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Introduction

The oxidative addition of aryl halides to late-transition-
metal centres, especially Pd0, is central to metal-mediated
transformations such as C�C and C�N coupling reactions.[1]

Studies show that [Pd ACHTUNGTRENNUNG(PR3)2] and related N-heterocyclic car-
bene-ligated fragments react with aryl halides by mecha-
nisms that depend on the identity of the haloarene. In some
cases one-coordinate Pd0, formally 12-electron complexes,
are identified as the reactive species, which undergo oxida-
tive addition with aryl halides.[2,3] The number of examples
of well-characterised group 9 species capable of undergoing
oxidative addition with aryl halides is relatively small, but
growing.[4,5] The study of such species and their onward re-
activity is important in terms of future efforts to develop the
use of group 9 species in C�C and C�N coupling reactions.
Recently, the use of rhodium and iridium complexes have
been reported in C�C and C�N cross-coupling reactions,[6]

Abstract: Oxidative addition of aryl
bromides to 12-electron [Rh ACHTUNGTRENNUNG(PiBu3)2]-ACHTUNGTRENNUNG[BArF

4] (ArF = 3,5-(CF3)2C6H3) forms a
variety of products. With p-tolyl bro-
mides, RhIII dimeric complexes result
[Rh ACHTUNGTRENNUNG(PiBu3)2(o/p-MeC6H4) ACHTUNGTRENNUNG(m-Br)]2-ACHTUNGTRENNUNG[BArF

4]2. Similarly, reaction with p-
ClC6H4Br gives [Rh ACHTUNGTRENNUNG(PiBu3)2ACHTUNGTRENNUNG(p-
ClC6H4) ACHTUNGTRENNUNG(m-Br)]2ACHTUNGTRENNUNG[BArF

4]2. In contrast,
the use of o-BrC6H4Me leads to a prod-
uct in which toluene has been eliminat-
ed and an isobutyl phosphine has un-
dergone C�H activation: [RhACHTUNGTRENNUNG{PiBu2-ACHTUNGTRENNUNG(CH2CHCH3CH2)} ACHTUNGTRENNUNG(PiBu3) ACHTUNGTRENNUNG(m-Br)]2-ACHTUNGTRENNUNG[BArF

4]2. Trapping experiments with
ortho-bromo anisole or ortho-bromo
thioanisole indicate that a possible in-
termediate for this process is a low-co-
ordinate RhIII complex that then under-
goes C�H activation. The anisole and

thioanisole complexes have been isolat-
ed and their structures show OMe or
SMe interactions with the metal centre
alongside supporting agostic interac-
tions, [RhACHTUNGTRENNUNG(PiBu3)2ACHTUNGTRENNUNG(C6H4OMe)Br]-ACHTUNGTRENNUNG[BArF

4] (the solid-state structure of the
5-methyl substituted analogue is re-
ported) and [RhACHTUNGTRENNUNG(PiBu3)2ACHTUNGTRENNUNG(C6H4SMe)-ACHTUNGTRENNUNGBr] ACHTUNGTRENNUNG[BArF

4]. The anisole-derived com-
plex proceeds to give [Rh-ACHTUNGTRENNUNG{PiBu2(CH2CHCH3CH2)} ACHTUNGTRENNUNG(PiBu3) ACHTUNGTRENNUNG(m-
Br)]2 ACHTUNGTRENNUNG[BArF

4]2, whereas the thioanisole
complex is unreactive. The isolation of
[Rh ACHTUNGTRENNUNG(PiBu3)2ACHTUNGTRENNUNG(C6H4OMe)Br] ACHTUNGTRENNUNG[BArF

4] and

its onward reactivity to give the prod-
ucts of C�H activation and aryl elimi-
nation suggest that it is implicated on
the pathway of a s-bond metathesis re-
action, a hypothesis strengthened by
DFT calculations. Calculations also
suggest that C�H bond cleavage
through phosphine-assisted deprotona-
tion of a non-agostic bond is also com-
petitive, although the subsequent pro-
tonation of the aryl ligand is too high
in energy to account for product for-
mation. C�H activation through oxida-
tive addition is also ruled out on the
basis of these calculations. These new
complexes have been characterised by
solution NMR/ESIMS techniques and
in the solid-state by X-ray crystallogra-
phy.
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and these reactions are suggest-
ed to proceed through low-co-
ordinate, electronically unsatu-
rated intermediates that under-
go aryl halide oxidative addi-
tion. Aryl halide oxidative addi-
tions are also interesting from
the standpoint of dechlorination
reactions of polychloroaromat-
ics.[7] More generally, the study
of the onward reactivity of
well-characterised low-coordi-
nate late-transition-metal complexes is of relevance to many
catalytic processes that rely on the generation of such spe-
cies.

We have previously reported the synthesis of [Rh-ACHTUNGTRENNUNG(PiBu3)2(H)2]ACHTUNGTRENNUNG[BArF
4] (ArF = 3,5-(CF3)2C6H3), which has a

cationic RhIII centre with two supporting agostic interactions
from the tris ACHTUNGTRENNUNG(isobutyl)phosphine ligands (Scheme 1).[8] It is

related to PiPr3 and PCy3 analogues[9] and Ir�dihydride bis-ACHTUNGTRENNUNG(phosphine) or bis(N-heterocyclic) carbene species.[10, 11]

Placing this dihydride complex under vacuum or addition of
a hydrogen acceptor (tert-butyl-ACHTUNGTRENNUNGethene) results in the quantita-
tive formation of a RhI species
that we have formulated as
[Rh ACHTUNGTRENNUNG(PiBu3)2] ACHTUNGTRENNUNG[BArF

4] (1),[12]

which is formally a 12-electron
metal complex, although there
are no doubt supporting agostic
C�H interactions from the
phosphine alkyl groups.[10,11, 13]

NMR spectroscopy and trap-
ping experiments support this
formulation, with addition of
C6H5F resulting in the forma-
tion of the arene adduct [Rh ACHTUNGTRENNUNG(h6-C6H5F) ACHTUNGTRENNUNG(PiBu3)2] ACHTUNGTRENNUNG[BArF

4]
(2 a). Complex 1 also takes part in oxidative addition reac-
tions. For example, it catalyses the dehydrocoupling of
amine boranes,[13,14] which are suggested to proceed through
B�H oxidative addition,[13,15] whereas addition of C6H5X
(X=Cl, Br) to 1 results in 16-electron dimeric complexes 3 a
and 3 b that are the product of oxidative cleavage of the
Ar�X bond (Scheme 2).[8] For X= Cl an intermediate was
both spectroscopically[8] and crystallographically[16] identified
as an h6-arene adduct, 2 b. Adducts that are h-bound have

previously been implicated in a number of oxidative cleav-
age reactions of aryl halides at low-valent transition-metal
centres.[3,17]

Herein, we extend the scope of this reactivity to include
aryl bromides of differing steric and electronic profiles. This
leads to the products of oxidative cleavage of the aryl–
halide bond as well as, unexpectedly, C�H activation of the
phosphine, for which we also present a computational inves-
tigation.

Results and Discussion

Oxidative addition of aryl bromides : Addition of p-
ClC6H4Br, p-MeC6H4Br and m-MeC6H4Br to C6H5F solu-
tions of 2 a results in the precipitation of the new dimeric di-
cations [Rh ACHTUNGTRENNUNG(PiBu3)2ACHTUNGTRENNUNG(p-ClC6H4) ACHTUNGTRENNUNG(m-Br)]2ACHTUNGTRENNUNG[BArF

4]2 (4), [Rh-ACHTUNGTRENNUNG(PiBu3)2 ACHTUNGTRENNUNG(p-MeC6H4)ACHTUNGTRENNUNG(m-Br)]2ACHTUNGTRENNUNG[BArF
4]2 (5) and [RhACHTUNGTRENNUNG(PiBu3)2ACHTUNGTRENNUNG(m-

MeC6H4)ACHTUNGTRENNUNG(m-Br)]2ACHTUNGTRENNUNG[BArF
4]2 (6) in reasonable isolated yields,

which are the products of oxidative addition of the corre-
sponding aryl bromide (Scheme 3). No intermediate species

were observed, unlike in the case of addition of ClC6H5

(with the stronger Ar�Cl bond) in which an intermediate h6-
p complex (2 b) was observed prior to oxidative cleavage of
the C�Cl bond.[8] All are formulated as dimeric [Rh2]

2+

salts. The solid-state structures for the cationic part of the
salts are shown in Figure 1, with selected bond lengths and
angles in Table 1. These dimers are closely related to those
reported by Budzelaar, which come from addition of aryl
halides to the low-coordinate RhI complex
[{(Me2C6H3)NCMeCHCMeN ACHTUNGTRENNUNG(Me2C6H3)}Rh ACHTUNGTRENNUNG(coe)] (coe =cy-

Scheme 1. Synthesis of 1 from [Rh ACHTUNGTRENNUNG(PiBu3)2(H)2] ACHTUNGTRENNUNG[BArF
4].

Scheme 2. Formation of an intermediate arene complex and subsequent oxidative cleavage.

