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React ion of B is-p-d iet hyl phosphido- bis( tetracarbonylmetal ) (M-M) 
(M = Cr or W) with Tri-n-butylphosphine : Kinetics and Mechanism 
of a Reaction involving Seven-co-ordinate Complexes * 

Marino Basato 
Centro di Studio sulla Stabilita' e Reattivita' dei Composti di Coordinazione, C.N. R., Jstituto di 
Chimica Analitica, University of Padova, via Marzolo I ,  35100 Padova, italy 

The complexes [(OC),M(p-PEt,),M(CO),] (M  = Cr or W) undergo a two-step CO-PBu3 exchange, 

in decalin, giving [ ( Bu3P) (OC)3M (P-PE~,)~M (CO),] and [( Bu3P) (OC),M(p-PEt,),M(CO),( PBu3)]. 
All the substitutions for the forward and reverse reactions occur by a dissociative mechanism involving 

the reactive intermediate [L(OC),M(p-PEt,),M(CO),] (L = CO or PBu3). Values of the competition 
ratio k(CO)/k(PBu3) (up to 1 0 5 )  indicate that bimolecular attack of CO on this intermediate is largely 
favoured compared with that of PBu3. This unexpected sensitivity of the co-ordinatively unsaturated metal 
centre towards the nature of the incoming ligand is higher for chromium than for tungsten derivatives and 
increases from the first to the second substitution. Activation parameters corresponding to the rate 
constants and competition ratios, together with equilibrium data, for these reactions are reported. 

- I--- 

Polynuclear complexes of transition metals, having two or 
more adjacent metal sites, might be useful model compounds 
for heterogeneous metallic catalysts.' Despite some contro- 
versy regarding the validity of this approach,* it seems useful 
to investigate the general properties of this class of com- 
pounds, which may combine the high reactivity and stability 
of the heterogeneous catalysts with the better selectivity of the 
homogeneous ones. Particularly interesting in this regard are 
clusters which retain their metal skeleton in solution, so 
enabling, in principle, novel modes of substrate-complex 
interaction and new reaction paths through adjacent 
From this point of view, mechanistic studies of 'simple' 
reactions of bridged binuclear metal carbonyls with phosphines 
could offer basic information on the general properties of 
polynuclear metal cornp!exes and their reactive intermediates. 

I report here, as an extension of a previous investigation on 
the molybdenum derivative: a study of the thermal reaction 
of bis-pdiethylphosphido-bis(tetracarbonylmeta1) (M-M)  
compounds (M = Cr or W) with tri-n-butylphosphine. Both 
complexes have a solid-state structure which is characterized 
by a planar M-P-M-P ring. Each metal atom is at the 
centre of a seven-co-ordinate structure, which can be seen as 
resulting from distortion of a C~S-M(CO)~P~ unit to allow 
metal-metal bond formation. A value of 3.05 8, has been 
reported for the W-W bond distance,l0 and a value of 2.91 8, 
for the Cr-Cr bond distance can be safely inferred from liter- 
ature data for the corresponding dimethyl- (2.905 8,) l1 and 
diphenyl-phosphido- (2.93 8,) l2 chromium complexes. 

The reaction of these complexes with PBu3 gives, as with 
Mo,9 mono- and bis-substituted products and this paper 
reports a detailed kinetic and mechanistic study of reactions 
(i) and (ii) (M = Cr or W) in decalin (decahydronaphthalene) 
as solvent. 

[(BU~P)(~C)~M(~-PE~~)~M(CO),(PBU,)] + CO (ii) 

NOR-S.I. unit employed: atm = 101 325 Pa. 

Experimental 

The complex [(OC)4Cr(p-PEt2)2Cr(CO)4], (I), was prepared 
following Hayter's method for the dimethylphosphido- 
analogue.', The i.r. spectrum in decalin showed peaks at 
2 010s and 1 951vs, br cm-' (cf. in chloroform: 2 003s and 

1 942vs, br cm-').14 [(BU~P)(OC),C~(~-PE~,),C~(CO)~], (2), 
was prepared by reaction of (1) (0.24 g, 0.47 mmol) with PBu, 
(0.8 1 g, 4.0 mmol) in carefully deoxygenated methylcyclohex- 
ane (9 cm3) under argon. The solution was refluxed for 3 d, 
after which it was chromatographed on an alumina column 
with n-hexane as eluant. The main red eluate gave, by solvent 
removal under reduced pressure, deep red crystals which were 
recrystallized from ethanol, yield 2 40% (Found: C, 47.1 ; H, 
7.0. Calc. for C27H47Cr207P3: C, 47.6; H, 7.0%). 1.r. spectrum in 
decalin: 2 024m, 1 970m, 1 928vs, 1 899m, and 1 871w cm-'. 

[(BU~P)(OC),C~(~-PE~,)~C~(CO)~(PBU~)], (3), was prepared 
in solution. Typically, 4.1 mg of complex (2) were dissolved 
in decalin (25 cm3) containing various quantities of PBu, 
(0.15--0.50 mol dm-7 and argon bubbled for 8 h at 80 "C. 
1.r. spectrum in decalin: 1947m, 1 891s, and 1 878(sh) cm-'; 
cf. spectra in decalin for the corresponding molybdenum 
(1 965w and 1901s cm-') and tungsten (see below) deriv- 
atives. 

