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Abstract

This review is focused on carbefluorine bond activation taking place at platinum group metal - PGM =Ru, Os, Rh, Ir, Pd and Pt —
coordination compounds. It will specifically address the relevant examples in the area of fluorocarbon coordination to PGM leading to, at
least, one €F 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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1. Introduction and scope narian products follow a similar pattern. At present, up to
30-40% of agrochemicals and 20-30% of pharmaceuticals
Fluorine forms the strongest single bond to carbon; adding contain at least one fluorine atdsi.
the small size and high electronegativity of this element, the  The chemical inertness and high thermal stability of fluo-
combination give rise to the unusual properties associatedrocarbons have made them useful in a variety of exceptional
with fluorinated organic compoundts). applications from frying pan coating] to artificial blood
The introduction of fluorinated groups into organic but, at the same time have increased public concerns over
molecules can cause a dramatic change in their physical proptheir ecological impact particularly on the upper atmosphere.
erties, chemical reactivity and physiological actiigf and The stability imparted by the-& bonds leads to the long
therefore it is not surprising that, for example, the number atmospheric lifetimes of chlorofluorocarbons (CFCs); sat-
of fluorine-containing drugs has increased dramatically in urated perfluorocarbons (PFCs) are even more stable, with
recent years and its application in agrochemical and veteri- CF4 having an estimated stratospheric lifetime of more than
10,000 year$5].
This chemical inertness makes the chemistry of fluorocar-
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the attention of inorganic and organometallic chemists and [Ru(H)(CO)(olefin)Ly]* or [RUCIF(CH=CHy)L ], L=PHg,

new routes to transform these bonds are the subject of manyto give 14-electron tetracoordinatgitagostic alkyl com-
investigations. The chemical and intellectual challenges of plexes. Low activation barriers have been found in the case of
C—F bond activation rival those of-@H activation in hydro- insertion of ethylene or fluoroethylene in the-Rtibound of
carbons. the metal fragment [RUHCH]. Using the olefin complexes

Transition metals are employed as homogeneous catalystas energy references, substitution of an H by an F on ethylene
to modify hydrocarbons in several industrial processes suchstabilizes the alkyl complex only if F is at theposition; a
as olefin hydrogenations, hydroformylations and polymeriza- destabilization is observed if F is on tigeposition of the
tions. Analogous processes do not presently exist for fluoro- alkyl group. The energy barriers for insertion follow the rel-
carbons but it has become evident that interaction of fluoro- ative energies of the alkyl products: the energy barrier is the
carbons with metal centers may ultimately lead to the cleav- lowest for insertion of fluoroethylene with F going to the
age of the robust carbefiuorine bonds. carbon of the alkyl chain, the energy barrier is the highest

A variety of G-F activation reactions that employ metal for insertion of fluoroethylene with F going on tigecarbon
complexes, require comparatively mild conditions, are selec- and the energy barrier in the case of ethylene is intermediate.
tive, and afford isolable products are now known and catalytic These features follow the Hammond postulate. In contrast,
systems have been achieved. high-energy barriers and unusual geometrical features with

Several reviews, focused on the functionalization 6FC ~ non-monotonic variation of bond lengths along the reaction
bonds, provide a solid background. The activation of unre- path have been found withraacceptor ligand CO on Ru. The
active bonds has been reviewed by Mui@li; Braun and energy barrier for insertion of ethylene in the-Riibond is
Perutz[7] have summarized their search for routes to fluori- over 15 kcal mot? higher for [Ru(H)(CO)(CH=CH,)L2]*
nated organic derivatives by nickel-mediatedFCactivation than for [RuH(CI)(CH=CH)L2]. The energy barrier for
of heteroaromatics. The coordination chemistry of thdC  the insertion in the RuF bond of [RuF(CI)(CH=CH,)L7]
unit in fluorocarbons was reviewed by Pler&), whereas has also a very high barrier. This later result generalizes
Roesky and co-workerf®] have reviewed the compounds those found on the high barriers associated witH G-
containing carboametal-fluorine fragments of the d-block  migration[16], C—F oxidative additio[17] and migration
metals. Also relevant to the topic of€ activation are the  in the proximity of F[18]. Using an energy decomposition
reviews of Doherty and Hoffmafi0]. Richmond has pub-  based on a thermodynamic cycle, it is shown that the high
lished a chapter dealing with metal reagents for activation energy barrier for insertion of ethylene in the-Ri bond
and functionalization of carbetfluorine bond$11]. The ad- of [Ru(H)(CO)(CH=CH)L]* is due to the rigidity of the
vances in the reaction chemistry of totally saturated PFCs metal fragment [Ru(H)(CO}]* which energetically disfa-
and CFCs with special focus on the defluorination chemistry vors the change of coordination necessary to go from reactant
were summarized by Saunders in 1998]. to product. In the case of ethylene insertion in the-Rbond,

The areas dealt with in these reviews and fundamental as-the high activation barrier is associated with the presence of
pects of fluorine chemistry will be not specifically addressed an F lone pair coplanar with the ethylene ligand which creates
in this work although theoretical studies which provide in- some destabilizing interaction with theorbital of ethylene.
sight into the mechanism of these reactions will be summa-  Perutz and co-workerfl9,20] have reported thatis-
rized at the appropriate entries. [Ru(H)2(dmpe)] (dmpe=MePCH,CH,PMey) reacts at

Acomprehensive review of-&F bond activation by metals  —78°C with hexafluorobenzene to generate the pentaflu-
was published by Richmond and co-workgr3] in 1994 and orophenyl hydride complexrans[Ru(H)(CsFs)(dmped],
further progress in the field was updated by Crabtree and co-trans[RuH(FHF)(dmpe)] which is a rare example of a com-
workers[14] in 1997. plex containing M-H and M-F bonds, and is unique in the

We will provide an update on the area of fluorocarbon co- octahedral stereochemistry of hydrittansto fluorine[10]
ordination to platinum group metals by surveying the workre- and [Ru(H)(dmpe&)](HF2). As shown inFig. 1, reaction also
ported since the review by Richmond and co-work&8j in takes place with other fluorinated arenes to yield products
1994. G-F activation by PGM complexes shall be addressed from C—F insertion exclusively.
in the context of each metal separately. The literature up to  Although the proposed mechanism was that of an electron-
August 2004 is covered. transfer process involving a caged radical pair, recent studies

by Jones and co-workef21] have found strong evidence to
suggest that an anionic nucleophilic mechanism should be
2. Ruthenium considered as an alternative.
A sequence for the formation of the bifluoride hydride

Gérard and Eisensteifil5] have investigated by den- thatinvolves an intermediate dihydrogen hydride complex is
sity functional theory (DFT) activation barriers and tran- shown in Eqs(1) and(2) where [Ru] = [Ru(dmpe}:
sition state structures for the insertion of ethylene or flu-
oroethylene in the RtH or Ru-F bond of unsaturated
16-electron pentacoordinated complexes [RuCIH(olefip)L  [RulH2 +HF — [Rul(n?-H2)HF~ (1)
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Fig. 1. Reactions ofis-[Ru(H)2(dmpe}] with fluoroaromatic compound49].

[Rul(n?-H2)HTF~ + HF — [Ru](H)(HF2) + Ho ) Mo, SOTH L Nasa, H e
[RuHF(CO)L] OC—Ru—OTf — - _ > OC—Ru
R4 C,H,F R4

Extending these results, Whittlesey and co-workg@?2]
have found that the reaction of (grC=C(F)CRCFs or
CRCF=CF, with cis-[Ru(H)2(dmpe}] affords the biflu-
oride fluoride complgxm&[RuF(FHF)(dmpej], in pref— _ Fig. 2. Synthesis of [RUH(CO)tBUzMe)]B(3,5-CsHa(CFs)a)a [24,25}
erence to the hydride product, whereas reaction with
cis-[Ru(H)2(dcpe}] [depe = (GH11)2PCH.CH2P(CsH11)2]
yields the 16-electron hydride species [Ru(H)(dgpevith pling constant smaller than that found in [Rufd{
[(CF3)2,C=C(O)CRCF3]~ as the anion. CH,=CHCHg3)(CO)(PBu;Me),]* (140Hz versus 165Hz
Caulton and co-workei®3] have explored the chemistry ~ for the propylene adduct). THE8F NMR signal of the coor-
of [RuH(CO)(PBu,Me),]B(3,5-CsH3(CFs)2)4 obtained ac- dinated CH=CHF has moved strongly upfield-(50 ppm)
cording toFig. 2 [24,25] compared to that of free vinyl fluoride—(15ppm). A
With  [RuH(CO)(PBu,Me)]*  excess ChH=CHF low-field hydride signal £3.1ppm) reveals it igrans to
forms, at —70°C, a 1:1 adduct, [RuH{Z-CH,=CHF) the coordinated vinyl fluoride. Upon warming the solution
(CO)(PBuMe),]*, which is a chiral complex. The to room temperature, free ethylene is formed along with
two phosphines are inequivalent, and tféP-{1H} at least seven phosphine-containing produdegy.( 3.
NMR spectrum shows an AB pattern with—P cou- Some of these are doublets BYP-{*H} NMR, with

L= (P'Bu,Me) Ar = 3,5-C,H,(CF,),

T/ﬂJ’ CH,CHF H L—|+

OC—RU oc—hl — - CH,=CH, +MIXTURE
i 70 °C /| 10 °C

CH,=CHF

Fig. 3. Formation of Cp=CH, from CH,=CHF[23].
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L = P'Bu,Me, P'Pr,
Fig. 4. Formation of [Ru(H)(F¥CF,)(CO)L;] [26].

coupling constants around 20 Hz, presumably to fluorine on and [RuH(CRE)(CO)Ly] in solution. In sharp contrast, the Os

Ru. analogue does not have such a fast equilibrium, and therefore
Caulton and co-workers have fourjd6] that in the it does not react with CO at room temperature.
presence of a catalytic amount of” HCsF), MeSiRf At higher temperature, reaction occurs forming the

(Rf=CFs and GFs) exchanges Rf with fluoride of the 16- hydride and fluoride exchanged product, [Os(GHF)
electron complexes [Ru(H)(F)(CO)L = P'Prz, PBu,Me) (CO)L2].

to give Mg Si—F and the unsaturated pentafluorophenylcom-  The contrasting behavior of Ru versus Os regarding stabil-
plexes, [RuH(GFs)(CO)L,], or (when Rf=CE) saturated ity of fluoroalkyl and fluorocarbene is discussed on the basis

fluorocarbene complexes, [Ru(H)(BF)(CO)L,], via a- of theoretical calculations.
fluorine migration Fig. 4). The calculated energies of the various produkEig.(5)
X-ray crystal structure and solutidiF NMR studies re- reveal some insights, with the proviso that, by studying si-

veal that, in the ground state, the three atoms of the CF multaneously two metals from the same periodic group, one
group lie in a plane perpendicular to theRU—P axis so learns bycomparisonwith the following conclusions:

that them-back-donation is maximized and the carbene sub-

stituents are inequivalent. Having hydrittans to the Ck (1) The reaction of [M(H)(F)(CO)(P§)2] M =Ru, Os with

ligand, [M(H)(F)(CR)(CO)L,] is a kinetic product, which H3Si-CFs is calculated to be approximately thermoneu-
converts to a thermodynamic isomer. For Ru, the final prod- tral (4 kcal mot 1) for both M=Ru and Os. This shows
uct is a 16-electron complex, [RuF(eff)(CO)Ly], formed that, despite the very strong-$i bond which is formed,

by combination of CEand hydride. For Os, the product is an the reactants have comparable stabilities. This suggests
18-electron complex, [Osk=CFH)(CO)L;], resulting from that the M-F bond, while synthetically very useful, is
exchange of one carbene fluoride with the hydride. The dis- itself quite strong.

