C I l  

Figure 4. CV and DV curves for Z + E (0.8 mM) a t  -87 "C (u  
= 400 mV/s). 

0.5 Y A  
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Figure 5. DV curves for 2 + E (1.1 mM) a t  -63 "C (u = 200 
mV f s ) .  

produced under these conditions. This is consistent with 
earlier synthetic studies.1° 

All of the above electrochemical results are consistent 
with Scheme I. The possibility of isomerization of the 18e 
species E and Z is not included as this reaction has been 
demonstrated to be slow even a t  room temperature in the 
absence of  catalyst^.^ 

Scheme I 

Z Z+ + e EllzZ N 0.51 V vs Ag/AgCl a t  -87 "C  

E+ + e EllZE = 0.65 V vs Ag/AgCl a t  -87 "C 

(4) 

(5) 

E+ - Z+ (6) 

E 

Table 1. Potential Data in CHzClz (0.05 M TBAPF6) from 
Deconvolution Voltammetric Curves at Y = 400 mV/s 
system T ,  "C E?," V E;*,: V E1/2: v 
E I Z  -87 0.68e 0.62 0.65 

0.55 0.47e 0.51 
-23 0.65 0.50 0.57 

22 0.58 0.52 0.55 
Z -I- E -87 0.55e 0.47e 0.51 

0.68 0.64 0.66 
-63 0.56' 0.50e 0.53 

0.68 b 0.66c 
-23 0.61 0.51 0.56 

22 0.59 0.53 0.56 
Z -23 ... ... 0.56d 

V vs Ag/AgCl; El,2 for oxidation of ferrocene = 0.42 V in 0.05 
M TBAPFs at -87 "C. *Cathodic peak not sufficiently resolved for 
measurement at 400 mV/s. 'From DV data at u = 800 mV/s. 
dFrom CV data at Y = 200 mV/s. ePrincipal DV peak in cases 
where two reversible systems are resolved. 

Additional confirmation of this scheme is provided by 
an examination of DV peak current ratios (iFd./ipox.) as 
a function of scan rate. While incomplete resolution 
precludes accurate measurement of the smaller peaks, the 
larger peaks can be measured on each voltammogram. At  
-87 "C in the equilibrium mixture (E/Z)  this i;"./i;" ratio 
generally increases from a value less than 1 as u is de- 
creased. Such behavior is expected if the principal anodic 
peak is due to the reaction E --+ E+ + e while the principal 
cathodic peak is due to Z+ + e - 2, with the isomerization 
reaction E+ - Z+ occurring on a time scale comparable 
with that of the experiment. Similarly, in mixtures (2 + 
E )  that are predominantly Z the peak current ratio of the 
principal peaks (reduction/oxidation) deviates from near 
1 to a higher value as u is decreased, reflecting more con- 
version of E+ to 2' being observable at low scan rates. A t  
-63 OC these ipred,/ipm values for E + Z followed the same 
trend that was observed a t  -87 "C but with higher values 
a t  all scan rates, consistent with more rapid conversion a t  
the higher temperature. The second-order reaction pre- 
dicted to occur via eq 7 is preceived to be important and 
to modify the system from that expected from purely first 
order isomerization reactions. 

Thus, while it is not possible due to the complexity of 
the system to calculate rate constants from the DV data, 
several observations are clear: (1) At -87 and -63 OC 
separate reversible redox couples can be observed for the 
two isomers. (2) Even a t  -87 "C the conversion of E+ to 
Z+ is rapid on the time scale of conventional CV experi- 
ments. (3) At -23 OC the chemical reactions associated 
with eq 6 and 7 are sufficiently rapid to cause all isomer 
mixtures to exhibit the characteristics of a single chemi- 
cally reversible system near the E" value of the more easily 
oxidized isomer. (4) At room temperature the isomer 
mixtures also appear as a single system but with a de- 
composition reaction of the 17e product having a tl12 value 
of 0.4 s. 

The isomer pairs examined thus represent an interesting 
case in which direct observation of both redox couples is 
possible a t  low (below ca. -63 " C )  temperature while a t  
higher (above ca. -23 O C )  temperature electrochemical 
response indistinguishable from that of a single reversible 
one-electron system is observed. While the Ell* values 
measured at low temperatures are slightly influenced by 
coupled homogeneous reactions 6 and 7, the AEllz value 
still should provide a basis for the estimation of the 
equilibrium constant of reaction 7 and for calculation of 
the equilibrium ratio [Z+]/[E+].  From Table I, the ElIZE 
- EllzZ value is seen to be 0.14 f 0.01 V in the range -63 
to -87 "C. If -78 "C is chosen as the reference tempera- 
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ture, a value of K, of 4 X lo3 for reaction 7 is calculated. 
This, combined with the equilibrium ratio ( [ E ] / [ 2 7 )  of 4.7 
a t  -78 "C from NMR data, gives [Z+]/[E+] = 9 X lo2. 
Thus, while in the neutral molecule the E isomer is slightly 
(2.5 kJ) favored, in the oxidized species the 2 isomer is 
favored by 11 kJ. This distribution of isomers in the 17e 
species is consistent with the observed exclusive product 
in oxidatively induced CO insertion reactions of the acyl 
product derived from the Z isomer and may have impli- 

