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The range of transition metal-mediated P-C/X exchange reactions that result in the replacement
of a phosphine substituent with another group, X, are categorised according to the nature of the
replacing group (X = aryl or alkyl, N- and O-based species and fluoride). Proposed mechanisms
for P-C/X exchange are described and the factors promoting these unusual-—and often

undesirable—reactions are discussed. This tutorial review should be of relevance for those engaged
in homogeneous catalysis, C-F activation and the synthesis of complexes combining soft metal

centres and hard donor ligands.

1. Introduction and scope of review

This review will survey reactions of transition metal-phos-
phine complexes, [L,TM-PR;], that result in P-C bond
cleavage and the replacement of a substituent, R, by some
other group, X. The substituents on phosphorus are generally
simple aryl or alkyl groups, while the replacing group, X, will
be another C-based moiety, an N- or O-based group, or
fluoride. These processes result in a net P-C/X exchange
reaction, although this is sometimes masked by the subsequent
reactivity of the initial exchange product. Aspects of the
activation of P-C bonds have been reviewed previously by
Garrou in 1985.! At this time the majority of examples
featured the one-way transfer of substituents from phosphorus
to metal, often with the formation of phosphido-bridged
dimers and higher-nuclearity species. Examples of P-C/X
exchange reactions that did appear in that work are also
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included here. During the preparation of this review Parkins
has also published a survey of reactions involving the
migration and cleavage of substituents from donor atoms in
transition metal compounds.’

The replacement of a substituent on a phosphine has
important consequences for its use in metal-mediated synthesis
and homogeneous catalysis. These rely on phosphine ligands
acting as essentially innocent ‘spectators’, whilst conferring a
specific electronic, steric or even chiral environment on the
metal centre. Substituent replacement is therefore usually
highly undesirable and the decomposition of homogeneous
catalysts has been discussed in this context.> The present
review of P-C/X exchange reactions is organised according to
the nature of the replacing group, starting with P-C/C
exchange processes where most detailed studies are available.
Emphasis is placed on the mechanisms by which P-C/X
exchange may occur and a number of general processes have
been put forward (see Fig. 1). In Mechanism A exchange
proceeds via initial transfer of an R group from P to M in what
is a formal oxidative addition. P-C/X exchange is completed
by transfer of X from M to P, formally reductive elimination.
An alternative process implicated in many cases is nucleophilic
attack by X, either externally, Mechanism B, or internally,
Mechanism C. Mechanistic details on these processes are
scarce and, in principle, exchange could occur via a single
concerted step. However, in many cases intermediates have
been proposed, such as phosphonium salts formed via P-X
reductive elimination, Mechanism D, or metallophosphoranes,
Mechanism E. It should be noted that nucleophilic attack of
hard O-based®® and fluoride ligands® at transition metal-
bound phosphines can also result in disproportionation,
yielding low-valent metal species and phosphoranes. These
processes, which are often important in catalyst activation
steps, are closely related to Mechanisms B and C, but space
limitations preclude their further discussion here.

2. P-CIC exchange reactions

P-C cleavage reactions of transition metal-phosphine com-
plexes have been studied extensively, especially in the context
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Fig. 1 Possible mechanisms of P-C/X exchange reactions.

of catalyst stability."> The formation of a range of organic
species in these studies (e.g. for PPh; complexes, benzene,
biphenyl and related coupling products) is taken as an
indication that P-C bond cleavage is occurring and in many
cases this is confirmed in the metal-containing product which
is often a bi- or higher-nuclearity system featuring bridging
phosphido groups. Such reactions have often been observed
under the high temperatures and pressures relevant for the
catalytic process under study (e.g. for hydroformylation with
[Cox(CO)s], 190 °C and 2000 psi CO-H,’). P-C/C exchange
processes were also observed in some of these early studies.
However, more recently it has become apparent that such
processes may also occur under extremely mild conditions and
in some instances below room temperature. The range of P-C/
C exchange processes now available in the literature is covered
below, firstly for the more common P-aryl/aryl exchange and
then for P-aryl/alkyl exchange.

2.1. P-aryl/aryl exchange

P-aryl/aryl exchange occurs when the alkene hydroformyla-
tion catalyst, [Rh(H)(CO)(PPhs;)], is heated to 130 °C in the
presence of P(p-tolyl);, the exchange process manifesting itself
in the formation of mixed phosphines.® This Ph/p-tolyl
exchange is catalytic and a mechanism based on P-C oxidative
addition and exchange via phosphido-bridged dimers such as 1
was proposed (¢f. Mechanism A, Fig. 1).

Ph PPh, L
\Rh Ph, PhZP\Rh/
Ph
L/ NS ’P\ /L \Ar
+ L _ - /Rh\ /Rh _ +
R h/ [ ,"-3\/ \Ar Ph\Rh
I
AN z L/ AN
AryP Ar 1 PAr,

A range of Rh species was shown to effect the same
Ph/p-tolyl exchange process, including [RhCI(PPhj)s],
[Rh(acac)(CO)(PPh3)] and [RhCI(CO)(PPh;),], while higher
temperatures were required for polynuclear Rh species,
possibly reflecting the need to break these species into
monomeric components. P-Ph/p-tolyl exchange is also not
limited to Rh, it being observed with [Co,(CO)g], [M3(CO);5]
(M = Ru, Os), [Ni(CO),(PPh3),] and [Pd(PPhj3),]. Other work
has identified similar processes catalysed by [Pd(OAc),].’
Further studies on the reaction of [Co,(CO)g] with PPhs—
PAr; mixtures indicated that exchange was accelerated by
electron withdrawing substituents on the Ar group.” This was
also interpreted in terms of a mechanism involving initial P-C
bond activation via an oxidative addition process, similar to
that seen for aryl halides where the metal centre acts as a
nucleophile at the ipso carbon.

