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Abstract

The effects of solvent, pH, temperature, and hydrogen pressure were determined for the reaction of fluorobenzene (PhF) with hydrogen gas
catalyzed by supported rhodium metal on silica. Non-polar and aprotic solvents, heptane and 1,2-dichloroethane (DCE), favor hydrogenation
to fluorocyclohexane (CyF). Polar and protic solvents, heptane/methanol and heptane/water, favor hydrodefluorination to benzene (PhH) and
subsequent hydrogenation to cyclohexane (CyH). The hydrodefluorination—hydrogenation of fluorobenzene to cyclohexane via benzene pro-
ceeds fastest in heptane/water under acidic conditions. For the hydrodefluorination of fluorobenzene in heptane/water, the hydrodefluorination
product, benzene, inhibited further hydrodefluorination of fluorobenzene. In heptane or DCE, a side reaction between fluorocyclohexane and
hydrogen fluoride, not catalyzed by rhodium, was discovered that provides an alternate pathway to cyclohexane. Reaction conditions can be
modified to yield primarily fluorocyclohexane, benzene, or cyclohexane.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction ditions to hydrodefluorinate 2-fluord-dcetylbiphenyl to
p-cyclohexylethylbenzenEl7]. Pattison and Saundefs8]
Carbon-fluorine (C—F) bonds are the strongest that carbonreported the hydrodefluorination gi-fluorophenylacetic
can form[1]. There are several examples of stoichiometric acid to ethyl cyclohexylacetate with Raney Ni at 180—-200
cleavage of C-F bonds by organometallic complexes, butunder 160-180 atm #in ethanol. Tashiro et a[19] used
few complexes have been reported that are capable of catRaney Ni-Al and Raney Cu-Al alloys for the hydrode-
alytic transformations of C—F bon{-11]. Even fewer sys-  fluorination of p-fluoroacetophenone to 1-phenylethanol at
tems are capable of catalytic hydrodefluorination to remove 50°C in 10% NaOH(aq). The first reported use of rhodium
fluorine from non-activated monofluoroaren¢s2—-23} metal for the hydrodefluorination of a monofluoroarene
Palladium on carbon (Pd/C), in the presence of NaOH at was by Freedman et §20] who converted fluoroarylphos-
82°C, hydrodefluorinates fluorobenzene (PhF) to benzenephonic acids to cyclohexylphosphonic acids under 4 atm
(PhH) by hydrogen-transfer from isoproparjd#,15] but of H, at room temperature in 95% ethanol. Young and
palladium was unable to catalyze the same reaction by Grushin[21] used [(CgP)Rh(H)Ch] to catalytically hy-
hydrogen-transfer from HCOOK in ethanol/water (1:3) or drodefluorinate 1-fluoronaphthalene to naphthalene under
under 4 atm of 4 at 37°C in methano[15]. The first exam- 80 psi hydrogen at 95 in the presence of 40% NaOH.
ple of hydrodefluorination of a monofluoroarene by hydro- However, [(CyP)Rh(H)Ch] was incapable of hydrode-
gen gas over a heterogeneous metal was reported in 192Q|uorinating PhF, 4-fluorotoluene, 3- or 4-fluoroanisole,
by Swarts[16], who used Pt(black) in water to hydrodeflu- or 4-fluoroaniline. Under identical conditions, metallic
orinate PhF to cyclohexane (CyH) apdiuorobenzoic acid  rhodium nanoparticleg21] catalyzed the hydrodefluo-
to cyclohexanecarboxylic acid. Renoll utilized Swarts’ con- rination of the C—-F bond in 1-fluoronaphthalene, PhF,
4-fluorotoluene, 3- or 4-fluoroanisole, and 4-fluoroaniline

* Corresponding author. Tels1-5152946999; fax:1-5152940105. while catalyzing only trace amounts of hydrogenation
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2. Experimental

|—||: 2.1. General considerations
3H,
/ Ethanol, 1,2-dichloroethane, NaPO; NaHPOy

