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Abstract 

The dinuclear phosphido-bridged manganese complex [(OC),Mn(~-PEt,)zMn(CO>4] undergoes thermal CO substitution by 
P”Bu, in decalin to give [(OC),Mn(~-PEt,),Mn(CO),(P”Bu3)] and [(“Bu,PXOC),Mn(~-PEt,),Mn(CO),(P”Bu31]. A kinetic 
study of the first CO/P”Bu, exchange indicates that all substitutions for the forward and reverse reactions occur via a dissociative 
mechanism. The rate of CO dissociation is rather low (k = 6.27 X lo-’ s-’ at 13O”C), mainly as a consequence of a high activation 
enthalpy (AH* = 165 kJ mol-‘1. The discriminating ability of the resulting coordinatively unsaturated intermediate [(OC&Mr& 
PEt,),Mn(CO),] is only slightly in favour of attack of the more basic P”Bu, compared to CO, as indicated by the values of the 
competition rate ratio [k(CO)/k(P”Bu,)= 0.36-0.471. This behaviour is compared with that of the isostructural chromium 
complex and discussed in the light of the electronic and structural features related to the metal-metal distance in the two 
complexes (Mn-Mn = 3.675 A, Cr-Cr = 2.905 A, for the CL-PMe, derivatives). 

1. Introduction 

Polynuclear complexes, which maintain their nucle- 
arity in solution, may show unusual reactivity caused by 
the closeness of the metal centres and they are useful 
for modelling heterogenous catalysis [l-6]. In this con- 
text, phosphido-bridged transition metal complexes are 
very extensively studied, as they retain their metal 
skeleton in the usual substitution [7] or redox reactions 
[8-101, even when the phosphido-group participates in 
the reaction, usually to form phosphorous-carbon 
bonds [11,12]. 

Representative examples of this class of compounds 
are the isostructural dinuclear complexes [(OC&M&- 
PR,),M(CO),l (M = V, Cr, MO, W, or Mn), which 
have different metal-metal distances and, as a conse- 
quence, different metal-metal bond orders (2 for V, 1 
for Cr, MO, and W, and 0 for Mn). An accurate kinetic 
study of the MO, Cr and W derivatives has shown that 
their reactivity in substitution reactions is rather pecu- 

Correspondence to: Dr. M. Basato. 

0022-328X/93/$6.00 

liar and strongly dependent on the steric hindrance at 
the metal centre [13,14], so it seemed interesting to 
extend the study to the related dimanganese complex 
[(OC),Mn(cL-PEt,),Mn(CO),l. 

The thermal reaction of bis-p-diethylphosphido- 
bis(tetracarbonyhnanganese) with P”Bu, gives the 
mono- and bis-substituted phosphine complex via suc- 
cessive CO substitution at adjacent metal centres, 
maintaining the MnPMnP ring intact, and this paper 
reports a detailed kinetic and mechanistic study of the 
first reversible CO-P”Bu, exchange in decalin. 

[(OC)&In( CL-PEt&Mn(CO),] + P”Bu, = 

[(OC)@(~-PEtz),M$CO)s(P”Bus)] + CO 

2. Experimental details 

2.1. Materials 
Decalin (Baker Analysed Reagent) and diman- 

ganese decacarbonyl (Strem) were used as received. 
Tri-n-butylphosphine (EGA Chemie) was distilled at 
reduced pressure and kept under argon. Tetraeth- 
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yldiphosphine was prepared according to a literature 
method [15]. Argon and carbon monoxide were high 
purity (~99.97%) SIO products. Certified CO-Ar 
mixtures were provided by SIAD, relative errors in 
their analysed contents always being less than 0.5%. 

The complex [(OC),Mn(CL-PEt,),Mn(CO),] (1) was 
prepared according to the reported procedure for the 
diphenylphosphido-analogue [16]. Dimanganese de- 
cacarbonyl (4.2 g, 11 rnmol) in carefully deoxygenated 
toluene (50 cm3) was added dropwise to tetraeth- 
yldiphosphine (2.0 g, 11 mmol) in toluene (50 cm31 and 
the resulting solution heated under reflux for 24 h. The 
oily mass obtained after solvent removal was treated 
with dichloromethane and chromatographed on an alu- 
mina column with hexane as eluant. The first yellow 
band gave yellow crystals upon concentration, which 
were washed with hexane; yield 2 60%. Anal. Found: 
C, 37.9; H, 3.9. C,,H,Mn,O,P, talc.: C, 37.5; H, 
3.9%. IR spectrum in decalin: 2044m, 1978vs and 1958s 
cm-’ <cf. the corresponding p.-PMe, complex, in 1,2- 
dichloroethane: 2044s, 1978vs and 1955vs) [16]. 

