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Abstract 

The lithium compound [Li{ p-P(SiMe,)2}(THF),], (I) in tetrahydrofuran (THF) 
under ambient conditions is an effective reducing agent for converting cyclopenta- 
dienyl-titanium(W) or -uranium(IV) chlorides into the corresponding chlorocyclo- 
pentadienylmetal(II1) complexes. Thus [TiCp,Cl,], [TiCpCl,], and [UCp;lCl,] [Cp 
= rl-C,H,, Cp” = q-CsH,(SiMe3),-1,3] were transformed in high yields into 
[TiCp,Cl(THF)], [TiCpCl,(THF)], and [UCp;((@),Li(THF),] (II), respectively. 
The crystallipe complex II is triclinic, space group Pl, with a 11.352(5), b 12.795(7), 
c 15.014(7) A; a 101.63(7), /3 90.34(4), y 95.92(6)“, and 2 = 2. Its X-ray structure 
was refined to R, = 0.056 and R, = 0.072. The compound is a monomer, with mean 
U-Cl and Li-Cl bond lengths of 2.730(l) and 2.46(6) A, respectively; and Cl-U-Cl’, 
Cl-Li-Cl’, and U-Cl-L1 82.3(2), 94(2), and 91(1)O, respectively. 

Introduction 

In Part I we reported the X-ray structures of the bis(trimethylsilyl)phosphido- 
lithium compounds Li,(l.c-PR,)Z(ps-PR2)2(THF)z and [Li(p-PR,)(THF),], (I), as 
well as their NMR spectra and those of a related compound Li(PR,)(PMDETA) 

* For Part I, see ref. 1. No reprints aklable 
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(R = SiMe,, THF = tetrahydrofuran, PMDETA = N, N, N ‘, N ‘, N “-pentamethyldi- 
ethylenetriamine) [ 11. 

Compound I was-first prepared by Fritz and Holderich [2]. It has been exten- 
sively used as (i) a PR, transfer reagent to metals other than lithium, and (ii) a 
source of various phosphorus-containing ligands by virtue of the facile loss of an 
SiMe, (= R) group, e.g., as RCl, ROMe, or PR, [1,3]. For (i) this is illustrated by 
the conversion of [ZrCp,Cl,] with I into [Zr(Cp,)Cl,_,(PR,),] (n = 1 or 2, 
Cp = q-C,H,) [4]; the latter compounds were used as substrates for the insertion 
into Zr-P bonds of CS2, P4, or Ph,CN, to afford ]ZrCp,(CI)(q*-S&PR2)] [5], 
[ZrCp2{P(PR2)PP(PRz)P,}] [6], or [ZrCp2C1{ q*-N2(PR2)CPhz}] [4], respectively. 

We now show that another aspect of the versatile chemistry of the lithium 
phosphide (I) is its capacity to function as a reducing agent. 

Results and discussion 

1. Reactions of compound 1 with various cyclopentadienyl-titanium(lV) or -uranium(lV) 
chlorides 

The reactions of [Li(p-PR2)(THF),], (I) with some cyclopentadienyl- 
titanium(IV), -zirconium(IV), or -uranium(IV) chlorides are sumrnarised in Scheme 
1. This shows that the more readily reducible U” and Ti” chlorides are trans- 
formed into the novel uranocene(II1) chloride [UCp;‘(&l),Li(THF),1 (II) and the 
known Ti”’ complexes [TiCp, _$l,(THF)] { n = 2 (III) or 1 (IV)}, respectively. In 
contrast, the less easily re_ducible [ZrCp,Cl, ] { J?$ - 1.70 V; cf., - 0.75 V for Ti 
analogue [7]} underwent Cl/PR, exchange to yield the appropriate zirconocene(IV) 
bis(trimethylsilyl)phosphide (V or VI), depending on the employed stoicheiometry 
[ 41. Rather surprisingly, the U ‘I1 or Ti ‘*I chlorides II-IV did not react further under 
mild conditions with an excess of [Li(p-PR2)(THF)2]2 to give UT” or Ti”’ bis(tri- 
methylsilyl)phosphides. On the other hand, treatment of [ZrCp&l,] with 2LiPR’, 
(R’ = Me, Et, or Bu”) gave [{ZrCp,(p-PR,)),] [8,9]. 