Scheme 3. Synthesis of dimeric salts 4–6.
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clooctene).[5] It is also well-established that halide-bridged
dimer species arise from oxidative addition of aryl halides to
[Pd(L)2].[18]

In the solid-state complexes, 4, 5 and 6 crystallise as cen-
trosymmetric dimers, and for 5 there are also two independ-
ent molecules in the unit cell, which do not differ signifi-
cantly in their structural metrics. All three dimers have 16-

electron RhIII, five-coordinate pseudo-square-based pyrami-
dal centres with an apical aryl group trans to a vacant site,
as might be expected.[19] The phosphines are situated cis to
one another. The long Rh···Rh distances of approximately
4 � rule out metal–metal bonding. The Rh�Caryl lengths are
similar to those reported in 3 a and 3 b.[8] The aryl groups
are orientated mutually anti and lie parallel to the Rh···Rh
vector, and this orientation is presumably enforced by steric
constraints from the phosphine ligands as demonstrated by
the space-filling diagram of 6 (Figure 2). This orientation

also means that the cis phosphines and the cis bromides sit
in a square plane. As demonstrated later, bulky aryl groups
that disrupt this motif do not allow the formation of the
dimer, and the resulting low-coordinate metal fragment un-
dergoes further reaction (C�H activation of the alkyl phos-
phine group). The vacant sites on each Rh centre in these
dimers could be completed by an agostic interaction[20] from
an isobutyl group, but the closest Rh···C distances are all
greater than 3.1 �, indicating that any interactions are weak
at best[21] (compare with [RhClH ACHTUNGTRENNUNG(ItBu) ACHTUNGTRENNUNG(ItBu�)], ItBu =N,N-
di(tert-butyl)imidazol-2-ylidene, which has a strong agostic
interaction, Rh···C 2.704 �).[22] The presence of a vacant site
and the proximity of an alkyl group does not necessarily
mean that an agostic interaction will always be present be-
cause other competing factors (electronic and steric) play a
part,[23, 24] especially if a strong trans-influence ligand is pres-

Figure 1. Solid-state structure of the cationic portions of complexes 4, 5
and 6. Thermal ellipsoids are shown at the 30 % probability level. All are
centrosymmetric dimers and are generated by the appropriate symmetry
operations. Only one of the crystallographically independent cations in
the unit cell is shown for 5. See Table 1 for selected bond lengths and
angles. Hydrogen atoms and minor disordered components are omitted
for clarity.

Table 1. Comparison of selected bond lengths [�] and angles [8] for com-
plexes 4, 5, 6 and 7.

4 5 6 7

Rh1�C1 2.012(3) 2.018(7), 2.018(8) 2.022(4) –
Rh1�C3 – – – 2.086(4)
Rh1�P1 2.3332(8) 2.318(2), 2.312(2) 2.291(1) 2.2778(8)
Rh1�P2 2.3186(8) 2.311(2), 2.309(2) 2.294(1) 2.2913(8)
Rh�Br1 2.5765(4) 2.5736(8), 2.5937(10) 2.5890(5) 2.5731(4)
Rh�Br#1 2.5896(4) 2.5974(7), 2.6066(9) 2.5851(5) 2.5839(4)
P1-Rh1-P2 101.45(3) 105.07(8), 102.78(9) 99.55(4) 94.13(3)
C1-Rh1-P1 89.20(8) 88.9(2), 88.9(2) 97.1(1) –
C3-Rh1-P1 – – – 94.1(1)
C1-Rh1-P2 93.25(8) 90.0(2), 93.1(2) 91.2(1) –
C3-Rh1-P2 – – – 83.37(1)
Rh#1-Rh1-C1 103.02(8) 103.7(2), 103.4(2) 103.2(2) –

Figure 2. Space-filling diagram of complex 6 with the aryl groups high-
lighted. a) Perspective parallel to the Rh···Rh axis and b) perspective or-
thogonal to the Rh···Rh axis.
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ent.[25] Crystallographically
characterised complexes that
have agostic isobutyl phos-
phine ligands show slightly
shorter M···C distances than in
4–6, for example, [Rh ACHTUNGTRENNUNG(PiBu3)2-ACHTUNGTRENNUNG(H)2]ACHTUNGTRENNUNG[BArF

4] (ca. 2.9 �)[8] and
[Mo(CO)(iBu2PC2H4PiBu2)2]
(ca. 3.0 �).[26] The dimeric,
bis-agostic motif has been re-
ported previously for a series
of neutral halide-bridged com-
plexes [Ru2HnX4�nACHTUNGTRENNUNG(PiPr3)4]
(X=F, Cl).[23]

In solution, NMR spectroscopy shows one 31P environ-
ment with coupling to 103Rh (with J ACHTUNGTRENNUNG(Rh,P)�139 Hz) for all
the new complexes 4–6. The 1H NMR spectra show two dia-
stereotopic methyl environments for the iBu groups in addi-
tion to aryl signals. Although these data do not discriminate
against monomeric complexes such as [Rh ACHTUNGTRENNUNG(PiBu3)2-ACHTUNGTRENNUNG(aryl)Br]+, in solution the high reactivity of such a 14-elec-
tron species (see below) coupled with the fact that the com-
pounds show, at best, only moderate solubility in suitable
common solvents (CD2Cl2 and C6H5F) suggests that the di-
meric dicationic formulation is retained in solution. The low
solubility in these solvents also means that low-temperature
NMR spectra were not obtained precluding the investigation
of any potential agostic interactions in solution. ESIMS
shows monotonic isotopomer progression and the correct
isotope pattern, indicating that
the dimers break up to mono-
mers in the gas phase under
ESI conditions.

Complex 4 does not undergo
further reaction, that is, Ar�Cl
activation, when more 2 is
added even though we have es-
tablished that oxidative addi-
tion of free chlorobenzene hap-
pens readily with 2.[8] This is no
doubt due to the incoming
metal fragment being unable to
form a precursor p-complex
necessary for cleavage of the
Ar�Cl bond (Figure 2). The iso-
lation of 4 as the product of
Ar�Br oxidative addition indi-
cates the kinetic preference for
Ar�Br activation over Ar�Cl.

Reactivity with bulky aryl bromides : Addition of o-
MeC6H4Br to 2 did not result in the isolation of the direct
product of Ar�Br oxidative addition. Instead a dimeric spe-
cies was isolated as the final product, which contains no aryl
group and has undergone C�H activation of one of the alkyl
phosphine groups to give [RhACHTUNGTRENNUNG{PiBu2(CH2CHCH3CH2)}-ACHTUNGTRENNUNG(PiBu3)ACHTUNGTRENNUNG(m-Br)]2ACHTUNGTRENNUNG[BArF

4]2 (7; Scheme 4). Complex 7 was iso-

lated by crystallisation and obtained in approximately 50 %
yield as a 95 % pure material and was contaminated with
small amounts of unidentified phosphine-containing materi-
als. Monitoring the reaction by NMR spectroscopy (31P{1H})
indicated conversion higher than this (~80 %) alongside the
production of unidentified materials. Analysis of the reac-
tion mixture by GC–MS also showed the formation of tolu-
ene as a co-product, suggesting that addition of the Ar�Br
bond to the metal is followed eventually by the elimination
of ArH. We return to the details of this transformation
later.

In the solid state 7 crystallises as a centrosymmetric dicat-
ionic dimer in which each RhIII centre is a pseudo-square-
based pyramid, similar to that observed for 4, 5 and 6
(Figure 3 and Table 1). This structural similarity extends to
the {RhP2Br2} core: the Rh�C covalent bond, this time

coming from a C�H activated iBu phosphine substituent
that lies trans to the vacant site, and a weak at best[21] agos-
tic interaction (Rh···C15 3.049 �) between an alkyl phos-
phine CH3 group and the Rh centre. The hydrogen atoms
associated with the agostic CH3 groups were not located in
the final difference map and were placed in calculated posi-
tions. The two cyclometallated alkyl groups in the dimer lie

Scheme 4. Synthesis of complex 7.

Figure 3. Left: Solid-state structure of the cationic portion of complex 7. Thermal ellipsoids are shown at the
50% probability level. Right: Crystallographically unique portion of the dimer highlighting selected iBu
groups. Both bridging bromide atoms have been shown for clarity. Selected bond lengths and angles are given
in Table 1. Hydrogen atoms, except for those associated with C15 (calculated) and minor disordered compo-
nents, have been omitted for clarity.
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anti to each other and are related by an inversion centre.
The P-C-C angle associated with the metallated alkyl group
[Rh1-P2-C1, 102.9(1)8] is more acute than that of the agostic
interaction [Rh1-P1-C13, 106.3(1)8], although both are
smaller than those of the other, non-interacting alkyl groups
[114–1198].