The complex [(OC),Mn(~-PEt2)2Mn(C0)3(P”Bu3)] 
(2) was prepared by reaction of 1 (0.50 g, 1.0 mmol) 
with P”Bu, (250 ~1, 1.0 mm00 in carefully deoxy- 
genated chlorobenzene (25 cm31 under argon. The 
solution was heated under reflux for 2 days and the 
carbon monoxide released during the reaction was 
periodically removed by bubbling argon through the 
solution. The oil resulting upon solvent removal was 
chromatographed on a silica column with hexane as 
eluant. The first fairly large yellow band was collected 
and the solvent removed. The oil obtained was cooled 
in liquid nitrogen under a vacuum and treated with 
small quantities of ethanol; it slowly afforded yellow 
crystals, which were recrystallized from ethanol; yield 
2 20%. Anal. Found: C, 47.4; H, 6.8. C2,H4,Mn,0,P3 
talc.: C, 47.2; H, 6.9%. IR spectrum in decalin: 2052m, 
1993m-w, 1974s, 1962vs, 1946s and 1907s cm-’ (cf. 
for example, [(OC),Mo(~-PEt2)2Mo(C0)3(P”Bu3)]: 
2039m, 199Om-s 1946(sh), 1936vs, 1921m, and 1883m 
cm-‘) [14]; [(OC),Mn(~-HX~-PPh2)Mn(C0)3(PPh3)1: 
2073m, 2023m, 1989s, 1953s, 1940m, and 1917m cm-‘) 
D71. 

2.2. Procedures 

The rate of the forward reaction under argon was 
determined by following the disappearance of the peak 
of 1 at 2044 cm-‘. Under pseudo-first-order condi- 
tions, plots of log A, us. time (A, = absorbance of the 
peak at 2044 cm-‘) were linear over three half-lives 
and the observed rate constants were independent of 
P”Bu, concentration in the explored range ([P”Bu,] = 
0.053-0.170 mol dmm3), according to the rate law 
k,, = k, = a. 

Solutions were prepared and deoxygenated, and The rate of the substitution reaction under CO was 
concentrations of carbon monoxide were determined determined by following the absorbance of the peaks at 
as previously described [7,18]. Most kinetic runs were 1946 and/or 1907 cm-’ due to 2. At constant CO and 
carried out in aluminium-foil-wrapped reaction tubes P”Bu, concentrations, plots of log[A, -A,] vs. time 
equipped with Suba-seal rubber stoppers for sample (A, = absorbance at equilibrium) were linear over two 
removal; at high CO pressures (> 152 kPa), a small half-lives. The observed rate constants increase linearly 
autoclave (100 cm3):was used, from which aliquots of with the CO concentration and with the reciprocal of 
the reacting solution were taken out at suitable times [P”Bu,], in both cases giving an intercept equal to the 
through a microvalve. Samples were analysed immedi- observed rate under Ar. The rate law for equilibrium 

ately by IR spectroscopy in the CO stretching region 
using a Perkin-Elmer 457 spectrophotometer. Sodium 
chloride cells (1.0 mm) were used, the reference cell 
being filled with a matching phosphine solution. 

3. Results 

The complex [(OC),Mn(C1-PEt,),Mn(CO),] (1) re- 
acts with P”Bu, at 120-150°C under Ar in two distinct 
stages, the first being characterized by growth of IR 
bands of [(0C),Mn(~-PEt,),Mn(C0),(PnBu311, (2), 
and the second by the decay of these bands and growth 
of new absorptions at 1917s and 1896m cm-‘, at- 
tributed to the bis-substituted complex [(“Bu,P)- 
(OC)3Mn(~-PEt,)J4n(CO)3(P”Bu3)1 (3). The stereo- 
chemical structure of the phosphine derivatives 2 and 3 
can be inferred from the close analogy of their infrared 
spectra with those of the MO, Cr, W analogues [13,14] 
and of similar d&clear Mn complexes [17,19]. In all 
cases the phosphine ligand lies in the plane defined by 
the metal centres and the bridging groups, so that the 
Mn(CO), moiety in 2 and 3 should assume a mer-tri- 
carbonyl stereochemistry. However, simple infrared 
analysis does not allow us to predict if the two 
phophine groups in complex 3 are mutually cLr as in 
[(Me,P)(OC),Mn(CL-H)(~PCy,)Mn(CO),(PMe,)l 
(1930s and 1905s cm-‘, in pentane) [19] or truns as in 
[(Et,PXOC),&&-PMe,)MdCO),(PEt,)1(1964w and 
1896s cm-‘, in chloroform) [20]. 

