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SUMMARY 

The ligands L=P(OC,H& -, P(OC,H,),(C,H,) and P(OGH4(CsH42 
react with [x-CSH,Mo(CO),], to yield ionic [x-C,H,MO(CO)~L,] [n-&H,Mo- 
(CO),], neutra1 [~c-C,H~MO(CO)~L]~ or neutral x-CSH,Mo(CO),LL’ CL’= P(O)- 
(OGH& P(O)(OC,H,)(C,H,) or P(O)(C,H,),] depending on the reaction condi- 
tions. The mechanism of the formation of x-C5H5Mo(CO),LL’ via the ionic inter- 
mediate [7&5H,M~(CO),L,] [x-C,H,MO(CO),] is discussed. 

INTRODUCTION 

A previous study’ revealed that the action of the tertiary alkyl phosphites 
P(OR), (B=CH3, W-G, i-C3H7 and n-C,H,) on [5r-C,H,Mo(CO)& in benzene 
under reflux resulted in the degradation of the phosphorous acid esters and the forma- 
tion of ~-C5H~M~(CO)zP(OR)sP(0)(OR),. N o such fission was observed in the cor- 
responding reactions involving tertiary phosphines however3. Further neutral com- 
pounds of the type [n-C,H,MO(CO)~P(OR) 3 ] 1, which were shown to exist in solution 
in two isomeric forms, were produced in the reactions of [x-C,H,MO(CO)~]~ with 
the above phosphite ligauds in benzene under irradiation with ultraviolet light’. In 
contrast only ionic products could be isolated from the corresponding photochemical 
reactions involving tertiary phosphines3. 

This study was initiated to establish whether the behaviour of t&-Gary phos- 
phonites and phosphinites towards [wC,H,MO(CO),], parallels that of tertiary phos- 
phites under similar reaction conditions. 

* For Part V, see ref. 1. A preliminary communication of some of this work has been presented, see ref. 2. 
* To whom correspondence concerning this pubIication should be addressed. 
- C,H, =Allyl. 
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EESUJ2-i.S AND DISCUSSKON 

Similar to that found previously for the tertiary phosphines3 PRs (R=C,H5 
and C,H,)and the tertiary phosphites’ P(OR), (R= CH,, C2H5, i-C3H7 and n-C,H,), 
the ligands L=P(OC,H,),, P(OC,H,),(C,H,) and P(OC3H5)(C6H,), were obser- 
ved to effect the disproportionation of [r~-C,H,MO(CO~& in benzene at room tem- 
peiYfWrc to yk4d fhc i&c pro&&s ~~-C5H5M+40(CO}=L23~~-C3,H,1Llrs(C-0),7. 
These compounds were identified by comparison of their infrared spectra in the C-O 
stretching region with those of [rK5H5M~(CO)2L2 JB(C,H,), (discussed below) 
and [N(C,H,),] [rr-C5H5M~(C0)3]4_ They are soluble in benzene indicating a fair 
degree of association between the cation and anion. 

The tetraphenylborate 3 derivatives of the cations [z-C,H,MO(CO)~L,] f 
CL=P(OC3H&, P(OC3H,)2(C6H5) and P(OC3Hs)(C6H&] were isolated by the 
addition of NaB(C,H,), in a little ethanol to soiutions of [x-C,H~MO(CO)~L~J- 
C=CsHsMo(CO),l in benzene. They were shown to be air stable in the crystalline 
state and l/l eIectroIytes in acetone. The ratios of the intensities of the two C-O 
stretching bands observed in the infrared spectra of these derivatives are consistent 
with them occurring as the “tram” isomer (Fig. 1) in sohxtion’*5*6_ Further the appear- 

Fig. 1. Proposed structures for the compounds [TC-C~H~MO(CO),L,]B(C,H,), [L=P(OC3H5),, P(OC3- 
H,),(C,H,) and P(OWMGH,M and n-C5H,Mo(CO),LL’ [L=P(OC,H,),. L’=P(0)(OC3H&; 
L=P(OC3H&(C6HS)r L’=P(O)(OC,H,)(C,H,); L=P(OC3H5)(C,H&, L’=P(O)(C,H,)d. 

ante of a single cycfopentadienyl resonance, split into a triplet as a result of coupling 
between the cyclopentadienyl protons and the phosphorus nuclei, in their NMR 
spectra is an indication that these compounds exist solely as one isomer in solution. 

