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Abstract 

The preparation of the tethered bis(cyclopentadienyl)-phosphine compound bis(2-cyclopentadienyletlayl)phenylphosplaine 1 from 
phenylphosphine, n-butyllithium and spiro[2,4]hepta-4,6-diene is described. The synthesis of the ferrocene complex PPh(CH:CH2-'q s- 
CsH4) z Fe 2 from I and the synthesis of the heterobimetallic Pd-Fe complex trans-PdCI 2[PPh(CH 2C!oi .,-~S-C s H 4): Fe], 3 from 2, along 
with its X-ray structure, is also described. 

geyword.~': Ferrocene complex; X-ray structure; Phosphine; Palladium 

Cyclopentadienyl and phosphine lig,'mds are two of 
the most important ligands in organometallic chemistry. 
"ll~e m~tiot' reasons for the successfid use of these lig- 
ands, particularly in the area of homogeneous catalysis, 
are their ability to slabilise a range of metal oxidation 
states and because their steric and elect~mic properties 
can be readily altered by changing their substituents. A 
new class of ligands is being developed in which two or 
mote cyclopentadienyl and heteroatom groups ate teth° 
ered together such that the ligand is a potential chelate. 
Apart from an enhanced thermodynamic stability that is 
imparted through the chelate effect, changes in the 
coordination bite angle can also be used to alter the 
frontier orbitals of the metal-ligand fragment and, thus, 
alter the reactivity [ I ]. 

Although there is now a large range of functionalised 
cyclopentadienyl ligands that are capable of chelation 
[2], the number of functionalised bis-cyclopentadienyl 
ligands capable of chelation is still quite small. Ligands 
prepared to date include pyridyl [3], ether [4], furanyl 
[5], and arsine [6,7] substituettts. The only examples of 

" Corresponding author. E-mail: o.curnow@chem.canterbury.ac.nz. 
t Current address: Department of Chemistry, Clark University, 

Worcester, MA 01610, USA. 

0022-328X/96/$15.00 © 1996 Elsevier Science S.A. All rights reserved 
Pll S0022-328X(96)06396-6 

bis(cyclopentadienyl)ophosphine ligands are RP(C~ H ~ ) 
(R=CI ,  alkyl, aryl) [7,8] and Cc, HItP(CItMeo2o 
PPh~,C.~FiI~ )2 [9]. This conamunic~tion reports the syno 
thesis of the bis(cyclolrent~ldienyl)ophosphinc ligand 
precursor, bis(2ocyclopentadienylethyl)phcnyll~hosphine 
1, along with two complexes prepared using this como 
pound. 

Treatment of two equivalents of spiro[2,4]heptao4,6o 
diene [10] with phenylphosphitle and two equivalents of 
"BuLi, followed by aqueous hydrolysis, produces I in 
high yield (Scheme !) [11]. IFIo and W aC{IltjoNMR 
spectroscopy indicate that there are two major isomers 
(A and B), in approximately equal amounts, tor the 
cyclopentadiene rings. No peaks corresponding to the 
third possible isomer, C, have been observed. There are 
six multiplets in the vinyl proton region (three from ring 
A and three from ring B) and two multiplets (2.93 and 
2.85 ppm) which are assigned to the cyelopentadie|:e 
methylene proto,,% one from each ring isomer. Combi- 
nations of the two ring isomers should give three iso- 
mers of compound 1 in about a 1:2:1 ratio. The 
methylene region is, therefore, expected to be complex 

with up to four ABeD pattems that could be observed. 
Two complex regions due to the methylene protons are 
observed at 2.40-2.50 ppm and i.93-2.01 ppm. That 
there are indeed three isomers for I was confirmed by 
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~tP{'H}-NMR spectroscopy, which gives three peaks 
( -  22.55, -22.40, and -22.25 ppm) resulting from the 
AA, AB and BB isomers (though not necessarily in that 
order). Apparently, the nature of one ring does not 
significantly affect the t H and t~C chemical shifts of 
either the phenyl atoms or the other cyclopentadi- 
enylethyl substituent atoms but is able to affect the 3tp 
chemical shift. Paolucci and coworkers, based on t H- 
and t~C{tH}-NMR spectroscopy, reported that they ob- 
served only the mixed AB isomer for the related com- 
pound 2,6-bis(cyciopentadienylmethyi)pyridine [3]. In 
the light of our resuhs, their conclusion may need to be 
modified. 

