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Summary 

Four zirconocene systems, each containing tertiary phosphine functionality indi- 
rectly linked to either or both cyclopentadienyl rings, are described. Unlike the 
phosphinomethylzirconocenes, in which the metal and the phosphine strongly 
influence each other’s basic chemistry, it has been found that a variety of trans- 
formations may be carried out at either site on the more indirectly linked systems 
without interference from the other. Thus reduction and hydrozirconation proceed 
normally at the Zr center, and quaternization and complexation to a second metal 
may be achieved at the phosphine. Two “early-late” multimetallic systems contain- 
ing Zr and Co have been prepared. Reduction and acylation at Co proceed without 
interference from Zr; however, attempts to generate hydrides at Zr in the bimetallic 
systems were unsuccessful. 

Introduction 

As part of our ongoing program to investigate the potential for useful and 
interesting chemistry of systems containing indirectly linked dissimilar transition 
metals, we have been investigating the chemistry of several “heterodifunctional” 
ligands (e.g. 1, 2, 3) [l-3]. These ligands have been designed to allow for the direct, 
specific linkage of dissimilar metal fragments, and several complexes derived from 

(C,H,),PCH,Li 

(1) 

(C,H,),P(CH, ) .Si(CH, )&H,Li 
(2, n=l; 
3, n = 2) 
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Results and discussion 
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ligand 3 as a building block for the synthesis of the desired zirconocene-based 
bimetallic systems. We expected that complexes of 3 would be more tractable on the 
basis of our experiences with the corresponding ferrocene complexes [3]. To a large 
measure these hopes have been successfully realized. 

Complexes derived from (C, H,), PCH,CH,Si(CH,)2C5 H4 Li (l&and 3) 
Dichlorozirconocene-bis(phosphine) derivative 6. The disubstituted dichloro- 

zirconocene derivative of ligand 3 has been prepared in ca. 35% yield by the reaction 
between freshly sublimed zirconium tetrachloride and 3 in a l/2 molar ratio (eq. 3). 

ZrCL4 + 23 
THF 

-40°C +. 

Si (CH,),CH,CH,PPh2 

‘Zr 

Cl’ w- Si (CH,),CH2CH2PPh 3 

(3) 

(6) 

Upon addition of a cold solution of zirconium tetrachloride in THF to a well 
cooled solution of 3, the proton NMR shows the replacement of the singlet due to 
‘Cp’ protons of 3 from 5.90 ppm with a multiplet at 6.65 ppm, indicating 
complexation to zirconium. Zirconocene 6 is isolated as a white solid by crystalliza- 
tion from petroleum ether at -40°C. 

Functionalization of 6 at Zr. Selective conversions of 6 to both its monohydride 
7 and its dihydride 8 have been achieved. Using L~A~H(O’BU)~ as the reducing 
agent, we have isolated 7 as a light sensitive solid in nearly quantitative yield. 

Zr 

Si (CH,),CH2CH2PPh2 

Hi b- Si(CH3j2 CHzCH2PPh2 

(7, X=Cl; 

8, X=H J 

Upon addition of LiAlH(O’Bu),, a new singlet at 6 0.20 ppm appears in the ‘H 
NMR, upfield to the reactant Si(CH,), peak at 6 0.35. Addition is stopped when 
-Si(CH,), singlet and ‘Cp’ resonance of the starting material are no longer seen, 
although addition of excess LiAlH(O’Bu), after the conversion of 6 to 7 does not 
produce any further observable change in the NMR. Thus selective conversion of 6 
to its monohydride has been successfully achieved. 

Attempted purification of the monohydride gives a grey powder which is air, 
water, and light sensitive both in solution and in the solid state. The proton NMR in 
C,D, shows the effects of chirality at the Zr center: two Si-CH, sginals are seen, 
and the four hydrogens on each ring are inequivalent. In THF the spectrum is 
simpler, presumably due to accidental chemical-shift equivalences. The hydride has 
not been seen in the proton NMR at 25°C. However, its presence is inferred by a 
broad IR absorption at 1350 cm-’ as well as by reaction of 7 with CH,Cl, to 
produce a stoichiometric quantity of CH,Cl. 
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4.45) typical of this sort of complex [9]. Molecular weight determination revealed 
the product to be oligomeric. We therefore formulate it as 9 (eq. 5) and suspect that 
the same factors that resulted in the formation of bimetallic oligomers from the 
ferrocene counterpart of 6 are operating in this system as well [3]. 

