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New sterically crowded phosphaferrocene and -ruthenocene
derivatives were synthesized via the 2,5-bis(trimethylsilyl)-
phospholide anion §. Their reactivity with regard to the ex-
change of the Mej3Si groups for other functional groups was
examined. X-ray structures were determined for the mono-
(6) and the 1,1'-diphosphaferrocene (8). The activation bar-
rier for ring-ring rotation in 8 was determined by NMR spec-

troscopy and supported by DFT calculations. Attempts to
prepare 2,5-difunctional phosphaferrocenes through electro-
philic substitutions were unsuccessful, but yielded en route a
new bidentate P,P ligand (3) and its Mo(CO), complex, which
were both characterized by X-ray diffraction.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

Phosphametallocenes are interesting compounds that
show remarkable equivalence with their carbocyclic ana-
logues regarding some of the physical and chemical proper-
ties but also show markedly different behaviour with regard
to other properties. The Fe containing phosphaferrocenes
are by far the most intensively studied phosphametallo-
cenes, which were discovered in 1977 and still continue to
be of interest.!! In particular, the use of phosphaferrocene
building blocks for the construction of multidentate, chiral
chelate ligands has brought about a renewed interest within
the last decade.[’! The chemical reactivity of phosphaferro-
cenes in view of synthetically useful transformations is re-
stricted to electrophilic aromatic substitutions, which pro-
vide access to derivatives with one additional functional
group attached to the phosphole ring, thereby rendering the
phosphaferrocene a planar-chiral moiety. In this paper we
report our attempts to prepare phosphaferrocene and phos-
pharuthenocene derivatives with two functional groups at
the 2,5-position of the phosphole ring. Related compounds
were prepared earlier by converting suitable phosphole pre-
cursors into the respective phosphametallocenest® and this
strategy was successfully employed in this work. The
sought-after 2,5-difunctionalized phosphaferrocenes are
synthetically interesting compounds and may be used for
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the assembly of extended structures like macrocycles con-
taining several individual phosphaferrocene units. Such
compounds would significantly expand the class of known
macrocyclic ligands, which mainly consist of oxygen, sulfur
or nitrogen containing derivatives.[*! In contrast, much less
is known about phosphorus containing macrocycles al-
though the first example was prepared as early as 1975.05-¢
While the O, N and S containing compounds feature strong
o-donor properties, the P derivatives are of special interest
because they may exhibit a more or less pronounced w-ac-
ceptor character, depending on the nature of the phospho-
rus subunit. For example, a macrocycle comprising four
phosphinine rings with strong acceptor properties!’! has
been reported by Mathey et al.¥! This ligand formed stable
complexes with low-valent transition-metal fragments of
RO, Ir', Au® and Au®.®&°1 Phosphaferrocenes also feature
sp>-hybridized P atoms with a significant m-acceptor ca-
pacityl'l and have been used recently as building blocks for
the construction of bi- and oligodentate chiral chelate li-
gands. In view of their potential use for the assembly of
macrocycles we decided to elaborate on the synthesis of 2,5-
disubstituted phosphaferrocenes.

Results and Discussion

A potential retrosynthetic fragmentation of a phos-
phaferrocene containing macrocycle is presented in
Scheme 1. Disconnection leads to 2,5-disubstituted phos-
phaferrocene derivatives with suitable functional groups.
Thus, a 2,5-diformyl or diacyl derivative, or compounds de-
rived thereof, appear to be attractive synthetic targets.
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Scheme 1.

Modification of an Existent Phosphaferrocene

In contrast to ferrocene, which can be deprotonated and
treated with a great variety of electrophiles, this protocol is
not applicable to phosphaferrocenes,!'”) thus preventing an
easy and general access to functionalized derivatives. As
mentioned above, electrophilic substitution is the only re-
ported method for the introduction of a substituent into
the phosphole ring of a given phosphaferrocene unit. For
example, the electrophilic formylation,['!l acylation!'?l and
carboxylation'¥! of 3,4-dimethylphosphaferrocene under
Friedel-Crafts or Vilsmeyer conditions have been reported
to occur selectively on the phosphole ring giving the mono-
functionalized products with the additional substituent at
the 2-position in good yield, thereby rendering the phos-
phaferrocene a planar-chiral moiety. The deactivating na-
ture of the formyl, acyl and carboxylic ester functional
groups prevents the formation of disubstituted derivatives.
We thought that transformation of these functional groups
into less deactivating or even activating ones might over-
come this situation and allow the introduction of a second
functional group via electrophilic substitution. Therefore,
we prepared the ether derivatives 2 and 3 in good yield after
initial reduction of the aldehyde 1 to the corresponding

alcohol (Scheme 2).
CHO OMe O~ SiMe;,
Fe F

Scheme 2.

