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A series of complexes of the kind M(C0),(ql-P-P)(q2-P-P) (M = Cr, Mo, W; P-P = Ph2PCH2PPh2 (dpm), Ph2PCH2CH2PPh2 
(dpe)) have been synthesized and characterized by electrochemical, infrared, and "P NMR studies. The electrochemical oxidation 
offuc- and mer-M(CO),(q'-P-P)(q2-P-P) and the subsequent reduction of the oxidized products at platinum electrodes in acetone 
and dichloromethane provide substantial thermodynamic, kinetic, and synthetic information on the influence of isomeric form, 
chelate ring size, and the metal in the formal oxidation states M(O), M(I), and hd(I1). One-electron oxidation of mer-Cr- 
(CO),(q1-dpm)(q2dpm) produces the stable mer-[Cr(CO),(q1-dpm)(q2-dpm)]+ cation, which on further oxidation produces a highly 
reactive chromium(I1) complex, which is believed to be [Cr(CO)3(q2-dpm)2]2+. One-electron oxidation of fuc-Cr(CO),(ql- 
dpe)(q2-dpe) produces the species fuc- [Cr(CO),(ql-dpe)(q2-dpe)] ', which rapidly isomerizes to mer- [Cr(C0),(q1-dpe)(q2-dpe)] +, 

Further oxidation of the mer+ compound leads to complete decomposition. A catalytic process involving a redox cross-reaction 
or direct electrochemical reduction of mer-[Cr(CO),(q1-dpe)(q2-dpe)]+ enables the previously unknown mer-Cr(CO),(q'- 
dpe)(v2-dpe) to be isolated. Oxidation offuc- and mer-M(C0),(q'-P-P)(q2-P-P) (M = Mo, W) occurs via either two one-electron 
steps or via a single two-electron step to produce the seven-coordinate [M(CO),(q2-P-P)2]2+ cation. The isomeric form of the 
starting material is important in both thermodynamic and kinetic aspects of the oxidation processes. The stability of the 
seven-coordinate, 18-electron M(I1) complex is far greater than of the chromium analogues. For the dpe complexes the inter- 
mediates mer-[M(C0),(q1-dpe)(q2-dpe)]+ are relatively stable, unlike the case with dpm where rapid disproportionation of the 
M(I) complex occurs, thus demonstrating the importance of the chelate ring size. Reduction of both the M(I) and M(I1) complexes 
leads exclusively to mer-M(CO),(q1-P-P)(q2-P-P). 

Introduction 
The chemical and electrochemical oxidation of 18-electron metal 

carbonyl complexes has been investigated extensively in the past 
few yeam3-I4 After loss of one or more electrons, the resultant 
formally 17- or 16-electron species tend to be labile and undergo 
a wide range of chemical reactions. 

In the particular case of comple~esfac/mer-M(CO)~P~ (M = 
Cr, Mo; P = monodentate phosphorus ligand) the oxidized species 
fac-[M(C0),P3]+ undergo rapid isomerization to mer-[M- 
(C0)3P3]+r11'12 while mer-[M(CO),PJ+ species participate in 
catalytic isomerization reactionsi4 and undergo rapid homogeneous 
electron transfer with their isostructural 18-electron counter- 
parts.l1J2 

If bidentate, or potentially bidentate, phosphorus ligands (P-P) 
such as bis(dipheny1phosphino)methane (dpm) or  1,2-bis(di- 
pheny1phosphino)ethane (dpe) are employed instead of mono- 
dentate  phosphorus ligands to form complexes of the  type M- 
(C0),(q1-P-P)(q2-P-P), t h e  reaction pathways of the oxidized 
complexes may become far  more varied than for complexes 
containing exclusively monodentate phosphine ligands, since the 
7I-P-P ligand may alter its coordination role af ter  oxidation. If 
this occurs, then variations in ring size or  metal may be expected 
to be extremely important in determining the thermodynamic and 
kinetic stability of the oxidized complexes. 

In  the  present paper, the synthesis and characterization of 
complexes of the typefac- and mer-M(C0)3(q1-P-P)(g2-P-P) ( M  
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= Cr,  Mo, W, P-P = dpm, dpe) are reported, along with a detailed 
study of the oxidation of these complexes to examine the influence 
of the bidentate ligands with respect to the chelate ring size and 
to  the metal. During the course of this work, a report describing 
the electrochemical oxidation of mer-Cr(C0),(&dpm)(q2-dpm) 
appeared,13 as well as one describing some chemical reactions of 
related c0mp1exes.l~ However, these studies did not explore the 
consequences of varying either the ring size of the chelated ligand 
or the metal nor did they examine the redox properties of the 
different isomers, which is the purpose of this paper. 
Experimental Section 

Materials. Chromium, molybdenum, and tungsten hexacarbonyls 
(Climax Molybdenum Co.; Pressure Chemical Co.) were dried over P205 
and used without further purification. The ligands dpm and dpe (Strem 
Chemical Co.) were used without further purification. All solvents were 
either HPLC or AR grade and were dried over molecular sieves. 

Preparations. The M(CO)3(q1-dpm)(q2-dpm) complexes were pre- 
pared according to literature methods.16~" 
fac-Cr(C0),(q1-dpe)(q2-dpe). dpe (2.5 mmol) and (C7H8)Cr(CO), 

(C7Hs = cyclohepta-1,3,5-triene) (1 .O mmol) were refluxed in dichloro- 
methane (30 cm3) for 4 h under a nitrogen atmosphere. After filtration, 
n-hexane (30 cm,) was added and the solution chilled overnight at 0 OC 
to precipitate a pale yellow solid, which was recrystallized from di- 
chloromethaneln-hexane (yield: 0.47 g, 56.0%). Attempts to prepare 
mer-Cr(CO)3(q'-dpe)(q2-dpe) by thermal isomerization of the fuc isomer 
failed, but this complex was prepared by techniques based on electro- 
chemical studies as described later in the text. 
fac-M(CO),(q1-dpe)(q2-dpe) (M = Mol W). dpe (2.5 mmol) and 

(C7H8)M(C0), (M = Mo, W) (1.0 mmol) were dissolved in dichloro- 
methane (30 cm') at room temperature. The solution was stirred for 2 
h .  After filtration, n-hexane (30 cm3) was added and the solution chilled 
overnight at 0 OC to precipitate an off-white powder. This was recrys- 
tallized from dichloromethaneln-hexane (yield: M = Mo, 0.63 g, 70.0%; 
M = W, 0.62 g, 65.2%): mp M = Mo, 196-198 OC; mp M = W, 

Physical Measurements. Infrared spectra were recorded on a Jasco 
A-302 spectrometer and were calibrated against polystyrene (1601 cm-I). 
Phosphorus-3 1 proton-decoupled NMR spectra were recorded at 40.26 
MHz on a JEOL FX 100 spectrometer and referenced against external 
85% H3P04. The high-frequency positive convention is used. 