tinct difference between Os and Ru demonstrates the prin-(2) The (experimentally unobserved) [M(H)(&FCO)
ciple that third-row transition metals show a pronounced (PHg)2] species show a structure which presages an un-
tendency toward a higher oxidation state. The isomeriza- expected feature of the chemistry reported hereFC
tion mechanism involves phosphine dissociation as a slow  cleavage. Tha-agostic F species is a minimum, and its

step. Coordinatively saturated [Ru(H)(F)(&{CO)L] re- geometry can lead easily only to a product with theCF
acts with CO within the time of mixing to give the F and carbene ligandransto H, where subsequent combina-
CF; recombination product, [RuH(GHCO),L2]. This un- tion of these ligands is unfavorable.

expectedly fast carbonylation reaction, as well3s spin (3) The full cleavage of the-&F bond, to form M3 from M2,
saturation transfer experiments, reveals the existence of afast  is much more favorable for M = Os~(L6 kcal mot1)

o-F migration equilibrium between [Ru(H)(F)(GKCO)L;] than for Ru (thermoneutral). This is in agreement with
M1 + HSiCF, M2 + H,SiF M3 + H,SiF M4 + H,SiF M5 + H,SiF
H F
H H
H [ \ GHF, Y
OC—M—F OC—M\'= OC—]M—F OC—M—F OC—I\III—F
F)/ F
-10 =
-20
-30 32
-33
-40

Fig. 5. Calculated energies of the structures shown — optimized — comparing M =Ru (solid lines) to M=0Os (dashed lines). For simplicjgndare
omitted from the drawingg26].
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E In the solid phase [Os(SEs)3(PMePh)] exhibits an
oc—||1u—H interaction of arortho<fluorine of one of the SgFs ligands

/\]\ with the metal to create an-% five membered chelate ligand,

F” °F thus achieving six coordination in an approximately octahe-
Ru3’ dral arrangemerj27,28].

Thermolysis of [Os(SEFs)3(PMePhy] in reflux-
Fi_g.' 6. Ison”l_ertransF-(:CF_z) of [Ru(H)(F)(:CFz)(CO)(PH;)z]. For sim- ing toluene affords [Os(S§Es)2(0-S,CsF4)(PMePh)] and
plicity, PHz ligands are omitted from the drawin{g6]. [OS(Q;F5)2(O-SQC6F4)(PM82Phh] arare example of aCF

activation from perfluorothiolate ligands to afford 1,2-

HoF dithiolate complexes.
ch?sﬂ To rationalize the outcome of this reaction, cleav-
F age of anortho-C—F bond at a thiolate ligand, inter-
0s3” molecular transfer of a sulfur atom and dissociation of

i {ransCO-(-CPy) of [OS(H)(F)=CRa)(CO)PHAL. Fors a phosphine molecule have to be considered. Formation
1g. /. Isometrans -(= (0) S| 2]. Forsim- " .
plicity, PHz ligands are omitted from the drawinf6]. of [OS(SQFS)Z(O SZC6F5)(PMe2Ph.)] (.:md [OS(GF5)2(O
SCeF4)(PMexPh)] also require oxidation of the metal cen-
ters.
the experimental fact that Ru3 is detectably in equilib- ~ An Ar—F-Os interaction is expected to induce an
riumwith a CRzisomer at 60C, while thisis notthe case  activated ortho-C—F bond bearing an electrophilic car-
for Os3. Osmium thus shows a greater preference thanbon atom. Therefore thertho-carbon atom of complex

ruthenium for being saturated and having metacid [Os(SGFs)a(PMePh)y] can be envisaged as the center of
ligands (i.e., to be more oxidized). a nucleophilic attack by a thiolate-sulfur atom.
(4) 1somer Ru3(Fig. 6), which may be relevant to finally Esteruelas and co-workef29] have demonstrated that

forming the CHE, ligand (H has migrated “toward” the  the hexahydride—osmium complex [QgR'PR),] is ca-
carbene), is only 1 kcal mot higher in energy than Ru3.  pable of activatingortho-C—F bonds of fluorinated aro-
This shows that H has an energetically comparable effectmatic ketones. Thus, the reactions of this complex
whether it istransto CO or to Ck. with pentafluoroacetophenone, decafluorobenzophenone and
(5) Isomer Os3 (Fig. 7), where the carbene has migrated 2 6-difluoroacetophenone give [Osi€sF2C(O)R)(PPrs),]
“toward” H, is 6 kcal mot! less stable than Os3. This (R=CHs, CgFs) and [Osh(CgH3zFC(O)CHs)(PPr3)s]

must be attributed to competition between the twacid (Fig. 8). _
ligands CO and Cffor back-bonding and the decreased The structure of [Osk{CgF4C(O)CHs)(P Prs)2] has been
push/pull interaction between F and CO in Os3 determined by X-ray diffraction. The geometry around the os-

(6) The transformation from M3 to M4 is very favorable for mium atom can be described as a distorted pentagonal bipyra-
both metals, although much more so for Ru than for Os. mid with the phosphine ligands occupying axial positions.
This metal dependence ofEs_4 can be attributed to the Complexes [Osb(CsF4C(O)CHg)(PiPrs)2] and [OsH
same effects cited above: a greater preference for satu{CgHsFC(O)CH)(P Pr3),] can also be obtained by reac-
ration, and the greater reducing power of the 5d metal. tion of [OsHs(P'Pr3)2] with 2,3,4,5-tetrafluoroacetophenone
Consistent with this logic, the isomerization of Os4 Os5 and 2-fluoroacetophenone, respectively. This selective
is thermoneutral, while itis unfavorable by 20 kcal mbl ~ C—H activation of the ortho-C—H bond of the above-
for Ru. Thus, for Ru, any benefit from achieving an 18- mentioned ketones is in contrast with the selective
valence electron count must be offset by the diminished C—F activation observed for the reaction of [QsH
reducing power of this 4d metal: it is less able than os- (P'Prs),] with 2,3,4,5,6-pentafluorobenzophenone, which
mium to tolerate the additionad-acid ligand CE. affords [Osh(CeF4C(O)CeHs)(P'Pr3)2]. The structure of

[OsHz(CF4C(0)CsHs)(P'Prs),] has also been determined
In broad strokes, then, the calculations agree with experi- by X-ray diffraction.

ment for ruthenium, and they give a quantitative measure of Density functional theory (DFT) calculations suggest

the stability of isomers, both observed and unobserved. that, in agreement with the-& activation of 2,3,4,5,6-
pentafluorobenzophenone, in aromatic ketones thé& C
activation is much more favored than the-l& activa-

3. Osmium tion, from a thermodynamic point of view. So, the pre-
ferred G-H activation in 2-fluoroacethophenone and 2,3,4,5-

Caultonand co-workefg26] have carried outdensity func-  tetrafluoroacetophenone appears to have kinetic origin, which

tional theory (DFT) calculations to study the contrasting be- could be, in part, related with the preferragti arrangement

havior of Ru versus Os regarding the stability of fluoroalkyl of the FC—C—C=0 unit of the starting ketones.

and fluorocarbene complexes. This work is summarized in  In conclusion, complex [Os§{P Pr3),] activatesortho-

Section2. C-H and ortho-C—-F bonds of aromatic ketones. The
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Fig. 8. Reactions of [Os§{P P1z),] with aromatic ketonef29].
ortho-C—H activation is preferred over thartho-C—F acti- 4. Rhodium
vation in ketones containing only one aromatic ring, whereas
the ortho-C—F activation is preferred over thertho-C—H Su and Chy31] reported in 1997 one of the first the-
activation in 2,3,4,5,6-pentafluorobenzophenone. oretical studies of €F activation. The oxidative addition

Caulton and co-worker$30] have studied the vinyl  of the F-CHz bond to coordinatively unsaturatddans
C—F cleavage by [Os(HLCI(P'Pr3)2]. This osmium com- [M(X)(PH3)2] and [M(PHg)3] (M=Rh, Ir; X=CHgs, H, CI)
plex reacts at 20C with vinyl fluoride in the time was investigated by DFT. All of the stationary points were
of mixing to produce [OsHFCHCCHg)(PPr3);] and determined at the B3LYP/LANL2DZ level. A configuration
H>. In a competitive reaction, the liberated, Hon- mixing model based on the theory of Pross and Shaik was
verts vinyl fluoride to GHs and HF in a reaction cat- used to develop an explanation for the barrier height as well
alyzed by [Os(HYCI(P'Pr3)2]. A variable-temperature NMR  as the reaction enthalpy. The theoretical observations suggest
study reveals these reactions proceed through the com-hat the singlet-triplet splittingAEst= Atriplet — Asingled) Of
mon intermediate [OsHCI()(H2C=CHF)(PPrs);], via the [M(PHs)3] species can be used as a basis to predict its
[OsCIFECHMe)(PPr3)2] and [OsHCI(H)(CoH4) (P Prs)2], reaction activity for oxidative additions, i.e., the smaller the
all of which are detected. AEgt of ML 3, the lower the barrier height and the larger the

Density functional theory, DFT(B3PW91), calculations exothermicity, in turn, the faster the oxidative addition reac-
of the potential energy and free energy at 298K of pos- tion.
sible intermediates show the importance of entropy to ac- The potential energy profiles are summarizedig. 9.
count for their thermodynamic accessibility. Calculations Four interesting conclusions can be drawn from this figure.
of unimolecular GF cleavage of coordinated,83F con- First, for the same metal center, the bettedonor the
firm the high activation energy of this process. Catalysis ligand X, the lower the activation energy and the larger
by HF is thus suggested to account for the fast observedthe exothermicity for the oxidative addition of-EHj3 to
reactions, and scavenging of HF with NEthanges the  [M(X)(PH3)2] complexes (leftto rightifrig. 9). Forinstance,
product to exclusively [Os(HCI(CCHz)(PHs)2]. The anal- since the Cl ligand is a strongerdonor than CHand H, the
ogous reaction of [Os(HTI(PHg)2] with HoC=CF, pro- barrier height for FCHs activation with M = Rh increases in
duces exclusively [OsHFGHCCHg)(PHs)2] and HF, and the order [Rh(CI)(PH)2] (9.6 kcal mot 1) < [Rh(H)(PHs)2]
the latter is again suggested to catalyzeFGscission via (17 kcal mot 1) < [Rh(CHg)(PHs)2] (18 kcalmotl) and,
the observed intermediates [OsfB)(CFCH3)(PHs)2] and for M=1r, [Ir(CI)(PH3)>] (4.6 kcal mot1) <[Ir(H)(PHs),]
[OSHCIECFMe)(PH)2]. (15 kcal mot 1) ~ [Ir(CH3)(PHs)2] (15kcalmol?). It is
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20 /AErel (kcal/mol) modynamically. As there are no relevant experimental and
theoretical data on such systems, the above results are pre-
T dictions.
Dl Y i\ L W— Eisenstein and co-worke82] have carried out quan-

tum calculations with the density functional theory DFT
(B3LYP) to compare the reactivity of andH and aryl-F
[Rh(CH,)(PH,),] bonds toward oxidative addition and to understand the high
——[RhH(PH,),] degree of inertness of the latter. The thermodynamic en-
ergy patterns for oxidative addition of 1,4-difluorobenzene

— [RRCI(PH,),] toward two very different Os and Rh metal fragments

[Ir(CH,)(PH,).]

i LT [IrH(PH,),] have been examined. In one of them the final product
it} \ of oxidative addition could be a 16-electron unsaturated
IrCI(PH,),] complex of the type [Os(H)(CO)@E2Hz)(PHs)2] and/or
0 Reactants  Precursor  Transition Product [OS(F)(CO)(QFH4)(PH3)2] In the other system the final
Complex State product of oxidative addition could be an 18-electron satu-

rated complex [Rh{®-CsHs)(H)(CeF2Hs3)(PHg)] or [Rh(n°-
Fig. 9. Potential energy surfaces for the activation of th€CH3z bond by CsHs)(F)(CsF2H3)(PHg)]. These two systems are models for
transM(X)(PHs)z] (M=Rh, Ir; X=CHs, H, C1) [31]. experimental complexes which prefer thet€to the G-F

oxidative addition. The calculations reveal that, for both sys-
noteworthy that the activation barriers for the Ir reactions tems, the GF oxidative addition is thermodynamically pre-
are smaller than those for their Rh analogues. ferred, especially in the 16-electron case. The activation en-

Second, all of the oxidative addition reactions are ergy has been determined in the case of Rh, and it is shown

thermodynamically exothermic. The order of exother- thatthe activation energy for-F activation is considerably
micity follows the same trend as the activation en- higher than that for €H activation. This clearly shows that
ergy: [Rh(CD(PH)2] (—34kcal mott)<[Rh(H)(PH)2] the inertness of the-& bond has a kinetic origin.