Deprotonation of 1 with two equivalents of "BuLl 
followed by treatment with FeCI, gives the ferrocene 
complex PPh(CH,CIq2-xI%C~H4i:Fe 2 in moderate 
yields of 40%~50% [12]. A significant amount of dark 
brown gelatinous material, which is presumably poly- 
meric, is also produced. We have been unable to isolate 
any other COml~unds. The )H-NMR spectrum is consis- 
tent with an average C~ symmetry with the mirror plane 
through the Ph group and the Fe and P atoms: There is 
one ABCD p,attern for tile cyclopentadienyl protons and 
one ABCD pattern for the methylene protons. The 
~C{tH}oNMR spectt~ttm is also consistent with a C, 
structure, ~tPItH}oNMR spectroscopy shows one l~ak 
at = 16.8 ppm. A small upfield shift of 3.6 ppm from 
the ptx~tonated !igand I indicates that the P atom is not 
coordinated to an Fe atom, 

A trinuclear heterobimetallic compound was preo 
pared by treating PdCI~(PhCN)~ with two equivalents 
of 2 to give trans,PdCI ~[PPh( CH ~ CH ,°'qS-C s H 4 ) 2 Fe]2 
3 [ ! 3], As with 2, a single ABCD pattern is obmrved for 
the cyclolxntadienyl protons in the t H-NMR spectrum 
while the methylene protons appear as one ABCD 
pattern, The ~tP chemical shift of 22, I ppm is 38.9 ppm 

2BuLI _ Ph,~,, p ~  

Scheme I. Synthesis of bis(2<yclopentadienylethyi)phenylphosphine 
( I ) .  

Ph .. (i) 2BuLl ~ ..,'" I 
(ii) FeCI 2 P ~  

I1) (21 

upfield of that observed for 2 and is consistent with 
coordination of the phosphine to the palladium centre. 
A change in the 3tp chemical shift of 42.3 ppm upfield 
is observed for the analogous PPhMe., system [14]. 

To assist in the characterisation of 3, and to investi- 
gate the conformation adopted by tile ligand, an X-ray 
crystal structure determination was carried out [15], The 
crystal structure shows that one independent molecule 
of 3 lies with the Pd atom on a crystallographic inver- 
sion centre while one independent molecule of THF 
does not. This gives two molecules of THF for each 
molecule of 3. Fig. i shows a themlai ellipsoid plot of 
one molecule of 3 with the adopted numbering scheme. 

Molecule 3 consists of a square-planar trans-dichlo- 
rodiphosphine-Pd centre and, as is usually observed 
with such complexes [16], the Pd-P bond distances 
(2.3208(7) .~) are longer than the Pd-C! bond distances 
(2.2993(7) /~). Each phosphine has one phenyl sub- 
stituent and one ferrocenyl substituent (Fe(C~H4° 
CH2CH2o),) which is linked to the phosphorus atom by 
two ethylene bridges - -  one from each cyclopentadio 
enyl group, The tetrahedral geometry of the P atom is 
distorted such that the angle between the two methylene 
carbon atom,; is reduced to 102,5~13Y. By comparison, 
the angles ~tween the phenyl and tile methylene carbon 
atoms are 105,24(13) °mtd  107,11(12) ~. Further erie 
dence of ring-strain is provided by the angle between 
the cyclopentadienyl planes (which are tilted away from 
the heterocyclic ring) of 6.1 ° and the angles between 
each Cp plane and its associated Cp-CH 2 bond vector 
which are 7.6' (ring C23~C26) and 4.4 ° (ring C33~C36). 
Consequently, the angle between the two Cp-CH 2 bond 
vectors is 19,6 ° (the C22-C23-C33-C32 dihedral angle 
of 6.8 ° contributes only 1.5 ° to this value). This is in 
contrast to the apparently ring-strain-free t~rrocene 
complex Me,Si(OSiMe,CsH,t)2Fe 4 that was reported 
recently by Manners and coworkers [17], In 4, the angle 
between the cyclopentadienyl rings is less than 1.5(5) ° 
while the average angle between each Cp plane and its 
ipso-Cp~Si bond vector is only 1,6 °. It is most likely 
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that any ring-strain in 4 is relieved by the wide angles at 
the O atoms (average S i -O-S i  = 159.7°). By compari- 
son, all of the ring angles at the sp a hybridised atoms in 
3 ,are less than 116 °. Both 3 and 4 exhibit an eclipsed 
geometry for the Cp rings (in 3, the cyclopentadienyl 
groups are 5.1 ° from a perfectly eclipsed geometry, 
whereas, in 4, the Cp rings are 0.9 ° from a perfectly 
eclipsed geometry). The C-Si  bonds in 4 are 72.9 ° from 
an eclipsed geometry, however, whereas in 3 the Cp- 
CH, bonds are only 5.1 ° from being eclipsed. 