Irradiation of benzene solutions of [zr-C5H5Mo(CO),], and excess of the 
ligands L= P(OC3H& and P(OC,H,)(C,H,), with ultraviolet light resulted in the 
formation of the neutral dinuclear compounds [z-C,H,MO(CO)~LJ~ in fair yieId. The 
corresponding photochemical reaction involving P(OC3H&(C6H5) was observed 

C 

¤trons~-kc&rr ‘cis’ isomer _ 

Fig 2. Proposed structures of the isomers of [z-C5HsMo(CO)&]2 [L=P(OC&),, P(OCA)JC&) 
and P(OC,H,)(C,H,),] existing in solution. 
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to similarly afford [E-C~H,MO(CO)~P(OC~H,),(C~H=& but the yield was excep- 
tiunaIIy low, phosp’nin~ite detivcrtives b&g the major products. It was previonsIy 
kzz-kIFS*d %z& &e r~qXXB2& +C,H,~%~C0}~PpR}~-j~ @=C&, CJ-&, 
i-C,H7 and n-C,H9) are present in solution as a mixture of the “cis” and “trans” 
isomers’ shown in Fig. 2. Further while ~~E-C~H~MO(CO)~P(O-~-C~H,)~~~ was found 
to occur pi-imariIy as the “cW isomer in cyclohexane, ~rr-C,H,~ro(COllPI~~H~)~- 
CCH3J2 was observed to exist solely as the “trans” isomer in dichloromethane’. 
IXa!zd on a som~rissll of &!2 kirared spectra in the C-0 s&%hiDg re&II of 

[=C5WWC0)2~]2 CL= f(OGH&, P(OC3H5)&H5) and P(OGH5)(GH&] 
with the spectra of the compounds discussed above, it is shown that the dinuclear 
compounds of the type [x-C,H,MO(CO)~L]~ synthesised in this study .occur pri- 
marily as the “trans” isomer in solution and solely as this isomer iy the solid state. 
The appearance of a single cyclopentadienyl proton resonance, spht into a doublet 
as a result of coupling between the cyclopentadienyl protons and the adjacent 
phosphorus nucleus, in the NMR spectra of these derivatives is readily explained in 
terms of a rapid exchange between the two isomers in solution. 

Thereactionsof[rc-C,H,Mo(CO),], withexcessoftheligandsL=P(OC,H,),, 
P(OC3H&(C6H5) and P(OGHs)(GH& in benzene at room temperature were 
observed to parallel the corresponding reaction’ involving P(OCH& and afford 
neutral products identified as ~~-C~H~MO(CO)~C~H~ and x-C,H,Mo(CO),LL’ 
[L = P(OCsHs)s, L’= P(O)(C,H,), ; L= P(OCsH&(C,H,), L’= P(O)(OC,H,)- 

TABLE 1 

COLOURS, CONDUCTIVITY AND ANALYTICAL AND MOLECULAR WEIGHT DATA 

Colour AC Analyses found (calcd.) Mol. wt 

{~~-CSHSM~(CO)~[P(OC~HS)~]~}B~~~ Yellow 86 62.4 5.8 6.5 
(62.6) (5.9) (6.61 

{n-CSHSMo(C0)2[P(OC3H5)2Ph]zjBPhj Yellow 84 67.2 5.5 

{tt-C~H,Mo(C0)2[P(OCJH~)Ph,12)BPh, Yellow 111 
(FE) (Z) 

(71.6) (5.4) 

{;) 

(6-t) 
(~-C~HSM~(COMP(OC,H~)~I}~ Red 2.0 45.7 4.6 7.3 777 

(45.8) (4.8) (7-4) (838) 
(?I-C,H,M~(CO)~~P(OC~H~)P~Z~)~ Red 3.1 57.7 4.4 6.6 797 c 

(57.5) (4.4) (6.7) (919) 
.IE-C~H~M~(C~),CP(~C,H~)~~EP(O)(OC~H~)ZI Yellow 0.1 45.6 5.3 568 

(45.5) (5.2) (5W 
n-C,H,Mo(C0)2[P(OC,H,),Ph] [P(O)(OC,H,)Ph] Yellow 0.1 53.8 4.9 

(54.2) (4.9) 
Yellow 0.4 61.8 4.5 670 

(61.8) (4.6) (661) 
rr-C,H,Mo(CO),-n-C,H, Yellow 0.5 46.3 4.0 

(46.5) (3.9) 

d Compounds in general gave poorly defined melting points. b Abbreviations: C3H,=Allyl; Ph=CBHs. ’ Ohm-t 
cm2 mol- r (l-10 x lo-” M solutions in acetone)_ d Measured in benzene. ’ Measured in chloroform_ 
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102 R. J. HAINFS, A_ L. DU PREEZ, I_ L. I!LAFtAIS 

