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Abstract 

Several phosphine exchange processes on 17-electron CpMoC12(PR3)2 systems have been investigated. The exchange of two PPh3 ligands 
with either two PMe3 ligands or with Ph2PCH2CH2PPh 2 (dppe) is complete within a few minutes at - 80 °C. Equally fast is the exchange of 
two PEt3 ligands with two PMe3 ligands. On the other hand, the exchange of two PEt3 ligands with dppe is much slower (tl/2-- 15 min to a 
few hours at r.t.), with excess dppe accelerating the exchange and free PEt3 retarding it. The self-exchange reaction of PMe3 is extremely 
slow (less than 25% exchange at r.t. in 6 h at r.t.) and an analysis of the initial rate of this reaction shows a two-term rate law with one 
[PMe3]-dependent and one independent term. Finally, PMe3 self-exchange on Cp*MoC12(PMe3)2 proceeds over one order of magnitude 
faster than for the corresponding Cp system, with a substantially [PMe3]-independent rate law. All these data are indicative of a dominant 
dissociative exchange mechanism involving rupture of the Mo-PR 3 bond in the slow step and formation of a 15-electron intermediate. The 
rate of phosphine dissociation qualitatively correlates with the Mo-P distance in the 17-electron starting complex. Only for the Cp- 
MoC12(PMe3)2 system is phosphine dissociation sufficiently slowed down so that the alternative associative exchange pathway becomes 
competitive. Possible reasons for a low activation barrier in these dissociative exchanges are discussed. 
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1. I n t r o d u c t i o n  

Ligand substitution on organometallic compounds is a 
topic of  long-standing interest [ 1-4] ,  since an elementary 
step involving a ligand dissociation, association or substitu- 
tion is always involved in any catalytic cycle involving tran- 
sition metal organometallics. After much emphasis was 
initially given to Tolman's  16/18-electron rule [5] ,  the 
mechanism of substitution in 17-electron compounds has 
been shown to play an important role and has recently been 
the subject of  detailed studies [ 6].  In brief, it has been shown 
that organometallic radicals (typically low-oxidation state, 
7r-acid stabilized molecules, therefore with a low-energy 
SOMO and a high tendency to reach a saturated configuration 
by dimerization or by reduction) undergo very rapid asso- 
ciative substitution processes, as opposed to their saturated 
analogs for which much more sluggish substitutions typically 
follow a dissociative path. Perhaps the most ground-breaking 
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studies have been those of Po~ and co-workers [7 ] and Her- 
rington and Brown [8],  demonstrating associative 
substitution for the transient M(CO)5  (M = Mn, Re) radi- 
cals, and of  Basolo and co-workers [9] ,  showing that asso- 
ciative substitution for V(CO)6  proceeds 10 ~° times faster 
than for the corresponding Cr(CO)6.  The difference has been 
attributed to the absence of  an electronic barrier to ligand 
association for the 17-electron complex [ 10], although a 
greater steric barrier is present with respect to the dissociative 
path. 

Dissociative ligand substitution is thought to be unfavour- 
able for 17-electron organometallic compounds because it 
requires the involvement of highly unsaturated (15-electron) 
intermediates. Indeed, only very slow first-order processes 
have been observed for 17-electron systems where the steric 
bulk of  the ligands strongly disfavors an otherwise faster 
associative path [ 11 ]. 

In this contribution we shall show a fas t  and dissociative 
phosphine exchange process for the 17-electron half-sand- 
wich Mo(I I I )  system CpMoCI2L2 and for a Cp* analog, and 
discuss the possible reasons for this behavior. 
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2. Experimental 

2.1. General 

solution ( 1.5 × 10 -2 mmol), and an aliquot of each of the 
resulting solutions was rapidly transferred into an EPR tube 
and monitored by EPR at 27 °C. 

All operations were carried out under an atmosphere of 
dinitrogen using standard glove-box and Schlenk-line tech- 
niques. Solvents were dehydrated by standard methods, deox- 
ygenated, and distilled directly from the dehydrating agent 
under dinitrogen prior to use. Samples for EPR spectra were 
placed in 3 mm glass tubes and measured on a Bruker ER200 
spectrometer, using DPPH (g = 2.004) as a calibrant. Sam- 
ples for IH and 31p N]VIR in thin-walled 5 mm glass tubes 
were measured on a Bruker WP200 spectrometer. The ~H 
NMR spectra were calibrated against the residual proton sig- 
nal of the deuterated solvents. The alp NMR were calibrated 
against 85% H3PO4 in a capillary tube which was placed in 
a different 5 mm glass tube, containing the same deuterated 
solvent used for the measurement. For the purpose of quan- 
titative determination of the relative phosphine concentra- 
tions, the 3~p NMR spectra were collected with a 10 s 
relaxation delay between pulses. 

Complexes CpMoCI2(PMe3)2 [12], CpMoC1E(dppe) 
[ 13], CpMOC1E(PPh3) 2 [ 14] and Cp*MoC12(PMe3) 2 [ 15] 
were prepared as previously described. The phosphine 
ligands dppe (Strem), PEt3 (Strem), PMe3 (Aldrich), and 
P(CD3)3 (Aldrich) were used as received. 

2.2. EPR study of CpMoCl2(PEt3)2/dppe exchange 

(a) Constant dppe/CpMoCl2(PEt3)2 ratio, variable PEt3~ 
CpMoCI2(PEt3) 2 ratio 

CpMoC12(PPh3)2 (0.127 g, 0.167 mmol) was dissolved 
in CH2C12 (48 ml). Aliquots (5 ml, 0.017 mmol) of this 
solution were treated with varying amounts of PEt3 (5.2, 12.8, 
17.7, 19.2, 25.1 /zl) to prepare five solutions of Cp- 
MOC1E(PEt3) 2 with various excesses of PEt3 (0, 3, 5, 5.6 and 
8 mol/mol, respectively). The formation of Cp- 
MoC12 (PEt3)2 is rapid and quantitative [ 14 ] and is indicated 
by a color change from dark green to brown-green. To each 
of these solutions was added dppe (0.135 g, 0.34 mmol, or 
20 mol/mol). Aliquots of each solution were then transferred 
into EPR tubes, which were flamed sealed and kept at 27 °C. 
The exchange was qualitatively followed by monitoring the 
EPR signal. 

(b) Variable dppe/CpMoCl2(PEt3)2 ratio, constant PEt3~ 
CpMoCI2(PEt3) 2 ratio 

A 3.5 mM solution of CpMoCIE(PPh3)2 was prepared by 
dissolving 152 mg of the complex (0.20 mmol) in 57 ml of 
CH2CI 2 in a Schlenk flask. To this solution was added PEt3 
(148 tzl, 1.00 mmol) by a syringe to convert the complex 
quantitatively to CpMoC1E(PEt3)2 and to leave an excess 
amount (3 mol/mol) of PEt 3. Three Schlenk flasks were 
charged with 60 mg (0.15 mmol), 84 mg (0.21 mmol) and 
1 04 mg (0.26 retool), respectively, of dppe. To each of these 
Schlenk flasks was added 3.0 ml of the CpMoCI2(PEt3)2 

2.3. 31p NMR studies o f  CpMoCI2(PR3)2/PR' 3 exchange 
processes 

(a) Exchange reaction of CpMoCI2(PPh3)2 with PMe3 
In a Schlenk flask CpMoC12(PPh3) 2 (34.4 mg, 0.0455 

mmol) was dissolved in CD2C12 ( 1 ml). After cooling the 
flask to - 80 °C, PMe3 (0.047/xl, 0.45 mmol) was added via 
a syringe. By carrying out all operations at - 8 0  °C, the 
solution was then transferred into a 5 mm NMR tube, which 
was flame sealed and immediately inserted into the NMR 
probe, which had been pre-cooled to - 80 °C. The reaction 
was monitored by observing the 31p NMR resonances of the 
free phosphines. The first spectrum, taken 8 min after mixing, 
shows [PPh3]/[PMe3] = 1:3.73, and this ratio remains rel- 
atively unchanged after 19 min. By using the average ratio 
measured between 8 and 19 min as a measure of the final 
concentration ratio ( 1:3.86 _ 0.14), it is estimated that the 
reaction is more than 86% complete after 8 min at - 80 °C. 