198-200 "C. 

( 1  5 )  Blagg, A.; Hutton, A. T.; Shaw, B. L.; Thornton-Pett, M. Inorg. Chim. 
Acta 1985, 100, L33. 
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Figure 1. Cyclic voltammograms at a platinum electrode for the oxida- 
tion of mer-Cr(CO),(q1-dpm)(q2-dpm) in CH2CI2 (0.1 M Bu4NC104) 
with a scan rate of 200 mV s-l: (a) at 20 OC over a restricted voltage 
range; (b) at 20 OC, including the second oxidation; (c) a t  -78 "C. 

Cyclic voltammograms were recorded in dichloromethane (0.1 M 
Bu4NC104) and acetone (0.1 M Et4NCI04) by using a Model 174 E.G. 
and G. PAR electrochemistry system. Concentrations of carbonyl a m -  
pounds for electrochemical studies were in the range 104-10-3 M. A 
three-electrode system was used with the working and auxiliary electrodes 
being platinum wire. The reference electrode was Ag/AgCl (CH2C12; 
saturated LiCI) and was separated from the test solution by a salt bridge 
containing 0.1 M Bu4NCI04 in CH2C12. Frequent calibration of this 
reference electrode was carried out against a standard ferrocene solution. 
For variable-temperature cyclic voltammetry the temperature was regu- 
lated by using a dry ice/acetone bath and monitored with a thermocou- 
ple. Controlled-potential electrolysis experiments were performed with 
a PAR Model 173 potentiostat/galvanostat using a platinum-gauze 
working electrode and a platinum auxiliary electrode separated from the 
bulk solution by a salt bridge containing a Vycor plug. The reference 
electrode was the same as used in the voltammetric experiments. All 
solutions were degassed with nitrogen before measurements were taken 
and were kept under a nitrogen atmosphere during the experiments. 

Results and Discussion 
Synthesis and Characterization of Complexes. The preparation 

of mer-Cr(CO)3(q'-dpm)(q2-dpm)'3 and thefuc and met isomers 
of M~(CO)~(q'-dpm)(q~-dpm)I~ have been previously reported, 
and 31P NMR studies show that these complexes contain one 
monodentate and one bidentate dpm ligand. Similarly, the 
preparations offuc- and mer-W(C0)3(q1-dpm)(q2-dpm) have been 
reported briefly, although without spectroscopic details." 
f~c-W(CO)~(q'-dpm)(q~-dpm) in C H Q 2  solution displays two 

strong bands in the carbonyl region of the infrared spectrum, 
consistent with the proposed facial structure, while the mer isomer 
shows two strong bands and one weaker band (Table I). The 
,'P NMR spectra also clearly distinguish between the isomers 
(Table 11) and are similar to those reported by Isaacs and Gra-  
hamI6 for the molybdenum analogues. The new complexesfuc- 
M(CO),(q'-dpe)(q2-dpe) and mer-Cr(CO),(q1-dpe)(q2-dpe) were 
characterized by their similar infrared and 31P NMR spectra. 

Electrochemical Studies. Electrochemical measurements for 
the M(CO)3(q1-P-P)(q2-P-P) complexes were made in dichloro- 
methane and acetone at  platinum electrodes, with 0.1 M tetra- 
butylammonium perchlorate and tetraethylammonium perchlorate 
as supporting electrolytes, respectively. The electrochemical 
behavior of each complex was similar in the two solvents, implying 

Table I. Infrared Data (cm-') for the Carbonyl Region in CH2C12 
Solution" 

fac-Mo(C0)3(qi-dpm)(q2-dpm) 1942 (s) 1845 (s, br) 
fac-W(CO),(qi-dpm)(q2-dpm) 1938 (s) 1838 (s, br) 
fac-Cr(CO),(qi-dpe)(q2-dpe) 1928 (s) 1835 (s, br) 
fac-Mo(CO):,(q1-dpe)(q2-dpe) 1938 (s) 1838 (s, br) 
fac-W(C0),(q1-dpe)(q2-dpe) 1938 (s) 1838 (s, br) 
mer-Cr(CO)3(q1-dpm)(q2-dpm) 1950 (w) 1850 (s) 1830 (sh) 
mer-M~(CO)~(q'-dpm)(q~-dpm) 1970 (w) 1865 (s) 1841 (sh) 
mer-W(CO),(q1-dpm)(q2-dpm) 1959 (w) 1855 (s) 1832 (sh) 
mer-Cr(C0),(q'-dpe)(q2-dpe) 1955 (w) 1850 ( s )  1830 (sh) 
mer-[Cr(CO)p(q1-dpe)(q2-dpe)]' 1965 (w) 1910 ( s )  1900 (sh) 

'Key: s, strong; sh, shoulder; br, broad; w, weak. 

Table 11. Phosphorus-31 NMR Data in Dichloromethane Solution at 
20 OC 

co co 
I I 

co 
mer 

f uc 

comvd P 8 J,P.P>. HZ 

fac- W (C0)3(q1-dpm) (q2-dpm) 

fac-Cr(CO),(q'-dpe)(q2-dpe) 

fac-Mo(CO),(qI-dpe)(q2-dpe) 

fac- W (CO),(q1 -dpe) (q2-dpe) 

mer-Cr (CO) ,(q' -dpm)(T2-dpm) 

mer-Cr(CO),(q1-dpe)(q2-dpe)* 

-22.7 (s) 
-13.3 (s) 

B 28.1 (m) J ( A . B )  = 34 
C 1.0 (d) J(,,c, = 27 
A -27.3 (d) 
B 10.6 (m) J(,-,) = 22 
C -22.3 (d) J(A.B)  = 34 

C 67.9 (d) J(B.0 = 32 
A -27.3 (d) 