If the reaction is carried out under CO, the second 
substitution does not take place and only an equilib- 
rium mixture of 1 and 2 is obtained. The unfavourable 
equilibrium for the second CO-P”Bu, exchange lim- 
ited the kinetic study to the forward and reverse reac- 
tiohs of the first stage, and only a few qualitative data 
will be reported for the second one. 
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under CO thus takes the form k,, = a + b[COl/ 
[P”Bu,], where k,, represent the sum of the observed 
rate constants of the forward and the reverse reactions 
(k ObS = k, + k,) [211. 

The results obtained strongly suggest that the rate 
of the forward reaction is constant, both under Ar and 
under CO, i.e. k,= a, whereas k, = b[CO]/[P”Bu,]. 
This hypothesis has been checked by considering that 
the position of the equilibrium between complexes 1 
and 2 is directly proportional to their rate of formation, 
so that the k, and k, terms in k,, can be separated by 
introducing the concentration ratio of the complexes, 
calculated from their absorbances at equilibrium. This 
procedure is slightly limited by some inaccuracy in the 
determination of A,, as a consequence of solvent 
evaporation from the solution, especially after long 

reaction times and at the high temperatures sometimes 
required. Nevertheless, it has given clear confirmation 
that the observed rate of the forward reaction is the 
same under Ar and under CO, and independent of 
P”Bu, concentration and that the observed rate of the 
reverse reaction for [P”Bu,] > 3.58 x lo-’ mol dmm3 
is proportional to [CO]/[P”Bu,]. Consistent results 
were obtained starting from both complexes 1 and 2. 

The reverse reaction was also studied in the absence 
of added P”Bu, starting from 2, giving quantitative 
conversion to 1. The reaction was followed by monitor- 
ing the peak at 1907 cm-’ due to 2. The semilogarith- 
mic plots were linear over three half-lives for pC0 r 
101 kPa and the observed rate, k,, was found to be 
independent of CO concentration (up to a pC0 of 
2030 kPa and at the relatively low [P”Bu3] released in 

TABLE 1. Rate and equilibrium data for the reaction [(OC),Mn(CL-PEtz)zMn(CO),l + P”Bu, e [(OC),Mn(lc.-PEt,),Mn(CO),(P"Bu,)l + 
CO in decalin ’ 

&I 

90.0 

loo.0 

110.0 

120.0 

125.0 

130.0 

140.0 

150.0 

103[P”Bu3] 
(mol dmw3) 

< 0.4 
< 0.4 
< 0.4 
< 0.4 
< 0.4 
< 0.4 
< 0.4 
< 0.4 
54.5 

176 
54.2 

108 
53.9 
53.9 
53.9 
53.9 

108 
108 
174 
174 

35.8 
53.4 
70.9 

107 
107 
139 
172 

52.9 
106 
138 
170 
170 

Yab 

1.00 
1.00 e 
1.00 
1.00 e 
1.00 f 
0.251 
1.00 
1.00 = 
0.00 
0.00 
0.00 
0.00 
0.00 
0.251 
0.499 
1.00 
1.00 
1.00 
0.00 
1.00 
0.251 
0.00 
0.251 
0.251 
1.00 
0.251 
0.00 
0.00 
0.251 
0.251 
0.00 
0.251 

10yc01 
(mol dmF3) 

5.9 
8.1 
5.7 
7.9 
cu. 100 
1.37 
5.5 
7.7 
0.00 
0.00 
0.00 
0.00 
0.00 
1.22 
2.4 
4.9 
4.9 
4.9 
0.00 
4.9 
1.13 
0.00 
1.13 
1.13 
4.5 
1.13 
0.00 
0.00 
1.00 
1.00 
0.00 
1.00 

10s k,, c 10s k, lo5 k, 
(s-l) (s-l) (s-l) 

8.98 * 
8.74 d 

33.4 * 
32.5 * 
32.0 * 
70 “d 

115 
116 * 

1.83 
1.68 
3.21 
3.50 
6.19 

15.4 4.63 h 10.8 h 
27.5 6.35 h 21.2 h 
43.5 6.95 ,h 36.6 h- 
26.2 5.24 h 21.0 h 
29.5 * 8.00 h 21.5 h ,, 