The spectroscopic characterization revealed that com-
pound 3 was obtained as a rac/meso mixture in the ratio of
2:1 because of the racemic nature of the starting aldehyde
1. The rac isomer of 3 could be characterized by an X-ray
diffraction analysis. It crystallizes in the triclinic space
group P1 with both enantiomers in the asymmetric unit (Z
= 4). The geometrical data for the two independent mole-
cules are identical within experimental precision and values
are reported for one molecule only. Bond lengths and angles
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fall in the range typically observed for phosphaferrocene
derivatives. The suitability of the dinuclear phosphaferro-
cene 3 to act as a bidentate-P,P ligand was demonstrated
by the formation of the complex 3-Mo(CO),. Again, the X-
ray structure of the complex containing the rac-ligand could
be determined and the two structures are depicted in Fig-
ure 1 and Figure 2, relevant geometrical data are compiled
in Table 1 and Table 2. The Mo complex lacks any molecu-
lar symmetry in the solid state (point group C;), but fea-
tures effective C, symmetry in solution leading to a singlet
resonance for the two phosphorus atoms in the 3'P NMR
spectrum. A Similar behaviour has been observed before
for other Mo(CO)4 complexes with C,-symmetric bisphos-
phaferrocenes.!*151 The deviations of the central MoLg
core from regular octahedral symmetry in terms of bond
angles are rather small since the P,P ligand is highly flexible
because of the extended backbone. The Mo—P and Mo-CO
distances are in agreement with values observed for related
complexes with phosphaferrocene or other m-acidic P-li-
gands.'®) The changes of intra-ligand geometrical param-
eters upon coordination are small but typical and mainly

Figure 1. Molecular structure of complex 3.
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Figure 2. Molecular structure of complex (rac-3)[Mo(CO)y].

involve the increase of the C—P-C angle in the phosphole
ring from 88.3 to 90.2°.

Table 1. Selected bond lengths [A] and angles [°] for complexes 3
and 3-Mo(CO),.

3 3-Mo(CO),

P1-C4 1.753(4) 1.737(5)
PI-Cl 1.775(4) 1.756(5)
P2 Cl6 1.766(4) 1.756(5)
P2 CI3 1.778(4) 1.758(5)
Cl-C2 1.410(5) 1.420(6)
C3-C4 1.402(5) 1.416(7)
C2-C3 1.414(4) 1.419(7)
Cl3-Cl4 1.412(5) 1.435(6)
C15-Cl6 1.406(5) 1.396(7)
Cl4-Cl15 1.420(5) 1.423(7)
Si1-01 1.622(2) 1.629(4)
Si1-02 1.631(2) 1.632(4)
C4-P1Cl 88.35(17) 90.2(2)
Cl16-P2-C13 88.17(17) 90.2(2)
C2-C1-C5 123.2(3) 124.4(4)
Cl4-C13-C17 123.6(3) 122.7(5)
01-Sil-02 112.89(14) 109.13(19)

Table 2. Unique bond lengths [A] and angles [°] for complex
3-Mo(CO),.

Mol-P1 2.4938(14) Mol-P2 2.5187(14)
Mol-C27 1.989(7) Mol-C28 1.959(7)
Mol-C30 2.010(7) Mol-C29 2.019(7)
03-C27 1.174(7) 04-C28 1.167(7)
05-C29 1.152(6) 06-C30 1.151(7)
C30-Mol-C29 178.9(3) C27-Mol-P1  174.6(2)
C28-Mol-P2  177.9(2) PI-Mol-P2  92.93(4)

Unfortunately, all attempts to introduce a second func-
tional group into the derivatives 2 and 3 by electrophilic
formylation or acylation have met with failure. Further-
more, the dinuclear derivative 1,1’-bis[(3,4-dimethylphos-
phaferrocene-2-yl)methyl]Jferrocenel’>! could also neither be
formylated nor acylated.
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2,5-Disubstituted Phosphaferrocenes from Preformed
Phospholes

Because of the unsuccessful attempts described in the
preceding paragraph a different synthetic approach was en-
visaged. An alternative access to 2,5-disubstituted phos-
phaferrocenes is the synthesis of a suitable 2,5-disubstituted
phospholide anion in a first step and subsequent coordina-
tion to a CpFe source. For this purpose we chose the well-
known zirconocene-mediated coupling of alkynes: with 1-
trimethylsilylpropyne as a coupling partner, the zirconacy-
clopentadiene with the Me;sSi groups in a-positions is
formed regioselectively in high yield and can be converted
into the corresponding bromophosphole (4) by treatment
with PBr; (Scheme 3).[17:18]

