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Recently, electrochemical and x-ray photoelectron spec- 
troscopic studies have been performed to determine the electron 
distribution within dinitrogen complexes of rhenium,lJ mo- 
lybdenum, and tungsten3 and their analogues. During the 
work, preparations of both the cis and trans isomers of di- 
carbonylbis( 1,2-diphenylphosphinoethane)molybdenurn(0 and 
I) and -tungsten(O and I) were attempted. It was found, 
however, that only one isomer was stable in a given metal 
oxidation state, as previously reported.4-8 The isomerization 
of trans-[M(C0)2dpez] (M = Mo and W, dpe = 
Ph2PCH2CH2PPhz) has now been monitored electrochemi- 
cally and the kinetics of the reaction are described here. 

The starting materials, cis-[M(CO)zdpez] (M = Mo and 
W), were prepared by published procedures. The dicarbonyl 
complexes displayed one-electron irreversible oxidation waves 
(Epa = +0.035 and +0.067 V for M = Mo and W, respec- 
tively, vs SCE) when examined by cyclic voltammetry at a 
vitreous carbon electrode in a CH2C12-MeOH (10: 1 v/v)-0.l 
N Et4NBF4 electrolyte. The irreversibility of the oxidation 
process is due to the very rapid conversion of cis-[M- 
(CO)2dpes]+ (M = Mo and W) to the trans form.8 Bulk-scale 
controlled potential oxidations of the cis metal(0) dicarbonyls 
at +0.2 V on a platinum electrode produced trans-[M- 
(CO)zdpez] BF4. The metal(1) salts were characterized by 
elemental analysis (e.g., calcd for [W(CO)zdpez]BF4: C, 57.2; 
H, 4.99. Found: C, 57.7, H, 4.27), infrared [single CO 
stretching frequency at 1860 cm-1 (Nujol) for M = Mo and 
at 1850 cm-1 (Nujol) for M = W], conductivity (AM = 32.5 
ohm-l/cmz for trans-[Mo(CO)zdpez]BF4 in 1,2-dichloro- 
ethane), and molecular weight measurements (e.g., trans- 
[Mo(CO)zdpez] BF4, expected 5 18 for a 1 : 1 electrolyte, found 
499) * 

The metal(1) complexes were reducible at -0.363 and -0.350 
V for M = Mo and W, respectively. At high scan rates, the 
reduction was consistent with a reversible, one-electron, 
diffusion-controlled, charge transfer.9110 However, when the 
voltage sweep rate was decreased or a multicycle voltam- 
mogram was run, a second oxidation wave appeared near 0.0 
V (Figure 1). As time elapsed, the height of the second wave 
increased at the expense of the oxidation wave at -0.28 V. This 
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Figure 1. Multicycle voltammogram of trans-[Mo(CO),dpe,]- 
BF, at a vitreous carbon electrode in CH2C1,-MeOH4.1 N 
Et,NBF, at v = 0.09V sec-’. 

Table I. Rate Constants for Isomerization of trans- [M(CO),dpe,] 

trans- [M- Teomp, 
0201 .dDe, 1 Electrolvte C k.sec-’ x 1 0  

M = W  Aa 20 0.9 f 0.2 
Mo A 20 0.6 f 0.1 
Mo A f 5-fold excess dpe 20 0.7 f 0.2 
Mo A f 15-fold excess dpe 20 0.5 f 0.1 
Mo Thf-MeOH-LiCl(O.1 N) 20 0.3 f 0.1 
Mo Bb 11.4 0.36 f 0.08 
Mo B 11.5 0.34 f 0.08 
Mo B 11.7 0.42 f 0.09 
Mo B 19.7 0.70 i 0.17 
Mo B 28.0 1.4 f 0.3 
Mo B 27.9 1.3 f 0.3 
Mo B 38.4 3.2 f 0.8 
Mo B 38.5 3.1 f 0.8 

a A is CH,Cl,-MeOH (1O:l v/v)-Et,NBF, (0.1 N). B is CH,- 
Cl-MeOH (1O:l v/v)-Et,NBr (0.1 N). 

suggested that the trans metal(0) complexes, generated by 
reduction, slowly isomerized to the cis configuration. Con- 
trolled potential reductions at -0.4 V of trans- [M(CO)zdpe2]+ 
(M = Mo and W) produced cis metal (0) dicarbonyls in 
100% yields confirming that a geometric rearrangement oc- 
curred. An overall reaction scheme can be written: 

cis-[M(CO),dpe,] - e  -+ trans-[M(CO),dpe,]+ 

trans-[M(CO),dpe,]+ t e 2 trans-[M(CO),dpe,] 

trans- [M(CO),dpe, ] -- cis-[ M(C0) ,dpe ] 

where M = Mo and W. 
The rate of isomerization ( k )  was studied by the method 

of Schwarz and Shainll assuming that the reaction was first 
or pseudo-first order. Double potential step chronoampero- 
grams at -0.15 and -0.5 V were recorded and the ratio of the 
reduction current of trans-[M(CO)zdpe2]+ to the oxidation 
current of trans-[M(CO)zdpez] was determined at various 
times subsequent to the application of the potential. The pulse 
times varied from 1 to 10 sec and six determinations of k were 
made from each chronoamperogram and an average was taken. 

The isomerization reaction was studied in a variety of 
electrolytes and at various temperatures (Table I). An 
Arrhenius plot for the rearrangement of trans- [Mo(CO)zdpez] 
was linear (correlation coefficient = 0.997) and yielded an 

k 
slow 
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enthalpy of activation (AH*) of 13.3 f 0.4 kcal mol-1 and a 
rate constant at 25°C of 1.1 f 0.06 X 10-1 sec-1 by least- 
squares fitting.12 The entropy of activation (AS*) was -16 
f 3 cal deg-1 mol-1 as determined from k25’C. The half-lives 
of the trans molybdenum(0) and tungsten(0) complexes were 
10 and 8 sec, respectively, at 2OoC. 

