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Abstract 

Reaction of the divalent phosphinoytterbocene Yb(C,H,PPh,),(THF) (THF = tetrahydrofuran) with mercuric chloride in THF or 
toluene yields mercury metal and the lanthanoid(II1) complex Yb(CsH,PPh,)&l. An X-ray crystal structure of the compound 
revealed the presence of two independent chloride-bridged dimers (one centrosymmetric, one non-centrosymmetric, in a ratio of 
1: 2) with uncoordinated PhsP groups and pseudo-tetrahedral eight coordination (two $-CsH,PPh, and two p-Cl ligands) at 
ytterbium. The dimers differ in the arrangement (syn, anti) of the Ph,P groups. Solution spectroscopic data suggest that there is 
P-Yb bonding in toluene. 

1. Introduction 

Organo-f-element chemistry is dominated by species 
containing the $-bound cyclopentadienyl ligand or its 
substituted derivatives, which yield stable and isolable 
complexes [l]. Recently synthesis of lanthanoid and 
actinoid complexes of the heterodifunctional diphenyl- 
phosphinocyclopentadienide ligand (C,H,PPh,)- have 
been developed as precursors to novel f-block/d-block 
heterobimetallics [2-61. For example, the organoytter- 
bium ligand Yb(C,H,PPh,), has been prepared [2,31 
and shown to give the bimetallics Yb@HF),(C,H,P- 
Ph,),Z (n = 1 or 2, Z = PtMe, [2,3], Ni(CO), or MO 
(CO), [3]). The free phosphines in f-block compounds, 
ML,(+C,H,PPh,),, may potentially coordinate to 
another f-block atom to give either homo- or hetero-bi- 
metallics. Up to now no such interactions have been 
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observed, possibly owing to the unfavourable combina- 
tion of a hard oxophilic metal and a soft donor ligand. 
We now report the synthesis of Yb(C,H,PPh,),Cl, and 
an investigation of the structure in the solid state, and 
(by spectroscopy) in solution. 

2. Experimental section 

The organolanthanoid complexes described in this 
paper decompose rapidly in air. Consequently all ma- 
nipulations were carried out under purified nitrogen or 
argon in a Vacuum Atmospheres or Miller-Howe dry 
box or by use of standard Schlenk techniques. Solvents 
were dried and distilled over sodium benzophenone 
ketyl under nitrogen. The complex Yb(C,H,PPh,),- 
(THF) was prepared by a published procedure 131, 
whilst commercial HgCl, (Aldrich) was used as re- 
ceived. Analytical and spectroscopic methods and in- 
strumentation were as described previously [3]. 

2.1. Di[p-chlorobis(diphenylphosphino-q5-cyclopenta- 
dienyl)ytterbium(Ill)] 

A mixture of Yb(C5H,PPh,),(THF) (2.0 mm00 and 
HgCl, (1.0 mm00 was stirred in THF (25 cm3) for 12 h 
at room temperature. The resulting bright orange solu- 
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TABLE 1. Atomic coordinates (X 104) and equivalent isotropic displacement coefficients (A* X 103) 

x Y z u,, a 

Yb(l) 3590(l) 4377(l) 70990) 
ybizi 

Yb(3) 
Cl(l) 
CN2) 

CK3) 
P(1) 

P(2) 
P(3) 
P(4) 
P(5) 
P(6) 
C(1) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 
C(10) 
C(11) 
C(12) 
cc131 
C(14) 
c(15) 
CO61 
CU7) 
CO81 
C(19) 
c(20) 
C(21) 
C(22) 
C(23) 
C(24) 
C(25) 
Cc261 
C(27) 
C(28) 
C(29) 
C(30) 
C(31) 
C(32) 
C(33) 
c(34) 
C(35) 
C(36) 
C(37) 
C(38) 
C(39) 
C(40) 
C(41) 
C(42) 
C(43) 
C(44) 
(C45) 

5588(l) 
3660) 

3794(3) 
5405(3) 
1320(3) 
872(4) 

5586(4) 
4845(4) 
8302(4) 

- 753(4) 
- 2059(4) 

1688(14) 
245204) 
286306) 
241405) 
1682(14) 
521(13) 

1096(16) 
919(17) 
10906) 