(b ) Exchange reaction o f  CpMoCI2( PPh3) 2 with dppe 
CpMoC12(PPh3)2 (0.0125 g, 0.0165 mmol) was dissolved 

in CDEC12 ( 1 ml). After cooling to - 80 °C, dppe (0.0658 
g, 0.165 mmol) was added and the solution was used to 
prepare a sample for alp NMR monitoring as described in the 
previous section. The first spectrum, taken 3 min after mixing, 
shows a [ PPh 3 ] / [ dppe ] ratio of 1:3.54 and this ratio remains 
approximately constant over 39 min. By using the average 
ratio measured between 3 and 39 min as a measure of the 
final concentration ratio ( 1:3.40_+ 0.11 ), it is estimated that 
the reaction is more than 89% complete after 3 min at - 80 
°C. 

(c) Exchange reaction of CpMoCI2(PEt3)2 with PAle 3 
CpMoC12(PEt3) 2 was generated in situ by reacting Cp- 

MoC12(PPh3)2 (0.0356 g, 0.0471 mmol) with PEt3 (0.014 
ml, 0.094 mmol) in CDEC12 (1 ml). An immediate color 
change from dark green to green-brown indicated the quan- 
titative transformation to CpMoCl 2 (PEt3) 2. By carrying out 
all subsequent operations as described in Part (a), PMe3 
(0.049 ml, 0.47 mmol) was added and the sample was trans- 
ferred into the NMR tube for monitoring by 31p NMR. The 
first spectrum was taken 11 rain after mixing and shows a 
[PPh3]:[PEt3]:[PMe3] ratio of 1:1.09:4.56. This ratio 
remains approximately constant over 25 min. By using the 
average ratio measured between 11 and 25 min as a measure 
of the final concentration ratio ( 1:1.05 _+ 0.04:4.62 _+ 0.05), 
it is estimated that the reaction is more than 94% complete 
after 11 min at - 80 °C. 

A second experiment for this exchange reaction was car- 
ried out in the presence of an excess amount of free PEt3. 
CpMoCI2(PEt3) 2 was synthesized in situ by addition of 32 
/zl of PEt3 (2.2× 10 -~ mmol) to a solution of 16.5 mg of 
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Table 1 
Observed rate constants (from initial rates) 
(8) 

measured for reactions (6) and 

Ring [ (Ring)MoCl2(PMe3)2] [ PMea-d 9] kob~X 105 
(M) (M) ( s - ' )  

Cp 0.0448 0.600 0.60 + 0.02 
Cp 0.0399 1.586 1.19 + 0.05 
Cp 0.0360 1.807 1.51 + 0.06 
Cp* 0.0489 0.489 26.9 + 1.0 
Cp* 0.0441 1.323 30.1 +_2.3 
Cp* 0.0406 2.030 32.3 + 1.1 

CpMoC12(PPh3) 2 (2.18× 10 -2 mmol) in I ml of CD2C12. 
After cooling to - 8 0  °C, PMe3 (22/~l, 2.2× 10 -1 mmol) 
was added and the solution was monitored by 31p NMR under 
the same conditions described in the previous sections. From 
2 to 39 min, the approximate ratio of the integrated intensities 
does not significantly change, indicating that the exchange is, 
once again, practically complete by the time the first spectrum 
is measured. 

2.4. IH NMR study of the CpMoCI2(PMe3)2/PMe3-d 9 
exchange 

CpMoC12 (PMe3) 2 (0.0723 g, 0.191 mmol) was dissolved 
in C6D 6 (4  ml). Three aliquots (0.500 ml, 0.0239 mmol) 
were transferred into NMR tubes and cooled to 77 K. PMe3- 
d 9 was  then added to each of the three tubes by a syringe (33 
/zl, 0.32 mmol; 99/xl, 0.95 mmol; and 164/zl, 1.20 mmol; 
respectively, giving [PMe3-d 9] / [CpMoCIz(PMe3)2] ratios 
of 13.4, 39.7 and 50.2). The tubes were then flame sealed 
and the reactions were monitored by observing the growth of 
the free PMe3 resonances in the 1H NMR at 27 °C. The 
concentration of the free PMe3 was determined by integration 
versus the residual proton peak of the deuterated solvent, 
which was calibrated against three standard solutions of PMe 3 
in C6D 6 of known concentrations. Such measurements pro- 
vided the concentration of the residual protonated isotopomer 
in the solvent as [C6DsH] = (1.426+0.047) × 10 -1 M. 
Only the data collected in the first 450 min, corresponding to 
less than 25% exchange, were used to calculate the initial 
rates of the reactions (see Table 1 ). 

After the tubes were allowed to rest at room temperature 
for several days, an orange crystalline solid began precipitat- 
ing. This solid was isolated and investigated spectroscopi- 
cally. The EPR spectrum of a CH2C12 solution, when recorded 
immediately, showed a doublet of triplets (g=2.000, 
ap~,) = 20 G, ap(d) = 26 G). After this solution was allowed 
to remain overnight at room temperature, however, the EPR 
spectrum had changed and showed a binomial triplet 
(g = 1.981, ap = 16 G) indicative of the starting material, 
CpMoC12(PMe 3) 2. 

2.5. 1H NMR study of the Cp*MoC12(PMe3)2/PMe3-d 9 
exchange 

In a similar fashion to the previous reaction series, 
Cp*MoCI/(PMe3) 2 (0.047 g, 0.103 mmol) was dissolved in 
C6D 6 (2  ml), and three aliquots (400/~1, 0.0206 mmol) were 
transferred into NMR tubes and the solutions frozen at 77 K. 
PMe3-d 9 was added to each of the tubes (21/~1, 0.206 mmol; 
64 txl, 0.617 mmol; and 107 /.d, 1.03 mmol; respectively, 
corresponding to [PMe3-d 9] [[Cp*MoC12(PMe3)2] ratios 
of 10.0, 30.0 and 50.0). The tubes were then sealed and the 
reactions monitored as previously discussed. The data col- 
lected in the first 20 min, corresponding to less than 25% 
exchange, were used to calculate the initial rates of the reac- 
tions (see Table 1 ). 

