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Abstract 

The phospholyl nickel compound [{Ni(r/'S-CaMe4P)( p.-~LC4Me,,P)}2 ] 1 was prepared by treating NiCI 2 with two equivalents of 
KC,~Me4P in pyridine, whereas reaction of NiCi:, with two equivalents of [U(r/'S-C4Me4P)3CI] or an excess of [U(r/5-C4Me4P),CI. ] 
afforded the trinuclear complex [Ni{( p,-'0s,r/~-C4Me4P),UCI2}z] 2. Reduction of a 1:2 mixture of ! and [U('r/S-CaMe4P)2CI2] by sodium 
amalgam in tetrahydrofuran gave the tetranuclear compound [{Ni2(/~-r/I-C4Me4P)2}{(/.t-r/s,.01.C4Me4P)2UCI2} 2 • 3C4HsO ] 3. The 
crystal structures of 1, 2 and 3 have been determined. 
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I. Introduction 

A remarkable aspect of the phospholyl (phos- 
phacyclopentadienyl) ligand is its ability to bridge two 
metal centres through the available lone pair on the 
phosphorus atom [I] at,d we thought to take advantage 
of this feature for building polynuclear compounds in 
which d transition metals and f elements would be 
associated. By using the tetramethylphospholyl group as 
the bridging ligand, we synthesized the first complexes 
with uranium and nickel atoms in close proximity. 
Furthermore, as no ~/'S-phospholyl derivative of nickel 
had been so flu" reported, we were also interested in 
isolating the first example in this class. 

2. Results and discussion 

The reaction of NiCI 2 with two equivalents of 
KC4Me4P [2] in pyridine led to the formation of com- 
pound I, [(,/'S-C4Me4P)Ni(,tt-r/I-C4Me4P)2Ni(r/"s- 
C4Me4P)], which was isolated as a bright ted micro- 
crystalline powder, stable in air. 

Crystal data for 1: crystal dimensions 0.55 × 0.30 × 
0 .25mm, monoclinic, space group C2/oc ,  a = 

21.659(5), b =  8.729(2), c =  22.042(5) A, / 3 =  
125.08(2) ° , V = 341 !(2)/~~, Z = 4, P~,,l~d = 

m 

" Corresponding author. 

1.313 g cm -~, 2 < 20 < 40 °, to-20 scan mode, 
p,(Mo Ko~)--- 13.13cm -I ,  F(000)--  1424, T =  295K. 
! 866 reflections collected, 1649 unique, ! 151 reflec- 
tions with ! > 3o'(I) .  Data were corrected for Lorentz- 
polarization effects and decay (loss of 3% in 19h, 
linearly corrected). The structure was solved by direct 
method (SHELXS-86) and refined by fuilomatrix least 
squares ( F )  with anisotropic thermal parameters tbr Ni 
and P atoms; tl atoms were not introduced. The final R 
value was 0.072 ( R ,  ~ 0.(199, w ~  1). Difference 
Fourier analysis showed no peaks beyond +0.81 or 
~0.64e/~, ~'~. Diffi'action data were recorded on an 
Enraf-Nonius CAD4 diffractometer using ~,~ ~ 
monochromatized Mo KoL radiation (A ~ ~>; m~.~73 A). 
All calculations were perlbn'ned on a Va~ 4000-2(X) 
computer with the Enraf-Nonius MolEN ~ t e m .  Fur- 
ther details on the crystal structure investir:~ion may be 
obtained from the Director of the Cambrid~;e Crystallo- 
graphic Data Centre, 12 Union Road, Ca~bridge CB2 
IEZ, UK. 