Although the room-temperature NMR spectra of recrys-
tallised 7 are rather broad, and poor solubility in suitable
solvents precluded a low-temperature study, in solution the
1H NMR spectrum shows evidence for two isomers by the
observation of two sets of resonances centred at d= 4.37
(2 H) and 3.20 ppm (2 H) that are further split within them-
selves in an approximate 1:2 ratio. The downfield shift of
these compared with the free ligand is consistent with a cy-
clometallated alkyl group.[22, 27] Although we have not been
able to unambiguously assign these resonances to specific
CH2 groups, it is most likely that they belong to the diaste-
reotopic protons on either C1 or C3 (Figure 3) because they
are absent in the spectra of 4, 5 and 6. Two isomeric species
in an approximate 1:2 ratio are also observed in the 31P{1H}
NMR spectrum as a set of doublet of doublets showing cis
31P–31P coupling, as well as coupling to the RhIII centre (J-ACHTUNGTRENNUNG(P,P)=28, J ACHTUNGTRENNUNG(Rh,P)�142 Hz). ESIMS shows a single, dicat-
ionic organometallic species consistent with the solid-state
structure (m/z : calcd: 586.1848; found: 586.1851; z=2)
adding support to these two complexes being simple iso-
mers. Four sets of probable isomers in 7 can be envisaged in
which the cyclometallated (or agostic) groups are either syn
or anti with respect to planes perpendicular and parallel to
the Rh2Br2 plane. The solid-state structure shows one of
these: anti/anti. All isomers would have two 31P environ-
ments. Monitoring the reaction between 2 and o-MeC6H4Br
by 31P{1H} NMR spectroscopy shows that after 16 h four sep-
arate isomeric complexes can be observed, which eventually
resolve into two after standing for four days, that is, a simi-
lar timescale to recrystallisation. This suggests a slow (labo-
ratory timescale) equilibration. This monitoring also reveals
a species that grows in intensity early in the reaction and
then gradually disappears, which is consistent with the be-
haviour of an intermediate (d= 60.8 ppm; J ACHTUNGTRENNUNG(Rh,P)=

160 Hz). We tentatively assign this to be the monometallic
species [Rh ACHTUNGTRENNUNG(PiBu3)2BrACHTUNGTRENNUNG(o-C6H4Me)]ACHTUNGTRENNUNG[BArF

4] (A ; Scheme 5)
on the basis of the similarity of 31P chemical shift to that of
monometallic 8 (see below). Reaction with mesityl bromide
also afforded 7 as the organometallic product,[28] but the re-
action was not as clean.

C�H activation of alkyl phosphines to low-valent metal
centres is well established, especially with tBu and iPr
groups on phosphines[27, 29,30] or N-heterocyclic car-
benes.[10,22, 31] We are not aware of a well-defined example of
C�H activation of isobutyl phosphines although C�H activa-
tion of neo-pentyl phosphines has been reported.[32] The
mechanism of the process occurring here to form 7 is dis-
cussed in the next section.

Intermediates in the C�H activation process : The C�H acti-
vation that occurs to afford 7 is particularly noteworthy be-
cause it appears to take place at a RhIII centre formed after
Ar�Br oxidative addition to the precursor RhI complex 2.
C�H activation at a metal centre can occur by oxidative ad-
dition or by s-bond metathesis,[33,34] with the continuum of
transition states in between making definitive categorisation
sometimes difficult.[35,36,37] A closely related s-CAM
(CAM= complex assisted metathesis) mechanism has re-
cently been suggested in which a s-bond metathesis transfor-
mation occurs with the additional formation of a stable s-
adduct before and after the actual metathesis.[34, 36] Alterna-
tively, electrophilically induced deprotonation of a s-bound
intermediate is possible in which a base (internal or exter-
nal) deprotonates an activated C�H bond that is coordinat-
ed through a sigma interaction with the metal.[38,39] A recent
twist in this pathway is the demonstration that a geminal C�
H bond that is not involved in an agostic interaction can be
deprotonated.[40] C�H activation at a RhIII centre is relative-
ly rare,[22,41] and it is unlikely to occur by oxidative addition,
which would involve a RhV intermediate.[42] This can be
compared to C�H activation at IrIII for which the +5 oxida-
tion state is more accessible. For example [Cp*IrACHTUNGTRENNUNG(PMe3)H-ACHTUNGTRENNUNG(ClCH2Cl)] ACHTUNGTRENNUNG[BArF

4] (Cp*=h5-C5Me5) is well-known to un-
dergo C�H activation chemistry with alkanes[43] through an
IrV intermediate,[44] whereas [Cp*Rh ACHTUNGTRENNUNG(PMe3)H ACHTUNGTRENNUNG(ClCH2Cl)]-ACHTUNGTRENNUNG[BArF

4] does not react with alkanes.[45] Likewise addition of
H2 to [Cp*Rh ACHTUNGTRENNUNG(PMe3)H ACHTUNGTRENNUNG(ClCH2Cl)] ACHTUNGTRENNUNG[BArF

4] gives a RhIII dihy-
drogen/dihydride complex [Cp*Rh ACHTUNGTRENNUNG(PMe3)H(H2)] ACHTUNGTRENNUNG[BArF

4],[46]

whereas the Ir congener is a IrV trihydride [Cp*Ir-ACHTUNGTRENNUNG(PMe3)H3] ACHTUNGTRENNUNG[BArF
4], albeit prepared by a different route.[47]

The observation by GC–MS of toluene as a co-product in
the formation of 7 from 2 a and o-MeC6H4Br suggests oxida-
tive addition of the Ar�Br bond as an early step in the reac-
tion. This would give a cationic RhIII-aryl species that then
undergoes C�H activation to ultimately generate toluene
and the cyclometallated phosphine complex. The fact that

local steric bulk ortho to the
Ar�Br bond promotes this re-
action suggests that the stable
dimeric motifs observed for
complexes 4–6 are not formed,
but instead a reactive monome-
tallic 14-electron intermediate
A is generated (Scheme 5) for
which we have spectroscopic
evidence (see above). Inspec-
tion of the space-filling diagramScheme 5. Postulated mechanism for the formation of 7 from 2a and ortho-bromotoluene.
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of 6 (Figure 2) shows that substitution in the ortho position
would not allow the close approach of two monomeric {Rh-ACHTUNGTRENNUNG(PiBu3)2 ACHTUNGTRENNUNG(aryl)Br}+ fragments, disfavouring dimer formation
in favour of intermediate A. This intermediate could then
proceed (by some mechanism, see below) to C�H activate
and lose toluene to afford B (Scheme 5). B would likely di-
merise to give the observed species 7. To probe this mecha-
nism, we attempted to trap out low-coordinate A by use of
a coordinating functional group, OMe or SMe, on the arene.

Addition of ortho-bromo anisole to 2 a gave an immediate
and clean reaction to afford the particularly air- and temper-
ature-sensitive, dark-red complex [RhACHTUNGTRENNUNG(PiBu3)2-ACHTUNGTRENNUNG(C6H4OMe)Br] ACHTUNGTRENNUNG[BArF

4] (8 a) in quantitative yield (by NMR
spectroscopy), which was characterised in situ by NMR
spectroscopy and ESIMS. 8 a evolves over one week to give
complex 7 and anisole (by GC–MS, Scheme 6). This reaction
is not clean, with 7 observed in approximately 80 % yield
alongside other unidentified decomposition products. Never-

theless, the observation of 7 as
the major final product points
to 8 a being an observed inter-
mediate in the overall C�Br ox-
idative addition/C�H activation
reaction of 2 a with ortho-
bromo anisole. Despite repeat-
ed attempts, isolated crystalline
material of 8 a was not forth-
coming. However, placing a
methyl group on the anisole in
the remote meta position gave
material that was able to be
crystallised in pure form, [Rh-ACHTUNGTRENNUNG(PiBu3)2(5-MeC6H3-2-OMe)Br]-ACHTUNGTRENNUNG[BArF

4] (8 b), and it is this that
we discuss in detail. Compound
8 b also evolves to give dimer 7.
The thio analogue to 8 a was
also prepared, [RhACHTUNGTRENNUNG(PiBu3)2-ACHTUNGTRENNUNG(C6H4SMe)Br] ACHTUNGTRENNUNG[BArF

4] (9),
through the same route. This
complex is more stable and
does not go on to form 7 even
after one week at room temper-

ature. The solid-state structures of 8 b and 9 are shown in
Figure 4 and selected bond lengths and angles are given in
Table 2.

In the solid-state 8 b and 9 are monomeric RhIII monocat-
ions with cis-phosphines, an aryl�Rh bond trans to the
halide and a coordinated (thio)ether trans to a phosphine to
give overall pseudo-square-based pyramid geometries. Both
8 b and 9 crystallise with two independent sets of cations
and anions in the unit cell, and bond lengths and angles do
not differ significantly between the two in each case
(Table 2). The coordination spheres are completed by a
weak Rh···H3C interaction from the isobutyl phosphine

Scheme 6. Synthesis of intermediate complex 8 and its evolution into di-
meric 7 and anisole.

Figure 4. Solid-state structure of the cationic portions of complexes 8 b and 9. Thermal ellipsoids are shown at
the 30 % probability level. Only one of the crystallographically independent salts is shown for each complex.
Selected bond lengths and angles are given in Table 2. Hydrogen atoms are not shown, apart from those (cal-
culated) associated with the agostic interaction.

Table 2. Comparison of selected structural metrics of 8 b and 9 (two inde-
pendent molecules in the unit cell for each). Equivalent data for the com-
puted structures of model complexes 8� and 9� are also given (see the
text for details).