The complex [(OC)4W(p-PEt2)2W(C0)4], (1 '), was pre- 
pared following Hayter's method for the dimethylphosphido- 
analogue." The red oil obtained as a crude product was 
purified by chromatography on an alumina column with n- 
hexane as eluant. 1.r. spectrum in decalin: 2025s, 1967m, 
and 1 951vs cm-' (cf. in chloroform: 2 024s and 1 946vs, 

br crn-').l4 The complex [(Bu,P)(OC),W(~-PE~~)~W(CO)~], 
(2'), was prepared by reaction of (1') (0.30 g, 0.39 mmol) 
with PBu, (0.16 g, 0.79 mmol) in methylcyclohexane (15 
cm3) at 90 "C, under a 25% CO-Ar mixture. After 10 h, 
solvent was removed under reduced pressure and the re- 
sulting orange solid chromatographed on an alumina column 
with n-hexane as eluant. The second orange eluate, upon 
solvent removal, gave a red oil, from which red crystals 
were obtained by treatment with ethanol and subsequent re- 
crystallization of the crude solid from chloroform-ethanol, 
yield 3 30% (Found: C, 35.0; H, 5.0. Calc. for C27H&7' 
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Table 1. Rate and equilibrium data for the reaction [(OC)4Cr(p-PEt2)zCr(CO)4] + PBu, === [(B~,P)(OC),C;(CI-PE~,),C;(CO),I + CO in 
decalin.' [Complex] = (1.5-8.0) x lo-' mol dmV3 

0, 
"C 
70.0 

80.0 

90.0 

- 

100.0 

110.0 

120.0 

130.0 

1 ~ [ P B u ~ )  
mol dmm3 
1040 
540 

1 030 
536 

272 
462 
532 
63 1 

1 022 

272 
458 
458 
626 
t0.38 
t0.40 
t0.38 
101, 
270 
454 
620 
t0.38 
t0.38 
t0.15 
t0.38 

99.6 

98.7 

YCOb 

0.00 
0.00 
0.00 
0.00 
0.25 1 
0.25 1 
0.25 1 
0.00 = 
0.251 
0.00 
0.25 1 
0.25 1 
0.25 1 
1 .00 
0.25 1 
0.25 1 
1 .00 
1.00 +? 

0.251 
0.25 1 
0.251 
0.25 1 
1 .00 
1.00 +? 

1 .00 
1.00 +? 

loj[CO] 
mol dm-3 

0.00 
0.00 
0.00 
0.00 
1.47 
1.47 
1.47 
0.00 = 
1.47 
0.00 
1.42 
1.42 
1.42 
5.7 
1.42 
1.37 
5.5 
7.7 
1.37 
1.37 
1.37 
1.37 
5.2 
7.4 
4.9 
7.0 

W k f  + k,)  
S-' 

3.00 
7.85 
10.2 

17.9 

11.2 
28.2 
42.0 
11.7 
45.2 

433 

30.0 
56.8 
68 .O 
103 

[(2)1, 
iol, 

2.42 
5.51 
13.0 

15.6 

2.16 
4.45 

2.37 
10.1 

15.6 

2.32 
6.18 
13.9 
19.9 

105k' 

38.5 
37.2 
136 
126 
2.12 
6.64 
9.47 

43 3 

455 
16.8 

7.66 
23.0 
38.2 

42.5 
8.23 

21 .o 
48.9 
63.4 
98.1 

1 O'k, 
S-' 

0.88 
1.21 
0.73 

1.08 

3.54 
5.17 
3.78 
3.47 
2.72 
5.94 
5.11 
5.25 
9.04 
7.91 
4.56 
4.92 
11.8 
12.5 
28.9 
30.4 

m - 
Starting from [(OC)4Cr(p-PEt,)zCr(C0)4], ( I ) ,  or from [(BU,P)(OC),C~(~-PE~,),C~(CO)~], (2); values of 10' K are 3.59 (90.0), 3.01 (100.0) 

and 3.72 (1 10.0 "C) (AH* = 2 kJ mol-I, AS* = -24 J K-' mol-I). Mole fraction of carbon monoxide in the CO-Ar mixture. Total pressure 
including solvent vapour pressure, 1.1 atm. Bubbling argon. * Starting from complex (2); all other runs started from (1). Total pressure 
1.5 atm. 

P3W2: C, 34.3; H, 5.0%). 1.r. spectrum in decalin: 2 035m, 
1 984m, 1 937m (sh), 1 927~s. 1 913m (sh), and 1 869w cm-'. 

The complex [(BU~P)(OC)~W(~-PE~~),W(CO)~(PBU,)], (3'), 
was prepared by reaction of (1') (90 mg, 0.12 mmol) with 
PBu3 (0.10 g, 0.49 mmol) in methylcyclohexane (5  cm3) at 
90°C under an argon stream. After 10 h, the solvent was 
removed under reduced pressure and the resulting oil treated 
with ethanol. The orange crystals so obtained were filtered 
off, washed with methanol, and recrystallized from hexane- 
methanol, yield 2 30% (Found: C, 41.0; H, 6.7. Calc. for 
C38H7406P4W2: C, 40.8, H, 6.7%). 1.r. in decalin: 1 961m and 
1 891s cm-l. 