The centrosymmetric crystal structure , 1 (Fig. I) 
consists of discrete dimeric molecules i~ which two 
Ni(r/'LC4Me4P) fragments are linked by Iwo phospho- 
lyl ligands which are bridging in a /.t2-P ~ghion. The 
geometrical parameters of the NiPI Ni~PI ~ Iozenge are 
quite identical to those determined in the nickel(ll) 
complex [{Ni('0"S-C~H.~)(/z-PPhz)}z] [3] (Table 1). In 
this latter compound, the CsH 5 ring was suspected to 
be slightly distorted, as it could also be observed in 
other cyclopentadienyl complexes [5]; in the absence of 
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Fig. I. Crystal structure of I. Symmetry code: (i) ! - x. - y. ! - z. 
Displ;wement ellipsoids are ~hown at the 40~, probability level. 
Selected bond di,~tances (~) and angle,~ (deg): Pl ~CI 1.79(I ). Pl ~C4 
1,80(I). C1~,C2 1.32(2), C2=C3 1.47{2). C3~C4 1.35(2L Ni,-P2 
2,335(5), ..Ni:C())°C~Me~P).: 2,11(2), P2=C9 1,67(I). P2=C12 
1.79(2), C9=C10 1.37(2), CIO=CII 1.46(2), CI1=CI2 1.41(2); P l -  
C1~C2 I10(! ) ,P1:C4=C3 I IO(I) .CI P1=.C491.2(6) .CI-C2-C3 
116(I), C2=C3=C4 113(I), P2:C9=.C1() 116(I}, p2=CI2, CII 
I14(I),C9=P~=C12 89,(XX), cg:-,CI0. CII I14(I),CI():CII:C12 
107(I), See also Table I, 

intermolecular packing forces, this phenomenon was 
explained theoretically by symmetry arguments which 
predict a localization of electron density in the cy- 
clopentadienyl ligand [61. In compound 1, the distortion 
of the planar r/5-phospholyl ring is more obvious. In 
particular, the P2-C9 bond distance (I.67(I)~,) is much 
shorter than P2-CI2  (I .79(2)~) while the C9~C!0= 
Cl l  and CI0=CI I=CI2  angles are also significantly 
different (1 i 4( I ) and 107( I )°); these P-C bond dis- 
tances and endocyclic C - C - C  angles ate typically equal 

to 1.77,~. and 113 ° in the other r/5-phospholyl com- 
plexes of the d transition metals and f elements [ 1 ]. The 
metal-C(r/5-phospholyl) bond lengths are equal within 
experimental error with a value of 2.11(2)A which may 
be compared with those found in the phospha- 
cymantrene [Mn{r/5-C4Me2HiCOPh)P}(CO)~] [7] 
(2.17,~), the phosphaferrocenes [Fe(r/5-C4Me_,H,P)2] 
[8] (2.06,~) and [Fe(r/5-C4Me2H2P)(tlS-CsHs)] [9] 
(2.05,~,) and the triple-decker compound [(7 5- 
C 4 M e 4 P ) C o ( E t , C 2 B ~ H  3)Co(r/5-C4Me.~N)] [lO] 
(2.08 A). The geometryof the bridging phospholyl lig- 
and is regular with a normal C! = C 2 - C 3 = C 4  unit and 
equal PICl  and P1C4 bond distances. The solid state 
structure of I is retained in solution, as shown by tile I l-! 
and ~)P NMR spectra which exhibit the signals corre- 
sponding to the two distinct phospholyl ligands: )H 
NMR (CsDsN, 20°C, 200 MHz, TMS int.). 8 = 2.13 it, 
J = 6Hz, 12 H, a-Me of/~-C4Me4P), 1.67 and 1.48 is, 
12 H + 12 H, /3-Me), 0.90 (d of t, J =  l0 and 3Hz, 
a-Me of r/-C4Me4P); 31p {H} NMR (C~DsN, 20°C, 
81 MHz, 85% H.~PO4 ext.). ~ = 11.3 (t, J = 3.5 Hz, 2 
P, .r/-C ., Me 4 P), -11~.8 it, J = 3 . 5 H z ,  2 P, p.- 
C4Me4P); the upfielJ 3,p resonance is characteristic of 
phosphido-bridged compounds with no metal-metal 
bonding [ I i ]. 

With the aim of preparing novel U-Ni complexes, 
we considered some reactions of NiCI, with uranium 
phospholyl derivatives. Treatment of NiCIz with one 
equivalent of [U()I'S-C4Me~I)),CI,] or [U(~ "~- 
C4Me,sP)aCI] [121 afforded the dinuclear compound I 
which was separated from tile not identified ur,mium 
side°products by cryst,dlizalion. Such lig,'md exchange 
reactions are classical in actinide chemistry [I 3]. 

