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Catalytic Activation of Carbon-Fluorine Bonds by a 
Soluble Transition Metal Complex 

Michael Aizenberg and David Milstein* 
Homogeneous catalytic activation of the strong carbon-fluorine bonds under mild condi- 
tions was achieved with the use of rhodium complexes as catalysts. The catalytic reactions 
between polyfluorobenzenes and hydrosilanes result in substitution of fluorine atoms by 
hydrogen atoms and are chemo- and regioselective. With individual stoichiometric steps 
observed and combined, and with intermediates isolated and fully characterized (including 
crystal structures), these systems demonstrate the effectiveness of a rational approach to 
catalytic design. 

Homogeneous catalysis by transition metal 
complexes has an important role in chemis- 
try, enabling efficient, selective processes 
under mild, easily controllable conditions 
and leading to the production of millions of 
tons of chemicals annually (1). These pro- 
cesses are based on the activation of chem- 
ical bonds by transition metals, followed by 
transformations in the metal coordination 
sphere and product release. Despite the phe- 
nomenal growth of this field, homogeneous 
catalysis by a metal complex based on acti- 
vation of the strongest bond that carbon can 
form, C-F, remains unknown. Such cataly- 
sis is highly desirable for the functionaliza- 
tion of polyfluorinated organic compounds, 
which " are important constituents of the 

L,RhSiR, + C6F6 + 

l a ,  R, = M e Z h  L3RhC6F5 + R3SiF (1) 
lb, R, = Ph, 2 

The Me,PhSiF product was identified un- 
ambiguously by 19F and 'H nuclear mag- 
netic resonance (NMR) and by gas chro- 
matography-mass spectroscopy (8). Com- 
plex 2 was characterized spectroscopically 
(7), and its identity was confirmed by an 
x-ray crystallographic study (7) (Fig. 1) 
and by its independent synthesis from 
L4RhC1 and C6F,MgBr. Interestingly, the 

chemical, phaknaceutical, and advanced 
materials industries (2). Toward this goal, 
much research effort has been devoted to the 
activation of the strong C-F bond by tran- 
sition metal complexes. Indeed, C-F bond 
cleavage, although still fairly uncommon, is 
now known in a number of intermolecular 
systems involving transition metal complex- 
es (3-5). However, despite this remarkable ,,,, 
progress, all of these reactions are stoichio- 
metric. .We report here that aromatic C-F 
bonds can be cleaved by rhodium complexes 
even at room temperature and that this 
reaction can. be elaborated into homoge- 
neous catalysis involving C-F bonds. These 
catalytic cycles, which were designed by a c 

combination of individual stoichiometric re- 
actions, exhibit high selectivity. 

The Rh(1) silyl complex L,RhSiMe,Ph 
(la) (L = PMe,) . svnthesized from L,RhCl 

~ ,~ 

and ~ i ~ i ~ e , ~ h ' a n d  structurally cha;acter- Fig. 1. Perspective view (ORTEP) of 2 (hydro- 
ized (6, 7)9 reacts quantitatively with C6FI, gen atoms are omitted for clarity), Bond dis- 
at room temperature: tances and anales (errors in last digits in pa- 

are ihl -PI  = 2.292(2) a ; ~ h l - ~ 2  = 
Department of Organic Chemistry, Weizmann Institute ; Rhl-P3 = 2.291 (2) A; Rhl-Cl = 
of science, ~eho io t  76100, Israel. 2.078(8) A; PI-Rhl-P3 = 169.4(1)"; and P2- 
*To whom correspondence should be addressed. Rhl-C1 = 177.8(2)". 
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distance between Rh and P2 is shorter 
than that between Rh and PI, indicating a 
weak C6F5 trans effect. The complex 
L,RhSiPh, (9), Ib, reacts similarly, but 
heating at 90°C is required. 