Tri-n-butylphosphine (EGA-Chemie) was distilled under 
reduced pressure and kept under argon. Decalin (Baker 
Analysed Reagent) was stored over molecular sieves. Argon 
and carbon monoxide were high-purity SIO products. 
Certified CO-Ar mixtures were provided by SIAD, relative 
errors in their analysed contents always being less than 
0.5%. 

I I  

Procedure.-Solutions were prepared and deoxygenated 
and concentrations of carbon monoxide determined as pre- 
viously described.15 Kinetic runs were carried out in alumin- 
ium foil-wrapped reaction tubes, from which at suitable times 
aliquot portions of the solutions were taken out through a 
capillary system and analysed by i.r. spectroscopy with a 
Perkin-Elmer 452 spectrophotometer. 

Results 

Reaction of [(OC)4Cr(p-PEt,)2Cr(CO)4], ( l ) ,  with PBu3.- 
The reaction proceeds in two clearly distinct stages, the first 
being characterized by growth of the i.r. bands of [(Bu3P)- 

(OC)3Cr(p-PEt2)ZCr(CO)4], (2), and the second by decay of 
these bands and growth of those characteristic of [(Bu3P)- 

The forward reaction of the first stage gave under bubbling 
argon quantitative formation of complex (2), whereas under 
CO an equilibrium mixture of (1) and (2) was obtained. The 
reaction was monitored by following the decreasing intensity 
of the band of (1) at 2010 cm-'. Under pseudo-first-order 
conditions plots of log (A ,  - A,) against time were linear 
over three half-lives. The observed rate constants, kobs., then 
represent under Ar the observed rate of the forward reaction 
kf(&), and under CO, where A, = A,, the sum of the observed 
rate constants of the forward and reverse reactions, kf(CO) + 
kr.I6 In the latter case the two terms were separated by intro- 
ducing the spectrophotometrically determined concentration 
ratio, at equilibrium, of complexes (1) and (2). The forward 
reaction of the first stage follows the rate equations kf(Ar) = a, 
under Ar, and kf(CO)  = b[PBu3]/[CO], under CO. 

The observed rate of the reverse reaction was almost 
constant for all investigated CO and PBu3 concentrations, 
according to the rate equation k, = c. This constancy was 
also confirmed by studying the quantitative conversion of 

7 - 7  

- 
1 7  

(oC)3Cr(cl-PEtZ)ZCr(CO),(PBu3)1, (3). 
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Table 2. Rate and equilibrium data for the reaction [(Bu~P)(OC)~- 
1 1  r r P - 7  

C~(J-L-PE~,)~C~(CO)~] + PBu3 [(Bu3P)(0C),Cr(~-PEt2),Cr- 
(CO),(PBu3)] + CO in decalin." [Complex] = (1.0-3.0) x 
rnol dm-' 

I OJ[CO] 1 05kf i05k, - -- 0, lO'[PBuj] - 
"C rnol dm-j ycob rnol dm-3 S-' 

60.0 477 
910 

70.0 474 
904 

80.0 474 
100.0 147 

466 
752 

1540 
110.0 146 

46 1 
120.0 144 

38 1 

0.00 
0.00 
0.00 
0.00 
0.00 
1 .oo 
1 .00 
0.048 
0.048 
1 .00 
1 .OO 
1 .00 
1 .00 

0.00' 7 d  
0.00' 6 d  
0.00" 17* 
0.00' 1 8 d  
0.00' 5 5 d  
5.7 
5.7 
0.27 9.80 
0.27 16.5 
5.5 
5.5 
5.2 
5.2 

7.70 
6.25 

13.8 
11.1 9 

22.2 = 
18.0 
58.0 
77.0 

1 - 1  
" Starting from [(Bu~P)(OC),C~(~-PE~,),C~(CO)~], (2), or from 

[(BU~P)(OC)~C~(~-PE~~),C~(CO)~(PB~~)], (3). Mole fraction of 
carbon monoxide in the CO-Ar mixture. Total pressure, including 
solvent vapour pressure, 1.1 atm. ' Bubbling argon. Approximate 
value (see text). Starting from complex (3); all other runs started 
from (2). 105(kf + k,) = 23.6 s-l, [(3)],/[(2)Ie = 0.71, and lo4 K = 
2.55. 105(kf + k,) = 27.6 s-', [(3)],/[(2)], = 1.48, and lo4 K = 
2.59. 

I --1 

complex (2) into (1) in the absence of added PBu,, at various 
CO pressures. Consistent values were in fact obtained for the 
pseudo-first-order rate constants determined by following the 
disappearance of the peak at 1 928 cm-' due to (2). 