In a further experiment, a pyridine solution of NiCI: 
and [U(,t'~°CaMeaP)~CI] in tile molar ratio of 1'2 was 
heated for 5h at I I0°C and deposited dark red, air 
sensitive, rod°like microcrystals. Tile X-ray diffi'action 
study revealed the trinuclear structure of compound 2, 
[ C I , U (  /.t-rl 5,~ I-C .IM e a P ) ,  N i( p . , / 5 , ~ / i  
C~Me~P),UCI,], (Fig. 2). Crystal data for 2: crystal 
dimensions 0.35 × 0.20 × 0.15 ram, triclinic, space 
group P~, a = 13.99(i), b ~ 16.91(2}, c-~ 17.627(7},~, 
a ~ 80.11(5), ,8 ~ 87.04(4). y =  74.38(7) °, V = 
3957( I I ) /~,  Z = 4, #c,,I,,d = 2.070 gcm - ~ 2 < 2 0 < 
40 °, os=20 scan mode, ~(Mo K a )  = 86.708cm- ' ,  

'['able I 
Geometry of the NiPNiP Io~e.ge ia #°phosphido nickel compounds 

('oml~und Ni-Ni (A) Ni-P (A) Ni~P-Ni (deg) P-Ni-P (deg) 

[{Ni( )1 s-C s [-| s X wPPh, ))~] [3] 3.3~ I ) 2.15( I ) 102.4(3) 77.6(5) 
I 3,340(3) 2.17( I ) 1003( I ) 79.3( I ) 
[{Ni( u-PPh: XCO): l: ] [4] 2.510(.5) 2. ! 93(2) 69.8(3) 110.1(3) 
3 2,546(9) 2,202(7) 70,6(3) 109.4~ 3 ) 
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F(000) = 2320, T = 295 K. 7871 reflections collected, 
7362 unique, 4650 reflections with I > 3o"(i), empiri- 
cal absorption correction (max. and min. transmission 
factors 0.436, 0.999). Data were corrected for Lorentz- 
polarization effects and decay (loss of 10% in 82h, 
linearly corrected). The structure was solved by direct 
methods (SHELXS-86) and refined by full-matrix least 
squares ( F )  with anisotropic thermal parameters for all 
non-C atoms; H atoms were not introduced. The refine- 
ment converged at R = 0.045 and R w = 0.055 (w = 1). 
Difference Fourier analysis showed no peaks beyond 

o -~ 
+ 0.84 or - 0.66e A-- .  Diffraction data were recorded 
on an Enraf-Nonius CAD4 diffractometer using 
graphite-monochromatized MoKot  radiation (A = 
0.71073,~,). All calculations were performed on a Vax 
4000-200 computer with the Enraf-Nonius MoiEN sys- 
tem. Further details on the crystal structure investigation 
may be obtained from the Director of the Cambridge 
Crystallographic Data Centre, 12 Union Road, Cam- 
bridge CB2 I EZ, UK.) The unit cell contains two 
independent and quite identical molecules in which the 
central nickel atom is chelated by two U(/.~-~5,rt t 
C4Me4P),CI 2 metalloligands; the pseudo S, t U - N i - U  
axis deviates from linearity by 2 and 5 °. The nickel- 
phosphorus bond lengths average 2.18(2)~, and lie in 
the range of Ni-P bond distances in tetrakis(organo- 
phosp)mne) nickel complexes which vary from 2.13 to 
2.21 A [14-24]. The P - N i - P  angles range from 105.3(3) 
to II 4.7(3) °, indicating that the tetrahedral coordination 
geometry of the Ni atom is not rnuch distorted, com- 
pared with the rare structures of NiP 4 frameworks with 
monophosphane ligands [14-16] ; more severe distoro 

tions are usually encountered in chelate complexes of 
tile type Ni(P-P!,  [16-24]. The U-Ni distances which 
average 3.38(2)~," are not favourable for a strong inter- 
action between the two metal centres [25]; among the 
other trinuclear compounds which exhibit such an 
[M]( P,-P)2 Ni( p,-P)2[M'] system (/z-P = bridging phos- 
phorous ligand), [{Zr(r/s-CsHs)2(p,-CH.,PMe,)2}2Ni] 
[22], [{Cr( p,-r/6,'rlt-C6HsPMe2)2}2Ni] [23] and [Zr(r/5- 
CsHs)2( p,-PEt2)2Ni( t.t-PEt2)2Hf(r/S-CsHs)] [24], it is 
only in this latter that a three centre [Zr]. .  Ni--[Hf] 
bonding orbital has been considered. The tetrahedral 
coordination around uranium is not different from that 
invariably found in the monomeric complexes [M(r/s- 
phospholyi) 2 X 2 ] (and [M('0S-cyclopentadienyl)2 X2 ]) 
[I 2,26]; it has already been noted that this geometry is 
most favourable for the formation of chelate derivatives 
Ill. Complex 2 was prepared in a more rational way by 
treating NiC! 2 with [U('0S-C4Me4P)2CI2] and Na(Hg) 
(two equivalents each) or with an excess of [U(r/5- 
C4Me4P).,Ci 2 ]; such syntheses of Ni(PR a)~ compounds 
by reduction of a nickel(II) complex in the presence or 
with an excess of PR.a are well documented [27]. Com- 
plex 2 was characterized by its NMR spectra, t H NMR 
(C.~DsN, 20°C, 200 MHz, TMS int.) : ~ =  49.2 and 
-30 .8  (s, 241t + 24H); 3~P{H} NMR (C.sD.~N, 20°C, 81 
MHz, 85% H aPO,, ext.) 8 = 199.2 (s). 