8b 8� 9 9�

Rh�C1 2.01(2), 2.007(13) 2.04 2.033(4), 2.036(4) 2.05
Rh�P1 2.235(3), 2.226(4) 2.24 2.293(1), 2.2977(12) 2.30
Rh�P2 2.250(4), 2.232(13) 2.22 2.245(1), 2.2419(12) 2.22
Rh�Br1 2.500(2), 2.515(2) 2.52 2.547(1), 2.5307(6) 2.54
Rh1�O1 2.28(1), 2.282(9) 2.30 – –
Rh1�S1 – – 2.451(1), 2.4634(12) 2.48
Rh�C11 2.92(2), 3.023(14) 3.13 – –
Rh�C10 – – 3.028(5), 3.037(5) 3.11
P1-Rh1-P2 100.3(1), 99.3(1) 95.2 97.28(4), 97.89(4) 93.6
Rh1-O1-C8 128(1), 132.0(9) 129.9 – –
Rh1-S1-C7 – – 109.26(2), 109.1(2) 108.8
Rh1-C1-C4 157.7(7), 155.0(7) 155.2 156.3(2), 159.8(2) 160.7
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(Rh···C11 = 2.92(2)/3.023(14) � (8 b), Rh···C10=3.028(5)/
3.037(5) � (9)). For 9 this interaction is observed in the low-
temperature solution NMR spectrum. The hydrogen atoms
were not located by X-ray crystallography, but DFT calcula-
tions (8� and 9�, see below) support their role in weak agos-
tic interactions with the metal centre. The corresponding
Rh-P-C angles are also compressed (namely, 106–121 and
110–1198 for non-interacting iBu groups in 8 b and 9, respec-
tively). The coordination of the (thio)ether group cants the
aryl group so that Rh1-C1-C4 moves away from being ap-
proximately 1808 to approximately 156 and 1588 for 8 b and
9, respectively. Surprisingly, there are only a few crystallo-
graphically characterised examples of metal complexes with
an ortho-ether-substituted aryl group, for example,
[(DMOB)2V ACHTUNGTRENNUNG(TMEDA)] (DMOB =2,6-dimethoxyphenyl,
TMEDA = tetramethylethylenediamine).[48]

The fact that both 8 b and 9 have axial PiBu3 ligands trans
to the vacant site is initially surprising because it might have
been expected that the high trans-influence aryl ligand
would occupy this site. To investigate the factors behind this
isomeric preference we have performed DFT calculations
on the simple model systems [RhACHTUNGTRENNUNG(PH3) ACHTUNGTRENNUNG(PH2nPr)-ACHTUNGTRENNUNG(C6H4EMe)Br]+ (E=O, 8� ; E= S, 9�). This smaller model
was deliberately chosen to probe electronic rather than
steric effects. The computed Rh–ligand distances in these
species are in good agreement with experiment (see
Table 2) and evidence for agostic interactions is also seen
through a computed elongation of the C�H bonds closest to
the metal to approximately
1.13 �. For both 8� and 9� this
phosphine axial isomer is in
fact only a local minimum and
an alternative form with an
axial aryl ligand and cis-phos-
phines is more stable by ap-
proximately 4 kcal mol�1.[49] The
experimental observation of the
phosphine axial isomer must,
therefore, be driven by steric
effects associated with the
PiBu3 ligands. Other examples in which a phosphine occu-
pies an axial position in preference to another higher trans-
influence ligand are known and also feature bulky phos-
phine substituents.[23]

Another interesting feature of 8 b and 9 is that the Rh�P1
bond length (that trans to O or S) is shorter by approximate-
ly 0.06 � in the former, whereas the Rh�P2 distances in
both species are the same within experimental error. This in-
dicates a weaker trans Rh�O bond in 8 b compared with the
Rh�S bond in 9, a proposal supported by the solution NMR
spectroscopic data (see below). These structural data are
also well reproduced in the computed structures of 8� and
9�. One reason for the weaker Rh�O interaction may be the
enhanced strain associated with the 4-membered Rh�C�C�
O rings in 8 b/8� compared with the Rh�C�C�S rings in 9/9�
in which the larger S atom can interact with the Rh metal
centre better. To assess this we computed the acyclic ana-

logues of 8� and 9�, [Rh ACHTUNGTRENNUNG(PH3) ACHTUNGTRENNUNG(PH2nPr)Ph ACHTUNGTRENNUNG(HOMe)Br]+ (8��)
and [Rh ACHTUNGTRENNUNG(PH3)ACHTUNGTRENNUNG(PH2nPr)Ph ACHTUNGTRENNUNG(HSMe)Br]+ (9��), and found that
although the Rh�S bond did not change significantly com-
pared to the cyclic form (Rh�S=2.48 and 2.47 � for 9� and
9��, respectively) a distinct shortening of the Rh�O bond in
the MeOH species was seen (Rh�O= 2.30 and 2.23 � for 8�
and 8��, respectively). The smaller O atom is, therefore, less
well accommodated in the four-membered ring and as a
result interacts less effectively with the Rh centre. The
weaker interaction has further consequences for the fluxion-
ality of 8 b and 9, as well as their C�H activation chemistry
(see below).

In solution complexes 8 b and 9 display different time-
averaged properties. Complex 8 b shows one 31P environ-
ment at d=65.7 ppm in the 31P{1H} NMR spectrum across
the temperature range 298–200 K, which shows an invariant
103Rh–31P coupling with temperature (J ACHTUNGTRENNUNG(Rh,P)=156 Hz),
and four environments for the iBu protons in the 1H NMR
spectrum at 298 K, which at 200 K resolve into five signals
in the ratio 6:6:6:18:18 H relative to the BArF

4 protons. No
high-field signals that could be assigned to an agostic inter-
action were observed. These data are fully consistent with a
time-averaged solution structure that has Cs symmetry and
equivalent phosphines, but are inconsistent with the solid-
state structure. A fluxional process that makes the two phos-
phines equivalent, retains the Rh�P bonds and would be ex-
pected to be relatively low in energy is presented in
Scheme 7.

For 9, the room-temperature NMR spectra are different
to 8 b. Two slightly broadened 31P environments are ob-
served at d= 77.1 and 34.6 ppm, which show coupling to
103Rh (J ACHTUNGTRENNUNG(Rh,P)�150 Hz). The 1H resonances due to iBu pro-
tons are very broad, whereas those of the aryl groups are
sharp. This broadening indicates a fluxional process involv-
ing the phosphine alkyl groups that approaches the NMR
timescale. The SMe group appears as a triplet (J ACHTUNGTRENNUNG(P,H)=

2 Hz) that collapses to a broad singlet on decoupling 31P,
demonstrating time-averaged coupling to two 31P nuclei, and
thus confirms metal coordination. Progressive cooling first
sharpens (273 K) the phosphine signals in the 31P{1H} NMR
spectrum so that they resolve as a doublet of doublets at es-
sentially the same chemical shift as that observed at room
temperature (d= 77.4 and 36.6 ppm). The 1H NMR spec-
trum still shows some broad signals for the alkyl protons at
273 K, but cooling to 200 K resolves these as many sharp

Scheme 7. Suggested low-energy fluxional pathway in 8b.
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signals, demonstrating that the fluxional process had been
slowed down. Importantly, an integral 3 H signal is now ob-
served at d=0.145 ppm as a broad apparent triplet (doublet
of doublets), which we assign to an agostic CH3 group on
the basis of its high-field chemical shift. The observation of
this interaction that integrates to one methyl group indicates
that one of the phosphines must undergo hindered rotation
around the Rh�P bond. The remaining iBu signals in the
1H NMR spectrum are in full accord with this. Notably, six
signals in the ratio 3:3:3:3:12:9 (the 12 H signal being a 9+3
coincidence) are observed for the remaining isobutyl Me
groups. Signals due to the isobutyl phosphine not involved
in the agostic interaction become sharper at a lower temper-
ature (253 K). At 200 K the SMe group resolves into a dou-
blet (JACHTUNGTRENNUNG(P,H)=6 Hz), consistent with its orientation trans to
P1 in the solid-state structure. Selective decoupling of the
d= 36.6 ppm signal in the 31P NMR spectrum makes this
signal collapse to a singlet, confirming this assignment
(Figure 5). Decoupling the signal at d= 77.4 ppm does not

affect the SMe signal (consistent with a cis orientation), but
it does simplify the agostic CH3 resonance to a doublet
(JACHTUNGTRENNUNG(Rh,P)=6 Hz). This provides additional confirmation for
the agostic Rh···H3C interaction and its relative orientation
on the metal centre, and also assigns the d= 77.4 ppm reso-
nance to P2, that is, opposite to the agostic interaction,
Figure 4. Similar strong correlations between agostic CH3

groups and trans-orientated groups have recently been re-
ported.[40] The signal due to P2 also shows a larger J ACHTUNGTRENNUNG(Rh,P)
coupling constant in the 31P NMR spectrum at low tempera-
ture, consistent with it sitting trans to a vacant, or at least
weakly occupied, site. Warming a solution of 9 in 1,2-F2C6H4

resulted in decomposition, although not decomposition to 7.
ESIMS of 8 b and 9 show the expected isotope pattern and
masses.