The uranocene(II1) chloride (II) is the first example of a heterobimetallic 5f 
metallocene(II1) complex in which two chloride ligands are bridging to an alkali 
metal, although 4f element (Ln) analogues, e.g., [LnCp;‘(&Q2Li(THF),], are well 
known [lo]; as are simple homonuclear U”’ complexes, such as [ ( TJCp;‘( p-Cl)} 2] 
[ll], obtained by reduction of [UCp;‘Cl J with Na/Hg in toluene. 

2[ZrCP*C121 LZrCp2CL21 
2[ZrCpZCI(PRZ)l - [Li (p-P(SiMe3J2 1 (THF&& - [ZrCp2(PR2J21 

IV) (41 (I) [41 (VI) 

[UCp”2(p-CI)~Li(THF)~l TiCpCL2(THF), [TiCpZCL(THF)] 

( II ) (III) (IV) 

Scheme 1. Reactions of [Li(p-PR,)(THF),], with some cyclopentadienylmetaI(IV) chlorides at 25 o C (in 
THF for II-IV, or PhMe for V or VI). 
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Fig. 1. The molecular structure and atom numbering scheme for [UCpg(p-Cl),Li(THF)J. 

Table 1 

Selected intramolecular distances (A) and angles (degrees), with estimated standard deviations in 
parentheses for [uc~;‘(@l)~Li(THF),1 

Atoms Distance Atoms Distance 
f 

(a) Bona% (A) 

U-Cl(l) 
U-CP(l) 
U-CP(3) 
U-CPW 
u-Cp(7) 
U-q(9) 
Cl(l)-Li 
Li-O(1) 

(b) Angles ( “) 
Cl(l)-U-Cl(Z) 
U-C](2)-Li 
Cl(l)-Li-O(l) 
o(l)-Li-o(2) 
C1(2)-Li-O(2) 

2.729(6) 
2.80(2) 
2.77(2) 
2.77(2) 

2.74(2) 
2.78(2) 

2.44(6) 
1.86(7) 

82.3(2) 

91(l) 
104(3) 
115(3) 

llo(3) 

u-Cl(2) 
U-CP(2) 
U-CP(4) 
U-CP#) 
U-CP(~) 
u-Cp(l0) 
C1(2)-Li 
Li-O(2). 

U-Cl(l)-Li 
Cl(l)-Li-Cl(Z) 
Cl(2)-Li-O(l) 
Cl(l)-Li-O(2) 

2.730(7) 

2.81(2) 
2.76(2) 

2.78(2) 

2.74(2) 
2.79(2) 

2.48(6) 
1.83(6) 

920) 
94(2) 

lW3) 
113(3) 
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That steric effects play a role in the potentially competing reactions of PR$ 
ligand-transfer and reduction, has already been demonstrated in Zr”-Zr”’ chem- 
istry; the former reaction pathway was favoured by use of bulky R’ substituents and 
low temperatures. Thus, [ZrCp,Cl,] gave [ZrCpz(PR>)2] when R’ = Ph or cyclo- 
C6Hll, but the Zr”’ compound [ {ZrCp,(p-PR>)}J was obtained when R’ = Me; at 
80°C, however, LiPEt, gave the Zr’v product [ZrCp,(PEt,),] [12]. On the other 
hand, the bulky dialkylphosphidolithium reagent [Li{ p-P(CHR,),}], (R = SiMe,) 
even reduced SnCl, or Bu’Cl (to Sn or ‘But, respectively), consistent with its having 
a low first ionisation potential, 7.5 eV [13]. 