The first example of direct P-aryl/aryl exchange where both
reactant and product were well-defined metal complexes was
reported by Kong and Cheng in 1991.'° Heating trans-
[PA(Ar)I(PPh;),] species (Ar = C¢Hy—p-X; X = Me, OMe) in
THF at 60 °C results in the smooth formation of the exchange
products trans-[PdI(Ph)(PPhs),] and trans-[Pd1(Ph)(PPh,Ar),],
as monitored using "H NMR spectroscopy. These species are
thought to arise from the assumed initial product of exchange,
trans-[PAI(Ph)(PPh,Ar)(PPhs)], via rapid intermolecular phos-
phine scrambling (Fig. 2). For X = Me, a 90 : 10 ratio of
exchanged to non-exchanged product was seen, while this
increases to 96 : 4 for X = OMe, indicating that electron
donating substituents favour the exchange products. Evidence
for a second Ph/Ar exchange was seen in the formation of
complexes containing PPhAr, ligands. Labelling studies
indicated that a degenerate exchange process would also be
expected to occur in the all-phenyl complex trans-
[PAI(Ph)(PPhs),]. Ph/Ar exchange is almost completely shut
down, however, by the addition of excess PPh; and this
inverse phosphine concentration dependence turns out to
be a common feature of most P-C/C exchange reactions.
This observation was again interpreted in terms of a P-C
oxidative addition mechanism requiring the formation of a
3-coordinate Pd centre, although this has since been
questioned (see below).

Alternative  mechanisms for Ph/Ar exchange in
[Pd(Ar)X(PPhs),] species have originated in the observation
of unexpected (and unwanted) Ph-containing by-products in
Pd-catalysed cross-coupling reactions. For example, Segelstein
and co-workers noted that the Stille coupling reaction (eqn (1))

Ar PPh, Ph PPhyAr Ph PPhs Ph PPhyAr
\Pd/ THF \Pd/ 2 phosphine \Pd/ \Pd/
- . _— +
0 exchange
Ph3P/ \| 60°C PhaP/ \| 9 Ph3P/ \| ArthP/ \|

Fig. 2 P-Ph/Ar exchange in trans-[Pd(Ar)I(PPhs),] (Ar = CeHs—p-X; X = Me, OMe)."°
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was dominated by the side product 3, derived from Ph
exchange with the electron-rich C¢H4—p-OMe group.!!

MeO.
Me0\©\ \‘\“\
Br 2 OMe
.

5 mol% Pd(PPhs), 019
- 0

MesSn DMF, 105 °C O *
S 90
OMe

3

54.3%
(1)

Product 3 could also be obtained from the reaction of
p-bromoanisole with [PdCl,(MeCN),] in the presence of
[PPhy]Br, prompting the authors to propose phosphonium
halides as intermediates in P-aryl/aryl exchange. These could
be formed from [Pd(Ar)X(PPhs),] via P-C reductive elimina-
tion (¢f. Mechanism D, Fig. 1), with Ph/Ar exchange being
completed by the oxidative addition of the phosphonium
cation to Pd(0) with activation of the P-Ph bond (see Fig. 3).
Similar conclusions were reached by Yamamoto and co-
workers, who noted a particular tendency for trans-
[Pd(Ph)X(PPhjs),] to produce phosphonium salts in chlorinated
solvents.'” In addition, this paper describes the use of
phosphonium salts as an aryl group source for Heck-style
coupling and this approach has since been exploited in
synthesis. One novel example is the formation of phosphonium
salts containing up to three zinc phthalocyanine (ZnPc)
moieties, [PPh(ZnPc);]I, where Ph/ZnPc exchange appeared
to be facilitated by the electron-rich nature of the ZnPc
group. '

The initial reports on P-aryl/aryl exchange prompted more
detailed mechanistic studies on this process. Novak and co-
workers studied the reactions of a range of [Pd(Ar')I(PArs),]
species.'* In addition to the inverse dependence of the rate of
Ar/Ar’ exchange on phosphine concentration, a similar
inhibitory effect for added iodide was noted in THF,
suggesting a pathway involving initial iodide dissociation.
This is also consistent with enhanced exchange in more polar
media. A contribution from a pathway involving direct loss of
[PArsAr']l from 4-coordinate [Pd(Ar")I(PArs),] could not be
ruled out, however. Equilibria studies indicated that exchange
is promoted by electron donating groups on both the Pd- and

PhzP. PArPh.l" X PPhyAR
: \ reductive [PAr i] oxidative - \
/Pd\\ elimination "Pg(0)" addition /Pd\
Ar X PH X
PPh; } PPh,
Ph3R PPh3 PthAr\ PPh3

r> P< Pd

A X PH X

Fig. 3 P-Ph/Ar exchange via phosphine loss and phosphonium salt
formation (X = halide)."* In low polarity media a tight ion pair,
[ArPh;P]"[PdX] ", has been proposed for the boxed intermediate.'’

