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IndPPh2 (1) reacts with RCH2Br to form the phosphonium
salts [RCH2P(Ph)2Ind]+Br− (2: R = Ph; 3: R = C6F5) in high
yields. Oxidation of 1 with H2O2 in THF proceeds smoothly
to give the phosphane oxide IndP(O)Ph2 (4). Dehydrobromin-
ation of 2 and 3 with NaH in THF yields the corresponding
indenylidenephosphoranes C9H6=P(Ph)2CH2R (5: R = Ph; 6:
R = C6F5). Further deprotonation of 6 with excess NaH results
in formation of sodium 1-{[(pentafluorophenyl)methylidene]-

Introduction

Linked (cyclopentadienylsilyl)amine systems A (Scheme
1) became one of the best established and developed classes
of specially designed ligand precursors[1�5] for bridged
cyclopentadienyl�amido early transition metal complexes,
the so-called ‘‘constrained geometry catalysts’’.[6] De-
pending on the nature of the ligand framework, these com-
plexes give high molecular weight PE with long-chain
branching. Furthermore, because of their more open coor-
dination spheres (relative to ansa-metallocenes), they have
the pronounced ability to incorporate higher olefins.[7�12]

Isoelectronic analogues of systems A are the linked cyclo-
pentadienylphosphoranylidene systems (B, left). These com-
pounds do exist in the thermodynamically more stable form

Scheme 1
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diphenylphosphoranyl}indenide (7), isolated as a solvate
with three THF molecules. A detailed NMR study of new li-
gand precursors and X-ray structure studies of 5 and 7 have
been accomplished. A short F�Na coordination contact in
the molecular structure of 7 has been detected.

( Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

of the cyclopentadienylidenephosphoranes (B, right). Some
examples of similar compounds are known from the litera-
ture;[13] however, neither a general synthetic route towards
these ligand precursors for organometallic chemistry nor
their organometallic derivatives have been explored.

In this paper we describe a synthetic approach towards
and a detailed NMR study of type B ligand precursors on
the basis of stable Ph2PInd (1), as well as the first alkali
metal derivative of one such new ligand, along with their
crystal structures.

Results and Discussion

As the simple (cyclopentadienyl)phosphanes are eager to
dimerise by Diels�Alder reaction, 1 was chosen for our
preliminary studies. Of the two isomers of this compound,
earlier described by Anderson and co-workers,[14] the
thermodynamically most stable is the vinylic isomer. It was
synthesised in 89% yield by a slightly modified procedure
starting from IndLi and Ph2PCl in toluene.[15] Quaternis-
ation of 1 with bulky tBuCH2Br or Me3SiCH2Br was un-
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successful,[16] we therefore decided to use the more electro-
philic C6H5CH2Br and C6F5CH2Br. In both cases, using
20% molar excess of benzyl bromides, complete quaternis-
ation was achieved in THF at room temperature after 2 d
(Scheme 2). Corresponding phosphonium salts 2 and 3 are
only slightly soluble in THF and were isolated as white
powders in practically quantitative yields.[17]

Scheme 2

According to 31P NMR spectroscopic data, 2 and 3 exist
as mixtures of allylic (2a: δ � 32.8 ppm; 3a: δ � 15.6 ppm)
and vinylic (2b: δ � 31 ppm; 3b: δ � 13 ppm) isomers de-
pending on the position of the double bond in the indenyl
ring. The ratio of isomers differs from one sample to an-
other in an irregular way, which precludes accurate assign-
ment of arylic and vinylic signals in 1H and 13C NMR spec-
tra that have been measured in [D6]DMSO. 1H NMR
benzylic signals are located between δ � 5.0 and 5.5 ppm
and 13C signals at δ � 30.0 ppm for 2 and δ � 19.0 ppm
for 3. Allylic signals of isomers a are located at δ � 6.3 ppm
(2JPH � 21 Hz) and 44 ppm (1JP,C � 42 Hz), while those
of isomers b are shifted downfield to δ � 4 ppm and 42
ppm in the 1H and 13C NMR spectra, respectively.