We have also probed the different fluxional behaviour of
8 and 9 by using DFT calculations on the model complexes
8� and 9�. For 8�, the computed activation barrier for phos-
phine exchange is only 4.2 kcal mol�1, whereas for 9� this in-
creases to 10.8 kcal mol�1, a result that is consistent with

much lower rate of exchange in the Rh�S system. The tran-
sition states for these processes resemble that shown in
Scheme 7, and in particular exhibit a lengthening of the Rh�
O bond length (from 2.30 � in 8� to 2.68 �) and the Rh�S
bond length (from 2.48 � in 9� to 2.57 �).[50] The fact that
the Rh�O interaction appears to be intrinsically weaker
may, therefore, facilitate the exchange process in 8� and by
extension in 8 b.

The differing behaviour of 8 a/b and 9 in solution can,
therefore, be traced back to the stronger Rh�S bond in 9
over the Rh�O bond in 8 b (and presumably also 8 a). This
may also be reflected in onward reactivity because 8 goes
on to form 7, whereas 9 is relatively stable. Isolated sigma
or agostic C�H interactions such as that observed in 8 b
(and further confirmed in 9), which then undergo C�H acti-
vation are relatively rare, especially for late transition met-
als.[22, 27b, 29, 39,40, 51] This coupled with the RhIII oxidation state
in the starting material that would disfavour an oxidative
addition route prompted us to investigate the mechanism of

this C�H activation process by
using computational methods.

Computational study of C�H
activation in 8 b and 9 : Calcula-
tions on these C�H activation
processes were performed for
both the model systems 8� and
9� and the full experimental
complexes 8 b and 9. In general,
results with the full models
proved to be more satisfactory
and will be discussed in detail
here.[52] Calculations on 8 b and
9 were based on the crystallo-
graphically determined struc-
tures of these species and con-
sidered two alternative path-

ways: 1) s-bond metathesis (or s-CAM) and 2) a phosphine-
assisted proton transfer in which C�H activation occurs
through deprotonation of one of the alkyl C�H bonds gemi-
nal to the agostic interaction followed by protonation of the
aryl group.[40] The possibility of this second pathway was
suggested by the observation of phosphine decomposition
products in solution, indicating that phosphine dissociation
could be accessible. In the calculations this free phosphine
was modelled with PMe3. A range of alternative mecha-
nisms, including oxidative addition to a RhV alkyl hydride,
were also assessed, but proved to be much higher in
energy.[53]

Computed solvent-corrected reaction profiles for both of
the C�H activation pathways of 8 b are shown schematically
in Figure 6, with details of the key transition states given in
Figure 7. To assess both mechanisms against a common
starting geometry an external PMe3 molecule was included
in both pathways (although it was subsequently shown that
PMe3 plays no direct role in the s-bond metathesis). The s-
bond metathesis mechanism proceeds via TS ACHTUNGTRENNUNG(8 b-10) in

Figure 5. Selected 1H ACHTUNGTRENNUNG{31P} NMR spectra of 9 showing a) the SMe and b) the agostic Rh···H3C groups at 200 K
(CD2Cl2). A) Selectively decoupling the d =77.4 ppm (31P) resonance; B) selectively decoupling the d=

36.6 ppm (31P) resonance; C) the control (off-resonance decoupling), which demonstrates no change.
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which the transferring agostic hydrogen, H1, is between the
alkyl and aryl carbons (C1···H1= 1.55 and C2···H1=1.39 �,
see Figure 7). In addition, a short Rh···H1 contact of 1.71 �
was computed, typical of s-bond metathesis processes at

late-transition-metal centres.[54, 55] Significant elongation of
the Rh···O bond length from 2.37 in 8 b to 2.56 � was also
seen. TS ACHTUNGTRENNUNG(8 b-10) leads to direct transfer of the agostic hydro-
gen to the aryl group to form 10 (E=++12.2 kcal mol�1),

Figure 6. Calculated pathways for C�H activation in 8 b to form 10 in the presence of external PMe3, corrected for solvation effects in chlorobenzene.
The figures in italics refer to the equivalent data for the transformation of thioanisole species 9 to 12.

Figure 7. Computed transition states for C�H activation in 8 b highlighting the reacting isobutyl group. Other isobutyl groups are truncated at the a

carbon and non-reacting hydrogen atoms are omitted for clarity. Selected bond lengths are reported in � and the relative energies are reported in kcal
mol�1. The external PMe3 molecule included in the calculation of TS ACHTUNGTRENNUNG(8 b-10) is also omitted because it plays no direct role in the s-bond metathesis tran-
sition state.
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which features an anisole ligand bound to the metal through
both the oxygen (Rh···O= 2.44 �) and an agostic interaction
with the C2�H1 bond (Rh···H1=1.95, C2�H1= 1.13 �). In
TS ACHTUNGTRENNUNG(8 b-10) the external PMe3 is far removed from the react-
ing centres and is, therefore, omitted from Figure 7.[56] Once
formed, 10 could readily lose anisole to access the final cy-
clometallated dimer 7. These final products were very stable
(E=�19.5 kcal mol�1, compare with 8 b), although solvation
effects were found to be important in this case with the rela-
tive energies of the products being + 10.7 kcal mol�1 in the
gas phase. This is presumably due to the 2+ charge of the
dimer and for this reason the solvent-corrected energies are
presented throughout, although the effect on the values in
Figures 6 and 7 was minor (less than 1 kcal mol�1). The fact
that both 8 b and 10 are sigma complexes formally identifies
this transformation as a s-CAM mechanism and so the isola-
tion of 8 b is particularly significant. The facile loss of ani-
sole from 10 to form dimeric 7, however, precludes its isola-
tion.[36]

The alternative phosphine-assisted mechanism involves in-
itial deprotonation of the alkyl C1�H2 bond geminal to the
agostic interaction. This proceeds via TS ACHTUNGTRENNUNG(8 b-11) (see
Figure 7) and exhibits an elongation of the C1···H2 distance
to 1.56 � as it transfers onto PMe3 (P3···H2=1.69 �). At
the same time, the Rh centre approaches C1 (Rh···C1=

2.30 �) and an elongation of the Rh···O distance to 2.44 �
is seen. This results in the cyclometallated intermediate 11
(E=++5.7 kcal mol�1) in which the phosphonium cation is
closely associated with the Br ligand (H2···Br =2.15 �). Pro-
tonation of the aryl ligand to form 10 then occurs via TS-ACHTUNGTRENNUNG(11–10) (E=++31.2 kcal mol�1) in which the key distances
are similar to those seen for TS ACHTUNGTRENNUNG(8 b-10) (C2···H2=1.50 and
P3···H2 =1.72 �). TS ACHTUNGTRENNUNG(11–10) does, however, exhibit the
complete disruption of the Rh···O interaction (Rh···O=

3.44 �) and this may reflect the sterically less accessible
nature of this step in which a proton must be delivered to a
site bound to the metal, compared with the initial alkyl de-
protonation, which occurs remotely from the metal centre.
Viewing this second step in reverse indicates that deproto-
nation of an aryl agostic C�H bond (DE� =19.0 kcal mol�1)
is easier than deprotonation of the alkyl non-agostic C�H
bond (DE� = 23.2 kcal mol�1).

Comparison of the two mechanisms shows that s-bond
metathesis is more accessible (DE� = 24.1 kcal mol�1) than
the alkyl deprotonation/aryl protonation pathway (DE� =

31.2 kcal mol�1). The high energy of the latter arises from
the more difficult aryl protonation step and in fact the initial
alkyl deprotonation (DE� = 23.2 kcal mol�1) is competitive
with s-bond metathesis. Reversible formation of 11 could,
therefore, occur in solution. The formation of 10 by s-bond
metathesis is also uphill and so should also be reversible;
however, the highly favourable loss of anisole and dimer for-
mation will trap out this species and pull the equilibrium
through to these observed products.

The energetics for C�H activation in 9 are shown in italics
in Figure 6. In this case the transition states for s-bond
metathesis and alkyl deprotonation are both approximately

2.0 kcal mol�1 higher than for 8 b. This is consistent with the
lack of C�H activation of 9 at room temperature, but sug-
gests that this process may be accessible at higher tempera-
tures. Unfortunately, warming solutions of 9 to 40 8C for
24 h led only to unidentified decomposition products. In
general the transition states derived from 9 have similar ge-
ometries to those shown in Figure 7 for 8 b and full details
are, therefore, reserved for the Supporting Information. One
notable difference, however, is that the Rh�S bond length in
9 lengthens by only 0.02 � in forming TS ACHTUNGTRENNUNG(9–12) and TS ACHTUNGTRENNUNG(9–
13). This compares with elongations of 0.19 � and 0.07 � in
the oxygen-containing analogues and it may be that the
weaker Rh�O interaction noted previously in 8 b allows for
greater flexibility and so favours C�H activation in this
system by either the s-bond metathesis or alkyl deprotona-
tion mechanism. Support for this is seen in the aryl protona-
tion step, in which both for TS ACHTUNGTRENNUNG(11–10) (Rh···O= 3.44 �) and
TS ACHTUNGTRENNUNG(13–12) (Rh···S =3.61 �) the Rh···O/S interaction is com-
pletely broken. The greater energy required to do this in the
thioanisole system may account for the difference of
13.1 kcal mol�1 in energy between two transition states that
are otherwise structurally very similar.