Reduction of bromophosphole (4) by elemental lithium
proceeds straightforwardly to the corresponding phos-
pholide anion 5, the conversion can easily be monitored by
3IP NMR spectroscopy [0 = 141 (5), 78 ppm (4)]. Subse-
quent coordination of anion 5 to suitable Cp-metal frag-
ments gave access to new TMS-substituted phosphametal-
locenes (Scheme 4):  2,5-bis(trimethylsilyl)-3,4-dimethyl-
phosphaferrocene (6), the analogous ruthenocene (7) and
2,2',5,5 -tetrakis(trimethylsilyl)-3,3' 4,4’ -tetramethyl-1,1’-di-
phosphaferrocene (8), which has been synthesized before
but was only characterized by '"H NMR spectroscopy.!'”]
2,5-Bis(trimethylsilyl)-3,4-dimethylphosphaferrocene (6)

In order to prepare 2,5-bis(silyl)monophosphaferrocene
derivatives the phospholide anion 5 was treated with dif-
ferent iron precursors. While the reaction with [(mesityl-
ene)FeCp*]PF4 was unsuccessful, treatment with [Cp*FeCl],,
(Scheme 3) — prepared in situ from Cp*Li and FeCl, in
THF according to the literaturel?®! — proceeded straightfor-
wardly to produce the Cp*-phosphaferrocene 6 in 55%
yield as red crystals after crystallization from MeOH, which
was completely characterized by NMR spectroscopy, mass
spectroscopy, elemental analysis and X-ray diffraction. An
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ORTEP plot of the molecular structure of 6 is depicted in
Figure 3, relevant geometrical data can be found in Table 3.
Complex 6 features a typical sandwich-type structure with
an almost planar phospholyl ring parallel to the Cp* ring.
The distances between the Fe atom and the phospholyl
centroid Ctl (1.668 A) and the Cp* centroid Ct2 (1.690 A),
respectively, are very similar. As is usually observed in phos-
phametallocene complexes, the C1-P1-C4 angle (91.4°) is
close to 90°, the mean P-C distances are 1.790 A and the
C-C bonds in the phospholyl ring are very similar. The ste-
ric bulk of the SiMe; groups becomes apparent from the
angles Fe-Ctl-Si (95.7°, 96.8°), which exceed the ideal
value of 90°, while the deviation for the B-Me groups is
significantly smaller (90.9°, 91.1°). In conclusion, the struc-
tural parameters of the parent compound differ only very
slightly from those observed for the related phosphaferro-
cene and ruthenocene ([Cp*M{(2,5-tBu,)C,H,P}], M =
Fe,29 Rul?!) with rBu groups in place of the Me;Si groups.
A closely related molecule with alkynyldimethylsilyl substit-
uents was obtained by Mathey et al. via [CpFe(n®-
CoHp)][PF4].'*!
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Figure 3. Molecular structure of complex 6.

The bis(trimethylsilyl) complex 6 may serve as a source
for other 2,5-difunctionalized phosphaferrocenes suitable
for macrocyclization reactions by exchange of the MesSi

Eur. J. Inorg. Chem. 2007, 553-561
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Table 3. Selected bond lengths [A] and angles [°] for complexes 6
and 8.

6 8
P1Cl 1.792(3) 1.750(4)
P1-C4 1.788(3) 1.751(3)
Ccl1-C2 1.430(4) 1.401(5)
C2-C3 1.437(4) 1.390(5)
C3-C4 1.439(4) 1.421(5)
Fel-Ct(C,P) 1.668(2) 1.672(2)
Fel-Ct(Cs) 1.690(2)

C4-P1-Cl 91.42(13) 92.5(2)
Fel-Ct(C4P)-Sil 96.8(2) 95.0(2)
Fel-Ct(C,P)-Si2 95.7(2) 97.6(2)

groups for other functional groups, although the small po-
larity of the C-Si bond limits the reaction bandwidth.[?!
For example, the conversion of an iPr3Si group attached
to a phosphametallocene into a trifluoroacetyl group has
recently been reported®’ and the bis(trifluoroacetyl) deriv-
ative derived from 6 would be of high synthetic value. How-
ever, upon treatment of complex 6 with trifluoroacetic an-
hydride and BF;-OEt, only one TMS group is substituted,
the other one is protodesilylated by the acid formed during
the reaction.

An even simpler approach to 2,5-difunctionalized phos-
phaferrocenes with substituents suitable for further trans-
formation might involve the preparation of 2,5-diacyl- or
dicarboxylic ester derivatives. Although the syntheses of the
appropriate phospholide anions with two acyl or ester
groups have been elaborated by Mathey et al.,”* we were
unsuccessful in transforming these functional phospholide
anions into the respective Fe or Ru sandwich complexes.

