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SUMMARY 

The reIatively simple room temperatnre NMR spectra of komplexes 7t-C5H5M- 
(CO)L& [M=Mo, W; L=phosphorus(III) ligand; X=halogen] become more 
complicated at lower temperatures. Two possible interpretations of the spectra and 
the change in their appearance with temperature are put forward: one involves the 
assumption of trans-stereochemistry for all the complexes, and restricted rotation of 
one or more ofthe ligands about the metal-ligand bond at low temperatures, while the 
other attributes the changes in spectra to cistitrans isomerization and/or cis~is 
interconversion witbin the complexes, these processes being rapid at room temperature 
(so that averaged spectra are obtained) but relatively slow at the lowest temperatures 
reached. 

INTRODUCTION 

A recent X-ray crystallographicdetermination of the structure of the compound 
X-C5H5Mo(CO)(PPh3)2NC0 has shown1 that its stereochemistry is related to those 
of complexes I~-C~H~MO(CO)$~ and n-C,H5Mo(CO)2LX3*4 (X- =anionic ligand ; 
L=uncharged Iigand), with the four monodentate ligands as the base of an approxi- 
mate square pyramid which has the cyclopentadienyl ligand as its apex. As in the 
case of complexes n-C5H5Mo(CO),LX, this raises the possibility that compounds 
z-C,H5Mo(CO)L& may exist in two isomeric forms. These can be labelled cis and 
puns according to the relative positions of the two ligands L in the base of the pyramid. 

NMRspectraofcomplexes~-CSH,Mo(CO)L,XwithsuitableLigandsLshould 
allow a &st@ztion to be made between the two isomers, since in cis-isomers the two 
ligands L are inequivaIent while in b-ans-isomers they are equivalent. The situation is 
cdmplicated by the fact that in both cis- and truns-isomers the MO-L bonds do not lie 
in planes of symmetry throughthemolecule. If L is, for example, PMe,Ph or P(OMe),- 
Ph, the two methyl groups on a given Iigand wiII, as a result, be inequivaIent 

In a preliminary communication5, we reported that the proton NMR spectrum 
of the cokplex nn;C5H5Mo(COj(PMePh,),C1 varied with temperature. In this paper 
we de&r&e the behaviour of a number of complexes z-C,H,M(CO)L2X [M=Mo, 
W; .L =phosphorus(III) Iigand; X=CI, IJ and discuss possibIe interpretations of 
iheir spkctra. 
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RESULTS AND DISCUSSION 

The proton NMR spectra of several coinplexes’n-C;If,M(CO)L,X in cDCIJ 

solution at29 are given in Table 1. The effects of chtiges in temperature on the sp&ra 
. of the com$exes n-C5H5Mo(CO)(PMePh2)aCl, n-CjHSMo(CO)[P(OMe)Ph,J&l 

and z-C,H,MO(CO)[P(OM~)~P~],I are shown in Fig. 1,2 and 3. The behaviour of 

TABLE l 

NMR SPECTRA OF COMPLEXES x-C,HsM(CO)L,X” 

Complex GHS CH3 

Ir-CSH5Mo(CO)(PMePhl)2C1 4.85 (5) 2.15 (6) 
a-CSH,W(CO)(PMePh,),C1 49.5 (5) 2.15 (6) 
rr-CsH,Mo(CO)(PMe,Ph)2CI 4.15 (5) 1.85 (12) 
a-C,H,Mo(CO)[P(OMe)Phz]&l 5.07 (5) 3.60 (6) 
a-C,H,Mo(CO)[P(OMe),PhJ,CI 5.13 (5) 3.55 (6), 3.30 (6) 
n-C,H,Mo(CO)[P(OMe)rPh]rI 5.08 (5) 3.53 (6), 3.20 (6) 

E Excluding resonances due to phenyl protons. Chemical shifts are given on the d(ppm) scale. Spectra were 
recorded on CDCl, solutions of the complexes at 29, using TMS as an internal standard. Figures in paren- 
theses represent the relative areas .of the peaks. 
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I&l. The effect of changes-in temperature &I the NMR spectrum of x-CsHsMo(CO)(PMePh&Zl in 
CD,Cl,/CDCl,. 