Table 2 

Final atomic coordinates, with estimated standard deviations in parentheses, for [UCp;‘( @I),Li(THF),] 

Atom 

U 

Cl(l) 

CW 
Si(1) 

Si(2) 

Si(3) 

Si(4) 

CP(1) 

CP(2) 

CP(3) 

CP(4) 

CP(5) 

Cti6) 

CP(7) 

Cp(8) 

CP(9) 

CP(l0) 

Me(l) 

fW2) 

W3) 

Me(4) 

W5) 

Met61 

Me(7) 

Me(X) 

W9) 

WlO) 

M411) 

M412) 
Li 

W) 

O(2) 

C(l) 

C(2) 
C(3) 

c(4) 
C(5) 

c(6) 

c(7) 

c(8) 

x/a 

0.3363(6) 

O-0239(6) 

0.X072(9) 

0.437q6) 

- 0.0779(6) 

0.3809(6) 

- 0.1044(6) 

0.285(2) 

0.175(2) 

0.080(Z) 

0.124(2) 

0.253(2) 

0.232(2) 

0.160(2) 

0.042(2) 

0.033(2) 

0.150(2) 

0.431(2) 

0.500(2) 

0.541(2) 

-0.117(3) 

- 0.179(2) 

- 0.106(3) 

0.471(3) 

0.364(2) 

O-464(3) 
- 0.224(2) 

- 0.165(3) 

- 0.069(3) 

0.196(5) 

- 0.209(2) 

0.224(2) 

- 0.274(5) 

-0.283(j) 

- 0.219(4) 

- 0.156(4) 

0.172(3) 

0.271(6) 

0.350(4) 
0.313(5) 

0.3565(5) 

y/b 

0.3265(6) 

0.1009(6) 

- 0.0084(6) 

0.20354(g) 

0.2646(6) 

0.3330(7) 

0.064(2) 

0.075(2) 

0.021(2) 

-0.017(2) 

0.009(2) 

O-237(2) 

0.130(2) 

0.149(2) 

0.263(2) 

0.316(2) 

0.194(2) 

- 0.028(2) 

0.158(2) 

0.094(3) 

- 0.005(2) 

- 0.147(3) 

0.385(2) 

0.297(3) 

0.142(3) 

0.264(3) 

0.314(3) 

O&30(2) 

O&2(5) 

0.410(2) 

0.476(2) 

0.386(4) 

0.271(4) 
0.229(3) 

0.315(3) 

0.413(4) 

0.420(4) 

0.506(4) 

0.551(5) 

Z/C 

0.21513(7) 

0.2943(S) 
0.3334(5) 

0.3454(6) 

0.3126(5) 

0.0003(5) 

0.089q6) 

0.293(2) 

0.345(l) 

0.28q2) 

0.197(Z) 

O-202(2) 

0.046( 1) 

0.031(l) 

0.05ql) 

0.079(2) 

0.075(l) 

0.460(2) 

O-366(2) 

O-262(2) 

0.420(2) 

0.213(2) 

0.339(3) 

0.082(2) 

-0.113(2) 

- O.OlO(3) 

0.152(2) 

- 0.035(2) 

0.144(2) 

0.385(4) 

0.656(2) 

0.508(l) 

0.734(3) 

0.726(3) 
0.642(4) 

0.610(4) 

0.569(3) 

0.637(3) 

0.634(4) 

0.559(3) 
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A similar contrast between TiIv and &-IV chemistry to that now revealed in 
Scheme 1 has previously been noted in the reactions of [MCp,Cl,] with LiCHR, 
(R = SiMe,). For M = Ti, the ultimate product was [TiCp,(CHR,)] with [{TiCp,(p- 
Cl)},] as an isolable intermediate; whereas for M = Zr, [ZrCp2(CHR,)C1] was 
obtained [14]. Lithium alkyls are not as powerful reducing agents as the phosphides. 
For example, LiCHR, gave Sn,(CHR,), with SnCl, [15]. Lithium amides are 
still weaker; e.g., [TiCp,Cl,] and LiNR2 gave an amido-Ti’V product 
[Tkp,[NRSiMe$H,)] [16]. After the synthesis reported here of complex II from 
[UCp;lCl,], it was shown that LiBu” provides an alternative reagent to the 
bis(trimethylsilyl)phosphidolithium compound I [17]; complex II was also obtained 
from [{UCpy(p-Cl)},] [ll] and 2LiCl in THF. However, [UCpr Cl,] and 2LiR or 
2LiNMe, at - 80°C furnished [UCp;‘R>] (R’ = CH,SiMe, or CH,Ph) or 
[UCp;‘(NMe,),], respectively [18]. 