Pentafluorobenzene (C6F5H) is also re- 
active, although less so than C6F6. When 
l a  is heated with excess C6F,H to 110°C in 
a closed vessel, quantitative C-F activation 
takes place to produce Me,PhSi-F and tet- 
rafluorobenzene (C6F4H2). Interestingly, 
the organometallic product is, again, 2. A 
likely mechanism involving consecutive 
C-F and C-H activation accounts for these 
results (reactions 2 and 3). The overall 
stoichiometry is shown in reaction 4: 

C-F 
L3RhSiMe2Ph + C6F5H - 

activation 

L3Rh(C6F4H) + FSiMe,Ph (2) 
C-H 

L3Rh(C6F4H) + C6F5H - 
activation 

L3RhC6F5 + C6F4H2 (3) 

L3RhSiMe2Ph + 2C6F5H + 

L3RhC6F5 + C6F4HZ + FSiMezPh (4) 

Activation of the weaker C-H bond is 
generally preferred to C-F cleavage (4, lo), 
although competition between the two has 
been demonstrated in intramolecular sys- 
tems (1 1). Here, the direction of the reac- 
tion is thermodynamically driven by the 
irreversible formation of the very strong 
Si-F bond (12). 

Complex 2 reacts with 1 equivalent of 
Ph,SiH at 90°C to yield l b  and C6F,H, as 
observed by ,'P, 'H, and 19F NMR: 

L3RhC6F5 + Ph3SiH 

Although an oxidative addition interme- 
diate was not observed in this case, its 
analog 3 can be easily isolated from the 
reaction of 2 with (EtO),SiH at room 
temperature: 

The meridional configuration with H trans 
to PMe, and cis to both C6F5 and (EtO)3Si 
ligands unequivocally follows from ,lP, 'H, 
and 19F NMR data (7) and is confirmed by 
an x-ray crystallographic study (Fig. 2) (7). 
The weak trans effect of C6F5 is manifested 
here as well, locating the strong trans di- 
rector, R,Si, opposite C6F5. 

The heating of 3 at 95°C yields C6F5H. 

We have recently shown that C-Si and 
C-H bond formation can proceed at com- 
petitive rates (13). In this case, only C-H 
formation takes place, undoubtedly be- 
cause of the trans C6F5 and SiR, arrange- 
ment. This results in regeneration of the 
Rh-Si complex and, together with the 
other reactions presented here, provides a 
basis for the design of a novel catalytic 
cycle (Fig. 3). Indeed, reaction of com- 
plex 2 with excess C6F6 and R,SiH 
(R = Ph or EtO) at 90°C leads to cata- 
lytic F substitution by H, yielding C6F5H 
and R3SiF. The (EtO),SiH reacts more 
efficiently than Ph,SiH, probably because 
of easier oxidative addition of the for- 
mer. This reaction is selective; C6F,H is 
less reactive than C6F6. This reactivity 
goes against the expected trend in hydro- 
genolysis of polyhaloaromatic compounds 
(14). 

Highly regioselective catalysis was ob- 
served upon reaction of C6F5H with 
(EtO),SiH and 2, which leads exclusively 
to 1,4-CiF4H,: 

The mechanism of this reaction is analo- 
gous to the one outlined in Fig. 3 (1 5). 

Products resulting from C-Si coupling 
were not observed in any of these cases, 
again because of the stereochemistry of the 
intermediate 3. Although we did not opti- 
mize the catalytic reactions, several tens of 
turnovers were achieved (1 6). 

Some mechanistic considerations re- 
garding the C-F activation step are appro- 
priate here. We observed that l a  reacts 
most easily with C6F6, whereas the reac- 
tion with 'C6F5H is more difficult and 
C6H5F does not undergo C-F bond cleav- 
age under reaction conditions. This reac- 
tivity trend parallels the order of electron 
affinities of these fluorocarbons (1 7). On 
the other hand, C-F bond dissociation 
energies in these compounds follow the 
opposite trend, with the C6H5-F bond 
-30 kcal mol-' weaker than the C6F5-F 
bond (18). On this basis, we favor as an 
explanation the electron transfer from the 
complex to the substrate and generation of 
C6F6'- (5), followed by F- attack on 
silicon. A mechanism involving metal 

insertion into C-F (oxidative addition), 
followed by Si-F elimination may also be 
possible (1 9). It should be noted, howev- 
er, that oxidative addition reactions of 
partially fluorinated arenes with Rh(1) 
(and other metals) resulted in C-H rather 
than C-F activation (1 0). 