NagPOy, 85% phosphoric acid, sodium acetate (NaOAc),
glacial acetic acid, heptane, fluorobenzene, fluorocyclohex-
-HF 3H ane, and benzene were purchased from commercial sources
© ~=2, O and used as received. Methanol was distilled from Mg#-
der nitrogen[25]. The catalysts [Rh(COR)*BF;~-SiOy/
200°C (Rh-SiQ(A)), [Rh(COD)]TBF;~-Si0,/40°C, Rh-
_ _ _ Si0,, [Rh(CODY]"BF4~-Pd-SiQ, [Rh(COD)]*BF4~ -
Scheme 1. Reactions of PhF with ldatalyzed by Rh-SigfA). Pd-SiG/40°C, [Rh(CODh]+BF4_-Pd-SiQ/2000C, and
Pd-SiQ were prepared and characterized as described
sol-gel encapsulated Rh@Aliquat 336 catalyzes the hy-  previously [24].1 Briefly, the catalysts were prepared by
drodefluorination and hydrogenation of fluorobenzene, adsorbing [Rh(CODQ)TBF4~ on SiG or Pd-SiQ (10%
2- or 4-fluorotoluene, and 2-, 3-, or 4-fluoroanisole in Pd w/w) to give a~2% Rh (w/w) loading. These materi-
1,2-dichloroethane (DCE) at 8€ under 16 atm of hydro-  als were used as obtained or pretreated withfét 24 h
gen to the corresponding dehalogenated, substituted cy-at 40°C or for 4h at 200C. The resulting catalysts con-
clohexanes. Our initial hydrodefluorination studies showed sist of highly active rhodium(0) metal on supported &iO
that rhodium pyridylphosphine and bipyridyl complexes Gas chromatographic (GC) analyses were performed on a
tethered to Pd-Si®under 4 atm of hydrogen at 7C ef- Hewlett-Packard HP 6890 GC using a J&W 30 m alumina
ficiently converted PhF to a mixture of CyH and C{#3]. capillary column and an flame ionization detector (FID).
The relative amounts of these products were influenced
by the solvent. In heptane, fluorocyclohexane (CyF) was 2.2. Preparation of buffer solutions
the major product, but in heptane/ethanol, with added base
(NaOAc being the best), benzene was formed initially but  The 1.0M buffers were preparef26] by dissolving
was subsequently hydrogenated to cyclohexane. 0.10 mmol of acid in 80 ml of water and then adding NaOH
Our examination of supported bimetallic rhodium and pal- until the pH, monitored by a pH meter, had reached the de-
ladium catalysts for arene hydrogenati@4] prompted us sired value. This solution was rinsed into a 100 ml volumet-
to explore their hydrodefluorination capabilities. These cat- ric flask and diluted to volume. Other concentrations of the
alysts were prepared by adsorbing, various rhodium com- buffers were obtained by this same procedure modifying the
plexes including [Rh(CODR]*BF4~ on SiG, or Pd-SiQ amount of acid added as appropriate. Acetate buffers were
(10% Pd w/w) to give a~2% Rh (w/w) loading. These ma- prepared for pH= 4.8 solutions, and phosphate buffers
terials were used as obtained or pretreated wittfdd 24 h were prepared for pH= 11.2, 7.1, and 2.2 solutions.
at 40°C or for 4 h at 200C. The actual catalysts consisted
of highly active rhodium(0) metal supported on Siformed 2.3. Hydrodefluorination reactions
by the reduction of the rhodium complex precursor by the
hydrogen pretreatment or during the hydrogenation reaction The general experimental procedures for both atmo-
(latm H at 40°C). Palladium, in the [Rh]-Pd-SiOsys- spheric pressure and high pressure reactions are outlined
tems, served to facilitate the reduction of the Rh complex to pelow. A number of different solvent systems, pressures,
active rhodium metal in situ. On SiQwithout Pd, activities  and temperatures were examined. The specifics of the reac-
were improved by hydrogen pretreatments prior to reaction, tion conditions will be discussed in detail as required in the
but on Pd-Si@, the rhodium catalysts were less active when discussion of the results.
pretreated by hydrogen.
In the present paper, we describe the use of the Rh-SiO 2.3.1. Hydrodefluorination reactions at 1 atmosphere
catalysts in the hydrogenation of PhF to CyF, PhH, and/or pressure
CyH as shown inScheme 1The effects of solvent, pH, A standard hydrogenation run consisted of placing
added base, temperature, and hydrogen pressure on produ@0.0 mg of catalyst (containing9.7.mol of Rh) and base