2.6. Cyclic voltammetry (CV) study of CpMoCIe(PEt3)2 in 
the presence of dppe 

Cyclic voltammograms were recorded with an EG&G 362 
potentiostat connected to a Macintosh computer through 
MacLab hardware/software. The electrochemical cell used 
consisted of a modified Schlenk tube with a Pt counter elec- 
trode sealed through uranium glass/Pyrex glass seals. The 
cell was fitted with a Ag/AgCI reference electrode and a Pt 
disk working electrode. All half-wave potentials were meas- 
ured and are reported with respect to the ferrocene/ferricen- 
ium (fc / fc ÷ ) couple. The ferrocene was added to the solution 
at the beginning of each measurement as an internal standard, 
and the potentials are not IR corrected. CpMoCI2 (PEt3) 2 was 
generated in situ from CpMoC12(PPh3)2 (0.0486 g, 0.0642 
mmol) and PEt3 (0.019 ml, 0.13 mmol) in CH2C12 (5 ml). 
The electrochemical cell was charged with dppe (0.054 g, 
0.135 mmol), n-BuaN÷PF6 (155 mg, 0.4 mmol), CH2CIE 
(3.0 ml), and an aliquot of the CpMoCI2(PEt3)2 solution 
(1.0 ml, 0.013 mmol). 

2.7. IH NMR study of the [CpMoCle(PEt3)2] + /dppe 
exchange 

{ CpMoC12 }, (0.237 g, 1.02 mmol of Mo) was suspended 
in THF ( 15 ml), followed by the addition of PEt3 (0.305 ml, 
2.06 mmol). The solution was stirred at room temperature 
for 3 h, resulting in the formation of a brown solution of 
CpMoCI2(PEt3)2 as previously described [ 14]. To a 1.2 ml 
portion of this solution (0.082 mmol of CpMoCI2(PEt3)2) 
was added AgPF6 (30 mg, 0.11 mmol). The complete con- 
sumption of the Mo(III) material was verified by the disap- 
pearance of the EPR signal. The solution was evaporated to 
dryness, the residue was extracted with 1 ml of acetone-d 6, 
and the resulting solution was filtered. The main portion of 
this solution was utilized for a variable temperature IH NMR 
characterization (see Results). A 0.15 ml portion of this 
solution (0.012 mmol of [CpMoCI2(PEt3) ] ÷) was intro- 
duced into an NMR tube that had been charged with dppe 
(48 mg, 0.12 mmol) and acetone-d 6 (0.70 ml). ~H and 31p 
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Table 2 
Crystal data for both polymorphs of CpMoCI2(PEt3) 2 

A B 

Empirical fo rn- lu la  C17H35C12MoP2 CI7H35CI2MoP2 
Formula weight 468.23 468.23 
Temperature (K) 153(2) 153(2) 
Wavelength (,~) 0.71073 0.71073 
Crystal system monoclinic orthorhombic 
Space group P2t/n P2~2~2~ 
a (,~) 8.1158(9) 11.2351 (6) 
b (,~) 13.277(2) 12.3171 (5) 
c (,~) 19.248(2) 15.3937(7) 
fl (°) 90.063(10) 90 
V (]k 3) 2074.0(4) 2130.2(2) 
Z 4 4 
dc~ac (Mg m -3) 1.500 1.460 
t~(Mo Ka) (ram -~) 1.040 1.013 
Reflections collected 3752 4092 
Independent reflections 3642 3748 

( R~.t = 0.0777 ) ( Rj,, = 0.0186 ) 
Data/restraints/parameters 3642/0/184 3748/0/206 
Tmax / Tnan 1.164 1.182 
Goodness-of-fit on F 2 1.098 1.034 
R i 0.0430 0.0184 
Rw b 0.1160 0.0440 

• R= EIIFol- IFclllglFol. 
bRw= [Ew( IFol - IFcl )21Ewl Fol 2] ~:2; w= 11o2( IFol ). 

Table 3 
Atomic coordinates ( ×  104) and equivalent isotropic displacement 
parameters (/~2 X 103) for CpMoCI2 (PEt3) 2 ( polymorph A) 

x y z Ueq" 

Mo(1) 2261(1) 1418(1) 3659(1) 15(1) 
P(1) 669(1) 1287(1) 2529(1) 17(1) 
P(2) 2698(1) 2556(1) 4698(1) 19(1) 
CI(1) -565(1) 1409(1) 4138(1) 24(1) 
C1(2) 3343(1) 2936(1) 3063(1) 27(1) 
C(1) 4149(2) 370(1) 3197(1) 24(1) 
C(2) 4782(2) 757(1) 3836(I) 20(1) 
C(3) 3766(2) 392(1) 4383(1) 21(1) 
C(4) 2505(2) -219(1) 4083(1) 25(1) 
C(5) 2742(2) -233(1) 3350(1) 20(1) 
C(1A) 4269(2) 601(1) 3254(1) 27(5) 
C(2A) 4610(2) 1001(1) 3936(1) 46(5) 
C(3A) 3418(2) 201(1) 4327(1) 16(4) 
C(4A) 2679(2) -399(1) 3944(1) 6(3) 
C(5A) 3206(2) - 199(1) 3283(1) 25(5) 
C(I1) 1844(2) 940(1) 1752(1) 25(1) 
C(12) 3111(2) 1707(1) 1505(1) 37(1) 
C(21) -377(2) 2445(1) 2252(!) 26(!) 
C(22) -1908(6) 2722(4) 2658(2) 38(1) 
C(31) -979(5) 339(3) 2504(2) 24(1) 
C(32) -2090(6) 345(3) 1860(2) 35(1) 
C(41) 1496(5) 2308(3) 5488(2) 27(1) 
C(42) 1788(6) 1305(3) 5848(2) 38(1) 
C(51) 4792(5) 2649(3) 5056(2) 30(1) 
C(52) 6023(5) 3221(4) 4608(3) 41(1) 
C(61) 2210(5) 3893(3) 4562(2) 28(1) 
C(62) 497(5) 4088(3) 4286(3) 40(1) 

a U,,q is defined as one third of the trace of the orthogonalized U 0 tensor. 

NMR monitoring of  this solution indicated no change in the 
appearance of free PEt3 within 6 h at room temperature. 

2.8. X-ray crystallography of CpMoCl2(PEt~)2 

(a) Polymorph A 
Single crystals were obtained by extracting the crude 

product, produced by the {CpMoC12},/PE h reaction (see 
previous section), into hot heptane, filtering, and cooling to 
0 °C. A dark reddish-black crystal with dimensions 
0.49 × 0.32 × 0.20 mm was placed and optically centered on 
an Enraf-Nonius CAD-4 diffractometer. The cell parameters 
and crystal orientation matrix were determined from 25 
reflections in the range 23.1 <20<27 .0  and further con- 
firmed with axial photographs. Data were collected (Mo Ka) 
with to/20 scans over the range 2.3 < 0<25.0. Periodical 
monitoring of three nearly orthogonal standard reflections 
showed no significant variation of intensity. The data were 
corrected for Lorentz and polarization factors, and for absorp- 
tion on the basis of six q, scan reflections. The systematic 
absences from the data uniquely determined the space group 
as monoclinic P21/n. The structure was solved by direct 
methods, which located the Mo, CI and P atoms. The remain- 
ing non-hydrogen atoms were found from two subsequent 
difference-Fourier maps. Hydrogen atoms were placed in 
calculated positions: d (C-H)=0 .950  with U=I .2U-  
(parent) for aromatic hydrogen, d(C-H)  = 0.980 with U= 
1.5U(parent) for methyl hydrogens, and d (C-H )=0 .990  
and U= 1.2U(parent) for methylene hydrogens. Continued 
refinement and an additional difference-Fourier map revealed 
a second orientation of the cyclopentadienyl ring; the final 
occupancy ratio of the major:minor component was 
0.77:0.23. The two individual rings were then refined with 
the hydrogen atoms placed, as before, in calculated positions. 
Crystal data are assembled in Table 2, atomic coordinates 
are listed in Table 3, and selected bond distances and angles 
are given in Table 4. 