(—26 kcalmot 1) <[Rh(CHs)(PHs)2]  (—23kcal mot1) Aizenberg and Milsteif3] have found that aromatic-&

and  [Ir(CI)(PHe)2]  (—51kcal mott) <[Ir(H)(PH3)2] bond can be cleaved by rhodium complexes even at room
(—41 kcal/mol) < [Ir(CH)(PHs)2] (—38 kcal mot1). Again, temperature and that this reaction can be elaborated into ho-
the Ir reactions are more exothermic than their Rh counter- mogeneous catalysis involving-€ bonds. These catalytic
parts. cycles, which were designed by a combination of individual

Third, the model calculations also suggest that oxidative stoichiometric reactions exhibit high selectivity ($8g. 10).
additions involving a third-row transition metal (such as Ir) The Rh(l) silyl complex [Rh(SiMgPh)(PMe&)3], synthe-
should be preferable to those of a second-row transition metalsized from [RhCI(PMg)3] and LiSiMePh, Eq.(3), reacts
(such as Rh) since it is demonstrated not only that the former quantitatively with GFg at room temperature.
are thermodynamically more favorable but also that the ki-
netic barriers associated with them are typically small. Onthe SiR3
other hand, the reductive elimination (right to leftRig. 9 FSiR, [RA(C,FIL,
of the second-row metal is more favorable than that of the
third-row homologue.

Fourth, the transition state studies based on the model CF,
systems Su and Chu have used strongly suggest that rad-

ical intermediates should not be involved in-E acti- CF
vation reactions for the 14-electrorf M(PHs)3] cases. L I h
Moreover, the energetics shown Fig. 9 indicate that the [Rh(SIR,)L,] "‘hh
model reactions actually have low activation energies for 7 ‘\
activation of the &F bond by coordinatively unsaturated L SiR L
[M(X)(PH3)2] complexes. For example, the activation barrier :

relative to the corresponding reactants feidHs insertion

to [Ir(Cl)(PHs)2] was calculated at the B3LYP/LANL2DZ

level to be 4.6 kcal mot® and the activation energies for the

whole reactions are about 18 kcal mébl It is estimated that

these barriers will be greatly improved with more complete

calculations. Additionally, the overall energy of this reaction C,HF,
is exothermic by 51 kcal mot. In any event, the 14-electron

[Ir(CI)(PH3)2] complex is a potential model for oxidative  Fig. 10. Catalytic cycle converting ¢Es into CsHFs by [Rh(GsFs)Ls]
addition of saturated-&F bonds kinetically as well as ther-  [33].
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Fig. 11. Catalytic cycle for the hydrogenolysis offg in the presence of
PMe; complexes of rhodiurf34].

[Rh(SiRs)(PMe3)s] + CeFe — [Rh(CsFs)(PMes)s] + R3
(SiIFRs = MezPh Phg) 3

Heating [RhGFs5(PMes)3] or [RhH(PMes)4] at 95-100°C in
CsFe or CsHFs5 in the presence of a base §Btor a mixture
of Et3N and K,COg) under 85 psi of hydrogen leads to the
substitution of F by H and capturing of the released HF by
the baseKig. 11) [34].

Except for the GF activation step all other reactions de-
picted inFig. 11, namely 1-4 and 4-5, are normatH ox-
idative addition and €H reductive elimination. As for the
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Edelbach and Jong&1] found that the complex [Rif-
CsMes)(H)2(PMe3)] reacts with GFg, CgFsH, CioF19 or
CioFg in pyridine or 1:1 pyridine/benzene to give the
C-F cleavage products [Rh{-CsMes)(aryF)H(PMes)]
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(m®-CsMes)H(PMes)]~ reacts rapidly with GF1g or
C10Fs to give the same €F cleavage products as [R{¥
CsMes)(H)2(PMe3)]. A mechanism initiated by deproto-
nation of [Rh§;®>-CsMes)(H)2(PMes)] 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(
CsMes)(H)2(PMes)].

Saunders and co-workerf35,36] have studied the
reaction between {M(n>-CsMes)Cl(u-Cl)}2] (M=Rh
or Ir) and (GFs)2PCHCH>P(GsFs)2 dfppe in  re-
fluxing benzene vyielded the cationic species §R%
CsMe3(CHoCgF4P(CGsF5)CHy)2-1,3)CIJ* in which two G-F
and two G-H bonds have been cleaved and twe@bonds
formed, HF is also producedrig. 13. The complexes
[MCI(n°-CsMes)(CeFs)2PCHCH,P(CeFs)2]BF4 (M=Rh
or Ir) which have not undergone-& bond activation were
formed by treatment of {M(ns-CsMes)Cl(.-Cl)}2] with
NaBF; and dfppe, and have been structurally character-
ized by X-ray crystallography. Activation of the-€ bonds
in these complexes is induced by thermolysis in reflux-
ing ethanol. The reaction betweefiM(n>-CsMes)Cl(j.-
Ch}2] (M=Rh or Ir) and dfppe in refluxing ethanol
yielded a mixture of the cations [MG{P-CsMes)(dfppe)T,
[MCI(m°-CsMes)(CgFs)2PCHCHoP(CsFs)2]* and, where
M=Rh, the singly GF bond-activated species [Ri¥%

transformation 5-1, which has been demonstrated to occurCsMe4(CH,CgF4P(CsFs)CHy)2)CI]*.

readily, and which is the central step in the cycle, it was be-

The reaction [37] between [Rh(n>-CsMesH)Cl(p-

lieved that it proceeds via electron transfer from the complex Cl)}2] and (GFs)2PCHCH2P(GsFs)2 proceeds in reflux-
to the substrate with subsequent release of fluoride ion buting benzene via activation of two—-& and G-H bonds

later evidencg21] points to an anionic nucleophilic mecha-
nism.

The cycle with GHFs as a substrate is completely anal-
ogous to the one depicted ig. 11 The difference be-
tween the two is the participation of the analogs of 1 and
4 which have GHF,4 rather than gF5 group bound to the
rhodium center and correspondingly producgHgF,. In

and formation of two €C bonds to yield the chi-
ral cation [Rh{°-CsHMey—2,4-[CH,CeF4P(CsFs5)CH,]2-
1,3)CIJ*, with >90% selectivity.

The reaction [38] between [Rh(n®°-CsMe4Et)Cl(-
Cl)}2] and the diphosphine, @Fs)2PCHCH2P(GsFs)2
(dfppe), proceeded via the activation of two-E and
two C-H bonds and the formation of two-€ bonds

summary, Milstein and Aizenberg have demonstrated thatto give a mixture of isomers of a salt with formula-

trimethylphosphine complexes of rhodium efficiently cat-
alyze homogeneous hydrogenolysis of the stror§ Gonds

tion  “[Rh(n>-CsMe4Et)CI((CoFs)2PCHCHoP(CsFs)2)-
2HFICI". Treatment of [Rh®>-CsMe4Et)Cl(w-Cl)}]

of polyfluorinated benzenes under mild conditions in the with NH4BF; followed by dfppe yielded [Rh{>-
presence of a base which is a rare case of homogeneou€sMe,Et)CI((CsFs)2PCHCHoP(GsFs)2)1BF4  which, on

transition-metal-catalyzed-& activation. In addition, they

thermolysis in ethanol underwent-€ and G-H bond acti-

also had shown that the reaction exhibits chemo- and regiosevation to yield the tetrafluoroborate salt “[R{?*-CsMe4Et)

lectivity. The proposed catalytic cycle for the hydrogenolysis
involves electron-rich hydrido-rhodium(l) phosphine com-
plexes as the species that induce cleavage-¢f Gonds.

Cl((CgF5)2PCH,CH2P(CsF5)2)-2HFIBF,".
When the reaction between{Rh(n>-CsMe4Et)Cl(u-
Cl)}2] and dfppe was carried out in ethanol, a mix-

This implies that other complexes which can serve as a goodture of [Rhf°>-CsMesEt)Cl(dfppe)]BR and the singly

source of such species are also likely to be active.

C—F bond-activated complex “[Rip-CsMe4Et)CI((CsFs)-
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Fig. 14. Reactions of{Rh(n>-CsMe4H)Cl(u-Cl)} 2] and (GsFs)2PCHCH,P(GsFs)2 [37].

Fig. 15. Reactions of{Rh(n®>-CsMes)Cl(u-Cl) }2] and (GHzF2-2,6,PCH,CH,P(CGsH3F2-2,6) [39].

PCH,CH,P(GsFs)2)-HF]BF4” were obtained after addition  and two G-H bonds and the formation of two-&€ bonds

of NH4BF;. (Figs. 14 and 1p

Extending the work described abo{@9], the reaction The rhodium(lll) complex [RhC|¢®-CsMes)(dfppe)]
between {RhCl(uw-Cl)(n°-CsMes) } 2] and the new fluorine- BF4, undergoes rapid stepwise intramolecular dehydroflu-
containing diphosphine @Ei3F»2-2,6,PCH,CHP(CGsH3F2- orinative carborcarbon coupling on addition of proton
2,6) in refluxing benzene yielded the cationic species sponge to produce [RhGIP,kPxP-CsMes[CH,CgFs—2-
[RhCI(m°-CsMes3(2-CHyCgH3F-6)P(GH3F2-2,6)CH)o- P(GsFs5)CH2]2-1,3)]BF (Fig. 16) [40].The reaction requires

1,3)] which was characterized as theBFsalt. The reaction  less than the stoichiometric quantity of proton sponge and
involved the regiospecific activation of two—€ bonds also occurs on addition ofBusNF or in the presence

ﬁ - He Fﬁ:

Rh—ClI - =

Rh—ClI
CFLPT PCF), F P
N~ F / \____-P(CF),
F5CG
-F
F e
F
Cle
Rh
F P/ \P(cst)z
FJ
F505

Fig. 16. Stepwise intramolecular dehydrofluorinative carbcarbon coupling40].
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+ diastereoisomer of [RhGif-CsMes)((CsFs)PhPGH4SMe-
2)|BF4, in which Cp* and GFs are trans undergoes

P(C.F
(CFs)e isomerization at a much slower rate than that of cou-
CI/Fl/h\ pling. Cationic complexes of monodentate phosphines,

