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C–H and C–F bond activation reactions of
pentafluorostyrene at rhodium complexes†‡

Conghui Xu, Maria Talavera, Stefan Sander and Thomas Braun *

The rhodium(I) complexes [Rh(Bpin)(PEt3)3] (1), [Rh(H)(PEt3)3] (5) and [Rh(Me)(PEt3)3] (14) were employed in

reactions with pentafluorostyrene affording coordination of the olefin and C–F or C–H bond activation.

Control of the reaction conditions allowed for selective activation reactions at different positions at the

fluorinated aromatic ring. The rhodacycle trans-[Rh(F)(CH2CH2(2-C6F4))(PEt3)2] (7) was identified as an

intermediate for an activation at the 2-position. Reactivity studies of the latter with CO led to the gene-

ration of trans-[Rh(F)(CH2CH2C6F4)(CO)(PEt3)2] (10). Stoichiometric and catalytic hydroboration reactions

were achieved using complexes 1 or 5 as catalysts.

Introduction

Introducing fluorine atoms to organic compounds not only
changes their chemical and biological properties but also pro-
vides interesting building blocks for pharmaceuticals, agro-
chemicals or in material science.1–3 In the last two decades it
was demonstrated that fluorinated olefins and aromatic com-
pounds can undergo C–H or C–F bond activation reactions at
rhodium complexes, which opens up unique opportunities for
functionalization.4–16

Perfluorinated styrene is an important starting material for
a lot of catalytic reactions, such as C–C coupling,17 epoxi-
dation,18 hydrogenation,19,20 hydroformylation21 and
hydroboration.22–29 In the past, the hydroboration of penta-
fluorostyrene mediated by rhodium complexes was achieved
with high selectivity.23–27 In these reactions, the borane source
can be critical and Ramachandran et al.,23,27 Brown et al.25

and Segarra et al.24 showed that HBcat (catechol borane) can
afford Markovnikov hydroboration products using [Rh(COD)-
(dppb)]BF4, [Rh(Quinap)]OTf or [Rh(COD)(Binap)2]BF4 as cata-
lysts, respectively (dppb = 1,4-bis(diphenylphosphino)butane;
Quinap = 1-(2-diphenylphosphino-1-naphthyl)isoquinoline;
Binap = 2,2′-bis(diphenylphosphino)-1,1′-binaphthyl).
However, Westcott and co-workers26 disclosed that HBpin
(pinacol borane) yields Markovnikov addition products in a

low selectivity when employing [Rh(acac)(κ2-o-
Ph2PC6H4CHvN-2,6-iPr2C6H3)] as a catalyst. In 1993,
Herrmann et al. reported a stoichiometric reaction using pen-
tafluorostyrene and osmium tetroxide to form a fluorinated
osmate ester quantitatively by a cycloaddition reaction.30 In
addition, Perutz and coworkers described the coordination of
pentafluorostyrene at nickel.31 However, to the best of our
knowledge, stoichiometric activation reactions of pentafluoro-
styrene derivatives with rhodium complexes, which might be
crucial for an understanding of the conversions named above,
are still unknown.

Herein we describe the stoichiometric reactivities of
[Rh(Bpin)(PEt3)3] (1), [Rh(H)(PEt3)3] (5) and [Rh(Me)(PEt3)3] (14)
towards pentafluorostyrene. Reaction pathways are versatile
providing coordination, C–F bond activation or C–H bond acti-
vation products. In addition, the hydroboration of pentafluor-
ostyrene with HBpin and [Rh(Bpin)(PEt3)3] (1) or [Rh(H)(PEt3)3]
(5) as a catalyst was studied to obtain fluorinated building
blocks by regioselective Markovnikov addition.