The small equilibrium constant for the second CO sub- 
stitution by PBu3 prevented a very detailed kinetic study of 
this stage. The forward reaction gave under bubbling Ar 
quantitative formation of the bis-substituted complex (3). 
Plots of log (A ,  - A,) [ A  = absorbance of the peak at 1 928 
cm-' due to (2)] versus time are curved, the reaction becoming 
faster with time. This effect is much more pronounced at 
80 "C as a consequence of the more difficult CO removal due to 
a higher rate of CO release from (2). In all cases the slopes 
towards the end of the reaction (lower complex concentration 
and lower rate of CO release) were considered to determine an 
approximate value of kobs. at [CO] ca. 0. The values so obtained 
are independent of phosphine concentration giving the rate 
law kf(Ar) = d. At 100 "C only the reaction was studied also 
under a 4.8% CO-Ar mixture and high PBu, concentrations 
(0.752 and 1.54 mol dm-3). An equilibrium mixture of com- 
plexes (2) and (3) was obtained in these cases. The reaction 
was followed by monitoring the i.r. peak of (2) at 1 928 cm-' 
and kinetic data were obtained as described above for the 
forward reaction of the first stage. The observed rate of the 
forward reaction of this second stage is consistent with the 
rate equation kf = e[PBu3]/[CO], whereas for the reverse re- 
action it is of the type kr = f. The last rate equation has been 
confirmed by studying the reaction of complex (3) with 1 atm 
CO in the presence of added phosphine (0.144-4.466 mol 
dm-3). Complex (3) completely disappeared forming (2), 
which in turn reacted further to give an equilibrium mixture 
of (2) and (1). The kobs. values obtained from the decrease in 
absorbance with time of the peak of (3) at 1891 cm-I are 
higher (ca. 80%) than those obtained under equilibrium 
conditions, indicating that some side-reactions are occurring 
under these 'drastic conditions'. These data are nevertheless 
accurate enough for the present purposes. 

All rate data, together with the equilibrium constants. for 
the first and second stages are collated in Tables 1 and 2, 
respectively. 

Reaction of [(OC)4W(p-PEt2)2W(C0)4], (1 '), with PBu3.- 
The reaction proceeds, as for the chromium analogue, in two 
clearly distinct stages with successive formation of the mono- 
and bis-phosphine-substituted complexes (2') and (3'). 

The forward reaction of the first stage gave both under Ar 
and under 1 atm carbon monoxide (for [PBu3] 
mol dm-3) quantitative formation of complex (27, whereas 
smaller [PBu3]/[CO] ratios produced an equilibrium mixture 
of (1') and (2'). Kinetic data were obtained with the procedure 
described above, by following the decreasing intensity of the 
peak at 2 025 cm-' due to (1'). A good linearity of the logarith- 
mic plots against time was obtained in all cases. The pseudo- 
first-order rate constants of the first stage obey the rate equ- 
ations kf = fl{ 1 + (g[CO]"/[PBu3])} for the forward reaction, 
and kr = h for the reverse. Consistent results were obtained 
both starting from complex (1') or (2'). In the last case the 
decreasing intensity of the peak at 1 927 cm-' was monitored. 
In a few cases not very rigorous pseudo-first-order conditions 
were used, the phosphine concentration varying during the 
run by less than ca. 7%. The initial slopes of the logarithmic 
plots were used in these cases for the determination of kobs. 
values. 

A very similar behaviour was observed for the second stage, 
the main difference being associated with a smaller equilibrium 
constant for the carbon monoxide substitution. Bubbling 
argon and 4.8% CO-Ar mixtures were used to study the 
forward reaction. The reaction was followed by monitoring 
the absorbance of the peak at 1984 and/or 1927 cm-I of 
complex (2') and kinetic data obtained as above for the cases 
where the reaction reaches an equilibrium or goes to com- 
pletion. The reverse reaction was better studied under 1.1- 
1.5 atm CO in the absence of added phosphine, by following 
the peak at 1 891 cm-' due to complex (3'). Complex (3') com- 
pletely disappeared forming (27, which in turn reacted further 
to give (1'). The kinetic data so obtained are consistent with 
those resulting from the study of the forward reaction. The 
rate equations are kf = i/{l + (I[CO]"/[PBu3])} and k, = rn 
for the forward and reverse reactions, respectively. 

All kinetic and equilibrium data for the first and second 
stages are collated in Tables 3 and 4, respectively. 

ca. 5 x 

Discussion 
The observed kinetic behaviour is strictly similar to that found 
in the case of the molybdenum analogue; all substitutions 
occur through a dissociative mechanism according to reac- 
tions (iii) and (iv) (M = Cr or W ;  L = CO for the first stage 
and PBu3 for the second). By applying the steady-state treat- 

ment to the reactive intermediate [L(OC),M(p-PEt,),M- 
(CO),], rate equation (v) is obtained, where the two terms 

7 - 1  

[L(OC)3M(p-PEt2)2M(CO),] + CO (iii) 
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I------- I I--- 1 
Table 3. Rate and equilibrium data for the reac!ion [(OC)4W(p-PEtz)zW(CO)4] + PBu3 + [(BU,P)(OC),W(~-PE~~)~W(CO)~] + CO in 
decalin." [Complex] = ( I  .0-8.0) x lo-" niol dm-3 

1 03[PBu3] -- 
mol dm-3 

90.0 34.6 
64.2 
64.2 

133 
273 
282 
686 
686 

100.0 10.6 
12.1 
12.1 
34.3 
65.2 

123 
279 
284 
284 
465 
465 
549 
68 0 
922 
922 

110.0 <0.13 
~ 0 . 1 5  

2.29 
2.29 ' 