SI (CH3J2CH>CHZPPh2 

SI(CH&CH,CH,PPh, 

(6) 

+ C0*(CO), 
benzene 

rt. 

c’\ /@ 

Si(CH,),CH,CHzPPh,CO(CO)3- 

Si (CH &CH~CHZ PPh$o(CO),- 

(9, > 65% ) 
-r 

(5) 

, 

Dichlorozirconocene-mono(phosphine) derivative IO 
In order to further investigate the feasibility of chemistry at one metal center in 

the presence of a second, very different metal, we chose to focus on zirconocene 
derivative 10, synthesized as shown (eq. 6). 

@ 
Si(CH,),CH,CH*P(C6HS)2 

THF 
\ 

CpZrC13 + Li+ @ 
o- 

SI(CH,),CH~CHZP(C,H~I~ - zra> (6) 

(3) 

(10) 

The mixed cyclopentadienyl zirconocene 10 has been successfully prepared in ca. 
70% yield by the reaction, at - 60” C, between cyclopentadienylzirconium trichlo- 
ride and 3 in a l/l molar ratio in THF. Using a procedure similar to that employed 
for the isolation of the bis(phosphine) derivative 6, 10 is obtained as a pure white 
solid. The ‘H NMR of 10 in benzene-d, displays two apparent triplets (J 2.5 Hz) at 
6 5.87 and 6.22 ppm and a sharp singlet at 6 5.91 ppm that are assigned to the 
substituted and unsubstituted cyclopentadienyl rings respectively. The 31P NMR in 
CDCl, exhibits a single, sharp peak at 6 -9.15 ppm relative to external H,PO,. 
The spectroscopic data therefore supports the mixed cyclopentadienyl substitution 
at zirconium and indicates a free, noninteracting phosphine moiety. 

Functional chemistry of IO 

The phosphine in 10 can be characterized chemically by its reaction with methyl 
iodide. A white solid can be isolated in quantitative yield from the reaction between 
10 and Me1 in chloroform. The phosphonium salt 11 (eq. 7) is readily identified by 
the ‘H NMR in CDCl,, the most distinguishing feature being the methyl doublet at 
6 2.72 ppm (J 13.2 Hz). 
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After addition of LiAlH(O’Bu)s to a THF solution of 10 the NMR showed a new 
Si(CH,), singlet at 6 0.20 ppm. The expected new ‘Cp’ resonances were also 

observed: unsubstituted ‘Cp’ at 6 5.10 ppm (s) and substituted ‘Cp’ at 6 5.55 and 
5.90 ppm. Addition of excess LiAlH(O’Bu), did not affect the observed spectra and 
did not convert 10 to the dihydride (complexes 6 and 7 were also not converted to 
dihydrides using LiAlH(O’Bu),). When excess LiAlH, was used as the hydride 
source, it resulted in the observation of a Si(CH,), singlet at 6 0.25, unsubstituted 
‘Cp’ at 5.50 (s) and substituted ‘Cp’ at 5.85 and 5.20 ppm as broad multiplets. This 
was assumed to be the dihydride of 10. 

These hydrides were found unfortunately to be thermally very unstable, and light 
sensitive. Consequently, attempts to isolate them were unsuccessful. The formation 
of the monohydride of 10 was, however, confirmed chemically by reaction with 
CH,Cl, producing a quantitative yield of CH,Cl, (by NMR) and regenerating 10. 
Also, the hydrozirconation of l-octene was achieved using the monohydride of 10. 
The resulting alkyl derivative was both hydrolyzed to produce octane which was 
identified by GLC, and cleaved with iodine to liberate I-iodooctane which was 
identified by GLC and NMR. The n-octyl derivative of 10 was also formed by 
reacting 10 with 1-octene and ‘BuMgCl, according to Negishi [17]. 

Attempts to form the hydride of 13, however, have been unsuccessful. A variety 
of hydride sources were used; however, each led to the decomposition of the acyl 
moiety prior to formation of the zirconium hydride. 