- 499(18) 
- 254(14) 
- 398(13) 

- 1286(16) 
- 2260(19) 
- 2331(18) 
- 1485(17) 

- 50706) 
457303) 
4855(15) 
390606) 
3077(16) 
345204) 
5810(13) 
577005) 
608106) 
6344(16) 
6389(16) 
6143(14) 
478004) 
4001(15) 
340407) 
3579(18) 
4323(18) 
493305) 
4992(13) 
422403) 
4698(14) 
578705) 
5973(15) 
395305) 
380107) 
3122(19) 
2638(19) 
2767(19) 
3472(17) 

3578(1 j 

1129(l) 
2862(3) 
5098(3) 

298(3) 
2621(3) 
6415(4) 
1458(3) 
5266(4) 
1528(4) 
1961(3) 
3825(12) 
4274(12) 
5189(14) 
5321(14) 
4488(12) 
2345(11) 
192203) 
1729(14) 
192604) 
233405) 
2543(12) 
270602) 
189404) 
1889(16) 
2645(14) 
3461(15) 
345703) 
5286(11) 
4475(12) 
3751(14) 
408004) 
4997(12) 
6742(12) 
613004) 
639ti15) 
728504) 
7921(14) 
7651(13) 
7074(12) 
7281(13) 
777504) 
8006U5) 
7800(15) 
7344(12) 
2639Ul) 
305701) 
3984(12) 
4132(14) 
3337(12) 
106703) 
164806) 
1293(17) 
39507) 

-201(17) 
17105) 

6448iij 
603(l) 

6723(2) 
6859(2) 

13(2) 
5994(2) 
837N2) 
5223(2) 
7635(3) 
1996(2) 
- 88(2) 
6232(8) 
5942(8) 
6196(9) 
6656(9) 
6675(9) 
6698(8) 
7102(9) 
7655(10) 
7790(10) 
7397(10) 
6864(8) 
5483(8) 
5256(9) 
4833(10) 
4646uO) 
485800) 
5296(9) 
8230(8) 
8221(8) 

8140(9) 
8073(9) 
8140(8) 
9212(8) 
9618(9) 

10260(10) 
10475(11) 
lOloo(9) 

9469(9) 
7980(8) 
8182(9) 
785OQO) 
7312(U) 
710901) 
7422(9) 
5362(8) 
5318(7) 
5373(8) 
5439(9) 
5403(8) 
4420(9) 
3992(10) 
337301) 
3190(12) 
3593(H) 
4221(10) 

37(l) 
390) 
350) 
45(2) 
4%2) 
40(2) 
48t2) 
49(2) 
49(2) 
55(2) 
54(2) 
46(2) 
445) 
49(5) 
64(6) 
61(6) 
51(5) 
40(4) 
61(6) 
66(6) 
6ti6) 
75(7) 
48(5) 
42(4) 
63(6) 
78(7) 
68(6) 
72(6) 
57(5) 
40(4) 
5N5) 
60(5) 
59(5) 
44(5) 
42(4) 
57(5) 
67(6) 
69(6) 
63(6) 
51(5) 
50(5) 
5ti5) 
71(6) 
77(7) 
80(7) 
53(5) 
40(4) 
38(4) 
48(5) 
56(5) 
51(5) 
53(5) 
72(6) 
84(7) 
86(7) 
86(7) 
70(6) 
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x Y 

c(46) 
cc471 
Cc481 
cx49) 
cx50) 
c(51) 
C(52) 
C(53) 
C(54) 
c(55) 
Ct56) 
c(57) 
c(58) 
cc591 
c(60) 
c(61) 
Ct62) 
c(63) 
c(64) 
Cc651 
CC661 
Cc671 
U68) 
c(69) 
c(70) 
c(71) 
C(72) 
cc731 
C(74) 
C(75) 
c(76) 
c(77) 
c(78) 
C(79) 
Cc801 
C(81) 
Cc821 
c(83) 
Ct84) 
Cc851 
CC861 
Ct87) 
c(88) 
C(89) 
C(90) 
C(91) 
C(92) 
c(93) 
CC941 
U95) 
Ci96) 
cc971 
C(98) 
C(99) 
cm0 
CilOl) 
C(102) 