Table 4 
Selected bond lengths (,~) and angles (°) for CpMoCI2(PEt3)2 

Polymorph A B 

Mo(1)-CI(I) 2.4735(10) 2.4754(6) 
Mo(1)-CI(2) 2.4787(10) 2.4776(6) 
Mo(1)-P(I) 2.5332(10) 2.5239(6) 
Mo(I)-P(2) 2.5306(10) 2.5239(6) 
Mo(1)--CNT 1.940(2) 1.951(2) 

CI(1)-Mo(1)-CI(2) 120.38(3) 120.53(2) 
CI(1)-Mo(1)-P(I) 81.24(3) 80.35(2) 
CI(1)-Mo(I)-P(2) 80.62(3) 79.27(2) 
CI(1)-Mo(1)-CNT 118.0(1) 121.6(1) 
CI(2)-Mo(1)-P(I) 80.79(3) 78.91(2) 
CI(2)-Mo(1)-P(2) 80.25(3) 82.64(2) 
CI(2)-Mo(I)-CNT 121.6(1) 117.9(1) 
P(1)-Mo(I)-P(2) 142.16(3) 140.24(2) 
P(1)-Mo(1)-CNT 108.7(1) 109.8(1) 
P(2)-Mo(1)-CNT 109.1(1) 109.9(1) 
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Table 5 
Atomic coordinates ( × 104) and equivalent isotropic displacement 
parameters (]~2 × 103) for CpMoC12(PEt3)2 (polymorph B) 

x y z U m " 

Mo(l) 2289(1) 566(1) 9129(1) 15(1) 
Cl(1) 4224(1) 1526(1) 9110(1) 28(1) 
C1(2) 1428(1) - 171(1) 7769(1) 27(1) 
P(1)  3657(1 )  - 1020(1) 8844(1) 18(1) 
P(2) 1686(1) 2356(1) 8462(!) 19(1) 
C(I) 529(2) 504(2) 9782(2) 26(1) 
C(2) 1194(2) 1275(2) 10263(2) 27(1) 
C(3) 2153(2) 745(2)  10659(2) 29(1) 
C(4) 2097(2) -355(2) 10440(2) 28(1) 
C(5) 1097(2) -521(2) 9892(2) 27(1) 
C(II) 4166(2) - 1172(2) 7717(2) 24(1) 
C(12) 4753(2) - 170(2) 7334(2) 30(1) 
C(21) 2931(2) -2332(2) 9039(2) 26(1) 
C(22) 3577(3) -3348(2) 8735(2) 40(1) 
C(31) 5092(2) - 1109(2) 9417(2) 25(!) 
C(32) 5061(3) - 1048(2) 10404(2) 35(1) 
C(41) 2100(2) 2432(2) 7309(2) 28(1) 
C(42) 1796(3) 3489(2) 6826(2) 39(1) 
C(51) 100(2) 2715(2) 8477(2) 25(1) 
C(52) -706(2) 1981(2) 7928(2) 31(1) 
C(61) 2376(3) 3607(2) 8878(2) 28(1) 
C(62) 2308(3) 3795(2) 9857(2) 31(1) 

• u m is defined as one third of the trace of the orthogonalized U~j tensor. 

(b)  P o l y m o r p h  B 

Single crystals were obtained in an identical fashion as 
described above for polymorph A, except that the filtered 
heptane solution was cooled to - 20 °C. A dark reddish-black 
crystal with dimensions 0.38 × 0.25 × 0.18 mm was placed 
and optically centered on an Enraf-Nonius CAD-4 diffrac- 
tometer. All operations were conducted as described above 
for polymorph A. The systematic absences uniquely deter- 
mined the space group as orthorhombic P2~2121. The struc- 
ture solution and refinement was as for polymorph A, except 
that the cyclopentadienyl ring was found to exist in a single 
orientation. Crystal data are assembled in Table 2, atomic 
coordinates are listed in Table 5, and selected bond distances 
and angles are given in Table 4 together with those of poly- 
morph A. 

3 .  R e s u l t s  

3.1. R e a c t i o n  ra te  s t u d i e s  

We have previously reported [ 16] that the 17-electron 
organometallic Mo(HI)  system, CpMoX2(PMe3)2, 
exchanges the halide ligands quite slowly by an associative 
mechanism (either through a 19-electron intermediate or 
through a 17-electron, ring-slipped intermediate) and have 
since wondered whether the same mechanism would be effec- 
tive for the exchange of the phosphine ligands. The halide 
(I/C1) exchange was conveniently monitored by EPR 
spectroscopy since the different species involved in the reac- 

tion absorb the radio frequency at sufficiently different field 
strengths. Use of the EPR technique for the phosphine 
exchange is much more problematic because (a) complexes 
with the same halides and different phosphine ligands show 
EPR spectra with very similar g values [14]; (b) the 
exchange reactions tend to be, from preliminary experiments, 
much faster than the halide exchange [ 14] ; and (c) in view 
of point (a),  the formation of intermediate mixed-phosphine 
complexes would render it very difficult to extract concentra- 
tion information for all the individual species from EPR data. 
These problems were partly alleviated by choosing to monitor 
the CpMoCI2(PEt3) 2/dppe exchange: 

CpMoCI2 (PEt3) 2 "~- dppe 

CpMoC12 (dppe) + 2PEt 3 ( 1 ) 

since (a) the signals are sufficiently separated in the EPR 
spectrum to allow at least a qualitative analysis of the reaction 
progress (see Fig. 1); (b) the reaction is relatively slow 
(half-lives are of the order of 15 rain to a few hours at room 
temperature); (c) the chelating nature of the incoming phos- 
phine suppresses the accumulation of a mixed phosphine 
intermediate. This reaction is known to proceed to completion 
[ 14] when a large excess of dppe is used. A complication 
arises from the reported tendency of the required starting 
material, CpMoCI2(PEt3)2, when isolated as a solid, to lose 
phosphine [ 14]. To circumvent this problem, the compound 
was generated in situ by phosphine exchange according to 

CpMoCI2(PPh3)2+2PEt 3 • ,  

CpMoCI2(PEt3)2 + 2PPh 3 (2) 

It was previously shown by EPR that this reaction is rapid 
and quantitative. Furthermore, the starting PPh3 complex is 
easily prepared and readily crystallizes in an analytically pure 
form [ 14]. 