The conformer adopted for the ring backbone of 3 is 
one that places the PdCI:,P and phenyl groups in ap- 
proximately equivalent environments and as far away 
from the ferrocene unit as is possible - -  allowing for 
reasonable bond angles and bond distances for the ring 
atoms. The nature of this conformer can be rationalised 
by considering the similar steric properties of the 
phenyi-P and PdCI2P 2 groups which both have flat 
structures. As a result of this steric similarity, there is a 
pseudo C 2 axis through the P and Fe centres. The 
conformer adopted by 4, however, is dominated by 
steric interactions between the SiM% groups attached to 
the Cp rings. Fig. 2 illustrates the essential conforma- 
tional differences between 3 and 4. 

We have described a facile and high-yield synthesis 
to a new tethered bis(cyclopentadienyl)phosphine ligand 
and the synthesis and characterisation of two new com- 
plexes using this ligand, including a heterobimetallic 
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Fig. I. Plot of 3 showing atom labelling scheme. Selected bond 
distances (,~), angles (o), ~tnd dihedral angles (°): Pd-CI 2.2993(7), 
Pd-P 2.3208(7), P-CI I !.819(3), P-C21 !.824(3), P-C31 1.820(3), 
C21-C22 1.551(4), C22-C23 1.498(4), C31-C32 1.543(4), C32- 
C33 1.505(4), Fe-(plane C33-C36) 1.657, Fe-(plane C23~C26) !.662, 
CI-Pd~CIA 180.0, P-Pd-PA 180.0, CI-Pd-P 92.01(3), CI-Pd-PA 
87.99(3), Pd-P~CIi 109.70(9), Pal-P-C21 !i7.53(9), Pd-P-C31 
113.82(9), e l  I-P-C21 105.24(13), C! I-P-C31 107.11(12), C21- 
P-C31 102.59(13), P~C21~C22 114.1(2), C21-C22~C23 115.1(2), 
P-C31-C32 110.2(2), C31-C32~C33 114.3(2), Fe-C23-C22-C21 
48.9, Fe-C33-C32-C31 49.0, C23-C22-C21-P-I 13.2, C33-C32- 
C31-P-121.6, C22-C21-P-C31 59.4, C32-C31-P-C21 68.9, Pd- 
P-C21-C22 174.9, Pd-P-C31-C32 59.2, CII-P-C21-C22 52.5, 
CI l-P-C31 -C32-179.4. 
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Fig. 2. Drawings of compounds 3 and 4 shoxting the conformers 
adopted by the heterocylic ring systems. 