Interestingly, a similar situation arises when phosphane
oxide 4 is synthesised by oxidation of 1 with H2O2 in THF
(Scheme 3).[18] Compound 4, obtained quantitatively, exists
as a 1:4 isomeric mixture of corresponding allylic and vi-
nylic phosphane oxides 4a and 4b, respectively.[19]

Scheme 3

The reaction of the phosphonium salt 2 with a five-fold
molar excess of NaH in THF was rather slow, took 3 d,
and resulted in a dark green solution (Scheme 4). Upon
concentration of the solution to one quarter of its initial
volume, the desired indenylidenephosphorane 5 precipitated
at �78 °C after 1 d as a yellow-green, light-sensitive micro-
crystalline powder.[20] Crystallisation from CH2Cl2 gave
block crystals. The X-ray structure of 5 was determined and
showed nearly ideal tetrahedral coordination of the central
phosphorus atom with C�P�C angles between 104° and
116°. The C�P bond lengths are also not very different:
1.828(4) Å for PhCH2�P, 1.797(4) Å for CPh�P and
1.727(4) Å for CInd�P.[21,22] The molecular structure of 5
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with thermal ellipsoids of 50% probability as well as selec-
ted bond lengths and angles are shown in Figure 1.

Scheme 4

Figure 1. Molecular structure of 5 showing the atom numbering
scheme with 50% probability thermal ellipsoids; all hydrogen atoms
are omitted for clarity; selected bond lengths [Å] and angles [°]:
C(1)�P(1) 1.733(4), C(1)�C(2) 1.420(5), C(10)�P(1) 1.832(4),
C(1)�P(1)�C(10) 116.4(2); C(1)�P(1)�C(Ph) 108.9(2),
C(Ph)�P(1)�C(Ph�) 108.3(2)

Under the same reaction conditions, phosphonium salt 3
was converted directly into the Na salt 7. Obviously, CH
acidity of the benzylic CH2 group is much higher in the
case of the pentafluorobenzyl derivative, and further depro-
tonation with NaH (applied in fivefold excess) proceeds
quicker and results in the formation of sodium 1-
{[(pentafluorophenyl)methylidene]diphenylphosphoranyl}-
indenide (7).[23] The synthesis of 6 was achieved in another
experiment using only 20% molar excess of NaH and a
shorter reaction time: after 6 h in THF, it was obtained in
78% yield as a yellow powder.[24] Both indenylidenephos-
phoranes 5 and 6 are rather stable and can be handled in
air without special care for several minutes. They are more
soluble in ethereal and aromatic solvents than in aliphatic
ones. Gold-yellow Na salt 7 crystallises with three THF
molecules (coordinated by sodium) in the asymmetric
unit.[25,26] While their O atoms occupy fixed positions
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around the sodium atom, all carbon atoms are disordered.
The structure refinement of the latter had to be split on two
sides in each case. For this reason only the C atoms of the
major components could be refined anisotropically. The ra-
tios between major and minor components vary from 64:36,
66:34 to 83:17, respectively. The sodium atom shows pre-
dominantly η3-coordination with the allylic part of the in-
denyl fragment, with the shortest distance to the C2 atom
(2.67 Å). Similar delocalisation of the carbanionic charge
was found by Schmidbaur and co-workers in the crystal
structure of the solvent-free potassium salt of dimethylph-
osphonium bis(benzylide) K[Me2P(CHPh)2]. The lattice did
not contain discrete complex molecules, but was rather a
coordination polymer; the metal atoms interacted preferen-
tially with ylidic carbanions and the ortho and para posi-
tions of the benzylide rings.[27] In the molecular structure
of 7, a short F�Na coordination contact was found. The
intramolecular distance between the sodium cation and one
of the ortho-F atoms of the C6F5 group is only 2.67 Å, i.e.
more than 1 Å shorter than the sum of the van der Waals
radii of these elements (3.74 Å).[28] The molecular structure
of 7 with thermal ellipsoids of 50% probability as well as
selected bond lengths and angles are shown in Figure 2.

Because of the importance of 5, 6 and 7 for further synth-
eses of organometallic derivatives, a detailed NMR study of
these compounds has been performed using 1H/13C COSY,
APT and DEPT methods and heteronuclear NMR spec-
troscopy. The complete set of data obtained is given in
Table 1. It is interesting to note that in the 13C NMR spec-
trum of 7 signals for C1 appear considerably shifted down-
field, and the signals for C1� and PCH are shifted upfield,
relative to those in the spectrum of 6. In the 19F NMR
spectrum the signals of ortho- and para-F substituents in 7