Fig. 1. EPR spectra for a representative CpMoCl2(PEt3)2/dppe exchange 
run: (a) before adding dppe; (b) t=23 min; (c) t =oo (spectrum of Cp- 
MoCl2(dppe) ). Solvent CH2CI2; T= 27 °C. 
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Table 6 

Values of the first-order (dissociat ive)  rate constants for phosphine exchange reactions 

Reaction T (°C) kl ( s -  i ) AG* (kJ m o l -  t) 

CpMoCI2 (PPh3) 2/PMe3 - 80 > 8.20 × 10-  3 < 54.2 

CpMoCl2(PPh3)2/dppe - 80 > 1.23 × 10 -2 < 53.6 

CpMoC12(PEt3) 2/PMe3 - 80 > 1.56 × 10-  2 < 53.2 

CpMoCI2(PMe3) , /PMe3-d 9 27 (1 .65+0 .78 )  × 10 -6 106.9+ 1.2 a 

Cp*MoCI2(PMe3)2/PMe3-d 9 27 (2 .52+0 .09 )  × 10 -4 94 .3+0.1  b 

a For this exchange, a second-order rate constant (see Eq. (7)  and Fig. 3) was also calculated as k2 = (7.01 + 0.54) × 10 -6 M -  J s -  i. 

b For this exchange, a second-order rate constant (see Eq. (7)  and Fig. 3 ) was also calculated as k2 = (3.53 _+ 0.46) × 10-5 M -  ~ s -  ~. 

Experiments were performed at various [dppe]/[Cp- 
MoCI2(PEt3)2] ratios by keeping the initial concentrations 
of the Mo complex and excess PEt3 constant, and also at 
constant [dppe]/[CpMoC12(PEt3)2] ratio with variable 
amounts of excess PEt3. Due to the extensive signal overlap, 
the extraction of concentration information from the EPR data 
was not as accurate as achieved previously for the halide 
exchange process [ 16] ; therefore accurate kinetic informa- 
tion could not be obtained from this study. Qualitatively, 
however, we observed a definite acceleration of the reaction 
by excess dppe and a significant retardation by excess PEt3. 
These results are in agreement with a dissociative mechanism 
and phosphine competition for binding the intermediate 
(Scheme 1, path (a) ) ,  whereas the observed retardation 
effect by free PEt3 excludes the alternative associative path 
(b). 

f -L L' 
CpMoCI2 L 

~+L (a) 
CpMoCI2L 2 

+L'~ (,~lX.CsHs)MoCI2L2L, 
(b) 

Scheme 1. 

•t it, 

lira lira 
• I CpM°CI2L'2 

We then turned our attention to other CpMoCI2(PR3)2/ 
PR'3 exchange processes where PR3 and PR' 3 were judi- 
ciously varied. Previous studies have shown that the relative 
order of thermodynamic stability for the CpMoCI2L2 com- 
plexes is: PPh 3 < PMePh2 << PEt 3 < dppe = PMePh2 << PMe 3 
[14]. We selected the quantitative exchanges of Cp- 
MoClz(PPh3) 2 with dppe: 

CpMoCI2 (PPh3) 2 + dppe 

CpMoC12(dppe) +2PPh 3 (3) 

and PMe3: 

CpMoCI2 (PPh3) 2 + 2PMe3 

CpMoCIa(PMe3)2 + 2PPh3 (4) 

and the exchange of CpMoClz(PEt 3) 2 with PMe3: 

CpMoCI2 (PEt3) 2 + 2PMe3 

CpMoC12(PMe3) 2 + 2PEt 3 (5) 

These reactions could not be monitored by EPR for the 
reasons discussed above, nor could 1H NMR be of much 
value, because the signals due to the 17-electron complexes 
are broadened beyond detection. The only NMR signals that 
can be observed are those of the entering and leaving free 
ligands. These signals are much more distinct in the 31p NMR 
spectrum; therefore 31p NMR was the technique of choice for 
reaction monitoring. All three reactions were found to be 
practically complete within a few minutes at - 8 0  °C (see 
Experimental), giving the lower limits for the first-order rate 
constants reported in Table 6. 

These values were calculated by assuming a dissociative 
mechanism and a first-order integrated rate law, from the 
estimates of the degree of conversion at the time the first 
spectrum was measured, as described in Section 2. The 
assumption of a dissociative pathway, at this point, is strongly 
suggested by the tremendous rate acceleration for the 
exchange of CpMoCI2(PR3)2 with dppe on going from the 
PEt3 to the PPh3 complex. On steric grounds, PEt3 is a smaller 
ligand (cone angle 0= 132 °) than PPh3 (0 =  145 °) [17]; 
therefore an associative reaction would be expected to be 
slower for the PPh3 complex, contrary to the observation. 
One might argue that the observed pattern of reactivity could 
be reconciled with an associative path on electronic grounds 
(PPh3 is a poorer donor than PEt3, rendering the PPh3 starting 
complex more susceptible to nucleophilic attack by dppe). 
However, other arguments based on further studies that are 
discussed below definitely rule out an associative mechanism 
for this reaction. It should also be pointed out that the Mo-P 
bond in the bis-PPh3 complex is quite long (2.546(3) A) 
[ 16], compared to bonds to smaller phosphines in the same 
class of compounds (e.g. 2.531(3) A in the bis-PMePh2 
complex [14] and 2.482(2) ,~ in the bis-PMe3 complex 
[18] ); therefore it is logical to suppose that the Mo-PPh3 
bond is more susceptible to dissociation. The X-ray structure 
of CpMoCI2(PEt3)2 has not been previously reported; there- 
fore we proceeded to obtain one. Two polymorphs have been 
obtained under slightly different recrystallization conditions, 
these exhibiting the same geometry and metric parameters 
within experimental error (see Table 4). 

An ORTEP view of the CpMoC12(PEt3)2 molecule is 
shown in Fig. 2. The geometry and all the other main features 
of the structure parallel those previously reported and dis- 
cussed for similar CpMoC12L2 molecules (L=PMe3 [ 18], 
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Fig. 2. An ORTEP view of the CpMoC12(PEts)2 molecule with ellipsoids 
shown at the 30% probability level. Only the major orientation of the Cp 
ring is shown and hydrogen atoms have been omitted for clarity. 

PMePh2 and PPh3 [14], or L2=dppe [13]) and for 
Cp*MoC12(PMe3)2 [ 15]. For the purpose of the present 
study, the only interesting parameter is the Mo-P distance, 
which is on average 2.528 ( 1 )/~, i.e. slightly shorter than the 
same distance in the PPh3 analog, and much longer than that 
in the PMe3 analog. This trend parallels the steric bulk as 
measured by the phosphine cone angle (PPh3, 145°; PEt3, 
132°; PMes, 118 °) [17]. 

A dissociative exchange and a correlation between the rate 
of phosphine dissociation and the M o P  distance lead to the 
expectation of a very slow phosphine exchange for compound 
CpMoCIz(PMe3)E. Since this is the most stable phosphine 
system, only the self-exchange could be conveniently meas- 
ured. For this purpose, reactions of CpMoClz(PMe3)2 with 
various excess amounts of PMe3-d 9 were measured, using ~H 
NMR spectroscopy at 27 °C to follow the growth of the free 
PMe3 resonance. This is a degenerate equilibrium system 
involving two separate steps: 

+ P ( C D 3 ) 3  

CpMoCI2(PMe3) 2 ~ 
+ PMe3 

CpMoC12(PMe3) (P(CD3)3) , 
+ P(CD3)3 

) 

+ PMe3 

CpMoC12(P(CD3)3) 2 (6) 

A detailed kinetic analysis by fitting the observed data to an 
integrated rate law would be quite complex. We elected to 
use the more straightforward analysis of the initial rates, 
which were measured up to less than 25% exchange, under 
pseudo-first-order conditions and as a function of excess 
PMe3-d 9 (results in Table 1 ). 