selectivity and reaction rates were determined. The relativeinto the reaction vessel (described previouglg,27-30)
amounts of the products can be controlled by choosing the

proper conditions. The catalytic reactions described in this
aper, when used with the proper solvent and pH, catalyze ! ) 9
Fheph drodefluorination of F?thunder the mildepst . ortizd (where [Rh] is the rhodium precursor, Pd-Sithdicates the presence of
Yy p reduced Pd metal on the SiGupport, and TC indicates the temperature

conditions (1 atm iHat 40°C) while still providing rates that  of any hydrogen pretreatment). In the present paper, most of the studies
are faster than those of other hydrodefluorination systems. used [Rh(CODy]*BF;-Si0,/200°C, which is abbreviated Rh-SpQA).

1 The catalysts are designated by the notation [Rh]-Pc:SiT
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and replacing the atmosphere with Ar using three vac- 1gpie 1
uum/flush cycles. Next, the jacket of the vessel was attachedEffect of solvent on the rate and product selectivity of the reaction of
to a constant temperature bath and the temperature wa$hF with H?

raised to reaction temperature, 40-80(2)°C. While the Entry  Solvent 95% Completion CyH CyF
temperature was being achieved, a hydrogen gas reservoir time (min) (%) (%)
was filled by a series of three consecutive vacuum and hy- 1 Heptane 30 234  76.6
drogen gas flush cycles so that the system could be held a2 DCE 1880 (60%) 36.7 63.3
1 atm H throughout the reaction. After the temperature had 3 Heptane/methanol 600 100 0
Heptane/watér 180 100 0

stabilized at 40.0C and the gas burette was full of hydro-
gen, the reaction vessel itself was evacuated and filled with 2 Reaction conditions: 50.0mg (containing-9.7umol Rh) of
hydrogen three times. Next, solvent (5.0 ml) was added via Rh-SiC:(A) catalyst, 1.1mmol PhF, 5.0ml solvent, 40:80:2)°C, 1atm
syringe; when the solvent mixture was heptane (3.0 ml) and Hz;) Reaction was only 60% complete after 1880 min.

water (2.0ml), the heptane layer was on top. After the sys- ¢ 3 g of heptane over 2.0ml of methanol.

tem had achieved the reaction temperature, fluorobenzene ¢ 3.0ml of heptane over 2.0ml of water.

0.10 ml (1.1 mmol) was added via syringe. The reaction was

opened to the hydrogen gas reservoir, stirring was initiated,

and hydrogen uptake was recorded. The reaction was mon+eaction as the ratio (3.3:1.0 for CyF:CyH) of these prod-
itored by periodic GC analyses of samples of the organic ucts remains constant at longer reaction timegy.( 1.

layer removed with a syringe. From a series of runs, the ratio of CyF:CyH produced by
the reaction is temperature-dependent and the following ra-

2.3.2. Higher pressure hydrodefluorination reactions tios were observed for the following temperatures: 4.0:1.0

(15-58 psi of hydrogen) (0°C), 4.4:1.0 (20C), 3.7:1.0 (40C), and 9.9:1.0 (70C).