Results and discussion
Coordination of fluorinated styrene derivatives

Treatment of the rhodium boryl complex [Rh(Bpin)(PEt3)3]
(1)32,33 with an excess amount of pentafluorostyrene (ratio
1 : 1.2) in d14-methylcyclohexane at room temperature for
5 min afforded the two complexes fac-[Rh(H)(η2-CH2CHC6F5)-
(PEt3)3] (2) and fac-[Rh(H)(η2-CH(Bpin)CHC6F5)(PEt3)3] (3) as
well as the borylated olefin E-BpinCHvCHC6F5 (4) in a ratio of
1.8 : 1 : 0.6 (based on the 19F NMR spectrum) (Scheme 1). In
contrast, when treating complex 1 with pentafluorostyrene in a
ratio of 2.5 : 1, complex 3 was generated together with the
rhodium hydrido complex [Rh(H)(PEt3)3] (5)34 (Scheme 1).
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Note that the complexes 2 and 3 (for their characterization see
below) are in solution only stable at low temperature for long
periods of time and converted further by C–F bond activation
(see below). Therefore, after their preparation at room tempera-
ture within 5 minutes, the characterization was performed at
213 K as recently reported for other similar rhodium com-
plexes such as fac-[Rh(H)(η2-CH2CHCF3)(PEt3)3]

6 and fac-[Rh(H)-
(η2-CH2CFCF3)(PEt3)3].

35

In the 1H NMR spectrum of compound 4 (for the indepen-
dent synthesis see ESI‡) two doublet signals appeared at 7.48
and 6.70 ppm which are assigned to the olefinic moiety. The
coupling constant of 18.8 Hz is indicative of a trans arrange-
ment.36 In the 19F NMR spectrum three signals appeared as
multiplets at −144.0, −155.5 and −163.5 ppm, respectively, in
a ratio of 2 : 1 : 2. A peak in the GC-MS of m/z 320 supports the
proposed structure.

Three broad resonances for 2 were observed in the 31P{1H}
NMR spectrum indicating a dynamic process, which is pre-
sumably associated with a rotation about the olefinic double
bond. The 31P{1H} NMR spectrum at 213 K revealed three
signals at 20.3, 13.7 and 5.8 ppm in a ratio of 1 : 1 : 1, which is
consistent with the fac-configuration.6 The doublet of doublet
of doublets (1J(P,Rh) = 139.8, 2J(P,P) = 42.6, 2J(P,P) = 24.2 Hz) at
20.3 ppm and a doublet of doublet of doublets (1J(P,Rh) = 134.0,
2J(P,P) = 42.9, 2J(P,P) = 28.8 Hz) at 13.7 ppm were assigned to the
phosphine ligands in the trans position to the CHC6F5 and
CH2 moieties. The doublet of multiplets at 5.8 ppm with a
coupling of 95.8 Hz to the rhodium atom belongs to the phos-
phine ligand in trans position to the hydrido ligand. The large
trans influence of the hydrido ligand is in accordance with the
smaller coupling constant.6,37,38 The values of the rhodium–

phosphorus coupling constants suggest the presence of a Rh(I)
complex.5,6,32,39 In the 1H NMR spectrum of 2 at 213 K three
broad signals appeared at 3.32, 3.05 and 1.83 ppm for the ole-
finic protons, which is consistent with data for the previously
reported complex fac-[Rh(H)(η2-CH2CHCF3)(PEt3)3].

6 In the

1H NMR spectrum, for the rhodium-bound hydrido ligand, a
doublet of triplet of doublets with a coupling of 161.8 Hz to
the trans phosphine ligand, 19.8 Hz to the cis phosphine
ligands and 9.2 Hz to the rhodium atom appeared at
−14.64 ppm. The 19F NMR spectrum at room temperature also
reflects the dynamic process with three broad signals in a ratio
of 2 : 2 : 1. In the 19F NMR spectrum at 213 K, five resonances
appeared in a ratio of 1 : 1 : 1 : 1 : 1. Signals at −146.0 and
−146.7 ppm are presumably due to the two fluorine atoms in
the ortho position, while signals at −166.3 and −167.0 ppm
belong to the two meta fluorine atoms and the signal at
−170.9 ppm can be assigned to the para fluorine atom.40–43