Fig 2. The effect of changes in temperature on the NMR spectrum of z+HSMo(CO)[P(OMe)Ph&CI 
inCD,Cl,. ‘.’ 
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Fig. 3. The effect of changes in temperature on the NMFZ spectrum of n-C5H,M~(CO)[P(OMe),Ph],I in 
CHFCIZ. 

the complex ~-C,H,W(CO)(PMePhz)2Cl was similar to that of its molybdenum 
analogue, while the changes in the spectrum of n-C5H5Mo(CO)[P(OMe)zPh&C1 
resembled those for the iodo complex, but occurred at lower temperatures. The com- 
plex -z-C,H,Mo(CO)(PMe,Ph),Cl is mentioned later. The lower limit of the tem- 
perature range used in each case w&s imposed by the solubility of the complex in the 
available solvents. All changes in spectra with temperature were reversible. 

All the spectra recorded at 25” exhibited a single resonance for the cyclopenta- 
dienyl protons, although in some cases this was rather broad. I~I all cases, the reso- 
lances for the methyl protons in the ligand L were characteristic of “intermediate cou- 
pling”‘s6 rather th&, the 1/2/l triplets expected for a ‘Lvirtual coupling” situation’. 
In Table 2, thenumber of resonan&observed for the methyl protons in &he ligands L 
in the spectra recorded at 25” is compared with those expected for cis and fans- 
stereochemistry. 

If one ignores the chtiges in spectra at lower temperatures, the speck at 25” 
appear-to be‘easi to interpret. Whereas they.do not seem t6 be compatible with cis- 
structks for the compIexes, in al1 cases but one they match those-expected f0.r trans- 
istimers. The on& discre#ncy~[o& rpqance instead of two for the methyl protons in 
_++;H,Mo(C@(PMeiPh),Cl] izould be attributed to.&n accidental Superimposition 

‘I 
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of resonances due to formally ine+vaIent sets of methyi protons (although from our 
experience with complexes containing the l&and PMe,Ph we would regard this as 
most unusual)_ 

This apparent uniform preference for a trans-arrangement is surprising after the 
delicate b%Iance between cis- and nuns-stereochemistries for the related complexes 
rc-C5H 5M~ (CO),LX ‘9’ It could perhaps be rationalized on the grounds that it mini- _ 
mixes repulsion between the two phosphorus ligands, but. such an argument ignores 
the steric requirements of the halogen ligand, which must be considerable in the case 
of the iodo-complex ~E-C~H~MO(CO)[P(OM~)~P~]~I. It is also odd that the complex 
z-C5H5Mo(CO)(PPhs)2NC0, where repulsion between the phosphorus ligands 
should be particularly marked, has been reported to exist in solution in both cis- and 
h-ans-forms’. 

Any consideration of the stereochemistry of the complexes X-C,H,M(CO)L& 
must also take into account the changes in NMR spectra with decreasing temperature_ 
Assuming that the assignment of tr0rz.s~structures to al1 the complexes is correct, the 
changes in spectra on cooling must be ascribed to restricted rotation of one or more 
of the ligands about the metal-ligand bond. Examples of restricted rotation of both‘ 
the n-cyclopentadienyl ligand and phosphorus(II1) ligands appear to be rare, except 
where the phosphorus ligand bears very bulky substituents such as the tert-butyl 
grouplo One awkward feature of the spectra, from the restricted rotation point of 
view, is- that in some cases [z-C5H,Mo(CO)L,Cl, L=PMePhz, PMe,Ph and 
P(OMe)Ph, ; rc-C5H5W(CO)(PMePh&C1] both the cyclopentadienyl resonance 
and the resonances due to the methyl protons in the phosphorcs(II1) ligands broaden 
as the temperature is lowered, whereas in the case of the complexes x-C,H,Mo(CO)- 
[P(OMe),Ph]a (X= Cl, I) th e resonances due to the methoxy-protons broaden but 
that due to the cyclopentadienyl protons does not alter in appearance. There appears 
to be no obvious reason why steric effects within these two complexes should differ 
sufficiently from those in the remaining complexes to produce this result. 

