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The reaction of ferrocenyldiphenylphosphine with styrene oxide in ethanol gives, as the
major product, ferrocenyl(phenyl)(l,2-diphenylethyl)phosphine oxide (5, R = Ph), the
result of a rearrangement involving phenyl migration from phosphorus to adjacent carbon
in the decomposition of a vinylphosphonium ion arising from protonation and subsequent
elimination of water from the initially-formed phosphonium betaine. A related phenyl
migration occurs in the reaction of the phosphine with ethyl propiolate in wet T H F . The
presence of a ferrocenyl group at phosphorus in Wittig reactions of semistabilised ylides
causes the expected decrease in the cis-trans ratio of the resulting alkenes, consistent with
its behaviour as an electron-donating substituent.

There has been some interest in recent years in
the electronic effects of ferrocenyl groups on the
reactivity of phosphorus compounds. McEwen et al.
[1] have studied the rate and course of alkaline

the alkahne hydrolysis of related vinylphosphonium
ions [5-8], we now report studies of the influence of
the ferrocenyl group on the course of some reactions
of ferrocenyldiphenylphosphine.

hydrolysis of the salts FcPhPCHoPh

A delicate balance of steric and electronic effects
controls the course of decomposition of phosphonium
betaines (1) generated in protic solvents (e.g. by the
reaction of phosphines with epoxides). Electronwithdrawing heteroaryl substituents (e.g. 2-furyl
and 2-thienyl) promote intramolecular betaine
collapse to form the Wittig products [5], as also
does enclosure of phosphorus in the dibenzophosphole ring system [6]. Except in such cyclic systems,
both electron-donating and bulky groups (e. g. o-tolyl
and £-butyl) reduce the rate of intramolecular
collapse and allow a dehydration step to occur, with
the formation of a vinylphosphonium intermediate

+

and have

concluded that there is a strong, specific electronic
interaction between one of the ferrocenyl groups
attached to phosphorus and the phosphonium centre,
which decreases the electrophilic reactivity of the
latter. In addition, it was deduced that the steric
bulk of the ferrocenyl group had no influence on the
rate of the hydrolysis reaction. In contrast, Kotz
et al. [2] concluded from a study of the properties of
ferrocenylphosphines as ligands towards transition
metals that while the ferrocenyl group does indeed
have an electronic effect at phosphorus, the steric
bulk of the group has a pronounced effect under
certain circumstances. In a related study, Pittman
et al. [3] showed that triferrocenylphosphine is
generally a better cr-donor than triphenylphosphine
towards transition metal carbonyl acceptors. However, the presence at phosphorus of a ferrocenyl
group does not lead to a marked increase in the rate
of quaternization of phosphines [4], although substituent effects in such quaternization reactions are
usually small as a result of the transition state being
reactant-like.
Following our interest in the effects of substituents at phosphorus on the fate of phosphobetaines in protic solvents and on aryl migration in
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(2) [7]. (Such intermediates are also encountered in
the reactions of phosphines with acetylenes in protic
media [9, 10]). The course of subsequent alkaline
decomposition of 2 depends on the carbanionic
stability of the group cleaved from phosphorus.
Carbanions of moderate stability, e.g. phenyl,
require the additional stabilisation of negative
charge afforded in the transition state of the reaction
leading to the aryl-migrated rearrangement product
(3). For carbanions of greater stability, e.g. 2-furyl,
simple cleavage of the leaving group can occur, with
formation of the vinylphosphine oxide (4) (Scheme).
The preferred course is also dependent upon the
nature of the group R 1 at the migration terminus
and the group R 2 which is required to function as an
electron sink in the aryl migration step [8].
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Scheme.

The reaction of ferrocenyldiphenylphosphine with
styrene oxide in ethanol appeared from TLC
examination of the reaction mixture to give a
complex mixture of products. GLC analysis indicated the formation of the Wittig product, styrene,
in 1 8 % yield. Repeated preparative TLC enabled
the isolation of the related Wittig product, ferrocenyldiphenylphosphine oxide, also in 1 8 % yield.
Also isolated was the rearranged phosphine oxide (5,
R = Ph) ( 2 8 % yield). Evidence that phenyl migration, rather than migration of the ferrocenyl group,
had occurred was adduced from a study of the mass
spectral fragmentation of the compound. The spectrum did not exhibit a molecular ion, but showed a
base peak at mje 309 corresponding to the [PhFcPO] +
fragment resulting from cleavage of the
[PhCHCH^Ph] substituent. This mode of fragmentation is now well established for compounds of the
above type [8].
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The formation of the rearrangement product
(5, R = Ph) clearly points to the involvement of a
vinylphosphonium intermediate (2, Ar 1 = Ph, Ar 2 =
Fe, R 1 = H, R 2 = Ph) arising from protonation and
subsequent dehydration of the initially formed
betaine (1). Presumably betaine collapse to alkene
and phosphine oxide is inhibited by the electronic
(and possibly steric) effects of the ferrocenyl group
deduced by earlier workers [1-4]. The formation of
the Wittig products in the above reaction almost
certainly can be attributed to a competing mode of
alkaline hydrolysis of the vinylphosphonium intermediate resulting in simple cleavage of the /9-styryl