3892(15) 
4293(17) 
3657(19) 
2610(20) 
2182(20) 
2828(15) 
7472(14) 
7491(15) 
679405) 
6300(16) 
6712(16) 
9590(15) 

1052407) 
11490(20) 
11520(18) 
10627(18) 
9660(18) 
8553(17) 
7979(18) 
8120(18) 
8727(20) 
9338(20) 
9268(19) 

18203) 
174(14) 

1174(15) 
1852(15) 
1268(14) 

- 294(14) 
303(16) 
597(18) 
187(18) 

- 42907) 
- 668(15) 

- 2010(14) 
- 232307) 
- 3366(19) 
- 4075(20) 
- 3804(21) 
- 2813(19) 

- 627(14) 
- 7503) 
1042(15) 
1193(16) 

15905) 
- 2174(13) 
- 315905) 
- 3326(17) 
-251906) 
- 1518(16) 
- 138805) 
- 2700(13) 
- 254704) 
- 3039(17) 
- 3739(16) 
- 3876(16) 
- 3373(16) 

941(12) 
61904) 
27605) 
233(16) 
532(15) 
88703) 

409303) 
3512(13) 
2661(13) 
2648(14) 
353303) 
5144(13) 
5918(15) 
5899(17) 
5130(15) 
4346(16) 
437605) 
5662(14) 
6X4(15) 
6411(16) 
6130(17) 
568007) 
543006) 
114901) 
263(12) 
35303) 

1257(12) 
175103) 
1432(12) 
941(14) 
892(15) 

1373(15) 
1815(15) 
1913(13) 
56702) 

- 107(14) 
- 784(16) 
- 74607) 
- 132(17) 

56007) 
2179(12) 
199401) 
2383(12) 
282503) 
2681(13) 
3038ul) 
314703) 
3924(14) 
4608(15) 
456904) 
374403) 
1247(H) 
1550(13) 

99904) 
126J14) 

- 18604) 
353(14) 

Z 

5636(g) 

6175(9) 
6545(11) 
6338(11) 
581201) 
5458(9) 
7316(9) 

6839(9) 
6782(9) 
7241(9) 
7569UO) 
8077(9) 
824700) 
8652(11) 
8875(10) 
8697(10) 
8282(10) 
6923(10) 
66430 1) 
6053(N) 
5829(13) 
610102) 
6670(11) 
1728(7) 
1533(8) 
1483(8) 
1644(8) 
1797(8) 
2841(8) 
308400) 
3740(10) 
4087Ul) 
384000) 
3212(9) 
171N8) 
206200) 
185401) 
131501) 
952(12) 

116401) 

47(8) 
- 328(8) 

- 9(9) 
581(g) 
633(9) 

- 286(8) 
- 350(8) 
- 501(9) 
-580(g) 
- 507(9) 
- 374(8) 
- 876(8) 

- 1401(8) 
- 1983(10) 
-2014(10) 
- 1490(9) 
-9OlQO) 

66(6) 
80(7) 
85(7) 
82(7) 
5M5) 
49(5) 
53(5) 
54(5) 
57(5) 
62(6) 
52(5) 
72(6) 
87(7) 
74(6) 
76(7) 
73(6) 
66(6) 
77(7) 
80(7) 
94(8) 
92(8) 
86(7) 
37(4) 
42(4) 
5N5) 
50(5) 
49(5) 
50(5) 
70(6) 
78(7) 
77(7) 
74(6) 
60(5) 
47(5) 
65(6) 
83(7) 
86(7) 
92(8) 
83(7) 
44(5) 
42(4) 
53(5) 
55(5) 
54(5) 
38(4) 
54(5) 
68(6) 
65(6) 
62(6) 
54(5) 
38(4) 
52(5) 
70(6) 
60(5) 
63(6) 
63(6) 