Summary 

Synthetic work in the area of heterobimetallic chemistry has grown enormously 
in recent years, with much of the emphasis on combining “early” and “late” 
transition metals in order to utilize their chemical differences in activation of small 
molecules [1,2,11,16,18]. Both heterobimetallic complexes and their precursors, 
mononuclear complexes with pendant ligand sites, are essentially difunctional 
molecules. As such, the normal reactivity patterns at each site of functionality will 
be modified to a greater or lesser extent by the intramolecular disposition of the 
two. A full realization of the potential of these systems in application to outstanding 
chemical problems must include the development of selective methods for, essen- 
tially, functional group transformations in these systems. Complexes such as 10, 12, 
and 13 provide useful models in which such chemistry may be explored. This study 
has revealed examples where current technology is adequate for selective transfor- 
mation, as well as situations where more work is necessary to provide the flexibility 
for further synthetic manipulation. Reports of additonal efforts in these directions 
will be forthcoming. 

Experimental 

All preparations were carried out under an atmosphere of nitrogen by using 
either standard Schlenk techniques or a Vacuum Atmospheres Drilab. Solvents were 
rendered water and oxygen free by distillation from sodium benzophenone ketyl or 
dianion. Dicobaltoctacarbonyl was purchased from Pressure Chemical Corp. and 
used as received. Zirconium tetrachloride was purchased from Alfa/Ventron and 
was sublimed before use. Bis(cyclopentadienyl)zirconium dichloride was obtained 



from Aldrich and used as received. The preparations of substituted cyclopen- 
tadienides 2 and 3 have been previously described in detail [I.?]~ Cp%rCi 1 IVX 
prepared using the method of Erker, et a\. 1191. All other organic reagents \~ert” 
distilled under nitrogen and degassed before use. Solid imqanic reagents ct-erc 
transferred into the dryhox after being held at high vacuum fi)l- at feast 12 h. 
Spectroscopic measurements utilized the following instrumentation. t. \’ ‘visible. 
8450A Hewlett.--Packard; IR. Beckman IR-8: ‘H ‘NMR, V;inan A6O-~J. %iicc$et 
NT-360. Varian EM390. Chemical shifts are quoted in ppm diiwnf~eld t’r~m tctra- 
methylsilane. The NMR coupling constants are expressed in Hz. Plcmcntal analvses 
and molecular weight determinations were carried out by the Cialbraith Microan:>- 
Ivtical Laboratnrv or the 1. i t‘. I3crkeley ~ficr(~an~~~~~tic~~i F. ah0rat~~r~. 

A solution of 0.091 g (0.33 mmol) CpZrCl, in 3 ml THF was treated, drop\vise 31 

room temperature. with a solution of 0.109 g (C).3? mmol) 2 in 3 ml ‘THF. The 
mixture was stirred overnight and the sofvent then removed m vacua leaving a pale 
yellow semisolid. Trituration with 20 mf ether followed by cooling LO 40*(.’ 
removed most of the LIC’I. Affet removal of rnt+ht of the srrivent ths crutlc product 
was filtered in ether through a very short Ftorinil cnIumn. ~~~~~p~~ra~i~~~ nt’ the ether 
left an oil which was taken up in ca. 20 ml petroleum ether. C~“o~lling t%.l 40” C” 

~rccip~tat~d a white solid which. after dec~~ntat~~)l~ of the cold s~~perrl~.~ta~lt. was 
found to melt well betow room tclr~~~rature. Vicld 0.W) p (39%). NhlR (CI,%3,) S 
0.42 (d. .I 0.X Hz. 6)-x). I.78 (d. 10.9 Hz. Xl). il.00 (app t. .+itting =-- 2.3 Hz. 2H). 
6.10 (s, 5H). 6.50 (app t, splitting =y 2.5 Hz. X-I), 7.11 -7.36 im. hH). 7.31’ 7.80 (tn. 
4H). Anal. Found: C”. MM): 14, 5.17; c‘1. 13.09. C’,.;H..,SiP%ri’!. ~,al~,: f. 54.73: H, 

4.96: C’I, 12.927, 

To a cooled solution of 1.98 g (12.8 mmol) of t’reshl?; sublimed zirconium 
tetrachloride in 75 ml of THF‘ was added a cold solution rrf 8.50 g (24.83 mmol) of 