The similarity of the rate constants and the products of the 
reaction suggested that both the tungsten and molybdenum 
complexes reacted by a similar mechanism. Of the two most 
likely pathways, bond rupture and ligand twist, the latter was 
ruled out since the cis and trans isomers of [Mo(C0)2dpe2] 
are structurally rigid. George and Siebold7 have reported that 
the 31P NMR spectrum of a mixture of the molybdenum(0) 
isomers displayed separate resonances due to the cis and trans 
forms only and no intermediate or time-averaged signals were 
observed between 6 and 40°C. 

The rate-determining step in the bond-rupture mechanism 
involves the intramolecular opening of one of the chelate rings. 
A dissociative process is in accord with the observed first-order 
kinetics and is supported by the decreased rate of isomerization 
of trans- [Mo(CO)zdpez] in the tetrahydrofuran (THF) 
medium. Only if an associative mechanism were operative 
would the rate constant be expected to increase upon replacing 
CH2C12 in the electrolyte with T H F  since THF is a better 
ligand for early transition metals than CH2C12. Moreover, 
a transition state with a greater charge separation than in the 
reactant is predicted since the reaction rate decreases as the 
dielectric constant of the solvent decreases (~20°C = 7.5813 and 
9.0814 for THF and CH2C12, respectively).15 A metal complex 
with a dangling phosphine ligand is consistent with an activated 
complex of increased polarity. 

The studies of George and Siebold’ imply that the rate of 
isomerization is even slower in benzene (conversion of 
trans-[Mo(CO)zdpez] to the cis form requires 2 hr at 40°C) 
which agrees with the present results since benzene has a 
dielectric constant of 2.28 at 20°C.14 Also, since benzene is 
a poorly coordinating solvent, the observed differences in rate 
between the various media cannot be attributed to coordination 
of the solvents. 

The observed entropy of activation may appear to be 
somewhat negative for a dissociative mechanism. However, 
Dobson16 reported that AS* values for substitution reactions 
involving bond rupture mechanisms of complexes of the type 
[ W(CO)d(bidentate)] were very dependent upon the nature 
of the chelating group. For example, the reactions of [W- 
(C0)4(bidentate)], where bidentate = (CH3)2NCH2CH2- 
CH2N(CH3)2 (tmpa) or (CH3)3CSCH2CH2SC(CH3)3 (dto), 
with P (OC2H5)3 proceeded via a reversible dissociation of 
one end of the bidentate ligand followed by nucleophilic attack 
of the Lewis base. The activation parameters for the disso- 
ciation step were AH* = 31.0 and 25.7 kcal mol-1 and AS* 
= +27.0 and +1.6 cal deg-1 mol-1 for tmpa and dto, re- 
spectively. Furthermore, it was observed that as AH* de- 
creased the values of AS* followed. In the present case the 
enthalpy of activation is only one-half of that reported for the 
above reactions. When the bidentate ligand was a phosphine 
as in [Mo(C0)4dpe] or [Mo(CO)~(H~PCH~CH~PH~) ] ,  the 
substitution reactions with P (OC2H5)3 involved dissociation 
of one of the carbonyl groups (AH* = 38.0 kcal mol-1 and 
AS* = +18.1 cal deg-1 mol-1)17 for the former complex while 
the latter molybdenum complex reacted with rupture of a 
metal-phosphorus bond (AH* = 32.9 kcal mol-1 and &Y* = 
$8.9 cal deg-1 mol-l).l* Although these results provide a good 
comparison for the present work, nevertheless, a limitation is 
introduced since the substitution reactions which followed a 
dissociative mechanism often showed a dependency on the 
nature of the nucleophile.16 

A mechanism that involved the total dissociation of a bi- 

Notes 

dentate phosphine ligand from trans- [ M(CO)zdpez] is unlikely 
since the reaction rate was unaffected (to within experimental 
error) by the addition of excess phosphine and since free 
phosphine ligand was not observed in the NMR spectrum.7 
Also, the dissociation of a carbonyl group seems equally 
unlikely since the activation parameters are very different from 
those reported for the loss of CO from other metal carbo- 
nyls.17,19 

If the half-wave potentials of the couples, cis-[M- 
(CO)sdpe2]/cis-[M(CO)2dpez]l+ and trans- [M(C0)2dpe2] / 
trans-[M(CO)zdpez]+, are estimated from the peak potentials 
of the cyclic voltammograms (E112 = E p  f 0.029 V)9 and 
equated to the standard potentials of the couples, then it can 
be shown that isomerization stabilizes the cis metal(0) 
complexes with respect to oxidation by approximately 7 kcal 
mol-1. This stabilization results from the reduced competition 
for the metal nonbonding electrons by the strongly a- 
withdrawing carbonyl ligands. 
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Structures of several compounds which contain P-N-N-P 
linkages have recently been reported.1-5 In the P(II1) de- 
rivatives P[N(CH3)N(CH3)] 3P and F2PN(CH3)N(CH3)PF2 
x-ray diffraction1 and NMR evidence,2 respectively, indicate 
that the P-N-N-P moieties are planar. This would be 
consistent with a model in which the two P-N bonds contain 
considerable pa-d7r bond character and form a delocalized 
conjugated P network similar to that found in 1,3-dienes. Qn 
the other hand, in the P(V) compounds OP[N(CH3)N(C- 