2,5-Bis(trimethylsilyl)-3,4-dimethylphospharuthenocene (7)

Phospharuthenocenes are much less investigated than
phosphaferrocenes. The first example, [Cp*Ru{(2,5-tBu,)-
C4P}], was prepared by Carmichael et al. in 19941 and
some mixed Ru/Fe tripledecker!?”! complexes were reported
later. Meanwhile, a couple of additional derivatives with
bulky groups in 2,5-positions like naphthyl,?®! triisoproplyl-
silyl,1?3! cyclohexyl or menthyl®>” could be prepared as well.
To prevent n!-P-coordination in the complexation reaction,
the phosphole has to bear either bulky substituents at the a-
position or, as was found out later, an electron-withdrawing
group.?8! Once the phosphole is coordinated to ruthenium,
the a-substituents can be transformed into other sterically
less demanding functional groups. Treatment of anion 5
with [Cp*RuCl], afforded the new 2,5-bis(trimethylsilyl)ru-
thenocene (7) (Scheme 4) as a brown solid after chromato-
graphic workup. Interestingly, the 3'P resonance of complex
7 (0 = 0.95 ppm) is drastically shifted to lower field as com-
pared to the 2,5-1Bu, analogue (6 = —63.0 ppm).[2!]

In analogy to 6 the reactivity of 7 towards electrophilic
desilylation was tested in a trifluoroacylation reaction.
However, the only product isolated from this reaction was
the protodesilylated complex, as was evident from the ap-
pearance of a doublet in the '"H NMR spectrum due to the
o protons.
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2,2',5,5'-Tetrakis(trimethylsilyl)-3,3' 4,4’ -tetramethyl-1,1'-
diphosphaferrocene (8)

This compound has been synthesized before, but was
only poorly characterized.!'”) We found that treatment of
anion 5 with anhydrous FeCl, in THF at low temperature
provides ready access to complex 8, which was completely
characterized by NMR and mass spectroscopy, elemental
analysis and X-ray diffraction. An ORTEP view of the mo-
lecular structure is given in Figure 4 and selected geometri-
cal data are given in Table 3. The compound crystallizes in
the orthorhombic space group Pnna with the Fe atom sit-
ting on a crystallographic twofold axis (Z = 4). Bond
lengths and angles are within the range of values usually
observed for 1,1’-diphosphaferrocenes in general and com-
pare well in particular with the closely related molecules
[{2,5-(SiMe,CCMe),-3,4-Me,-C,4P},Fe] (A8 and [{2,5-
Cy,-C4H,P},Fe] (B).21 Again, as observed for compound
6, the deviation of the Fe—Ct-Si angles from 90° (95.0 and
97.6°) is more pronounced than that for the B-Me groups
(91.1 and 91.5°), reflecting the increased steric bulk of the
silyl groups. The most interesting feature of the structure is
the conformation of the two phospholyl rings with a P-Ct—
Ct'-P’ torsion angle of a = 85.4°, which means that the P
atom of one ring is roughly eclipsing the a-C atom of the
other (P/C,-conformation). Several conformations are con-
ceivable for 1,1’-diphosphaferrocenes:*°! the limiting high-
symmetry conformations C,, and C,,, with the P atoms in
a syn (a = 0°) or anti (a = 180°) arrangement, respectively,
and two C,-symmetric conformations in which the P atoms
are superposed either with the o carbon (P/C,, a = 90-100°)
or with the  carbon of the other ring (P/Cg, a = 140-145°).
Indeed, examples for all of these conformations have been
observed in the solid state and the question of which con-
formation is preferred has been addressed on various levels
of theory. Both extended Hiickel®*” and Fenske—Hall*! cal-
culations indicated that the C,,-symmetric conformation
has the highest relative energy for the unsubstituted deriva-
tive, lying some 10 kcal/mol above a C,-symmetric arrange-
ment with o > 100°. However, for substituted derivatives
the substitution pattern may also influence the relative sta-
bility of conformers by the avoidance of sterically unfavour-
able interactions of the substituents. For example, for the
3,3',4,4'-tetramethyl derivative the P/Cg conformation is
found in the solid state in accordance with theory,!''! mini-
mizing the steric interference of the Me groups. For
2,2',5,5'-tetraphenyl-1,1’-diphosphaferrocene, however, an
exceptional P,P-syn conformation is found (a = 0°), which
is stabilized presumably by additional n—n interactions be-
tween the two pairs of parallel phenyl rings.*! This contra-
dicts nicely with the structure of the 2,2',5,5'-tetracyclo-
hexyl derivative, for which a P,P-anti arrangement has been
identified.[?”! However, this conformation seems to be the
exception rather than the rule, because many other 1,1'-
diphosphaferrocenes with sterically demanding groups in
the 2,5 positions show the P/C, conformation as observed
for complex 8. Examples include the alkynylsilyl derivative
A81 the 2,5-rBu,-diphosphametallocenes with Sn and
Pb,[3?l the Sb analogue of 8!!7°! and the parent 1,1’,3,3'-
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tetrakis(trimethylsilyl)ferrocene.?3 DFT calculations on a
B3LYP level were performed for complex 8 and exhibited a
P/C, minimum energy conformation with a torsion angle
of a = 86°. The highest relative energy (11.6 kcal/mol) was
identified for the C,, symmetric conformation (a = 0°).

