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bstract

This review is focused on carbonfluorine bond activation taking place at platinum group metal – PGM = Ru, Os, Rh, Ir, Pd an
oordination compounds. It will specifically address the relevant examples in the area of fluorocarbon coordination to PGM lea
east, one CF bond cleavage by surveying the work reported since 1994, covering the literature up to August 2004.

2005 Elsevier B.V. All rights reserved.
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. Introduction and scope

Fluorine forms the strongest single bond to carbon; adding
he small size and high electronegativity of this element, the
ombination give rise to the unusual properties associated
ith fluorinated organic compounds[1].
The introduction of fluorinated groups into organic

olecules can cause a dramatic change in their physical prop-
rties, chemical reactivity and physiological activity[2] and

herefore it is not surprising that, for example, the number
f fluorine-containing drugs has increased dramatically in
ecent years and its application in agrochemical and veteri-

∗ Tel.: +52 5 6223724; fax: +52 5 6223724.
E-mail address:torrens@servidor.unam.mx.

narian products follow a similar pattern. At present, u
30–40% of agrochemicals and 20–30% of pharmaceu
contain at least one fluorine atom[3].

The chemical inertness and high thermal stability of fl
rocarbons have made them useful in a variety of except
applications from frying pan coating[4] to artificial blood
but, at the same time have increased public concerns
their ecological impact particularly on the upper atmosph
The stability imparted by the CF bonds leads to the lon
atmospheric lifetimes of chlorofluorocarbons (CFCs);
urated perfluorocarbons (PFCs) are even more stable
CF4 having an estimated stratospheric lifetime of more
10,000 years[5].

This chemical inertness makes the chemistry of fluoro
bons a specialized field, an area of research that has att

010-8545/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.ccr.2005.01.025
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the attention of inorganic and organometallic chemists and
new routes to transform these bonds are the subject of many
investigations. The chemical and intellectual challenges of
C F bond activation rival those of CH activation in hydro-
carbons.

Transition metals are employed as homogeneous catalysts
to modify hydrocarbons in several industrial processes such
as olefin hydrogenations, hydroformylations and polymeriza-
tions. Analogous processes do not presently exist for fluoro-
carbons but it has become evident that interaction of fluoro-
carbons with metal centers may ultimately lead to the cleav-
age of the robust carbonfluorine bonds.

A variety of C F activation reactions that employ metal
complexes, require comparatively mild conditions, are selec-
tive, and afford isolable products are now known and catalytic
systems have been achieved.

Several reviews, focused on the functionalization of CF
bonds, provide a solid background. The activation of unre-
active bonds has been reviewed by Murai[6]; Braun and
Perutz[7] have summarized their search for routes to fluori-
nated organic derivatives by nickel-mediated CF activation
of heteroaromatics. The coordination chemistry of the CF
unit in fluorocarbons was reviewed by Plenio[8], whereas
Roesky and co-workers[9] have reviewed the compounds
containing carbonmetal fluorine fragments of the d-block
metals. Also relevant to the topic of CF activation are the
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[Ru(H)(CO)(olefin)L2]+ or [RuClF(CH2 CH2)L2], L PH3,
to give 14-electron tetracoordinated�-agostic alkyl com-
plexes. Low activation barriers have been found in the case of
insertion of ethylene or fluoroethylene in the RuH bound of
the metal fragment [RuHClL2]. Using the olefin complexes
as energy references, substitution of an H by an F on ethylene
stabilizes the alkyl complex only if F is at the�-position; a
destabilization is observed if F is on the�-position of the
alkyl group. The energy barriers for insertion follow the rel-
ative energies of the alkyl products: the energy barrier is the
lowest for insertion of fluoroethylene with F going to the�-
carbon of the alkyl chain, the energy barrier is the highest
for insertion of fluoroethylene with F going on the�-carbon
and the energy barrier in the case of ethylene is intermediate.
These features follow the Hammond postulate. In contrast,
high-energy barriers and unusual geometrical features with
non-monotonic variation of bond lengths along the reaction
path have been found with a�-acceptor ligand CO on Ru. The
energy barrier for insertion of ethylene in the RuH bond is
over 15 kcal mol−1 higher for [Ru(H)(CO)(CH2 CH2)L2]+

than for [RuH(Cl)(CH2 CH2)L2]. The energy barrier for
the insertion in the RuF bond of [RuF(Cl)(CH2 CH2)L2]
has also a very high barrier. This later result generalizes
those found on the high barriers associated with CF �-
migration [16], C F oxidative addition[17] and migration
in the proximity of F[18]. Using an energy decomposition
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eviews of Doherty and Hoffman[10]. Richmond has pub
ished a chapter dealing with metal reagents for activa
nd functionalization of carbonfluorine bonds[11]. The ad
ances in the reaction chemistry of totally saturated P
nd CFCs with special focus on the defluorination chem
ere summarized by Saunders in 1996[12].
The areas dealt with in these reviews and fundament

ects of fluorine chemistry will be not specifically addres
n this work although theoretical studies which provide
ight into the mechanism of these reactions will be sum
ized at the appropriate entries.

A comprehensive review of CF bond activation by meta
as published by Richmond and co-workers[13] in 1994 and

urther progress in the field was updated by Crabtree an
orkers[14] in 1997.
We will provide an update on the area of fluorocarbon

rdination to platinum group metals by surveying the work
orted since the review by Richmond and co-workers[13] in
994. C F activation by PGM complexes shall be addres

n the context of each metal separately. The literature u
ugust 2004 is covered.

. Ruthenium

Gérard and Eisenstein[15] have investigated by de
ity functional theory (DFT) activation barriers and tr
ition state structures for the insertion of ethylene or
roethylene in the RuH or Ru F bond of unsaturate
6-electron pentacoordinated complexes [RuClH(olefin)2],
ased on a thermodynamic cycle, it is shown that the
nergy barrier for insertion of ethylene in the RuH bond
f [Ru(H)(CO)(CH2 CH2)L2]+ is due to the rigidity of th
etal fragment [Ru(H)(CO)L2]+ which energetically disfa

ors the change of coordination necessary to go from rea
o product. In the case of ethylene insertion in the RuF bond
he high activation barrier is associated with the presen
n F lone pair coplanar with the ethylene ligand which cre
ome destabilizing interaction with the�-orbital of ethylene

Perutz and co-workers[19,20] have reported thatcis-
Ru(H)2(dmpe)2] (dmpe = Me2PCH2CH2PMe2) reacts a
78◦C with hexafluorobenzene to generate the pent
rophenyl hydride complextrans-[Ru(H)(C6F5)(dmpe)2],
rans-[RuH(FHF)(dmpe)2] which is a rare example of a com
lex containing M H and M F bonds, and is unique in t
ctahedral stereochemistry of hydridetrans to fluorine[10]
nd [Ru(H)(dmpe)2](HF2). As shown inFig. 1, reaction als

akes place with other fluorinated arenes to yield prod
rom C F insertion exclusively.

Although the proposed mechanism was that of an elec
ransfer process involving a caged radical pair, recent st
y Jones and co-workers[21] have found strong evidence
uggest that an anionic nucleophilic mechanism shou
onsidered as an alternative.

A sequence for the formation of the bifluoride hydr
hat involves an intermediate dihydrogen hydride compl
hown in Eqs.(1) and(2) where [Ru] = [Ru(dmpe)2]:

Ru]H2 +HF → [Ru](�2-H2)H+F− (1)
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Fig. 1. Reactions ofcis-[Ru(H)2(dmpe)2] with fluoroaromatic compounds[19].

[Ru](�2-H2)H+F− + HF → [Ru](H)(HF2) + H2 (2)

Extending these results, Whittlesey and co-workers[22]
have found that the reaction of (CF3)2C C(F)CF2CF3 or
CF3CF CF2 with cis-[Ru(H)2(dmpe)2] affords the biflu-
oride fluoride complexcis-[RuF(FHF)(dmpe)2], in pref-
erence to the hydride product, whereas reaction with
cis-[Ru(H)2(dcpe)2] [dcpe = (C6H11)2PCH2CH2P(C6H11)2]
yields the 16-electron hydride species [Ru(H)(dcpe)2]+ with
[(CF3)2C C(O)CF2CF3]− as the anion.

Caulton and co-workers[23] have explored the chemistry
of [RuH(CO)(PtBu2Me)2]B(3,5-C6H3(CF3)2)4 obtained ac-
cording toFig. 2 [24,25].

With [RuH(CO)(PtBu2Me)2]+ excess CH2 CHF
forms, at −70◦C, a 1:1 adduct, [RuH(�2-CH2 CHF)
(CO)(PtBu2Me)2]+, which is a chiral complex. The
two phosphines are inequivalent, and the31P-{1H}
NMR spectrum shows an AB pattern with PP cou-

Fig. 2. Synthesis of [RuH(CO)(PtBu2Me)2]B(3,5-C6H3(CF3)2)4 [24,25].

pling constant smaller than that found in [RuH(�2-
CH2 CHCH3)(CO)(PtBu2Me)2]+ (140 Hz versus 165 Hz
for the propylene adduct). The19F NMR signal of the coor-
dinated CH2 CHF has moved strongly upfield (−150 ppm)
compared to that of free vinyl fluoride (−115 ppm). A
low-field hydride signal (−3.1 ppm) reveals it istrans to
the coordinated vinyl fluoride. Upon warming the solution
to room temperature, free ethylene is formed along with
at least seven phosphine-containing products (Fig. 3).
Some of these are doublets by31P-{1H} NMR, with

H2 CH2 from CH2 CHF [23].
Fig. 3. Formation of C
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Fig. 4. Formation of [Ru(H)(F)(CF2)(CO)L2] [26].

coupling constants around 20 Hz, presumably to fluorine on
Ru.

Caulton and co-workers have found[26] that in the
presence of a catalytic amount of F− (CsF), Me3SiRf
(Rf = CF3 and C6F5) exchanges Rf with fluoride of the 16-
electron complexes [Ru(H)(F)(CO)L2] (L = PiPr3, PtBu2Me)
to give Me3Si F and the unsaturated pentafluorophenyl com-
plexes, [RuH(C6F5)(CO)L2], or (when Rf = CF3) saturated
fluorocarbene complexes, [Ru(H)(F)(CF2)(CO)L2], via �-
fluorine migration (Fig. 4).

X-ray crystal structure and solution19F NMR studies re-
veal that, in the ground state, the three atoms of the CF2
group lie in a plane perpendicular to the PRu P axis so
that the�-back-donation is maximized and the carbene sub-
stituents are inequivalent. Having hydridetrans to the CF2
ligand, [M(H)(F)(CF2)(CO)L2] is a kinetic product, which
converts to a thermodynamic isomer. For Ru, the final prod-
uct is a 16-electron complex, [RuF(CF2H)(CO)L2], formed
by combination of CF2 and hydride. For Os, the product is an
18-electron complex, [OsF2( CFH)(CO)L2], resulting from
exchange of one carbene fluoride with the hydride. The dis-
tinct difference between Os and Ru demonstrates the prin-
ciple that third-row transition metals show a pronounced
tendency toward a higher oxidation state. The isomeriza-
tion mechanism involves phosphine dissociation as a slow
step. Coordinatively saturated [Ru(H)(F)(CF)(CO)L ] re-
a nd
C
e
s a fas
�

and [RuH(CF3)(CO)L2] in solution. In sharp contrast, the Os
analogue does not have such a fast equilibrium, and therefore
it does not react with CO at room temperature.

At higher temperature, reaction occurs forming the
hydride and fluoride exchanged product, [Os(CHF2)(F)
(CO)2L2].

The contrasting behavior of Ru versus Os regarding stabil-
ity of fluoroalkyl and fluorocarbene is discussed on the basis
of theoretical calculations.

The calculated energies of the various products (Fig. 5)
reveal some insights, with the proviso that, by studying si-
multaneously two metals from the same periodic group, one
learns bycomparison, with the following conclusions:

(1) The reaction of [M(H)(F)(CO)(PH3)2] M = Ru, Os with
H3Si CF3 is calculated to be approximately thermoneu-
tral (4 kcal mol−1) for both M = Ru and Os. This shows
that, despite the very strong SiF bond which is formed,
the reactants have comparable stabilities. This suggests
that the M F bond, while synthetically very useful, is
itself quite strong.