6.41 
17.7 5.41 h 12.3 h 
66.0 17.8 h 48.2 h 

20.0 
44.4’ 19.3 h 25.1 h 
36.9 17.2 h 19.6 h 

’ 85.5 * 24.4 h 61.1 h 
30.4 17.2 h 13.2 h 

22.7 
68.0 

110 68.2 h 41.8 h 
104 66.5 h 38.5 h 

67.8 
98.0 71.9 h 26.1 h 

a [l]. or [2]. = (2-6) x 10e4 mol dmm3. b Mole fraction of carbon monoxide in the CO-Ar mixture. Total pressure in the reaction vessel, 
including solvent vapour pressure, 111 kPa. ’ k, = k, under Ar, = k, + k, under CO, and = k, under CO (starting horn 2, in the absence of 
added P”Bu,) (see also text). * Starting from 2, all other from 1. ’ pC0 = 152 kPa. f pC0 = 2030 kPa. g Low value not used in the 
computation of k_,. h Approximate value from the spectroscopically determined [2b/[l], ratio; Ke = 1.24 X lo-’ (13O.OQ 1.13 X lo-* 
(DMYC), and 1.43 X lo-* (ISOT). 
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solution), so taking the form k, = c. 
All the observed rates and some equilibrium data 

for the first CO-P”Bu, exchange are collated in Table 
1. 

A few qualitative inferences can also be made for 
the second CO substitution. Analysis of the relative 
concentrations of products 2 and 3 in the reaction of 1 
with P”Bu, under Ar showed that the two successive 
CO replacements by P”Bu, occur at very similar rates. 
On the other hand the reaction of mixtures of 2 and 3 
([P”Bu,] = 0.172 mol dmF3) with CO showed that the 
reverse reaction (i.e. replacement of P”Bu, by CO) 
occurs in the bis(phosphine) complex 3 about 100 times 
faster than in the monoderivative 2. 

4. Discussion 

The thermal reaction of 1 with tri-n-butylphosphine 
gives successive substitution of one carbon monoxide at 
each manganese. The kinetic data are consistent with 
the first CO-P”Bu, exchange occurring through a 
ligand-dissociative mechanism (reactions (1) and (2)). 

[(OC)4Mn(~-PEQ,Mn(CO),] * 

[(OC),Mn(p-PEQ,Mn(CO)3] + CO (I) 

[(OC)4Mn(p-PEt,),Mn(CO)3] + P”Bu k, 
3x 

[ (OC)4Mn(~-PEt,),Mn(CO)3(PnBu3)] (2) 

The absence of any spectroscopically detectable in- 
termediates allows us to apply the steady state treat- 
ment to the intermediate [(OQMn(p-PEt,),Mn 
(CO),], so that the integrated rate law ([CO] and 
[P”Bu,] = constant, and Ill + [21= [ll. or [2l, 1 is given 
by eqn. (3) 

kobs = k,+ k, = {k,k,[P”Bu3]/(k_l[CO] 

+k2[P”Bu3])} + {k_,k_,[CO] 

/(k-W4 +~zP’Bu~I)) (3) 
where the two terms represent the observed rate con- 
stants of the forward and reverse reactions, respec- 
tively. 

In accordance with the experimental rates, eqn. (3) 
takes the form k,, = k, = k, under Ar, where quanti- 
tative conversion of 1 to 2 is occurring, and kobs = k, + 
k, = k, + k_,k_,[COl/k,[PnBu31 under CO, in the 
equilibrium reactions, if k_,[COl * k,[P”Bu,l. More- 
over, eqn. (3) applied to the reverse reaction reduces to 
kobs = k, = k_,, when the conckntration of P”Bu, dur- 
ing the reaction is low enough for the relationship 
k_,[CO] s k,[P”Bu,l to hold. 

TABLE 2. Rate constants and activation parameters for the reaction 
MOC),Mn(~-PEt2)2Mn(C0)41 + P”Bu,~t[(0C)~MdpPEtz),Mn- 
(CO),(P”Bu,)]+CO in decalin 

lo5 k, 
(s-9 

103(k_,,_,/k,) k-,/k, 
(s-9 a 

105k_, 
(s-l) b 

90.0 8.86 
100.0 32.6 
110.0 115 
120.0 1.75 = 
125.0 3.34 = 
130.0 6.27tO.36) 4.3NO.22) 0.36 d 
140.0 2O.Nl.3) 14.6U.O) 0.41 d 
150.0 68.2c1.6) 47.4(3.4) 0.47 d 