The reagents, 30.0mg (containing5.8pumol of Rh)
of catalyst, 0.36g (4.4mmol) of NaOAc, and 0.40ml 3.1.2. 1,2-Dichloroethane (DCE)
(4.3mmol) of PhF, were added to a Fischer—Porter In the more polar, aprotic solvent DCE, the reaction of
high-pressure tube containing a Teflon-coated stir bar. After PhF with 1 atm H at 40°C catalyzed by Rh-Sig§A) also
the solvent (5.0ml) was added, the atmosphere was re-produces a mixture of CyF and CyH (entry Pable 1.
placed with hydrogen using three freeze-pump-thaw cycles. However, the reaction is much slower (60% complete after
After purging the atmosphere with hydrogen, the hydrogen 1880 min) than in heptane, and the CyF:CyH ratio decreases
pressure was raised while being monitored by the regulatorfrom 6.6:1 in the initial stages, during the first 150 min, to
on the hydrogen gas cylinder. Upon reaching the desireda ratio of 1.7:1 at 1880 minHig. 1). At 70°C with four
reaction pressure, the system was closed and immersed inimes the normal amount of catalyst (200 mg), the ratio of
an oil bath at 70£1)°C. After the reaction was stirred for CyF:CyH was 2.3:1 and did not significantly change until
30 min, the tube was removed from the oil bath, cooled to after the reaction was over 95% complete (270 min). After
room temperature in water, and vented. After the layers werethe conversion of PhF to CyF and CyH, a much slower
separated, the organic layer was dried over sodium sulfatereaction 3% h~1) was observed that converted CyF to
and filtered prior to GC analysis. GC analysis showed that CyH. The changing ratios of CyF:CyH suggests that CyF
PhF and products were present in the upper organic layeris converted to CyH during the catalytic reaction. Further
and drying with sodium sulfate had no effect on their con- experiments$ection 3.§show that the conversion of CyF to
centrations. No corrections were made for pressure change<yH in DCE is not catalyzed by rhodium, silica, or hydrogen
due to heating or reaction progress. gas but is due to a reaction between CyF and HF, produced

during the hydrodefluorination reaction.

3. Results 3.1.3. Heptane/methanol
In the polar, protic heptane/methanol (3 ml/2 ml) solvent
3.1. Effects of solvent on the reaction of PhF with H system, where two phases are present, no CyF is produced
(entry 3,Table 9, and CyH is the only final product observed
3.1.1. Heptane (after 600 min) in the reactionF{g. 1) of PhF with 1atm

In heptane solution, the reaction of fluorobenzene with H at 40°C catalyzed by Rh-Sig§A). However, under these
1 atm H at 40°C catalyzed by Rh-Sig§A) produces a  conditions, the intermediate benzene is detected in small
mixture of fluorocyclohexane and cyclohexane (entry 1, amounts &£2%) before it is hydrogenated to CyH (steps b
Table ). The ratio of CyF to CyH is constant throughout and c,Scheme )
the course of the reactiorFig. 1) indicating concurrent
competing reaction pathways (paths a and b&dheme )1 3.1.4. Heptane/water
The reaction is essentially complete within 30 min. Fluoro-  The more polar, protic heptane/water (3 ml/2 ml) solvent
cyclohexane is not converted to CyH during the catalytic system produces only CyH as the final product (entry 4,
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Fig. 1. Effect of solvent on the rate and selectivity of the reaction of PhF with(&) Reaction conditions are the same as thos€alsle 1 (¢) PhF,
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Fig. 2. Effect of base on the hydrodefluorination of PhF in heptane/methanol. Reaction conditions: 50.0 mg (cont@ijagiol Rh) of catalyst,
Rh-SiQ:(A), 1.1 mmol PhF, 1.2 mmol base, 3.0ml of heptane over 2.0 ml of methané; 4Datm H. (¢) PhF, @) CyF, () PhH, (A) CyH.
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Table J) in the reaction of PhF with 1 atmzat 40°C cat- Table 2
alyzed by Rh-Si@(A). As in heptane/methanol, PhH (steps Effect of pH on the hydrodefluorination of Phfand hydrogenation of
b and ¢c,Scheme )is observed{10%) as an intermediate  PhH with H in heptane/water solutions

during the course of the reactiofig. 1). The reaction is  py Initial 95% completion 95% completion
faster in heptane/water, where it is essentially complete in rate® time (min} PhF time (minf PhH
180 min, compared to heptane/methanol, where 600 min are hydrodefluorination hydrogenation
required. 1.7 54.5 1008 (68%6) 293

7.9 81.8 790 272

4.8 28.7 600 226

3.2. Effects of base and pH on the hydrodefluorination of 5

28.6 280 183
PhF

@ Reaction conditions: 50.0mg (containing-9.7pumol Rh) of
Rh-SiQ(A) catalyst, 1.1 mmol PhF, 3.0ml of heptane over 2.0ml of