The reaction of NiCI 2 with two equivalents of [U(o s- 
C4Me.~P)3CI] was carried out at room temperature in 
tetrahydrofuran and it was surprising to find that the 
crystals which were formed after 10h had exactly the 
same aslreCt as 2 but were in fact a cooprecipitate of 2 
and another new derivative 3, [Cl2/J(/~oa,l~,rl to 

Fig. 2. Crystal structure of one of the two independent molecules of 2. Disphtcement ellipsoids are shown at the 40~ probability level. Carbon 
atoms labels have been omitted for clarity. Selected bond distances (/~) and angles (deg): NiI-PI 2.191(8), Nil-P2 2.161(8). Nil ~P3 2.19t~8). 
Nil-P4 2.188(8), UI-PI 2.860(7), UI-P2 2.823(7), U2-P3 2.855(7), U2-P4 2.862(7), ~ U-C(~-C,tMe4P)] 2.~f~5), il U-CI/ 2.58(I), 
NiI-UI 3.381(3), Nil-U2 3.365(3); PI-NiI-P2 113.0(3), PI-NiI-P3 107.9(3), PI-NiI-P4 109.6(3), P2-NiI-P3 105.7(3). P2-Nil-P4 
106.0(3), P3-NiI-P4 114.7(3), CII-UI-CI2 97.7(3), CI3-U2-CI4 100.2(3), centroid(C4Me4PI)-Ul-centroid(C,,Me4P2) 142.7(8), 
centroid(C 4 Me4 P3)-U2-centroid(C4 Me4P4) 143.8(8). 
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C4Me4P)2 Ni(/,t-'l/I-C 4 Me4P)~ Ni(/,t-r/5,'r/t-C4Me4P)2- 
UCl z • 3C4HsO]. The trinuclear compound 2 was not 
obtained by further reduction or heating of 3, suggesting 
that this latter was not an intermediate in the formation 
of 2 but was the product of an independent and con- 
comitant reaction. Single crystals of 3 were isolated 
after reduction of a 1:2 mixture of 1 and [U('05- 
C4Me4P)zCI2] by means of sodium amalgam. Crystal 
data for 3: crystal dimensions 0.40 × 0.30 x 0.25 mm, 
octhorhombie, space group Pnnm, a = 12.134(4), b = 
20.021(10), c "  14.660(5)/1,, V =  3562(4)/~ 3, Z =  2, 
Pc~a '~ 1.666 g era- 3 2 < 2 0 < 40 °, to-2 0 scan mode, 
p (Mo K o t ) ~  51.443cm-t ,  F(000) - 1756, T - - - 2 9 5 K .  
1998 reflections collected, 1745 unique, 989 reflections 
with ! > 3tr(I) ,  empirical absorption correction (max. 
and rain. transmission factors 0.788, 0.999). Data were 
corrected for Lorentz-polarization effects and decay (loss 
of 10% in 22h, linearly corrected). The structure was 
solved by direct method (SHELXS-86) and refined by 
full,matrix least squares (F )  with anisotropic thermal 
parameters for all non-O and -C atoms. Three disor- 
dered solvent molecules were found in the last differ- 
ence-Fourier. H atoms were not introduced. The final R 
value was 0.054 (R,+ = 0.065, w = I). Difference 
Fourier analysis showed no peaks beyond +0.92 or 