B 43.5 (m) J(A.B) = 29 
A -13.3 (d) 
C 47.1 (d) J(B-c) = 24 

A -13.0 (d) 
C 34.2 (d) J(,.c) = 22 

A -13.3 (d) 

C 48.4 (d) J(B.c) = 17 
D 24.5 (d) J p D )  = 24 
A -26.8 (d) 
B 18.5 (t of d) J(A.B)  = 61 
D -12.5 (d of d) J(B.c) = 30 
C -25.3 (t) J(B.D) = 69 
A -26.6 (d) J ( ~ . D )  = 30 

B 26.2 (m) J(A.B) = 29 

B 8.2 (m) J ~ A ~ B )  = 30 

B 64.2 (m) J(A.B) = 39 

C 92.6 (br) J(A.B) = 23 
B 74.7 (br) J(B.D) = 35 
D 30.8 (d) 
A -13.3 (d) 

"Key: s, singlet; d, doublet; t, triplet; m, multiplet; br, broad. 
Resonances due to P, and P, are broad, probably due to fast electron 

exchange with a small amount of mer-[Cr(CO),('q-dpe)(q2-dpe)]+, 
which is almost inevitably present due to the method of preparation. 
As a result, fine structure on these peaks is not resolved and the as- 
signment of their identities may be reversed. 

that the solvent does not play a dominant role in either thermo- 
dynamic or kinetic aspects of the redox reactions, a t  least on the 
electrochemical time scale. The electrochemical results are 
summarized for chromium complexes in Table 111 and for mo- 
lybdenum and tungsteq complexes in Table IV. 

(i) mr-Cr( CO),( 1)'-dpm) ( q2-dpm). The cyclic voltammogram 
of mer-Cr(C0),(q1-dpm)(q2-dpm) at 20 'C exhibits a chemically 
reversible one-electron-redox couple (scan rate 50-500 mV s-l) 
a t  low positive potential vs. Ag/AgCl in both dichloromethane 
and acetone as reported by Shaw et a1.I3 (Table 111 grid Figure 
la). This redox couple is similar in electrochemical characteristics 
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Table 111. Electrochemical Data for Cr(CO),(q1-P-P)(q2-P-P) Systems for Approximately M Solutionso 
comud solvent Enorab V Enr",b V E'.bsc V T. 'C 

mer-Cr(C0),(q'-dpm)(q2-dpm) CH2CIz 0.15 0.02 0.09 20 

mer- [Cr(C0),(q1-dpm)(q2-dpm)]+ CH2CI2 1.27 20 

fuc-Cr(CO),(q'-dpe)(q2-dpe) CH2C12 0.43 20 

mer-Cr(CO),(q'-dpe) (q2-dpe) CH2CIz 0.22 0.13 0.18 20 

mer-[Cr(C0),(q'-dpe)(q2-dpe)]+ CH2CI2 1.24 20 

acetone 0.08 -0.00 0.04 20 

acetone 1 .oo 20 
[Cr(Co),(112-dPm)212+ CH2CI2 -0.16 -78 

CH2CI2 0.47 0.38 0.43 -7 8 
acetone 0.37 20 

acetone 0.18 0.10 0.14 20 

acetone 1.11 20 

'The El,2r ( N E " )  values for the ferrocenium/ferrocene couple are 0.50 (CH2CIz) and 0.42 V (acetone) vs. Ag/AgCl. bVs.  Ag/AgCl. CThe 
standard redox potential E" was calculated on the basis of theoretical studies using digital simulation of the quasi-reversible electrode process, 
assuming equal diffusion coefficients for oxidized and reduced species. In practice these values were the same as the mean of ET and 

Table IV. Electrochemical Data for the M(CO),(q1-P-P)(q2-P-P) 
Complexes (M = Mo, W) at 20 OC" 

Epol) E,'"? E"? 
comod solvent V V V 

mer-M~(CO),(q~-dpm)(~$dpm) CH2C12 0.42 
acetone 0.24 

fuc-Mo(CO),(q1-dpm)(q2-dpm) CH2C12 0.68 
acetone 0.52 

[Mo(Co),(s2-dpm)212+ CHzCl2 -0.35 
acetone -0.32 

fuc-W(CO),(ql-dpm)(q2-dpm) CH2C12 0.59 
acetone 0.50 

mer-W(CO),(q'-dpm)(q2-dpm) CH2CI2 0.34 
acetone 0.23 

[ W ( C O ) ~ ( T ~ - ~ P ~ ) ~ I ~ +  CH2C12 -0.43 
acetone -0.47 

fuc-Mo(CO),(q1-dpe)(q2-dpe) CH2CI2 0.61 
mer-M~(CO)~(q~-dpe)(q~-dpe) CH2C12 0.45 0.35 0.40 
mer- [ Mo(CO),(ql-dpe)(q2-dpe)]+ CH2C12 I .  10 
[ M O ( C O ) , ( S ~ - ~ P ) ~ I ~ ~  CH2CI2 -0.46 
fuc-W(CO),(ql-dpe)(q2-dpe) CH2CI2 0.58 
mer- W(C0),(q'-dpe)(q2-dpe) CHzC12 0.46 0.36 0.4 1 
mer-[W(CO),(q1-dpe)(q2-dpe)]+ CHIC], 1.16 

"Calibration against ferrocene as for Table 111. bVs .  Ag/AgCl. 

to the known one-electron chemically and electrochemically re- 
versible oxidation of ferrocene and may be assigned as a mer+/0 
redox couple:I3 

mer-Cr( C 0 ) J  7'-dpm) ($-dpm) s 
mer-[Cr(CO),(q1-dpm)(q2-dpm)]+ + e- (1) 

Such behavior is characteristic of the mer" tricarbonyl complexes 
previously s t ~ d i e d . ' , ~ J ~ J ~  The electrochemistry of this process 
remains chemically reversible a t  -78 OC and unchanged after 
repeated scans. 