The 31P{1H} NMR spectrum of 3 at 213 K showed three
signals comparable to the ones for complex 2 at 18.2, 15.3 and
3.3 ppm. However, only two signals appeared at 3.97 and
3.10 ppm in the 1H NMR spectrum with a proton–proton coup-
ling constant of 12.0 Hz in the 1H{31P} NMR spectrum for the
protons of the coordinated olefin moiety. The absence of one
proton suggests its substitution by the Bpin group. The
hydrido ligand appeared as a doublet of triplet of doublets at
−14.87 ppm. The resonance has a coupling constant of 163.0
Hz to the trans phosphorus atom, 18.2 Hz to the two cis phos-
phorus atoms and 5.5 Hz to the rhodium atom. In the 19F
NMR spectrum, five signals, similar to the ones of complex 2,
appeared at −144.2, −145.0, −166.5, −167.1 and −170.4 ppm.
DFT calculations of 3 were performed (BP86/def2-SVP). The
structural optimization of the possible rotational isomers of
complex 3 showed that the isomer with the lower energy
(favored by 21.2 kJ mol−1) has the Bpin group and hydrido
ligand orientated on the same side of a plane defined by the
rhodium center and the olefin, while the fluorinated moiety
remains positioned on the other side.

A conceivable mechanistic pathway for the observed reactiv-
ity is depicted in Scheme 2. After coordination of pentafluoros-
tyrene at complex 1 the insertion of the olefin into the Rh–B
bond occurs. A β-hydride elimination would then lead to

Scheme 1 Stoichiometric reactions of complex 1 with pentafluorostyrene.
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complex 3 and subsequently 4 and 5 are formed initially and
results in 3 after olefin coordination. In the presence of an
excess of pentafluorostyrene, its coordination to 5 yields
complex 2. Note that a reaction of complex 1 with stoichio-
metric amounts of styrene leading to a dehydrogenative boryla-
tion at the double bond and complex 5 was reported,44 but the
coordination of the olefinic product was not observed.

C–F bond activation reactions

To confirm the structures of complexes 2 and 3 as well as the
proposed mechanism, independent reactions between penta-
fluorostyrene or the boryl derivative 4 and the rhodium
hydrido complex [Rh(H)(PEt3)3] (5) were performed.

Indeed, treatment of 5 with the boryl derivative 4 (ratio
1.7 : 1) in d8-toluene at 213 K gave after 5 min fac-[Rh(H)(η2-CH-
(Bpin)CHC6F5)(PEt3)3] (3). Interestingly, after warming up the
reaction solution or performing the reaction directly at room
temperature for 30 min (ratio 1 : 1.4), the C–F bond activation at
the ortho position to the olefin moiety was observed yielding
[Rh(2-C6F4CHCH2)(PEt3)3] (6) as the main product, together
with another unidentified complex in a ratio of 13.5 : 1 (based
on the 31P{1H} NMR spectrum) (Scheme 3). The likely formation
of HF might induce deborylation reactions at the olefinic
moiety to give fluoroboronates. It is notable that the C–F bond
activation12,45–54 of the boryl derivative at 5 lead to the cleavage
of the C–F bond at the ortho position to the vinyl group.
Comparable ortho-directing effects have been observed before at
the {Rh(PEt3)3} fragment in C–F bond activation reactions of
fluorinated pyridines and the C–H bond activation of aromatic
SCF3 compounds.5,9,32,39,55

The signals in the 31P{1H} NMR spectrum for complex 6
were simulated and are depicted in Fig. 1. The coupling con-
stants shown in the 31P{1H} NMR spectrum between the
rhodium and phosphorus atoms give evidence of a Rh(I)
complex.5,6,32,39 The 1H NMR spectrum exhibited three reso-
nances as a doublet of doublets (3J(H,H) = 18.4, 3J(H,H) =

11.8 Hz), a doublet (3J(H,H) = 18.1 Hz) and a doublet (3J(H,H) =
11.5 Hz) at 8.16, 6.38 and 5.40 ppm, respectively, due to the
olefin moiety of the complex. Four signals were observed in
the 19F NMR spectrum, which was also simulated and is
depicted in Fig. 2. The assignment of the fluorinated moiety is

Scheme 2 Possible mechanism for the formation of complexes 2 and 3.