0.97 e ,g, ° ~. All calculations were performed on a Vax 
4000+200 computer with the Enraf-Nonius MolEN sys- 
tem. Further details on the crystal structure investigation 
may b¢ obtained from the Director of the Cambridge 
Crystallographic Data Centtv,, 12 Union Road, Cam, 
bridge CB2 I.F~, UK. The tetranuclear structure of 3 
(Fig. 3) appears to be derived from that of I by replac+ 
ing each ~'%ph0spholyl group by two phosphorus atoms 
of a U(t~o,I~,tI*°C+MeaP):CI~ metalloligand: the 
molecular symmetry is C:~. If the geomett), of the 

U(C4Me4P)2CI 2 fragment is similar to that observed in 
2, the structural parameters of the Ni 2 P2 array are quite 
different from those determined in l,  owing to the 
formation of the Ni-Ni  bond which permits each metal 
atom to achieve its 18e ground state configuration; the 
NiP3Nit~P3 + lozenge is then identical to that found in 
the dimeric nickel(l) compound [{Ni(/,L-PPh, XCO)2}:, ] 
[4] (Table 1). The tH and 3tp NMR spectra of 3 
exhibited very broad resonances and were not inter- 
pretable, 

If it seems likely that compounds 2 and 3 result 
respectively from the reduction of NiCI, and 1 in the 
presence of [U(,15-C4MeaP)-,CI2], the mechanism of 
their formation from NiCI: and [U(r/5-C4Me,tP)~CI] is 
still unclear; the nature of the reducing species and of 
the side-products have to be determined. However, the 
synthesis of 2 and 3, and also that of 1, bring out the 
high versatility of the phospholyl ligand which, by 
adopting various coordination modes in the same as- 
sembly, favours the building of homo- and het- 
eropolynuclear compounds. 

3. Experimental section 

I. A solution of NiCi 2 (155rag, 1.20mmol) and 
KC4Me4P (427 m~, 2.40retool) in pyridine (50ml) was 
heated for 10h at 100°C. The solvent was evaporated 
off and the residue was extracted in a Soxhlet apparatus 
with tetrahydrofuran (50ml), The red microcrystalline 
powder of I obtained after evaporation was washed 
wid~ tetrallydrofuran and dried under vacuum (370mg, 
92%). Correct elemental analyses (C, I L P). 

2, (a) A mixture of NiCI~ (20,5 rag, 0,10retool) and 
[IJ(t/'~-C4Me4P)otCll (218.4mg, 0.32retool)in pyridine 

Fig, 3, Crystal smletut~ of 3 (t11¢ c'ompound is a ~olvate with 01~e molecules of tetrahydrofur~). Symmetry code: (i) x, y. - z, (ii) -x.  I - y. 
-~, (iii) -.~, I - y. z; Pl, P2, U and Ni atoms are located in the mirror plane and P3 on the diad axis. Dispolacement ellipsoids are shown at tile 
40% probability level; some carbon atoms labels have been omitted for clarity, Selected bond distances (A) and angles (deg): Ni-P! 2.17(!), 
Ni-P2 2,16(IL U-PI 2,86(I), U-P2 2,851(9)+ U-CI 2,587(8), Ni-U 3,513(5); Pl-Ni-P2 108.7(4), PI-Ni-P3 109.1(2), P2-Ni-P3 110.2(2), 
CI+UCi* 99,6(5), eentroid(CaMeaPl)-U_centroid(CaMeaP2) 138,7(5), See also Table i .  
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(30ml) was stirred for 5h at IO0°C. The hot solution 
was filtered and upon cooling deposited dark red micro- 
crystals of 2; these were filtered off, washed with 
pyridine and dried under vacuum (84mg, 43%). Correct 
elemental analyses (C, H, P). (b) An NMR tube, charged 
with NiCI, ( I .4mg,  0.011 mmol) and [U(r/5- 
C4Me4P),CI,,.] (25.3 mg, 0.043 mmol) in pyridine (1 ml) 
was smoothly shaken for 24 h at 20°C. The red crystals 
of 2 were decanted off, washed with tetrahydrofuran 
and dried under vacuum (2.1 mg, 16%). 

3. A mixture of 1 ( l l8mg,  O.175mmol), [U(r/5- 
C4Me4P):,CI:,] (205.6mg, 0.35mmol) and 2% Na(Hg) 
(403 mg, 0.35 mmol of Na) in tetrahydrofuran (50ml) 
was stirred for 10h at 20°C. Red microcrystals of 3 
(approximate yield 20%) were formed but could not be 
cleanly separated from NaCI and other unidentified 
products. 
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