The reaction sequence in the M”’ + M”’ reduction for the [MCp,Cl,] LiPMe ) 

$[ {MCp,(p-PMe,)}2] (M = Ti and Zr) systems has been further examined [9]. Use 
of an equimolar portion of LiPMe, (presumably at ambient temperature) yielded 
+[{TiCp,(p-Cl)},] (with fP,Me,) and $[ZrCp&&] + :[{ZrCpz(p-PMe2)}2], respec- 
tively; while *th 2LiPMe,, the product was i[{ MCp,(p-PMe,)},] in each case. 

2. X-Ray crystal structure of [UCp;‘(~-Cr),U(THF),] (II) 

The molecular structure and atom numbering scheme for complex II are shown 
in Fig. 1, selected bond distances and angles are in Table 1, and final fractional 
coordinates in Table 2. 

The uranocene(II1) complex II is the first U”‘-dichloro-bridged alkali metal 
complex to be structurally character&d, although data for a related compound 
[ UCp;‘( P-Cl) z Li(PMDETA)] (VII), having five-coordinate lithium, are now availa- 
ble [17]. A sodium derivative was suggested to have the structure [UCp;(p- 
Cl),Na(THF),] (Cp” = +,Me,, x = 1.5-2) on the basis of its analysis and IR 
and NMR spectra [19]. Among compounds of the 4f elements, the following 
[LnC&(p-Cl),LiL,) complexes have been character&d by X-ray diffraction: Ln = 

Table 3 

Selected structural parameters for some lithium derivatives of f’-metallocene(II1) dichlorides and 

wwww21 

Compound M-Cl Li-Cl Cent-M CI-M-Cl Cent- Cl-Li-Cl Ref. 

(-Q (A) (-Q (“1 M-Cent (“) 

(“1 

[UCp;‘( c”Cl) z Li(THF) 2 I 2.729(6) 2.44(6) 2.48 82.3(2) 124 94(2) This 
2.730(7) 2.48(6) 2.50 work 

[UCp;‘( p-Cl),Li(PMDETA)] 2.69(2) 2.52(4) 2.51 84.6(5) 124 93(l) 17 
2.72(l) 2.51(4) 2.58 

2.744av. 2.405av. 2.48 
2.49 

82.1 126 97.2(9) 10 

2.818(4) - 2.496 78.5(l) 131 [ClUCl 11 
2.802(4) 2.494 101.5(l)] 
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Nd, Cp’ = Cp”, and L=THF [lo]; Ln=Nd, CpX= Cp*, and L= THF [20]; 
Ln=Yb, CpX= Cp*, and L = OEt, [21] (also the di-iodo analogue); and Ln = Yb, 
Cpx = &H,SiMePh,, and L = OEt, [22]. Of these, the first, a 4f3 complex, is 
isostructural with the 5f3 title compound II. 

Some comparative structural data are given in Table 3. 

tixperimental 

General procedures 
These have been described previously [l]. 

Preparation of [UCp;‘(p-Cl), Li(THF),] (II) 
A solution of [Li(p-PR,)(THF),], (R = SiMe,) (I) (0.84 g, 2.56 mmol) in THF 