P-bound aryl groups, but is inhibited by bulkier phosphines.
[Pd{P(o-tolyl)s},] was therefore identified as a particularly
useful catalyst for cross-coupling reactions as it should
minimise P-Ar/Ar’ exchange. The rate enhancement for
exchange seen here with electron-rich PAr; contrasts with the
trend reported by Dubois and Garrou’ for the [Co,(CO)g]-
PPh;/PAr; system, suggesting that a different mechanism is
indeed operative in that case.

Grushin extended this work to consider the role of the
anionic ligand, X, in [Pd(C¢Ds)X(PPhs),] species (X = 1, Br,
Cl, F)."” For all species, P-aryl/aryl exchange was observed in
benzene at 75 °C. As Pd—X heterolysis is unlikely under these
conditions, it was concluded that halide dissociation is not a
prerequisite for the exchange to occur. The reaction was fastest
for X =1, with relative rates of 100 : 4 : 1 for X =1, Br and Cl
respectively. These data were interpreted in terms of the ease of
phosphine dissociation (greatest for X = I) and a possible
n-stabilisation of the unsaturated intermediate formed prior to
P-C reductive elimination (greatest for X = Cl). In the low
polarity media employed in this study, tight ion pairs,
[Ph4P]"[PdX] ", were proposed as intermediates, rather than
fully solvent-separated phosphonium salts. The propensity for
phosphonium salt formation in chlorinated solvents, noted by
Yamamoto,'? was rationalised in terms of facile halide loss
from [Ph4P]"[PdX] " in these media. The further reaction of the
highly unsaturated Pd(0) species formed with solvent C-Cl
bonds would then drive the equilibrium towards phosphonium
salt formation. For [Pd(C¢Ds)F(PPhs),], a similar exchange
mechanism is proposed but the system is complicated by
additional decomposition pathways that produce unsaturated
Pd(0) species. As these themselves promote PPh; dissociation
from [Pd(C¢Ds)F(PPhs),], an autocatalytic effect is seen, with
the result that P-aryl/aryl exchange is slightly faster than for
X =CL

2.2. P-aryl/aryl exchange in metal-mediated synthesis

The intermediacy of complexes of the type trans-
[Pd(Ar")X(PAr3),] in many Pd-mediated cross-coupling reac-
tions means that P-aryl/aryl exchange is an important factor in
the formation of unwanted side products. In addition to the
examples described above,''™ similar difficulties have been
encountered in the Heck vinylation of aryl halides,'® Suzuki'”
and Sonogashira'® couplings and C-heteroatom bond forma-
tion.'” Consistent with the above mechanistic studies, it has
been found that P-aryl/aryl exchange usually becomes more
problematic with electron-rich Pd—aryl groups, especially in
more polar solvents. The use of bulky phosphines such as
P(o-tolyl);'® or P(CsHs—0-OMe);'7 has met with some success
in reducing this problem, although this may be due to these
ligands producing alternative pathways'® rather than reducing
exchange via a steric effect as such. Above all, the variables
that control P-aryl/aryl exchange will also affect catalytic
activity and so it is extremely difficult to provide general
strategies that will take account of both these issues.

2.3 P-aryl/alkyl exchange

As with P-aryl/aryl exchange, early studies identified
P-aryl/alkyl exchange through the formation of substituted
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phosphine ligands. PPh,(C3H;) and PPh(C3H;), were pro-
duced from [Rh(H)(CO)(PPhj;);] under conditions for propene
hydroformylation or (more readily) hydrogenation (105 °C,
30 psi C3Hg, 100 psi Hy).?° These exchanged phosphines are
thought to arise from oxidative addition of a P-Ph bond and
coupling of the resultant PPh, ligand with a propyl ligand,
itself formed via insertion of propene into a Rh—H bond. The
same exchange process occurs at a number of Rh complexes,
although, interestingly, not with [RhCI(PPh;);] or
[Rh(CI)(CO)(PPh3),]. The fact that these latter two species
do effect P-aryl/aryl exchange (see above)® suggests that
P-aryl/alkyl exchange is intrinsically the harder process. This is
certainly consistent with the result of calculations on
[Pd(H);(PH,R)]™ species (R = Me, Ph), where much lower
barriers for Ph transfer were deduced.?! The formation of
PPhjy(hexyl) from the reaction of [Co,(CO)gl-PPh; with
1-hexene under hydroformylation conditions has also been
observed, presumably via an analogous mechanism to that
suggested for the preceding Rh example.’

In contrast to the relatively high temperatures and pressures
of the above studies, P-aryl/alkyl exchange has also been
observed in the room temperature reaction of [NiCl,(PPh;),]
with MeMgBr.?* This leads to the rapid formation of a range
of organic coupling products as well as free PMe,Ph and
PMePh,. The final metal-containing product was not defined,
although the intermediacy of a metallophosphorane
(Mechanism E, Fig. 1) was proposed. Similarly, the decom-
position of [CoMeLj;] species (L = PPh;_,,Me,;; n = 0-2) occurs
readily at 0 °C to give organic coupling products as well as
Ph/Me-scrambled phosphines.?