Figure 4. Two views of the molecular structure of complex 8.

Solution Dynamics of 8

The proton NMR spectrum of 8 at room temperature
shows two singlets corresponding to the methyl and to the
TMS groups in a ratio 6:18. Obviously, ring rotation at am-
bient temperature is fast on the NMR time-scale. On cool-
ing a sample in [Dg]toluene coalescence was observed
(500 MHz) at ca. -5 °C for the SiMe; signals (Av = 125 Hz)
and at 20 °C for the B-Me signals (Av = 34 Hz). At -50 °C
the signals were clearly separated. The value of
12.6 = 0.3 kcal/mol for the rotational barrier calculated
from these data is in agreement with the value determined
by Al-Taweel' and lies well within the range of 10—
14 kcal/mol observed for other ferrocenes and diphos-
phaferrocenes with bulky substituents (Table 4) and fits
nicely with the value obtained from the DFT calculations
of 11.6 kcal/mol. No substantial differences between ferro-
cenes and diphosphaferrocenes are recognizable.
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Table 4. Activation barriers (AGY) for ring rotation in 1,1’-diphos-
phaferrocenes and ferrocenes with bulky substituents.

Substituents AG* [kcalmol '] Reference
1,1’-Diphosphaferrocenes
22',5,5'-(TMS);-3,3' 4.4'-Me, 12.6 this workl

12.5 [19][a]

11.6 this work!®!
None 8.8 (301d]
2,2',5,5'-Phy < 6.5 [29](c]
2.2'.5.5'-[(-)-menthyl], 12.9 [44a]
Ferrocenes
1,1'3,3'-(TMS), 11.0 [33a]
1,1',2,2",4,4'(TMS)q 11.0 (45]fa)
1,1',2,2".3,3",4,4'-(iPr)g 13.7 (46lla)

[47][a]

a

1,1',2,2'(TMS),-4,4'-(tBu), 9.8

[a] Low-temperature NMR spectroscopy. [b] DFT calculation. [c]
Calculated value. [d] EHT calculation.

Treatment of 8 with DMSO/KOtBul*¥ in order to exam-
ine the reactivity of the complex towards desilylation re-
sulted in decomposition of the starting material and no
product could be isolated.

Experimental Section

DFT Calculations: In order to determine the rotational barrier
B3LYPP single point energies with Ahlrichs TZVP basis set*®! on
top of BP8637 geometries, optimized with a SVP basis set!*¥! have
been carried out, as implemented in the program package Turbo-
mole.?) For the BP86 calculations the resolution of the identity
(RI) approach has been used to fit the density within the Coulomb
potential with an auxiliary basis set.*¥] The phosphaferrocene
backbone has been kept frozen at different torsional orientations
of the two rings whereas the remainder of the molecule has been
relaxed to its equilibrium geometry. The minimum structure has
been characterized by calculating the Hessian matrix.

Reactions were carried out under an atmosphere of dry nitrogen
by means of conventional Schlenk techniques. Solvents were dried
and purified by standard methods. Alumina was heated at 220 °C
for 12 h, cooled to room temp. under high vacuum, deactivated
with 5% water and stored under nitrogen. NMR spectra were re-
corded with a Bruker Avance DRX 500 ('H NMR, 500 MHz;
SIP{'H} NMR, 202 MHz; 3C{'H} NMR, 126 MHz) and a Bruker
Avance DRX 200 spectrometer ('H NMR, 200 MHz; 3'P{'H}
NMR, 81 MHz). '"H NMR spectra are referenced to the residual
solvent signal and 3'P NMR spectra to external H;PO, (85%).
Mass spectra were recorded with a Varian MAT 311A spectrometer
(EI, 70 eV electron energy). 2,5-Bis(trimethylsilyl)-3,4-dimethyl-1,1-
bis(cyclopentadienyl)zirconacyclopentadiene,!'” 4,1'8] [Cp*FeCl],,1%¢!
2-Hydroxymethyl-3,4-dimethyl-1-phosphaferrocenel! !l and
[Cp*RuCl]4* were prepared according to the literature.