(2) The (experimentally unobserved) [M(H)(CF3)(CO)
(PH3)2] species show a structure which presages an un-
expected feature of the chemistry reported here: CF
cleavage. The�-agostic F species is a minimum, and its
geometry can lead easily only to a product with the CF

a-

( ,

ith

F mparin
o

2 2
cts with CO within the time of mixing to give the F a
F2 recombination product, [RuH(CF3)(CO)2L2]. This un-
xpectedly fast carbonylation reaction, as well as19F spin
aturation transfer experiments, reveals the existence of
-F migration equilibrium between [Ru(H)(F)(CF2)(CO)L2]

ig. 5. Calculated energies of the structures shown – optimized – co
mitted from the drawings[26].
t

2
carbene ligandtrans to H, where subsequent combin
tion of these ligands is unfavorable.

3) The full cleavage of the CF bond, to form M3 from M2
is much more favorable for M = Os (−16 kcal mol−1)
than for Ru (thermoneutral). This is in agreement w

g M = Ru (solid lines) to M = Os (dashed lines). For simplicity, PH3 ligands are
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Fig. 6. IsomertransF-( CF2) of [Ru(H)(F)( CF2)(CO)(PH3)2]. For sim-
plicity, PH3 ligands are omitted from the drawings[26].

Fig. 7. IsomertransCO-( CF2) of [Os(H)(F)( CF2)(CO)(PH3)2]. For sim-
plicity, PH3 ligands are omitted from the drawings[26].

the experimental fact that Ru3 is detectably in equilib-
rium with a CF3 isomer at 60◦C, while this is not the case
for Os3. Osmium thus shows a greater preference than
ruthenium for being saturated and having more�-acid
ligands (i.e., to be more oxidized).

(4) Isomer Ru3′ (Fig. 6), which may be relevant to finally
forming the CHF2 ligand (H has migrated “toward” the
carbene), is only 1 kcal mol−1 higher in energy than Ru3.
This shows that H has an energetically comparable effect
whether it istransto CO or to CF2.

(5) Isomer Os3′′ (Fig. 7), where the carbene has migrated
“toward” H, is 6 kcal mol−1 less stable than Os3. This
must be attributed to competition between the two�-acid
ligands CO and CF2 for back-bonding and the decreased
push/pull interaction between F and CO in Os3′′.

(6) The transformation from M3 to M4 is very favorable for
both metals, although much more so for Ru than for Os.
This metal dependence of�E3–4 can be attributed to the
same effects cited above: a greater preference for satu-
ration, and the greater reducing power of the 5d metal.
Consistent with this logic, the isomerization of Os4 Os5
is thermoneutral, while it is unfavorable by 20 kcal mol−1

for Ru. Thus, for Ru, any benefit from achieving an 18-
valence electron count must be offset by the diminished
reducing power of this 4d metal: it is less able than os-
mium to tolerate the additional�-acid ligand CF2.

peri-
m re of
t

3

c-
t be-
h lkyl
a d in
S

In the solid phase [Os(SC6F5)3(PMe2Ph)2] exhibits an
interaction of anortho-fluorine of one of the SC6F5 ligands
with the metal to create an SF five membered chelate ligand,
thus achieving six coordination in an approximately octahe-
dral arrangement[27,28].

Thermolysis of [Os(SC6F5)3(PMe2Ph)2] in reflux-
ing toluene affords [Os(SC6F5)2(o-S2C6F4)(PMe2Ph)] and
[Os(C6F5)2(o-S2C6F4)(PMe2Ph)2] a rare example of a CF
activation from perfluorothiolate ligands to afford 1,2-
dithiolate complexes.

To rationalize the outcome of this reaction, cleav-
age of anortho-C F bond at a thiolate ligand, inter-
molecular transfer of a sulfur atom and dissociation of
a phosphine molecule have to be considered. Formation
of [Os(SC6F5)2(o-S2C6F5)(PMe2Ph)] and [Os(C6F5)2(o-
S2C6F4)(PMe2Ph)2] also require oxidation of the metal cen-
ters.

An Ar F Os interaction is expected to induce an
activated ortho-C F bond bearing an electrophilic car-
bon atom. Therefore theortho-carbon atom of complex
[Os(SC6F5)3(PMe2Ph)2] can be envisaged as the center of
a nucleophilic attack by a thiolate-sulfur atom.

Esteruelas and co-workers[29] have demonstrated that
the hexahydride–osmium complex [OsH6(PiPr3)2] is ca-
pable of activatingortho-C F bonds of fluorinated aro-
matic ketones. Thus, the reactions of this complex
w e and
2
(
(

d os-
m ipyra-
m s.

( c-
t ne
a ctive
C -
m tive
C H
( ich
a f
[ ed
b

est
t -
p C
a
t re-
f 4,5-
t hich
c t
o

C he
In broad strokes, then, the calculations agree with ex
ent for ruthenium, and they give a quantitative measu

he stability of isomers, both observed and unobserved.

. Osmium

Caulton and co-workers[26] have carried out density fun
ional theory (DFT) calculations to study the contrasting
avior of Ru versus Os regarding the stability of fluoroa
nd fluorocarbene complexes. This work is summarize
ection2.
ith pentafluoroacetophenone, decafluorobenzophenon
,6-difluoroacetophenone give [OsH3(C6F4C(O)R)(PiPr3)2]
R = CH3, C6F5) and [OsH3(C6H3FC(O)CH3)(PiPr3)2]
Fig. 8).

The structure of [OsH3(C6F4C(O)CH3)(PiPr3)2] has been
etermined by X-ray diffraction. The geometry around the
ium atom can be described as a distorted pentagonal b
id with the phosphine ligands occupying axial position
Complexes [OsH3(C6F4C(O)CH3)(PiPr3)2] and [OsH3

C6H3FC(O)CH3)(PiPr3)2] can also be obtained by rea
ion of [OsH6(PiPr3)2] with 2,3,4,5-tetrafluoroacetopheno
nd 2-fluoroacetophenone, respectively. This sele

H activation of theortho-C H bond of the above
entioned ketones is in contrast with the selec
F activation observed for the reaction of [Os6

PiPr3)2] with 2,3,4,5,6-pentafluorobenzophenone, wh
ffords [OsH3(C6F4C(O)C6H5)(PiPr3)2]. The structure o

OsH3(C6F4C(O)C6H5)(PiPr3)2] has also been determin
y X-ray diffraction.

Density functional theory (DFT) calculations sugg
hat, in agreement with the CF activation of 2,3,4,5,6
entafluorobenzophenone, in aromatic ketones theF
ctivation is much more favored than the CH activa-

ion, from a thermodynamic point of view. So, the p
erred C H activation in 2-fluoroacethophenone and 2,3,
etrafluoroacetophenone appears to have kinetic origin, w
ould be, in part, related with the preferredanti arrangemen
f the F C C C O unit of the starting ketones.

In conclusion, complex [OsH6(PiPr3)2] activatesortho-
H and ortho-C F bonds of aromatic ketones. T
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Fig. 8. Reactions of [OsH6(PiPr3)2] with aromatic ketones[29].

ortho-C H activation is preferred over theortho-C F acti-
vation in ketones containing only one aromatic ring, whereas
the ortho-C F activation is preferred over theortho-C H
activation in 2,3,4,5,6-pentafluorobenzophenone.

Caulton and co-workers[30] have studied the vinyl
C F cleavage by [Os(H)3Cl(PiPr3)2]. This osmium com-
plex reacts at 20◦C with vinyl fluoride in the time
of mixing to produce [OsHFCl(CCH3)(PiPr3)2] and
H2. In a competitive reaction, the liberated H2 con-
verts vinyl fluoride to C2H4 and HF in a reaction cat-
alyzed by [Os(H)3Cl(PiPr3)2]. A variable-temperature NMR
study reveals these reactions proceed through the com-
mon intermediate [OsHCl(H2)(H2C CHF)(PiPr3)2], via
[OsClF( CHMe)(PiPr3)2] and [OsHCl(H2)(C2H4)(PiPr3)2],
all of which are detected.

Density functional theory, DFT(B3PW91), calculations
of the potential energy and free energy at 298 K of pos-
sible intermediates show the importance of entropy to ac-
count for their thermodynamic accessibility. Calculations
of unimolecular C F cleavage of coordinated C2H3F con-
firm the high activation energy of this process. Catalysis
by HF is thus suggested to account for the fast observed
reactions, and scavenging of HF with NEt3 changes the
product to exclusively [Os(H)2Cl(CCH3)(PH3)2]. The anal-
ogous reaction of [Os(H)3Cl(PH3)2] with H2C CF2 pro-
duces exclusively [OsHFCl(CCH )(PH ) ] and HF, and
t
t
[

4. Rhodium

Su and Chu[31] reported in 1997 one of the first the-
oretical studies of CF activation. The oxidative addition
of the F CH3 bond to coordinatively unsaturatedtrans-
[M(X)(PH3)2] and [M(PH3)3] (M = Rh, Ir; X = CH3, H, Cl)
was investigated by DFT. All of the stationary points were
determined at the B3LYP/LANL2DZ level. A configuration
mixing model based on the theory of Pross and Shaik was
used to develop an explanation for the barrier height as well
as the reaction enthalpy. The theoretical observations suggest
that the singlet–triplet splitting (�Est =�triplet − �singlet) of
the [M(PH3)3] species can be used as a basis to predict its
reaction activity for oxidative additions, i.e., the smaller the
�Est of ML3, the lower the barrier height and the larger the
exothermicity, in turn, the faster the oxidative addition reac-
tion.

The potential energy profiles are summarized inFig. 9.
Four interesting conclusions can be drawn from this figure.

First, for the same metal center, the better�-donor the
ligand X, the lower the activation energy and the larger
the exothermicity for the oxidative addition of FCH3 to
[M(X)(PH3)2] complexes (left to right inFig. 9). For instance,
since the Cl ligand is a stronger�-donor than CH3 and H, the
barrier height for FCH3 activation with M = Rh increases in
the order [Rh(Cl)(PH) ] (9.6 kcal mol−1) < [Rh(H)(PH ) ]
(
f
(

3 3 2
he latter is again suggested to catalyze CF scission via
he observed intermediates [Os(H)2Cl(CF2CH3)(PH3)2] and
OsHCl( CFMe)(PH3)2].
3 2 3 2
17 kcal mol−1) < [Rh(CH3)(PH3)2] (18 kcal mol−1) and,
or M = Ir, [Ir(Cl)(PH3)2] (4.6 kcal mol−1) < [Ir(H)(PH3)2]
15 kcal mol−1) ∼ [Ir(CH3)(PH3)2] (15 kcal mol−1). It is
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Fig. 9. Potential energy surfaces for the activation of the FCH3 bond by
trans-[M(X)(PH3)2] (M = Rh, Ir; X = CH3, H, Cl) [31].

noteworthy that the activation barriers for the Ir reactions
are smaller than those for their Rh analogues.

Second, all of the oxidative addition reactions are
thermodynamically exothermic. The order of exother-
micity follows the same trend as the activation en-
ergy: [Rh(Cl)(PH3)2] (−34 kcal mol−1) < [Rh(H)(PH3)2]
(−26 kcal mol−1) < [Rh(CH3)(PH3)2] (−23 kcal mol−1)
and [Ir(Cl)(PH3)2] (−51 kcal mol−1) < [Ir(H)(PH3)2]
(−41 kcal/mol) < [Ir(CH3)(PH3)2] (−38 kcal mol−1). Again,
the Ir reactions are more exothermic than their Rh counter-
parts.

Third, the model calculations also suggest that oxidative
additions involving a third-row transition metal (such as Ir)
should be preferable to those of a second-row transition metal
(such as Rh) since it is demonstrated not only that the former
are thermodynamically more favorable but also that the ki-
netic barriers associated with them are typically small. On the
other hand, the reductive elimination (right to left inFig. 9)
of the second-row metal is more favorable than that of the
third-row homologue.