a Equivalent isotropic U defined as one third of the trace of the orthogonalized Uij tensor. 
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tion was filtered through a Celite pad to remove the 
metallic mercury and the filtrate was evaporated to 
leave an orange oil, which solidified on standing. Re- 
crystallization from THF/petrol (1: 4 v/v) and drying 
under vacuum gave the title compound as an orange 
crystalline solid (yield 85%) (Anal. found: C, 57.1; H, 
4.8; Yb, 25.0; C,,H,,Cl,P,Yb, talc.: C, 57.8; H, 4.0; 
Yb, 24.5%). IR (Nujol): 304Ow, 1585w, 1435s, 1305w, 
1210m, 1175m, 1160m, 1095m, 1080m, 104Os, 1035m, 
lOlOm, lOOOm, 86Om(br), 805s, 795vs, 745vs, 725s, 7OOvs, 
cm-‘. Vis/near IR spectrum [A,,(e)](THF): 390(216), 
873(l), 896(l), 923(7), 947(16), 981(10), 988(25), 998(3), 
1024(l); (toluene): 407(284), 510(shX127), 839(l), 
876(3), 908(7), 944(28), 982(19), 990(16), 995(14), 
1006(2), 1032(l) nm. The ‘H NMR spectrum of a 
hydrolysed sample showed only resonances attributable 
to Ph,PC,HS and indicated the absence of THF. 
31P{1H} NMR spectrum (THF): +9.3, br s (Av,,, 50 
Hz); (toluene): + 10.9, br s (Av~,~ 200 Hz); + 45.5 br s 

(Av,,, 200 Hz) (relative area 10 : 7) ppm. Mass spec- 
trum: m/z 706 13, M(monomer)+ -HI, 671 [12, 
M(monomer)+ -HCI], 522 [6, M(monomer)+ - PPh,], 
487 17, Yb(C,H,PPh,XC,H,)+], 458 [7, Yb(C,H,P- 
Ph,)Cl+], 209 [12, YbCl+]. Each observed isotope pat- 
tern for Yb or YbCl containing ions was similar to that 
calculated for the relevant molecular formula. Some 
extremely weak ions with indistinct isotope patterns 
were also observed at m/z 980 [Yb,C12(C,H,P- 
Ph,),(C,H,)+, talc. m/z 9801 838, 796, 736 and 722, 
which possibly result from fragmentation of a dimeric 
species. peff (291 K) = 3.87 pB. An identical prepara- 
tion in toluene gave the same product (IR, vis/near 
IR, 31P NMR and m.s. identification) (yield 80%) after 
evaporation of the solvent from the filtered reaction 
mixture, but was impure (Anal. found: C, 61.9; H, 
4.1%, C,,H,,Cl,P,Yb, ([Yb(C,H,PPh,),Cll, .2PhMe) 
talc.: C, 61.6; H, 4.5%). 

2.2. X-ray structure determination 
Single crystals, suitable for X-ray structure analysis, 

were obtained by slow cooling of a hot, saturated 
toluene solution and were mounted under argon in 
Lindemann glass capillaries. A representative clear or- 
ange-red tabular crystal of approximate dimensions 
0.22 x 0.21 x 0.11 mm was used for data collection. 

2.2.1. Crystal data 
C6,H,,Cl,P,Yb,, M = 1414.0, triclinic& space group 

Pi, a 13.779(4), b 15.817(6), c 22.6743) A, LY 93.20(2), 
p 106.61(2), y 108.57(2)“, U 4436(2) A3, 0, 1.59 g 
cmW3, 2 3, p 33.7 cm-’ for MO Ka radiation (ho.71073 
A), F(000) 2094, T = 20(l)” C. Cell parameters were 
derived by least-squares calculations from angular set- 

tings of 29 reflections measured between 5 o < 20 < 
23”. 