As with P-aryl/aryl exchange, P-aryl/alkyl exchange can
play a deleterious role in the formation of unwanted side
products in Pd-catalysed coupling reactions. In the Stille
coupling reactions between trans-[PdI(Me)(PPh;),] and var-
ious tin reagents, contamination with arylated products arising
from Ph/Me exchange was observed (e.g. eqn (2)).>*

trans-[Pd(Me)I(PPhs),]

PR~ ~snBu, ~AMe + P e
CeHg, 50°C . oo
(4 0

(2)

A detailed mechanistic study of the P-aryl/alkyl exchange
reaction of trans-[PdI(Me)(PPhs;),] in benzene at 75 °C showed
Ph/Me exchange to be irreversible, indicating a significant
preference for the formation of P-Me and Pd-Ph bonds over
P-Ph and Pd-Me bonds. This is in contrast to P-aryl/aryl
exchange where equilibria are usually observed. Moreover, the
P-Ph/Me exchange process does not appear to require PPhs
dissociation, nor does it involve (at least in CD,Cl,) the
formation of a free phosphonium salt. These differences
prompted Novak ez al. to suggest that P-Ph/Me exchange in
this system may proceed via an oxidative addition-reductive
elimination pathway (¢f. Mechanism A, Fig. 1)."* However,
the formation of a free phosphonium salt is not necessarily
required for exchange, as in low polarity media a tight ion pair
is a feasible aryl/aryl exchange intermediate.'> The lack of
dependence on phosphine concentration remains puzzling,
however, and clearly further studies are required before these
subtle differences are fully understood.

3. P-CINR, exchange reactions

In contrast to the relatively large number of P-C/C exchange
reactions and their obvious implications for catalysis, very few
P-C/N exchange processes have been characterised and known
examples are rather esoteric in nature. Vierling and Riess
found that deprotonation of the P,N-chelating phosphine in 4
led to formation of a bicyclic phosphine and displacement of a
phenyl group onto iron, 6.2 Performing the deprotonation at
—80 °C allowed a metallophosphorane intermediate, 5, to be
characterised, thus providing an excellent model reaction for
P-C/X exchange processes via Mechanism E of Fig. 1, where in
this case the nucleophile is formed in situ within the phosphine
ligand. Species 4 can be re-formed from 6 by protonation. A
similar exchange process was observed with an allyl, rather
than an aryl, group at phosphorus, although in this case a
subsequent rearrangement to give an Fe-vinyl product was
seen and the process proved irreversible.

> I

'|:e‘“‘\\\\N‘,,, MeLi ||:"““\le\>
RN =0,
0 P
oc \P-ﬂ,g) 80°C, THF oo 0
|
4 Ph 5 Ph

THF

HCI / Et,0 /{ T
’ -
|
.Fe '/5
7 o ~p” \
a P.
N o,
OCPh/ s

N

(¢}
6

The only other example of P-C/N exchange was reported by
Shaw er al. and also involves an intraligand attack.”
Treatment of complex 7 with hydrazine hydrate is thought to
produce intermediate 8. The terminal NH, group of 8 then acts
as a nucleophile, attacking phosphorus and inducing P-C
bond cleavage. A subsequent proton transfer results in the ring
expanded product 9.

Ph, /NH2 Ph,
o\\C—CH/ P\W(CO) NoH 29 N\\C—CH/ P\W(CO)
P N7 EOHA  py N

Ph, Ph,

7 / 8

H
NPE:
él W(CO),
Ph-
C—PPhy
z 9

4. P-CIOR exchange reactions

Many examples of P-C/O exchange have now been observed,
although taken as a whole these present a rather disparate
array of reactions. In the following, an attempt is made to
categorise these processes in terms of the origin of the O-based
moiety. It should be stressed, however, that in the absence of
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mechanistic details the original and ‘active’ forms of the
O-based species may not be the same. For example, O-based
ligands may react as intramolecular nucleophiles or dissociate
and act as external nucleophiles (Mechanisms B and C, Fig. 1).
Likewise, a solvent molecule may attack phosphine directly or
may bind to a metal centre prior to an intramolecular attack.
In general, such nucleophilic attack seems to be considered far
more prevalent in P-C/O exchange reactions than the
formation of phosphonium salts that was common in P-C/C
exchange.

4.1 OR derived from a ligand-based carbonyl group

Shaw et al. have observed another ring expansion reaction
involving the acylated dppm ligand in 7 to yield, in this case,
the product 10. This process appears analogous to that
observed with hydrazine hydrate (7-9 above), although in this
case reaction is reported to occur only upon exposure to
light.’

Ph,
N " gl gk
— W(CO)4 Ph—C W(CO)4
i i Cole \CH—PF/’h
th 2
7 10

The bidentate ligand in 10 has also been reported by
Braunstein et al., albeit arrived at by a very different route.?
In this case, the carbonyl group of one (diphenylphosphino)-
acetophenone in 11 is able to attack a neighbouring phosphine
ligand with displacement of [PhC(O)CH,] . This goes on to
deprotonate the activated CH, group of the bidentate ligand to
form 12 and acetophenone.