Fourth, the transition state studies based on the model
systems Su and Chu have used strongly suggest that rad-
ical intermediates should not be involved in CF acti-
vation reactions for the 14-electron d8 [M(PH3)3] cases.
Moreover, the energetics shown inFig. 9 indicate that the
model reactions actually have low activation energies for
a ed
[ rier
r
t Z
l he
w t
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[ ve
a r-

modynamically. As there are no relevant experimental and
theoretical data on such systems, the above results are pre-
dictions.

Eisenstein and co-workers[32] have carried out quan-
tum calculations with the density functional theory DFT
(B3LYP) to compare the reactivity of arylH and aryl F
bonds toward oxidative addition and to understand the high
degree of inertness of the latter. The thermodynamic en-
ergy patterns for oxidative addition of 1,4-difluorobenzene
toward two very different Os and Rh metal fragments
have been examined. In one of them the final product
of oxidative addition could be a 16-electron unsaturated
complex of the type [Os(H)(CO)(C6F2H3)(PH3)2] and/or
[Os(F)(CO)(C6FH4)(PH3)2]. In the other system the final
product of oxidative addition could be an 18-electron satu-
rated complex [Rh(�5-C5H5)(H)(C6F2H3)(PH3)] or [Rh(�5-
C5H5)(F)(C6F2H3)(PH3)]. These two systems are models for
experimental complexes which prefer the CH to the C F
oxidative addition. The calculations reveal that, for both sys-
tems, the CF oxidative addition is thermodynamically pre-
ferred, especially in the 16-electron case. The activation en-
ergy has been determined in the case of Rh, and it is shown
that the activation energy for CF activation is considerably
higher than that for CH activation. This clearly shows that
the inertness of the CF bond has a kinetic origin.

Aizenberg and Milstein[33] have found that aromatic CF
b room
t to ho-
m tic
c ual
s

s
q

F
[

ctivation of the CF bond by coordinatively unsaturat
M(X)(PH3)2] complexes. For example, the activation bar
elative to the corresponding reactants for FCH3 insertion
o [Ir(Cl)(PH3)2] was calculated at the B3LYP/LANL2D
evel to be 4.6 kcal mol−1 and the activation energies for t
hole reactions are about 18 kcal mol−1. It is estimated tha

hese barriers will be greatly improved with more comp
alculations. Additionally, the overall energy of this reac
s exothermic by 51 kcal mol−1. In any event, the 14-electro
Ir(Cl)(PH3)2] complex is a potential model for oxidati
ddition of saturated CF bonds kinetically as well as the
ond can be cleaved by rhodium complexes even at
emperature and that this reaction can be elaborated in
ogeneous catalysis involving CF bonds. These cataly

ycles, which were designed by a combination of individ
toichiometric reactions exhibit high selectivity (seeFig. 10).

The Rh(I) silyl complex [Rh(SiMe2Ph)(PMe3)3], synthe-
ized from [RhCl(PMe3)3] and LiSiMe2Ph, Eq.(3), reacts
uantitatively with C6F6 at room temperature.

ig. 10. Catalytic cycle converting C6F6 into C6HF5 by [Rh(C6F5)L3]
33].
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Fig. 11. Catalytic cycle for the hydrogenolysis of C6F6 in the presence of
PMe3 complexes of rhodium[34].

[Rh(SiR3)(PMe3)3] + C6F6 → [Rh(C6F5)(PMe3)3] + R3

(SiFR3 = Me2Ph, Ph3) (3)

Heating [RhC6F5(PMe3)3] or [RhH(PMe3)4] at 95–100◦C in
C6F6 or C6HF5 in the presence of a base (Et3N or a mixture
of Et3N and K2CO3) under 85 psi of hydrogen leads to the
substitution of F by H and capturing of the released HF by
the base (Fig. 11) [34].

Except for the CF activation step all other reactions de-
picted inFig. 11, namely 1–4 and 4–5, are normal HH ox-
idative addition and CH reductive elimination. As for the
transformation 5–1, which has been demonstrated to occur
readily, and which is the central step in the cycle, it was be-
lieved that it proceeds via electron transfer from the complex
to the substrate with subsequent release of fluoride ion but
later evidence[21] points to an anionic nucleophilic mecha-
nism.

The cycle with C6HF5 as a substrate is completely anal-
ogous to the one depicted inFig. 11. The difference be-
tween the two is the participation of the analogs of 1 and
4 which have C6HF4 rather than C6F5 group bound to the
rhodium center and correspondingly produce C6H2F4. In
summary, Milstein and Aizenberg have demonstrated that
trimethylphosphine complexes of rhodium efficiently cat-
alyze homogeneous hydrogenolysis of the strong CF bonds
o the
p neous
t y
a iose-
l ysis
i m-
p .
T good
s

Edelbach and Jones[21] found that the complex [Rh(�5-
C5Me5)(H)2(PMe3)] reacts with C6F6, C6F5H, C12F10 or
C10F8 in pyridine or 1:1 pyridine/benzene to give the
C F cleavage products [Rh(�5-C5Me5)(aryl F)H(PMe3)]
in high yield (Fig. 12). Kinetic studies reveal that the
reaction has autocatalytic character, and fluoride ion is
shown to be responsible for the catalysis. The anion
[Rh(�5-C5Me5)H(PMe3)]− reacts rapidly with C12F10 or
C10F8 to give the same CF cleavage products as [Rh(�5-
C5Me5)(H)2(PMe3)]. A mechanism initiated by deproto-
nation of [Rh(�5-C5Me5)(H)2(PMe3)] followed by nucle-
ophilic attack of the resulting anion on the polyfluoroaro-
matic with subsequent loss of fluoride is proposed. The
fluoride ion continues the cycle by deprotonating [Rh(�5-
C5Me5)(H)2(PMe3)].

Saunders and co-workers[35,36] have studied the
reaction between [{M(�5-C5Me5)Cl(�-Cl)}2] (M = Rh
or Ir) and (C6F5)2PCH2CH2P(C6F5)2 dfppe in re-
fluxing benzene yielded the cationic species [M(�5-
C5Me3(CH2C6F4P(C6F5)CH2)2-1,3)Cl]+ in which two C F
and two C H bonds have been cleaved and two CC bonds
formed, HF is also produced (Fig. 13). The complexes
[MCl(�5-C5Me5)(C6F5)2PCH2CH2P(C6F5)2]BF4 (M = Rh
or Ir) which have not undergone CF bond activation were
formed by treatment of [{M(�5-C5Me5)Cl(�-Cl)}2] with
NaBF4 and dfppe, and have been structurally character-
ized by X-ray crystallography. Activation of the CF bonds
in these complexes is induced by thermolysis in reflux-
ing ethanol. The reaction between [{M(�5-C5Me5)Cl(�-
Cl)}2] (M = Rh or Ir) and dfppe in refluxing ethanol
yielded a mixture of the cations [MCl(�5-C5Me5)(dfppe)]+,
[MCl(�5-C5Me5)(C6F5)2PCH2CH2P(C6F5)2]+ and, where
M = Rh, the singly C F bond-activated species [Rh(�5-
C5Me4(CH2C6F4P(C6F5)CH2)2)Cl]+.

The reaction [37] between [{Rh(�5-C5Me4H)Cl(�-
Cl)}2] and (C6F5)2PCH2CH2P(C6F5)2 proceeds in reflux-
ing benzene via activation of two CF and C H bonds
and formation of two CC bonds to yield the chi-
ral cation [Rh(�5-C5HMe2 2,4-[CH2C6F4P(C6F5)CH2]2-
1,3)Cl]+, with >90% selectivity.

The reaction [38] between [{Rh(�5-C5Me4Et)Cl(�-
Cl)}2] and the diphosphine, (C6F5)2PCH2CH2P(C6F5)2
(dfppe), proceeded via the activation of two CF and
two C H bonds and the formation of two CC bonds
to give a mixture of isomers of a salt with formula-
tion “[Rh(�5-C5Me4Et)Cl((C6F5)2PCH2CH2P(C6F5)2)-
2HF]Cl”. Treatment of [{Rh(�5-C5Me4Et)Cl(�-Cl)}2]
with NH4BF4 followed by dfppe yielded [Rh(�5-
C5Me4Et)Cl((C6F5)2PCH2CH2P(C6F5)2)]BF4 which, on
thermolysis in ethanol underwent CF and C H bond acti-
vation to yield the tetrafluoroborate salt “[Rh(�5-C5Me4Et)
Cl((C6F5)2PCH2CH2P(C6F5)2)-2HF]BF4”.

When the reaction between [{Rh(�5-C5Me4Et)Cl(�-
Cl)}2] and dfppe was carried out in ethanol, a mix-
ture of [Rh(�5-C5Me4Et)Cl(dfppe)]BF4 and the singly
C F bond-activated complex “[Rh(�5-C5Me4Et)Cl((C6F5)2
f polyfluorinated benzenes under mild conditions in
resence of a base which is a rare case of homoge

ransition-metal-catalyzed CF activation. In addition, the
lso had shown that the reaction exhibits chemo- and reg

ectivity. The proposed catalytic cycle for the hydrogenol
nvolves electron-rich hydrido-rhodium(I) phosphine co
lexes as the species that induce cleavage of CF bonds
his implies that other complexes which can serve as a
ource of such species are also likely to be active.
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Fig. 12. Reactions of [Rh(H)2(�5-C5Me5)(PMe3)] with fluoroaromatic compounds[21].

Fig. 13. Reactions of [{M(�5-C5Me5)Cl(�-Cl)}2] M = Rh or Ir and (C6F5)2PCH2CH2P(C6F5)2 [36].
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Fig. 14. Reactions of [{Rh(�5-C5Me4H)Cl(�-Cl)}2] and (C6F5)2PCH2CH2P(C6F5)2 [37].

Fig. 15. Reactions of [{Rh(�5-C5Me5)Cl(�-Cl)}2] and (C6H3F2-2,6)2PCH2CH2P(C6H3F2-2,6)2 [39].

PCH2CH2P(C6F5)2)-HF]BF4” were obtained after addition
of NH4BF4.

Extending the work described above[39], the reaction
between [{RhCl(�-Cl)(�5-C5Me5)}2] and the new fluorine-
containing diphosphine (C6H3F2-2,6)2PCH2CH2P(C6H3F2-
2,6)2 in refluxing benzene yielded the cationic species
[RhCl(�5-C5Me3(2-CH2C6H3F-6)P(C6H3F2-2,6)CH2)2-
1,3)] which was characterized as the BF4

− salt. The reaction
involved the regiospecific activation of two CF bonds

and two C H bonds and the formation of two CC bonds
(Figs. 14 and 15).

The rhodium(III) complex [RhCl(�5-C5Me5)(dfppe)]
BF4, undergoes rapid stepwise intramolecular dehydroflu-
orinative carboncarbon coupling on addition of proton
sponge to produce [RhCl(�5,�P,�P-C5Me3[CH2C6F4 2-
P(C6F5)CH2]2-1,3)]BF4 (Fig. 16) [40].The reaction requires
less than the stoichiometric quantity of proton sponge and
also occurs on addition ofnBu4NF or in the presence

hydrofl
Fig. 16. Stepwise intramolecular de
 uorinative carboncarbon coupling[40].
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Fig. 17. Synthesis of [RhCl(�5,�P,�S C5Me4CH2C6F4P(C6F5)C6H4

SMe)]BF4 [40].

of polymer-supported fluoride. NMR studies of reactions
between a series of complexes and proton sponge have
revealed the necessary conditions for intramolecular de-
hydrofluorinative coupling in pentamethylcyclopentadienyl
rhodium(III) phosphine complexes. The complex must be
cationic, and the phosphine, which can be either part of a
chelating ligand or monodentate need have only one pentaflu-
orophenyl substituent. The reaction is rapid where C5Me5
and C6F5 are held in close proximity. The compounds
[RhCl(�5-C5Me5)((C6F5)2PC6H4SMe-2)]BF4, and the di-
astereoisomer of [RhCl(�5-C5Me5)((C6F5)PhPC6H4SMe-
2)]BF4, in which C5Me5 and C6F5 are cis, undergo rapid
coupling on treatment with proton sponge (Fig. 17). The

diastereoisomer of [RhCl(�5-C5Me5)((C6F5)PhPC6H4SMe-
2)]BF4, in which Cp* and C6F5 are trans, undergoes
isomerization at a much slower rate than that of cou-
pling. Cationic complexes of monodentate phosphines,
in which there is rotation about the RhP bond, un-
dergo coupling on addition of proton sponge, but at a
much slower rate than for [RhCl(�5-C5Me5)(dfppe)]BF4
and [RhCl(�5-C5Me5)((C6F5)PhPC6H4SMe-2)]BF4. The
structures of [RhCl(�5,�P,�P C5Me4CH2C6F4 2-P(C6F5)
CH2CH2P(C6F5)2)]BF4 and [RhCl(�5,�P,�S-C5Me4CH2
C6F4P(C6F5)C6H4SMe)]BF4 have been determined by
single-crystal X-ray diffraction.