AEI~* =165*2 kJ mol-‘; A&* =82*5 J K-’ mol-‘; AH_,* + 
AH_2*-AHz*=165f6 kJ mol-‘; AS_1*+AS_,*-AS2*=117 
*14 J K-’ mol-‘; AH-z* = 145&l kJ mol-‘; AS_** = 76*4 J 
K-’ mol-‘. Derived parameters: AH_1* -AH,* = 20*7 kJ mol-‘; 
AS_1* -A&* = 41*15 J K-* mol-‘; AH”= 0+6 kJ mol-‘; AS” 
= -35*15 J K-’ mol-‘. 
a From the rate equation k,, = k, + k~~k_2[COl/k2[P”Bu~l; 
a(kobs)= 8.3 (13O.OQ 7.5 WO.OT), 3.4% (15O.OT). b From the 
rate equation k, = k_,, in the absence of added P”Bu3; cr(k,)= 
2.5%. ’ From the rate equation k,, = kyAr) = k,; u[kr~~~l= 5.4%. 
d From the activation parameters. Extrapolated kinetic and equilib- 
rium constants at 100°C: k, = 1.2x 10m6 S-‘; k_, /k, = 0.22; K, = 
1.48x lo-‘. 

All the reported kinetic parameters (Table 2) were 
obtained by a least-squares analysis. As a rule, the 
statistical treatment minimized the percentage stan- 
dard deviation in the observed rate. For the set of data 
treated according to the rate law k,, = k, + 
k_,k_,[CO]/k,[P”Bu,l, the same error at each tem- 
perature was assumed, whereas for k, = k_, all data 
were simply used in the Eyring plot assuming the 
invariancy of the relative error with the temperature. 

All tabulated uncertainties are standard deviations 
corrected for the number of degrees of freedom (95% 
confidence limit). 

The kinetic results can be discussed first by simply 
considering the effects of the “PEt,MnPEt,” ligand 
on the reactivity of the manganese and, later, by com- 
paring them more closely with those of the isostruc- 
tural [(OC),M(CL-PEt,),M(CO),] (M = Cr, MO, or W). 

As expected for an octahedral coordinatively satu- 
rated complex, ligand substitution occurs via a CO 
dissociative mechanism and the high values of the 
activation parameters (AH,* = 165 kJ mol-’ and AS,* 
= 82 J K-’ mol-‘1 are indicative of an extensive 
Mn * * * CO bond breaking in the transition state. A 
similar value of the activation enthalpy has been ob- 
served for the parent neutral complex [Mn,(CO),,] 
(AH* = 155 kJ mol-I) [221, but this comparison may 
perhaps suffer because the “intimate” reaction mecha- 
nism is not clear [23,24]. Data for the series of 
[Mn(CO),X] (X = Cl, Br, I or GePh,) [251 may be 
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considered more reasonably. It has been shown that 
r-donors such as halides exhibit a pronounced labiliza- 
tion effect (AH,* = 115-135 kJ mol-‘1, so that CO 
exchange rates are faster by a factor of 10-100 com- 
pared to the upper limit for [Mn(CO),]+, whereas 
cr-donor/r-acceptors such as GePh, may inhibit CO 
dissociation (AHi* = 165 kJ mol-‘I. This last figure is 
the same as that observed in the present study, so one 
is tempted to infer that the effect of the mononegative 
bidentate “PEt,MnPEt,” ligand on the reactivity of 
the Mn(CO), fragment towards CO substitution is 
comparable with that of the GePh,/CO couple. 

The factors determining the rate of CO dissociation 
have been largely discussed and interpreted on the 
basis of ground- and transition-state effects [25,26]. In 
the ionic coordinative formalism, GePh; is coordi- 
nated to Mn+. It is more likely, however, that the 
charge separation is not so pronounced and that the 
partial negative charge is distributed over all the lig- 
ands by electron donation from the metal d orbitals to 
the r* orbitals of the CO. This strengthens the metal- 
CO bonds, in particular of that truns to the poor 
rr-acceptor GePh, group, with a stabilization of the 
ground state with respect to CO dissociation. At the 
same time the expected cis labilization, resulting from 
the stabilizing effect of a u-donor on the pentacoordi- 
nate intermediate appears minimal in this case, be- 
cause of a lower site preference of the GePh, group 
for the basal position of the square pyramid, perhaps 
as a consequence of its steric bulk [25]. The net result 
is an overall slowing by this ligand of the rate of CO 
dissociation. Similar considerations can be applied in 
our case to the ligand “PEt,MnPEt,“, and will be 
better developed later. 

The coordinatively unsaturated intermediate [(OC), 
Mn(p-PEt,),Mn(CO),] obtained in the CO-dissocia- 
tive step shows only a slight preference for P”Bu, 
rather than CO. In fact, values of the competition rate 
ratio k-,/k, are between 0.36 and 0.47 in the temper- 
ature range explored. Indeed, little discrimination is 
generally observed in the reaction of mononuclear in- 
termediates with different nucleophiles [26,27]. Analy- 
sis of the activation parameters indicates that attack of 
the more basic P”Bu, is favoured by enthalpy (AH_,* 
- AH,* = 20 kJ mol-‘1 and somewhat disfavoured by 
entropy (AS-r* - A&* = 41 J K-’ mol-‘I. These 
small differences in AH* and AS* suggest that the 
recombination of ?“Bu, and CO involves activated 
complexes with finite, very similar degrees of M . = * L 
interaction. 