2.3. Structure determination 
Intensity measurements were made on a Nicolet 

R3m/V diffractometer using graphite monochromated 
MO Kcr radiation with 3.5 o < 20 < 45.0 O, and operat- 
ing in o scan mode with a scan range of 1.20’ at a 
scan rate of between 4.51” and 26.04” min-‘. A total 
of 11593 unique data were collected ( f h, f k, + l), 
6546 of which were considered to be observed [F 2 
6&F)]. Three standard reflections monitored every 
197 reflections showed no significant variation over the 
data collection period. Intensity data were corrected 
for Lorentz and polarization effects and a face indexed 
numerical absorption correction was applied [7], maxi- 
mum and minimum transmission factors being 0.972 
and 0.931 respectively. Atomic scattering factors for 
neutral atoms were corrected for anomalous dispersion 
[8]. The structure was solved by Patterson and Fourier 
methods. Full matrix least-squares refinement [7] em- 
ploying anisotropic thermal parameters for Yb, Cl and 
P and isotropic parameters for all other atoms (single 
fixed isotropic thermal parameter for hyd;ogen in geo- 
metrically idealised positions, C-H 0.96 A) reduced R 
to 0.058 and WR to 0.070 at convergence, where WR = 
CW I F, I - I F, l>2/Cw< I F,, I 2)1/2 and w = [a2<F,> + 
0.0019F2]-1. The goodness of fit value ([Co( IF, I - I 
F, l>2/(Nobs - Npara,,,)11'2) was 1.12. The largest peak 
in the difference Fourier synthesis was 1.93 eAW3. All 
calculations were performed on a Micro VAX 2000 
computer. Final atomic parameters are listed in Table 
1. Complete lists of bond distances and angles, thermal 
parameters and hydrogen atom coordinates are avail- 
able from the Cambridge Crystallographic Data Cen- 
tre. 

3. Results and discussion 

3.1. Synthesis 
The oxidation of Yb(CSH,PPh2),(THF) with HgCl, 

in THF or toluene readily afforded Yb(C,H,PPh,),CI 
and mercury (eqn. (1)). This reaction parallels the 
synthesis of Yb(C,H,),CI from Yb(C,H,),(DME) 
(DME = MeOCH,CH,OMe) [9], and is in contrast 
with the usual preparations of bis(cyclopentadieny1) 
lanthanoid chlorides [lo] by metathesis between LnCI, 
and an alkali metal or thallium(I) cyclopentadienide 
and cleavage of tris(cyclopentadieny1) derivatives. 

2Yb(CSH,PPh2), + HgCl, - 

2Yb(C,H,PPh,),CI + Hgl (1) 

Spectroscopically identical products were obtained 
from the two different solvents. That obtained from 
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THF (and recrystallized from THF/petrol) had the 
THF-free composition, Yb(C,H,PPh&Cl. The rmrn 
temperature magnetic moment (Experimental section) 
lies at one end of the range (3.9-4.9 PB) for 
ytterbium(JI1) organometallics [ll]. Features associated 
with the CSH,PPh, group [3] were observed in the 
infrared spectrum, which was too complex to provide 
clear evidence as to the presence or absence of THF. 
However, the ‘H NMR spectrum of the hydrolysis 
products (reaction (2)) indicated that no THF was 
present. 

Yb(C,H,PPh,),Cl + 3H,O - 

Yb(OH), + HCl + 2C,H,PPh, (2) 

Likewise, no THF+ ion was observed in the mass 
spectrum. Ions from fragmentation of Yb(C,H,PPh,), 
Cl+ were the main feature (see Experimental section), 
but there was no monomer parent ion. Some very weak 
high mass ions were also detected and may arise from 
breakdown of a dimer parent ion. Analytical data for 
the product from toluene are consistent with the com- 
position, Yb(C,H,PPh,),Cl . PhMe. However, the 
product may simply have been impure, since single 
crystals grown from this solvent did not contain toluene 
of crystallization. 

3.2. X-ray crystal structure of [Y!dq5-C,H4PPh2)2C1]2 
Atomic coordinates for [Yb(C,H,PPh,),Cll, are 

given in Table 1, the structure is shown in Fig. 1, and 
selected bond distances and angles are listed in Table 
2. The structure consists of two different chloride- 
bridged dimers, one non-centrosymmetric (A) and one 
centrosymmetric (B) in a ratio of 2 : 1. Each ytterbium 
in each dimer is coordinated by two $-C,H,PPh, 
groups and two p-Cl ligands, giving formal eight coor- 
dination and a distorted tetrahedral arrangement of 
cyclopentadienyl centroids (Ct> and chlorides. Higher 
Ct-Yb-Ct than Cl-Yb-Cl angles (Table 2) reflect the 
relative steric demands of C,H,PPh, and Cl ligands. 
The diphenylphosphino groups are uncoordinated, and 
the dimers differ notably in the orientations of these 
groups (anti in Dimer A; syn in dimer B), as displayed 
in the simplified diagrams in Fig. 2. Of the Yb - - * P 
separations, the six closest (Table 2) may be considered 
to be intramolecular van der Waals contacts since they 
correspond closely to the sum (3.84 A) of the van der 
Waals radius of phosphorus [12] and the metallic ra- 
dius [13] (pseudo van der Waals radius) of ytterbium. 
By contrast, the closest intermolecular Yb . - * P ap- 
proach is ca. 1.5 A longer (Table 2). The Yb . . * Yb 
separations in the dimers just exceed the sum of two 
metallic radii and are non-bonding. 