Shie (C.F).P SMe in which there is rotation about the RR bond, un-

dergo coupling on addition of proton sponge, but at a
much slower rate than for [RhG{?-CsMes)(dfppe)|BF
and [RhCI°-CsMes)((CeFs)PhPGH4SMe-2)]BF;. The
structures of [RhCIf°,kPxP—CsMesCH,CgF4—2-P(GsFs)
CH2CHoP(GsFs)2)IBF4 and [RhCIf°,kPxS-CsMesCH,
CsF4P(GsF5)CsHaSMe)]BF, have been determined by
T+ single-crystal X-ray diffraction.
Saunders and co-workefgl] have studied the reac-
F tion between {Rh(u-Cl)Cl(n>-CsMes)}2] and the tetra-
Rh fluoropyridyl-substituted diphosphine HCH,CH,PPh-
£ /P (CsF4N-4) in the presence of BF yielding racemic
FC @ diastereoisomers  of  [RhG{?-CsMes)(PhPCH,CH,
PPh(GF4N-4))](BF4). In the &nRp and RrpSp pair of
enantiomers the #£Mes and tetrafluoropyridyl groups
Fig. 17. Synthesis of [RhGHE,xPxS—CsMesCHoCoF4P(CsFs)CsHa have acis disposition about the RH bond, and in
SMe)]BF; [40]. the KpSp and RxnRp pair the groups arérans. In situ
NMR experiments reveal that thes pair, in which the
of polymer-supported fluoride. NMR studies of reactions CsMes and tetrafluoropyridyl groups are close, under-
between a series of complexes and proton sponge havewvent rapid dehydrofluorinative-6C coupling to give the
revealed the necessary conditions for intramolecular de-respective enantiomers of [Rh@R kPxP—CsMesCHy—2-
hydrofluorinative coupling in pentamethylcyclopentadienyl CsF3N—4-PPhCHCH,PPh)IBF, (Fig. 18. The trans
rhodium(lll) phosphine complexes. The complex must be pair did not undergo coupling, but isomerized to the
cationic, and the phosphine, which can be either part of acis pair on heating in ethanol. The structure of one
chelating ligand or monodentate need have only one pentaflu-enantiomer of [RhCM5,KP,KP—C5M94CH2—2-05F3N—4-
orophenyl substituent. The reaction is rapid wheg€s PPhCHCH,PPh)IBF4 which crystallizes as a con-
and GFs are held in close proximity. The compounds glomerate, has been determined by single-crystal X-ray
[RhCI(n°-CsMes)((CsFs).PCsH4SMe-2)|BF;, and the di- diffraction.
astereoisomer of [RhGi-CsMes)((CsFs)PhPGH4SMe- Perutz and co-workerg2] have shown that irradiation
2)]BF4, in which GMes and GFs are cis, undergo rapid of [Rh(n®-CsHs)(PMe3)(C2H4)] in pentafluoroanisole gen-
coupling on treatment with proton sponggid. 17. The erates the metallacyclerf-CsHs)(PMe3s)RhCHOCeF4];

F IBF,
F” N
NaBF \
1/2[RhCp*Cl,], + Ph,PCH,CH,PPh(C,F,N-4) ——* » — F
Clw_
/\HI’I;PPh E

NaBF, | -HF Ph,P
proton
esponge +
-HF
F “IBF,  IBF,
74 N
\ cl
— /F “SRh—pPPh F
Cl_ /s
Rh—PPh | Ph,P /' N\—F
s F
thp\/ =N

Fig. 18. Synthesis of [RhCHP,kPxP—CsMesCHy—2-CsFsN—4-PPhCHCH,PPR)]BF4 [41].
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Fig. 19. Reaction of [Rh{>-CsHs)(PMe3)(C2H4)] in pentafluoroanisol§42].

as shown inFig. 19 reaction of this complex with
lequiv. of PPBC'PRs~ at 220K generates +P-
CsHs)(PMe3)Rh=CH(OGsF4)]PFes.

Hughes et al[43] have studied the reactions of the perflu-
oroisopropyl complex [Rhi{*-CsHs(CF(CR)2)(PMes)s],
with 1 equiv. of TIBR or TIPFs yielding the new complex
[RhiI(m®-CsH4(CH(CR)2)(PMe3),] in 90% yield. The ter-
tiary C—F bond in the starting complex has been replaced by
H, and the originah*-cyclopentadiene has been converted to
amP°-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(GJ), group has been identified
as theendeH 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 GCF group, the facility of
which depends strongly on the hydrogen-bonding abil-
ity of the counterion. Addition of perfluorobenzyl com-
plex [Rhl(n>-CsMes)(CF>CsFs)(PMe3)] or perfluoropropyl
analogue [Rhi§°-CsMes)(CRCF,CFs)(PMe3)] to AgBF4
in moist CHCl, affords the cationic aqua complexes
[Rh(n>-CsMes)(CF.CeFs)(H20)(PMe3)|BF4 and [Rhy°-
CsMes)(CR.CRCFRs3)(H20)(PMes)|BF4.

While  perfluoropropyl  complex  [Rh-CsMes)
(CRCRCR)(H20)(PM&)]BF4 appears to be indef-
initely stable on standing in solution at room tem-
perature, perfluorobenzyl analogue [RPHCsMes)
(CRCgFs5)(H20)(PM&)]BF4 is cleanly transformed on
standing overnight in CDGlsolution into pentafluorophenyl
carbonyl complex [Rh{>-CsMes)(CsFs)(CO)(PMe)]|BF4.

HF can be observed in the volatiles, after vacuum transfer.
A suggested mechanism is shown kigs. 20 and 21
hydrolysis of the CE group affords a coordinatively

E
H
H
H /Rh:<
— " Me,P 0
F
F F
F F
H F F
p H F F
—~Rh
H/o LA SN
\'/F F \—’ F
F F F
F F
F F F F
g WA
(0] F
o” A~
H ’/ F
F F F F
F
F F
Hh‘\ ’Rh F
ocC
/4 P
0 F F
F F
Fig. 20. Suggested mechanism for the formation of #Rh(

CsMes)(CsFs)(CO)(PM&)|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 Gi/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 [Rhif-CsMes)(CRCFo
CR3)(PMe&3)] reacts with silver triflate to afford
[Rh(SO;CF3)(n°-CsMes)(CRCRCRs)(PMes)]  which

unsaturated pentafluorobenzoyl complex, which undergoestreated with NaBA§ (Ar = 3,5-bis(trifluoromethyl)phenyl)

pentafluorophenyl migration into the vacant coordination
site to afford [Rh{®-CsMes)(CgFs)(CO)(PMe)]BF4. The

in the presence of water results in rapid hydrolysis
to give the perfluoroethyl carbonyl complex [Rf¢
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X- = BF,, B(Ar), X-=1, CF,SO,
Fig. 21. Starting materials and produftg]. (trimethylsilyl)fluorobenzenes. The reaction involves cleav-

age of G-F bonds.
Young and Grushirj47] reported the first example of a

CsMes)(CoF5)(CO)(PMe)]BAr4. The BR~ analogue transition metal-catalyzed hydrogenolysis of thekbond in
was prepared unambiguously by the reaction of fRh( monofluoroarenes, the most unreactive carmteroatom
CsMes)(CoFs)I(PMes)] with AgBF4 in the presence of CO.  single bond knownKig. 24).
Each molecule exhibits close hydrogen-bonding interactions  1-Fluoronaphthalene react with oHin toluene in
of coordinated water molecule with the tetrafluoroborate the presence of 40% NaOH and catalytic amounts of
counterion. [RhClx(H)(CysP)] to give naphthaleneFig. 24). Given

Hughes et al.[45] have found that the perfluoroben- the exceptionally poor reactivity of the substrate, the re-
zylrhodium complex [Rhi§>-CsMes)(CF>CgFs)(CO)], re- action occurs under mild conditions, i.e., 95 and 80 psi
acts with N-methylmorpholineN-oxide (NMO) with loss of Hy, furnishing naphthalene in >90% selectivity at 45%
of CO, and formation of the iodo-bridged dimer conversion (GC-MS) after 20 h. According to the authors,
[Rh(2-1)(n°-CsMes)(CFCsFs)]2. While attempts to pre-  under rigorously oxygen-free conditions, hydrogenolysis is

pare hydroxo complexes by reaction of [RP{CsMes) homogeneously catalyzed, as determined by the mercury
(CRCsFs)(N(PMe3)], with sources of hydroxide were un-  test. Fluorobenzene, 4-fluorotoluene, 3-fluoroanisole and 4-
successful, treatment of [Rh{-CsMes) (CF>CsFs)(PMe3)] fluoroaniline remained unreactive under similari@ee con-

with moist silver oxide affords the oxametallacycle [Rh(1,2- ditions. No reaction of gHsF occurred in this system even
CsF4(0)(CR))(m°-CsMes)(PMes)], which undergoes rapid  in the presence of nucleophilic and/or Lewis acid promoters.
hydrolysis of the RCF; group by adventitious moisture to af- [Rh(dmgH»(PPhl)]~ ([Rh]™), dmgH = (OHN=
ford the crystallographically characterized analogue [Rh(1,2- CHCH=NO)~, synthesized by reduction of [RKEI with
CsF4(0)(C=0))(n°-CsMes)(PMe3)]. Two possible mecha-  NaBH, in methanolic KOH, reacts with d;dihaloalkanes
nisms are shown ifig. 22 X(CH2)hF (X = Cl, n = 1; X = Br, n = 3) forming

Murai and co-worker$46] have discovered the first Rh-  [Rh]-CHzF and [Rh}+(CH>)3F [48]. Reaction of [Rh} with
catalyzed, chelation-assisted—&i exchange reaction be- BrCH,CHyF affords instead of the expected 2-fluoroethyl
tween disilanes and fluoroarenes activated by ketone or ox-complex the dinuclear complex [RATH,CH>—[Rh]
azoline functionalityortho to the G-F bond Fig. 23. The exhibiting an unexpected-& bond activation. It is sug-
reaction of functionalized fluorobenzenes, such as fluoroace-gested that the probable intermediate 2-fluoroethyl complex
tophenones and (fluorophenyl)oxazolines, withgBi&SiMe; [Rh]-CH2CHaF reacts further to give the dimethylene-
in the presence of a catalytic amount of a rhodium com- bridged dinuclear complex [Rh]JGI€H2[Rh] in an
plex results in a site-selective-$t exchange to givertho- intermolecular substitution reaction.



1970 H. Torrens / Coordination Chemistry Reviews 249 (2005) 1957-1985

F F
F
(o] F fo)
F F F SiMe,
F

F [Rh(cod), ]BF,

R ———
F Me, SiSiMe, F
F SiMe3
F o F o
\\)( \‘><
N N
+

F SiMe,

oj<
N Rh(cod),]BF
N [Rh(cod),]BF, . .
Me SiSiMe, SiMe, O o
F Sy et
N N
+

SiMe, SiMe,

Fig. 23. Rh-catalyzed, chelation-assistegtSiexchange reactiod6].

H
P P
S + \Rh/CI o O Fllh/ "
o\ c” \_  -Hcl LNy
P
fast
CATALYST
-HCI
Hy, OH™| gjow

H,, OH~, -F5, -H,0 H,, OH"
OO 3 [P,,Rh, (H),(H,) Cl.] ————— NO REACTION
MIXTURE F
OO HOMOGENEOUS

Fig. 24. Transition metal-catalyzed hydrogenolysis of theF®ond in monofluoroareng47].

Braun and co-workerp19,50] have shown that reaction CFCF(CRs))(PEg)3]. A possible mechanism of the-&

of [RhH(PEg)4] with hexafluoropropene affords the—€ activation of fluorinated propene derivatives is depicted in

activation product [Rh)-CF=CF(CR))(PE&)3] as well as Fig. 26

EtsP(F)(@)-CFCF(CR)) as shown irFig. 25 A cyclic process for the hydrodefluorination of
In contrast, addition off)-1,2,3,3,3-pentafluoropropene CF=CFCR; has been developed allowing the recovery of

to [RhH(PES)4] yields [Rh{(E)-C(CR)=CHF}(PE&)3] to- rhodium complexes, which are again suitable fef=Cacti-

gether with [RhF(PEf)3] and )-1,3,3,3-tetrafuoropropene.  vation.
As shown in Fig. 26 treatment of [RK(E)-
C(CR)=CHF}(PEg)s] with hydrogen effects the for-

mation of 1,1,1-trifluoropropane and the fluoro compounds 5. Iridium
[RhF(PES)3] andcissmer[Rh(H).F(PEBg)3].