(CO),P(OR),P(O)(OR), from [I~-c~H~Mo(CO)& and the tertiary phosphites 
P(OR), (R=CH3, C,H,, i-&H, and n-C,H,)’ 

SCHEME 1 

@-C~H~Mo(CU},}~ + L - n-C5H,Mo(C0)3Mo(CO),L-n-C,H, 4 

[K-C,H,Mo(CO),L,] [x-C,H,MO(C~)~] - 

7r-C * “&(( SrdssL K &&LL’ i- ~C,I-IsM~(Cq-&& (f1 

Z-C,HSMo(CO),C,H, + L - various products (2) 

L = P(OC,H&, L’ = P(O)(OC,H,),; L = P(OC,H,),(C,H,), L’ = P(O)- 

(OC,H,)(C,H,); L=P(OC,H&C,H,),, L’=P(O)(C,H,), 

This mechanism is analogous to that for the Michaelis-Arbuzov rearrangement 
involving tertiary phosphites and alkyl halides’. It is thus apparent from the above 
study that tertiary phosphonites and phosphinites as well as tertiary phosphites are 
capable of participating in Michaelis-Arbuzov type rearrangements with transition 
metal complexes. 

The ligands P(O&H&, P(OC,H,),(C,H,) and P(OC,HS)(C,H,), were 
synthesised by addition of three moIes, two moles and one mole of ally1 alcohol to one 
mole of PCI,, P(C,HS)Cl, and P(&H,),Cl in hexane in the presence of pyridine, 
respectively. [x-C,H~MO(CO),]~ was synthesised according to an established 
procedureg. All reactions and operations were performed under a nitrogen atmos- 
phere. The photochemical reactions employed a low-pressure mercury lamp. The 
chromatographic separations were effected on an alumina column (50 x 1.5 cm; 
Merck acid washed alumina, activity III)_ The infrared and NMR spectra were recor- 
ded on a Perkin-Elmer model 21 spectrophotometer and on a Varian A60 respectively. 
Conductivities were determined using a Metrohm E365B conductoscope. The mole- 
cular weights were measured using a LMechrolab vapour pressure osmometer. The 
elemental analyses (C, H, P) were obtained by the Alfred Bemhardt Microanalytical 
Laboratory, Elbach-iiber-Engelskirchen, West Germany and by Mr. G. J. Roberts, 
National Chemical Research Laboratory, C.S.I.R., Pretoria. 

Synthesis of [x-C5H5Mo(CO),L,] [n-C,H,Mo(CO),] L=P(OC3H&, P(bC,H&- 

(C&S) and P(OG~~(C&S)J 
A solution of [x-C,H,Mo(CO)& (OS g, I.0 mmole) and P(OC3H& (1.0 g, 

5.0 mmole) or P(OC,H,),(C,H,)(l.l g, 5.0 mmole) or P(OC,H,)(C,H,), (1.2 g, 5.0 
mmole) in benzene (ca. 80 ml) was stirred until reaction was complete as determined by 
monitoring with infrared. The solvent was removed under reduced pressure to afford 
an oily residue which was washed with petroleum ether to remove excess ligand. The 
oily crystalline solid was identified as [~-c-C,H,MO(CO)~L~] [~c-C,H,MO(CO)~] by 
means of infrared spectroscopy_ 
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Synthesis o~[~~-C~H,MO(CO)~LJB(C,H,), [L=P(OC,H,),, P(OC,H&(C6H,) and 
WG&~G~,Ll 

NaB&H& (0.82 g, 2.4 mmole) iu a minimum of ethanol was added to a 
benzene solution (ca. 8Oml) of [z-C&Mo(CO)& (OS g, l.O~mmole) and P(OC,&), 
(1.0 g, 5.0 mmole) or P(OC3H&(C6H,) (1.1 g, 5.0 mmole) or P(OC,H5)(C6H& (1.2 g, 
5.0 mmole) and the resultant solution stirred until reaction was complete as deter- 
minedby ~~i~b~~~~~a~Irer9nv.ed~redurredprressure 
to afford an oil which was dissolved in a minimum of a benzene/dichloromethane 
mixture and transferred to an alumina column. The column was eluted with benzene 
to remove neutral products_ EIution with dichloromethane afforded a yeIlow band 
which was collected. Removal of the solvent under reduced pressure afforded the 
product which was crystallised from acetone/petroleum ether. Yield 50-60 %. 