Except for the difference in the configuration of the 
Ph,P groups, the geometries of dimers A and B are 

Fig. 1. The structure of IYb(l’-C,H,PPh,(CL-Cl)],, (a) dimer A 
(non-centrosymmetric) and (b) dimer B (centrosymmetric). Dimer 
A: dimer B = 2: 1 in the unit cell. The thermal ellipsoids enclose 
40% of the electron probability distribution. 

similar. For example, there is little difference in (Yb- 
Cl) and (Yb-C) between the two dimers. Subtraction 
:f an ionic radius for eight coordinate ytterbium (0.985 
4) [14] from (Yb-C) of A and B (Table 2) give: 1.61 
A, which is within the usual range 1.64 &- 0.04 A [15] 
for the cyclopentadienyl ionic radius. The Yb,Cl, unit 
is necessarily planar in B and is almost planar in A, 
where Yb(l), Yb(2), Cl(l) and Cl(2) are -0.0183, 
-0.0181, 0.0182 and 0.0182 A, respectively, from the 
mean plane. 

Established structures of unsubstituted bis(cyclo- 
pentadienylhanthanoid chlorides, LnCp,Cl, belong to 
three classes: (i) the (ScCp,Cl), structure 1161, (ii) the 
ErCp,Cl), structure 1171, (iii> the [(LnCp,X),l, (X = Cl 
or Br) type [181. The first has geometrically similar 
centrosymmetric and non-centrosymmetric dimers in a 
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1: 2 ratio, and has recently been established for 
(YbCp,Br), [19] and one form of (GdCp,Br), [18] and 
(YbCp,Cl), [201. The second has one centrosymmetric 
dimer, and is also observed in sublimed (YbCp,CI), 
1191, whilst in the third, dimers are linked into a 
polymeric chain by additional Ln-X bonding [18,21,22]. 
Structurally characterized analogues with non-coordi- 
nating substituents in the cyclopentadienyl ligands gen- 
erally are centrosymmetric dimers, e.g. [Yb(C,H,- 
Me)&& [231, [Ln(CSH,(SiMe3),),C1], (Ln = Pr, Yb or 

SC) [241 and [Ln(C,H,‘Bu),C112 (Ln = Sm or Lu) [25]. 
However, [Ce(C,H,‘Bu,),CI], is non-centrosymmetric 
but with a C, axis through the two Ce atoms [26], by 
contrast with non-centrosymmetric dimer A of 
[Yb(C,H,PPh,),Cl],. The present structure is the first 
containing two different dimers for a substituted 
bis(cyclopentadienyl)lanthanoid chloride. It is also of 
interest that the orientation of the Ph,P groups in the 
non-centrosymmetric dimer A is similar to that of the 
methyl groups in the symmetric dimer [Yb(C,H, 

TABLE 2. Selected bond length (A) and angles (“1 for [Yb(C,H,PPh,),Cl], 

Dimer A 
YbwCt1) 

YbWC(2) 

Ybu)-c(3) 

YbWc(4) 

YbWc(5) 
Yb(l)-ctw a 

YbWC(l8) 
YbWC(19) 

Ybw-C(20) 

YbWC(21) 

YbWc(22) 
Ybw-Ct(2) a 

Yb(2)-C(35) 

Yb(2)-c(36) 

Cl(l)-Ybw-Cl(2) 

Cl(l)-Yb(2)-Cl(2) 

ctw-Ybtl)-Ct(2) 

Ct(3)-Yb(2)-Ct(4) 

ctw-Yb(l)-Cl(l) 

Ct(l)-Yb(l)-Cl(2) 

Ct(2)-YMl)-Cl(l) 

Dimer B 
Yb(3)-C(69) 
Yb(3)-c(70) 
Yb(3P.x71) 
Yb(3XX72) 
yM3)-cc731 
Yb(3Mx5) a 

Yb(3)-C(86) 