The reverse reaction, ,from the monophosphino 2 to 
the unsubstituted complex 4, .also occurs via a dissocia- 
tive mechanism. The rate of P”Bu, dissociation, k_,, 
is about 300 times higher than in the case of CO, 

mainly as a consequence of a more favourable activa- 
tion enthalpy (AH* = 145 vs. 165 kJ mol-‘1. This is 
rather surprising, as a stronger M-L bond is expected 
for the good nucleophile P”Bu, [261. We should re- 
member, however, that the leaving phosphine has the 
two phosphorus atoms of the “PEt,MnPEt,” ligand 
tram and c& so that both electronic and steric factors 
may be important. In fact, it has been found that 
dissociation of L from trans-[Cr(CO),L,] is much faster 
than in the [Cr(CO),L] analogues 1261. This has been 
explained on the basis of a more stable transition state 
in the first case (leading to Cr(CO),L instead of 
Cr(CO),) and of some weakening of the bonding in the 
reacting complex as a consequence of the build-up of 
electron density on the metal, due to the presence of 
the trurz.s phosphine groups. A similar ground state 
effect may prevail in our case, considering that we are 
comparing the rates of two processes (dissociation of 
P”Bu, from 2 and of CO from 11, which imply similar 
activated complexes. An additional factor suggesting a 
substantial weakening of the Mn-P”Bu, bond may be 
the closeness of the cis phosphido group, which can 
produce a steric acceleration of the type observed in 
the ligand dissociation from cti-[MdCO),LL’] [28]. 

A more detailed understanding of the overall reac- 
tivity of complex 1 can be achieved by analysing its 
crystal and electronic structure. X-Ray diffraction anal- 
ysis of the p-PMe, analogue [29] indicates a cen- 
trosymmetric bi-octahedral D,, structure. Each man- 
ganese atom is bonded to four carbonyl carbon atoms 
and to the phosphorus atom of the two phosphido- 
bridges. The MnPMnPoring is planar and the Mn-Mn 
bond distance is 3.675 A, indicating the absence of any 
metal-metal bond, as predicted on the basis of the 
EAN rule. 

Furthermore Hartree-Fock-Slater (HFS) discrete 
variational (DV-Xa) calculations, coupled with the use 
of gas-phase ultraviolet photoelectron (UV-PE) spec- 
troscopy [30], have shown no Mn-Mn interactions. 
This non-bonding character of the metal d orbitals 
enhances their tendency to back-donation to the CO 
ligands, so decreasing their dissociation rate. 

In contrast, the same set of metal orbitals has bond- 
ing character in the isostructural [(OC),M(p- 
PEt,),M(C0141 (M = Cr, MO, or W), so that backdo- 
nation is reduced. The net result is a final theoretical 
metal gross atomic charge more positive in the Mn 
than in the Cr and MO complexes (+ 1.03 vs. +0.63 
and +0.57, respectively) [30], which is consistent with 
the markedly higher activation enthalpy for CO dissoci- 
ation on Mn rather than Cr, MO and W [13] (AHi* = 
165 vs. 125-146 kJ mol-‘1. 

Thus, the same “PEt,MPEt,” ligand may affect the 
reactivity of the metal centre in opposite ways, depend- 
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ing on the nature of the metal-metal bond interaction. 
When M = Mn, the ligand is monoanionic bidentate; 
extended metal to CO electron donation stabilizes the 
ground state and steric crowding in the basal plane 
may minimize the cis labilizing effect, due to the 
stabilization of the pentacoordinate intermediate in the 
presence of o-donor phosphorus groups. On these 
grounds it is difficult to predict whether CO dissocia- 
tion occurs in the axial position (cis to both 
phosphido-groups) and is followed by rearrangement of 
the intermediate, or in the equatorial position, which is 
ci.r to one and frans to the other c-donor phosphido- 
ligand. The greater metal-CO bond distance for the 
axial COs (1.84 US. 1.815 Bi> may perhaps indicate that 
the first hypothesis is more likely. Similar considera- 
tions were made in the case of [Mn(CO),GePh,] and 
explain the observation that the “PEt,MnPEt,” ligand 
has the same slowing effect on the CO dissociation rate 
of the couple GePh,/CO (formally considered as a 
mononegative bindentate ligand). In contrast, when 
M = Cr, MO, or W, the presence of a metal-metal 
bond allows us to classify the “PEt ZMPEt,” fragment 
as a tridentate ligand, which, by localizing electron 
density on the metal, decreases the M-CO bond 
strength and enhances the rate of CO dissociation. 