At more positive potentials a second one-electron-oxidation 
process is observed close to the solvent limit (Figure lb). This 
process involves the oxidation of mer-[Cr(CO),(g1-dpm)(q2- 
dpm)]+ and the subsequent decomposition of the product at room 
temperature as shown in eq 2, (no carbonyl stretch for the final 

mer -CCr(CO )3 (r) -dpm)(r) -dpm)I 

[W(Co)3(?2-dPe)212+ CHZCIZ -0.60 

1 2 t  - 
1 2 2) 

mer-CCr(CO)s(r)-dpmNr) -dpm)l t e- 

C r ( 1 I )  t 2dpm t 3CO (2 )  

product). No additional reduction process was observed on the 
reverse scans of cyclic voltammograms a t  ambient temperature. 
However a t  -78 OC, while the second oxidation process remains 
irreversible, a new irreversible reduction wave appears on the 
reverse scan with a peak potential of -0.16 V (Figure IC), 
which does not appear when the potential is switched before the 

second oxidation is reached. This implies that the reduction 
process observed at  -0.16 V at -78 "C results from a species 
produced in the second oxidation step and that probably a Cr(I1) 
carbonyl species formed during this oxidation has some stability 
on the electrochemical time scale, although only at low temper- 
atures. (See later data on the molybdenum and tungsten com- 
plexes for identification of this product.) 

Controlled-potential oxidative electrolysis of mer-Cr(CO),- 
(ql-dpm)(q2-dpm) in acetone at  0.6 V vs. Ag/AgCl at 20 "C 
confirms that 1.0 f 0.1 electron is transferred during the first 
oxidation step. The reductive cyclic voltammogram of this oxidized 
solution exhibited a quasi-reversible one-electron reduction, where 
the positions of E,,"" and Ep"" were coincident with those observed 
for the oxidation of mer-Cr(C0),(q1-dpm)(q2-dpm) in acetone. 
Therefore the species formed on oxidation of mer-Cr(CO),(qI- 
dpm) ( q2-dpm) is mer- [ Cr(CO),(q'-dpm) ( q2-dpm)]+. The second 
irreversible oxidation wave at  1.00 V in acetone remains after 
controlled-potential oxidative electrolysis of mer-Cr(CO),(~l- 
dpm)(q2-dpm) at 0.60 V as required by the proposed mechanism, 
and this wave corresponds to eq 2. mer-[Cr(CO),(q'- 
dpm)(q2-dpm)]' in acetone can be quantitatively converted back 
to the starting material via reductive controlled-potential elec- 
trolysis a t  -0.6 V vs. Ag/AgCl as required for the proposed 
mechanism. 

The reversible behavior of the mer+Io redox couple indicates 
that the 17-electron mer' species is stable on the coulometric time 
scale (-30 min) in acetone and that chemical oxidation and 
isolation of the Cr(1) species is possible. In our work we can find 
no evidence for the disproportionation of the mer+ species on the 
electrochemical time scale as claimed by Shaw et al.I3 Fur- 
thermore, the reaction 
mer- [ Cr (CO) ( q  I-dpm) (q2-dpm)]+ - 

tran~-[Cr(CO),(q*-dpm)~]+ + C O  (3) 
discussed by these authors certainly does occur on the longer time 
scale, but it does not influence data on the electrochemical time 
scale. 

(ii) fa~-Cr(CO)~($-dpe)(q~-dp). The cyclic voltammogram 
for the new compound fac-Cr(CO),(ql-dpe)(q2-dpe) in di- 
chloromethane at 20 O C  is shown in Figure 2a. On the first scan 
an oxidation wave with a peak potential Ep"" of 0.43 V is observed, 
but no corresponding reduction peak appeared on the reverse scan 
(scan rate = 200 mV s-I). However a reduction wave is observed 
with an Edd value of 0.13 V, and on second and subsequent scans 
the other half of this quasi-reversible couple appears with E T  
at 0.22 V. The irreversible process occurring at  0.43 V may be 
assigned as: 

fuc-Cr(CO)s(v -dpe)(r) -dpc) - 1 2 

2 t  1 
fuc-CCr(CO)3(T-dpe)(r) -dpe)l + e- (4)  

products 
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Figure 2. Cyclic voltammograms at a platinum electrode for the Cr- 
(CO),(q'-dpe)(q*-dpe) system in CH2CI2 (0.1 M Bu4NCIO4) with a scan 
rate of 200 mV s-' [(-- -) first scans; (-) second scans]: (a) for a freshly 
prepared solution of fuc-Cr(C0),(q1-dpe)(v2-dpe) at 20 OC; (b) for a 
freshly prepared solution offac-Cr(CO),(q'-dpe)(q2-dpe) at -78 "C; (c) 
for a solution about 30 min after the initial cyclic voltammogram at 20 
OC. 

That is, fac-[Cr(CO),(q1-dpe)(q2-dpe)]+ is unstable on the 
electrochemical time scale a t  20 OC and decomposes to a new 
species, which shows a quasi-reversible couple a t  less positive 
potentials (E l l ;  Eo = 0.18 V). Previous results for d i c a r t ~ n y l ~ * ~  
and t r i ~ a r b o n y l ' * ~ ~ ~ ~ - ~ ~  systems suggest that isomerization of fac' 
to mer+ has occurred and that the new peaks are due to the 
redox couple. This interpretation is confirmed by the preparation, 
characterization, and electrochemistry of both mer-Cr(CO),- 
(q1-dpe)(q2-dpe) and mer- [ Cr(C0),(q1-dpe)(q2-dpe)]+ (see below). 

At -78 OC the cyclic voltammogram of fac-Cr(C0),(qi- 
dpe)(q2-dpe) (Figure 2b) provides direct evidence for the formation 
offac-[Cr(C0),(q1-dpe)(q2-dpe)]+. Fac+ is more stable on the 
electrochemical time scale a t  this temperature, existing for suf- 
ficient time to show some reduction tofaco on the reverse scan. 
At more positive potentials, a second irreversible oxidation wave 
is observed at 1.24 V. This wave appears at +20 and -78 O C  at 
the same potential; however, on the reverse scan no new reduction 
process is seen a t  either temperature, differing in temperature 
dependence from the behavior of the second oxidation wave ob- 
served for mer-Cr(CO),(q'-dpm)(q*-dpm). This wave will be 
discussed in more detail later. 