Ph2 Ph2

cl H Ph
\ P— C}'ég/Ph A \ P— Cl‘é o . 3C
/ \
al PPhZO toluene / O/
H(|3 Ph th
1M 12

Another P-C/O exchange process involving a ligand-based
carbonyl moiety was observed in the reaction of [IrCl(PPhjs)s]
with dibenzoyldiazomethane in THF to give 13 as a minor
product.”® The authors suggest that N, loss results in the
formation of a carbene intermediate which subsequently
undergoes orthometallation. P-C/O exchange must then occur,
with the phenyl group presumably being lost from the system
as benzene.

PPh
e 9 ’ ° Ph,
A Cloe,,,, | o ‘P\o
[rCI(PPh)s] + O O e e
THF T~c=
N2 ’ C/C C\ph
NN
PPhy O
13

4.2 OR derived from water or hydroxide

P-C/O exchange induced by water or hydroxide ions results in
complexes of phosphinite ligands, R,P(OH), or, depending
upon the reaction conditions, deprotonation may occur to give

the diphenylphosphine oxide anion. An early example of
water-induced P-C/O exchange was seen in [MCI,{PPh,-
(CCCF3)},] (14, M = Pd, Pt) complexes, where the
P-C(alkynyl) bonds break to give chloro-bridged dimers
(15).° The hydrolysis of these P-C(sp) bonds appears to be
much more facile than that of analogous P-C(sp?) or P-C(sp”)
bonds, with which no reaction is observed under similar
conditions.?!

F3CC=C— \ _C EtOH/H,0 O—Ehz cl Eh—zo
M W oW >
F1C0=C—_ \CI R.T. (M= Pd) o’ o Vpd
Phy Reflux (M = Pt) Phy Ph,
14 15

The P-C(sp?) bond of the dppm ligand can be susceptible to
cleavage, however, and this is observed upon treatment of
[PtCly(dppm)] with excess NaOH in liquid ammonia.>* An
initially-formed bridging amido species, 16, becomes subject to
nucleophilic attack by OH™, with displacement of the P-C
bond. Proton transfer completes the formation of the observed

product, 17, for which both cis and trans isomers were
characterised.
th H2 th Phy  H, Phy
\ / “p / NaOH HO—R__ N POH
Pt Pt
N —
/ \ / \P NH3-50°C g p” N p-cH,
he W, Ph P, H, Ph

) /

A similar hydrolysis of [PtCl,(dppm)] was subsequently
observed under phase transfer conditions to give compound
187

Ph, N
CH,Clo/nBUINCINGOH  Ho—P,* _‘ cr

.M

[PCIy(dppm)] pt/\ e

[S(O)Me;]Cl, R.T. e e
H3C—P
Ph,
18

In general, P-C/X exchange reactions involving P-C(sp’)
bonds are rare and the observation of this process in these
dppm complexes may reflect the strain inherent in these
systems. Another example where this may be a key factor is the
hydroxide-assisted cleavage of a P-C bond in iminopho-
sphorane-phosphine complexes, 19. In this case, a 3-membered
ring is cleaved to give diphenylphosphine oxide complexes,
20.%

A final example of P-C/O exchange involving water differs
from those above as the phosphorus centre involved is not
initially bound to the metal centre (see Fig. 4).*° In
[Mo(Ph,P(CH,),PPh,)(PPh,R),] (21, R = Me, Ph; n = 1-3)
complexes, steric encumbrance is thought to induce the
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| |
R Nar Ru—y + NaCl
\ Il . o \
Ph, ch_ Cl BoR), THFHO,RT. o B, “P(OR),
PhaP—N o} thP/N
19 20
X=0,R=Et
X=8,R=Et Ph

unusual n°-coordination mode of one PPh,R ligand. The
room temperature reaction of 21 with aqueous HBF, in
benzene is thought to result in protonation at both Mo and the
pendant phosphorus. Migration of the metal-hydride to the
ring is followed by nucleophilic attack by OH ™, resulting in
C-P bond cleavage and formation of a phosphonium cation,
[PH(OH)PhR]". Further protonation of the metal centre and
substitution of the remaining PPh,R ligand by P(OH)PhR
gives the observed product.

4.3 OR derived from bidentate ligands

The observation of P-C bond cleavage in the [Pd(OAc),]-PPh;
system has a long history, dating back to the early 1970s.
Kikukawa and Matsuda noted that this combination would
effect the phenylation of styrene and proposed that acetate
could induce P-C/O exchange at Pd*" centres via a nucleo-
philic 1,2-migration process.>® No intermediates were char-
acterised, however, and more recent work by Amatore and
Jutland has shown that the reaction of [Pd(OAc),] with nPPh;
(n = 2) results in disproportionation to give anionic Pd(0)
species.* It is possible that these are actually responsible for the
P-C bond cleavage processes.

An example where P-C/O exchange probably does proceed
via a nucleophilic 1,2-migration process was described by
Cotton in the reaction of the Ru,(ILIII) tetraamidato
species, 23, with triarylphosphines.?” In this case, the oxygen
of the amidato ligand displaces an aryl group of PAr; to
give the Ru,(1ILI1T) product, 24. The reaction is presumably
initiated via Cl /PAr; substitution, but further mechanistic
details could not be obtained for this complex process

21
N
R =Me, Ph;P P =dppm, dppe, dppp

~H + HPPh,R*
PhoP— / \ _OH 2

N
PPh, \
\.Ph
22

/H H
\"'Ph
R

which, in addition to an oxidation of the Ru,>* core, involves
multiple bond displacements and loss of two hydrogen
atoms (25).