group. The preferential migration of phenyl rather
than ferrocenyl also indicates that the forming
phenyl carbanion is more stable than the ferrocenyl
equivalent.
W e have also studied the course of hydrolysis of
the vinylphosphonium ion (6), formed as intermediate in the reaction of ferrocenyldiphenylphosphine with ethyl propiopate in wet T H F solution.
As in the above case, this reaction gave a complex
mixture of products. Repeated preparative TLC
enabled the isolation of ferrocenyldiphenylphosphine oxide and the rearrangement product
(5, R = CCLEt) as the major isolated product. The
mass spectrum of the latter exhibited a molecular
ion at mje 486 and an ion at mje 309 corresponding
to the [PhFcPO] + fragment, again indicating preferential migration of phenyl rather than ferrocenyl.
The nature of the substituents at phosphorus also
has a significant effect on the cis-trans ratio of the
alkenes formed in the Wittig reaction. Johnson
et al. [11] have shown that in the reactions of
semistabilised ylides, the presence of electronwithdrawing groups, e.g. p-chlorophenyl, at phosphorus leads to an increase in the proportion of the
cts-alkene, whereas electron-donating groups e.g.
p-methoxyphenyl favour the formation of the trans
isomer. These findings were interpreted in terms of
the involvement of betaine intermediates, and it
was argued that electron-withdrawing groups increase that rate of betaine collapse, such that a
greater proportion of the cis-alkene arising from the
erythro-betaine is formed. Conversely, electrondonating groups reduce the rate of betaine collapse,
thereby favouring the predominant formation of
the threo-bet&ine and subsequently the frcms-alkene.
The electronic effects of a range of heteroaryl substituents at phosphorus on the steric course of
Wittig reactions of both semistabilised and fully
stabilised ylides [12] can be similarly explained.
Recently, however, there have also been attempts
to account for the electronic and steric effects of
phosphorus substituents on the steric course of the
Wittig reaction in terms of the direct formation of
oxaphosphetan intermediates by cycloaddition
processes, without the involvement of betaine
intermediates [12-14].
In view of McEwen's conclusion [1] that a specific
electronic interaction occurs between one ferrocenyl
group and the phosphonium centre resulting in
stabilisation of the positive charge at phosphorus,
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it was of interest to investigate the possible effect of
this interaction on the steric course of the Wittig
reaction of the salt (7, X = Br) with benzaldehyde,
in ethanolic ethoxide media.
The cis-trans ratios of the stilbenes formed in this
reaction, together with corresponding data for other
phosphonium salts are given in the Table.
Table, cis-trans Ratio and overall yields of stilbenes
formed in the Wittig reactions of benzylphosphonium
salts with benzaldehyde in ethanolic ethoxide media.

Salt

Overall
% eis % trans yield
[%]

Ph 2 £(Fc)CH 2 Ph Br-

33

67

Ph3£cH2Ph Br-

52

48

90
60

Ph 2 £(o-CH 3 OC 6 H 4 )CH 2 Ph Br~ 45

55

95

Ph 2 £(o-CH 3 C 6 H 4 )CH 2 Ph Br-

62

38

69*

Ph 2 P(o-ClC 6 H 4 )CH 2 Ph B r -

70

30

69*

* Ref. [14].

In their work on the rates of alkaline hydrolysis
of ferrocenylphosphonium salts, McEwen et al. [1]
showed that the presence of one ferrocenyl substituent at phosphorus reduced the rate of alkaline
hydrolysis of the salt (7, X = I) b y a factor of 60,
compared with benzyltriphenylphosphonium iodide.
Thus it was to be expected that the Wittig reaction
of the salt (7, X = Br) would lead to a greater
proportion of the Jraws-alkene, as a result of the
reduced rate of betaine collapse due to the electronic
effects of the ferrocenyl group, and the data in the
Table shows that this does occur.
In related work, McEwen et al. [15] have also
shown that the presence of an o-methoxyphenyl
group at phosphorus causes a marked reduction in
the rates of alkaline hydrolysis of phosphonium
salts, compared to that of the p-methoxyphenyl
analogue, and have attributed this to the existence
of a specific oxygen 2p-phosphorus 3 c? interaction
which stabilises the phosphonium ion. Such an
interaction would also be expected to stabilise
phosphonium betaine intermediates in the Wittig
reaction and lead to an increased proportion of the

