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Reactions of PPh,Cl with (T$-CSHS),MH, (M = MO, W) in toluene give the 
ionic complexes [(v$-C,H~)~MH(PP~~H)]CI. The reactions of the molybdenum 
derivative with electron poor alkynes RCSR’ (R = R = CF, (hfb), CO,Me (dmad); 
R = H, R’ = CN (mea)) were studied, and insertions of the alkynes into the MO-H 
bond, leading to either the ionic complexes [(q’-C,H,),Mo(PPh,H)(a-CR=CHR’)]+ 
(hfb, dmad, mea) or the molecular species [($-C,H,),MoCl(a-CR’=CHR)] (dmad, 
mea), were observed. In the case of hfb and dmad the cationic metallaphosphacy- 
clobutanes [(q5-C,H,),MoCHRCHRPPh,l+ were formed. An X-ray diffraction 
study of the latter complex, derived from hfb, revealed an ionic structure with the 
presence of water of hydration in the centrosymmetric triclinic cell (Pi, a 7.919(8), 
b 9.689(7), c 16.613(11) A, ar 81.52(5), /3 80.82(5), y 82.44(5)O). The water molecules 
and the chloride ligands are involved in hydrygen bonding. The MO-P bond length 
is 2.487(l) A, that of MO-C(sp3) is 2.299(3) A, and the C-MO-P angle is 63.8(l)“. 

Introduction 

For some years we have been interested in the reactions of dicyclopentadienyl 
dihydrides of molybdenum and tungsten and their derivatives with alkynes activated 
by electron-withdrawing groups such as CN, CF, or CO,Me [l-4]. In the course of 
this study we decided to prepare phosphido-bridged dimetalhc dicyclopentadienyl 
complexes. The known complexes of this type possessing a molybdenum-phos- 
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phorus bond generally contain tertiary phosphines [5-71, and thus are not of interest 
for our purpose as starting materials. One exception is the ionic complex [(q5- 
C,H,),MoBr(PPh,H)]PF, reported by Green [7] but the preparation of this com- 
plex from (n5-C,H,),MoH, involves at least four steps, and because the presence 
of a halogenide ligand may reduce its reactivity we decided not to try to use it. 

We thaught that potential precursors for phospbido-bridged complexes (e.g. 
(TJ’-C,H,),Mo + PR,H, (q5-C,H,),Mo + PR,Cl or (q5-C,H,),MoHPR,) could 
be formed in a simple reaction between (q5-C,H&MoH, and PPh,Cl. The 
complex obtained in this reaction is [(q’-C,H,),Mo(H)t PPh,H]Cl (1). The 
proximity of the hydride ligand on the metal and the hydrogen atom on phosphorus 
offers the interesting possibility of studying the separate or simultaneous reactions 
of these hydrogens, and we were encouraged by this and a recent observation of 
Seyferth on the two bond reduction of dimethylacetylene dicarboxylate by two 
sulphydryl bridges in (@SH),Fe,(CO), [8]. We report here the results of studies of 
the reactions of 1 with alkynes activated by electron-withdrawing groups, and pay 
particular attention of the formation of metallaphosphacyclobutanes. 

Results aud discussion 

Reaction of the dihydride complex (n5-C,H,),MoH, with diphenylchlorophos- 
phine in toluene gave a yellow precipitate of [(q’-C,H,),MoH(PPh,H]Cl (la) in 
nearly stoichiometric yield (eq. 1). The analogous tungsten complex lb was prepared 