[[2-(diphenq-lphosphinn)ethvi)d~metlt~lsil~l~c~c?o~e~~t~~die~~~l~~itt~it~m (f) tn THF 
dropwise with constant stirring under nitrogen. The purpl i: coiorcd solut~,n was 
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allowed to stir for one day. Removal of THF under vacuum gave a gummy product 
which was stirred with petroleum ether. The filtered petroleum ether extract upon 
cooling to -40°C gave a white solid that weighed 3.64 g (4.40 mmol), yield 34%. 
NMR (C,D,): 6 0.40 (s, 12H), 0.70-1.20 (m, 4H), 1.90-2.30 (m, 4H), 5.95 and 6.30 
(app t, splitting = 3 Hz, SH), 7.10-7.30 (m, 12H, m- and p-Ph), 7.40-7.65 (m, 8H, 
o-Ph). Anal. Found: C, 60.61; H, 5.79; Cl, 8.45. C42HqgSi2ZrP2C1, talc: C, 60.57; 
H, 5.76; Cl, 8.53%. 

Chlorohydro-I,1 ‘-bis[(2-(diphenylphosphino)ethyl)dimethylsilyl]]zirconocene (7) 
To a solution of 0.71 g (0.86 mmol) of 6 in 2 ml of THF was added 0.36 g (1.60 

mmol) of LiAlH(O’Bu), in 1 ml of THF dropwise using a microlitre syringe with 
constant stirring. The solution was allowed to stir for a period of 30 min. Removal 
of THF under vacuum gave a sticky solid which was extracted with pentane. The 
insoluble residue was removed by filtration. Evaporation of pentane under vacuum 
gave a black solid weighing 0.62 g (0.77 rnmol), crude yield 90%. NMR (C,D,): 6 
0.40 (s, 6H), 0.45 (s, 6H), 0.60-1.20 (m, 4H), 1.95-2.75 (m, 4H), ‘Cp’ peaks 4.43, 
5.45, 5.60, 5.85 (br m, 8H), 7.10-8.10 ( m, 20H). NMR (THF): S 0.20 (s, 12H), ‘Cp’ 
5.50 and 5.65 (app AA’BB’, 8H), 7.30 (br s, 20H). IR (Nujol mull): Zr--H, 1350 
cm-‘. Anal. for hydridic H (reaction with CH,Cl,, NMR): 1.00 + .05 eq. found. 

Hydrozirconation of I-vinyl-l -cyclohexene by 7 

To a solution of 0.61 g (0.77 mmol) of 7 in 4 ml benzene was added 0.82 g (0.76 
mmol) of 4-vinyl-1-cyclohexene dropwise using a microlitre syringe and the reaction 
was allowed to stir under nitrogen at room temperature for one day. Removal of 
benzene and unreacted 4-vinyl-1-cyclohexene under vacuum gave a brown pasty 
mass which was shown by NMR to contain l,l’-bis[(2-(diphenylphosphino)ethyl)di- 
methylsilyl](2-(4-cyclohexenyl)ethyl)zirconocene chloride. Crude yield 0.52 g (0.57 
mmol), yield 75%. NMR (C,D,): 6 0.20 (s, 12H), 0.3-2.5 (m, llH), 5.3-6.4 (m, 8H), 
5.80 (app d, 2H), 7.30 (m, 20H). Treatment of this product with water liberated 
4-ethylcyclohexane in quantitative yield, identified by comparison with an authentic 
sample (GLC, NMR). 

Dihydro-1,l ‘-bis[(Z-(diphenylphosphino)ethyl)dimethylsilyl]zirconocene (8) 
To a solution of 0.10 g (0.12 mmol) of 6 in 2 ml of THF was added 0.01 g (0.24 

mmol) of LiAlH, in 1 ml of THF in drops using a microlitre syringe. The solution 
was allowed to stir for a period of 30 min. Removal of THF under vacuum gave a 
sticky solid which was extracted with pentane. The insoluble solid residue was 
removed by filtration. Pentane was removed under high vacuum to give a black 
solid weighing 0.05 g (0.07 mmol), crude yield 55%. NMR (C,D,): 6 0.40 (s, 6H), 
0.45 (s, 6H), 0.60-1.20 (m, 4H), 1.95-2.75 (m, 4H), ‘Cp’ peaks 4.43, 5.45, 5.60, 5.85 
(br m, 8H), 7.10-8.10 (m, 20H). NMR (THF): S 0.28 (s, 12H), ‘Cp’ 5.30 and 5.90 
(app t, 8H), 7.30 (br s, 20H). Anal. Found: C, 61.24; H, 6.46; Cl, 0.12. C,,H,,Si,P,Zr 
talc: C, 66.18; H, 6.56; Cl, 0.00%. Anal. for hydridic H (reaction with CH,Cl,, 
NMR): 1.62 + .05 eq. found. No further efforts at purification of 7 or 8 were made. 