On treatment of [RhF(PE)s] or of a mixture of Cundari and Vaddad[51] have published a theoret-
[RhF(PEB)3] and cismer[Rh(H)F(PEg)3] with HSiPhs ical study considering the interactions of the fragment
the complexes [RhH(PE}s] and cis-fac-[Rh(H)2(SiPts) [Ir(PH3)2(H)] with C—X species. In this research, the B3LYP
(PEB)3] are obtained. Both compounds are capable of the density functional and Stevens effective core potentials are
C—F activation of hexafluoropropene to afford [RB{ used to compare carbehydrogen and carbeteteroatom
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bond activation by an iridium(l) complex. Of particu-
lar importance is to address the kinetic (transition state) ceeds through the intermediate fluorocarbene complex,
and thermodynamic (ground state) selectivity. The complex [IrClo(=CFCRH)(CH3CN)(PPR)2]*, to give, upon hy-
[Ir(H)(PH3),] with CH3—X (X=F, Cl, OH, SH, NH, PHp)
as the substrate has been used as a model. Good agred¢reatment of any of the acyl complexes results finally,
ment in geometries is obtained between the target moleculesas shown inFig. 28 in a reverse migration process and
and experimental models. The resultant products eHC
and G-X oxidative addition are Y-shaped minima (i.e., a
distorted trigonal bipyramid with one acute and two ob- PPBCH,C(Bu)=N-N=CH(CsFs) was heated in ben-
tuse angles among the equatorial ligands). Oxidative addi-zene with [IrCI(CO}(p-toluidine)] it gave the cyclomet-
tion of the G-X bond to the substrate is exothermic for

1971

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

Suand ChiB1]reportedin 1997 one of the first theoretical
studies of GF activation. They showed that oxidative addi-
tion of the G-F bond of C—F to 3-coordinated 14-electron
[M(X)(PH3)2] (M =Rh, Ir; X =CHgs, H, Cl) is thermodynami-
cally favorable. The reaction was most favorable and had the
smallest activation barrier for [Ir(Cl)(PHk]. This work is
summarized in Sectiofh

Roper and co-workerg52] studied the reaction of
the tetrafluoroethylene complex [IrGR-CoF4)(PPh),]
with HCI or Cl to obtain [IrCh(CRCRH)(PPh)2] or
[IrCl2(CRCRCI)(PPR)2], respectively. These coordi-
nately unsaturated complexes react with various neutral
ligands to give stable, six-coordinated, tetrafluoroethyl
and halotetrafluoroethyl complexes. As shownFig. 27,
the acetonitrile derivative [IrG{CRCRH)(CH3CN)
(PPh)2] undergoes a reaction with HCI that pro-

drolysis, [IrCh(C(O)CRH)(CH3CN)(PPR)2]. Thermal

formation of [IrCh(CFRH)(CO)(PPh)2].
Perera et al.[53] have shown that whenzZE-

allated dichlorocarbonyliridium(lll) complex [IrG(CO)

F
CF, -
-HF H
H —_— = EtsP—I?h—PEts
£ CF, PEt,
- — F
Path A Et P—Rh/—FH . F>:<c ’ F
X=H ’ H H
Et,P”  PEt, L~ EtP—Rh—PE,
[RhH(PEY,),] F) _ <°F3 PEL,
-PEt, ||+ PEt, ————>
X=F,H
[RhH(PEL,),] CF,
F
CF FN
Path B . 3 - CF, * R
X=F e F—= | "o — Et,P—Rh—PEt,
-HF
[RhHPEL, ] [RhHPEL, ] PEt,

+

Fig. 26. A possible mechanism of the-€ activation of fluorinated propene derivatijé§)].
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CH,CN. ‘ cl CH,CN. | cl CH,CN ‘ cl
",,,//I o H+ RS H2 e
r . _CF,H CF.H
] ~FFR e 2
CI/ ‘ \CcmFzH HF cn/ ‘ \ e cl ‘ \H/
PPh, Ph.P F php O
Fig. 27. Formation of [IrGI(C(O)CRH)(CH3CN)(PPh)2] [52].
PPh, PPh, PPh,
CH,CN ~ci ‘ .cl . L ‘ ol
,,,,, | e
CF H CF,H CF H
CI/‘\H/ , cn/\[( H A CI/‘Y \
php O php O Php O
A A L = CH,CN, CO, CN-p-tolyl

,,,,,,
’

Fig. 28. Formation of [IrCI(CFRH)(CO)(PPh);] [52].

(PPRCH,C(BU)=N-N=CH(CsF4))] (Fig. 29 the formation ~ species CECRH or CRRCRCRH were observed. Simi-

of which involved a G-F bond fission. larly, treatment of the corresponding perfluoroisopropyl com-
Hughes et al[54,55] have made invaluable contribu- plex [Ir(n®-CsMes)(CF(CRs)2)(H20)(PMes)]BF4 with Hy

tions to understand the chemistry involved in the process of affords only [Irt®-CsMes)(H)3]BF4 and CECH,CFs with

carbonr-fluorine bond activation using different variations of Nno observable trace of GEFHCF; (Fig. 30. These obser-

the fragment [Irg®>-CsRs)Ln]. vations represent the first examples of the hydrogenolysis of
They reported the first examples of hydrogenolysis of aliphatic G-F bonds in the coordination sphere of a transition

the a-CF> groups in some iridium fluoroalkyls using dihy- metal. Furthermore, the reaction is selective fer With no

drogen under ambient conditions. Treating methylene chlo- observable hydrolysis of the fluoroalkyl group, even in the

ride solutions of the cationic (aqua)(fluoroalkyl)iridium com- presence of the water originally present in the coordination

plexes [Irt°-CsMes)(CRRf)(H,0)(PMes)]BF4 (Rf=CFs sphere.

or CRCFs) with dihydrogen results in clean and rapid forma- ~ Reaction of  [Ir(y®>-CsMes)(PMes)(CRCF)H]  with

tion of the known iridium trinydride [Irg>-CsMes) (H)3]BF 4. CH3CO;D affords mostly [Ir(®>-CsMes)(PMes)(CFHCR;)

The fate of the fluoroalkyl ligand was an approximately (02CCHg)], while the corresponding reaction of -

1:1 mixture of two hydrofluorocarbon (HFC) compounds, CsMes)(PMes)(CF.CF3)D] with CH3CO;H affords mostly

identified as RfCFH and RfCH (Rf=CFs, CRCR) by [IrCp*(PMe3)(CFDCR3)(02CCHg)]. These results are con-

19F NMR spectroscopy. No trace of the monohydrogenated sistent with external protonation of the—€ bond and

F F F
F F F F F F
F F F | /Cl F
—_— _N—IrFCI(CO) | —™ N——Ir—CO
o e
Nﬁ) But PPh, But 2
tBu o o

Fig. 29. Formation of [IrGI(CO)(PPRCH,C(BU)=N—N=CH(CsF4))] [53].
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Fig. 30. Reactions of [If{>-CsMes)(Rf)(H,0)(PMe)]BF4 [54].

migration of the originally present H (or D) from Ir to C and

ture is the outcome, rather than the alternatively available H

suggest that the previously reported CF bond hydrogenolysismigration.

using dihydrogen proceeds via heterolytic activation of the

H2 molecule at iridium.

The HFC products themselves are of unusual interest;
CRCFH, (HFC-134a) is the replacement refrigerant for

As a result of these experiments, the role of the metal CRCl, (CFC-12), and similar HFCs are used as inhalation

in the reaction of [Ir>-CsMes)(CRRf)(H20)(PMes)]BF4
with H,, is defined as shown inFig. 31 Bind-
ing of Hy to the cationic iridium center of [l#{°-
CsMes)(CRCR3)(H20)(PMes)|BF4 results in displacement
of water and heterolytic activation of Ho give [IrH(n°-
CsMes)(=CFCR)(PMe3)], C—F activation occurs by proto-

nation of thea-CF bond by external acid to produce HF,

anesthetics.

Hughes et al.[56] have found that reactions of
[Ir(Rf)(n°>-CsMes)(PMes)] (Rf=CFCRCFs, CF(CFR)2)
with either NaBH or LiAIH4 afford i.a. iridium hy-
drides [IrH(GMes)(CH=CFCR;)(PMe3)] or [IrH(CsMes)
(C(CR)=CR,)(PMe&3)], in which the fluoroalkyl groups
are converted to unsaturated ligands via appare@F

and migration of the hydride ligand to carbon generates the activation and elimination of HFFig. 32. A clean and
new CH bond. In the absence of a good coordinating anion, selective route to desired saturated fluoroalkyl-(hydrido)

more H binds to repeat the process. Now there is an apparentcomplexes

competition between protonation at the® bond to afford
elimination of CECFH, or protonation at the remaining-€&

[IrtH(GMes)(Rf)(PMe3)]  (Rf=CF.CR.CFs,
CRCRs, CF(CR).) is afforded by treatment of the
aqua cations [lr(eMes)(Rf)(H20)(PMe&)]BF4  with

bond to repeat the-d activation process, leading eventually 1,8-bis(dimethylamino)-naphthalene, “Proton Sponge”.

to elimination of CECHs. A similar proton-promoted €F
activation in a cationic iridium complex containing a41ig-

and has been shown to be triggered by heterolytic activation CsMes)(PMes)(n2-CsFa)].

Hughes et al.[57,58] have prepared the first tran-
sition metal complex of tetrafluorobenzyne, {P¢
The experimental approach

of Hp, but hydrolysis to a CO ligand by adventitious mois- is shown inFig. 33 Pentafluorophenyl complex [Imf-

TP* Tp* cp Ce*

F -HF -RfCFH, +
L//L Rf——=L— /"3 L L/\/r‘é//nf L /'-\ H
" - o

/ -RfCHT

Tp* Tp* CP Cp

F
N +H Rf
e e
H F H

HF

Fig. 31. Stepwise reactions of [tf-CsMes)(CRRf)(H),L] [54].
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Fig. 32. Reactions of [Irk{3-CsMes)(Rf)(PMe3)] [56].

CsMes)(CeFs5)(CO)] is prepared by oxidative addition (PMe3)]* with 1,8-bis(dimethylamino)-naphthalene (Pro-
of iodopentafluorobenzene to [¥-CsMes)(CO)]. This ton Sponge) cleanly affords the hydride f{P¢CsMes)
reaction requires prolonged refluxing in benzene, while (CgFs)(H)(PMes)]*. This hydride is obtained less cleanly
the corresponding perfluoroalkyl iodides react at room by direct reaction of [Ir§>-CsMes)l(CgFs)(PMes)]
temperature. Choice of solvent is also important; no reaction with NaBH;, and has also been prepared recently by
is observed in refluxing hexane, and refluxing toluene affords Bergman and co-workers by reaction of the nucleophilic
products that do not containsEs ligands. Carbonyl displace-  anion [Ir(n®-CsMes)(PMe3)H]~Li* with hexafluoroben-
ment with PMe affords [Ir(n>-CsMes)I(CsFs)(PMes)], zene [59]. Finally, treatment of the hydride [Wf-
which can be converted to the corresponding aqua cationCsMes)(CgFs)(H)(PMes)]* with an excess ai-BuLi affords
[Ir(m®-CsMes)(CsFs)(H20)(PMe3)]* using AgOTf in moist the benzyne complex [mP-CsMes)(PMes)(m2-CsFa)],
toluene. As observed with analogous perfluoroalkyl(aqua) presumably via deprotonation to give the intermediate shown
complexes, treatment of [WP-CsMes)(CgFs)(H20) in Fig. 33 followed by elimination of LiF.