Table 1. Assignment of signals in 1H, 13C, 31P and 19F NMR spectra of 5, 6 and 7

1H: δ [ppm] 13C/31P/19F: δ [ppm]
5 6 7 5 6 7

1 � � � 59.9 (1JP,C � 110 Hz) 62.2 (1JP,C � 118 Hz) 24.5 (1JP,C � 135 Hz)
2 6.65, t 6.57, t 6.66, t 126.9 (2JP,C � 15 Hz) 126.1 (2JP,C � 16 Hz) 127.4 (2JP,C � 16 Hz)
3 6.44. t 6.43, t 6.16, t 117.3 (3JP,C � 13 Hz) 106.9 (3JP,C � 15 Hz) 101.0 (3JP,C � 14 Hz)
4, 7 7.57�7.02 7.62�7.39 7.32�7.26 120.1, 117.3 119.6, 117.1 119.6, 119.5
5, 6 6.76�6.57 6.77�6.55 6.57�6.46 117.2, 116.7 116.6, 116.3 115.8, 115.2
8 � � � 137.6 137.8 136.7
9 � � � 135.1 135.4 135.2
1� � � � 124.6 (1JP,C � 86 Hz) 123.1 (1JP,C � 87 Hz) 137.5 (1JP,C � 88 Hz)
2� 7.57�7.02 7.62�7.39 7.80�7.27 133.3(2JP,C � 10 Hz) 132.6 (2JP,C � 10 Hz) 133.1 (2JP,C � 9 Hz)
3� 7.57�7.02 7.62�7.39 7.80�7.27 128.8 (3JP,C � 12 Hz) 128.5 (3JP,C � 12 Hz) 128.1 (3JP,C � 11 Hz)
4� 7.57�7.02 7.62�7.39 7.80�7.27 132.7 (4JP,C � 3 Hz) 132.8(4JP,C � 3 Hz) 130.2(4JP,C � 2.5 Hz)
1�� � � � 130.2 (2JP,C � 8 Hz) � �
2�� 6.82�6.76 � � 130.5 � �
3�� 7.57�7.50 � � 128.4 � �
4�� 7.42�7.10 � � 127.5 � �
THF � � 3.61, 1.76 � � 68.3, 26.4
PCH 4.14 (2JPH � 14 Hz) 4.16 (2JPH � 13 Hz) 2.73 (2JPH � 11Hz) 33.9 (1JP,C � 53 Hz) 22.0 (1JP,C � 55 Hz) 81.4 (1JP,C � 124 Hz)
P � � � 9.7 8.9 4.7
o-F � � � � �139 �153
m-F � � � � �169 �170
p-F � � � � �155 �190
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Figure 2. Molecular structure of 7 showing the atom numbering
scheme with 50% probability thermal ellipsoids; all hydrogen atoms
except for H(10) of the bridging moiety are omitted; only oxygen
atoms of coordinated THF molecules are shown for clarity; selec-
ted bond lengths [Å] and angles [°]: P�C(10) 1.714(2), P�C(1)
1.747(1), P�C(Ph) 1.827(2), P�C(Ph�) 1.828(2), C(1)�C(2)
1.431(2), C(2)�C(3) 1.383(2), Na�C(1) 2.874(2), Na�C(2)
2.679(2), Na�C(3) 2.741(2), Na�O(1) 2.373(2), Na�O(2) 2.322(2),
Na�O(3) 2.271(2), Na�F(5) 2.669(1), F(5)�C(C6F5) 1.374(2),
F(3)�C(C6F5) 1.354(2); C(10)�P�C(1) 118.77(8),
C(10)�P�C(Ph) 103.51(8), C(1)�P�C(Ph�) 109.02(8),
C(1)�P�C(Ph) 106.37(7), C(Ph)�P�C(Ph�) 103.61(8),
P�C(1)�Na 125.21(8), O(3)�Na�O(2) 116.93(6),
O(3)�Na�O(1) 87.75(6), O(2)�Na�O(1) 88.00(6),
O(3)�Na�F(5) 81.70(5), O(2)�Na�F(5) 78.87(5),
O(1)�Na�F(5) 157.07(5), C(C6F5)�F(5)�Na 140.0(1)

also appear at a much lower field than in 6, while those of
meta-F substituents are almost unaffected. Also, no differ-
ence between the ortho-F atoms can be detected, which
indicates free rotation of the C6F5 substituent of 7 when it
is in solution.
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Conclusion

Series of phosphoranes B with different R substituents
can be synthesised easily using the developed synthetic
scheme or, alternatively, from chlorophosphonium ylides
with sterically encumbered {Cp}-type anions. A combi-
nation of these two methods allows a wide range of the type
B ligand precursors to be synthesised (Scheme 5).[29]

Scheme 5

In this preliminary work we have formed the basis for the
further development and revival of organometallic chemis-
try in the so-called ‘‘post-metallocene’’ epoch. Systematic
study of thus developed linked cyclopentadienylphosphor-
anylidene ligands for the syntheses of alkali, rare-earth
and transition metal complexes is the subject of our cur-
rent efforts.
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