Indeed, the exchange is extremely slow compared to the 
other systems studied, several hours being necessary at room 
temperature to achieve even a small percent of the exchange. 
The values of kob s a s  a function of initial [PMe3-d 9] are 
plotted in Fig. 3. The initial rate of the reaction depends on 
the PMe3-d 9 concentration, but the straight line best fitting 
the experimental points does not intercept the origin. There- 
fore, a two-term rate law: 

kobs = k= + k2 [P(CD3) 3] (7) 

is indicated, with a first-order (dissociative) term k~ corre- 
sponding to path (a) of Scheme 1, and a second-order (asso- 
ciative) term k2, corresponding to path (b). The value of kl 
obtained from this graph is reported in Table 6. 

It is clear, therefore, that the smaller and better binding 
PM% ligand slows down the dissociative process to a point 
where the alternative associative path, which proceeds either 
through a sterically crowded 19-electron intermediate or, 
more likely, through a ring-slipped (also quite crowded) 17- 
electron intermediate, becomes competitive. It should be 
remarked that bulkier and less basic phosphines are expected 
to react more slowly than PMe 3 in an associative fashion. 
This gives further credit to the previous assertion that the 
more rapid phosphine exchange reactions in Eqs. (1 ) - (5 )  
are dissociative in nature. 

Further and conclusive proof that the most important path 
for the phosphine exchange is dissociative is provided by a 
comparison between the PMe 3 self-exchange process just 
described and the corresponding process of the related Cp* 
system: 

b<,~ 

.d 

4.00e-4 

3.00e-4 

2.00e-4 

1.00e-4 

O.OOe+O i ~ i = 

0.0 0.5 1.0 1.5 2 .0  

[PMe3-d9l (M) 

(b) 

.5 

~r,~ 

1.50e-5 

1.00e-5 

5.00e-6 

O.OOe+O 

(a) 

2.5 i ' i ' 0.0 0 5 1.0 1 5 2 .0  

[PMe3-aP] (M)  

Fig. 3. Values of kobs from initial rates for the CpMoC12(PMe3)2/PMe3-d 9 
* 9 exchange (a) and for the Cp MoC12(PMes)2/PMes-d exchange (b). Sol- 

vent CrDr; T= 27 °C. 
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+P(CD3)3 
Cp*MoClz(PMe3) 2 ~ 

÷ PMe3 

+ P(CD3)3 
Cp*MoC12(PMe3) (P(CD3)3) 

÷ PMe3 

Cp*MoC12(P(CD3)3) 2 (8) 

This process was analyzed exactly as described above for the 
Cp counterpart, e.g. by determining the initial rates of 
exchange as a function of excess amount of PMea-d 9 under 
pseudo-first-order conditions with 1H NMR monitoring. The 
measured kobs values are collected in Table 1 and shown in 
Fig. 3. The first observation to be made is that this reaction 
is over one order of magnitude faster than for the correspond- 
ing Cp system. If the phosphine exchange were to occur 
prevalently via an associative mechanism, the exchange 
should have been slower on the electron-richer and more 
crowded Cp* complex. Secondly, there is little effect of 
[PMe3-d 9] on the initial rates. The slope of the linear fit of 
the data (k2 in Eq. (7))  is small compared to the error in this 
parameter and, although a parallel second-order pathway may 
in fact be operative also for this exchange, we cannot exclude 
that the small deviation of the straight line from horizontal is 
caused by subtle experimental factors such as the variation 
of the solvent nature due to the use of large excess amounts 
of PMe3-d 9. The value of the first-order rate constant, 
obtained from the intercept of Fig. 3, is reported in Table 6. 
This self-PMe3 exchange, therefore, proceeds essentially by 
a pure dissociative pathway for the Cp* system. The rate 
increase for PMe3 dissociation on going from Cp to Cp* 
(over two orders of magnitude) can be explained by both 
ground state and transition state effects: the Cp* starting 
compound is sterically more congested, as shown by the 
longer M o P  distance in this system (2.509(1) ,~) [ 15], 
and the 15-electron mono-phosphine intermediate can better 
be stabilized by the more electron-releasing Cp* group. We 
now defer further consideration of the phosphine exchange 
mechanism to Section 4 and turn our attention to a couple of 
related observations. 

3.2. Exchange of chloride by phosphine 

During the very slow PMe 3 self-exchange study on Cp- 
MoCI2(PMe3)2, monitoring of the reaction was continued 
for several days aiming at determining the final equilibrium 
position of Eq. (6). However, this was prevented by the 
precipitation, after a few days at room temperature, of an 
orange microcrystalline material. This solid was recovered 
from the NMR tube and investigated spectroscopically. Its 
EPR spectrum matches that previously reported for com- 
pound [CpMoCI(PMe3)3] +PF6 [ 19], and shown in Fig. 1 
of Ref. 19. On this basis, we propose that this orange solid is 
[CpMoCI(PMe3)3] +CI-,  obtained by slow exchange of a 
C1- ligand by PMe3. The low polarity of the solvent ( C 6 D 6 )  

is responsible for precipitation and therefore accumulation of 
this product. When the compound is dissolved and left in 

CH2C12 without any excess PMe3, it slowly (several hours 
at r.t.) converts back to CpMoC12(PMe3)2 with release 
of PMe3. It is worth noting that a similar salt, 
[CpMoCI(PMe3) 3] ÷ (ZnC13-), formed rapidly when 
CpMoC12 and excess PMe3 were allowed to react in the pres- 
ence of the Lewis acidic ZnC12, and that this salt also slowly 
converted to CpMoCI2 (PMe 3) 2 in CHzC12 when treated with 
an excess amount of a soluble chloride source [ 19]. 

3.3. Effect of oxidation on phosphine exchange 

Since it had been previously established that the halide 
exchange reaction on CpMoX2(PMe3)2 is catalyzed by an 
electron transfer chain (ETC) [20] process via oxidation to 
cationic Mo (IV) compounds [ 21 ], the possibility that a sim- 
ilar ETC process might take place for the phosphine exchange 
(Scheme 2) had to be considered and addressed. In other 
words, it is conceivable that the very fast phosphine exchange 
processes described by Eqs. ( 3 ) -  ( 5 ) are so fast because they 
are in fact proceeding through a catalyzed mechanism, per- 
haps because of adventitious oxidation as is the case for the 
halide exchange [21], and that the uncatalyzed exchange 
would in fact be slow. The electron transfer step of such an 
ETC mechanism must be very fast, since all CpMoClzL2 
systems investigated by us undergo chemically reversible 
oxidative electrochemistry, and two pairs of 
[ (Ring)MoC12L2] n+ (n = 0, 1 ) complexes (i.e. Ring = Cp, 
L=PMe3 [18], and Ring=Cp*, L=PMe2Ph [22]) have 
been crystallographically characterized as isostructural pairs 
with only very minor readjustments of bond distances and 
angles. There are a few remaining questions to be addressed. 
(a) Is the electron transfer end- or ex-ergonic? (An ender- 
gonic electron transfer step would result in an inefficient ETC 
catalyst [20].) (b) How fast is ligand exchange in the 16- 
electron manifold? Obviously, oxidation at the metal would 
be expected to speed up an associative reaction and to slow 
down a dissociative one. In order to answer these questions, 
we investigated the CpMoCI2(PEt3)2/dppe exchange. 