Saunders and co-workers[41] have studied the reac-
tion between [{Rh(�-Cl)Cl(�5-C5Me5)}2] and the tetra-
fluoropyridyl-substituted diphosphine Ph2PCH2CH2PPh-
(C5F4N-4) in the presence of BF4− yielding racemic
diastereoisomers of [RhCl(�5-C5Me5)(Ph2PCH2CH2
PPh(C5F4N-4))](BF4). In the SRhRP and RRhSP pair of
enantiomers the C5Me5 and tetrafluoropyridyl groups
have a cis disposition about the RhP bond, and in
the SRhSP and RRhRP pair the groups aretrans. In situ
NMR experiments reveal that thecis pair, in which the
C5Me5 and tetrafluoropyridyl groups are close, under-
went rapid dehydrofluorinative CC coupling to give the
respective enantiomers of [RhCl(�5,�P,�P C5Me4CH2 2-
C
p the
c one
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Fig. 18. Synthesis of [RhCl(�5,�P,�P C5M
5F3N 4-PPhCH2CH2PPh2)]BF4 (Fig. 18). The trans
air did not undergo coupling, but isomerized to
is pair on heating in ethanol. The structure of
nantiomer of [RhCl(�5,�P,�P C5Me4CH2 2-C5F3N 4-
PhCH2CH2PPh2)]BF4 which crystallizes as a co
lomerate, has been determined by single-crystal X
iffraction.

Perutz and co-workers[42] have shown that irradiatio
f [Rh(�5-C5H5)(PMe3)(C2H4)] in pentafluoroanisole ge
rates the metallacycle [(�5-C5H5)(PMe3)RhCH2OC6F4];

2-C5F3N 4-PPhCH2CH2PPh2)]BF4 [41].
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Fig. 19. Reaction of [Rh(�5-C5H5)(PMe3)(C2H4)] in pentafluoroanisole[42].

as shown in Fig. 19, reaction of this complex with
1 equiv. of PPh3C+PF6

− at 220 K generates [(�5-
C5H5)(PMe3)Rh CH(OC6F4)]PF6.

Hughes et al.[43] have studied the reactions of the perflu-
oroisopropyl complex [RhI(�4-C5H5(CF(CF3)2)(PMe3)2],
with 1 equiv. of TlBF4 or TlPF6 yielding the new complex
[RhI(�5-C5H4(CH(CF3)2)(PMe3)2] in 90% yield. The ter-
tiary C F bond in the starting complex has been replaced by
H, and the original�4-cyclopentadiene has been converted to
a�5-cyclopentadienyl ligand. Investigation of the precipitate
formed in the reaction, using X-ray microanalysis, indicates
that it contains mostly Tl and F, with small amounts of I.

The source of H in the CH(CF3)2 group has been identified
as theendo-H from the original cyclopentadiene ligand.

Hughes et al.[44] have described the synthesis and
structures of two cationic complexes containing ad-
jacent fluoroalkyl and water ligands, both of which
undergo hydrolysis of a CF2 group, the facility of
which depends strongly on the hydrogen-bonding abil-
ity of the counterion. Addition of perfluorobenzyl com-
plex [RhI(�5-C5Me5)(CF2C6F5)(PMe3)] or perfluoropropyl
analogue [RhI(�5-C5Me5)(CF2CF2CF3)(PMe3)] to AgBF4
in moist CH2Cl2 affords the cationic aqua complexes
[Rh(�5-C5Me5)(CF2C6F5)(H2O)(PMe3)]BF4 and [Rh(�5-
C5Me5)(CF2CF2CF3)(H2O)(PMe3)]BF4.

While perfluoropropyl complex [Rh(�5-C Me )
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Fig. 20. Suggested mechanism for the formation of [Rh(�5-
C5Me5)(C6F5)(CO)(PMe3)]BF4 [44].

initial step is suggested to involve a proton from coordinated
water acting as a fluoride acceptor with loss of fluoride en-
hanced by resonance stabilization from Rh; presumably the
difference in reactivity of the CF2 groups toward hydrolysis
in perfluorobenzyl complex compared to perfluoropropyl
analogue rests in additional enhancement of the leaving
group ability of the benzylic fluoride.

The perfluoropropyl complex [RhI(�5-C5Me5)(CF2CF2
CF3)(PMe3)] reacts with silver triflate to afford
[Rh(SO3CF3)(�5-C5Me5)(CF2CF2CF3)(PMe3)] which
treated with NaBAr4 (Ar = 3,5-bis(trifluoromethyl)phenyl)
in the presence of water results in rapid hydrolysis
to give the perfluoroethyl carbonyl complex [Rh(�5-
5 5
CF2CF2CF3)(H2O)(PMe3)]BF4 appears to be inde
nitely stable on standing in solution at room te
erature, perfluorobenzyl analogue [Rh(�5-C5Me5)
CF2C6F5)(H2O)(PMe3)]BF4 is cleanly transformed o
tanding overnight in CDCl3 solution into pentafluorophen
arbonyl complex [Rh(�5-C5Me5)(C6F5)(CO)(PMe3)]BF4.
F can be observed in the volatiles, after vacuum tran
suggested mechanism is shown inFigs. 20 and 21;

ydrolysis of the CF2 group affords a coordinative
nsaturated pentafluorobenzoyl complex, which under
entafluorophenyl migration into the vacant coordina
ite to afford [Rh(�5-C5Me5)(C6F5)(CO)(PMe3)]BF4. The
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Fig. 21. Starting materials and products[44].

C5Me5)(C2F5)(CO)(PMe3)]BAr4. The BF4
− analogue

was prepared unambiguously by the reaction of [Rh(�5-
C5Me5)(C2F5)I(PMe3)] with AgBF4 in the presence of CO.
Each molecule exhibits close hydrogen-bonding interactions
of coordinated water molecule with the tetrafluoroborate
counterion.

Hughes et al.[45] have found that the perfluoroben-
zylrhodium complex [RhI(�5-C5Me5)(CF2C6F5)(CO)], re-
acts withN-methylmorpholine-N-oxide (NMO) with loss
of CO2 and formation of the iodo-bridged dimer
[Rh(�2-I)(�5-C5Me5)(CF2C6F5)]2. While attempts to pre-
pare hydroxo complexes by reaction of [Rh(�5-C5Me5)
(CF2C6F5)(I)(PMe3)], with sources of hydroxide were un-
successful, treatment of [RhI(�5-C5Me5)(CF2C6F5)(PMe3)]
with moist silver oxide affords the oxametallacycle [Rh(1,2-
C6F4(O)(CF2))(�5-C5Me5)(PMe3)], which undergoes rapid
hydrolysis of the RCF2 group by adventitious moisture to af-
ford the crystallographically characterized analogue [Rh(1,2-
C6F4(O)(C O))(�5-C5Me5)(PMe3)]. Two possible mecha-
nisms are shown inFig. 22.

Murai and co-workers[46] have discovered the first Rh-
catalyzed, chelation-assisted SiF exchange reaction be-
tween disilanes and fluoroarenes activated by ketone or ox-
azoline functionalityortho to the C F bond (Fig. 23). The
reaction of functionalized fluorobenzenes, such as fluoroace-
tophenones and (fluorophenyl)oxazolines, with MeSiSiMe
i om-
p

Fig. 22. Possible mechanism for the formation of [Rh(1,2-
C6F4(O)(C O))(�5-C5Me5)(PMe3)] [45].

(trimethylsilyl)fluorobenzenes. The reaction involves cleav-
age of C F bonds.

Young and Grushin[47] reported the first example of a
transition metal-catalyzed hydrogenolysis of the CF bond in
monofluoroarenes, the most unreactive carbonheteroatom
single bond known (Fig. 24).

1-Fluoronaphthalene react with H2 in toluene in
the presence of 40% NaOH and catalytic amounts of
[RhCl2(H)(Cy3P)2] to give naphthalene (Fig. 24). Given
the exceptionally poor reactivity of the substrate, the re-
action occurs under mild conditions, i.e., 95◦C and 80 psi
of H2, furnishing naphthalene in >90% selectivity at 45%
conversion (GC–MS) after 20 h. According to the authors,
under rigorously oxygen-free conditions, hydrogenolysis is
homogeneously catalyzed, as determined by the mercury
test. Fluorobenzene, 4-fluorotoluene, 3-fluoroanisole and 4-
fluoroaniline remained unreactive under similar O2-free con-
ditions. No reaction of C6H5F occurred in this system even
in the presence of nucleophilic and/or Lewis acid promoters.

[Rh(dmgH)2(PPh3)]− ([Rh]−), dmgH = (OHN
CHCH NO)−, synthesized by reduction of [Rh]Cl with
NaBH4 in methanolic KOH, reacts with 1,�-dihaloalkanes
X(CH2)nF (X = Cl, n = 1; X = Br, n = 3) forming
[Rh] CH2F and [Rh] (CH2)3F [48]. Reaction of [Rh]− with
BrCH2CH2F affords instead of the expected 2-fluoroethyl
complex the dinuclear complex [Rh]CH CH [Rh]
e -
g plex
[ e-
b
i

3 3
n the presence of a catalytic amount of a rhodium c
lex results in a site-selective SiF exchange to giveortho-
2 2
xhibiting an unexpected CF bond activation. It is sug
ested that the probable intermediate 2-fluoroethyl com

Rh] CH2CH2F reacts further to give the dimethylen
ridged dinuclear complex [Rh]CH2CH2[Rh] in an

ntermolecular substitution reaction.
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Fig. 23. Rh-catalyzed, chelation-assisted SiF exchange reaction[46].

Fig. 24. Transition metal-catalyzed hydrogenolysis of the CF bond in monofluoroarenes[47].

Braun and co-workers[49,50] have shown that reaction
of [RhH(PEt3)4] with hexafluoropropene affords the CF
activation product [Rh((Z)-CF CF(CF3))(PEt3)3] as well as
Et3P(F)((Z)-CF CF(CF3)) as shown inFig. 25.

In contrast, addition of (E)-1,2,3,3,3-pentafluoropropene
to [RhH(PEt3)4] yields [Rh{(E)-C(CF3) CHF}(PEt3)3] to-
gether with [RhF(PEt3)3] and (Z)-1,3,3,3-tetrafuoropropene.
As shown in Fig. 26, treatment of [Rh{(E)-
C(CF3) CHF}(PEt3)3] with hydrogen effects the for-
mation of 1,1,1-trifluoropropane and the fluoro compounds
[RhF(PEt3)3] andcis-mer-[Rh(H)2F(PEt3)3].

On treatment of [RhF(PEt3)3] or of a mixture of
[RhF(PEt3)3] and cis-mer-[Rh(H)2F(PEt3)3] with HSiPh3
the complexes [RhH(PEt3)3] and cis-fac-[Rh(H)2(SiPh3)
(PEt3)3] are obtained. Both compounds are capable of the
C F activation of hexafluoropropene to afford [Rh((Z)-

CF CF(CF3))(PEt3)3]. A possible mechanism of the CF
activation of fluorinated propene derivatives is depicted in
Fig. 26.

A cyclic process for the hydrodefluorination of
CF2 CFCF3 has been developed allowing the recovery of
rhodium complexes, which are again suitable for CF acti-
vation.