Ar Ar
07 NH A
<
0= NH PAr, ArzP\ / \{-)NHAF
/Ru /Ru—C /
HNS_L g ‘ DMSOMeOH, RT. " "HIN \%o/ PAl’z
A e
r HNY/O >/O
3, o 2

Ar=Ph, Ar' = Ph, 3,5(OCHa),CHa;
Ar = p-CgH,CH, Ar' = Ph

" Ph
RT P\r:),
T
Ar 25

The best characterised example of P-C/O exchange induced
by a bidentate ligand comes from the group of Pregosin
through their studies of the acid-induced P-C bond cleavage
reactions of Ru(P—P)(OAc), species (e.g., 26).>® In general, P-P
represents the chiral chelating phosphines BINAP and MeO-
BIPHEP) in these systems and similar results are obtained for
both ligands. The discussion here and below is based on P-P =
BINAP. With triflic acid, an initial product, 27, is formed that
clearly demonstrates displacement by acetate of a naphthyl
moiety from the BINAP ligand. After P-C bond cleavage,
protonation of the naphthyl group must occur to produce the
n®-arene group. Protonation also liberates acetic acid which
subsequently produces water upon condensation to acetic
anhydride. This water can then react with 27, effectively
adding over the P-O bond to give 28. 28 can also be produced
directly from 26 by performing the initial reaction with wet
triflic acid.

_ H.+.Ph
OH\JB‘R

|
phzﬂ'“yMO\PthR

PPh,

H
Ho—, |+
— K- + —
P Phgpe MO——PPRR
R

Fig. 4 Suggested mechanism for the room temperature reaction of [Mo(Ph,P(CH,),PPh,)(PPh,R),] (21, R = Me, Ph; n = 1-3) with aqueous HBF 4

in benzene.*®
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4.4. OR derived from alcohols

Remarkably, the phosphinite complex 28 formed above
undergoes further stereospecific reaction with alcohols to
give double P-C/O exchange products, 29.® This process is
most rapid with smaller alcohols. Indeed, with '‘BuOH the
expected Ph/O'Bu exchange does not occur, but instead,
reaction with trace water dominates to give dimeric products
where both phenyl groups of the PPh,OH ligand have been

replaced (30).
7 7

/ \ 1 v \ ”
HO Ph 'OR
Ph HO Ph
R = Me, Et, iPr, C,H,OH

HOTf

28 29

Q_ i
\\ ”/l
P\OL\

The conversion of 28 to 29 can also be reversed by
protonation and a mechanism for these processes has
been proposed (Fig. 5). From 28, initial solvolysis of the
Ru-OTf bond forms a dicationic intermediate. Attack by
ROH at phosphorus, with concomitant aryl transfer to
ruthenium, then yields 29. The reverse process is driven by
protonation.

With BINAP ligands bearing cyclohexyl or isopropyl
substituents on phosphorus, analogues of both 28 and 29
are formed. Interestingly, however, in this case the reaction of
the analogue of 28 with MeOH does not result in P-C/O

2+

Oh,

30

¥ ROH 2+
.Ru -Ru
&\ -OTf
TfO' /p‘
“Ph
HO -
28

R\O\\\“‘\
\ "+,
H HO/ \Ph’Ph

H" (via A) R H

+
+ -H +

Ru — R___..Ru
o R (T
RO~ P/ “p L

pif “on H

29

Fig. 5 Proposed mechanism for the interconversion of 28 and 29.
Non-participating ligands are omitted for clarity.>

exchange, but instead leads to a Ru—H species, presumably via
B-H elimination.*

A related diastereoselective P-C/O exchange reaction had
earlier been observed by Demerseman and co-workers upon
heating diphenylphosphino-enolato complexes, such as 31, in
methanol in the presence of potassium acetate.*

MeOH
_Ru _— -Ru
| TRPhy A, KOAC "\ TPPh(OMe)
N .
*/\
31 32

A mechanism involving solvolysis of the Ru—Cl bond in 31
was proposed so that upon nucleophilic attack of methanol at
phosphorus transfer of one phenyl group to ruthenium may
occur. The methanolic proton is subsequently removed by
acetate. The nature of the base is important, however, as with
K,CO3 no P-C/O exchange process occurs and Ru-hydride
species are formed.

A similar reaction has been reported by Jalon and co-
workers.*' Halide abstraction from 33 in methanol is
postulated to give a methanol solvate within which
internal proton transfer produces 34. Intramolecular
nucleophilic attack by methoxide then occurs with displace-
ment of the methylimidazolium moiety to the metal. The latter
undergoes a tautomerisation to give the N-bound imidazole
ligand in 35.