Scheme 3 Independent stoichiometric reaction of complex 5 and
compound 4.

Fig. 1 The 31P{1H} NMR spectrum of complex 6; simulated (below)
observed (above) using the following coupling constants (Hz): 1J(Pa,Rh) =
123.3, 2J(Pa,Pb) = 38.0, 4J(Pa,F2) = 14.6, 5J(Pa,F5) = 9.8, 5J(Pa,F3) = 6.6;
1J(Pb,Rh) = 143.3.
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based on the comparison with the literature.39,56–58 The chemi-
cal shifts resemble those found for trans-[Ni(F)(2,3,4,5-C6F4H)-
(PEt3)2].

43 In addition, liquid injection field desorption ioniza-
tion mass spectrometry (LIFDI MS) revealed a peak at m/z 632
consistent with the structure of complex 6.

Similar to the formation of complex 3, complex 2 can be
also independently synthesized by the reaction of [Rh(H)-
(PEt3)3] (5) with pentafluorostyrene (ratio 1.4 : 1). Although,
complex 2 is more stable, after 1 d at room temperature, it was
partially transformed (64% conversion) by cyclometallation
and C–F bond activation into the rhodaindane complex trans-
[Rh(F)(CH2CH2(2-C6F4))(PEt3)2] (7), free PEt3, traces of complex
mer-[Rh(F)(CH2CH2(2-C6F4))(PEt3)3] (8) and minor amounts of
the C–H bond activation complex [Rh(E-CHCHC6F5)(PEt3)3]
(15) as well as the hydrogenation product ethylpentafluoroben-
zene 9 (see below; the low temperature 19F NMR spectrum
shows that the ratio of 8 : 9 : 15 is 1 : 0.18 : 0.07)59 (Scheme 4).
Note that the formation of minor amounts of the C–H bond
activation product 15 promotes the hydrogenation of penta-
fluorostyrene to afford compound 9. Complex 7 and free phos-
phine are in equilibrium with 8, and by cooling down a solu-
tion at 233 K complex 7 can be converted into complex 8 com-
pletely. In fact, after applying vacuum to remove the solvent
and some PEt3, complex 7 cannot be transformed completely
into complex 8 at low temperature.

In the 31P{1H} NMR spectrum of 7, a broad doublet of
doublets appeared at 18.4 ppm with a coupling constant of
114.2 Hz to rhodium and 16.6 Hz to the metal-bound fluorido
ligand. The 1H NMR spectrum showed two broad signals at
3.20 and 2.45 ppm that belong to the protons of the
C6F4CH2CH2 moiety. Two signals appeared at 37.3 ppm and
23.2 ppm as a singlet and doublet with a coupling constant of
32.6 Hz to the rhodium nucleus in the 13C{1H} NMR spectrum.
They were assigned to the β and α carbon atoms of complex 7,
respectively. The APT NMR spectrum also confirmed the exist-
ence of the two CH2 moieties. In addition, five signals
appeared at −130.6, −141.9, −162.5, −167.3 and −290.6 ppm
in the 19F NMR spectrum where the latter resonance corres-
ponds to the rhodium bound fluorido ligand.60 Geometry
optimization performed by DFT calculations (BP86/def2-SVP)
revealed a trans arrangement of the fluorido ligand and the
aromatic ring.