Dichloro-I,1 ~-bis(2-(diphenylphosphino)ethyl)dimethylsilyl]zirconocenehexacarbonyldi- 

cobalt (9) 
To a solution of 0.21 g (0.56 mmol) of dicobaltoctacarbonyl in 40 ml of benzene 

was added a solution of 0.41 g (0.49 mmol) of 6 in 40 ml of benzene in drops with 
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stirred at 27OC for 18 h, filtered, and the filtrate taken to dryness in vacua to obtain 
a red, oily solid. The solid was dissolved in 20 ml benzene and then carefully layered 
with 80 ml n-hexane. The solvents were allowed to slowly mix by diffusion. The 
resultant red/brown microcrystals were isolated by filtration, rinsed with 20 ml 
n-hexane and dried in vacua. Yield 470 mg (0.33 mmol, 67%). ‘H NMR (C,D,) 6 
0.30 (s, 6H), 1.18-1.25 (m, 2H), 2.43-2.49 (m, 2H), 5.94 (br s, 7H), 6.33 (app t, 
splitting = 2.5 Hz, 2H), 6.92-7.03 (m, 12H), 7.64-7.70 (m, 8H). 31P NMR (CDCl,) 
S +67.4. IR (THF) 1953~s 1973sh cm-‘. UV (CH,Cl,) X,, 386 nm (log e 4.18). 
Anal. Found: C, 49.66; H, 4.38; Cl, 9.83. C,,H,,Si2P2Zr,C1,Co,0, talc: C, 49.38; 
H, 4.11; Cl, 10.06%. 

AcetyltricarbonyI[dichloro-I -[((2-diphenylphosphino)ethyl)dimethyisilylJzirconocene- 
PIcobalt (13) 

a. Using CH,I. To a solution of 210 mg (1.0 mmol) K+[Co(CO),-] in 15 ml 
ether, cooled to 0°C was added at once 700 mg (1.25 mmol) 10 in 3 ml ‘THF. To 
the resulting pale yellow solution was immediately added 2.0 ml (570 mg, 4.0 mmol) 
of a 2 M Me1 solution in ether dropwise by syringe. The yellow solution was stirred 

at 0°C for 3 h, followed by solvent removal in vacua to obtain a yellow oil. 
Extraction with 30 ml ether, filtration and solvent removal yielded an orange solid. 
Recrystallization from THF/n-hexane at - 78” C yielded 520 mg (0.69 mmol, 69%) 
of an orange solid. 

b. Using CH,COCl. To a solution of 145 mg (0.69 mmol) K+[Co(CO),-] in 10 
ml ether, cooled to 0°C was added dropwise 0.76 ml (0.76 mmol) of a 1 M acetyl 
chloride solution in ether. The colorless solution gradually turned yellow as the 
mixture was stirred at 0°C for 4 h. To the solution was then added 427 mg (0.76 
mmol) of 10 in 2 ml THF by syringe. The mixture immediately turned orange and 
an orange solid precipitated from solution. Stirring at 0°C for 2 h followed by 
solvent removal in vacua yielded an orange oily solid. Extraction with 30 ml ether, 
filtration and solvent removal resulted in a feathery orange solid. Recrystallization 

from THF/n-hexane at -78OC yielded 283 mg (0.38 mmol, 55%) of an orange 
solid. ‘H NMR (C,D,) 13 0.28 (s, 6H), 0.94-1.02 (m, 2H), 2.24-2.31 (m, 2H), 2.67 (s, 
3H), 5.88 (app t, splitting = 2.5 Hz, 2H), 5.92 (s, 5H), 6.25 (app t, splitting = 2.5 Hz, 
2H), 6.97-7.06 (m, 6H), 7.40-7.47 (m, 4H). 31P NMR (C,D,J S +49.6. IR (C,D,) 
1975sh, 1953br, 1680 cm-l. Anal. Found: C, 50.14; H, 4.49. C,,H,,SiPZrCl,CoO, 
talc: C, 49.73; H, 4.28%. 
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