I F PMe, AgOTf : :
—7 I
ocC / F Me P7 H,0 Me P 7N
3
I F F
F F F H2 F
F

o
Proton
Sponge
Ir n-BuLi
— F <« I
Me,,P T Mep/
Me,P /)

F H F

Foot \J Foor

Fig. 33. Synthesis of [Ii{>-CsMes)(PMe3)(m2-CgF4)] [57].
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Fig. 34. Stepwise mechanism yielding f{fcCsMes)(PMes)(synS,CHCR)] [60].

Treatment of the tetrafluorobenzyne complex P
CsMes)(m2-CsF4)(PMes)] with MeCO,H affords the
tetrafluorophenyl complex [l{>-CsMes)(2,3,4,5,-GF4H)
(PMe3)(O2CMe)], which, on treatment with NaBH
affords the hydride complex [IrHP-CsMes)(2,3,4,5-
CsF4H)(PMe3)] which treated witm-BulLi affords the triflu-
orobenzyne complex [Ir>-CsMes)(3,4,5-GFsH)(PMe3)].
Treatment of [Irg®-CsMes)(3,4,5-GFsH)(PMes)] with
MeCO;H gives a mixture of two protonation products,
[Ir(m°>-CsMes)(2,3,4-GF3H2)(PMes)(O.CMe)] and [Irm®-
CsMes)(3,4,5-GF3H2)(PMes)(O2CMe)] in an 8:1 ratio.

Dimethyl  sulfide [60] reacts with  [Ir§®-
CsMes)(Rf)(PMe3)(H20)]BF4 (Rf = CF(CR)2, CRCFs) to
afford [Ir(Rf)(n°-CsMes)(PMe3)(Me2S)|BF4. In contrast
(Fig. 34, H2S reacts with the secondary fluoroalkyl complex
[Ir(n°-CsMes)(PMe3)(CF(CRs)2)(H20)][BF4] to give the
sulfhydryl complex [Irf>-CsMes)(PMes)(CF(CR)2)(SH)]
and with [Irn>-CsMes)(PMes)(CRCFRs)(H20)]BF4 to
give carbonrfluorine bond activation with formation of

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-& bond. Protonation
occurs with complete selectivity at the—-€ bond without
any detectable formation of methane by protonation at the
Ir—CHz group. [Ir(n>-CsMes)(CHz)(CFCFCF3)(PMe3)]
reacts with HCI (2,6-lutidinium chloride) as shown
in Fig. 35 to give a single diastereomer of MR-
CsMes)CI(CF(CHg)(CR.CRs))(PMe3)]l. A similar  re-
action with CRCO,~ vyields the compound [l#{>-
CsMes)(CRCOz)(CRCFHCRCRs)(PMes)] - (Fig.  35.
The proposed sequence of reactions in this interesting
process includes i.a. both H and ghigration,3-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§°-CsMes)(2,342-CF,=C=C=CF)
(PMe3)]. To this end, the starting complexes Pt

a mixture of compounds containing two new classes of CsMes)()(CF(CRs)2)(PMes)] and [Ir(n>-CsMes)(I)(CF(CF

fluorinated ligands. The molecular structures of repre-

2CR3)(CR3)2)(PMe3)] were prepared by oxidative addi-

sentatives of each class, the 2,3-dithiametallacyclobutanetion of the appropriate secondary perfluoroalkyl iodide to

complex  [Ir(h°-CsMes)(PMe3)(synS,CHCFs)]  and
the 2,4,6-trithiametallacyclohexane complex fft{
CsMe)(PMes)(anti,anti-Ss{ CHCFs}»,)], have been deter-
mined. Bothsynandanti sterecisomers of the dithiametalla-
cyclobutane complex and all three stereoisomeys-6yn
synanti and antianti) of the trithiametallacyclohexane

[Ir(m®-CsMes)(CO),], followed by carbonyl displacement
by PMe;. Treatment of [Ir>-CsMes) (1) (CF(CFs)2) (PMe3)]

with 3 equiv. of sodium naphthalenide (Naflg) in THF
afforded the previously reported unsaturated hydride com-
plex [Ir(n>-CsMes)(H)(C(CFs)=CF,)(PMes)] with appar-
ent reductive loss of iodide and two fluoride anions. The

complex are observed in solution as products of the reaction,Source of the hydride is presumably the reaction solvent.
and their configurations have been confirmed by NOE Two equivalents of NagHs affords a mixture of [Irg>-

experiments.

CsMes)(H)(C(CR)=CFR)(PMe3)] and the corresponding
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iodo analogue [In§>-CsMes)(1)(C(CFs)=CF)(PMes)] and
more than 3equiv. of NafgHg results in no further re-
action of [Ir(n>-CsMes)(H)(C(CFR)=CF)(PMe3)]. In con-
trast, the sechbutyl analogue reacts with 6equiv. of
NaC;oHg to afford the tetrafluorobutatriene complex |P¢
CsMes)(m?-CR=C-C=CF,)(PMe3)]. Fewer than 6equiv.
of NaGyoHg affords a complex mixture of products, some
of which clearly contain ¥H bonds by NMR spectro-
scopy.

The fluorovinyl [63] complexes [l5(CF=CF)(CHz)
(COR(p-Cl)(dppmp]CF3S0; and [In(C(H)=CF)(CHs)
(CO)(w-Br)(dppm}p]CF3SO; are prepared by the oxida-
tive addition of CIFGCF and BrHG=CF,, respectively,
to [Ir2(CH3)(CO)(dppm}p]CF3SOs. Both compounds have
the methyl and fluorovinyl groups on different metals es-
sentially opposite to the metahetal bond. Protonation of
[Ir 2(CF=CR)(CH3)(CO)(pn-Cl)(dppm}]CF3SO; occurs at
the Ir-Ir bond to give [Ip(CF=CF,)(CH3z)(CO)(p.-Cl)(p-
H)(dppm}](CF3S03)2. Attempts to remove the chloride lig-
and from [In(CF=CF,)(CHz)(CO)(j.-Cl)(dppm}]CF3SO;
or to replace it with hydride or methyl groups failed.

Instead, the reaction of H(CF=CF)(CH3)(CO)(p-
Cl)(dppm)]CF3SGO; with methyllithium resulted in replace-
ment of one fluoride substituent on the trifluorovinyl group
by a methyl group to give [l{(CF=CFCHz)(CH3)(CO) (.-
Cl)(dppm)]CF3S0; (seeFig. 36. The X-ray structural de-
termination of this compound indicates that replacement
of a fluoridetrans to the IC,F3 bond has occurred and
that migration of the resulting methyldifluorovinyl group to
the metal bearing the methyl ligand has occurred. There-
fore the fluorine atontransto Ir in the trifluorovinyl com-
plex [Ir2(CF=CF,)(CH3)(CO)(n-Cl)(dppm}]CF3SO; can

be selectively replaced by a methyl group, and the authors
propose that this occurs via a fluoroalkylidene-bridged inter-
mediate.

Eisenberg and co-worker§64] have shown that
the cationic iridium(lll) complex [IrCB(CO)(dppe)¢-
CeHal2)](B(3,5-(CeH3(CFs3)2)4)2 (dppe =1,2-bis(diphenyl-
phosphino)ethane) undergoes reaction in the presence of di-
hydrogen to form [IrH(CO)(dppe)] as the major product.
Through labeling studies ari¢H and3'P-{*H} NMR spec-
troscopies including parahydrogen measurements, itis shown
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Fig. 37. Reaction sequence yielding [it€O),(dppe)][64].

that the reaction involves conversion of the coordinated CF 6. Palladium

ligand into carbonyl. In this reaction sequenE&( 37), the

initial step is the heterolytic activation of dihydrogen, leading Smurnyi et al[65] have studied the oxidative addition of

to proton generation which promotesC—F bond cleavage. = methane and fluoromethane to nickel, palladium and plat-
Polarization occurs in the final [IFICO)(dppe)] product inum atoms and to their diphosphine and ethylenediphos-
by the reaction of Kl with the Ir(l) species [Ir(COXdppe)] phine complexes using a unique approach by the density func-
that is generated in the course of thes@& CO conversion. tional theory with the PBE functional and the TZ2p basis set
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taking into account relativistic corrections (the SBK effec- PATHA

tive core potential). The complete reaction paths were deter- @F Pd(PMe,),F
mined, and the saddle points were identified by calculating [Pd(PMe,),]

the Hessians. The reactions under consideration (except the CO“'/C(CO cov Cr 3
dissociation of the €H bond with the participation of atomic co col

platinum, which was a barrierless reaction) involved the stage
of formation of donor—acceptor prereaction complexes. The
electrophilic and nucleophilic reaction phases were discov- PATHB | [Pd(PMe,),]
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{jPH -'a(PMe \F F~
M(PH,CH,CH,PH,). Fluoromethane was more active than 8’2 p",gl(p,mes)2
methane. The conclusion was drawn that the oxidative ad-
dition of fluoromethane at the-@& bond was a kinetically coCr_ co Cr
controlled reaction, and the addition at theFCbond was od co od co
more favorable under thermodynamically controlled condi- 1 2
tions.

Kambe and co-worker®6] have studied cross-coupling  Fig. 38. Oxidative addition of the-€F bond to the palladium(0) intermedi-
reactions of alkyl derivatives with Grignard reagents and dis- 2€[68]-
closed the first example of a catalytic-C bond-forming

F

reaction using nonactivated alky! fluorides (KE4j)): tion (Fig. 38 path A) or an addition—elimination sequence
PACh (Fig. 38 path B) via arexaaddition of palladium to formi
"CgH17—F+'C3H7—MgBr —> "CyiHz4 (4) followed by fluoride loss to produc2cannot be determined

13-butadiene at this point. The insertion product could be active in the

For example, a reaction using 2 mmol&gH17—F, 3 mol% catalytic cycle in either neutraB) or cationic @) form.

catalyst, 1,3-butadiene (mol% based on the substrate), and The Suzuki reactions were optimal with [Hdiben-
NC3H7—MgBr (2 equiv., 1 M), in THF, 25C and 3 h, PdGlI zylideneacetong)-PMe;—CC0O3; in MeOCH,CH,OMe
yields 23%"Cy1H24, 1% "CgH1g and 4% of a mixture of at reflux. The Stille reactions were optimal with pPdiben-
1-octene and 2-octene. zylideneacetong)-PMe;—CsF in MeOCHCH,OMe at re-

Rzepa and co-worker67] have published an ab ini- flux and neither was adversely affected by a methoxy group
tio molecular orbital study using both gas-phase and onthe complexed ring. The Suzuki reaction tolerated methyl,
B3LYP/DZVP-COSMO solvation models of the mechanism methoxy and a chloro group on the arylboronic acid ring but
of palladium insertion into alkyne and aryl carbdralogen not a bromo group.
bonds. Their results suggest that the mechanism of palladium  Widdowson and Wilhelnji70] have also reported the first
insertion into alkyne species can proceed via a concerted ox-successful palladium-catalyzed Suzuki reaction of an uncom-
idative addition across the carbdmalogen bond. A stepwise  plexed fluoroarene~ig. 39.
mechanism via a-complex is favored when a nitro group 4-Chlorobenzeneboronic acid gave the coupled product in
is introduced onto the alkyne. The palladium insertion into 66% yield, which showed, remarkably, that the@ bond
variously substituted aryl fluorides was again found to pro- of the chlorobenzeneboronic acid was less reactive in cross-
ceed via a single-step concerted mechanism, and although &oupling than the €F bond of the fluoroarene under these
og-complex can be located when 2,4-dinitro and 2-nitro sub- conditions. An even more intriguing result was found with the
stitution is present, the energy of this stepwise route is very coupling of 3-aminobenzeneboronic acid hemisulfate which
similar to the concerted pathway and no clear decision on thegave the coupled product in 50% yield. Clearly, the amino-
pathway can be made. No intermediateomplex could be function, whether protonated or not, is insufficiently nucle-
located form®-tricarbonylchromium-complexed fluoroben-  ophilic to compete with the palladium(0) species for the 2,4-
zene, and only a concerted pathway was identified. dinitrofluorobenzene reagent.