Synthesis of 2: A suspension of NaH (60 wt.-% in mineral oil,
0.21 g, 5.25 mmol) in THF was added dropwise to a mixture of 2-
hydroxymethyl-3,4-dimethyl-1-phosphaferrocene  (1.01g, 3.86
mmol) and methyliodide (2.4 mL, 38.6 mmol) in THF at -55 °C.
The mixture was slowly warmed to room temp. while stirring over-
night and was subsequently heated to reflux for 30 min. After cool-
ing to room temp. water (10 mL) was added and the product was
extracted with dichloromethane. The organic phase was dried with
Na,S0,, filtered and the solvent was removed under high vacuum.
Column chromatography on alumina (hexane/ether, 5:1) gave pure
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2 as an orange oil (1.003 g, 95%). "H NMR (200 MHz, CDCls): §
= 2.215, 2.222 (s, 6 H, 3,4-CH;), 3.35 (s, 3 H, O-CH3), 3.78 (d,
2Jep = 35.89 Hz, 1 H, 0-H), 4.12 (s, 5 H, Cp), 3.86-4.24 (m, 2 H,
CH,) ppm. 13C NMR (126 MHz, CDCls): § = 13.48 and 16.86 (s,
3,4-CH3), 57.78 (s, OCH3), 71.02 (d, 2Jcp = 21.80 Hz, CH,), 71.85
(s, Cp), 76.92 (d, 'Jep = 58.13Hz, 0-CH), 92.69 (d, Jep =
55.71 Hz, a-C), 94.20 (d, 2Jcp = 4.84 Hz, B-C), 96.75 (d, 2Jcp =
7.26 Hz, B-C) ppm. 3'P{'H} NMR (81 MHz, CDCls): § = -73.24
(s) ppm. C;3H;FePO (276.10), EI-MS: m/z = 276 (M™*), 246 (M* —
2 CHjy), 231 (M* — CH,OMe). Calcd. C 56.55, H 6.21; found C
56.57, H 6.30.

Synthesis of 3: Triethylamine (328 pL, 2.36 mmol) was added to a
solution of  2-hydroxymethyl-3,4-dimethyl-1-phosphaferrocene
(620 mg, 2.36 mmol) in THF (20 mL) at room temp. Dichlorodime-
thylsilane (143 pL, 1.18 mmol) was added slowly via syringe and
the mixture was refluxed for 3 h. After cooling to room temp. water
was added and the product extracted with diethyl ether and dried
with Na,SO,. Filtration and removal of the solvent under high vac-
uum gave the rac/meso mixture of 3 in a 2:1 ratio as an analytically
pure orange oil (411 mg, 0,71 mmol, 60%). Cooling an ether solu-
tion gave the pure rac isomer as orange crystals suitable for X-ray
diffraction. '"H NMR (200 MHz, CDCl,); rac/meso mixture: § =
0.115 (s, 3 H, SiCH3), 0.122 (s, 3 H, SiCH3), 2.173, 2.183, 2.193,
2.205 (4s, 12 H, CCH3), 3.75 (d(br), 'Jyp = 35.89 Hz, 2 H, o-H),
4.114, 4.121 (2s, 10 H, Cp), 4.155-4.365 (m, 4 H, CH,-O) ppm; rac
isomer: 0 = 0.121 (s, 6 H, SiCH3), 2.173 (s, 6 H, CCH3), 2.184 (s,
6 H, CCH3), 3.75 (d, 2 H, u-H, 2Jyp = 35.89 Hz), 4.120 (s, 10 H,
Cp), 4.26 (m, 4 H, CH,-O) ppm. '*C NMR (125 MHz, CDCls);
rac/meso mixture: 0 = -2.53 (br. s, SiCH3), —0.597 (br. s, SiCH3),
13.54 (s, CH3), 16.92 (s, CH3), 61.18 (d, 2Jcp = 24.2 Hz, CH.,),
71.81 (s, Cp), 71.83 (s, Cp), 76.70 (d, 'Jcp = 58.1 Hz, 0a-CH), 76.58
(d, Jep = 58.1 Hz, a-CH) ppm. 3'P{'H} NMR (CDCl;, 81 MHz):
) = —74.18 (rac); —74.34 (meso) ppm. EI-MS (80 eV, 150 °C), m/z =
580 (M™), 515 (M* - Cp), 262 (PFc — CH,0"), 245 (PFcCH,"), 179
(PFcCH,*-Cp), 124 (179 — Fe). CcH34Fe;0,P,Si (580.28): caled. C
53.82, H 5.91; found C 53.00, H 5.83. The too small value for C is
probably due to the formation of some SiC, which is rather fre-
quently encountered.