3.2.1. Heptane/me_thanol . 1.0M aqueous buffer solution, 40.6:0.2) °C, 1atm .
A number of different bases were used in the hep- o Reaction conditions: 50.0mg (containing-9.7wmol Rh) of

tane/methanol solvent system for the reaction of PhF with Rh-Si0y(A) catalyst, 0.36 mmol PhH, 3.0ml of heptane over 2.0ml of
latm H at 40°C catalyzed by Rh-Sig§A) (Fig. 2). The 1.0M aqueous buffer solution, 40.6:0.2) °C, 1atm H.

rate of PhF hydrodefluorination (path b8cheme 1 de- ¢ Initial rate calculated after 5min of reaction according tenjole
creased as the strength of the base increased: none th /,(Dmhgfp:;:)g)'uﬁer

NaOAc > NaOH>> NaOMe. For heptane/metha_nol with- e Reaction was only 68% complete after 1008 min.

out a base, the reaction is complete after 600 min and only f Acetate buffer.

small amounts £2%) of the intermediate PhH are detected
as it is hydrogenated to CyH (steps b andScheme 1

Fig. 2). The reaction takes almost twice as long (1130 min) . . X
in the presence of NaOAc, and the intermediate PhH reachesl atm b at 40°C catalyzed by Rh-Sig¥A) in heptane (3 ml)

a concentration of 36.4% during the course of the reac- Oner_ajl;eof bugfet;]e(i tioluglof?s of NaOtACt/_HOAf 0(22m(|),
tion (Fig. 2. With added NaOH, the first 310 min produce pH = 4.8) showed that the bu er concentra |on( T e
PhH (37%) with only trace hydrogenation to CyH (2%). and 4.0 M). caused almost no v_arla'uon.ln reaction rates or
After this point, conversion of PhF to PhH and PhH to concentr'atlon of PhH mtgrmed@tg (sEag. 3 pH =438 .
CyH slows considerably and only 13% conversion of PhF for a typical reaction profile). This indicates that the rate is
occurs over the next 1100 min to provide PhH (47%) and independent of the acetate base concentration, but depends
CyH (5%). NaOMe deactivated the catalyst as only trace on the pH of the solutionTable 2 Fig. 3).

amounts of PhH (5%) and CyH (3%) were produced, even , . o
after 1500 min of reactionF(g. 2). g%SF.)hll?:e-use of Rh-SiA) in the hydrodefluorination

A series of hydrodefluorination reactions of PhF with

3.2.2. Heptane/water ) )
The rate of the Rh-SigJA)-catalyzed reaction of PhF with The catalyst, Rh-SiglA), after use in the heptane/water

1 atm H at 40°C in buffered solutions depends on the pH reactions can be filtered in air, washed with waterx(5
of the aqueous phas@able 2 Fig. 3. In general, slighty ~ 10mMl/50mg SiQ), and re-used with no apparent loss of

faster initial defluorination rates (step®cheme Lwere ob-  &ctivity. This has been repeated two more times. Alterna-
tained in more basic mediddble 2. However, initial rates tively, the catalyst can be re-used by removal of solvent and
do not comprehensively describe the overall course of the

reaction. In contrast to defluorination, the hydrogenation of Table 3

b_e_nzene (step Scheme }is slower under more basic con- Effect of added PhH on the rate of PhF hydrodefluorination in hep-
ditions (Table 2. The pH dependence of PhH hydrogena- tane/water buffered (pk- 2.2) solutior?

tion accounts for the greater build-up of the PhH intermedi-

ate in the hydrodefluorination of PhF at higher gHg( 3. PAR® (mmo) Initial rate APhFY Intial rate (APhHY
The rate of benzene hydrogenation also affects the rate of® 28.3 -
hydrodefluorination of PhF, as the increase in PhH concen-2'55 1?'30 12'38

tration decreases the rate of PhF reaction. This was shown, , 290 47.9

in reactions of PhF in the presence of added PhH using the

heptane/water (3 Tl/Z ml) system bUﬁered at :pHZ.Z un- Rh-SiQ(A) catalyst, 1.1 mmol PhF, 0-2.4 mmol PhH, 3.0ml of heptane
der 1atm H at 40°C catalyzed by Rh-Sig{A) (Table 3. over 2.0ml of 1.0M aqueous acetate buffer solution at-pi2.2, 40.0