Widdowson and Wilhelm[68,69] have found that Mi Kim and Yu [71] have studied the palladium(0)-
(fluoroarene)-tricarbonylchromium(0) complexes undergo catalyzed amination, Stille coupling and Suzuki coupling re-
Suzuki and Stille cross-coupling reactions to form function- actions of electron-deficient aryl monofluorides.
alized biaryl and styrene complexes in the presence of a pal- A set of control experiments were designed and performed
ladium catalyst. to rule out (i) thermal reactions (neither Pd nor the ligand

Several experiments with the Susuki system provide was present), (ii) influence of the ligand alone (no Pd was
strong evidence for direct participation of the fluorobenzene present), (iii) influence of the Pd(0) source alone (no ligand
complex in the coupling process with the implication of an was present) and (iv) influence of Pd(ll) species.
unprecedented oxidative addition of thefcbond to the pal- Pd(0) in the form of [Pg(dibenzylideneacetong]) did
ladium(0) intermediate. Whether this is a concerted inser- promote the amination, although far less effectively than
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Fig. 40. Amination reaction with [Pd(PBJa] [71].
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Fig. 41. Stille coupling reactions using [Pd(RFA [71].

[Pdx(dbak]/2-dicyclohexylphosphino/2(N,N-dimethylam-
ino)-biphenyl or [Pd(PP§)4] which stood out as the

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(PBJx], CsCO3, 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 thertho- 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-

most effective catalyst for the amination reaction (see withdrawing group(s), aryl fluorides are capable of under-

Fig. 40.

When the highly reactive trimethylphenyltin and 2-
fluoronitrobenzene were heated at°€5in DMF in the
presence of 10% [Pd(PBX], no Stille coupling product
was detected. However, when both tr¢ho- and thepara-

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

positions of the fluorobenzene were occupied by electron- pathway. Oxidative addition does not have to proceed via

withdrawing groups, CN or CHO, the Stille coupling pro-

a concerted mechanism. In the cases of electron-deficient

ceeded smoothly even with the less reactive tributyltin aryl fluorides, the Pd(0) species may act as a nucleophile

compounds.

and displace the fluoride in ary8r manner to form the

When the activated aryl fluorides (R=CN, CHO) were carbonr-palladium bond. The fact that a second electron-

heated with tributylphenyltin or tributylvinyltin at 65C in

withdrawing group is only required for Stille and Suzuki

the presence of the expected Stille coupling products formedreactions (but not amination) implied that oxidative addi-

in moderate yields. In the absence of palladium, P&tbne

tion is perhaps not even rate determining for these processes

did not catalyze the reaction, and no coupling product was (electron-withdrawing groups do accelerate reductive elimi-

detected (seEig. 41).

R1 =H, OMe

nation).

R2
_[Pd(PPh;),] :

Cs,CO, O NO
R1 2

R2 = CN, CHO

Fig. 42. Suzuki coupling reactions using [Pd(BR2h[71].
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7. Platinum
Recently, Perutz and co-workd2] published an elegant

theoretical study focused on the reaction gFgor CsHg and
the metal fragment [M(0)(bPCH,CH,PH,)] (M = Ni or Pt).

Thus, using DFT, they have explored the reaction path-

ways for aromatic €H and CG-F activation at 14-electron,

H. Torrens / Coordination Chemistry Reviews 249 (2005) 1957-1985

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 G-H bond activation. For platinum, in contrast,
oxidative addition of both aromatic-& and G-F bonds

zerovalent nickel and platinum centers. Their calcula- should be feasible, and-& and C-F activation should be

tions indicate that, for both [Ni(;PCH,CH2PH,)] and
[Pt(H2PCH,CH2PH,)], the initial step in the reaction is the
exothermic formation of am?-coordinated arene complex.
In all cases, the complex formed withskg is more stable
than its GHg counterpart. The potential energy surface
connecting then2-arene to the oxidative addition product
is a complex one involving two distinct transition states.
The metal center first migrates along thre@bond leading

the kinetic and thermodynamic products, respectively (see
Fig. 43.

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

The kinetics of GX (X=H, F, Cl or Br) bond activa-

to a transition state (TSb) which connects two equivalent tion of ring-substituted, ArffCHNCH,Ph, type imines via
n2-arene structures. From TSb, the reaction coordinate intramolecular oxidative addition to platinum(ll) complexes
follows an orthogonal mode, in which the metal center has been studied in acetone and toluene solution at different

migrates along the €X bond, leading to a transition state

temperatures and pressures. Although the activation parame-

(TSa) where this bond is partially cleaved. The absence of ters determined are within the range expected, the latter is ex-

a stablen?-C—X o complex on the potential energy surface

tremely large AH? from 25 to 70 kI mot?, AS from —220

is associated with the 14-electron configuration of the metal to —45 kJ mot1, AV# from —31.2 to—9.5 cn? mol—1). No
fragment, and distinguishes the reaction pathway from differences were found for the reactions carried out in ace-
similar process involving 16-electron fragments such as tone or toluene, indicating that no polar transition state is

[CpRe(CO3].

For both nickel and platinum, oxidative addition of the
C—F bond is strongly exothermic relative to thg-arene
complex. The kinetic barrier to bond activation is, how-
ever, significantly higher for platinum as a result of strong
S5dw—pm repulsions in the transition state. In marked con-
trast, G-H bond activation is exothermic only for the plat-

formed during the reaction and that a common highly or-
dered three centered-®t-X interaction is present for all
the imines used. A good correlation was also obtained for the
AS and AV# values, independent of the solvent used, con-
firming the non-polarity of the transition state. A deviation
from this pattern is observed only for fluorinated imines both
in acetone and toluene solutions; this result is interpreted by

inum system. The accumulated evidence suggests that theonsidering an earlier transition state for the oxidative addi-

switch from nickel to platinum has different effects or-M
and M-H bonds. Whereas the-R bond benefits from im-
proved overlap compared to nickel, the-Ptbond is weak-

tion of C—F that has not yet produced an important volume
contraction of the platinum center despite the important spa-
tial organization of the ligand, as shown by the very negative

ened by d—pm repulsions. While other studies have debated values ofAS.

H H
P F
S AE 2 -37.0 (M =Ni)
v =-36.0 (M = Pt)
p F
N\
HH F E
F
A
P H
\M/ F AE - 139 (M =Ni)
Y =.23.1 (M = Pt)
N\
F
HH F
F

Fig. 43. Comparison of energetics of€ and G-H activation in isomeric products (energies in kcal mol[72].
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Fig. 44. Reactions of MANCH,CH,N=CHR (R=2,4,6-GH2F3, 2,3,6-
C6H2F3) with [PtzMe4(}.L-SMez)2] [74].

Crespo and co-worker§r4] found that trifluorinated
ligands MeNCH,CH;N=CHR (R =2,4,6-GH>F3, 2,3,6-
CgHoF3) react with [PtMes(n-SMey)2] to yield the
[C,N,N] saturated cyclometallated platinum(lV) com-
pounds [PtFMg(Me;NCH2CHaN-HCH(CH,COMe)(n,
m-CgH2F2))] arising from C-F bond activation fol-
lowed by acetone addition on the iminic bond of the
coordinated ligand as shown iRig. 44 [PtFMe(Me;
NCH2CH2NHCH(CH,COMe)(2,4-GH2F2))] has been
characterized crystallographically.

As shown inFig. 45 [75] the reactions of [BMes (.-
SMe),] with ligands ArCH=N-(S-CHMePh (Ar=2-
BI’C6H4, 2,6-CbC6H3, C6F5, 2-FC6H4 and 2-CEC6H4)
give either cyclometallated compounds [PYHéArCH=N-
(9-CHMePh)(SMe)] by intramolecular activation of
C—X (X=Br, Cl or F) bonds, or compounds [PtMe
(ArCH=N-(S-CHMePh)(SMe)] by ortho-metallation,
followed by methane elimination. The reactions of
these compounds with PPlresult in the formation of
[PtMexX(ArCH=N-(S)-CHMePh)(PP})] or [PtMe(ArCH=
N-(9-CHMePh)(PPBh)], respectively. Oxidative addition
of methyl iodide to [PtMe(ArCHN-(S-CHMePh)(PPh)]
produces the corresponding complexes [PilferCH=N-
(9-CHMePh)(PPE)]. The NMR spectra of com-
pounds [PtMeX(ArCH=N-(S9-CHMePh)(SMe)] and
[PtMecX(ArCH=N-(9-CHMePh)(PPk)] indicate that

1981
Me,
|S H Me
Me. \ Me )<
Pt /Pt + Ph |N F
Me ? Me H F
Me
2 F F
F
CHMePh
l\|l|e
~
MeZS\Pt/ F
Me/ |
F
F F
F
CHMePh
Me ll\l
F— |/ \
Pt E
Me/ |
PPh,
F F
F

Fig. 45. Reactions of [RMes(n-SMey),] with CgFsCH=N-(S)-CHMePh
[75].

structure of [PtMe(2-FgHgCH=N-(S-CHMePh)(PP})] is
reported75].

Jasim and Perutz [76] found that trans{Pt-
(PCyws)2H(FHF)] can be synthesized by a—E acti-
vation route. Reaction oftrans[Pt(PCy)2Ho] with
hexafluorobenzene in the presence of [NJ#e yields
the bifluoride complex trans[Pt(PCys).H(FHF)] and
trans[Pt(PCy)2H(CgFs)] in a ratio of 1:13. The latter
was characterized by Stone and co-workers followirgiC
activation of GFsH with Pt(PCy), [77]. A control experi-
ment showed no reaction betweans[Pt(PCys)2H2] and
[NMeg4]F.

Treatmenf78] of trans[PtCla(PPh_n(CsFs)n+1)2] (N=0
or 1) with Pb(SGHF;-4), yields a mixture of monometallic
cigtrans [Pt(SGHF4-4)2(PPh_n(CsFs)n+1)2], thiolate-
bridged bimetalliccigtrans [Pty(p-SCsHF4-4)2(SCsHFs-
432(PPh_n(CeFs)n+1)2] and  [Pt(SGHF4-4)2(1,2-GsFa
(SGsHF4-4)(PPh_n(CgFs)n)] as shown irFig. 46

To rationalize the outcome from these reactions, activation
and cleavage of anrtho-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 th@rtho-carbon atoms of complexes [Pt(§4F4-
4)2(1,2-GF4(SCGsHF4-4)(PPB_n(CsFs)n)] can be envis-
aged as the center of a nucleophilic attack by a thielstéfur

these are formed as pairs of diastereomers. The X-rayatom.
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ci_ PR, idative addition which is one of the fundamental mechanis-
. P/P N a * Pb(SC,HF,-4), tic steps necessary for metal-catalyzed functionalization of
s l -PbCl, polyfluorinated molecules.
A large number of €F activation reactions have been
CGHF‘*S\P(PR“ Rsp\p o SCHFs studied using fluoroolefins. Upon coordination, the fluo-
R3P/ “SC,HF, + PR, RSP/ SC.HF, roolefin moiety becomes rather electrophilic as evidenced by
l-PR3 —< the facile addition of protic acids. Due to this enhanced elec-
CeHF, CcHF, trophilicity, coordinated fluoroolefins also tend to react read-
CHRS L SNpr e PR RSN ily with Lewis acids to afford vinyl complexes via fluoride
Rsp/ \$/ \SCGHF4 cs|-||:4s/ \$/ t\s(';s|-||:4 abstraction. R(Q2,23], 08[30], Rh[40,50]and |I’[52,62,63]
Gk CoHF, fluoroolefin complexes have been prepared and examined
\ / along with several compounds having the-GFR skele-
FHC, _ ton, M =Rh, R=CECR;, CsF5 [44]; M =Rh, R = GFs [45];
CHFS_ S F M=Ir, R=CF; or CRCF;3 [54,55} M=Ir, R=CFRCF3 or
C.HF S/“\Pj@F CF(CR), [56]; M=1Ir,R=CFRCR3[60]; M=Ir, R=CFRCF;
ot R, [61]; M=1Ir, 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 a-fluorine elimination to afford difluorocarbene species
is now a well-established procedure.