Synthesis of [(rac-3)'Mo(CO)4l: A solution of [(nbd)Mo(CO),]
(65 mg, 0.217 mmol) in THF was added to a solution of rac-3
(126 mg, 0.217 mmol) in THF, the mixture was stirred at room
temp. for 30 min and subsequently refluxed for two hours. The sol-
vent was removed under high vacuum and the residue was recrys-
tallized from ether. 'H NMR (200 MHz, CDCls): 6 = 0.06 (s, 6 H,
SiCH3), 2.20, 2.21 (s, 6 H, CH3), 3.84 (d, 2 H, 2Jyp = 32.12 Hz, a-
H), 4.21 (s, 10 H, Cp), 4.19 (m, 4 H, CH,) ppm. *'P{'H} NMR
(81 MHz, CDCl,): —22,74 (s) ppm. IR (CDCl;): 2029 (mst), 1935
(st), shoulders at 1920 and 1900 cm™'. CsoH;4Fe,MoO¢P,Si
(788.20): caled. C 45.71, H 4.35; found C 45.49, H 4.50.

Synthesis of 6: Freshly cut lithium pieces (excess) were added to a
solution of bromophosphole (4) (400 mg, 1.19 mmol) in THF at
room temp. After complete conversion of the phosphole to the
phospholide anion (monitored by 3'P NMR, 5: 141 ppm, ca. 3 h)
the solution was transferred by cannula to a freshly prepared solu-
tion of [Cp*FeCl], at 0 °C and the mixture was stirred overnight
at room temp. and refluxed for 1 h. Water was added and the prod-
uct was extracted with diethyl ether. The organic phase was dried
with Na,SOy, filtered and the solvent was removed under high vac-
uum. The crude product was purified by column chromatography
over alumina (hexane). Recrystallization from methanol yielded
bright red crystals (ca. 290 mg, 55%) contaminated with trace
amounts of decamethylferrocene. '"H NMR (200 MHz, CDCls): 6
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=0.20 (d, *Jyp = 0.75 Hz, 18 H, SiMe;), 1.81 (s, 15 H, Cp*), 2.03
(s, 6 H, CH3) ppm. 'P{'H} NMR (81 MHz, CDCl3): 6 =
-8.18 ppm (s). C5,H39FePSi, (446): caled. C 59.17, H 8.80; found
C 58.99, H 8.88. EI-MS: m/z = 446 (M™), 374 (M™ — TMS + H),
326 (374 — SiMe,).

Synthesis of 7: A solution of phospholide (5) was prepared as de-
scribed above from bromophosphole (4) (111 mg, 0.33 mmol).
[Cp*RuCl]4 (90 mg, 0.083 mmol) was suspended in THF and added
to the phospholide solution at —78 °C. The reaction mixture turned
from red to brown and was warmed to room temp. while stirring
overnight. The solvent was removed under high vacuum and the
crude product was purified by column chromatography over alu-
mina (hexane/ether = 5:1). Compound 7 (120 mg, 36%) was ob-
tained as a brown powder after the removal of the solvent in vacuo.
'H NMR (200 MHz, CDCls): § = 0.20 (d, *Jyp = 0.75 Hz, 18 H,
SiMes), 1.87, (s, 15 H, Cp*), 1.93 (s, 6 H, 3,4-CH3) ppm. '3C NMR
(126 MHz, CDCls): § = 1.6 (d, 3Jcp = 5.5 Hz, SiMe3), 11.6 (s, Cp*-
CHs), 13.8 (d, 3Jcp = 1.8 Hz, 3,4-CH3), 87.4 (s, Cp*-C), 88.6 (d,
Jep = 79.7 Hz, 0-C), 100.1 (d, 2Jcp = 4.6 Hz, B-C) ppm. 3'P{'H}
NMR (81 MHz, CDCly): 6 = 0.95 (s) ppm. EI-MS (C,,H39PRuSi,,
491.77): mlz = 492 (M*), 477 (M* — CH;), 419 (M* — SiMe3).
Calcd. C 53.73, H 7.99; found C 54.01, H 8.15.