Controlled-potential electrolysis of fac-Cr(CO),(q'-dpe) ( q2-dpe) 
a t  0.6 V in acetone at  room temperature confirms that the first 
oxidation process involves a single electron transfer. The reductive 
cyclic voltammogram of the resulting Cr(1) species exhibits a 
quasi-reversible one-electron-reduction wave with the potentials 
E;* and E: coincident with those for the mer+I0 redox couple 
in acetone. A second irreversible oxidation wave at  (1.1 1 V in 
acetone) is again observed when scanning in the positive direction 
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from 0.6 V, corresponding to the oxidation of mer-[Cr(CO),- 

There was no evidence at  20 OC for any mero compound on 
the first oxidative scan of a freshly prepared solution offac-Cr- 
(CO),(q1-dpe)(q2-dpe) in dichloromethane. However, after several 
cyclic voltammograms had been performed on the same solution, 
a small oxidation peak corresponding to the oxidation of the me@ 
isomer to mer+ was observed on subsequent scans. After some 
time (-30 min) at  20 OC, cyclic voltammograms of the same 
solution revealed the presence of only a small amount of thefacO 
isomer, with the bulk of the complex then being in the form of 
the mero isomer (Figure 2c). Experiments repeated in acetone 
gave similar results. In contrast, 31P NMR monitoring over several 
hours of a freshly prepared solution of fuc-Cr(CO),(q'- 
dpe)(q2-dpe) in CH2C12 (with and without added supporting 
electrolyte Bu4NC104) gave no evidence for isomerization. 
Therefore, the isomerization after electrochemical oxidation, 
described above, depends on the presence of a small amount of 
oxidized species and must involve electron transfer catalysis. After 
oxidation of faco to fat', isomerization occurs to generate the mer+ 
species, which is the electronically and sterically preferred 17- 
electron species.I8 Under these conditions me# may be produced 
via the redox cross-reaction 

fac-Cr(C0) ,(qI-dpe) (q2-dpe) + 

(v'-dPe)(a2-dPe)l +. 

mer- [ Cr( CO),(qi-dpe) (q2-dpe)]+ 
fac- [ Cr (CO) ,( ql-dpe) ( q2-dpe)] + + 

mer-Cr(C0),(q1-dpe)(q2-dpe) (5) 

even though this reaction is not favored thermodynamically. The 
resulting fat' rapidly isomerizes to mer', thus repeating the cycle, 
until the final result is complete isomerization offaco to me@ via 
electron-transfer catalysis. 

(iii) mer -[Cr (CO) ,( ql-dpe) ( ~ ~ - d p e ) ] + / ~ .  The electrochemical 
studies described above indicate that mer-Cr(CO),(ql-dl;x?)(q2-dpe) 
and mer-[Cr(CO),(q1-dpe)(q2-dpe)]+ have some stability on both 
the electrochemical and synthetic time scales, and thus the dif- 
ficulties associated with the preparation of the mefl isomer by 
more usual methods (see Experimental Section) appear to be 
governed by kinetic factors, rather than any lack of stability of 
the compound. 

Controlled-potential electrolysis or chemical oxidation (NOPF6), 
offac-Cr(C0),(qi-dpe)(q2-dpe) in acetone led to the isolation of 
mer-[Cr(CO),(q1-dpe)(q2-dpe)]+; the complex is less stable in 
dichloromethane on the synthetic time scale. The paramagnetic 
cation was identified by infrared spectroscopy, and data are given 
in Table I .  A solution of mer-[Cr(CO),(q'-dpe)(q2-dpe)]+ in 
dichloromethane gave a reductive cyclic voltammogram that 
showed a quasi-reversible couple with E;* = 0.13 V and E F  = 
0.22 V (scan rate = 200 mV s-l) corresponding exactly with the 
peaks described earlier in the discussion of the electrochemistry 
associated withfac-Cr(CO),(q'-dpe) (q2-dpe), thus confirming 
that mer-[Cr(CO),(q1-dpe)(q2-dpe)]+ is formed by isomerization 
of the fac' species. 

Controlled-potential reduction of mer-[Cr(C0),(q'-dpe)(q2- 
dpe)]' in acetone at  -0.6 V gives mer-Cr(C0),(q1-dpe)(q2-dpe). 
This complex may also be conveniently generated by utilizing the 
catalytic scheme represented in eq 5 by addition of a very small 
amount of oxidant such as NOPF, tofac-Cr(C0),(q1-dpe)(q2-dpe) 
in dichloromethane. The reaction was monitored by infrared 
spectroscopy, and after a few minutes the complex was entirely 
in the mero form. An oxidative cyclic voltammogram of this 
solution gave the same quasi-reversible couple noted above, to- 
gether with a second irreversible oxidation at 1.24 V, previously 
noted in the oxidation offac-Cr(CO),(q1-dpe)(q2-dpe), which is 
due to further oxidation of mer-[Cr(CO),(q1-dpe)(q2-dpe)]+ in 
a manner analogous to eq 2. 

( iv)  mer -Mo(CO),( ql-dpm) (q2-dpm). The electrochemical 
behavior of mer-Mo(C0),(qI-dpm)(q2-dpm) is quite different from 

(18) Mingos, D. M. P. J .  Orgunomer. Chem. 1979, C29, 179. 
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Figure 3. Cyclic voltammogram at a platinum electrode for the oxidation 
of mer-M~(CO)~(ql-dpm)(q~-dpm) in acetone (0.1 M Et4NC104) at 20 
OC and with a scan rate of 200 mV s-l. 

that observed for all other group VI (group 627) meridional tri- 
carbonyl complexes previously ~ tudied . ' ,~J~- '~  In contrast to these 
complexes, which all display quasi-reversible one-electron couples 
that can be assigned to the mer+/0 couple, the cyclic voltammo- 
gram for mer-Mo(CO),(q'-dpm)(q2-dpm) in acetone (Table IV 
and Figure 3) exhibits an electrochemically irreversible oxidation 
(EpoX = 0.24 V) on the first positive scan (scan rate = 200 mV 
s-I) and an electrochemically irreversible reduction (E,"d = -0.32 
V) on the reverse scan. No second oxidation wave is observed 
at more positive potentials, unlike for the chromium dpm and dpe 
complexes discussed earlier. The electrochemical behavior of 
mer-Mo(CO),(q'-dpm)(q2-dpm) was unchanged at -78 O C  nor 
did it vary with respect to chemical reversibility over a wide range 
of scan rates. The oxidation process a t  0.24 V may be assigned 
to the oxidation of the mefl complex. The absence of a corre- 
sponding reduction wave at  a similar potential on the reverse scan 
indicates that the product of oxidation is also unstable on the 
electrochemical time scale, and rearranges or decomposes to a 
new species, which gives the irreversible reduction peak at  -0.32 
V. The product of this reduction is also unstable on the short time 
scale, since no corresponding oxidation is observed at a similar 
potential on the subsequent oxidation scan. Repeated scans show 
no new features nor is there any signficant depletion of the peak 
due to the oxidation of the mero complex. 