Conclusion

Oxidative addition of aryl bromides to the formally 12-elec-
tron RhI complexes [RhACHTUNGTRENNUNG(PiBu3)2]ACHTUNGTRENNUNG[BArF

4] forms a variety of
products. With m- and p-substituted tolyl bromides the ex-
pected dimeric RhIII aryl halides result. In contrast, with
sterically encumbered o-BrC6H4Me the isolated product is
one in which the arene has been lost and one isobutyl phos-
phine substituent has undergone C�H activation. Trapping
experiments with anisole or thioanisole bromides indicate a
likely intermediate for this process is a low-coordinate RhIII

complex that then undergoes C�H activation. The isolation
of the sigma complex [Rh ACHTUNGTRENNUNG(PiBu3)2ACHTUNGTRENNUNG(C6H4OMe)Br] ACHTUNGTRENNUNG[BArF

4]
and its onward reactivity to give the products of C�H acti-
vation and aryl elimination suggest that it is an isolated in-
termediate in a s-bond metathesis reaction (formally a s-
CAM transformation), a hypothesis strengthened by DFT
calculations. These calculations also rule out oxidative addi-
tion and suggest that phosphine-assisted alkyl deprotonation
is a competitive reversible side reaction.

Experimental Section

General methods and materials : All manipulations, unless otherwise
stated, were performed under an atmosphere of argon by using standard
Schlenk and glove-box techniques. Glassware was oven dried at 130 8C
overnight and flamed under vacuum prior to use. CH2Cl2, MeCN and
pentane were dried by using a Grubbs-type solvent purification system
(MBraun SPS-800) and degassed by successive freeze–pump–thaw
cycles.[57] CD2Cl2, C6H5F and 1,2-C6H4F2 were distilled under vacuum
from CaH2 and stored over 3 � molecular sieves. All other liquid sub-
strates were degassed by freeze–pump–thaw cycles and stored under
argon over 3 � molecular sieves. Solid substrates were used as received
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from the supplier. [Rh ACHTUNGTRENNUNG(PiBu3)2] ACHTUNGTRENNUNG[BArF
4],[8] [Rh ACHTUNGTRENNUNG(PiBu3)2 ACHTUNGTRENNUNG(C6H5F)] ACHTUNGTRENNUNG[BArF

4]
[8]

and Na ACHTUNGTRENNUNG[BArF
4]

[58] were prepared by using the literature methods. NMR
spectra were recorded on a Bruker AVII 500 MHz or a Varian Unity+

500 MHz spectrometer at room temperature unless otherwise stated. All
samples, deuterated and non-deuterated samples were locked and refer-
enced to CD2Cl2 (1H d=5.32 ppm). Chemical shifts are quoted in ppm
and coupling constants in Hz (v=virtual). All NMR data were taken at
293 K unless otherwise stated. Mass Spectrometry was carried out on a
Bruker micrOTOF-Q interfaced with a glove box or Bruker micrOTOF
both interfaced to a glove box.[59]

X-ray crystallography : For all X-ray crystallographic and chemical dia-
grams, assume the presence of the [BArF

4]
� anion when not shown. Data

were acquired on a Nonius Kappa CCD diffractometer using graphite
monochromated MoKa radiation (l= 0.71073 �) and a low-temperature
device (150 K);[60] data were collected by using COLLECT and reduction
and cell refinements were performed by using DENZO/SCALEPACK.[61]

The structures were solved by direct methods by using SHELX-97 (4)[62]

or SIR2004 (5, 6, 8b and 9),[63] or Patterson interpretation by using
SHELX-86 (7).[62] Structures were refined by using full-matrix least-
squares on F2 by using SHELXL-97 in all cases with the exception of 8b,
which was refined with a two-component twin law (0.7781(16) and
0.2219(16) occupancy, see the cif file for full details) by using CRYS-
TALS.[64] Non-hydrogen atoms were refined anisotropically. The hydro-
gen atoms H3A and H3B in 7 were located in the difference map and
were freely refined; their isotropic displacement parameters were fixed
to ride on the parent atom. All other hydrogen atoms were placed in cal-
culated positions by using the riding model. For 8b the position of hydro-
gen atoms and the isotropic displacement parameters were refined sepa-
rately with soft restraints prior to inclusion in the refinement by using a
riding model.

Disorder of the phosphine ligands in 5, 6 and 7 was treated by modelling
the appropriate substituents over two or three sites and restraining their
geometry. Rigid body restraints were applied to the arene rings of both
independent difluorobenzene molecules in 5 and restraints to the C�F
bond lengths were also applied. The occupancy of each molecule was
modelled at 50% and one of the difluorobenzene molecules lies on a spe-

cial position. Rotational disorder of the anion CF3 groups was treated by
modelling the fluorine atoms or the entire CF3 group over two sites and
restraining their geometry.

A minor contribution from a conformational isomer of the cation in 7
(less than 6%) can be detected in the difference map during the refine-
ment and gives rise to significant peaks surrounding Rh1 (2.19, 1.09 and
1.07 e��3) in a similar manner to the structure of [RhACHTUNGTRENNUNG(PiBu3)2PhBr]2

2+ .[8]

Modelling this disorder was unsuccessful and only the major component
was subsequently refined. In the absence of the three aforementioned
peaks, the highest peak was 0.68 e ��3 giving a max/min ratio of 0.7. Re-
straints to thermal parameters were applied where necessary to maintain
sensible values. Images were generated by using CrystalMaker. A sum-
mary of the crystal data for complexes 4–9 is given in Table 3. CCDC-
768006 (4), 768007 (5), 768008 (6), 768009 (7), 768010 (8 b) and 768011
(9) contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallograph-
ic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Computational details : All DFT calculations were run with Gaussi-
an 03[65] using the BP86 functional. Rh, P and Br centres were described
with the Stuttgart RECPs and associated basis sets,[66] with added d-orbi-
tal polarisation on P and Br.[67] 6–31G** basis sets were used for all other
atoms.[68] All stationary points were fully characterised through analytical
frequency calculations as either minima (all positive eigenvalues) or tran-
sition states (one imaginary eigenvalue) and intrinsic reaction coordinate
(IRC) calculations and subsequent geometry optimisations were used to
confirm the minima linked by each transition state. All reported energies
include a correction for zero-point energies and those in the C�H activa-
tion study are also corrected for solvation effects through the PCM
method. In the absence of parameters for fluorobenzene (e=5.4) used
experimentally, chlorobenzene (e =5.7) was employed.[65]

Synthesis of 4 : C6H5F (5 mL) was added to a Schlenk flask containing
[Rh ACHTUNGTRENNUNG(PiBu3)2 ACHTUNGTRENNUNG(C6H5F)] ACHTUNGTRENNUNG[BArF

4] (0.088 g, 0.064 mmol) and p-C6H4ClBr
(0.123 g, 0.64 mmol). The orange solution was left for 1.5 h during which
time an orange powder precipitated, which was isolated by decantation
and washed with pentane (3 � 5 mL). Yield: 0.048 g (47 % based in Rh).
Crystals were obtained by layering a 1,2-C6H4F2 solution of product and

Table 3. Crystallographic data for 4–9.

4 5 6 7 8 b 9

formula C136H148B2Br2Cl2F52P4Rh2 C132H150B2Br2F50P4Rh2 C138H154B2Br2F52P4Rh2 C112H130B2Br2F48P4Rh2 C64H75BBrF24OP2Rh C63.50H74BBrClF24P2RhS
Mr 3352.58 3197.66 3311.75 2899.30 1571.82 1616.31
crystal system triclinic triclinic monoclinic triclinic monoclinic monoclinic
space group P1̄ P1̄ C2/c P1̄ Pn P21/c
a [�] 13.12230(10) 16.9040(2) 31.4243(3) 13.4951(2) 13.0267(2) 27.6187(2)
b [�] 14.0207(2) 21.7096(3) 13.61470(10) 14.2999(2) 27.3217(5) 12.90720(10)
c [�] 21.4584(3) 21.8369(2) 36.9083(3) 17.9959(3) 19.7871(3) 40.9486(3)
a [8] 72.0163(6) 77.7399(7) – 101.3541(5) – –
b [8] 83.8320(6) 72.0851(7) 110.6315(4) 108.1093(5) 90.7348(12) 99.1088(3)
g [8] 84.3323(6) 71.0422(5) – 97.8670(5) – –
V [�3] 3724.39(8) 7155.05(14) 14777.8(2) 3162.25(8) 7041.9(2) 14413.28(18)
Z 1 2 (Z�=2) 4 1 4 (Z�=2) 8 (Z�=2)
1 [gcm�3] 1.495 1.484 1.489 1.522 1.483 1.490
m [mm�1] 0.948 0.945 0.920 1.059 0.958 1.001
q range [8] 5.11�q�26.37 5.11�q�26.37 5.10�q�26.37 5.11�q�26.37 5.104�q�26.052 5.08�q�26.37
reflns collect-
ed (Rint)

26324 (0.0310) 46782 (0.0324) 22164 (0.0256) 21758 (0.0244) 55067 (0.082) 40752 (0.0299)

no. of data/
restraints/pa-
rameters

15116/60/954 28594/906/2194 14418/424/1092 12808/687/919 21094/230/1802 27215/918/1899