10.5 
36.7 

130 
277 
282 
282 
46 1 
46 1 
674 
914 
914 

120.0 ~ 0 . 1 3  
<0.15 

1.66 
1.66 ' 

130.0 t0 .13  
t0 .15  

1.81 
1.81 ' 
2.21 
2.21 ' 

Yco 
1 .00 
0.00 
I .00 

,1.00 
1 .OO 
0.00 
0.00 
1 .00 
1 .00 
0.00 
0.00 
1 .00 
1 .00 
1 .00 
0.00 
0.00 
1 .OO 
0.00 
1 .00 
0.00 
0.00 
0.00 
1 .OO 
1 .00 
1.00 f 
1 .oo 
1 .00 
1 .00 
1 .or) 
1 .00 
0.00 
0.00 
1 .OO 
0.00 = 
1 .OO 
0.00 
0.00 
1 .oo 
1 .OO 
1.00 
1 .00 
1 .OO 
1 .OO 
1.00 f 
1 .oo 
1 .00 
1 .OO 
1 .00 

loJ[CO] 
mol dm-3 

5.9 
0.00 
5.9 
5.9 
5.9 
0.00 
0.00 
5.9 
5.7 
0.00 
0.00 
5.7 
5.7 
5.7 
0.00 
0.00 
5.7 
0.00 
5.7 
0.00 
0.00 
0.00 
5.7 
5.5 
7.7 
5.5 
5.5 
5.5 
5.5 
5.5 
0.00 
0.00 
5.5 
0.00 
5.5 
0.00 
0.00 
5.5 
5.2 
7.4 
5.2 
5.2 
4.9 
7.0 
4.9 
4.9 
4.9 
4.9 

5. I4 7.73 

15.5 ca. 20 

3.26 
2.90 

16.2 

I .96 
2.22 
7.82 

11.0 1.88 
10.7 1.82 ' 

33.9 1.76 
33.5 2.14 
41.2 1.52 
36.2 1.88 

I 05kr 105k. 
S-' K 

3.53 ca. 0.24 cu. 2 

5.92 
7.05 
8.37 
9.96 

9.96 
4.55 

10.3 

10.4 

37.2 

14.8 
18.6 
24.0 
39.2 
36.2 
30.4 
38.5 
35.0 
37.0 
38.5 
36.6 
38.9 

ca. 29 

2.26 
2.00 

14.4 
49.6 
82.5 

134 
131 
111 
134 
120 
139 
128 
123 

7.18 
6.91 

21.6 
22.8 
24.8 
23.6 

0.59 4.16 

0.76 ca. 3 

1.48 
1.42 ' 
1.10 

4.68 0.90 
1.84 

6.35 '*' 
4.40 ' 
3.82 
3.79 

25.1 
12.9 ' 
12.3 
10.7 ' 
16.4 
12.6 

5.90 

4.56 * 

Starting from [(OC)4W(p-PEtz)2Lb(CO)4], (1 '), or from [(BU~P)(OC)~W(~-PE~Z)ZW(CO),~, (2'). Mole fraction of carbon monoxide in the 
CO-Ar mixture. Total pressure, including solvent vapour pressure, 1.1 atm. Bubbling argon. AHe = 1 kJ mol-', ASe = 16 J K-' mol-I. 

Starting from complex (2'); all other runs started from (1'). Total pressure 1.5 atm. Initial phosphine concentration, final -cu. 7% (see 
text); kobs. value not used in the computation of kinetic parameters. * Initial phosphine concentration, final ca. +4%; kobs. value not used 
in the computation of kinetic parameters. ' High value due to decomposition pathways, not used in the computation of kinetic parameters. 

represent respectively the observed rate constants of the 
forward and reverse reactions. 

Equation (v) reduces to those derived experimentally as 
follows. The observed rate of the forward reaction for both 
stages takGs the form kobs. = kf(Ar) = k ,  under Ar, and kobs. = 
kf(CO) = kJ{l + (k-l[CO]/kz[PBu3])} under CO. This last rate 
equation can be further reduced to the form found for the 
chromium derivative kf(co, = klkz[PBu3]/k-l[CO], if under 
the experimental conditions k-l[CO]/kz[PBu3] B 1, or can be 
rearranged as l/kr<co, = (l/kl) + (k-l[CO]/klk~[PB~~]) to 

fit the kinetic data of the tungsten derivative. Good linear 
plots were indeed obtained in the last case by plotting l/kf(CO) 
against 1/[PBu3]. Also the observed rate of the reverse 
reaction is easily seen to be consistent with the experimental 
ones; in most cases the reverse reaction was studied starting 
from the mono- or bis-phosphine derivative in the absence of 
added PBul so that ka[PBu3]/k-l[CO] < 1 and kr = k-2. For 
those equilibration reactions where the term k2[PBu3]/k-l[CO] 
was not negligible compared with 1 the expected decrease in kr 
was observed. Convincing support of the proposed mechanism 
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Table 4. Rate and equilibrium data for the reaction [(BU~P)(OC)~W(~-PE~~)~W(CO)~] + PBu3 
(PBu3)] + CO in decalin." [Complex] = (1.0-4.0) x lo-' mol dm-3 