In case of complex 8, the 31P{1H} NMR spectrum of 8
showed two signals at 7.9 and −2.8 ppm in a 2 : 1 ratio, which
appeared as a doublet of doublet of doublets and a doublet of

multiplets, respectively. For the phosphine ligands in a mutual
trans position, the coupling constant of 103.8 Hz to the
rhodium atom indicates the presence of a Rh(III) complex,32,61

while the coupling constants of 29.7, 17.9 Hz are due to coup-
lings to the phosphine and fluorido ligands, respectively. The
coupling constant of around 90 Hz for the resonance at
−2.8 ppm is due to the coupling to rhodium. Based on a
1H–1H COSY NMR spectrum, two signals at 3.04 and 1.42 ppm
in the 1H NMR spectrum were assigned to the CH2 groups in
complex 8. Comparable to the data for complex 7, the 13C{1H}
NMR spectrum depicted two signals at 37.8 ppm and
23.7 ppm for the β and α carbon atoms. The 19F NMR spec-
trum displayed five signals, four in the fluoroaromatic region
and one at −385.1 ppm characteristic for the rhodium(III)
bound fluorido ligand.10,62,63

Single crystals suitable for X-ray crystallography of complex
8 were obtained from a concentrated solution in hexane by
slow evaporation while letting the solution warm up from
193 K to 278 K (Fig. 3). The structure shows a distorted octa-
hedral geometry of the metal-bound ligands at the rhodium
center and the fluorido ligand occupies the trans position to
the CH2 group. Note that the location of the fluorido ligand in
7 and 8 is different, because in 7 we suggest the above men-
tioned trans position of the fluorido ligand and the aromatic
ring. The Rh1–F1 distance is 2.1360(9) Å, which is slightly
longer than in other Rh(III) fluorido complexes.62,64 Geometry
optimization performed by DFT calculations (BP86/def2-SVP)
supports the obtained structure for 8 with an energy 12 kJ
mol−1 lower than the isomer with the fluorido ligand trans to
the aromatic ring.

Complex 7 can convert slowly into [Rh(2-C6F4CHCH2)-
(PEt3)3] (6) and presumably HF. The presence of KPF6 can
accelerate the transformation to full conversion within 14 d.
The obtaining of complex 6 where the C–F bond activation
occurs at the ortho position, supports the structural assign-
ment of the rhodacycles.

Mechanistically, for the generation of 7 from complex 2, an
initial insertion of the metal-bound olefin into the rhodium–

hydrogen bond is suggested (Scheme 4). Then, an intra-
molecular oxidative addition of the C–F bond occurs. Note that
non-fluorinated metallaindanes have been previously
described at Pd and Ni by a C–H orthometallation
reaction.65,66 However, the C–F bond oxidative additions at
rhodium are rare and were reported at cyclopentadienyl or tris-
pyrazolylborate complexes.10,67 Complex 6 can subsequently be
formed by β-hydride elimination and a subsequent elimination
of HF. In the presence of KPF6 the latter reaction is promoted,
because an initial production of KF can endorse a reductive
elimination and it can also trap HF by generation of a
bifluoride.

To confirm the structural assignment of 7 further, its reac-
tivity towards carbon monoxide was tested, which could
occupy a vacant coordination site. Indeed, the 18-electron
derivative trans-[Rh(F)(CH2CH2C6F4)(CO)(PEt3)2] (10) was
obtained under CO atmosphere. The isotopologue trans-[Rh(F)
(CH2CH2C6F4)(

13CO)(PEt3)2] (10′) was generated after treatment

Fig. 2 The 19F NMR spectrum of complex 6; simulated (below)
observed (above) using the following coupling constants (Hz): 5J(F2,F5) =
43.8, 3J(F2,F3) = 14.6, 4J(F2,Pa) = 14.6, 3J(F2,Rh) = 14.6, 3J(F3,F4) = 20.3,
5J(F3,Pa) = 6.6, 4J(F3,Rh) = 4.0, 3J(F5,F4) = 20.3, 5J(F5,Pa) = 9.8, 4J(F5,Rh) = 5.2.
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of 7 with 13CO. Note that the formation of complex [Rh(H)(CO)-
(PEt3)3] (11)

68,69 (or the isotopologue [Rh(H)(13CO)(PEt3)3] (11′),
see ESI‡ for characterization) was also observed. Complex 11
stems from the reaction of the remaining complex 2 with CO.