C1(3)-Yb(3)-C1(3A) 

Ct(5)-yb(3)-Ct(6) 
Ct(5)-Yb(3)-C1(3) 

Ct(5)-yb(3)-CN3A) 

2.63(2) 

2.61(2) 

2.61(2) 

2.58(2) 

2.60(2) 

2.32 

2.62(2) 

2.61(2) 

2.59(2) 

2.53(2) 

2.59(2) 

2.30 

2.57(2) 

2.610) 

82.7(2) 

82.1(2) 

130.6 

129.3 

109.2 

108.4 

107.3 

2.63(2) 
2.61(2) 
2.57(2) 
2.59(2) 
2.62(2) 
2.31 

2.63(2) 

80.9(2) 

129.3 

106.4 

108.9 

yb(2MX37) 
Yb(2)-C(38) 

Yb(2MX39) 
YM2)-Ct(3) a 

Yb(2)-C(52) 

yb(2)-Cc531 
Yb(2)-C(54) 

Yb(2X(55) 

yb(2MX56) 
Yb(2)-Ct(4) a 

Ybw-Cl(l) 
YbWCl(2) 

Yb(2XNl) 

yb(2)-Cl(2) 

Ct(2)-YbwCl(2) 

Ct(3)-Yb(2)--Cl(l) 

Ct(3)-Yb(2)-C1(2) 

Ct(4)-Yb(2)-Cl(l) 

Ct(4)-Yb(2)-C1(2) 

Ybw-ClWYb(2) 

YbwC1(2)-Yb(2) 

Yb(3)-c(87) 
Yb(3)-C(88) 
yM3)-C(89) 
yb(3)-C(90) 
Yb(3)-Ct(6) a 

Yb(3)-Cl(3) 

Yb(3)-Cl(3A) 

Ct(6)-Yb(3)-Cl(3) 

Ct(6)-Yb(3)-Cl(3A) 

Yb(3)-C1(3)-Yb(3A) 

2.61(2) 
2.55(2) 

2.61(2) 

2.30 

2.62(2) 

2.56(2) 

2.53(2) 

2.56(2) 

2.59(2) 

2.28 

2.624(5) 

2.627(5) 

2.640(5) 

2.643(5) 

108.3 

107.8 

107.9 

108.7 

110.9 
97.7(l) 

97.50) 

2.61(2) 
2.57(2) 
2.57(2) 
2.56(2) 
2.30 

2.676(5) 

2.628(4) 

107.9 

112.4 

99.1(2) 

Both dimers 

(P-CXPh)) 

W-C) 

1.84 (C,-c,+,> b 1.40 

2.59 (P-C(C,H,)) 1.82 

Non-bonding contacts 
Yb(1) . . Yb(2) 

Yb(3) . . Yb(3A) 

Yb(1) . ‘. P(l) 
Yb(l) . . . P(2) 

Yb(2) . . P(3) 

3.964(2) 

4.036(2) 

3.908 

3.885 
3.892 

Yb(2) . . P(4) 3.933 

Yb(3). . . P(5) 3.933 

Yb(3) . . . P(6) 3.928 

yb(3) . . . Pa 5.425 

a Ct(n) is the centroid of the cyclopentadienyl ring defined by the preceding five carbon atoms. b Ci, Ci+I are adjacent carbon atoms of a 
cyclopentadienyl ring. 



G.B. Deacon et al. / Di[CL-chlorobisfdiphenylphosphino-rl5-cyclopentadienyl)ytterbium(III)] 189 

(b) 

Fig. 2. Simplified diagram of the structure of [Yb(q’-C5H,PPh,), 
(CL-Cl)]s showing the configuration of Ph,P groups in (a) dimer A 

(anti Ph,P groups) and (b) dimer B (syn Ph,P groups). 

Me),Cl], [23] and of the t-butyl groups in the symmet- 
ric dimers [(Ln(C,HtBu),C1], [25]. The dimer geome- 
try of [Yb(C5H,PPh,),Cll, is very similar to those of 
[Yb(C,H,Me),Cl], [23] and the various (YbCp,Cl), 
structures (Table 3). 