Oxidative controlled-potential electrolysis a t  0.8 V of mer- 
M~(CO)~(q ' -dpm)(q~-dpm)  in acetone demonstrates that two 
electrons are transferred during oxidation. Reductive cyclic 
voltammetry of the Mo(I1) species formed as a result of the 
oxidation shows an irreversible reduction at  -0.32 V on the first 
scan, due to the reduction of the Mo(I1) species, and an irreversible 
oxidation a t  0.24 V on the reverse scan. The product of the 
two-electron oxidation is not stable, and when the product is left 
standing, the peak height of the reduction process a t  -0.32 V 
decreases with time. The positions of these responses are exactly 
the same as those shown in Figure 3 and indicate that mer-Mo- 
(CO),(q1-dp,m)(q2-dpm) is the product of the reduction of the 
Mo(I1) species. This was confirmed by a reductive controlled- 
potential electrolysis of a solution of the Mo(I1) compound 
(generated electrochemically as above) at -0.5 V, which showed 
that two electrons were transferred in the reduction, and in ad- 
dition, an oxidative cyclic voltammogram of the reduced solution 
was identical in every respect to that of a solution of mer-Mo- 
(CO),(q1-dpm)(?2-dpm). Thus me~-Mo(CO)~(q'-dpm)(q*-dpm) 
and the Mo(I1) species giving the reduction response at -0.32 V 
are electrochemically interchangable although the oxidation and 
reduction do not constitute an electrochemically reversible couple 
within the usual meaning of the term. 

( v )  fac-Mo(CO)3(q1-dpm)(q2-dpm). The electrochemical be- 
havior offuc-Mo(CO),(q'-dpm)(q2-dpm) is also quite unlike that 
of other group VI facial tricarbonyl species examined previously. 
In contrast fuc-Cr(C0),(q1-dpe)(q2-dpe), described above, is a 
typical example. On the first scan, an oxidative cyclic voltam- 
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Figure 4. Cyclic voltammograms at a platinum electrode for the oxida- 
tion offa~-Mo(CO)~(q'-dpm)(q~-dpm) in acetone (0.1 M Et4NCI0,) at 
20 OC, and with a scan rate of 200 mV s-I: (a) first scan, (b) second scan, 
(c) fifth scan, (d) first (---) and subsequent (-) scans over a restricted 
potential range. 

mogram forfuc-Mo(C0)3(q1-dpm)(q2-dpm) in acetone at  20 OC 
(Table IV and Figure 4a) a t  a scan rate of 200 mV s-l exhibits 
an electrochemically irreversible oxidation wave at 0.52 V and 
an electrochemically irreversible reduction wave at  -0.32 V on 
the reverse scan. On second and subsequent scans (Figure 4, parts 
b and c) a second irreversible oxidation wave appears a t  0.24 V, 
which increases in height a t  the expense of the oxidation peak at  
0.52 V as the number of scans increases. However, if cyclic 
voltammograms are restricted to the potential range 0.1-0.8 V 
(Figure 4d), then repetitive scanning shows only the irreversible 
oxidation wave at 0.52 V and the second oxidation wave at 0.24 
V does not appear. This implies that the appearance of the wave 
at  0.24 V is a result of the reduction process a t  -0.32 V. 

The irreversible oxidation at  0.52 V may be assigned to the 
oxidation of thef~c-Mo(CO)~(~'-dpm)(q~-dpm) complex. Com- 
parison between Figures 3 and 4 shows that the oxidation at  0.24 
V and the reduction at  -0.32 V are the same as those discussed 
above for the mer-Mo(C0),(q1-dpm)(v2-dpm) system; that is, me? 
and the same Mo(I1) complex are formed after electrochemical 
oxidation and reduction cycles irrespective of the isomeric form 
of the starting material. Oxidative controlled-potential electrolysis 
of fuc-Mo(C0),(q1-dpm)(q2-dpm) at 0.8 V confirms that two 
electrons are transferred in the oxidation. A reductive cyclic 
voltammogram of the oxidized species exhibits the same responses 
as one produced by oxidation of mer-Mo(CO)!(v'-dpm)($-dpm). 

The Mo(I1) species generated by the oxidation of bothfuc- and 
mer-Mo(CO),(qL-dpm)(q2-dpm) has not yet been isolated and 
characterized as it is a reactive species. However, it must retain 
three carbonyl groups and both dpm ligands in order to produce 
the chemically reversible oxidation and reduction steps. Many 
seven-coordinate Mo(I1) and W(I1) carbonyl complexes are 
k n ~ w n , ' ~ - ~ ~  and we suggest that the 16-electron species [Mo- 
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Figure 5. Cyclic voltammograms at a platinum electrode for the oxida- 
tion offac-Mo(CO),(q'-dpe)(q*-dpe) in CH2C12 (0.1 M Bu,NCIO4) at 
20 O C  and with a scan rate of 200 mV s-': (a) over a restricted potential 
range with the direction switched just after the first oxidation [(- - -) first 
scan, (-) second scan]; (b) over a wider potential range including the 
second oxidation; (c) over a restricted potential range but with the po- 
tential held at 0.81 V vs. Ag/AgCI for -30 s. 

(C0),(q'-dpm)(q2-dpm)l2+ formed on oxidation of eitherfuc- or 
mer-Mo(CO),(q1-dpm)(q2-dpm) rearranges very rapidly to give 
the 1 8-electron, seven-coordinate [ M ~ ( C O ) ~ ( q ~ - d p m ) ~ ] ~ +  cation. 
This explains why the oxidation is not electrochemically reversible. 
On the reverse scan [ M ~ ( C O ) , ( q ~ - d p m ) ~ ] ~ +  is reduced at  -0.32 
V; reduction of an 18-electron carbonyl complex usually proceeds 
by two-electron transfer and loss of a ligand to give another 
18-electron complex with a reduction of one in the coordination 
number. In this particular case, a ligand is not completely lost, 
but one of the dpm ligands reverts to monodentate coordination, 
generating mer-Mo(C0),(q'-dpm)(q2-dpm). Further insight into 
the oxidation process generating the Mo(I1) species is gleaned 
from the corresponding dpe systems described below. 