[(BU~P)(OC)~W(~-PE~~),W(CO)~- 

0, 1O3[PBu3] 103[CO] 105(kc + kr) [(3')lc 1 05kf 1@k, - 
"C mol dm-3 Yco mol dm-3' S-' "2')le S-' 

80.0 484 0.00 0.00 6.92 
688 0.00 0.00 7.00 

90.0 64.5 0.048 0.28 3.85 1.85 2.50 1.35 
94.9 0.048 0.28 5.47 2.76 4.02 1.45 

127 0.048 0.28 5.78 4.23 4.67 1.11 
220 0.048 0.28 10.5 7.00 9.19 1.31 
475 0.00 0.00 22.6 
479 0.00 0.00 25.1 
479 0.048 0.28 13.1 15.7 12.3 0.78 
68 1 0.00 0.00 21.5 
985 0.048 0.28 19.5 

100.0 t0 .22 1 .00 5.7 2.57 A 

0.16 1.00 ' 7.9 2 66 
94 0.048 0.27 15.6 12.1 3.46 

218 0.048 0.27 28.2 25.9 2.35 
470 0.048 0.27 37.0 35.2 1.85 
475 0.00 0.00 85.0 
652 0.00 0.00 85.5 
652 0.048 0.27 43.3 
976 0.048 0.27 52.5 

110.0 t0 .22  1 .OO 5.5 6.72 
<0.19 1.00 ' 7.7 6.84 
63.2 0.048 0.26 23.1 16.8 6.29 
93.2 0.048 0.26 28.3 23.3 4.98 

470 0.048 0.26 90.6 85.8 4.82 
646 0.048 0.26 119 
967 0.048 0.26 165 

120.0 <0.22 1 .00 5.2 15.7 
t0.50 1.00 ' 7.4 15.2 
m - 

a Starting from [(BU~P)(CC),W(~-PE~~)~W(CO)~], (27, or from [(BU~P)(OC)~W(~-PE~~)~W(CO)~(PB~~)], (3'). Values of 103K are 8.72 (90.0), 
11.5 (100.0), and 11.5 (1 10.0 "C) (AHg = 16 kJ mol-', ASg = 5 J K-' mol-I). Mole fraction of carbon monoxide in the CO-Ar mixture. 
Total pressure, including solvent vapour pressure, 1.1 atm. Bubbling argon. A Starting from complex (3'); all other runs started from (2'). 
' Total pressure 1.5 atm. 

3.51 
11.0 
19.0 

2.67 
4.68 

17.8 

Table 5. Kinetic parameters a obtained from the rate equations 
kf(Ar) = kl, kf(co, = (klk;l/k-1[CO])[PB~3],~ and kr = k-zC for the 

reaction [(OC)4&(p-PEtz)z&(CO)4] + PBuJ [(Bu,P)(OC)~- 

Cr(p-PEtz)zCr(CO),I + CO 
- 

0C/"C 
70.0 
80.0 
90.0 

100.0 
110.0 
120.0 
130.0 

105kl/s-1 10~(k~k~/k-~)/s- '  1O5k-z/s-' 
37.8 

131 8 -46 
444 3.34 9.76 

11.0 11.4 
22.5 5.43 

12.1 
29.6 

AHl$ = 125(3) kJ mol-', ASIS = 51(8) J K-' mol-', c ~ [ k ~ ( ~ ~ ) ]  = 
5.3%; AHl$ + AHz$ - AH-'$ = 108(8) kJ mol-'; AS1$ + AS2$ - 
AS-.l$ = -71(20) J K-' mol-', o[kr(co)l = 20.3%; AH-I$ - AHz$ 
= 17(9) kJ mol-', AS-1$ - ASz$ = 122(22) J K-' mol-'; AH-z$ = 
105(5) kJ rnol-', AS-z% = - 54(13) J K-' mol-', o(k,) = 9.0% 
a Uncertainties in parentheses are standard deviations (see text). 

Using 25.1% CO-Ar mixtures. Using the more accurate values 
obtained in the runs which started from complex (2). From the 
derived activation parameters. 

and its mathematical treatment is also given by the consistency 
of the kinetic data obtained starting both from complex (1') 
or (2'). 

All the reported kinetic parameters (Tables 5-8) were 

Table 6. Kinetic parameters a obtained from the rate equations 
kC(Ar) = kl,  kf(co) = (klkz/k-l[CO])[PB~,l,~ and kr = k-2' for the 

9J°C 105kkl/s-' 108(klkz/k-l)/s-' 1 O-5(k-1/kz) 105k-t/s-' 
60.0 6' 
70.0 17 ' 
80.0 55 

100.0 3.14 1 '  6.97 
110.0 20.1 
120.0 67.5 

AHl% = ca. 100 kJ mol-', ASl$ = ca. -26 J K-l mol-'; AH-2% = 
135(14) kJ mol-', AS-zZ = 35(35) J K-' mol-', o(kr) = 24.9% 
a Uncertainties in parentheses are standard deviations (see text). 