Structural effects are also important. A study of the 
isostructural bis-dimethylphosphido-bridged Mn, Cr, 
and V derivatives has shown [29] that the shortening of 
the M-M distance is limited by the van der Waals radii 
of the axial CO groups. This leads to important devia- 
tions of the M-CO, bond from orthogonality (Fig. 1). 
With shorter M-M distances (Cr and V) the axial COs 
are forced away from the metal centres, whereas in the 
case of the dimanganese complex, the axial COs move 

F0 F0 
OC\l AP\ OC,l /p\ 
oC/Mn\p/Mn I 

OC,Cr\p/Cr 

I 
(50 CO 

Mn-Mn = 3.675 A Cr-Cr = 2.905 A 
Mn-COW I 1.615 A 
W-CO, = 1.64 A 

Cr-CO, = 1.67 A 
Cr-CO, = 1.69.5 A 

P-Mn-P = 76.9 o P-0-p = 102.4 O 
P+ln-COq = 92.2” P-C&CO, 43.1 o 
CO,-Mn-CO, = 96.7” CO,-Cr-COW = 91.4” 
CO,-Mn-CO, = 175.7O CO,-C&O, I 176.4’ 

Fig. 1. Partial view of the molecular structure of [(OC),Mn&- 
PMe&Mn(CO).,] and of [(CO),Cr(~-PMe,),Cr(CO)~l (COs at the 
adjacent metal and substituents at the phosphorus atoms are omit- 
ted) and selected structural parameters. 

in the opposite direction, thus reducing steric crowding 
with the equatorial carbonyl ligands. In addition, the 
CO,,-M-CO,, angle also increases in the absence of a 
M-M bond, from 91.4” (0) to 98.7” @In). 

Similar steric differences are expected for p-PEt, 
complexes and should play an important role in deter- 
mining the reactivity of the unsaturated intermediates 
obtained in the first dissociation step, because P”Bu, 
addition affords complexes in which three hindering 
phosphine groups are bonded in the basal plane. This 
can explain why the more “open” [(OC&Mn(p- 
PEt,),Mn(CO),] hardly discriminates between attack 
of CO and P”Bu, (k-,/k, = 0.22 at 100°C), whereas 
the same parameter for the chromium intermediate 
has the very high value of 1.14 X lo4 [13]. Analysis of 
the activation parameters seems to indicate that steric 
restrictions prevail in the ligand addition to the unsatu- 
rated hexacoordinate chromium. In fact, attack of the 
more basic P’Bu, is always slightly favoured (AH-r* 
- AH,* = 20 (Mn) and 17 (Cr) kJ mol-‘1, but only in 
the case of the very crowded chromium intermediate is 
the difference of activation entropy so large (AS-i* - 
A&* = 122 J K-r mol-‘) as to favour the attack of the 
smaller CO. 

A few considerations of the semiquantitative data 
on the second substitution are also required. The rate 
of CO dissociation is similar to that of the first stage, 
whereas the rate of the reverse reaction in the pres- 
ence of PnBu,, is about 100 times higher. This indi- 
cates that substitution at one manganese centre of a 
CO with a PnBu, ligand affects the reactivity of the 
adjacent metal in a different manner, depending on the 
nature of the leaving group. If, as is reasonable, the 
same dissociative mechanism is operating in the first 
and second substitution stages, the observed rate of 
P”Bu, substitution in 3 is equal to k_,k_2[COl/k2 
[PnBu3], so that the higher observed value of k,, for 
the same [CO]/[P”Bu,] ratio, may be attributed either 
to the k_, or the k-,/k, term. This would indicate 
that the rate of P”Bu, dissociation, k_,, is higher in 
the bis(phosphine) complex 3 or that the attack of CO 
is more favoured in the mono(phosphine) intermediate 
[(“Bu,PXCO),Mn(lL-PEt,),Mn(CO),]. This last would 
be difficult to justify, because steric effects are unim- 
portant in the very “open” [(CO),Mn(p- 
PEt,),Mn(CO),] intermediate. Substitution at the ad- 
jacent metal should have little effect on its geometry 
and on its discrimination towards the entering ligand. 
On the other hand, the small electronic variations 
expected should scarcely affect the discriminating abil- 
ity of a coordinatively unsaturated metal. It seems 
more likely that electronic and/or steric factors of the 
type invoked to explain the rate of the first P”Bu, 
dissociation also play an important role in the second, 
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by weakening the Mn-P”Bu, bond in 3 and enhancing 
the dissociation rate k_,. 