If the theory that the changes in spectra are due to restricted rotation of the 
ligands is not accepted, it is necessary to abandon the assumption that the spectra at 
29 are those of pure pans-isomers An alternative explanation for the relatively 
simple appearance of these spectra would be that they are averages of the spectra of 
different forms of the complexes which, at this temperature, are undergoing rapid 
intramolecular interconversion in a manner reminiscent of the behaviour of the mono- 
substituted complexes z-C,H,Mo(CO),LX at higher temperaturesg. Two types of 
rearrangement are possible, one a cis#rruns isomerization and the other a cis+cis 
interconversion which does not pass through the trans-isomer but has the effect of 
interchanging the identities of the two phosphorus(II1) ligands. Whereas the cis#cis 
interconversion would presumably take place in any system which was undergoing 
cis#tians isomerization, it would also be possible for cispcis interconversion to 
occur in complexes where the nuns-isomer was appreciably less stable than the cis-, 
thus ruling out ci.sPtrans isomerization. 

The type of spectrum to be expected from each of the complexes assuming (a) 
that the complex exists as a mixture of rapidly interconverting cis- and trans-isomers 
or(b) that the complex exists entirely as a &-isomer which is undergoing rapid c&#&s 
interconversion is shown in Table 2. One important point to note is.that for complexes 
containingthe ligands PMezPh and P(OMe),Ph the inequivalence of the two methyl 
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L.IGAND+aLO~ COMPL-ES ic-C,H,~[CO)~X CO&f PA&D WITH THE NUMBiiR;&PECl-ED 
M ,VARIOU$ (=IRC UMSTANCES. 

: 

Complex Observed Expected for 

ci.c tran+ interconoerting cis-isomer 
isomer isomer cis and trans undergoing 

: fswm?rs; r&3;t&. 

interconversion 

n-cIH,Mot~~ji~~~e~~~=~~ - I P. L 1 1 1 
,~,~~~~~~~~~~~~Pa!. I. 2 .I. L L 
~-cJrcJMo~c.Co~CPMe,~~~cl 1 4 2 1 2 
~c-C~H~MO(CO)[P(OM~)P~&CI 1 2 1 1 I 
.~-C,H,MO~CO)[P(OM~)~P~]#~ 2 4 2 1 2 
~-c,H,Mu~~cOj~~~~M~~j=~~]=i 2 4 2 1 2 

> 

gxxp 5315 giwx. 3igad is 9&&mx3 izz. 2 fFtck. ~b&zxcm.vaGan pmces~ It can he 
seen that the 250 spectra of the complexes x-C5H5M(CO)(PMePh,),C1 (M= MO, W) 
z& ~C:5~f~~o~C~}~P~~~e}Ph~}~C~- co&I be pSr&X%.I b-y &her type of Uzr- 
conversion, whereas ciseuns isomerization is required by the simple spectrum of 
z-C5H,Mo(CO)(PMe,Ph),C1 and ruled out by the more complex spectra of TC- 
C,H,Mo(CO)rP(OMe),Ph],X (x= Cl. I), which can only be produced by cikkis 
interconversion. 

With fa&ng temperature, the decrease in rate of the interconversion processes 
must eventually lead to broadening of the resonances due to the methyl protons, as 
observed. A change in the appearance of the resonance due to the cyclopentadienyl 
protons, however, is only to be expected if the complex is undergoing cisPtruns 
isomerization, and not for a cis-isomer undergoing cis~cis interconversion. For the 
complexes~-C~H~M(CO)(PMePh~),C1(M=Mo,W)and~-C,H,Mo(CO)[P(OMe)- 
Ph,],Cl, broadening of the resonances due to the methyl protons is accompanied by 
broadening of that due to the cyclopentadienyl protons, and at the lowest temperatures 
reached, separate resonances for the cyclopentadienyl protons in the cis- and truns- 
isomers are visibk. III the -case of ~~5H5M~{CO)(PMe2Ph)zC1, broader d the 
resonance due to the methyl protons is only obxmzd at very Iow temperatx~es, but 
here again there is a corresponding change in the cyclupentadienyl proton resonance. 
In contrast, the broadening of the methyl proton resonances in the complexes 
n-CsH,Mo(CO) [P(OMe),Ph-jX @= Cl, I) is not accompanied by a change in the 
appearankof the cyclopentadienyl proton resonance. This is exactly what one would 
expect from the spectra of tie compkxes at 29 5 e&XrtIy &Se C~@&X~ 2&&&X 
the others, exist solely as the cis-isomers in solution, and undergo cisecis inter- 
~mmxsim at a ra%which is suEtient4y &Gd at 29’ to make the two P(OMe)J’h 
Iigands appear equivalent: 