We have shown that Rh(1) silyls easily 
cleave C-F bonds of C6F6 and C6F5H, even 
(in the latter case) in preference to the 
C6F,-H bond. These reactions, combined 
with Si-H oxidative addition and C-H re- 
ductive elimination, present examples of 
catalytic cycles involving C-F activation by 
a metal complex. Moreover, we have ob- 
served catalytic chemo- and regioselectivity 
(20) 

Fig. 2. Perspective view (ORTEP) of 3 (hydro- 
gen atoms are omitted for clarity) (21). Bond 
distances and angles (errors in last digits in 
parentheses) are Rhl-P1 = 2.307(4) A; Rhl-P2 
= 2.316(4) A; Rhl-P3 = 2.388(5) A; Rhl-Sil = 

2.325(4) A; Rhl-Cl = 2.24(1) A; PI-Rhl-P2 = 
163.1 (2)"; and Sil-Rhl-C1 = 163.0(4)". 

Fig. 3. Catalytic cycle for F and H exchange 
between hexafluorobenzene and hydrosilanes. 
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Probing Single Molecule Dynamics 

X. Sunney Xie* and Robert C. Dunn 
The room temperature dynamics of single sutforhodamine 101 molecules dispersed on a 
glass surface are investigated on two different time scales with near-field optics. On the 
1 OP2- to 1 02-second time scale, intensrty fluctuations in the emission from single molecules 
are examined with polarization measurements, providing insight into their spectroscopic 
properties. On the nanosecond time scale, the fluorescence lifetimes of single molecules 
are measured, and their excited-state energy transfer to the aluminum coating of the 
near-field probe is characterized. A movie of the time-resolved emission demonstrates the 
feasibility of fluorescence lifetime imaging with single molecule sensitivity, picosecond 
temporal resolution, and a spatial resolving power beyond the diffraction limit. 

Single molecule detection has recently 
been achieved at cryogenic temperatures 
(1, 2) ,  in liquids with flow cytometry ( 3 ) ,  
in aerosol particles (4) and electrophoresis 
gels (5), and at interfaces with near-field 
optics ( 6 9 ) .  These results offer exciting 
possibilities in many fields, including ana- 
lytical chemistry, materials research, and 
the biological sciences. In particular, near- 
field microscopy (10) permits the fluores- 
cence imaging of single chromophores in 
ambient environments with nanometer spa- 
tial resolution ( 6 9 ) .  Moreover, Betzig and 

end (14). The sides of the tapered near-field 
probe are coated with about 90 nm of 
aluminum to prevent light leakage, with an 
aperture of about 100 nm capable of deliv- 
ering 10'' photons per second. A feedback 
mechanism based on shear force, similar to 
that previously reported (15, 16), is imple- 
mented to regulate the tip-sample gap with 
a vertical resolution of better than 1 nm. 
The total emission is collected from be- 
neath a transparent sample by a detection 

molecule sensitivity results from the high 
photon flux delivered by the tapered single 
mode fiber probe (1 3), efficient background 
rejection resulting from the small illumina- 
tion area, and possibly, excitation by strong 
evanescent wave components near the tip 

Pac~f~c Northwest Laboratorv Molecular Sc~ence R;- 
search Center, P 0 Box &, Richland, WA 99352, 
USA 

'To vhom correspondence should be addressed 

Fig. 1. Near- f~eld f luorescence Image of sul- 
fo rhodam~ne 101 molecules d ~ s p e r s e d  o n  a 
glass surface The b r ~ g h t  features In the 4 bm 
b y  4 km  (256 p ~ x e l s  b y  256 p ~ x e l s  8-ms 
averaging t ~ m e  per p ~ x e l )  Image result from 
emlsslon from s ~ n g l e  molecules L~near ly  po-  
l a r ~ z e d  exc~ ta t lon  l ~ g h t  a l ~ g n e d  w ~ t h  the x axls 
was used  The FWHM of the s u b d ~ f f r a c t ~ o n -  
l ~ m ~ t e d  features are 125 n m  w h ~ c h  corre- 
sponds to the aperture d~ameter  of the t ~ p  
used  In the lmaglng 
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