A doublet of doublets at 16.9 ppm with a coupling constant
of 98.5 Hz to the rhodium atom and 17.3 Hz to the fluorido
ligand can be observed in the 31P{1H} NMR spectrum of 10.

For complex 10′ an additional coupling to the labelled carbon
atom of 10.9 Hz was detected. The coupling constant is in
accordance with a cis-configuration of phosphine and CO
ligands.36,44 The 1H NMR spectrum shows a broad triplet ( J =
7.5 Hz) at 3.15 ppm that corresponds to the β carbon at
33.4 ppm in the 13C domain of a 1H–13C HMQC NMR spec-
trum. A multiplet at 2.56 ppm in the 1H domain correlates

Scheme 4 Stoichiometric reactions of complex 5 with pentafluorostyrene.
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with a doublet of quartets ( J = 19.9, 6.6 Hz) at 24.0 ppm in the
13C{1H} NMR spectrum being assigned as the α carbon atom.
In the 1H{19F} NMR spectrum the proton resonances are sim-
plified to a triplet of pseudo triplets at 3.15 ppm and a triplet
of triplets of doublets at 2.56 ppm. Similar data are obtained
for complex 10′ where couplings to the labelled carbon atom
are observed with values of 1.9 and 2.1 Hz for the β and α
carbon, respectively. These couplings might suggest a trans
arrangement to the carbonyl ligand which is consistent with
the fluorido ligand in the trans position to the aromatic ring
as described for complex 7; however a cis arrangement cannot
be excluded. The signal for the carbonyl ligand of complex 10′
was revealed in the APT NMR spectrum at 189.5 ppm as a
doublet of doublet of triplets due to couplings to rhodium, the
metal-bound fluorido ligand and the two phosphorus atoms
(41.3, 14.8 and 10.9 Hz, respectively). In the 19F NMR spectrum
a signal for the rhodium bound fluorido ligand appeared as a
broad signal at −425.3 ppm for complex 10.63 In the IR spec-
trum of complex 10 an absorption band at 2056 cm−1 can be
assigned to the carbonyl ligand which is in agreement with
data for other Rh(III) carbonyl complexes.70,71 The band
appears at 2002 cm−1 for the isotopologue 10′, where the isoto-
pic shift is in accordance with literature data.36

In contrast to all these observations, treatment of 5 with
pentafluorostyrene (ratio 1 : 1.3) at 333 K for 1 d led to a C–F
bond activation at the 4-position to yield [Rh(4-C6F4CHCH2)-
(PEt3)3] (12) and the fluorido complex [Rh(F)(PEt3)3] (13)

60 as
well as the hydrogenation product ethylpentafluorobenzene
959 in a ratio of 1.5 : 1.6 : 1 (determined by 19F NMR spec-
troscopy) (Scheme 4). An independent experiment shows that
after an initial formation of 2 at room temperature (see above),
the generation of 12 is also observed after heating.

The observed C–F bond activation resembles a reaction
pathway, which was previously observed for other substrates.5,39,58

The generation of a Rh–C bond furnishes initially HF, which
in turn can give with complex 5 the rhodium fluorido complex
13 and H2 or a dihydrido fluorido complex.60 Subsequently,
compound 9 can be generated by a hydrogenation reaction of
pentafluorostyrene in the presence of H2.

In the 31P{1H} NMR spectrum of complex 12 a doublet of
multiplets was observed at 18.4 ppm with rhodium–phos-
phorus coupling constant of 138.1 Hz for the phosphine
ligand in the trans position to the fluorinated moiety. A
doublet of doublets at 14.0 ppm showed a rhodium–phos-
phorus coupling constant of 141.1 Hz and phosphorus–phos-
phorus coupling constant of 40.1 Hz for the two phosphine
ligands in a mutually trans arrangement. In the 1H NMR spec-
trum, three resonances appeared as a doublet of doublets
(3J(H,H) = 18.1, 3J(H,H) = 12.1 Hz), a doublet (3J(H,H) = 18.1 Hz)
and a doublet (3J(H,H) = 12.1 Hz) at 6.98, 6.20 and 5.33 ppm,
respectively, which are assigned to the olefinic moiety. The
coupling of 18.1 Hz confirms the existence of protons in the
trans position while 12.1 Hz is a typical coupling for protons in
the cis arrangement.72–74 Finally, in the 19F NMR spectrum,
two signals appeared as multiplets at −110.7 and −147.3 ppm
in a ratio of 1 : 1 due to the equivalent fluorine atoms, which
confirms that the C–F bond activation takes place at the 4-posi-
tion of the perfluorinated ring.8,9,39,43,58