(30 cm3) was added dropwise ‘with stirring to a solution of [UCp;‘Cl,] [Cp” = q- 
C,H,(SiMe3),-1,3] (1.84 g, 2.53 mmol) in THF (10 cm3) at 0°C. There was rapid 
colour change from orange-brown to deep green. The mixture was stirred for 30 min 
at 0 o C, then at ca. 25 o C for 12 h and volatiles were then removed in vacua. The 
residue was extracted with n-pentane and the extract was filtered and cooled to 
- 30 o C to yield green di-~-[l,3-bis(trimethylsilyl)cyclopentadienyl]-(~-dichloro)- 
uranium(III)-bis(tetrahydrofuran)lithium (II) (1.50 g, 68%). Found: C, 41.2; H, 6.80. 
C,H,,Cl,LiO,SiJJ talc,: 41.0; H, 6.66%. Compound I had m.p. 105-107°C; it 
was found to be soluble in THF, toluene, or pentane, and to be air-sensitive. The ‘H 
NMR spectrum in toluene-d, at 25 o C showed signals (assignment, integration) at 6 
-33.15 (H4, H,; 4) -5.00 (CH,, 36), 1.68 (THF, 8), 3135 (THF, 8), and 37.54 
(H,). The ‘Li NMR spectrum in benzene-d, at 25 “C showed a singlet signal at 0.91 
ppm (rel. to aqueous Li[NO,]). 

Preparation of TiGpGI,(THF), (III) 
A solution of [Li(p-PR,) (THF),], (1.86 g, 5.66 mmol) in THF (25 cm3) was 

added dropwise with stirring to a suspension of [TiCpCl,] (1.20 g, 5.47 mmol) in 
THF (10 cm3) at ca. 25” C. The colour changed from yellow to green and then to 
deep blue. The mixture was stirred for ca. 1 h and then filtered. The filtrate was 
cooled to - 30°C to yield purple crystals of TiCpCl,(THF), (X < 1) (III) (0.80 g). 
The product was identified by comparing its EPR [23] and IR [24] spectra with 
those of authentic specimens. 

When the reaction of the lithium reagent (0.67 g, 3.04 mmol) and [TiCpCl,] (0.66 
g, 3.01 mmol) was carried out in n-hexane (25 cm3) the product was the purple 
TiCpCl,. 

Preparation of [TiCp,CI(THF)j (IV) 
A solution of [Li(p-PR,)(THF),], (2.54 g, 7.73 mmol) in THF (25 cm3) was 

added dropwise with stirring to a suspension of [TiCp,Cl,] (1.96 g, 7.87 mmol) in 
THF (10 cm3) at ca. 25 O C. There was rapid colour change from red to deep green. 
The mixture was stirred for 48 h, and the volatiles were then removed in vacua. The 
residue was extracted with toluene, and the extract was filtered, then cooled to 
- 30 O C to give sky-blue crystals of di-a-cyclopentadienyl(chloro)(tetrahydrofu- 
ran)titanium(III) (1.10 g), which had an IR spectrum identical with that of an 
authentic specimen [25]. 
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When the reaction of the lithium reagent (0.85 g, 3.86 mmol) and [TiCp,Cl,] 
(0.96 g, 3.86 mmol) was carried out in n-hexane (30 cm3) the product was the blue 

[{TiQd~--C1))J 

X-Ray data collection, structure determination, and refinement for [UCpy(p- 
CI), Li(THF),] 

Crystalline C30H58C12LiOZSi4U M= 879.0, is triclinic, with a 11.352(5), b 
12.795(7), c 15.014(7) A; 
0, 1.37 g cme3, 

a 101.63(7), /3 90.34(4), y 9_5.92(6)“; iY 2123.8 A3, 2 = 2, 
~(Mo-K,) 49.5 cm-‘, space group Pl. The lattice parameters were 

determined from a least-squares refinement of the angular settings of 25 reflections 
(28 > 30 o ), accurately centred on an Enraf-Nonius CAD-4 diffractometer. 

A crystal of dimensions 0.22 x 0.20 X 0.15 mm was sealed in a thin-walled 
capillary under an atmosphere of argon. Data were collected on the diffractometer 
with graphite crystal monochromated molybdenum radiation. The diffracted inten- 
sities were collected by the 0-20 technique in a manner similar to that described 
previously [26]. All unique reflections out to 28 d 40 o were measured; of the total 
of 3929 reflections, 2682 were considered as observed (I 2 3a(I)). 

Acknowledgement 

We thank S.E.R.C. and A.E.R.E. Hanvell for the award of a CASE studentship 
to P.C.B., the Verband der Chemischen Industrie for providing a Liebig Stipendium 
for E-H., N.S.F. for partial support for J.L.A., and Dr. D. Brown for his interest. 