5. Iridium

Cundari and Vaddadi[51] have published a theoret-
ical study considering the interactions of the fragment
[Ir(PH3)2(H)] with C X species. In this research, the B3LYP
density functional and Stevens effective core potentials are
used to compare carbonhydrogen and carbonheteroatom
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Fig. 25. Reaction of [RhH(PEt3)4] with hexafluoropropene[50].

bond activation by an iridium(I) complex. Of particu-
lar importance is to address the kinetic (transition state)
and thermodynamic (ground state) selectivity. The complex
[Ir(H)(PH3)2] with CH3 X (X = F, Cl, OH, SH, NH2, PH2)
as the substrate has been used as a model. Good agree-
ment in geometries is obtained between the target molecules
and experimental models. The resultant products of CH
and C X oxidative addition are Y-shaped minima (i.e., a
distorted trigonal bipyramid with one acute and two ob-
tuse angles among the equatorial ligands). Oxidative addi-
tion of the C X bond to the substrate is exothermic for

groups 16 and 17, but endothermic for group 15. A sig-
nificant thermodynamic preference for CX activation over
C H activation is observed for these Ir(I) complexes. How-
ever, analysis of the transition states for oxidative addition
suggests that there is a kinetic preference for CH activa-
tion.

Su and Chu[31] reported in 1997 one of the first theoretical
studies of C F activation. They showed that oxidative addi-
tion of the C F bond of CH3 F to 3-coordinated 14-electron
[M(X)(PH3)2] (M = Rh, Ir; X = CH3, H, Cl) is thermodynami-
cally favorable. The reaction was most favorable and had the
smallest activation barrier for [Ir(Cl)(PH3)2]. This work is
summarized in Section4.

Roper and co-workers[52] studied the reaction of
the tetrafluoroethylene complex [IrCl(�2-C2F4)(PPh3)2]
with HCl or Cl2 to obtain [IrCl2(CF2CF2H)(PPh3)2] or
[IrCl2(CF2CF2Cl)(PPh3)2], respectively. These coordi-
nately unsaturated complexes react with various neutral
ligands to give stable, six-coordinated, tetrafluoroethyl
and halotetrafluoroethyl complexes. As shown inFig. 27,
the acetonitrile derivative [IrCl2(CF2CF2H)(CH3CN)
(PPh3)2] undergoes a reaction with HCl that pro-
ceeds through the intermediate fluorocarbene complex,
[IrCl2( CFCF2H)(CH3CN)(PPh3)2]+, to give, upon hy-
drolysis, [IrCl2(C(O)CF2H)(CH3CN)(PPh3)2]. Thermal
treatment of any of the acyl complexes results finally,
a nd
f

P -
z t-
a

activat
Fig. 26. A possible mechanism of the CF
s shown inFig. 28, in a reverse migration process a
ormation of [IrCl2(CF2H)(CO)(PPh3)2].

Perera et al. [53] have shown that whenZ,E-
Ph2CH2C(But) N N CH(C6F5) was heated in ben
ene with [IrCl(CO)2(p-toluidine)] it gave the cyclome
llated dichlorocarbonyliridium(III) complex [IrCl2(CO)

ion of fluorinated propene derivatives[50].
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Fig. 27. Formation of [IrCl2(C(O)CF2H)(CH3CN)(PPh3)2] [52].

Fig. 28. Formation of [IrCl2(CF2H)(CO)(PPh3)2] [52].

(PPh2CH2C(But) N N CH(C6F4))] (Fig. 29) the formation
of which involved a C F bond fission.

Hughes et al.[54,55] have made invaluable contribu-
tions to understand the chemistry involved in the process of
carbon fluorine bond activation using different variations of
the fragment [Ir(�5-C5R5)Ln].

They reported the first examples of hydrogenolysis of
the �-CF2 groups in some iridium fluoroalkyls using dihy-
drogen under ambient conditions. Treating methylene chlo-
ride solutions of the cationic (aqua)(fluoroalkyl)iridium com-
plexes [Ir(�5-C5Me5)(CF2Rf)(H2O)(PMe3)]BF4 (Rf = CF3
or CF2CF3) with dihydrogen results in clean and rapid forma-
tion of the known iridium trihydride [Ir(�5-C5Me5)(H)3]BF4.
The fate of the fluoroalkyl ligand was an approximately
1:1 mixture of two hydrofluorocarbon (HFC) compounds,
identified as RfCFH2 and RfCH3 (Rf = CF3, CF3CF2) by
19F NMR spectroscopy. No trace of the monohydrogenated

species CF3CF2H or CF3CF2CF2H were observed. Simi-
larly, treatment of the corresponding perfluoroisopropyl com-
plex [Ir(�5-C5Me5)(CF(CF3)2)(H2O)(PMe3)]BF4 with H2
affords only [Ir(�5-C5Me5)(H)3]BF4 and CF3CH2CF3 with
no observable trace of CF3CFHCF3 (Fig. 30). These obser-
vations represent the first examples of the hydrogenolysis of
aliphatic C F bonds in the coordination sphere of a transition
metal. Furthermore, the reaction is selective for H2, with no
observable hydrolysis of the fluoroalkyl group, even in the
presence of the water originally present in the coordination
sphere.

Reaction of [Ir(�5-C5Me5)(PMe3)(CF2CF3)H] with
CH3CO2D affords mostly [Ir(�5-C5Me5)(PMe3)(CFHCF3)
(O2CCH3)], while the corresponding reaction of [Ir(�5-
C5Me5)(PMe3)(CF2CF3)D] with CH3CO2H affords mostly
[IrCp*(PMe3)(CFDCF3)(O2CCH3)]. These results are con-
sistent with external protonation of the CF bond and

Ph2CH
Fig. 29. Formation of [IrCl2(CO)(P
 2C(But) N N CH(C6F4))] [53].
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Fig. 30. Reactions of [Ir(�5-C5Me5)(Rf)(H2O)(PMe3)]BF4 [54].

migration of the originally present H (or D) from Ir to C and
suggest that the previously reported CF bond hydrogenolysis
using dihydrogen proceeds via heterolytic activation of the
H2 molecule at iridium.

As a result of these experiments, the role of the metal
in the reaction of [Ir(�5-C5Me5)(CF2Rf)(H2O)(PMe3)]BF4
with H2, is defined as shown inFig. 31. Bind-
ing of H2 to the cationic iridium center of [Ir(�5-
C5Me5)(CF2CF3)(H2O)(PMe3)]BF4 results in displacement
of water and heterolytic activation of H2 to give [IrH(�5-
C5Me5)( CFCF3)(PMe3)], C F activation occurs by proto-
nation of the�-CF bond by external acid to produce HF,
and migration of the hydride ligand to carbon generates the
new CH bond. In the absence of a good coordinating anion,
more H2 binds to repeat the process. Now there is an apparent
competition between protonation at the IrC bond to afford
elimination of CF3CFH2 or protonation at the remaining CF
bond to repeat the CF activation process, leading eventually
to elimination of CF3CH3. A similar proton-promoted CF
activation in a cationic iridium complex containing a CF3 lig-
and has been shown to be triggered by heterolytic activation
of H2, but hydrolysis to a CO ligand by adventitious mois-

ture is the outcome, rather than the alternatively available H
migration.

The HFC products themselves are of unusual interest;
CF3CFH2 (HFC-134a) is the replacement refrigerant for
CF2Cl2 (CFC-12), and similar HFCs are used as inhalation
anesthetics.

Hughes et al. [56] have found that reactions of
[IrI(Rf)( �5-C5Me5)(PMe3)] (Rf = CF2CF2CF3, CF(CF3)2)
with either NaBH4 or LiAlH 4 afford i.a. iridium hy-
drides [IrH(C5Me5)(CH CFCF3)(PMe3)] or [IrH(C5Me5)
(C(CF3) CF2)(PMe3)], in which the fluoroalkyl groups
are converted to unsaturated ligands via apparent�-CF
activation and elimination of HF (Fig. 32). A clean and
selective route to desired saturated fluoroalkyl-(hydrido)
complexes [IrH(C5Me5)(Rf)(PMe3)] (Rf = CF2CF2CF3,
CF2CF3, CF(CF3)2) is afforded by treatment of the
aqua cations [Ir(C5Me5)(Rf)(H2O)(PMe3)]BF4 with
1,8-bis(dimethylamino)-naphthalene, “Proton Sponge”.

Hughes et al.[57,58] have prepared the first tran-
sition metal complex of tetrafluorobenzyne, [Ir(�5-
C5Me5)(PMe3)(�2-C6F4)]. The experimental approach
is shown in Fig. 33. Pentafluorophenyl complex [IrI(�5-

of [Ir(�5-
Fig. 31. Stepwise reactions
 C5Me5)(CF2Rf)(H)2L] [54].
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Fig. 32. Reactions of [IrI(�5-C5Me5)(Rf)(PMe3)] [56].

C5Me5)(C6F5)(CO)] is prepared by oxidative addition
of iodopentafluorobenzene to [Ir(�5-C5Me5)(CO)2]. This
reaction requires prolonged refluxing in benzene, while
the corresponding perfluoroalkyl iodides react at room
temperature. Choice of solvent is also important; no reaction
is observed in refluxing hexane, and refluxing toluene affords
products that do not contain C6F5 ligands. Carbonyl displace-
ment with PMe3 affords [Ir(�5-C5Me5)I(C6F5)(PMe3)],
which can be converted to the corresponding aqua cation
[Ir(�5-C5Me5)(C6F5)(H2O)(PMe3)]+ using AgOTf in moist
toluene. As observed with analogous perfluoroalkyl(aqua)
complexes, treatment of [Ir(�5-C5Me5)(C6F5)(H2O)

(PMe3)]+ with 1,8-bis(dimethylamino)-naphthalene (Pro-
ton Sponge) cleanly affords the hydride [Ir(�5-C5Me5)
(C6F5)(H)(PMe3)]+. This hydride is obtained less cleanly
by direct reaction of [Ir(�5-C5Me5)I(C6F5)(PMe3)]
with NaBH4, and has also been prepared recently by
Bergman and co-workers by reaction of the nucleophilic
anion [Ir(�5-C5Me5)(PMe3)H]−Li+ with hexafluoroben-
zene [59]. Finally, treatment of the hydride [Ir(�5-
C5Me5)(C6F5)(H)(PMe3)]+ with an excess ofn-BuLi affords
the benzyne complex [Ir(�5-C5Me5)(PMe3)(�2-C6F4)],
presumably via deprotonation to give the intermediate shown
in Fig. 33, followed by elimination of LiF.

-C5Me
Fig. 33. Synthesis of [Ir(�5

5)(PMe3)(�2-C6F4)] [57].
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Fig. 34. Stepwise mechanism yielding [Ir(�5-C5Me5)(PMe3)(syn-S2CHCF3)] [60].

Treatment of the tetrafluorobenzyne complex [Ir(�5-
C5Me5)(�2-C6F4)(PMe3)] with MeCO2H affords the
tetrafluorophenyl complex [Ir(�5-C5Me5)(2,3,4,5,-C6F4H)
(PMe3)(O2CMe)], which, on treatment with NaBH4,
affords the hydride complex [IrH(�5-C5Me5)(2,3,4,5-
C6F4H)(PMe3)] which treated withn-BuLi affords the triflu-
orobenzyne complex [Ir(�5-C5Me5)(3,4,5-C6F3H)(PMe3)].
Treatment of [Ir(�5-C5Me5)(3,4,5-C6F3H)(PMe3)] with
MeCO2H gives a mixture of two protonation products,
[Ir(�5-C5Me5)(2,3,4-C6F3H2)(PMe3)(O2CMe)] and [Ir(�5-
C5Me5)(3,4,5-C6F3H2)(PMe3)(O2CMe)] in an 8:1 ratio.