C–H bond activation reaction

[Rh(Me)(PEt3)3] (14)
75 is known to be a suitable precursor for

C–H bond activation reactions.5,9,35,39 Therefore, it was also
interesting to test its reactivity towards pentafluorostyrene in
order to achieve a C–H bond activation instead of the C–F
bond activation described above. Indeed, treatment with
pentafluorostyrene (ratio 1 : 1.1) in THF at room temperature
afforded the C–H bond activation complex [Rh(E-CHCHC6F5)-
(PEt3)3] (15) after 30 min as a brown oil (Scheme 5).

After isolation, the 31P{1H} NMR spectrum of 15 depicted a
doublet of triplets at 19.4 ppm (1J(Rh,P) = 115.7, 2J(P,P) = 36.1 Hz)
and a doublet of doublets at 16.6 ppm (1J(Rh,P) = 156.7, 2J(P,P) =
36.1 Hz) in a integration ratio of 1 : 2. In the 1H NMR spec-
trum, a doublet of multiplets and a doublet of doublet of
quadruplets, both as a broad doublets in the phosphorus
decoupled NMR spectrum, appeared at 9.18 and 6.42 ppm,
respectively. The coupling constant between both resonances
of 18.6 Hz indicates an E-configuration at the double bond.
Based on the data for [Rh(E-CHCHCF3)(PEt3)3],

35 the signal at
lower field can be assigned to the proton at the α-position to

Fig. 3 ORTEP diagram of complex 8. Ellipsoids are drawn at the 50%
probability level. Hydrogen atoms are omitted for clarity. Selected dis-
tances [Å] and bond angles [°]: Rh1–C1 2.0775(15), Rh1–C8 2.0828(15),
Rh1–F1 2.1360(9), Rh1–P3 2.3470(4), Rh1–P1 2.3502(4), Rh1–P2 2.3836
(4), C1–C2 1.539(2), C1–Rh1–F1 173.53(5), C8–Rh1–F1 96.96(5), C1–
Rh1–P3 93.56(4), C8–Rh1–P3 87.01(4), F1–Rh1–P3 92.84(3), P3–Rh1–
P1 168.314(15), C1–Rh1–P2 90.47(4), C8–Rh1–P2 172.89(4), F1–Rh1–P2
90.08(3), P3–Rh1–P2 93.662(15), P1–Rh1–P2 92.732(16).

Scheme 5 Reaction of complex 14 with pentafluorostyrene.
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the rhodium nucleus ( J = 1.9 Hz), while the β-position proton
showed a coupling constant of 6.7 Hz to the trans phosphorus
ligand. Furthermore, LIFDI MS data revealed a peak with m/z
650 for complex 15.

Stoichiometric hydroboration reactions

Hydroboration reactions are widely employed to access bory-
lated building blocks.28,76–84 Thus, [Rh(H)(PEt3)3] (5), penta-
fluorostyrene and HBpin were reacted in a ratio of 1 : 1 : 2.5 in
d8-toluene at room temperature for 5 min to afford the
Markovnikov hydroboration compound [C6F5CH(Bpin)CH3]
(16),26 small amounts of the anti-Markovnikov product
[C6F5CH2CH2(Bpin)] (17),26 the diborylated derivative
[C6F5CH2CH(Bpin)2] (18)