PPh,H 

($‘-C5H&MoH2 + PPh2Cl - [ @-C5H512Mo; ] Cl (1) 
CetHsCH3 

H 

(la) 

similarly. Complexes la and lb are sparingly soluble in THF, benzene, CHCl, and 
CH,Cl,, but are sufficiently soluble in CH,CN to permit recording of their ‘H and 
31P NMR spectra. The identity of 1 was elucidated from its IR and ‘H and 31P 
NMR spectra (see Experimental). The IR bands observed at 2255 and 1875 cm-’ 
are assigned to the v(P-H) and v(Mo-H) vibrations, respectively. The 31P reso- 
nance at 36.6 ppm is consistent with the presence of a coordinated PPh,H ligand; 
31P in free PPh,H is observed at -41.1 ppm [9a] and in free PPh,Cl at + 81.1 ppm 
[9b]. The hydrogen atom attached to phosphorus gives rise to a doublet with a 
normal value of ‘J(PH) of 386 Hz. The hydride resonance centered at -8.65 ppm 
exhibits a ‘J(PH) coupling (35 Hz) which is very close to that observed for ‘the 
cation [(q’-C,H,),MoH(PPh,)]+ - 33.5 Hz [7]:Attachment of the phosphine to the 
(n5-C,H,),Mo core is confirmed by the appearance of the C,H, resonance as a 
doublet with J(PH) equal to 2.5 Hz. 

Treatment of the molybdenum complex la in CH,CN or THF with F,CCkCCF, 
(hfb), MeO,CC.=CCO,Me (dmad), or HCkCCN (mea) leads to insertion of the 
alkyne into the MO-H bond with or without retention of the phosphine ligand. The 
reactions are summarized in Scheme 1. 

In the case of the ionic complexes 2 and 3 the presence in the ‘H NMR spectra of 
two doublets in the region of C,H, ring resonances (see Experimental) suggests that 
they are present as mixtures of conformational isomers, 2a and 2b and 3a and 3b 
(Scheme 2). 
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SCHEME 2 

( R = CF3 (21, R = CO2Me (3) ) 

It has been previously shown that the insertion of (hfb) and (dmad) into one of 
the two MO-H bonds of (q5-C,H,),MoH, leads to a-alkenyl complexes in which 
both conformations of the type a and b are present [4,10,11,12]. 

The positions of the a-olefinic protons in the (mea) insertion complexes 4 and 7 
can be assigned from the J(HH) coupling constants: complex 4, 3J(HH) 14 Hz; 
complex 7, *J(HH) 3 Hz. i3C NMR data reveal the strong shielding effect of the CN 
group on the adjacent carbon atom: complex 4; 6(C,) 182.3 ppm, 6(CB) 146.6 ppm; 
complex 7; S(C,) 127.0 ppm, S(CB) 148.7 ppm. The sets of the NMR data indicate 
that each of the complexes 4 and 7 is present in only one conformation. 

The molecular complexes 6 and 7 have been prepared previously by stirring of 
[(q5-C,H,),MoH(o-CR=CHR’)] with CHCl, for R = CN, R’ = H [12] and R = R’ 
= CO,Me [4]. It seems that they do not arise from transformation of the ionic 
complexes 3 and 4 because in this case the same carbon atom of the a-vinylic ligand 
would bear the nitrile group (Cs in 4 but C, in 7). However, such a transformation 
occurred when solid 3 was heated at 60” C under reduced pressure. The formation 
of molecular complexes 6 and 7 in THF can plausibly be attributed to the existence 
of an ionic-molecular equilibrium shown in Scheme 3. 

The transient presence of (q5-C,H,),MoHCl is often detected during the record- 
ing of the iH NMR spectrum of (q5-C,H,),MoH, in CDCl, [13]. The different 
electron densities in the nonbonding la, orbital on the molybdenum center in la 
and (A) could account for the different stereochemistry of the insertion reactions. 

s+ 6- 
The (mea) is polarized in the manner H C = C CN, so the more positive carbon atom 

[ (C5H5J2blo<;2H ] ‘3 _ ( C5H5),Mo <:’ + PPh2H 

(la) (A) 

SCHEME 3 
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SCHEME 4. R = R’ = CF,, COZMe; R = H, R’ = CN: no cyclobutane structure. 

example of the formation of a metallacyclobutane from a a-olefinic ligand. To the 
best of our knowledge, no hydride ligand bound to a transition metal has ever been 
involved in the formation of a metallacyclobutane, nor have metallocyclobutanes 
ever been obtained from alkynes. Alkynes are known to form metallacyclo- 
butadienes, assumed to be intermediates in alkyne metathesis [27]. 