Synthesis of 8: A solution of phospholide (5) was prepared as de-
scribed above from bromophosphole (4) (0.51 g, 1.52 mmol). Anhy-
drous FeCl, (0.096 g, 0,76 mmol) was added to the phospholide
solution at —78 °C. The solution was stirred overnight and warmed
to room temp. The solvent was removed under high vacuum and
the crude product purified by chromatography over alumina (hex-
ane). Recrystallization from methanol yielded 8 (0.150 g, 35%) as
red crystals suitable for X-ray diffraction. '"H NMR (200 MHz,
CDCly): 6 = 0.27 (s, 36 H, SiMes), 2.08 (s, 12 H, 3,4-CH3) ppm.
3SIP{'TH} NMR (81 MHz, CDCl;): § = -26.13 (s) ppm. '3C NMR
(126 MHz, 298 K, CDCl;): 0 = 1.80, 1.82, 1.84, 1.86 (s, SiMe;),
16.5 (br. s, 3,4-CHs3), 103.8 (d, 2Jcp = 4.6 Hz, B-C) ppm. EI-MS
(C4HygFeP,Siy, 566.78): m/z = 566 (M™), 494 (M™ — H — SiMes)
405 (M* — H — SiMe; — CH3). Caled. C 50.86, H 8.54; found C
51.02, H 8.50.

X-ray Crystallographic Study: Crystals of compounds 3, 3-Mo-
(CO),, 6 and 8 suitable for X-ray studies were investigated with a
Stoe IPDS using graphite-monochromated Mo-K,, radiation (4 =
0.71073 A) at 291 K. In the cases of 3-Mo(CO), and 6 a space
group type of P2,/n and in the case of 8 the space group Pnna were
uniquely determined. In the case of 3 the symmetry of the diffrac-
tion pattern was compatible with space group types Pl and PI.
The latter proved to be the correct one after structure refinement.
Lorentz polarization corrections were applied to all the intensity
data. In the case of 3:-Mo(CO), and 8 absorption corrections using
symmetry equivalent reflections and a face-indexed Gaussian inte-
gration procedure, respectively, were applied. The structures were
solved by direct methods!*?! and the positions of all but the H
atoms of the pentamethylcyclopentadienyl group of 6 were found
via AF syntheses. Refinements*3! by full-matrix least-squares calcu-
lations on F? converged to the indicators given in Table 5. Aniso-
tropic displacement parameters were refined for all atoms heavier
than hydrogen. Idealized bond lengths and angles were used for
the CH;, CH, and CH groups; the riding model was applied for
their H atoms. In addition, the H atoms of the CH; groups were
allowed to rotate around the neighbouring C-C bonds. The iso-
tropic displacement parameters of the H atoms were kept equal to
120% of the equivalent isotropic displacement parameters of the
parent “aromatic” or secondary carbon atom and equal to 150%
of the parent primary carbon atom, respectively. A summary of
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Table 5. Crystallographic data for compounds 3, 3:-Mo(CO),, 6 and 8.

Compound 3 3-Mo(CO), 6 8

Formula C26H34F6202P25i C30H34F€2M006P25i C22H39FCPSi2 C24H43F€P25i4
M, [gmol™!] 580.26 788.24 446.53 566.77
Crystal system triclinic monoclinic monoclinic orthorhombic
Space group Pl P2,/n P2,/n Pnna

a[A] 11.1473(8) 10.9670(16) 9.7586(6) 19.0769(19)
b [A] 13.9223(10) 17.7718(14) 13.2369(9) 16.6026(11)
c[A] 17.4988(12) 17.7603(19) 19.9071(13) 10.2037(6)
a[°] 92.111(8) 90 90 90

A1 100.862(8) 94.514(18) 93.781(8) 90

y[° 90.298(9) 90 90 90

VAP 2665.1(3) 3450.8(7) 2565.9(3) 3231.8(4)
Z 4 4 4 4

D, [gem ) 1.446 1.517 1.156 1.165
F(000) 1208 1600 960 1216
#(Mo-K,) [mm1] 1.275 1.353 0.748 0.725

20 max [°] 50.00 50.00 50.00 50.00

Total reflections 35124 26649 32998 2844
Independent reflections 8846 5984 4516 2844
Observed reflections [I>20(1)] 5768 3189 3285 906
Parameters refined 607 385 248 149

R/wR, [I>20(1)]
Ri/wR, (all data)

0.0337, 0.0764
0.0512, 0.0780

0.0367, 0.0731
0.0709, 0.0759

0.0453, 0.1129
0.0584, 0.1156

0.0336, 0.0456
0.0824, 0.0484

further crystallographic data, data collection parameters and re-
finement parameters is collected in Table 5.

CCDC-622213 (for 3), -622214 [for 3-Mo(CO)4, -622216
(for 6) and -622215 (for 8) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.
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