The low value of the equilibrium constant of the 
first substitution (K, = 1.48 x 10m2), which is the con- 
sequence of a negative entropy variation (AS” = -35 J 
K-’ mol-‘) indicates that the loss of entropy on P”Bu, 
coordination is not compensated by the gain on CO 
release, suggesting a more ordered structure of the 
mono(phosphine) complex 2 compared to 1. 

Acknowledgements 

I thank Mr. A. Ravazzolo for skilled technical assis- 
tance. 

References 

1 B.C. Gates, L. Guczi and H. Kn6zinger (eds.), Metal Clusters in 
Cata&.q Elsevier, Amsterdam, 1986. 

2 B.F.G. Johnson ted.), Transition Metal Clusters, Wiley, New York, 
1980. 

3 D.A. Roberts and G.L. Geoffroy, in G. Wilkinson, F.G.A. Stone 
and E. Abel teds.), Comprehensive Organometallic Chemktry, 
Pergamon Press, London, 1982, Ch. 40. 

4 M.H. Crisholm and I.P. Rothwell, Prog. Znorg. Chem., 29 (1982) 
1. 

5 E.L. Muetterties and M.J. Kruse, Angav. Chem., Znt. Ed. Engl., 
22 (1983) 135. 

6 H. Vahrenkamp, Angew. Chem., Znr. Ed. Engl., 17 (1978) 379. 
7 M. Basato, J. Chem. Sot., Dalton Trans., (1986) 217 and refs. 

therein. 
8 D.J. Witter, SM. Breckenridge, A.A. Cherkas, L.H. Randall, 

S.A. MacLaughlin, N.J. Taylor and A.J. Carty, Organome~allics, 9 
(1990) 2636. 

9 T. Madach and H. Vahrenkamp, Gem. Ber., I14 (1981) 513. 
10 R.E. Dessy, R. Kommann, C. Smith and R. Haytor, J. Am. 

Chem. Sot., 90 (1968) 2001. 
11 L. ManojloviE-Muir, M.J. Mays, K.W. Muir and K.W. Woulfe, J. 

Chem. Sot., Dahon Trans., (1992) 1531. 
12 A.J. Carty, Adv. Chem. Ser., 1% (1982) 163. 
13 M. Basato, J. Chem. Sot., Dahon Trans., (1985) 91. 
14 M. Basato, J. Chem. Sot., Dalton Trans., (1976) 1678. 
15 H. Niebergall and B. Langenfeld, Chem. Ber., 95 (1962) 64. 
16 R.G. Hayter, J. Am. Chem. Sot., 86 (1964) 823. 
17 J.A. Iggo, M.J. Mays, P.R. Raithby and K. Hendrick, J. Chem. 

Sot., Dalton Trans., (1983) 205. 
18 M. Basato, J.P. Fawcett and A.J. PoB, .I. Chem. Sot., Dalton 

Trans., (1974) 1350. 
19 A.M. Arif, R.A. Jones and ST. Schwab, .I. Organomet. Chem., 

307 (1986) 219. 
20 R.H.B. Mais, P.G. Gwston and D.T. Thompson, J. Gem. Sot. A, 

(1967) 1735. 
21 A.A. Frost and R.G. Pearson, Kinetics and Mechanism, 2nd 

edition, Wiley, Tokyo, 1961, p. 186. 
22 H. Waversik and F. Basolo, Znorg. Chim. Acta, 3 (1969) 113. 
23 J.D. Atwood, Znorganic and Organometallic Reacrion Mechankns, 

Brooks/Cole, Monterey, CA, 1985. 
24 E.L. Muetterties, R.R. Burch and A.M. Stolzenberg, Anna. Rev, 

Phys. Chem., 33 (1982) 89. 
25 J.A.S. Howell and P.M. Burkinshaw, Chem. Rev., 83 (1983) 557. 
26 J.D. Atwood, M.J. Wovklulich and D.C. Sonnenberger, Act. 

Chem. Z&s., 16 (1983) 350. 
27 D.J. Darensbourg, Adv. Organomef. Chem., 21(1982) 113. 
28 D.J. Darensbourg and A.H. Graves, Znorg. Chem., 18 (1979) 

1257. 
29 H. Vahrenkamp, Chem. Ber., 111 (1978) 3472. 
30 G.A. Rizzi, G. Granozzi, M. Casarin and M. Basato, 

Organome~allics, 6 (1987) 2536. 