- <>

NaBF, 1
S u
o / >FL MeOH, R.T. cr“ / TRPhz -
4
N /
\) 2 H™ \)

o TR,

[ /\H OMe
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4.5 OR derived from alkoxide or aryloxide ligands

A well-characterised example implicating an alkoxide ligand in
a P-C/OR exchange process was reported by van Leeuwen
and co-workers. Reaction of Pt(Ph,PO)(Ph,POH),H, 36, with
o-(diphenylphosphino)benzaldehyde resulted in the formation
of an oxaphosphole ligand in 38.*> This process is thought to
involve substitution of one phosphinite ligand by the aldehyde
and insertion into the Pt-H bond to give the metallacyclic
alkoxide, 37. Nucleophilic attack of oxygen at phosphorus and
a resultant 1,2-shift of a Ph group to Pt produces 38. It was
noted at the time that ‘such P-C/Pt-O metathesis may have
been somewhat overlooked as a phosphine decomposition
mode’. A related process has also been noted at Rh.**

o)
Ph, Phy

o Ehz B2 0=C
— P—O, =C, O—P P
/ N A
H P{ H H Ho e
o—p H o—p CH
Ph, ph, O "2
36 37

Ph
O—P.
H \Pt( 0-CHz
o—p” PN
Ph, 38

Facile aryl/aryloxide exchange has been proposed recently in
the reactions of [PdCl,(PPhs),] with NaOAr in THF.** NMR
studies provide evidence for the initial formation of
[PACI(OATr)(PPh3),] at 0 °C, but this rapidly gives way to
[PACI(Ph)(PPh3),] upon warming. In this case, the P-C/O
exchange process is postulated to occur via a phosphonium
salt, [PPh3(OAr)][PdCIPPhs] . Interestingly, many analogous
[PACI(OATr)L,] species are known where L, features alkylpho-
sphines or bidentate phosphines. The PPh; system therefore
appears particularly vulnerable to OAr-induced substituent
replacement.

In the light of this, the observation of P-C/O exchange in
[Ru(OCgH4—p-Me),(PMes)y], 39, is all the more remarkable as
it involves cleavage of a simple, unstrained P-C(sp”) bond.** A
mechanism based on initial PMe; loss, followed by the
oxidative addition of one P-Me bond to Ru, has been
proposed. P-O bond forming reductive elimination would
form a PMe,(OC¢Hy—p-Me) ligand which would undergo
orthometallation to give the final product, 40.

PMes; MezP’OO\
Me3P:, | [j"“\\04©7 CGHG! 85 0C Me3P: | u“‘\\\

10,

8 hours

5. P-CIF exchange reactions

Until recently P-C/F exchange reactions were rare, but in the
last 5 years a number of well-defined examples have been

published. Moreover, both experimental and computational
mechanistic studies are beginning to shed light on the detailed
pathways involved in these intriguing reactions.

Some known P-C/F exchange processes bear close relation
to certain P-C/OR exchange reactions discussed above. For
example, when [Mo(Ph,P(CH,),PPh,)(PPh,R),] species (21,
R = Me, Ph; n = 1-3) are protonated with HBF4-Et,0 in the
absence of water the formation of fluorophosphine complexes
analogous to 22 is seen (see Fig. 4). A similar mechanism to
that proposed for the analogous phosphinite complexes was
suggested with, in this case, F~ (originating from BF, ) acting
as the nucleophile.®

Another case where the ‘inert’ BF;  counterion acts asa F~
source was seen by Pregosin and Geldbach upon protonation
of Ru(P-P)(OAc), species (P-P = BINAP or MeO-
BIPHEP).*® Indeed, this was the original observation that
eventually led to the characterisation of the wide range of
P-C/OR exchange processes discussed in Sections 4.4 and 4.5.
In this instance, low temperature protonation of both acetate
ligands occurs, with one being replaced by fluoride to give 41.
Warming 41 then induces a P-C/F exchange process where the
naphthyl group is again protonated to generate an n°-arene
ligand. An important feature of the intermediate 41 is the
additional n*interaction from one of the naphthyl moieties
with the Ru centre and this precoordination is thought to
promote the P-C cleavage process.

A
PPh, < PPhy FH

F 2 HBF,
/Ru(OAc)z /Ru\ o]
O‘ PPh, CH,Cly, -60 °C OO PPh, o{
26 41
Warm
to 0°C
—‘ BF,
R O
Ru
Sy
AcO /pphz 2 42

In related work, reaction of the cationic derivatives
[RuCl(n-arene)(P-P)]" (arene = benzene, p-cymene) with
[NBuy][F,SiPhs] as a fluoride source leads to the isolation
of direct fluoro/naphthyl exchange products exemplified
by 43.46

43

Several P-C/F exchange reactions are known for which
no parallel P-C/OR exchange has been seen. Milstein and
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co-workers found that heating [IrMe(PEt;);], 44, in
hexafluorobenzene led to C-F activation.*’ In addition,
however, this was coupled not only to P-C/F exchange, but
also to the elimination of methane and ethene to give the
eventual product, trans-[Ir(CeFs)(PEt3),(PEt,F)], 45.