Structnre of 5 

The X-ray diffraction study of 5 revealed the presence of two metallaphospha- 
cyclobutane cations, two chloride ions, and two water molecules in the centrosym- 
metric triclinic cell. The geometry around the molybdenum atom in the cation (Fig. 
1) is typical of bent dicyclopentadienyl complexes. The four-membered ring 
M-(14) exhibits the expected (sp3 hybridized P and C atoms) distortion 
from planarity; C(13) atom lies 0.58 A below the PMoC(14) plane. The angle 
between this plane and that of (n5-C5H5)Mo(q5-C,H,) (centers of gravity of the 
C,H, rings) is 90.8”. The nonplanarity of the metallacyclic part of the cation and 
the presence of the large PPh, group are responsible for the different values of the 
dihedral angles between the PMoC(14) plane and the best planes of the C,H, rings 
(20.5 and 25.8O). The angle between the C,H, planes is 133.7”. 

Relevant interatomic distances and angles are given in Table 1. The MO-P bond 
length of 2.487(l) A is slightly longer than the MO-P distance (2.473(3) A) in an 
acetyl complex [($-C,H,)(CO),(PPh,)MoC(O)Me] of Md’ [28], which indicates 
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Fig. 1. ORTEP drawing of the cation in the structure of 5. Hydrogen atoms are omitted for clarity 

that there is little q-back bonding between the Morv and the phosphorus atom in 5. 
This distance is however less than the sum of the covalent radii of Morv in 
dicyclopentadienyl complexes, the value for “(n5-C5H5)2M~” is 1.45-1.48 A [13] 
and that for phosphorus (sp3) is 1.10 A [29]). The MO-C(14) (sp3) distance of 
2.299(3) A is effectively the same as that in [(~5-C5H5)2Mo(SPI-I){ a-CH(CN)CH,}] 
(2.306(3) A [20]) and in [(~5-C5H5),MoCl(a-CH,CH,)I (2.284(10) A [311). The 
MO-C(C,H,) distances are normal and vary from 2.240(3) to 2.372(3) A. The 
P-MO-C(14) angle of 63.8(l)“ is the smallest observed to date for dicyclopenta- 
dienylmolybdemun(IV) complexes. 

TABLE 1 

SELECTED BOND DISTANCES (A) AND ANGLES (“) FOR [(v$-C,H~)~MOCH(CF~)CH- 
(CF,)PPh,]Cl.H,O (5) 

MO-P 2.487(l) 
MO-C(14) 2.299(3) 
MO-Cy(1) 1.972 
MO-Cy(2) 1.983 

P-C(l) 1.811(3) 
P-C(7) 1.823(3) 
P-C(13) 1.856(3) 
C(13)-C(14) 1.543(4) 
C(13)-C(16) 1.524(4) 
C(14)-C(15) 1.506(4) 

Cy(1) is the gravity center of C(17)-C(21) atoms. 
Cy(2) is the gravity center of C(22)-C(26) atoms. 

C(13)-H(13) 
C(14)-H(14) 

O-H(O)(l) 
O-H(0)(2) 

P-Mo-C(14) 
Cy(l)-MO-Cy(2) 
MO-P-C(13) 
P-C(13)-C(14) 
Mo-C(14)-C(13) 

0.953(3) 
0.938(3) 
0.832(2) 
0.727(2) 

63.8(l) 
133.0 

87.7(l) 
95.9(2) 
94.9(2) 
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Fig. 2. Hydrogen bonds in 5. The Cl---O distances are 3.147 and 3.234 A. 

Two chlorides and two molecules of water form hydrogen bonds around the 
symmetry center at 0,1/2, l/2 (Fig. 2). 