It is assumed that the analogous [Cr(CO)3(q2-dpm)2]2+ is 
responsible for the reduction wave at -0.16 V at  -78 OC described 
in section i. However, in this case the seven-coordinate complex 
is observed only on short time scale experiments a t  low temper- 
ature, implying very limited stability. This is consistent with the 
generally much lower stability of seven-coordinate Cr(I1) com- 
plexes compared with their molybdenum and tungsten analogues. 

(vi) fac- and ~ner-W(CO)~(q'-dpm)(q~-dpm). The electro- 
chemical behavior of these complexes is very similar to that 
displayed by their molybdenum analogues. All data are given 
in Table IV. 

(vi i )  fac-Mo(C0),(q1-dpe)(q2-dpe). This system provides an 
interesting type of behavior intermediate between that normally 
expected for facial tricarbonyl complexes, as exemplified by 
fac-Cr(C0),(q'-dpe)(q2-dpe) described earlier, and the highly 
unusual behavior of fuc-Mo(C0),(ql-dpm)(q2-dpm) described 
above. 

Oxidative cyclic voltammograms for fuc-Mo(CO),(q'- 
dpe)(q2-dpe) in dichloromethane up to a potential of 1 .O V vs. 

(19) Colton, R. Coord. Chem. Rev. 1971, 6, 269. 
(20) Colton, R.; Tomkins, I. B. Aust. J .  Chem. 1966, 19, 1143. 
(21) Colton, R.; Tomkins, I. B. Aust. J .  Chem. 1966, 19, 1519. 
(22) Anker, M. W.; Colton, R.; Tomkins, I. B. Ausr. J .  Chem. 1967, 20,9. 
(23) Bowden, J. A.; Colton, R. Aust. J .  Chem. 1968, 21, 2657. 
(24) Anker. M. W.: Colton, R.; Tomkins, I. B. Ausr. J .  Chem. 1968, 21, 

1159. 
(25) Anker, M. W.; Colton, R.; Tomkins, I. B. Aust. J .  Chem. 1968, 21, 

1143. 
(26) Hanckel, J. M.; Darensbourg, M. Y. J. Am. Chem. Soc. 1983, 105, 

6979. 
(27) The periodic group notation in parentheses is in accord with recent 

actions by IUPAC and ACS nomenclature committees. A and B no- 
tation is eliminated because of wide confusion. Groups IA and IIA 
become groups 1 and 2. The d-transition elements comprise groups 3 
through 12, and the p-block elements comprise groups 13 through 18. 
(Note that the former Roman number designation is preserved in the 
last digit of the new numbering: e.g., 111 - 3 and 13.) 
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Ag/AgCl show typical facial isomer behavior; on the first scan 
(scan rate = 200 mV s-l) there is an electrochemically irreversible 
oxidation (E? = 0.61 V) and on the reverse scan a reduction is 
observed at  0.35 V. On the second and subsequent scans an 
oxidation at 0.45 V is also observed in addition to the original 
process at 0.61 V (Table IV and Figure Sa). The electrochemical 
response is similar a t  -78 O C .  The interpretation of this data is 
similar to that for other fac tricarbonyl systems, that is, fuc- 
[M~(CO)~(q'-dpe)(q~-dpe)]+, initially formed on oxidation, is 
unstable a t  both room temperature and at  -78 O C  and it rapidly 
isomerizes to mer-[Mo(C0),(q1-dpe)(q2-dpe)]+, which may be 
reversibly reduced to mer-Mo(C0),(q'-dpe)(q2-dpe). 

If the potential range for the oxidative cyclic voltammogram 
for fac-Mo(CO),(q1-dpe)(q2-dpe) is increased, a second electro- 
chemically irreversible oxidation is observed at  1.10 V (Figure 
5b), and on the reverse scan a new electrochemically irreversible 
reduction appears at -0.46 V, in addition to the features described 
earlier. These additional peaks are similar to those observed in 
the Mo(CO),(dpm), system, and the interpretation is similar; that 
is, a two-electron oxidation of fuc- or mer-Mo(CO),($- 
dpe)(q2-dpe) gives [Mo(CO),(q2-dpe),l2+, which in tum is reduced 
to mer-Mo(C0),(q'-dpe)(q2-dpe) at  -0.46 V. An important 
difference between the dpm and dpe systems however is that, for 
dpe, Mo(1) is seen as a relatively stable intermediate, and this 
provides some further information on the redox process that 
generates Mo(I1). If, after the first oxidation wave at  0.61 V, 
the potential is held at  0.8 V for e15-30 s and then reversed 
without proceeding to 1.10 V, the reverse scan then exhibits a weak 
reduction process a t  -0.46 V (Figure 5c). This wave at  -0.46 V 
corresponds to the reduction of the [M~(CO), (q~-dpe)~]~+,  as seen 
previously. Thus, [Mo(C0),(q2-dpe)J2+ may be generated by 
direct oxidation of mer-[Mo(CO),(q'-dpe)(q*-dpe)]+ at  1.10 V 
or formed from this compound with time at a lower potential. This 
implies that some type of disproportionation mechanism is involved 
with the latter pathway, as seen in earlier studies of group VI metal 
carbonyl systemd 
2mer- [ Mo(CO),(q1-dpe)(q2-dpe)]+ - 

mer-Mo( CO),( 7'-dpe)( q2-dpe) + 
mer- [ Mo( CO) ,( q I-dpe) (q2-dpe)] 2+ 

mer- [ M~(CO),(ql-dpe)(q~-dpe)]~+ - [ M ~ ( C O ) , ( q ~ - d p e ) ~ ] ~ +  
(6) 

Alternatively 

fac-Mo(CO)s(:-dpe)(q 2 -dpe) - hc-LMo(CO) , (g-dpi ) (~dp~)~  1 t e- 

or 

2 
IMo(COb(q - d p d p ?  (7) 

(viii) fac -W(CO),(ql-dpe) ( q2-dpe). The electrode processes 
for fuc-W(CO),(q'-dpe)(q2-dpe) are similar to those described 
for the molybdenum analogue, and the electrochemical data are 
presented in Table IV. 

General Discussion. The electrochemical behavior of the 
M(CO),(P-P), complexes involves several processes and the 
identity of the metal and of the ditertiary phosphine affects the 
observed electrochemistry. 
fac-M(CO),(q1-dpe)(q2-dpe) and ~~~-C~(CO),(~'-P-P)(T&P-P) 

complexes exhibit one-electron-redox reactions characteristic of 
fac and mer tricarbonyl complexes studied previo~sly. '-~*' 'J~ 
Oxidation of the mer+ species formed from each complex leads 
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to the formation of a divalent species that displays far less stability 
for chromium complexes than for those of molybdenum and 
tungsten. 