Dimethyl sulfide [60] reacts with [Ir(�5-
C5Me5)(Rf)(PMe3)(H2O)]BF4 (Rf = CF(CF3)2, CF2CF3) to
afford [Ir(Rf)(�5-C5Me5)(PMe3)(Me2S)]BF4. In contrast
(Fig. 34), H2S reacts with the secondary fluoroalkyl complex
[Ir(�5-C5Me5)(PMe3)(CF(CF3)2)(H2O)][BF4] to give the
sulfhydryl complex [Ir(�5-C5Me5)(PMe3)(CF(CF3)2)(SH)]
and with [Ir(�5-C5Me5)(PMe3)(CF2CF3)(H2O)]BF4 to
give carbon fluorine bond activation with formation of
a mixture of compounds containing two new classes of
fluorinated ligands. The molecular structures of repre-
sentatives of each class, the 2,3-dithiametallacyclobutane
complex [Ir(�5-C5Me5)(PMe3)(syn-S2CHCF3)] and
the 2,4,6-trithiametallacyclohexane complex [Ir(�5-
C5Me)(PMe3)(anti,anti-S3{CHCF3}2)], have been deter-
m la-
c
s e
c tion,
a OE
e

Hughes et al. [61] have shown that reaction of
iridium–fluoroalkyl complexes with fluoride acceptors
occurs with completely diastereoselective activation of a
C F bond and formation of a new CC bond. Protonation
occurs with complete selectivity at the CF bond without
any detectable formation of methane by protonation at the
Ir CH3 group. [Ir(�5-C5Me5)(CH3)(CF2CF2CF3)(PMe3)]
reacts with HCl (2,6-lutidinium chloride) as shown
in Fig. 35, to give a single diastereomer of [Ir(�5-
C5Me5)Cl(CF(CH3)(CF2CF3))(PMe3)]. A similar re-
action with CF3CO2

− yields the compound [Ir(�5-
C5Me5)(CF3CO2)(CF2CFHCF2CF3)(PMe3)] (Fig. 35).
The proposed sequence of reactions in this interesting
process includes i.a. both H and CH3 migration,�-hydrogen
elimination and alkene rotation.

Hughes et al.[62] have also discovered an unex-
pected route to the only known tetrafluorobutatriene transi-
tion metal complex [Ir(�5-C5Me5)(2,3-�2-CF2 C C CF2)
(PMe3)]. To this end, the starting complexes [Ir(�5-
C5Me5)(I)(CF(CF3)2)(PMe3)] and [Ir(�5-C5Me5)(I)(CF(CF
2CF3)(CF3)2)(PMe3)] were prepared by oxidative addi-
tion of the appropriate secondary perfluoroalkyl iodide to
[Ir(�5-C5Me5)(CO)2], followed by carbonyl displacement
by PMe3. Treatment of [Ir(�5-C5Me5)(I)(CF(CF3)2)(PMe3)]
with 3 equiv. of sodium naphthalenide (NaC10H8) in THF
afforded the previously reported unsaturated hydride com-
p
e The
s ent.
T
C g
ined. Bothsynandanti stereoisomers of the dithiametal
yclobutane complex and all three stereoisomers (syn–syn,
yn–anti and anti–anti) of the trithiametallacyclohexan
omplex are observed in solution as products of the reac
nd their configurations have been confirmed by N
xperiments.
lex [Ir(�5-C5Me5)(H)(C(CF3) CF2)(PMe3)] with appar-
nt reductive loss of iodide and two fluoride anions.
ource of the hydride is presumably the reaction solv
wo equivalents of NaC10H8 affords a mixture of [Ir(�5-
5Me5)(H)(C(CF3) CF2)(PMe3)] and the correspondin
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Fig. 35. Proposed sequence of reactions[61].

iodo analogue [Ir(�5-C5Me5)(I)(C(CF3) CF2)(PMe3)] and
more than 3 equiv. of NaC10H8 results in no further re-
action of [Ir(�5-C5Me5)(H)(C(CF3) CF2)(PMe3)]. In con-
trast, the sec-butyl analogue reacts with 6 equiv. of
NaC10H8 to afford the tetrafluorobutatriene complex [Ir(�5-
C5Me5)(�2-CF2 C C CF2)(PMe3)]. Fewer than 6 equiv.
of NaC10H8 affords a complex mixture of products, some
of which clearly contain IrH bonds by NMR spectro-
scopy.

The fluorovinyl [63] complexes [Ir2(CF CF2)(CH3)
(CO)2(�-Cl)(dppm)2]CF3SO3 and [Ir2(C(H) CF2)(CH3)
(CO)2(�-Br)(dppm)2]CF3SO3 are prepared by the oxida-
tive addition of ClFC CF2 and BrHC CF2, respectively,
to [Ir2(CH3)(CO)2(dppm)2]CF3SO3. Both compounds have
the methyl and fluorovinyl groups on different metals es-
sentially opposite to the metalmetal bond. Protonation of
[Ir2(CF CF2)(CH3)(CO)2(�-Cl)(dppm)2]CF3SO3 occurs at
the Ir Ir bond to give [Ir2(CF CF2)(CH3)(CO)2(�-Cl)(�-
H)(dppm)2](CF3SO3)2. Attempts to remove the chloride lig-
and from [Ir2(CF CF2)(CH3)(CO)2(�-Cl)(dppm)2]CF3SO3
or to replace it with hydride or methyl groups failed.

Instead, the reaction of [Ir2(CF CF2)(CH3)(CO)2(�-
Cl)(dppm)2]CF3SO3 with methyllithium resulted in replace-
ment of one fluoride substituent on the trifluorovinyl group
by a methyl group to give [Ir2(CF CFCH3)(CH3)(CO)2(�-
Cl)(dppm)2]CF3SO3 (seeFig. 36). The X-ray structural de-
termination of this compound indicates that replacement
of a fluoride trans to the Ir C2F3 bond has occurred and
that migration of the resulting methyldifluorovinyl group to
the metal bearing the methyl ligand has occurred. There-
fore the fluorine atomtrans to Ir in the trifluorovinyl com-
plex [Ir2(CF CF2)(CH3)(CO)2(�-Cl)(dppm)2]CF3SO3 can
be selectively replaced by a methyl group, and the authors
propose that this occurs via a fluoroalkylidene-bridged inter-
mediate.

Eisenberg and co-workers[64] have shown that
the cationic iridium(III) complex [IrCF3(CO)(dppe)(o-
C6H4I2)](B(3,5-(C6H3(CF3)2)4)2 (dppe = 1,2-bis(diphenyl-
phosphino)ethane) undergoes reaction in the presence of di-
hydrogen to form [IrH2(CO)2(dppe)] as the major product.
Through labeling studies and1H and31P-{1H} NMR spec-
troscopies including parahydrogen measurements, it is shown
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Fig. 36. Formation of [Ir2(CF CFCH3)(CH3)(CO)(�-CO)(�-Cl)(�-dppm)2]CF3SO3 [63].

Fig. 37. Reaction sequence yielding [IrH2(CO)2(dppe)][64].

that the reaction involves conversion of the coordinated CF3
ligand into carbonyl. In this reaction sequence (Fig. 37), the
initial step is the heterolytic activation of dihydrogen, leading
to proton generation which promotes�-C F bond cleavage.
Polarization occurs in the final [IrH2(CO)2(dppe)] product
by the reaction of H2 with the Ir(I) species [Ir(CO)2(dppe)]
that is generated in the course of the CF3 to CO conversion.

6. Palladium

Smurnyi et al.[65] have studied the oxidative addition of
methane and fluoromethane to nickel, palladium and plat-
inum atoms and to their diphosphine and ethylenediphos-
phine complexes using a unique approach by the density func-
tional theory with the PBE functional and the TZ2p basis set
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taking into account relativistic corrections (the SBK effec-
tive core potential). The complete reaction paths were deter-
mined, and the saddle points were identified by calculating
the Hessians. The reactions under consideration (except the
dissociation of the CH bond with the participation of atomic
platinum, which was a barrierless reaction) involved the stage
of formation of donor–acceptor prereaction complexes. The
electrophilic and nucleophilic reaction phases were discov-
ered. The barriers to reactions were found to decrease, and
the heats of reactions to increase along the series of met-
als Pd, Ni, Pt, and along the series of complexes M(PH3)2,
M(PH2CH2CH2PH2). Fluoromethane was more active than
methane. The conclusion was drawn that the oxidative ad-
dition of fluoromethane at the CH bond was a kinetically
controlled reaction, and the addition at the CF bond was
more favorable under thermodynamically controlled condi-
tions.

Kambe and co-workers[66] have studied cross-coupling
reactions of alkyl derivatives with Grignard reagents and dis-
closed the first example of a catalytic CC bond-forming
reaction using nonactivated alkyl fluorides (Eq.(4)):

nC8H17 F+nC3H7 MgBr
PdCl2−→

1,3-butadiene

nC11H24 (4)

For example, a reaction using 2 mmol ofnC8H17 F, 3 mol%
catalyst, 1,3-butadiene (mol% based on the substrate), and
n
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Fig. 38. Oxidative addition of the CF bond to the palladium(0) intermedi-
ate[68].

tion (Fig. 38, path A) or an addition–elimination sequence
(Fig. 38, path B) via anexoaddition of palladium to form1
followed by fluoride loss to produce2 cannot be determined
at this point. The insertion product could be active in the
catalytic cycle in either neutral (3) or cationic (2) form.

The Suzuki reactions were optimal with [Pd2(diben-
zylideneacetone)3] PMe3 Cs2CO3 in MeOCH2CH2OMe
at reflux. The Stille reactions were optimal with [Pd2(diben-
zylideneacetone)3] PMe3 CsF in MeOCH2CH2OMe at re-
flux and neither was adversely affected by a methoxy group
on the complexed ring. The Suzuki reaction tolerated methyl,
methoxy and a chloro group on the arylboronic acid ring but
not a bromo group.

Widdowson and Wilhelm[70] have also reported the first
successful palladium-catalyzed Suzuki reaction of an uncom-
plexed fluoroarene (Fig. 39).

4-Chlorobenzeneboronic acid gave the coupled product in
66% yield, which showed, remarkably, that the CCl bond
of the chlorobenzeneboronic acid was less reactive in cross-
coupling than the CF bond of the fluoroarene under these
conditions. An even more intriguing result was found with the
coupling of 3-aminobenzeneboronic acid hemisulfate which
gave the coupled product in 50% yield. Clearly, the amino-
function, whether protonated or not, is insufficiently nucle-
ophilic to compete with the palladium(0) species for the 2,4-
dinitrofluorobenzene reagent.

)-
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C3H7 MgBr (2 equiv., 1 M), in THF, 25◦C and 3 h, PdCl2
ields 23%nC11H24, 1% nC8H18 and 4% of a mixture o
-octene and 2-octene.

Rzepa and co-workers[67] have published an ab in
io molecular orbital study using both gas-phase
3LYP/DZVP-COSMO solvation models of the mechan
f palladium insertion into alkyne and aryl carbonhalogen
onds. Their results suggest that the mechanism of palla

nsertion into alkyne species can proceed via a concerte
dative addition across the carbonhalogen bond. A stepwis

echanism via a�-complex is favored when a nitro gro
s introduced onto the alkyne. The palladium insertion
ariously substituted aryl fluorides was again found to
eed via a single-step concerted mechanism, and altho
-complex can be located when 2,4-dinitro and 2-nitro
titution is present, the energy of this stepwise route is
imilar to the concerted pathway and no clear decision o
athway can be made. No intermediate�-complex could b

ocated for�6-tricarbonylchromium-complexed fluorobe
ene, and only a concerted pathway was identified.

Widdowson and Wilhelm [68,69] have found tha
fluoroarene)-tricarbonylchromium(0) complexes unde
uzuki and Stille cross-coupling reactions to form funct
lized biaryl and styrene complexes in the presence of a

adium catalyst.
Several experiments with the Susuki system pro

trong evidence for direct participation of the fluorobenz
omplex in the coupling process with the implication of
nprecedented oxidative addition of the CF bond to the pa

adium(0) intermediate. Whether this is a concerted in
Mi Kim and Yu [71] have studied the palladium(0
atalyzed amination, Stille coupling and Suzuki coupling
ctions of electron-deficient aryl monofluorides.

A set of control experiments were designed and perfor
o rule out (i) thermal reactions (neither Pd nor the lig
as present), (ii) influence of the ligand alone (no Pd
resent), (iii) influence of the Pd(0) source alone (no lig
as present) and (iv) influence of Pd(II) species.
Pd(0) in the form of [Pd2(dibenzylideneacetone)3] did

romote the amination, although far less effectively t
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Fig. 39. Suzuki reactions of uncomplexed fluoroarenes[70].