Jra?w-alkene. Again, as in the case of the above ferrocenylphosphonium salt, this is observed but the
proportion of frnw-s-isomer is only slightly increased
compared to that observed for benzyltriphenylphosphonium bromide.
We have shown recently [14] that increasing
steric crowding at phosphorus in Wittig reactions of
the above type surprisingly causes an increase in
the proportion of cis-isomers, and this is illustrated
in the Table for the mowo-o-tolylphosphonium salt.
We have initially suggested that these observations
can be accounted for in terms of the direct formation
of the cis-oxaphosphetan intermediate via a cycloaddition of ylide and carbonyl compound of the
type suggested by Vedejs and Snoble [16], without
the involvement of betaine intermediates. The only
slight increase in the proportion of Jraws-alkene in
the reaction of the o-methoxyphenylphosphonium
salt may therefore be attributable to a steric effect
by the substituent which competes with the
expected electronic effect. This suggestion is supported by the effects of introducing an o-substituted
electron-withdrawing group e.g. o-chlorophenyl, as
in the reaction of benzyl-o-chlorophenyldiphenylphosphonium bromide, (see Table) which results in
a much greater increase in the proportion of cisisomer. W e are continuing our studies of substituent
effects in organophosphorus chemistry.
Experimental
Operations involving tertiary phosphines or related phosphonium ylides were conducted under
nitrogen. X H NMR spectra were recorded at 60 MHz
using a Jeol spectrometer. Mass spectra were
recorded at 70 eV using an A E I MS 30 instrument.
Preparative TLC separations were carried out using
20 x 20 cm plates covered with a 1 mm thickness
of Kieselgel HF 256, using ethyl acetate-hexane (1:1)
as developing solvent. Following repeated development, individual bands were removed from the
plate and the components extracted using ethanol.
Preparation of phosphines and phosphonium

salts

Ferrocenyldiphenylphosphine, o-methoxyphenyldiphenylphosphine and related phosphonium salts
were prepared as described by McEwen et al. [1, 4].
Reactions of
ferrocenyldiphenylphosphine
(i) With styrene oxide

The phosphine (0.37 g, 10~3 mole) and styrene
oxide (0.36 g, excess) in ethanol (2.5 cm 3 ) were
heated together under reflux for 5 h. The solution
was then allowed to cool and the yield of styrene
determined by GLC analysis (18%). The solution
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was then evaporated and the residue subjected to
repeated preparative TLC separation to give ferrocenyldiphenylphosphine oxide (0.066 g, 18%) m/e
386 (M+) [17] and
Ferrocenyl( 1,2-diphenylethyljphenylphosphine

oxide

(0.138 g, 2 8 % ) , m.p. 198 °C (from hexane-toluene).
C 3 0 H 2 7 FeOP
Found
Calcd

C 73.2
C 73.5

H 5.6,
H 5.5.

6 (CDCL) p p m : 8.5-6.5 (m, 15 ArH); 5.1-3.0 (m,
12H); m/e 309 (M-181).

Ferrocenylphenylf

l-phenyl-2-ethoxycarbonylethyl

)-

phosphine oxide (53 mg), m.p. 160 °C (from hexanetoluene).
C 2 7H 2 7 Fe0 3 P
Found C 66.8
Calcd
C 66.7

H 5.8,
H 5.6.

6(CDCL) p p m : 8.5-7.0 (m, 10 A r H ) ; 5.1-3.5 (m,
14 H ) ; 1.1 (t, 3 H ) ; m/e 486 (M+); 441 (M-OC 2 H 5 ) and
309 (PhFcPO) (base peak).
Wittig reactions of benzylphosphonium

salts

The phosphine (0.2 g) and ethyl propiolate (0.2 g)
were heated together under reflux in tetrahydrofuran (3 cm 3 ) containing water (0.2 cm 3 ) for 2 h.
The solvent was then evaporated and the residue
subjected to repeated preparative TLC separation
to give ferrocenyldiphenvlphosphine oxide (23 mg),
m/e 386 (M+), and

The reactions were carried out by dissolving the
appropriate phosphonium salt (1.25 X 10 - 4 moles)
and benzaldehyde (1.25 X 10 - 4 moles) in dry ethanol
(1.5 cm 3 ) to which was added sodium ethoxide
(1.25 X 10~4 moles) in ethanol (1 cm 3 ). After 1 h at
room temperature the solutions were diluted with
toluene (2.5 cm 3 ) and analysed for eis- and transstilbene b y GLC (5' column of SE30 on celite at
205 °C, using a flame ionisation detector). No
attempt was made to optimise overall yields of
alkenes.
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