Pd2Fe complex. Syntheses of further transition-metal 
and non-transition-metal complexes is currently under- 
way. 
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organic solution was dried over NazSO,, and filtered. Removal 
of the vol:alile~ in vacuo gave an orange oil which, after 
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CpCHz), 41.2 (s. CoCH~). 28.3 (d. IJPc ~ 12.4 Hz, PCH~), 
27.3 (d. ~Jw ~ 11.7 Hz. PCH~). 27.0 (d. 2Jpc = 16.0 Hz. 
PCHzCHz). 26.2 (d. ~JPc '~ 15.7 Hz. PCH~CH~). ~P{~H}- 
NMR (CDCi~): ~ -22.25 (s. 4P, AA or BB). -22,40 (s. 7P. 
AB). -22,55 (s. 3P. AA or BB). Mass spectrum (El). m / :  
(rel. intensity): 294 (44) [M]*. 215 (24) [M-CH2C~H~] ÷, 202 
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10.52. Found: C, 81.15; H. 8.23; P, 10.17. 
After cooling a solution of 1 (2,40 g, 8,16 retool) in THF (40 
ml) to ~ 78°C. a solution of "BuLl (I 1.7 ml. i.4 M in hexane, 
16,3 retool) was added, The solution was then allowed to waml 
to ~oom temperature and was stirred for 2 h. A slurry of 
anhydrous FeCI, (I.08 g. 8.50 retool) in THF (250 ml) was 
added and the solution was then stiffed overnight. Filtration 
through Celite to remove insoluble polymeric material followed 
bx removal of file volatiles in vacuo left an orange oil. Chro~ 
matography down a 5 cm× 15 cm SiO~ column wtlh I : |  
petroleum ¢ther:Ct|~Cl~ ¢luted an orange ~olid after the solo 
vent wa~ removed m vacuo. Rect~stallt,~ation from I0:1 
petrol¢om ¢lher:CH~Cl~ yielded or~[~ge needleolike cry~lah 
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66,8 (s, Cp), 66,$ (s, Cp), ~,1  (s, Cp), 22.9 (d. J ~ c "  10.5 Hz, 
PCH~CH~), 21.4 (d. ~Jw"  18.8 Hz, PCH~CH~). ~PPH}- 
NMR (CDCI~): O 16,8 (s). Mass spectrum (El), m/: (tel. 
intensity): 348 (I00) [M]'. 347 (62) [M=H]', 346 (19) [M- 
21t]', 320 (42) [M=C~H,~]', 270 (15) [M=CH~CsH~]', 256 
(28) [M=CH~CH:C~H~]*. A~al. Calc. for C:.oH~PFe; C. 
68.99; H, 6.08; P. 8.89. Found: C, 68.79; H, 6.17; P. 8.73. 
To a solution of bis(benzonitrile)palladium(ll) chloride (0,13 g, 
0.35 mmol) m THF (25 ml) was added a solution of 2 (0.25 g, 
032 retool) in THF (25 mlS, Alter heating to reflux for 12 h the 
solution was allowed to cool to room temperature, whe~upon 
~n ortmge crystalline product prt~'ipitated. The solvent was then 

filtered off and the solid dried in vacuo to give orange crystals 
of 3 (0.13 g, 43% yield), mp 199-205°C. IH-NMR (CDCI3): a 
7.73 (m, 4H, Ph), 7.44 (m, 6H, Ph), 4.12 (m, 4H, Cp), 4.09 (m, 
4H, Cp), 4.06 (m, 4H, Cp), 3.97 (m, 4H, Cp), 2.9-2.4 (m, 16H, 
CH2). 13C{IH}-NMR (CDCi~): ~ 131.6 (t, ]31pc +sJoc [ = 5.3 
Hz, meta-Ph), 131.1 (s, para-Ph), 128,7 (t, [2Joc +4Jec I = 4,2 
Hz, ortho-Ph), 91.0 (t, ] 3Joc + 5Jpc [ = 2.0 Hz, ipso-Cp), 67.7 
(s, Cp), 67.2 (s, Cp), 67.1 (s, CpS, 67.0 (s, Cp), 22,4 (s, 
PCH2CH2), 17.6 (t, l IJpc + 3,/.~ I = 13,1 Hz, PCH2), the ipso- 
Ph carbon was not observed. - P{IH}-NMR (CDCi3): B 22,06 
(s). Mass specla'um (FAB), m / z  (eel. intensity): 874 ( 5 ) [ M ]  +, 
837 (4) [M-CI]  ÷, 802 (2) [M-2CI]  ÷, 491 (7) 
[ C I P d P ( C H  2 C H  2 C 5 H  4 ) 2 F e ]  + ,  4 5 4  ( 9 )  
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