References 

1 E. Hey, P.B. Hitchcock, M.F. Lappert, and A.K. Rai, J. Organomet. Chem., 325 (1987) 1. 
2 G. Fritz and W. Holderich, Z. Anorg. Allg. Chem., 422 (1976) 104; 417 (1975) 241. 
3 G. Fritz, Comments Inorg. Chem., 1 (1982) 329. 
4 E. Hey, M.F. Lappert, J.L. Atwood, and S.G. Bott, Polyhedron, in press. 
5 E. Hey, M.F. Lappert, J.L. Atwood, and S.G. Bott, J. Chem. Sot., Chem. Commun., (1987) 421. 
6 E. Hey, M.F. Lappert, J-L. Atwood, and S.G. Bott, J. Chem. Sot., Chem. Commun., (1987) 597. 
7 M.F. Lappert, C.J. Picket& P.I. Riley, and P.I.W. Yarrow, J. Chem. Sot., Dalton Trans., (1981) 805. 
8 K. Issleib and H. I-Uckert, Z. Naturforsch., B, 21 (1966) 519. 
9 S.R. Wade, M.G.H. WaLlbridge, and G.R. Willey, J. Chem. Sot., Dalton Trans., (1983) 2555. 

10 M.F. Lappert, A. Singh, J.L. Atwood, and W.E. Hunter, J. Chem. Sot., Chem. Commun., (1981) 1191. 
11 P.C. Blake, M.F. Lappert, R.G. Taylor, J.L. Atwood, W.E. Hunter, and H. Zhang, J. Chem. Sot., 

Chem. Commun., (1986) 1394. 
12 R.T. Baker, J.F. Whitney, and S.R. Wreford, Organometallics, 2 (1983) 1049. 
13 P.B. Hitchcock, M.F. Lappert, P.P. Power, and S.J. Smith, J. Chem. Sot., Chem. Commun., (1984) 

1669. 
14 J.L. Atwood, G.K. Barker, J. Holton, W.E. Hunter, M.F. Lappert and R. Pearce, J. Am. Chem. Sot., 

99 (1977) 6645. 
15 P.J. Davidson, D.H. Harris, and M.F. Lappert, J. Chem. Sot., Dalton Trans., (1976) 2268. 
16 C.R. Bennett and DC. Bradley, J. Chem. Sot., Chem. Commun., (1974) 29. 
17 PC. Blake, M.F. Lappert, J.L. Atwood, and H. Zhang, J. Chem. Sot., Chem. Commun., in press. 
18 P.B. Hitchcock, M.F. Lappert, A. Singh, R.G. Taylor, and D. Brown, J. Chem. Sot., Chem. 

Commm., (1983) 561. 
19 P.J. Fagan, J.M. Mamiquez, T.J. Marks, C.S. Day, S.H. Holmes, and V.W. Day, Organometallics, 1 

(1982) 170. 
20 A.L. Wayda and W.J. Evans, Inorg. Chem., 19 (1980) 2190. 
21 P.L. Watson, J.F. Whitney, and R.L. Harlow, Inorg. Chem., 20 (1981) 3271. 



314 

22 M.D. Rausch, KJ. Moriarty, J.L. Atwood, J.A. Weeks, W.E. Hunter, and H.G. Brittain, Organome- 
tall& 5 (1986) 1281. 

23 P.D. Bartlett and B. Seidel, J. Am. Chem. Sot., 83 (1961) 581. 
24 RS.P. Coutts, R.L. Martin, and P.C. Wailes, Austr. J. Chem. Sot., 24 (1971) 2539. 
25 RS.P. Coutts, P.C. Wailes, and R.L. Martin, J. Organomet. Chem., 47 (1973) 375. 
26 J. Holton, M.F. Lappert, D.G.H. Ballard, R. Pearce, J.L. Atwood, and W.E. Hunter, J. Chem. Sot., 

Dalton Trans., (1979) 45. 