2L' I CpMoCl2La ] [CpMoCI2L,2]+ 2L 

2L - ~ [CpMoCI2L, 2 [ [CpMoCl21m]* 2L' 

uncatalyzed Y 
exchange ETC catalyzed exchange 

Scheme 2. 

It has been determined that [CpMoCl2(dppe)] + is a 
stronger oxidant than [CpMoC12(PEt3)2] + ( E l / 2 =  - 0.33 
and -0.61 V versus fc/fc +, respectively). Therefore, the 
electron transfer is thermodynamically favorable, a necessary 
condition for an efficient ETC catalysis for the Cp- 
MoC12(PEt3)2/dppe exchange. The rate of exchange in the 
16-electron cationic complexes was probed initially by cyclic 
voltammetry on a solution containing CpMoC12(PEt3)a and 
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a large excess of dppe. The triethylphosphine complex gave 
a reversible oxidation wave and there was no significant 
growth of the wave due to the [CpMoC12(dppe)]/[Cp- 
MoClz(dppe)] ÷ system following production of [Cp- 
MoCI2 (PEt3) 2 ] + on the electrode. Continued monitoring by 
CV indicated that the growth of the oxidation wave due to 
the dppe complex at - 0.33 V qualitatively corresponded to 
the (uncatalyzed) rate of its formation, as previously deter- 
mined by EPR (see above). This experiment demonstrates 
that the PEta/dppe exchange at the level of the Mo(IV) 
cationic complex is slow with respect to the time scale of a 
CV run (about 1 min). In order to have more direct infor- 
mation about the [CpMoCI2(PEt3)2] +/dppe exchange, we 
have generated the Mo(IV) cation stoichiometrically by oxi- 
dation of the corresponding Mo(III) parent compound as 
shown in 

CpMoC12 (PEt3) 2 + Ag + PF 6 - > 

[CpMoC12(PEt3)2] +PF6- +Ag (9) 

and subsequently monitored the phosphine exchange of 

[CpMoCI2(PEt3)2] + +dppe 

[ CpMoC12(dppe) ] + + 2PEt3 (10) 

by 1H and 31p NMR spectroscopy. 
We limited the characterization of the previously unre- 

ported [CpMoC12(PEt3)2] +PF6 compound by IH NMR in 
comparison with the spectrum of the related [Cp- 
MoC12(PMe3)2] ÷ that was generated by the same method 
[ 21 ]. The resonances are paramagnetically shifted, the chem- 
ical shifts being linearly dependent on the inverse temperature 
(see Fig. 4), as expected for a Curie paramagnet. Compound 
[CpMoC12(PMe3)2] ÷ was also shown to be paramagnetic 
(S = 1 ground state) [ 18 ]. At room temperature, the Cp pro- 
tons resonate at 8 180.0 (cf. 179.5 for the PMe 3 analog), and 
the phosphine a-protons (methylene) are at 8 -5 .26  (cf. 
- 6.6 for the methyl protons in the PMe3 analog). The methyl 
protons in the PEt3 compound (in/3 position with respect to 
P) are found at 8 7.93. Upon introduction of excess dppe, no 
significant change is observed in the ~H NMR spectrum at 
room temperature over 6 h (under the same conditions, the 
exchange on the Mo(III) parent complex would be essen- 
tially complete). Correspondingly, the 31p NMR shows no 
evidence for the formation of free PEt3. It is clear, therefore, 
that the phosphine exchange is not faster but rather s l o w e r  on 
Mo(IV) with respect to Mo(III).  This is consistent with a 
dissociative phosphine substitution on Mo(III) and with the 
absence of ETC catalysis in this system. 

The reason for the very different behavior between phos- 
phine exchange and halide exchange on the same Mo(III) 
system (the latter being a slow assoc ia t i ve  exchange and 
being catalyzed by oxidative ETC) [ 16,21] must have its 
origin in the size and charge of the ligand being exchanged. 
For the halide exchange, while a dissociative path on the 17- 
electron system is disfavored by the separation of charge, 
oxidation to the Mo(IV) 16-electron ca t ion ic  species pro- 

240 

230' 

220' 

210' 

200' 

190' 

180' 

170 
0.003 0.004 

I/T (K l)  

& 

L) 

0.005 

1 0  

E 9 
e ~  

L) 
8 

7 . . . .  , . . . .  

0.003 0.004 0.005 

1:i- (K -1 ) 

-5 

,_. -6 

-7 
t ,O  

-8 

- 9  . . . .  i . . . .  

0 . 0 0 3  0 . 0 0 4  0 . 0 0 5  

1/T (K l )  

Fig. 4. Variable temperature chemical shifts for the resonances of compound 
[CpMoCI2(PEt3)2] +: (a) Cp resonance; (b) PEt3 methyl resonance; (c) 
PEt 3 methylene resonance. Solvent CD2C12. 

vides a formidable acceleration for the addition of the nega- 
tively charged (and relatively small) halide ion. 

4.  D i s c u s s i o n  

The results shown above for a series of phosphine 
exchange processes on 17 -electron (Ring) MoC12Lz systems 
(Ring = Cp, Cp*; L = tertiary phosphine) show that the most 
important exchange mechanism is dissociative and therefore 
presumably involves unsaturated 15-electron intermediates. 
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CpMoCh(P~3) 2> 
CpMoCI2 [ ~  M°CI2(PMe3)~ 

CpMoCI2(PMe3)2 CpMoCI2(PMe~)2 
Fig. 5. Qualitative reaction coordinates for various phosphine exchange 
reactions. 

CpMoC12(dppe) 

This is shown most conclusively by the acceleration of 
the PMe3 self-exchange process on going from Cp- 
MoCI2(PMe3)2 to the Cp* analog, and by the substantial 
independence of the rate on the initial concentration of PMes- 
d 9 (in the pseudo-first-order regime) for the latter system. 
For the PMe3 self-exchange on CpMoC12(PMe3)2, the dis- 
sociative reaction becomes so slow that the associative path- 
way, through either 19-electron or ring-slipped 17-electron 
intermediates, becomes competitive. A dissociative pathway 
is also shown qualitatively by the retardation effect of free 
PEts on the CpMoCl2(PEts)2/dppe exchange (Eq. ( 1 ) ). 