Using 4.8% CO-Ar mixtures. Using the more accurate values 
obtained in the runs which started from complex (3). dApproxi- 
mate value (see text). ' By combination of the kinetic constants kl 
(using an extrapolated value) and klkZ/k+ 

obtained by a least-squares analysis of the data. For a par- 
ticular set of data, the same percentage standard deviation in 
kobs. was generally assumed at all temperatures. For the 
dependence of kf(co, on [PBu3] for M = W only, each 
kf(co, value was weighted assuming the same percentage 
standard deviation at a given temperature. All the tabulated 
uncertainties are standard deviations (95% confidence limits). 
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Analysis of the kinetic parameters indicates for Cr and W a 
general behaviour similar to that found for the molybdenum 
derivative.' The main points can be briefly outlined: (i) the 
rate of CO dissociation, k , ,  is scarcely affected by substitution 
of one CO group with PBu3 at the adjacent metal; (ii) the 
competition ratio kJk2 for bimolecular attack on the six-co- 

ordinate intermediate [L(OC)3M(p-PEt2)2M(CO)3] (M = Cr, 
Mo, or W ;  L = CO or PBu3) is markedly in favour of CO 
and is enhanced about hundred times in the second CO sub- 
stitution; (iii) the rate of PBu3 dissociation, k-2, is always 
much lower than k ,  and is scarcely affected by substitution at 
the adjacent metal. 

The effect of the nature of the metal centre can be better 
seen by analysis of the data in Table 9. This Table collects the 
kinetic and equilibrium constants, at 100 "C, together with the 
corresponding activation and thermodynamic parameters 
for the derivatives of Cr, Mo, and W. The rate of CO dis- 

I-- --I 

Table 7. Kinetic parameters obtained from the rate equations 

k-2C for the reaction [(OC)4W(p-PEt2)2W(C0)4] + PBu3 4 

kf(Ar) = kl, l lkf(c0) = (1/k1) + ( ~ - , [ C O I / ~ I ~ ~ [ P B U ~ I ) , ~  and kr = 
7 7  

sociation can be usefully compared with that observed for the 
corresponding hexacarbonyl complexes. The higher reactivity 
observed in the present case indicates that the 'ligand' 
Et2P-M(CO),L-PEt2 ( M  = Cr, Mo, or W;  L = CO or 
PBu3) has a marked labilizing effect, similar to that exhibited 
by 'hard' Lewis bases." The origin of this phenomenon can 
be attributed to a stabilization of the unsaturated 16-electron 
transition state in the presence of the strong o-donor phos- 
phido-ligands.'* The reactivity towards CO dissociation 
depends also on the nature of the metal centre and decreases 
in the order M o  2 Cr > W, as generally found for Group 
6A metal carbonyl  compound^.'^ The activation parameters 
are typical for these types of processes, with high activation 
enthalpies and largely positive activation entropies. 

The rate of PBu3 dissociation is 30-2 x lo3 times slower 
than the corresponding rate of CO dissociation. Similar 

[(Bu~P)(OC)~W(~-PE~~)~W(CO)~] + CO 

ecl"c d e k_,/k2' 1 OSk-&' 
90.0 10.2 10.8 (1.2) 10.8 (3.1) 

100.0 37.6 40.5 (3.3) 12.9 (2.7) 
110.0 133 139 (13) 14.5 (3.2) 1.45 
120.0 4.40 
130.0 12.9 

AHl$ = 146(1) kJ mol-',d ASIS = 78(4) J K-' mol-l,d CT[kf(~r)] = 
3.3%; AHl$ = 145(8) kJ mol-l,e ASl$ = 76(21) J K-' mol-l;e 
AH-1$- AH2$ = 17(18) kJ AS.-,$ - AS2$ = 66(49) J K-' 
mol-l;e AH-2$ = 137(4) kJ mol-I, = 18(9) J K-' mol-', o(kr) 
= 4.1% 
Uncertainties in parentheses are standard deviations (see text). 
Under pure carbon monoxide. Using the more accurate values 

obtained in the runs which started from complex (2'). From the 
rate equation kf (Ar )  = k,. 'From the rate equation l/kr(CO) = 
(Ilkl) + (k-1[CO]/klk2[PBu3]). The standard deviations take into 
account the covariance of the parameters Ilkl and k-,/k,k2; 
C T [ ~ , , ~ ~ , ]  = 12.0 (90.0), 12.1 (100.0), and 13.1% (110.0 "C). 

e,/oc d e 10-6(k-l/klk2) 10-3(k-l/k2) f ~O~k-~/s- '  
80.0 6.96 
90.0 23.1 ca. 30 7.72 (0.90) 1.65 

100.0 85.2 ca. 80 2.31 (0.31) 2.42 2.61 
110.0 ca. 400 1.45 (0.13) 3.47 6.78 
120.0 15.4 

AH,$ = 134(5) kJ mol-',d ASl$ = 54(14) J K-' mol-l,d u[kf(Ar)] = 
10.1%; AH,$ + A H 2 $  - AH-'$ = 91(8) kJ mol-', ASIS + AS2$ - 
AS-,$ = - 126(21) J K-' mol-I; AH-'$ - A H 2 $  = 43(9) kJ mol-'; 
AS-,* - AS2$ = 180(25) J K-' mol-'; AH-2$ = 105(3) kJ mol-', 
AS-2$ = -52(7) J K-I mol-', a(k,) = 4.4% 
a Uncertainties in parentheses are standard deviations (see text). 