Fig. 40. Amination reaction with [Pd(PPh3)4] [71].

Fig. 41. Stille coupling reactions using [Pd(PPh3)4] [71].

[Pd2(dba)3]/2-dicyclohexylphosphino-2′-(N,N-dimethylam-
ino)-biphenyl or [Pd(PPh3)4] which stood out as the
most effective catalyst for the amination reaction (see
Fig. 40).

When the highly reactive trimethylphenyltin and 2-
fluoronitrobenzene were heated at 65◦C in DMF in the
presence of 10% [Pd(PPh3)4], no Stille coupling product
was detected. However, when both theortho- and thepara-
positions of the fluorobenzene were occupied by electron-
withdrawing groups, CN or CHO, the Stille coupling pro-
ceeded smoothly even with the less reactive tributyltin
compounds.

When the activated aryl fluorides (R = CN, CHO) were
heated with tributylphenyltin or tributylvinyltin at 65◦C in
the presence of the expected Stille coupling products formed
in moderate yields. In the absence of palladium, PPh3 alone
did not catalyze the reaction, and no coupling product was
detected (seeFig. 41).

The third reaction investigated was the Suzuki coupling.
When the highly activated 4-methoxyphenylboronic acid and
2-fluoronitrobenzene were subjected to the conditions of the
amination reaction ([Pd(PPh3)4], Cs2CO3, DMF, 65◦C), the
expected Suzuki coupling product was no more than 20%.
However, reacting aryl fluorides that bear strong electron-
withdrawing groups at both theortho- and thepara-positions
phenyl boronic acid and 4-methoxy-phenylboronic acid, af-
forded the Suzuki coupling product, in 33–86% yield (see
Fig. 42).

In summary, when activated by strong electron-
withdrawing group(s), aryl fluorides are capable of under-
going Pd(0)-catalyzed amination, Stille coupling and Suzuki
coupling reactions.

The mechanism of these reactions is not known with
certainty; notwithstanding, the experimental data appeared
to converge on the oxidative addition/reductive elimination
pathway. Oxidative addition does not have to proceed via
a concerted mechanism. In the cases of electron-deficient
aryl fluorides, the Pd(0) species may act as a nucleophile
and displace the fluoride in an SNAr manner to form the
carbon palladium bond. The fact that a second electron-
withdrawing group is only required for Stille and Suzuki
reactions (but not amination) implied that oxidative addi-
tion is perhaps not even rate determining for these processes
(electron-withdrawing groups do accelerate reductive elimi-
n

reacti
Fig. 42. Suzuki coupling
ation).

ons using [Pd(PPh3)4] [71].
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7. Platinum

Recently, Perutz and co-workers[72] published an elegant
theoretical study focused on the reaction of C6F6 or C6H6 and
the metal fragment [M(0)(H2PCH2CH2PH2)] (M = Ni or Pt).

Thus, using DFT, they have explored the reaction path-
ways for aromatic CH and C F activation at 14-electron,
zerovalent nickel and platinum centers. Their calcula-
tions indicate that, for both [Ni(H2PCH2CH2PH2)] and
[Pt(H2PCH2CH2PH2)], the initial step in the reaction is the
exothermic formation of an�2-coordinated arene complex.
In all cases, the complex formed with C6F6 is more stable
than its C6H6 counterpart. The potential energy surface
connecting the�2-arene to the oxidative addition product
is a complex one involving two distinct transition states.
The metal center first migrates along the CC bond leading
to a transition state (TSb) which connects two equivalent
�2-arene structures. From TSb, the reaction coordinate
follows an orthogonal mode, in which the metal center
migrates along the CX bond, leading to a transition state
(TSa) where this bond is partially cleaved. The absence of
a stable�2-C X � complex on the potential energy surface
is associated with the 14-electron configuration of the metal
fragment, and distinguishes the reaction pathway from
similar process involving 16-electron fragments such as
[CpRe(CO)].
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C
c w-
e ong
5 on-
t at-
i at the
s
a -
p -
e ted

the importance of attractive� bonding in metal–fluorine in-
teractions, these studies highlight the role of repulsive�
interactions.

In summary, based on these calculations, Perutz et al. pre-
dict that the nickel complex will show a strong selectivity for
C F over C H bond activation. For platinum, in contrast,
oxidative addition of both aromatic CH and C F bonds
should be feasible, and CH and C F activation should be
the kinetic and thermodynamic products, respectively (see
Fig. 43).

Crespo et al.[73] have been interested in studies of
cyclometallation reactions of platinum(II) complexes by
imines. In some of these cases, reaction occurs via an ox-
idative addition of the CF bond to the platinum(II) center
producing a platinum(IV) complex.

The kinetics of C X (X = H, F, Cl or Br) bond activa-
tion of ring-substituted, ArfCHNCH2Ph, type imines via
intramolecular oxidative addition to platinum(II) complexes
has been studied in acetone and toluene solution at different
temperatures and pressures. Although the activation parame-
ters determined are within the range expected, the latter is ex-
tremely large (�H‡ from 25 to 70 kJ mol−1, �S‡ from −220
to −45 kJ mol−1, �V‡ from −31.2 to−9.5 cm3 mol−1). No
differences were found for the reactions carried out in ace-
tone or toluene, indicating that no polar transition state is
formed during the reaction and that a common highly or-
d ll
t r the
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f oth
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c ddi-
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c spa-
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ctivati
2
For both nickel and platinum, oxidative addition of
F bond is strongly exothermic relative to the�2-arene

omplex. The kinetic barrier to bond activation is, ho
ver, significantly higher for platinum as a result of str
d�–p� repulsions in the transition state. In marked c

rast, C H bond activation is exothermic only for the pl
num system. The accumulated evidence suggests th
witch from nickel to platinum has different effects on MF
nd M H bonds. Whereas the PtH bond benefits from im
roved overlap compared to nickel, the PtF bond is weak
ned by d�–p� repulsions. While other studies have deba

Fig. 43. Comparison of energetics of CF and C H a
ered three centered CPt X interaction is present for a
he imines used. A good correlation was also obtained fo
S‡ and�V‡ values, independent of the solvent used,

rming the non-polarity of the transition state. A deviat
rom this pattern is observed only for fluorinated imines b
n acetone and toluene solutions; this result is interprete
onsidering an earlier transition state for the oxidative a
ion of C F that has not yet produced an important volu
ontraction of the platinum center despite the important
ial organization of the ligand, as shown by the very nega
alues of�S‡.

on in isomeric products (energies in kcal mol−1) [72].
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Fig. 44. Reactions of Me2NCH2CH2N CHR (R = 2,4,6-C6H2F3, 2,3,6-
C6H2F3) with [Pt2Me4(�-SMe2)2] [74].

Crespo and co-workers[74] found that trifluorinated
ligands Me2NCH2CH2N CHR (R = 2,4,6-C6H2F3, 2,3,6-
C6H2F3) react with [Pt2Me4(�-SMe2)2] to yield the
[C,N,N′] saturated cyclometallated platinum(IV) com-
pounds [PtFMe2(Me2NCH2CH2N HCH(CH2COMe)(n,
m-C6H2F2))] arising from C F bond activation fol-
lowed by acetone addition on the iminic bond of the
coordinated ligand as shown inFig. 44. [PtFMe2(Me2
NCH2CH2NHCH(CH2COMe)(2,4-C6H2F2))] has been
characterized crystallographically.

As shown inFig. 45 [75], the reactions of [Pt2Me4(�-
SMe2)2] with ligands ArCH N-(S)-CHMePh (Ar = 2-
BrC6H4, 2,6-Cl2C6H3, C6F5, 2-FC6H4 and 2-CF3C6H4)
give either cyclometallated compounds [PtMe2X(ArCH N-
(S)-CHMePh)(SMe2)] by intramolecular activation of
C X (X = Br, Cl or F) bonds, or compounds [PtMe
(ArCH N-(S)-CHMePh)(SMe)2] by ortho-metallation,
followed by methane elimination. The reactions of
these compounds with PPh3 result in the formation of
[PtMe2X(ArCH N-(S)-CHMePh)(PPh3)] or [PtMe(ArCH
N-(S)-CHMePh)(PPh3)], respectively. Oxidative addition
of methyl iodide to [PtMe(ArCHN-(S)-CHMePh)(PPh3)]
produces the corresponding complexes [PtMe2I(ArCH N-
(S)-CHMePh)(PPh3)]. The NMR spectra of com-
pounds [PtMe2X(ArCH N-(S)-CHMePh)(SMe2)] and
[PtMe X(ArCH N-(S)-CHMePh)(PPh)] indicate that
t -ray

Fig. 45. Reactions of [Pt2Me4(�-SMe2)2] with C6F5CH N-(S)-CHMePh
[75].

structure of [PtMe(2-FC6H6CH N-(S)-CHMePh)(PPh3)] is
reported[75].

Jasim and Perutz [76] found that trans-[Pt-
(PCy3)2H(FHF)] can be synthesized by a CF acti-
vation route. Reaction of trans-[Pt(PCy3)2H2] with
hexafluorobenzene in the presence of [NMe4]F yields
the bifluoride complex trans-[Pt(PCy3)2H(FHF)] and
trans-[Pt(PCy3)2H(C6F5)] in a ratio of 1:13. The latter
was characterized by Stone and co-workers following CH
activation of C6F5H with Pt(PCy3)2 [77]. A control experi-
ment showed no reaction betweentrans-[Pt(PCy3)2H2] and
[NMe4]F.

Treatment[78] of trans-[PtCl2(PPh2−n(C6F5)n+1)2] (n= 0
or 1) with Pb(SC6HF4-4)2 yields a mixture of monometallic
cis/trans [Pt(SC6HF4-4)2(PPh2−n(C6F5)n+1)2], thiolate-
bridged bimetalliccis/trans [Pt2(�-SC6HF4-4)2(SC6HF4-
4)2(PPh2−n(C6F5)n+1)2] and [Pt(SC6HF4-4)2(1,2-C6F4
(SC6HF4-4)(PPh2−n(C6F5)n)] as shown inFig. 46.

To rationalize the outcome from these reactions, activation
and cleavage of anortho-carbon fluorine bond at a phos-
phine ligand, transfer of a thiolate moiety and rearrangement
of the parent bimetallic complexes have to be considered.
Therefore theortho-carbon atoms of complexes [Pt(SC6HF4-
4)2(1,2-C6F4(SC6HF4-4)(PPh2−n(C6F5)n)] can be envis-
aged as the center of a nucleophilic attack by a thiolatesulfur
atom.
2 3
hese are formed as pairs of diastereomers. The X
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Fig. 46. Reactions oftrans-[PtCl2(PPh2−n(C6F5)n+1)2] (n= 0 or 1) with
Pb(SC6HF4-4)2 [78].

8. Final remarks

During the last decade, significant progress has been
made in the area of metal-assisted CF bond activation. Al-
though a wide variety of metals are capable of activating the
carbon fluorine bond under the appropriate conditions, each
family of metals has its own virtues and limitations. Thus,
the fluoride affinity of the highly electrophilic early transition
metals tends to afford quite robust reaction products preclud-
ing their use in catalysis, for example. Similarly, the alkali
and alkaline earth metals are not suitable as CF activation
catalysts due to their propensity to form ionic salts with flu-
oride, even though very efficient defluorination systems are
known.

Naturally, low-valent electron-rich transition metals have
attracted considerable attention and several research groups
have achieved surprising results in terms of chemical selectiv-
ity, mechanistic understanding and theoretical foundations.

Early efforts typically employed forcing conditions and
obtained low yields. Carbonfluorine activation can now be
accomplished under extremely mild conditions using a suit-
able transition-metal complex.

Despite the many diverse catalytic and stoichiometric pro-
cesses known today, very few of these systems are well un-
derstood. Unfortunately, many of these metal-promoted CF
activation reactions are recognized only because they form
c nd
t etal
c

istic
u metal
c

plat-
i

idative addition which is one of the fundamental mechanis-
tic steps necessary for metal-catalyzed functionalization of
polyfluorinated molecules.