There are two pathways which generate Mo(I1) and W(I1) dpe 
complexes-direct oxidation of mer- [ M( CO) 3( ql-dpe) ( q2-dpe)] + 

or the disproportionation of this complex. Thefac- and mer-M- 
(C0),(q1-dpm)(q2-dpm) (M = Mo, W) complexes display rather 
different behavior with no evidence seen for a M(I) intermediate. 
However, the first oxidation for dpe and dpm complexes occurs 
at similar potentials (and very different from the second oxidation 
for the dpe compounds), which strongly suggests that the initial 
product of oxidation is [M(CO),(q1-dpm)(q2-dpm)]+, which then 
very rapidly disproportionates to M(0) and M(I1) by the process 
described in eq 5 ,  which would result in an apparent two-elec- 
tron-oxidation process on the coulometric time scale. It would 
be expected that formation of the seven-coordinate [M(CO),- 
(q2-P-P)2]2+ from [M(C0),(q1-P-P)(v2-P-P)]+ would be more 
efficient with dpm than with dpe because the pendant phosphorus 
would be close to the metal because of the geometry of the ligand. 
In the case of the much more flexible dpe ligand it is probable 
that significant molecular rearrangement would be necessary 
before the second dpe ligand chelates to the metal. Since the 
disproportionation of mer- [ M( CO),( 11I-P-P) (q2-P-P)]+ simply 
involves electron transfer between similar molecules, which is 
known to be extremely fast for similar it is likely 
that coordination of the free phosphorus is the rate-determining 
step in the overall disproportionation reaction and thus dpm 
complexes would be expected to disproportionate faster than the 
dpe complexes. Hence the apparent electrochemical differences 
between dpm and dpe complexes of molybdenum and tungsten 
are due to differences in the stability of M(I) complexes toward 
disproportionation. 

The greater differences between chromium and the other two 
metals lies in the fact that seven-coordinate Cr(I1) compounds 
are not readily formed, and this removes the driving force for the 
disproportionation reaction to proceed, thus giving rise to stable 
Cr(1) complexes. Although the seven-coordinate [Cr(CO),- 
( ~ ~ - d p m ) ~ ] ~ +  cation is very unstable, being only observed at  low 
temperature on the voltammetric time scale, it is presumably more 
stable than its 16-electron precursor [Cr(C0),(q1-dpm)(q2- 
dpm)I2+. No evidence could be found for the corresponding 
seven-coordinate dpe cation. Presumably, the slower rate of 
chelation of the second ligand for dpe, discussed above, allows 
complete decomposition of [Cr(C0),(q1-dpe)(q2-dpe)l2+, in a 
manner analogous to that shown in eq 2, before the second dpe 
ligand can chelate. 
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Reactions of (i-Pr,N),PH with the tetrahydrofuran complexes (THF)M(CO), ( n  = 4, M = Fe; n = 5, M = Cr, Mo, W) and 
(THF)Mn(CO),Cp give the corresponding (i-Pr,N),PHM(CO), and (i-Pr,N),PHMn(CO),Cp complexes as air-stable sublimable 
hydrocarbon-soluble solids. A similar reaction of (i-Pr,N),PH withfuc-(EtCN),W(CO), results in ligand redistribution to give 
cis-[(i-Pr,N),PH],W(CO),. In general these (i-Pr2N),PH complexes react rapidly with the hydrogen halides HX (X = C1, Br) 
to cleave selectively in good yield one of the two diisopropylamino groups to give the corresponding i-Pr2NP(H)X complexes; the 
exception to this reactivity pattern is the reaction of (i-Pr,N),PHMn(CO),Cp with HBr, which proceeds all the way to Br2P- 
(H)Mn(CO),Cp. Methanolyses of Br,P(H)Mn(CO),Cp and (i-Pr2N)2PHMn(C0)2Cp give (MeO),PHMn(CO),Cp and i- 
Pr,NP(H)(OMe)Mn(CO),Cp, respectively; treatment of the latter complex with HCI gives MeOP(H)CIMn(CO),Cp. Dehy- 
drochlorination of i-Pr2NP(H)C1Fe(CO)4 with excess triethylamine gives a low yield of the phosphorus-bridging carbonyl derivative 
(i-Pr2NP)2COFe2(CO)6, previously obtained from the reaction of Na2Fe(C0)4 with i-Pr2NPC12. The infrared u(C0) spectra and 
the proton, phosphorus-31, and carbon-13 NMR spectra of the new complexes are described. 

Introduction 
Bis(diisopropylamino)phosphine, (i-Pr2N)2PH, has recently 

become readily available2 through the LiAlH4 reduction of (i- 
Pr,N),PCI. Metal carbonyl complexes of (i-Pr2N)2PH are of 
interest because they contain potentially reactive phosphorus- 

(a) Portions of this work were presented at the 12th International 
Conference on Organometallic Chemistry, Vienna, Austria, Sept 1985, 
and the 190th National Meeting of the American Chemical Society, 
Chicago, IL, Sept 1985. (b) For a preliminary communication on this 
work see: King, R. B.; Fu, W.-K. J.  Orgummet. Chem. 1984,272, C33. 
King, R. B.; Sundaram, P. M. J .  Org. Chem. 1984, 49, 1784. 
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hydrogen and phosphorus-nitrogen bonds. This paper describes 
a number of mononuclear (i-Pr2N),PH metal carbonyl complexes 
as well as the cleavage of one or, in one case, both phosphorus- 
nitrogen bonds in such complexes with hydrogen halides to give 
the corresponding metal carbonyl complexes of the ligands i- 
Pr2NP(H)X (X = C1, Br) and Br2PH. Subsequent papers of this 
series discuss the formation of (i-Pr,N),P and i-Pr2NP metal 
carbonyl derivatives from (i-Pr2N)2PH and the binuclear metal 
carbonyls Mn2(CO)lo and C O ~ ( C O ) ~  as well as the nucleophilic 
substitution of the reactive halogen atoms in i-Pr,NP(H)X metal 
carbonyl complexes with the reactive transition-metal nucleophile 
C,H5Fe(C0)2- to give novel heterobimetallic derivatives. 
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