cations for other synthetic chemistry in these compounds. 
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Transition-Metal-Substituted Diphosphenes. 16.' [ 1 + 41 
Cycloaddition of a Diphosphene to &Unsaturated Carbonyl 
Compounds: Synthesis of Dihydro-I ,2-~5-oxaphospholes with 

Exocyclic P=P Bonds and X-ray Structure Analysis of 
(q5-C,Me,)(CO),FeP[OCH=CHCH,]( =PAr) 

(Ar = 2,4,6-t-Bu3C6H2) 

Lothar Weber, * v t  Matthias Frebel,' and Roland Boese' 

Fakultat fur Chemie der Universitat BielefeM, D-4800 Bielefeld 1, Germany, and Anorganisch-Chemisches 
Institut der Universitat Essen, 0-4300 Essen 1, Germany 

Received November 14, 1988 

The reaction of [ ( v ~ - C ~ M ~ ~ ) ( C O ) ~ F ~ P = P A ~ ]  (Ar = 2,4,6-t-Bu3C6H2) (la) with acrolein (2a), methacrolein 
(2b), and buten-3-one-2 (2c) in benzene at 20 "C afforded the transition-metal-functionalized dihydro- 
l,2-X5-oxaphosphole~ (V~-C~M~~)(CO)~F~P[OC(R')=C(R~)&H~](=PA~) (3) (a, R' = R2 = H; b, R' = H, 
R2 = CH,; c; R' = CH3, R2 = H) with exocyclic P=P double bonds. The treatment of la with crotonaldehyde 
(2d) at ca. 50 "C during 10 days yielded only an equilibrium mixture of the expected cycloadduct 3d and 
the starting materials. A similar product, 3e, was obtained from the corresponding ruthenium diphosphenyl 
complex lb. The novel heterocycles were characterized by elemental analyses and spectroscopic methods 
(IR, 'H, 13C, and 31P NMR, and mass spectroscopy). The molecular structure of ( V ~ - C ~ M ~ ~ ) ( C O ) , F ~ P -  
(OCH=CHCH2)=PAr was elucidated by a complete single-crystal diffraction study [P2,/n. space group; 
2 = 4; a = 18.508 (4), b = 9.238 (3), c = 20.577 ( 5 )  A; 6 = 99.71 ( 2 ) O I .  

7 

Introduction 
Low coordinated phosphorus compounds as phos- 

phaalkenes R'P=CR2R3, iminophosphanes R1P=NR2, 
and diphosphenes R1P=PR2 are potential candidates for 
ambident reactivity because they exhibit two high-lying 
molecular orbitals (a and n(P)) of similar en erg^.^^^ De- 
pending on the substitution pattern iminophosphanes tend 
to react in a carbene-like fashion documented in the [2  + 
11 self-dimerization4 

t-Bu -P,yN-t-Bu 

2 t-Bu-P-N+-Bu W 
A N t-8u 

: t-Bu 

R - ArBu 

/ R  
Me3Si (MegSi).p\ )N 

\N-P=N-R + O=C(CF3)2 [2+11\ 
Ms3Si ;\ 2 0- C(CFd2 

R = M q S I  or Bu 

'Fakultat Fur Chemie Universitat Bielefeld. * Anorganisch-Chemisches Institut der Universitat Essen. 

or in an olefinic manner as shown in the [2 + 21 cyclo- 
dimerization with hexafluoroa~etone~~ 

t-Bu 
(i-Pr)2N-p-N/ 

(i-Pr)2N-P=N-t-Bu + 0=C(CF3)* .--$ I I  
0- C(CF& 

or its [ 2  + 21 ~elf-dimerization.~~ The [2 + 21 cycloaddition 
is well-documented for kinetically stabilized phosphaalk- 
enes.6 

H 

(1) Part 15: Weber, L.; Frebel, M.; Boese, R. J. New Chem., in press. 
(2)  Schoeller, W. W.; Niecke, E. J. Chem. SOC., Chem. Commun. 1982, 

569. 
(3) Cowley, A. H. Polyhedron 1984, 3, 389. Cowley, A. H.; Norman, 
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