--I Of the two hypotheses suggested to account for the NMR spectra and their 
var&ien with temperature, we .are inclined to f&our the “rapid, interconversion” 
~&her than the “restricted rotation” theory. .On this basis, the hgands PMePh,, 

‘. 
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PMe,Ph and P(OMe)Phz are seen .to yield mixtures of cis- and tra&-isome& of 
complexes z-C,H,M(CO)L,X, while- P(OMe)zPh yields pure &-isomers. This trend 
is what one would expect, since P(OMe)zPh is less bulky than PMePh, and P(OMe)- 
Phz, and a better z-acceptor than PMePh, and PMe,Ph. 

One drawback to the “rapid interconversion” theory is that it requires re- 
arrangement to be much faster at a given temperature for complexes sC,H,MO(CO)- 
L2X than for the monosubstituted complexes A-C~H,MO(CO)~LX., suggesting that 
ligand rearrangement is favourcd by increased crowding (perhaps because the crow- 
ding is less severe in the activated state than in the cis- and truns-isomers themselves). 
This then has to be reconciled with the fact that within the series n-C,H,Mo(CO)L.$ 
the rate of interconversion at a given temperature decreases as the bulkiness of the 
IigandsX and L increases. This is shown by comparison of the spectra of rc-C5H5Mo-. 
(CO)(PMe,Ph),Cl and z-C,H,Mo(CO)(PMePh,),Cl and of rc-C,H,Mo(CO)- 
[P(OMe),Ph],Cl and rr-C5H5Mo(CO)[P(OMe)2Ph]21, and by the fact that thecom- 
plex n-C5H5Mo(CO)(PPhS)2NC0 is reported to exhibit separate resonances for the 
cyclopentadienyl protons in the cis- and trans-isomers at all temperatures studied’. 

EXPERIMENTAL - 

The complexes z-C,H5M(CO)L,X were prepared by heating the halo- 
compounds n-C,HSM(CO),X”-13 with slightly more than the required amount of 
the phosphorus(II1) ligand L under reflu in petroleum ether (b-p. lOO-120°) for two 
to three days. In some cases, analytically pure crystals of the product were obtained 
on concentrating the solution, while in others the residue after removal of the solvent 
required recrystallization from dichloromethane/petroleum ether (b-p. 40~50~). 
Yields were generally between 50 and 60%. Analytical data and IR spectra in the C-O 
stretching region aregiven inTable 3. (The single C-O stretching band observed cannot 
be regarded as evidence for the presence of one isomer of each product only, since it 
is known that the C-0 stretching bands of cis- and truns-isomers of the related com- 
plexes rr-C,H,Mo(CO),LX are almost always exactly superimposed14.) 

NMR spectra were recorded on a Perk&Elmer RlO 60 MHz spectrometer 
fitted with a variable temperature probe attachment (except for the tungsten complex, 

TABLE 3 

ANALYTICAL DATA AND IR SPECTRA OF COMPLEXES x-&H,M(CO)L,X 

Complex Found Colcdated (%) v(C-op 

c H X C H X 
(cm- ‘) 

sc-C,HSMo(bO)(PMePh,)2C1 61.36 5.02 5.73 61.52 5.00 5.67 iSlob 
x-C,HSW(CO)(PMePh,),C1 53.91 4.38 4.92 53.93 4.38 4-97 179ob 
n-C,H,Mo(CO)(PMe2Ph)&I 52.70 5.37 7.16 52.75 5.44 7.08 1801” 
x-CsHSMo(CO)[P(OMe)Ph,],CI 58.72 4.08 5.42 58.51 4.76 : 5.40 .1848’ 

n-C,HSMo(CO)[P(OMe),Ph],C1 45.84 4.76 6.33 46.78 4.82 6.28 1849 n-C,H,Mo(CO)~P(OMe),Ph],I 39.90 4.17 19.45 40.26 4.15 19.34 1863b 

a IR spectra recorded on a Perk&Elmer 257 spectrophotometer. b Hexane solution; E Dichloromethane 
solution 
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