The collective results of the phosphine exchange on the 
Mo (III)Cp system are visually summarized in the qualitative 
reaction coordinate diagram of Fig. 5. The energy ordering 
of the complexes as CpMoC12(PPh3) 2 >> CpMoC12- 
(PEts) 2 > CpMoCl2(dppe) >> CpMoC12(PMe3) 2 qualita- 
tively reflects the results of the exchange equilibria [ 14], and 
is probably a combination of electronic effects (donor abil- 
ity) and steric bulk of the phosphine ligands. The latter is 
indicated by the Mo-P bond shortening on going from the 
PPh3 to the PMe3 complex, as discussed above. As the number 
of phosphines decreases from two to one on going from 
starting complex to intermediate, both steric and electronic 
effects are attenuated; therefore a decreased energy separation 
between the various dissociative intermediates is predicted. 
The barrier for phosphine addition is reasonably expected to 
increase with the phosphine cone angle ( PMes ( 118 °) < PEts 
( 132 ° ) < dppe ( 140 °) < PPhs ( 145 °); for the purpose of this 
comparison, the cone angle of monodentate dppe has been 
estimated as equal to the cone angle of PEtPh2) [ 17] and to 
decrease with the increase of the phosphine's donor ability 
(PMe s = PEt s > dppe > PPh3). Therefore, after dissociation 
of PPh3 from CpMoCI2(PPhs)2, attack by either dppe or 
PMe3 occurs faster than PPhs recombination, leading to 
equally fast rates (h/2 is less than a few minutes at - 80 °C). 
Similarly, after dissociation of PEts from CpMoCI2(PEts)2, 

attack by PMe3 takes place preferentially with respect to PEts 
recombination and leads to fast exchange (tl/2 less than a few 
minutes at - 80 °C), whereas attack by the bulkier and poorer 
donor dppe does not efficiently compete with PEt3 recombi- 
nation and leads to a slow exchange with a retardation effect 
by added free PEts (tl/2 = 15 min, hours at room tempera- 
ture). In agreement with this picture, the CpMoC12(PEt3)2/ 
PMe3 exchange does not show any evident retardation effect 
by free PEts. Finally, for the PMea self-exchange reaction, 
which was measured by using the isotopically labeled PMes- 
d 9 ligand, the competition for the intermediate is only statis- 
tically determined by the PMe3-d9/PMe3 ratio; under the 
pseudo-first-order conditions employed, the PMe3 recombi- 
nation is not expected to significantly affect the observed rate, 
especially at the initial stages of the reaction when very little 
free PMes has accumulated. It is interesting to observe that 
the rate of phosphine dissociation parallels rather well the 
crystallographically determined Mo-P distance, the corre- 
lation comprising both Cp and Cp* systems: Cp- 
MoC12(PMe3) 2 (2.482(2) .A) [ 18] <Cp*MoC12(PMe3) 2 .  
(2.509(1) A) [15]<CpMoC12(PEt3)2 (2.528(1) A), 
CpMoC12(PPh3)2 (2.546(3) ,~) [16]. 

We would now like to put in perspective our present find- 
ings with the current knowledge in organometallic 17-elec- 
tron reactivity. Dissociative substitutions from 17-electron 
organometallic systems have previously been observed only 
as slow alternatives to associative exchanges, when an asso- 
ciative intermediate was rendered sterically less accessible 
[ 11,23,24]. On the other hand, for the first time, here we 
have a dissociative and rapid substitution for a series of 
similar organometallic 17-electron systems, with the alter- 
native associative pathway becoming of importance only 
when the dissociative one is sufficiently slowed down by 
strengthening the bond between the metal and the outgoing 
ligand. It should be mentioned here that a number of 
17-electron (pentadienyl)2V(PR3) and (pentadienyl)CpV- 
(PEt3) compounds easily lose the phosphine ligands to afford 
15-electron (pentadienyl) 2V and (pentadienyl) CpV, respec- 
tively, all of which have an S = 1/2 ground state, although 
the kinetics of ligand exchange in these systems has not been 
investigated to the best of our knowledge [ 25,26]. 

The rapid dissociative exchange in CpMoCI2(PEts)2 can- 
not be solely due to factors raising the energy of an associative 
intermediate (indeed, 19-electron CpMoCI2L s systems or 17- 
electron ring-slipped analogs are quite sterically congested 
and therefore expected to be high in energy) but must also 
be due to effects lowering the energy of the dissociative 
intermediate. 

We can identify two such effects. One is 7r-bonding by the 
CI ligands. The stabilization by this bonding mechanism, 
which is present already in the 17-electron precursor [ 18,27 ], 
certainly increases upon going to the less saturated interme- 
diate. The importance of CI zr-bonding in transition metal 
chemistry [28] has recently been re-emphasized [29]. The 
second effect is related to pairing energy stabilization. Octa- 
hedral coordination compounds of Mo(III) (therefore 
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bond enthalpies and the 18-electron rule, and coordination 
chemistry, where the geometry and the spin state are of pri- 
mary importance. In fact, the proposed intermediate of the 
reactions shown here, the 15-electron CpMoCI2(PR3) sys- 
tem, is isolobal with stable Mo (III) coordination compounds. 

S = 3/2 S = 1/2 

Fig. 6. Generic energy diagram for the metal-based molecular orbitals in a 
15-electron CpMoX2L-type system. 

having a formal 15-electron count), e.g. MoCla(PR3) 3 
(PR3 = PMe2Ph, PEt2Ph, etc. ), have three unpaired electrons 
(S = 3/2) as expected from the pseudo-t3g electronic config- 
uration [30]. Stable cyclopentadienylchromium(III) com- 
pounds of general formula CpCrX2L are pseudo-octahedral 
systems when considering that the Cp ligand formally occu- 
pies three coordination positions and are isostructural and 
isoelectronic with our proposed dissociative CpMo(III)  
intermediates; these also have an S =  3/2 ground state [31], 
although their low symmetry removes the degeneracy of the 
pseudo-t2g levels. Our attempts to isolate models for the dis- 
sociative CpMo(III)  intermediate have so far failed [22] 1. 
Assuming, however, by extension of the above-mentioned 
chromium work, that 15-electron Mo(III)  CpMoX2L-type 
complexes would also have an S = 3/2 ground state, we then 
expect a contribution to electronic stabilization due to the 
spin state change on going from the 17-electron starting mate- 
rial ( S =  1/2) [18] to the intermediate. This stabilization 
effect should be greater the more stabilized the S--- 3/2 state 
with respect to the S = 1/2 state, this in turn depending on 
the relative magnitude of the orbital splitting A (Fig. 6) and 
the pairing energy P, but how large this effect is in this 
particular case (or even whether it exists) remains currently 
unknown. We believe that this effect of a spin state change 
can play an important role in organometallic reactivity, espe- 
cially for systems where the pairing energy is expected to be 
high. We are currently pursuing experimental and theoretical 
studies on models of the dissociative 15-electron intermediate 
with the goal of determining its ground state magnetic prop- 
erties and the magnitude of the triplet-singlet energy gap. 

5. Conclusions 

We have demonstrated here that the dissociative phosphine 
substitution reaction on the cyclopentadienyl Mo (III) system 
CpMoCI2(PR3) 2 is inherently faster than the associative one 
and have proposed ligand ~r-donation and spin state change 
as responsible for the stabilization of the unsaturated 15- 
electron intermediate. In this respect, this chemistry may be 
seen as a bridge between classical low-oxidation state organo- 
metallic chemistry, where the energetics is dominated by 

t Note added in proof: we now have preliminary results indicating that 
complex [Cp*MoCl(dppe) ] + may be sufficiently stable to be isolated. 

6. Supplementary material 

A detailed description of the data collection and the struc- 
ture solution and refinement, full tables of bond distances and 
angles, anisotropic displacement parameters, hydrogen atom 
coordinates, and calculated and observed structure factors for 
CpMoCI2(PEt3) 2 (36 pages) are available from the authors 
on request. The crystallographic tables have also been depos- 
ited with the Cambridge Crystallographic Data Centre. 
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