R1 [I>2s(I)] 0.0435 0.0991 0.0550 0.0437 0.0777 0.0498
wR2 (all data) 0.1175 0.2382 0.1442 0.1112 0.1998 0.1161
GoF 1.038 1.149 1.016 1.023 0.9613 1.017
largest differ-
ence peak
and hole
[e ��3]

0.823, �0.707 1.868, �1.671 1.058, �0.560 2.192, �0.981 2.52, �2.03 0.777, �0.834
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pentane at room temperature. The dication salt is only sparingly soluble
in CD2Cl2 and thus NMR spectra were recorded in 1,2-C6H4F2, a solvent
in which it has moderate solubility. 1H NMR (1,2-C6H4F2, 500 MHz): d=

8.26 (s, 16 H; BArF
4), 7.61 (s, 8H; BArF

4), other aromatic resonances were
obscured owing to the protio solvent, 2.23 (br s, 24 H; PCH2CHMe2), 2.16
(br s, 12 H; PCH2CHMe2), 1.25 (br s, 36H; PCH2CHMe2), 1.05 ppm (br s,
36H; PCH2CHMe2); 31P{1H} NMR (1,2-C6H4F2, 202 MHz): d= 44.4 ppm
(d, J ACHTUNGTRENNUNG(Rh,P) =139 Hz); ESIMS (1,2-C6H4F2, 60 8C, 4.5 kV): m/z : calcd for
[Rh ACHTUNGTRENNUNG(C6H4Cl)Br ACHTUNGTRENNUNG(PiBu3)2]

+ : 699.1915; found: 699.1918; elemental analysis
calcd (%) for Cl24H140B2Br2Cl2F48P4Rh2: H 4.52, C 47.7; found: H 4.37, C
48.1

Synthesis of 5 : C6H5F (2 mL) was added to a Schlenk flask containing
[Rh ACHTUNGTRENNUNG(PiBu3)2 ACHTUNGTRENNUNG(C6H5F)] ACHTUNGTRENNUNG[BArF

4] (0.078 g, 0.053 mmol) and p-C6H4BrACHTUNGTRENNUNG(CH3)
(0.090 g, 0.53 mmol). The resulting solution was left to stand at room
temperature for 2 h during which time an orange precipitate formed. The
orange powder was isolated by decantation and washed with pentane (3 �
5 mL). Yield: 0.057 g (70 %). Crystals were obtained from a 1,2-C6H4F2/
pentane layer. 1H NMR (CD2Cl2, 500 MHz): d=7.72 (s, 16 H; BArF

4),
7.56 (s, 8H; BArF

4), 7.03 (d, 4 H, J ACHTUNGTRENNUNG(H,H) =8 Hz; H2), 6.89 (d, 4 H, J-ACHTUNGTRENNUNG(H,H) =8 Hz; H3), 2.34 (s, 6H; ArMe), 2.08 (s, 24H; PCH2CHMe2),
2.05–1.95 (br m, 12H; PCH2CHMe2), 1.12 (d, 36 H, J ACHTUNGTRENNUNG(H,H) =6 Hz;
PCH2CHMe2), 1.02 ppm (d, 36H, J ACHTUNGTRENNUNG(H,H) = 6 Hz; PCH2CHMe2);
13C{1H} NMR (CD2Cl2, 126 MHz): d =162.3 (q, J ACHTUNGTRENNUNG(B,C)= 50 Hz; BArF

4),
138.9 (s; C4), 137.8 (s; C3 or C2), 135.4 (s; BArF

4), 130.8 (s; C3 or C2),
129.4 (q, J ACHTUNGTRENNUNG(F,C)=32 Hz; BArF

4), 125.3 (d, J ACHTUNGTRENNUNG(Rh,C)=5 Hz; C1), 125.2 (q,
J ACHTUNGTRENNUNG(F,C)= 272 Hz; BArF

4), 118.2–117.8 (m; BArF
4), 36.6–36.4 (m;

PCH2CHMe2), 26.6 (s; PCH2CHMe2), 26.1 (s; PCH2CHMe2), 25.9 (s;
PCH2CHMe2), 20.6 ppm (s; ArCH3); 31P{1H} NMR (CD2Cl2, 122 MHz):
d=40.2 ppm (d, J ACHTUNGTRENNUNG(Rh,P) =138 Hz); ESIMS (CH2Cl2, 60 8C, 4.5 kV): m/z :
calcd for [Rh ACHTUNGTRENNUNG(PiBu3)2 ACHTUNGTRENNUNG{C6H4 ACHTUNGTRENNUNG(CH3)Br}]+ : 679.2463; found: 679.2496; ele-
mental analysis calcd (%) for Cl26H146B2Br2F48P4Rh2: H 4.02, C 49.08;
found: H 4.48, C 49.65.

Synthesis of 6 : C6H5F (2 mL) and m-C6H4MeBr (85 mL) were added to a
Schlenk flask containing [Rh ACHTUNGTRENNUNG(PiBu3)2 ACHTUNGTRENNUNG(C6H5F)] ACHTUNGTRENNUNG[BArF

4] (0.101 g,
0.069 mmol) and were left for 2 h during which time an orange powder
precipitated. This was isolated by decantation and washed with pentane
(3 � 5 mL). Yield: 0.064 g (60 % based on Rh). Crystals were obtained
from a C6H5F/pentane layer. 1H NMR (CD2Cl2, 500 MHz): d =7.72 (br s,
16H; BArF

4), 7.56 (s, 8H; BArF
4), 7.07–6.89 (4 � m, 8H; Ar), 2.31 (s, 6H;

ArMe), 2.15–2.05 (br m, 24 H; PCH2CHMe2), 2.05–1.95 (m, 12 H;
PCH2CHMe2), 1.12 (d, J ACHTUNGTRENNUNG(H,H) =7 Hz, 36H; PCH2CHMe2), 1.02 ppm (d,
J ACHTUNGTRENNUNG(H,H) =7 Hz, 36H; PCH2CHMe2); 13C{1H} NMR (CD2Cl2, 126 MHz):
d=162.3 (q, J ACHTUNGTRENNUNG(B,C)=50 Hz; BArF

4), 152.0 (s; CAr), 150.1 (s; CAr), 140.4
(s; CAr), 138.2 (s; CAr), 135.3 (s; BArF

4), 129.52 (s; CAr), 129.42 (q, J-ACHTUNGTRENNUNG(F,C)=32 Hz; BArF
4), 125.14 (q, J ACHTUNGTRENNUNG(F,C)=272 Hz, CF3; BArF

4), 125.27 (s;
CAr), 118.2–117.8 (m; BArF

4), 36.53 (br s; PCH2CHMe2), 26.59 (s;
PCH2CHMe2), 26.11 (s; PCH2CHMe2), 25.84 (s; PCH2CHMe2),
22.06 ppm (s; ArCH3); 31P{1H} NMR (CD2Cl2, 122 MHz): d= 40.8 ppm
(d, J ACHTUNGTRENNUNG(Rh,P) =139 Hz); ESIMS (CH2Cl2, 60 8C, 4.5 kV): m/z : calcd for
[Rh ACHTUNGTRENNUNG(PiBu3)2 ACHTUNGTRENNUNG(C6H4 ACHTUNGTRENNUNG(CH3)Br]+ : 677.2481; found: 677.2594; elemental analy-
sis calcd (%) for Cl26H146B2Br2P4Rh2F48: H 4.02, C 49.08; found: H 4.61,
C 49.1.

Synthesis of 7: 2-Bromotoluene (10 mL) was added to an NMR tube con-
taining [Rh ACHTUNGTRENNUNG(PiBu3)2] ACHTUNGTRENNUNG[BArF

4] (0.010 g, 0.0073 mmol) and C6H5F (550 mL).
The sample turned from orange to orange/brown when left for 16 h at
room temperature. Crystalline material was obtained by crystallisation
from C6H5F/pentane. Complex 7 is sparingly soluble in CD2Cl2 and NMR
analysis was performed in C6H5F. Toluene was identified as a product of
the reaction by GC–MS. Complex 7 could not be prepared in an analyti-
cally pure form, despite repeated attempts. Yield (95 % pure material as
determined by 1H NMR spectroscopy)= 0.005 g (47 %); 1H NMR (C6H5F,
500 MHz): d=8.51 (s, 16 H; BArF

4), 7.84 (s, 8H; BArF
4), 4.45 and 4.30

(2 � s, 2H; ratio major/minor�1:2), 3.25 and 3.15 (2 � s, 2H; major/minor
�1:2), 2.70–1.70 (m, �34 H), 1.37 (br s, �12 H), 1.20–1.00 ppm (br m,
�56 H); 31P{1H} NMR (C6H5F, 202 MHz): d =58.0 (dd, J ACHTUNGTRENNUNG(Rh,P) =140 Hz,
J ACHTUNGTRENNUNG(P,P)=28 Hz; minor isomer, ratio major/minor 1:2), 55.4 (dd, J ACHTUNGTRENNUNG(Rh,P) =

142 Hz, J ACHTUNGTRENNUNG(P,P) =28 Hz), 37.8 (dd, J ACHTUNGTRENNUNG(Rh,P) = 143 Hz, J ACHTUNGTRENNUNG(P,P)=28 Hz; minor
isomer, ratio major/minor 1:2), 37.0 ppm (dd, J ACHTUNGTRENNUNG(Rh,P) =142 Hz, J ACHTUNGTRENNUNG(P,P)=

28 Hz); ESIMS (C6H5F, 60 8C, 4.5 kV): m/z : calcd for [Rh-ACHTUNGTRENNUNG(PiBu3)2(PiBu2C4H8)2Br2]
2+ : 586.1848; found: 586.1851.