A large number of CF activation reactions have been
studied using fluoroolefins. Upon coordination, the fluo-
roolefin moiety becomes rather electrophilic as evidenced by
the facile addition of protic acids. Due to this enhanced elec-
trophilicity, coordinated fluoroolefins also tend to react read-
ily with Lewis acids to afford vinyl complexes via fluoride
abstraction. Ru[22,23], Os[30], Rh[40,50]and Ir[52,62,63]
fluoroolefin complexes have been prepared and examined
along with several compounds having the MCF2R skele-
ton, M = Rh, R = CF2CF3, C6F5 [44]; M = Rh, R = C6F5 [45];
M = Ir, R = CF3 or CF2CF3 [54,55]; M = Ir, R = CF2CF3 or
CF(CF3)2 [56]; M = Ir, R = CF2CF3 [60]; M = Ir, R = CF2CF3
[61]; M = Ir, R = CF3 [64].

In general, the authors note that, as expected the reactions
are strongly dependent upon the nature of the ancillary lig-
ands. Very often these reactions proceed further through a
carbene intermediate. Once considered a rarity, intramolec-
ular �-fluorine elimination to afford difluorocarbene species
is now a well-established procedure.

Hughes et al. have made extensive use of this process.
They have found that [RhCp*(CF2C6F5)(H2O)(PMe3)]+

[44] is cleanly transformed on standing overnight into
[RhCp*(C F )(CO)(PMe )]+. To rationalize the formation
o ter-
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ompounds in which a CF bond has been ruptured, a
ypically a polyfluorinated ligand is coordinated to the m
enter in the product.

Further developments in this field require a mechan
nderstanding of the chemical interactions between the
omplex and the organic substrate.

As demonstrated in the preceding sections, several
num group metal (PGM) complexes are capable of CF ox-
6 5 3
f this carbonyl complex, the authors propose an in
ediate with the carbene fragment (OH)RhCF(C6F5).
he analogous perfluoropropyl complex results from

reatment of [RhCp*I(CF2CF2CF3)(PMe3)]+ with silver
riflate and NaB(ArF)4 in the presence of water. Simila
45] but without CO migration, [RhCp*I(CF2C6F5)(CO)]
ndergoes rapid hydrolysis of the RCF2 moiety to afford

he oxametallacycle [Rh(1,2-C6F4(O)(CO))Cp*(PMe3)].
his group has also found the first examples[54,55]
f hydrogenolysis of the�-CF2 groups in some irid

um fluoroalkyls using dihydrogen under ambi
ondition [IrCp*(CF2Rf)(H2O)(PMe3)]+ (Rf = CF3 or
F2CF3) mediated by [IrCp*( CFRf)H(PMe3)]+ af-

ords RfCH2F and RfCH3 but no RfCH2F. Similarly,
IrCp*(CF(CF3)2)(H2O)(PMe3)]+ yields CF3CH2CF3 but
o CF3CHFCF3. Carbene intermediates have also b

ound[60] in the reaction of [IrCp*(CF2CF3)(H2O)(PMe3)]+

nd H2S with [IrCp*( CFCF3)(HS)(PMe3)]+ (interme-
iate) to yield [IrCp*(S(S)CHCF3)(PMe3)]+. Caulton
nd co-workers [26] have found that [RuH(F)(CO
PtBu2Me)2]+ and Me3SiCF3 yields the comple
RuH(F)( CF2)(CO)(PtBu2Me)2] whereas [30] the
inyl C F cleavage by [OsCl(H)3(PiPr)2] afforded
OsCl(F)( CHMe)(PiPr)2]. Roper and co-workers[52]
ound that [IrCl2(CF2CF2H)(CH3CN)(PPh3)2] reacts with
Cl through the intermediate fluorocarbene com

IrCl2( CFCF2H)(CH3CN)(PPh3)2]+ to yield, upon hydrol
sis [IrCl2(C(O)CF2H)(CH3CN)(PPh3)2]. Thermolysis o
he acyl complexes results finally in a migration process
ormation of [IrCl2(CF2H)(CO)(PPh3)2].
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Fluorinated arenes have been also studied in a variety
of C F activation reaction. Perutz and co-workers[19,20]
have found thatcis-[Ru(H)2(Me2PC2H4PMe2)2] reacts with
i.a. C6F6, C6HF5, C6H2F4 or C6H3F3, to generate the
fluorophenyl hydridetrans-[RuH(Rf)(Me2PC2H4PMe2)2],
(Rf = C6F5, C6HF4, C6H2F3, C6H3F2), complexes from
C F insertion exclusively. Similarly, they[76] have
found that reaction oftrans-[Pt(PCy3)2H2] with hex-
afluorobenzene in the presence of [NMe4]F yields the
bifluoride complex trans-[Pt(PCy3)2H(FHF)] and trans-
[Pt(PCy3)2H(C6F5)] [77]. Aizenberg and Milstein[33] found
that [Rh(SiR3)(PMe3)3] reacts quantitatively with C6F6
yielding [Rh(C6F5)(PMe3)3]. Treatment of this compound
with HSiR3 affords [RhH(C6F5)(SiR3)(PMe3)3] which
closes the catalytic cycle producing C6HF5 and restoring
the catalytic precursor. Edelbach and Jones[21] found that
the complex [Rh(�5-C5Me5)(H)2(PMe3)] reacts with C6F6,
C6F5H, C12F10 or C10F8 to give the C F cleavage products
[Rh(�5-C5Me5)(aryl F)H(PMe3)]. The reaction has autocat-
alytic character and fluoride ion is shown to be responsible
for the catalysis. A mechanism initiated by deprotonation of
[Rh(�5-C5Me5)(H)2(PMe3)] followed by nucleophilic attack
of the resulting anion on the polyfluoroaromatic with subse-
quent loss of fluoride is proposed. The fluoride ion continues
the cycle by deprotonating [Rh(�5-C5Me5)(H)2(PMe3)].

Successful examples of chelated assisted activation of
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C5H5)(PMe3)RhCH2OC6F4] used to generate [(�5-
C5H5)(PMe3)Rh CH(OC6F4)]PF6.

Saunders and co-workers[35,36] discovered several
interesting reaction involving CF activation in the chelating
phosphine (C6F5)2PCH2CH2P(C6F5)2 upon treatment with
[{MCp*Cl(�-Cl)}2] (M = Rh or Ir). Activation of two C H
bonds of the Cp* ligand followed by formation of two CC
bonds affords the final product with net elimination of HF.
In the absence of ethanol, thermolysis of [MCp*Cl(�2-
(C6F5)2PCH2CH2P(C6F5)2] does not lead to CF activation,
suggesting an open coordination site on the metal is required
for this transformation. Interestingly, the less heavily fluori-
nated phosphine (C6H3F2)2PCH2CH2P(C6H3F2)2 exhibits
similar C F activation and functionalization chemistry as
described above for Rh but not for Ir. Perhaps this difference
can be ascribed to the enhanced kinetic lability of second-row
transition metals coupled with the increased thermodynamic
stability of metal ligand bonds in the third row. These trans-
formations are of interest since they also provide examples
of net functionalization of CF bonds to form CC bonds.
Other examples include the reactions[37] between [Rh(�5-
C5Me4H)Cl(�-Cl)]2 or [38] [Rh(�5-C5Me4Et)Cl(�-Cl)]2
and (C6F5)2PCH2CH2P(C6F5)2 (dfppe), to yield the chiral
cation [Rh(�5-C5HMe2 2,4-[CH2C6F4P(C6F5)CH2]2-
1,3)Cl]+ and what the authors have formulated as “[Rh(�5-
C5Me4Et)Cl((C6F5)2PCH2CH2P(C6F5)2) 2HF]BF4”.
The compounds [RhCl(�5-C5Me5)((C6F5)2PC6H4SMe-
2)]BF4, and the diastereoisomer of [RhCl(�5-
C5Me5)((C6F5)PhPC6H4SMe-2)]BF4, in which C5Me5 and
C6F5 arecis, undergo rapid coupling. The reaction between
[Rh(�-Cl)Cl(�5-C5Me5)]2 [41] and the tetrafluoropyridyl-
substituted diphosphine Ph2PCH2CH2PPh(C5F4N-
4) yielding racemic diastereoisomers of [RhCl(�5-
C5Me5)(Ph2PCH2CH2PPh(C5F4N-4))](BF4), underwent
rapid dehydrofluorinative CC coupling to give the
respective enantiomers of [RhCl(�5,�P,�P C5Me4CH2 2-
C5F3N 4-PPhCH2CH2PPh2)]BF4.

Monofluoro arenes are normally inert toward nucleophilic
attack. However, Widdowson and Wilhelm[68,69] have
found that (fluoroarene)-tricarbonylchromium(0) complexes
undergo Suzuki and Stille cross-coupling reactions to
form functionalized biaryl and styrene complexes in the
presence of a palladium catalyst. They have also reported the
first successful palladium-catalyzed Suzuki reaction of an
uncomplexed fluoroarene. Mi Kim and Yu[71] have studied
the palladium(0)-catalyzed amination, Stille coupling and
Suzuki coupling reactions of electron-deficient aryl monoflu-
orides. The mechanism of these reactions is not known with
certainty. Experimental data appeared to converge on the
oxidative addition/reductive elimination pathway. Oxidative
addition does not have to proceed via a concerted mechanism.
In the cases of electron-deficient aryl fluorides, the Pd(0)
species may act as a nucleophile and displace the fluoride
in an SNAr manner to form the carbonpalladium bond.
The fact that a second electron-withdrawing group is only
required for Stille and Suzuki reactions (but not amination)
romatic C F bonds provided the foundation for furth
xploration of the organometallic chemistry of fluoroc
ons. While early examples were limited to perfluorina
romatic systems, the scope of this process is now wide

ncludes a variety of functionalized ligands. Thus, Mu
nd co-workers[46] have discovered the first Rh-catalyz
helation assisted SiF exchange reaction between disila
nd fluoroarenes activated by ketone or oxazoline f

ionality ortho to the C F bond. Esteruelas and co-work
29] have demonstrated that [OsH6(PiPr3)2] is capable o
ctivatingortho-C F bonds of fluorinated aromatic keton
ielding [OsH3(C6F4C(O)R)(PiPr3)2] (R = CH3, C6F5) and
OsH3(C6H3FC(O)CH3)(PiPr3)2]. Calculations sugge
hat, in agreement with the CF activation of pentafluo
obenzophenone, in aromatic ketones the CF activation is
uch more favored than the CH activation, from a thermo
ynamic point of view. So, the preferred CH activation in
-fluoroacethophenone and 2,3,4,5-tetrafluoroacetophe
ppears to have kinetic origin, which could be, in part, rel
ith the preferredantiarrangement of the FC C C O unit
f the starting ketones. Crespo and co-workers[74,75]found

hat fluorinated ligands such as Me2NCH2CH2N CHRf
Rf = 2,4,6-C6H2F3, 2,3,6-C6H2F3) or C6F5CH NCHMePh
eact with [Pt2Me4(�-SMe2)2] to yield the [C,N,N′]
aturated cyclometallated platinum(IV) [PtFMe2(Me2NCH2
H2N HCH(CH2COMe)(n,m-C6H2F2))] or [PtMe2F(C6F4
H NCHMePh)(SMe2)] compounds by intramolecul
ctivation of C F bonds. Perutz and coworkers[42] have
hown that irradiation of [Rh(�5-C5H5)(PMe3)(C2H4)]
n pentafluoroanisole generates the metallacycle�5-
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implied that oxidative addition is perhaps not even rate
determining for these processes considering that electron-
withdrawing groups do accelerate reductive elimination.

It is clear that several ligand-based systems show promise
and should be further exploited as model compounds for sys-
tematic studies directed toward catalytic CF bond-activation
processes. The mild conditions of these transformations pro-
vide important implications for the development of homo-
geneous catalysts for fluorocarbon activation and functional-
ization. Future efforts ought to utilize these mild CF bond
cleavage processes directed toward the ultimate functional-
ization of the C F bond.
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