Experimental 

The reactions were performed under nitrogen by use of Schlenk tube techniques. 
Solvents were purified by standard methods and purged with nitrogen before use. 
(~5-C5H5)2MH, (M = MO or W) were prepared by an established method [32]. 
Commercial (CH,CO,GCCO,CH,). (CFsCkCCF,) and PPh,Cl were used. Mono- 
cyanoacetylene was prepared by a published method [33]. ‘H, 13C and 31P NMR 
spectra were recorded on a JEOL-JNM-FX 100 spectrometer. Chemical shifts (6 
values) are relative to an internal TMS (‘H, 13C) or external aqueous H,PO, (31P). 

Preparation of [(q’-C,H,),MH(PPh,H)]Cl (M=Mo (la), M = W (lb)) 

1.6 g (9hmmol) of PPh,Cl were added to a solution of 2.0 g (8.8 mmol) of 
Cp,MoH, dissolved in toluene (80 ml). The solution was stirred for 20 h at room 
temperature. The yellow precipitate of la was filtered off (yield: 90-95%). Found: 
C, 57.7; Cl, 8.3; MO, 20.2; P. 6.9. C,,H,,ClMoP calcd.: C, 58.9; Cl, 7.9; MO, 21.4; 
P. 6.9%. NMR, 6 (ppm), (CD,CN): ‘H: 7.28, P-H, d, ‘J(PH): 386 Hz; 5.13, C,H,, 
d, J(PH): 2.5 Hz; -8.65, MO-H, d, ‘J(PI-I): 35 Hz; 31P, (CDCl,), 36.6. Infrared 
(Nujol), 2255, v(P-H); 1875, v(Mo-H). 

The same procedure was used for preparation of lb, (yield: 65-70%). NMR, 
(CDCl,); ‘H: 7.63, P-H, d, ‘J(PH): 387 Hz; 5.22, C,H,, d, J(PH): 3.0 Hz; -11.8, 
W-H, d, 2J(PH): 26.4 Hz; 31P: -0.6, J(WP): 152.6 Hz. Infrared (Nujol), 1950, 
v(W-H). 
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Complex 7: NMR (CDCl,), ‘H: 6.66, Hb, d, J(HH): 3 Hz; 6.54, Ha, d, J(HH): 
3 Hz (Ha and Hb being truns and cis to metal respectively); 5.29, C,H,, s; 13C: 
148.7, Cs; 127.0, C,; 97.2, C,H,. 

X-Ray structure analysis of 5 
An orange-red crystal of dimensions 0.21 X 0.20 X 0.19 mm was mounted on an 

Enraf-Nonius CAD-4 four-circle diffractometer. The unit cell was determined and 
refined from 25 randomly selected reflections obtained by use of the CAD-4 
automatic routines. Cpstal data for 5: triclinic, space group Pi, a 7.919(g), b 
9.689(7), c 16.613(11) A, (Y 81.52(5), ,B 80.82(5), y 82&l(5)“, U 1237 A3, ~(Mo-K,) 
7.5 cm-‘, Z = 2. The intensities of 4220 independent planes measured in a w-28 
scan (l9,, 2”, e,, 28”) with I > 3a(I) were used in the solution and refinement of 
the structure. All calculations were carried out using the Enraf-Nonius SDP library 
[34]. Neutral atom scattering factors and anomalous dispersion corrections applied 
to all non-hydrogen atoms were those given by Cromer and Waber [35]. The 
structure was solved and refined (325 variables) by conventional three-dimensional 
Patterson, difference Fourier, and full-matrix least-squares methods. All non-hydro- 
gen atoms were refined with anisotropic thermal parameters. The positions of the 
hydrogen atoms of water molecule were found from a difference Fourier map and 
refined isotropically, and those of other hydrogen atoms were calculated by the 
“Hydro” program of SDP. In the final refinement the Biso for these last atoms was 
fixed at 4.0 A. The final residuals were R = 0.028, R, = 0.042, GOF = 1.00. The 
weighting scheme employed was w- ’ = a*(F) = 1/4[a(I)/(I) + 0.062(1)]. The 
final atomic coordinates are listed in Table 2. 

Lists of thermal parameters and structure factors are available from the authors. 
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