Synthesis of 8 b : 2-Bromo-4-methylanisole (58 mL) was added to a
Schlenk flask containing [Rh ACHTUNGTRENNUNG(PiBu3)2] ACHTUNGTRENNUNG[BArF

4] (0.0550 g, 0.040 mmol) and
C6H5F (4 mL), and the solution left for 3 h at room temperature during
which time a colour change from orange to dark-red was observed. A
solid was isolated by removal of the solvent in vacuo and washing with
pentane (3 � 5 mL). Yield: 0.0387 g (62 %). Crystals were obtained from a
C6H5F/pentane layer. Complex 8b is unstable with respect to the forma-
tion of 7 as the major organometallic product over the course of 1 week
in solution at room temperature. We were thus unable to obtain good mi-
croanalytical data. Use of 2-bromoanisole resulted in a similar product,
8a, although crystalline material could not be obtained. Anisole was
identified as a product by GC–MS in this case. 1H NMR (CD2Cl2,
500 MHz): d= 7.72 (s, 8H; BArF

4), 7.56 (s, 4H; BArF
4), 7.06 (d, 1H, J-ACHTUNGTRENNUNG(H,H) =8 Hz; H3), 6.81 (s, 1 H; H4), 6.61 (d, 1H, J ACHTUNGTRENNUNG(H,H) =8 Hz; H4), 3.99

(s, 3H; OMe), 2.33 (s, 3 H; ArMe), 2.22–2.07 (m, 6H; PCH2CHMe2),
2.07–2.00 (m, 12 H; PCH2CHMe2), 1.14 (d, 18 H, J ACHTUNGTRENNUNG(H,H) =6 Hz;
CH2CHMe2), 1.02 ppm (d, 18H, J ACHTUNGTRENNUNG(H,H) =6 Hz; CH2CHMe2), the signal
at 2.07–2.00 resolves into 2 � 6H multiplets at 200 K at d=1.95 and
2.05 ppm; 13C{1H} NMR (CD2Cl2, 126 MHz): d=166.5 (s; C2), 162.3 (q, J-ACHTUNGTRENNUNG(B,C)=50 Hz; BArF

4), 136.2 (s; C5), 135.4 (s; BArF
4), 133.2 (s; C6), 130.6

(d, J ACHTUNGTRENNUNG(Rh,C)= 8 Hz; C1), 129.5 (s; C4), 129.4 (q, J ACHTUNGTRENNUNG(F,C)=32 Hz; BArF
4),

125.2 (q, J ACHTUNGTRENNUNG(F,C)= 272 Hz; BArF
4), 118.0 (s; BArF

4), 112.8 (s; C3), 60.26 (s;
ArOMe), 39.2–38.0 (m; PCH2CHMe2), 26.4 (s; PCH2CHMe2), 26.1 (br s;
PCH2CHMe2), 25.5 (s; PCH2CHMe2), 21.8 ppm (s; ArCH3);
31P{1H} NMR (CD2Cl2, 202 MHz): d=65.7 ppm (d, J ACHTUNGTRENNUNG(Rh,P) =156 Hz),
there was no appreciable change in the spectra apart from a slight broad-
ening on cooling to 200 K; ESIMS (CH2Cl2, 60 8C, 4.5 kV): m/z : calcd for
[Rh ACHTUNGTRENNUNG(PiBu3)2C6H4 ACHTUNGTRENNUNG(CH3)ACHTUNGTRENNUNG(OCH3)Br]+ : 709.2569; found: 709.2606.

Synthesis of 9 : 2-bromothioanisole (7 mL) was added to a Schlenk flask
containing [Rh ACHTUNGTRENNUNG(PiBu3)2] ACHTUNGTRENNUNG[BArF

4] (0.0333 g, 0.024 mmol) and C6H5F (4 mL)
and the solution was left to stand for 1.5 h during which time a colour
change from orange to dark red was observed. Removal of the solvent in
vacuo and washing with pentane (3 � 5 mL, ultrasound bath) afforded red
crystals of 9. Yield: 0.0216 g (56 %). Recrystallisation from CH2Cl2/pen-
tane afford X-ray quality crystals. Complex 9 is considerably more stable
than 8 at room temperature, but decomposes on warming to above 40 8C.
1H NMR (CD2Cl2, 500 MHz, 293 K): d=7.72 (s, 8 H; BArF

4), 7.56 (s, 4 H;
BArF

4), 7.40 (vtd, 1H, J ACHTUNGTRENNUNG(H,H) =7.7 or 1.5 Hz; H4 or H5), 7.34 (vtd, 1 H, J-ACHTUNGTRENNUNG(H,H) =7.7 or 1.5 Hz; H4 or H5), 7.28 (d, 1 H, J ACHTUNGTRENNUNG(H,H) =7.7 Hz; H3 or
H6), 7.09 (dd, 1H, J ACHTUNGTRENNUNG(H,H) =7 or 1.5; H3 or H6), 2.78 (vt, 3H, J ACHTUNGTRENNUNG(P,H)=

2 Hz; ArSMe), 2.5–1.70 (br m, 18 H; PCH2CHMe2), 1.05 (br s, 18H;
PCH2CHMe2), 0.93 ppm (br s, 18 H; PCH2CHMe2); 13C{1H} NMR
(CD2Cl2, 126 MHz, 293 K): d=162.30 (q, J ACHTUNGTRENNUNG(B,C)=50 Hz; BArF

4), 141.9
(br s; C1), 141.9 (s; C2), 135.5 (s; BArF

4), 133.3 (s; C3), 133.0 (s; C5), 130.8
(s; C6), 129.6 (s; C4), 129.4 (q, J ACHTUNGTRENNUNG(F,C)=32 Hz; BArF

4), 125.2 (q, J ACHTUNGTRENNUNG(F,C)=

272 Hz; BArF
4), 118.0 (br s; BArF

4), 26.5–25.24 (m; PiBu3), 25.07 ppm (s;
SCH3); 31P{1H} NMR (C6H5F, 202 MHz, 293 K): d=77.1 (d, J ACHTUNGTRENNUNG(Rh,P) =

150 Hz), 34.6 ppm (d, J ACHTUNGTRENNUNG(Rh,P) =145 Hz); ESIMS (CH2Cl2, 60 8C, 4.5 kV):
m/z : calcd for [Rh ACHTUNGTRENNUNG(PiBu3)2{C6H4SCH3Br}]+: 711.2183; found: 711.2090;
elemental analysis calcd (%) for C63H73BBrF24SP2Rh·CH2Cl2: H 4.56, C
46.3; found: H 4.44, C 47.2; 1H NMR (CD2Cl2, 500 MHz, 200 K): d=7.71
(s, 8H; BArF

4), 7.53 (s, 4H; BArF
4), 7.34 (t, 1H, J ACHTUNGTRENNUNG(H,H) =7.7 Hz; H4 or

H5), 7.24 (t, 1 H, J ACHTUNGTRENNUNG(H,H) =7.7 Hz; H4 or H5), 7.18 (t, 1H, J ACHTUNGTRENNUNG(H,H) =

7.7 Hz; H3 or H6), 7.03 (t, 1 H, J ACHTUNGTRENNUNG(H,H) =7.7 Hz; H3 or H6), 2.71 (d, 2 H, J-ACHTUNGTRENNUNG(Rh,H) or J ACHTUNGTRENNUNG(P,H) =6 Hz; ArSMe), 2.42–2.34 (br m, 2H; CH), 2.24–2.18
(br m, 3 H), 2.05–1.80 (br m, 13H), 1.24 (d, 3H, J ACHTUNGTRENNUNG(H,H) =6 Hz;
PCH2CHMe2), 1.13 (d, 3H, J ACHTUNGTRENNUNG(H,H) =6 Hz; PCH2CHMe2), 1.06 (d, 3 H, J-ACHTUNGTRENNUNG(H,H) =6 Hz; PCH2CHMe2), 1.04 (d, 3H, J ACHTUNGTRENNUNG(H,H) = 6 Hz; PCH2CHMe2),
0.92 (br d, 12 H, J ACHTUNGTRENNUNG(H,H) =6 Hz; PCH2CHMe2), 0.78 (br s, 9H;
PCH2CHMe2), 0.145 ppm (br dd, 3H; Rh···H3C); 31P{1H} NMR (CD2Cl2,
202 MHz, 200 K): d=77.4 (dd, J ACHTUNGTRENNUNG(Rh,P) =151.9 Hz, J ACHTUNGTRENNUNG(P,P)=20.4 Hz), 36.6
(dd, J ACHTUNGTRENNUNG(Rh,P) =131.5 ppm, J ACHTUNGTRENNUNG(P,P)= 20.3 Hz).
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