Using the more accurate values 
obtained in the runs which started from complex (3'). From the 
rate equation kf(Ar) = k l .  eFrom the rate equation 1/krcco) = 
(l/kl) + (k-1[CO]/klk2[PBu3]). The standard deviations take into 
account the covariance of the parameters Ilkl and k-,/klk2; 
o[k,,co,] = 15.8 (90.0), 11.2 (100.0), and 11.4% (1 10.0 "C). From 
the derived activation parameters. 

Using 4.8% CO-Ar mixtures. 

r - I  
Table 9. Kinetic and equilibrium parameters, at 100 "C, of the reaction [L(OC)3M(p-PEt2)2M(CO)4] + PBu, 
(C0)3(PBu3)] + CO (L = CO or PBu3; M = Cr, Mo, or W) 

[L(OC),M(p-PEt,),&- 

L = co L = P B u ~  
* 

% 
A r T 7 

Parameter Cr Mo W Cr Mo a W 
1.14 x lo-' 1.55 x lo-' 3.76 x CQ. 3 x 10-3 2.42 x 10-2 8.52 x 10-4 

125 136 146 - 132 134 
51 83 78 - 76 54 

ca. 1 x 105 5.81 x 104 2.42 x 103 k-ilkz 1.14 x lo4 1.52 x 10' 12.9 
(AH-'$ - AH2$)/kJ mol-' 17 43 17 35 43 - 

- AS2$)/J K-' mol-' 122 157 66 - 185 180 

K 
AHe b/kJ mol-' 
ASe "J K-' mol-I 

2.36 x lo-' 7.97 x 4.52 x 6.97 x 1.91 x 2.61 x 
105 133 I37 ca. 135 112 105 
- 54 12 18 ca. 35 - 37 - 52 

3.01 x 23.0 4.16 2.6 x 2.16 x lo-* 1.15 x 
- 15 - 14 
- 72 - 74 

3 - 40 - 8  - 
- 17 - 86 -6 - 

O From ref. 9. From kinetic parameters. 
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behaviour was observed for a series of [Cr(CO)5L] complexes 
and was attributed to different ground-state Cr-L bond 
energie~.’~ However, analysis of the activation parameters 
obtained in this study indicates that steric factors are im- 
portant. The negative activation-entropy values found for the 
bis(phosphine) derivatives of Mo and W and mono(phos- 
phine) derivative of Cr  indicate severe steric restrictions in the 
transition state. This interpretation is supported by the slightly 
positive AS$ for the less crowded mono(phosphine) com- 
plexes of M o  and W. The slight dependence of the rate of 
PBu3 dissociation on the nature of the metal centre and on the 
extent of C O  substitution thus appears to be the result of a 
balance between electronic and steric factors. More crowded 
complexes (Cr > M o  x W and bis- > mono-phosphine 
complexes) exhibit lower A H $  (lower M-PBu, bond energies) 
but greater steric rearrangements. It is worth noting how the 
activation values of the bis(phosphine) derivative of tungsten 
(3’) (AH$ = 105 kJ mol-’, AS$ = -52 J K-’ mol-I) almost 
perfectly match those of the mono(phosphine) chromium 
derivative (2). 

The Competition ratio k-l/kz for bimolecular attack by C O  
I I 

and PBuJ on the reactive intermediate [L(OC)3M(p-PEt2)rM- 
(CO),] (M = Cr, Mo, or  W ;  L = CO in the first stage and 
PBu, in the second one) reaches values up to lo5. This dis- 
criminating ability of the co-ordinatively unsaturated inter- 
mediate towards the nature of the entering ligand greatly 
contrasts with literature values close to unity.” The values 
obtained suggest that the intermediate behaves as  a co-ordin- 
atively saturated complex towards bimolecular attack. The 
activation parameters support this interpretation; attack of 
the poor nucleophile CO is enthalpically unfavourable 
(AH-’$ - AH2$ = 1 7 4 3  kJ mol-’), but significantly 
entropically favourable (AS-,* - AS2$ = 66-185 J K-‘ 
mol-’) compared with attack of the more nucleophilic, but 
very hindering, PBu3. The importance of steric factors is 
revealed by the effect of the metal centre on the order of 
kJkZ values, Cr  > M o  > W, which parallels fairly well the 
steric hindrance at the metal expected on the basis of the M-M 
bond distance (M-M = Cr < Mo - W). Furthermore the 
higher value observed in the second stage indicates that 
replacement of a small CO group with a large PBu3 ligand 
should make approach to the adjacent metal relatively more 
difficult for PBu, than for CO and higher A S 1 $  - ASz$ 
values are indeed observed. 

A final comment is required by the equilibrium constants 

for both substitutions. As expected from the previous dis- 
cussion on k’, k-2, and k- , /k2,  the variations in K mainly 
reflect the dependence of the kJk2 term on the nature of the 
metal centre and on the degree of substitution at the adjacent 
metal. So the equilibrium constants are in the order Cr < 
Mo z W, and their value for a given metal decreases by a 
factor of up to ca. 1 O00 with substitution. 
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