8. Final remarks Hughes et al. have made extensive use of this process.
They have found that [RhCp*(GEgsFs)(H20)(PMes)]*

During the last decade, significant progress has been[44] is cleanly transformed on standing overnight into
made in the area of metal-assistedRbond activation. Al- [RhCp*(CsF5)(CO)(PMe)]*. To rationalize the formation
though a wide variety of metals are capable of activating the of this carbonyl complex, the authors propose an inter-
carbonr-fluorine bond under the appropriate conditions, each mediate with the carbene fragment (OHM¥F(CsFs).
family of metals has its own virtues and limitations. Thus, The analogous perfluoropropyl complex results from the
the fluoride affinity of the highly electrophilic early transition treatment of [RhCp*I(CECRCFs)(PMe3)]™ with silver
metals tends to afford quite robust reaction products preclud-triflate and NaB(ArF) in the presence of water. Similarly
ing their use in catalysis, for example. Similarly, the alkali [45] but without CO migration, [RhCp*I|(C£CsFs)(CO)]
and alkaline earth metals are not suitable a$ @ctivation undergoes rapid hydrolysis of the-RF, moiety to afford
catalysts due to their propensity to form ionic salts with flu- the oxametallacycle [Rh(1,24E4(O)(CO))Cp*(PMe)].
oride, even though very efficient defluorination systems are This group has also found the first examplgst,55]
known. of hydrogenolysis of thea-CF, groups in some irid-

Naturally, low-valent electron-rich transition metals have ium fluoroalkyls using dihydrogen under ambient
attracted considerable attention and several research groupsondition [IrCp*(CRRf)(H.0)(PM&)]* (Rf=CF3 or
have achieved surprising results in terms of chemical selectiv-CRCFs) mediated by [IrCp#CFRf)H(PMe)]* af-
ity, mechanistic understanding and theoretical foundations. fords RfCHF and RfCH but no RfCHF. Similarly,

Early efforts typically employed forcing conditions and [IrCp*(CF(CRs)2)(H20)(PMes)]* yields CRCH,CFs but
obtained low yields. Carbedluorine activation can now be no CRCHFCFR. Carbene intermediates have also been
accomplished under extremely mild conditions using a suit- found[60] in the reaction of [IrCp*(CECF3)(H20)(PMe&3)]*
able transition-metal complex. and HS with [IrCp*(=CFCR)(HS)(PMe&)]* (interme-

Despite the many diverse catalytic and stoichiometric pro- diate) to yield [IrCp*(S(S)CHCE)(PMe3)]*. Caulton
cesses known today, very few of these systems are well un-and co-workers [26] have found that [RuH(F)(CO)
derstood. Unfortunately, many of these metal-promoteBC ~ (P'Bu;Me);]* and MegSIiCR  yields the complex
activation reactions are recognized only because they form[RuH(F)(=CF)(CO)(PBu;Me),] whereas [30] the
compounds in which a €F bond has been ruptured, and vinyl C—F cleavage by [OsCI(HJP'Pr)] afforded
typically a polyfluorinated ligand is coordinated to the metal [OsCI(F)&CHMe)(PPr)y]. Roper and co-workers[52]
center in the product. found that [IrCh(CRCRH)(CH3CN)(PPh)] reacts with

Further developments in this field require a mechanistic HCI through the intermediate fluorocarbene complex
understanding of the chemical interactions between the metal[IrCl ,(=CFCRH)(CH3CN)(PPh),]* to yield, upon hydrol-
complex and the organic substrate. ysis [IrCl(C(O)CRH)(CH3CN)(PPR)2]. Thermolysis of

As demonstrated in the preceding sections, several plat-the acyl complexes results finally in a migration process and
inum group metal (PGM) complexes are capable-eF©x- formation of [IrCb(CRH)(CO)(PPh)2].

R, = (C¢Hs), or (CgH5)(CeFs), Rs = (CgHy),(CoF;5) or (CeH5)(CFs),

Fig. 46. Reactions ofrans[PtCl(PPh_n(CeFs)n+1)2] (n=0 or 1) with
Pb(SGHF4-4), [78].
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Fluorinated arenes have been also studied in a varietyCsHs)(PMe3)RhCH,OCsF4]

of C—F activation reaction. Perutz and co-work§t9,20]
have found thatis-[Ru(H)2(Me2PGH4PMey),] reacts with
i.a. GgFg, CgHFs, CgHoF4 or CgHsF3, to generate the
fluorophenyl hydridetrans[RuH(Rf)(MesPGH4iPMe))2],
(Rf=CgFs5, CgHF4, CgHaF3, CgHsF2), complexes from
C—F insertion exclusively. Similarly, they[76] have
found that reaction oftrans[Pt(PCys)2H2] with hex-
afluorobenzene in the presence of [Nfjjfe yields the
bifluoride complex trans[Pt(PCy;)>H(FHF)] and trans
[Pt(PCys)2H(CgFs5)] [77]- Aizenberg and Milsteif33] found
that [Rh(SIiR)(PMe3)3] reacts quantitatively with gFg
yielding [Rh(GsFs)(PMe3)3]. Treatment of this compound
with HSiR3 affords [RhH(GFs)(SiR3)(PMes)s] which
closes the catalytic cycle producingFs and restoring
the catalytic precursor. Edelbach and Jof¥g found that
the complex [Rh§>-CsMes)(H)2(PMes)] reacts with GF,
CsFsH, CioF10 or CioFsg to give the G-F cleavage products
[Rh(n>-CsMes)(ary-F)H(PMey)]. The reaction has autocat-

1983
used to generate f-
CsHs)(PMe3)Rh=CH(OGsF4)]PFes.

Saunders and co-worker5,36] discovered several
interesting reaction involving-&F activation in the chelating
phosphine (gFs5)2PCH,CH>P(CsF5)2 upon treatment with
[{MCp*Cl(n-Cl)}2] (M=Rh or Ir). Activation of two G-H
bonds of the Cp* ligand followed by formation of two-C
bonds affords the final product with net elimination of HF.
In the absence of ethanol, thermolysis of [MCp*§3{
(CeF5)2PCH,CH2P(GsFs)2] does not lead to €F activation,
suggesting an open coordination site on the metal is required
for this transformation. Interestingly, the less heavily fluori-
nated phosphine @Ei3F2)2PCH,CHoP(GsH3F2)2 exhibits
similar G-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

alytic character and fluoride ion is shown to be responsible of net functionalization of €F bonds to form €C bonds.
for the catalysis. A mechanism initiated by deprotonation of Other examples include the reactid3] between [Rhg>-

[Rh(n>-CsMes)(H)2(PMes)] followed by nucleophilic attack

of the resulting anion on the polyfluoroaromatic with subse-
quent loss of fluoride is proposed. The fluoride ion continues cation

the cycle by deprotonating [RhY-CsMes)(H)2(PMes)].

CsMe4H)CI(w-Cl)]2 or [38] [Rh(n>-CsMe4Et)Cl(w-Cl)]2
and (GFs)2PCHCH2P(GsF5)2 (dfppe), to yield the chiral
[Rh>-CsHMe—2,4-[CHCsF4P(CsF5)CH,] 2-
1,3)CII" and what the authors have formulated as “fR(

Successful examples of chelated assisted activation of CsMe4Et)CI((CsF5)2PCHCH2P(CsF5)2)—2HF]BF,”.

aromatic G-F bonds provided the foundation for further

exploration of the organometallic chemistry of fluorocar- 2)|BF4,

The compounds [RhCHP-CsMes)((CsFs)2PCsHsSMe-
and the diasterecisomer of [Rh@¥

bons. While early examples were limited to perfluorinated CsMes)((CsFs)PhPGH4SMe-2)]BFR, in which GMes and
aromatic systems, the scope of this process is now wider andCgFs arecis, undergo rapid coupling. The reaction between
includes a variety of functionalized ligands. Thus, Murai [Rh(u.-Cl)Cl(n>-CsMes)]» [41] and the tetrafluoropyridyl-

and co-worker$46] have discovered the first Rh-catalyzed,

chelation assisted Sk exchange reaction between disilanes 4) yielding
and fluoroarenes activated by ketone or oxazoline func- CsMes)(PhhPCH,CH>PPh(GF4N-4))](BF4),

tionality ortho to the G-F bond. Esteruelas and co-workers
[29] have demonstrated that [Oglf Pr3)2] is capable of
activatingortho-C—F bonds of fluorinated aromatic ketones
yielding [OsH(CsF4C(O)R)(PPr3)2] (R = CHa, CsFs) and
[OsHa(CgH3FC(O)CH)(P Prs),].  Calculations  suggest
that, in agreement with the-& activation of pentafluo-
robenzophenone, in aromatic ketones thd=Gctivation is
much more favored than the-®l activation, from a thermo-
dynamic point of view. So, the preferred-8 activation in

substituted diphosphine PPCH,CH,PPh(GF4N-

racemic diastereoisomers of [Rhg}

underwent
rapid dehydrofluorinative €C coupling to give the
respective enantiomers of [Rh&R kPxP—CsMesCHy—2-

CsF3N—4-PPhCHCH,PPh)|BF4.

Monofluoro arenes are normally inert toward nucleophilic
attack. However, Widdowson and Wilhel8,69] 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

2-fluoroacethophenone and 2,3,4,5-tetrafluoroacetophenondirst successful palladium-catalyzed Suzuki reaction of an
appears to have kinetic origin, which could be, in part, related uncomplexed fluoroarene. Mi Kim and Yda1] have studied

with the preferrednti arrangement of the FC—C—C=0 unit
of the starting ketones. Crespo and co-workéds75]found
that fluorinated ligands such as MMCHoCHo;N=CHRf
(Rf=2,4,6-GH2F3, 2,3,6-GH2F3) or CsFsCH=NCHMePh
react with [PtMes(n-SMey)o] to vyield the [C,N,N]
saturated cyclometallated platinum(1V) [PtFMBe;NCH,
CH2N—-HCH(CH,COMe)(n,m-CgH2F2))] or [PtMexF(CgF4
CH=NCHMePh)(SMe)] compounds by intramolecular
activation of G-F bonds. Perutz and coworke$?] have
shown that irradiation of [Rh{-CsHs)(PMes)(CoHa)]
in pentafluoroanisole generates the metallacychg®-[(

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 SYAr manner to form the carbespalladium bond.
The fact that a second electron-withdrawing group is only
required for Stille and Suzuki reactions (but not amination)
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implied that oxidative addition is perhaps not even rate [13] J.L. Kiplinger, T.G. Richmond, C.E. Osterberg, Chem. Rev. 94

determining for these processes considering that electron-  (1994) 373.

withdrawing groups do accelerate reductive elimination. 4] agg%rdfguc' B. Jedlicka, RH. Crabtree, Chem. Ber/Recl. 130
Itis clear that several Ilggnd—based systems show pr(‘)rnls’(:"[ls] H. Gerard, -O. Eisenstein, J. Chem. Soc., Dalton Trans. (2003) 839.

and should be further exploited as model compounds for Sys-[16] 3. March, Advanced Organic Chemistry, 4th ed., Wiley, New York,

tematic studies directed toward catalyticlebond-activation 1992.
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