26 as well as the hydrogenation com-
pound 9 in a ratio of 92 : 2 : 4 : 2. Regarding the rhodium

species, the rhodium(III) complex fac-[Rh(H)2(Bpin)(PEt3)3]
(19)79 was identified as the only product after the catalytic reac-
tion was stopped (Scheme 6). Comparably, treatment of [Rh-
(Bpin)(PEt3)3] (1), pentafluorostyrene and HBpin in a ratio of
1 : 1 : 1.25 in d14-methylcyclohexane at room temperature for
5 min gave the same organic compounds in a ratio of
49 : 14 : 22 : 15 as well as the rhodium(III) complex 19. It is
known that treating complex 5 with HBpin gives complex fac-
[Rh(H)2(Bpin)(PEt3)3] (19),

79 whereas as described above a reac-
tion of 5 with pentafluorostyrene yields 2. However, in the
hydroboration reaction, introducing the reactants in different
orders did not lead to different results (Scheme 6).

Two possible pathways can be proposed for the formation
of the main hydroboration product, which are depicted in
Scheme 7. They are consistent with plausible mechanisms pro-

Scheme 6 Stoichiometric hydroboration reactions using complexes 1 or 5.

Scheme 7 Possible pathways for the formation of the main hydroboration product.
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posed for Ti or other Rh complexes.85–87 Treatment of complex
5 and pentafluorostyrene would yield complex 2, which after
insertion of the olefin into the Rh–H bond and a subsequent
oxidative addition of HBpin gives complex A. After reductive
elimination, the hydroboration product is formed regenerating
complex 5. Alternatively, complex 5 and HBpin afford the oxi-
dative addition complex 19. Insertion of pentafluorostyrene
might occur via an initial reductive elimination of H2 or a dis-
sociation of a phosphine. After oxidative addition of H2 or
rebinding of the phosphine, complex B might be generated.
Again, the product 16 is formed after a reductive elimination
reaction.

Catalytic hydroboration reactions

Considering previous work, in which complexes 1 and 5 were
used as catalysts for various reactions such as borylation, C–H
and C–F bond activation reactions,32,36,55,58,79 attention was
turned to the catalytic hydroboration reactions (Scheme 8).
The reaction of pentafluorostyrene, HBpin (ratio 1 : 1.5) and
the rhodium hydrido complex [Rh(H)(PEt3)3] (5) (3 mol% cata-
lyst based on pentafluorostyrene) as the catalyst in C6D6

was studied at room temperature. After 5 min, NMR spectro-
scopic data revealed full conversion of pentafluorostyrene into
the same organic products as found in the stoichiometric
hydroboration reaction in a ratio of 91 : 6 : 1 : 2 (according to
the 19F NMR spectrum) (Table 1 entry 1). The selectivity
towards compound 16 decreased to 81% when employing
[Rh(Bpin)(PEt3)3] (1) (3.7 mol%) as the catalyst (Table 1
entry 2) and Me3SiSiMe3 as solvent. Under neat condition, a
reaction with complex 5 (1.5 mol%) in pentafluorostyrene also
gave full conversion, but less selectively for compound 16
(75%) (Table 1 entry 3).

Conclusion

In summary, we reported stoichiometric reactions of the
rhodium boryl complex [Rh(Bpin)(PEt3)3] (1) and the rhodium
hydrido complex [Rh(H)(PEt3)3] (5) towards pentafluorostyrene
or its borylated derivative, affording coordination and sub-
sequent C–F bond activation. Aromatic C–F bond activation
occurred at the 4-position or 2-position depending on the reac-
tion temperature. The rhodacycle trans-[Rh(F)(CH2CH2(2-C6F4))-
(PEt3)2] (7) was detected after treatment of 5 with pentafluoros-
tyrene at room temperature. It converted very slowly into
[Rh(2-C6F4CHCH2)(PEt3)3] (6). A C–H bond activation was
achieved when employing the rhodium methyl complex
[Rh(Me)(PEt3)3] (14) as the starting material. In stoichiometric
and catalytic hydroboration reactions, pentafluorostyrene and
HBpin were converted into the Markovnikov addition hydro-
boration product 16.
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