PEt, PEt,
CeFs ‘
Et;P—Ir—Me FEtP—Ir—CgF5 + CoHs + CH,
60 °C |
PEts PEt;
44 45

At the time, a mechanism based on the initial metallation of
one PEt; ligand followed by electron transfer to CgFg¢ was
proposed, based primarily on the lack of reaction with lower
fluorinated arenes. However, more recent density functional
calculations on a model trans-1r(PH3),(PH,Et)Me system, 44',
suggest that C—F bond activation may occur in a concerted
fashion over an Ir-P bond to generate a metallophosphorane
intermediate, 46.** Such a step would be closely related to
SNAr processes and is thus also consistent with the greater
reactivity of C¢Fg. In this case, a phosphine ligand performs as
a Lewis acid and traps out the displaced F~ anion.*’

a4 46

In the course of their extensive studies on the C-F bond
activation reactions of fluorinated heterocycles, Perutz, Braun
and co-workers found that the reaction of pentafluoropyridine
with [Pt(PR3),] (R = Cy, Pr) in THF leads to the unusual
P-C/F exchange product, 47.%°

R F
PRy F<{ N PR
s "5

F F
pt = —— R—Pt—%:\(N
| 208K THF |
PR; PFR;
(R=Cy,'Pr) 47

Possible mechanisms were discussed for this process, based
on the rearrangement of an initial C-F bond activation
product, trans-[Pt(4-CsNF4)F(PR3),]. Importantly, P-C/F
exchange is solvent dependent and does not occur in hexane.
This was thought to indicate the presence of charged inter-
mediates, such as the ion pair [PFR;]*[Pt(4-CsNF4)(PR3)]” or
Pt-phosphido  species such as [Pt(4-CsNF,)(PR,)(R)
(PR3)]*F~. Analogous P-C/F exchange chemistry was also
observed subsequently by Grushin ez al. in the reaction of C4Fg
with [Pt(PR3),] species.*’

Perhaps the best characterised P-C/F exchange process has
been reported recently by Grushin and Marshall.>' They found
that heating [RhF(PPh;)s], 48, in chlorobenzene led to the
fluorophosphine complex trans-[RhCI(PFPh,)(PPhj),], 50, and

biphenyl. Further mechanistic studies defined a F/Ph exchange
species, cis-[RhPh(PFPh,)(PPhs),], 49, as an intermediate.*’
Kinetic studies showed that 49 is formed via an intramolecular
P-Ph/F exchange process with AH* = 22.0 + 1.2 kcal mol ™!
and AS* = —10.0 + 3.7 eu. In addition, the 48 to 49
interconversion is not influenced by added phosphine. Once
formed, 49 is sufficiently electron-rich to activate the C-Cl
bond of chlorobenzene with subsequent elimination of
biphenyl giving 50.

PPh; PFPh,
CeHg ‘
Phyp—Rh—F  ————  PhsP—Rh—Ph
80°C |
PPhs PPhy
48 49
Ph—Cl
PPhy

PhFP—Rh—CI + Ph—Ph

PPh,
50

Density functional calculations on a cis-[RhF(PH3),-
(PH,Ph)] model system, 48’, considered two processes for
the P-C/F exchange (Fig. 6). Pathway 1 is based on
Mechanism A of Fig. 1 and involves Ph transfer from P to
Rh followed by P-F bond forming reductive elimination.
Pathway 2 assesses Mechanism E, where F acts as an
intramolecular nucleophile to give a metallophosphorane
intermediate from which Ph migration to Rh completes
P-C/F exchange.

With these small model systems both pathways were
computed to have similar activation barriers of around
31 kecal mol™!, although the metallophosphorane pathway
was favoured on the basis of differential solvation effects
and the fact that, experimentally, [IrF(PPhs);] (for which
an Ir(1i1)—phosphido intermediate might be expected to be
more accessible than for its Rh(1i1) analogue) did not
exhibit any P-C/F exchange chemistry. Calculations on the
full Rh(PPh;3);F system have subsequently shown a clear
preference for the metallophosphorane pathway.>?

Ph
H3P, ‘
Pathway 1 Hap ’/,tRh b
A B
ANY
HaP, Ph H3P, F
Rh(lll)-phosphide /
H3P—Rh—P\.,,,H H3P—Rh—P\4,,,H
F o H HP Ph R
48 T 49"
. Rh—P{“H
Pathway 2 / ‘ H
H,P F

metallophosphorane

Fig. 6 Computed mechanisms for P-C/F

[RhF(PH;),(PH,Ph)], 48".

exchange in cis-
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Outlook

A wide range of P-C/X exchange processes has now been
identified. Of these, P-aryl/aryl exchange appears to be the
most common and this process seems to be systematically
present as a side reaction in many metal-mediated cross-
coupling reactions. The nature of the phosphine substituent is
clearly important and P-R/X exchange is far more common
for triaryl- than trialkylphosphines. Mechanistic studies
indicate that P-Ar/Ar’ exchange is promoted when both Ar
and Ar’ are electron-rich groups. However, controlling
P-Ar/Ar’ exchange will not always be compatible with
retaining high catalytic activity.

For other X groups, NR,, OR and F, the observation of
P-R/X exchange has often been serendipitous. However, more
well-defined examples of these processes are now appearing
and patterns are beginning to emerge. The relative paucity of
examples of P-R/X exchange when X = NR, and, until
recently, X = F, may simply reflect the difficulty in the
synthesis of complexes that combine both phosphine and hard
donor ligands. Indeed, such exchange processes, in conjunc-
tion with related disproportionation processes,*® may be
reasons why such species are so difficult to prepare. A better
understanding of P-C/X exchange processes therefore pro-
mises an insight into how such ‘mismatched’ low-valent
transition metal-phosphine complexes may be stabilised in
the presence of hard NR,, OR and F ligands.
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