Synthesis of [IL-C,H,Mo(CO),L], [L=P(OC&),, P(OC,H,),(C,H,) and 
zJ (oGmc5&)2l 

Solutions of [n-C,HSMo(CO),12 (1.0 g, 2.0 mmole) and P(OC3H5)3 (2.0 g, 
10.0 mmole), P(OC,H,),(C,H,) (1.8 g, 8.0 mmole) and P(OC3H5)(C6H& (1.9 g, 
S-0 mmole) in benzene (cu. 150 ml) were irradiated with ultraviolet light for 10,2 and 70 
min respectively_ Longer irradiation times for the P(OC3H& and P(OC3H&(C6H5) 
reactions resulted in the increased formation of phosphonate type products. Removal 
of the solvent under reduced pressure afforded oils which were dissolved in a minimum 
of a benzene/petroleum ether mixture and transferred to an alumina column. 

C~-CSH,Mo(C0)2P(OC3~~)~J~. The column was eluted with petroleum 
ether and then with benzene to afford a red band which was collected. The solvent was 
removed under reduced pressure to give a residue of the titled compound which was 
crystallised from benzene/petroleum ether. Yield cn. 40 %_ 

[n-CJ-I,Mo(CO),P(OC,H,),(C,H,)],. The column was eluted with petro- 
leum ether and then with benzene/petroleum ether (l/l) to afford a red band which was 
collected. Removal of the solvent under reduced pressure afforded [n-C,H,MO(CO)~- 
P(OC3H5),(C6H.JJ2 as a red solid. The compound was identified by means of 
infrared spectroscopy only. Yield ca. 1%. 

[~-CSH,Mo(CO)aP(OC3H5)(C6H5)2]2. The column was eluted with petro- 
leum ether and benzene/petroleum ether (l/l) to remove other products. Elution 
with benzene/petroleum ether (2,/l) afforded a red band which was collected. The 
solvent was removed under reduced pressure to afford a red residue of the titled 
compound which was crystallised from benzene/petroleum ether. Yield ca. 40 %. 

Symhesis of TC-C~H~MO(CO)~LI: through reaction of [z-C~H~MO(CO),]~ with the 

Zigands L [L=P(OC,H,),, L’=P(0)(OC3H5)1; L=P(OC,H,),(C6H5), L’=P(O)- 

(OC,&)(C,&); L=P(OC,HS)(C&~Z; L’= W)(GH,LI 
A solution of [~L-&,H~Mo(CO)J~ (1.0 g 2.0 mmole) and P(OC3H& (2.4 g, 

12 mmole) or P(OC,H,)JC6H,) (2.7 g, 12 mmole) or P(OC3H,)(C6H& (2.9 g, 12 
mmole) in benzene (ca. 100 ml) was refluxed for 2 h. The solvent was removed under 
reduced pressure to afford a brown oil which w& dissolved in a minimum of a 
benzene/petroleum ether mixture and transferred to an alumina column. Elution in 
turn with petroleum ether, benzene/petroleum ether (l/4), benzene and dichloro- 
methane/benzene (l/2) afforded at least five bands which were collected and monito- 
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red but in general not further investigated. l&ion of the column with chloroform 
afforded a yellow band which was collected. The solvent was removed under reduced 
pressure to afford z-C,H,MO(CO)~P(OC,H~)(C,H~)~P(O)(C,H~)~ as an oily 
crystalline solid and n-C5H5Mo(C0)ZP(OC,H,),P(0)(OC,H,), and K-C,H,Mo- 
(CO)zP(OC,H,),(C,H,)P(0)(OC3H5)fC6H5) as yellow oils. K-C5H,Mo(CO),- 
PiOC,H,)(C,H,),P(O)(C,H,), was crystallised from benzene/petroleum ether while 
the other two derkatives, which were character&d as oils, were dried thoroughly. 
Yield > 60 %. 

Removal of the solvent from the first band eluted from the column involved in 
the separation of the products from the P(OC,H,),(C,H,) reaction afforded a yellow 
crystalline residue. This was recrystallised from petroleum ether at - 78O and charac- 
terised as ~E-C,H~MO(CO)~-~-C,H,. The compound isolated from the second band of 
this separation was crystallised from petroleum ether and identified as X-C,H5Mo- 
(CO)[P(OC3H5),(C6H&COC3H5 by means of infrared spectroscopy as discussed 
in the text [v(C-0) 1826 s and 1606 m cm- ‘, measured in dichloromethane] _ Removal 
of the solvent from the fifth band of the separation afforded an orange residue which 
was shown by means of infrared to be a mixture of two compounds. The major compo- 
nent n-C5H,Mo(C0)2P(OC3H,),(C~H5)COC3H, was isolated by fractional cry- 
stallisation from benzene/petroleum ether. 
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