3.3. Behauiour in solution 
The electronic spectra of Yb(C5H,PPh,),Cl in THF 

and toluene (Experimental section), both in the visible 
$ + Yb charge transfer) and near infrared (2f7,2 + 

5,2 transitions [27]) regions, indicate some differ- 
ences in the solution species. Further, a single broad 
31P{1H] resonance (6 9.3) for the compound in THF 
contrasts two resonances (6 10.3 and 45.5) in toluene. 
These have pronounced paramagnetic shifts from the 
value (6 - 20.5) for Yb(C,H,PPh,),(THF) [3]. In THF, 
some splitting of the chloride bridges giving eight coor- 
dinate monomeric Yb(775-C,H,PPh2),CI(THF) is likely 
(see e.g. [28]) [reaction (3), L = THF]. 

[Yb(C,H,PPh2),C1]2 + 2L M 

=wAPPh2)2w4 (3) 

The single 31P resonance can be explained by rapid 
ligand interchange. Persistence of some [Yb(C,H,P- 
Ph,),Cll, in THF is likely since the dimer rather than 
the expected Yb(C,H,PPh2),Cl(TI-IF) is isolated from 
THF/petrol, cf. crystallization of Yb(C,H,‘Bu),Cl- 
(TI-IF) from the same solvent mixture [28]. The upfield 
and downfield resonances of Yb(C,H,PPh,),Cl in 
toluene are assigned to free and complexed Ph,P 
groups respectively, since the former is close to the 
single resonance in THF, whilst the substantial down- 
field shift of the latter is characteristic of M($-C5H4- 
PPh,) groups coordinated through phosphorus to an- 
other metal [3,29-331. In the non-coordinating toluene, 
ligand exchange is evidently slow enough on the 31P 
NMR timescale for observation of separate resonances 
for coordinated and free Ph,P. As another example of 
slowed ligand exchange in lanthanoid chemistry, sepa- 
rate resonances are observed for terminal and bridging 
aryloxide ligands of [Ln(OAr),(~-OAr),Na(THF),] and 
[Yb(OArX~-OAr)Cl], (OAr = OC,H 2 Bu ,-2,6-Me-4) 
complexes [34l. Although the structures of the solution 
species are not known, it is likely that, in the absence 
of a donor solvent, pendant Ph,P groups can take part 
in bridge cleavage, e.g. reaction (3), L = Ph,PX, giving 
a product analogous to the crystallographically charac- 

TABLE 3. Selected bond lengths (& and angles co 1 for [Yb(C,H,PPh,),(~-Cl)],, [YbfC,H,Me),CI], [23] and [YbCp,Cl], [19,20] 

D’b(CsH,PPh,),Cl12 [Yb(C5H,Me),C112 WbfC,H,),Cl), a [Yb(C,H,),Cll, b 

Yb . ..yb 3.964(2) =, 4.036(2) d 3.9790) 3.9875(7) 3.996(l) =, 4.019(2) d 
Yb-Cl 2.627(5)-2.676(5) 2.628(2), 2.647(2) 2.639(3), 2.645(3) 2.633(5)-2.669(5) 
Yb-c 2.53(2)-2.63(2) 2.563(6)-2.641(6) 2.56(2)-2.61(2) 2.51(3)-2.65(2) 

av. 2.59 av. 2.585 av. 2.58 av. 2.57 
Cl-Yb-Cl 80.9(2)-82.7(2) 82.05(S) 82.0(l) 80.7(2)-82.8(2) 
ct-Yb-ct c 129.3-130.6 126.7 128.4(15)-132.3(15) 

’ Sublimed - (ErCprCl), structure [19]. b Crystallized - (ScCp,CI), structure [20]. ’ Non-centrosymmetric dimer. d Centrosymmetric dimer. 
e Ct refers to the centroid of the cyclopentadienyl ring. 
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terized eight coordinate Yh(C,Me,),Cl(PMe,CH,P- 
Me,) [35]. Even if separate dimers A and B were to 
persist in toluene (which is unlikely owing to ring 
rotation), they would not give the observed widely 
disparate 31P resonances. 

Evidence for coordination of the Ph,P groups of 
Yb(C,H,PPh,)$I in solution indicates that the com- 
pound should be a useful reagent in the preparation of 
Yb(III) heterobimetallics, and this is being explored. 
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