As the concentration of PhH was increased, the rate of hy- (+0.2)°c, 1atm 1,

drodefluorination of PhF decreased. Thus, it appears that, P Initial amount of benzene (PhH

because of inhibition by PhH, hydrodefluorination of PhF  © Rate given as Amole PhF/(mole Rhh)] over the first 60min of
. reaction.

proceeds faster at lower pHs where PhH concentrations are ™" given as fmole PhH/(mole Rhh)

low because of the rapid hydrogenation of PhH to CyH.

a Reaction conditions: 50.0mg (containing-9.7pumol Rh) of

] over the first 60 min of
reaction.
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Fig. 3. Effect of pH on the hydrodefluorination of PhF in heptane/water solutions. Reaction conditions are the same asTdduse2irPhosphate
buffers were used for pH= 11.2, 7.1, and 2.2; an acetate buffer for pH4.8. (¢) PhF, @) PhH, (A) CyH.

substrate under vacuum followed by addition of fresh sol- high-pressure tubeSgction 2.3.2 using Rh-SiQ(A) with
vent and substrate without washing the catalyst. When this hydrogen pressures ranging from 15 to 58 psi &tG@0The
method of re-use was applied to the Rh-gi®)-catalyzed following rate$ were observed under the following pres-
hydrodefluorination of PhF to CyH in heptane/water under 1 sures: 451h! (58 psi), 410h' (44 psi), 381hA (40 psi),

atm H at 40°C, three successive hydrodefluorinations were 399 b1 (36 psi), 350 ! (29 psi), 348 ! (22 psi), 295 h't
performed with no apparent catalyst deactivation. The un- (18 psi), 276 ! (15psi). The rate of reaction increases
buffered hydrodefluorination reactions in this example were with increasing hydrogen pressure, and over the range of
more rapid (180 min to 95% completion) than the buffered 15-58 psi ¢1-4 atm) of B, the rates vary by a power of
reaction at pH= 2.2 (280 min to 95% completion) under the  1/3, i.e. ratex pﬁ/3 (Fig. 4).

same conditions. The increased activity of the unbuffered The effect of ﬁydrogen pressure on the ratio of CyF to
reactions can easily be explained by the low pH] of the CyH was examined for heptane (5ml) using Rh-gi€)
solution at the end of the reaction; this low pH is presumably with hydrogen pressures ranging from 15 to 58 psi &tQ@0
due to the HF produced during the reaction (Seeeme ) All reactions were complete within 30 min and the following
Since lower pH values increase the rate of benzene hydro-ratios of CyF:CyH were observed under the following pres-
genation (step cScheme Jand the overall conversion of  sures: 9.9:1.0 (15 psi), 12.0:1.0 (29 psi), and 8.2:1.0 (58 psi).
PhF (path bcScheme ) (Section 3.2 the rate increase can  Thus, it was observed that variations in hydrogen pressure
be attributed to the more acidic conditions in the unbuffered over 1-4 atm caused very little change in the ratio of CyF
reactions. to CyH. However, the resulting solution contains HF, which
is capable of promoting the conversion of CyF to CyH;
this will decrease the CyF:CyH ratio at longer times (see
Section 3.§.

3.4. Effect of hydrogen pressure on the
hydrodefluorination of PhF

The effect of hydrogen pressure on the reaction was ex-
amined for a heptane/ethanol/water (3/1.2/0.6 ml) solvent 2 rate given as4 mole PhF/(mole Rhh)] over the first 30min of
system with added NaOAc (0.36g, 4.4 mmol) using the reaction.
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Fig. 4. Effect of hydrogen pressure on the hydrodefluorination of PhF. Reaction conditions: 30.0 mg (cont&i@pgnol Rh) of Rh-SiQ(A) catalyst,
4.3mmol PhF, 0.36g (4.4mmol) NaOAc, 3.0ml of heptane over 1.2ml ethanol and 0.8 ml wat€, 30 min reaction time, & = 15— 58psi,

Fischer—Porter reaction vessel. The equation for the best-fit lipe=i$.35x + 2.05. Thus, over the range 1-4 atm, rateP,ﬂ/f.

3.5. Other catalysts for the hydrodefluorination of PhF

The [Rh(COD}]*BF4~-Si0,/40°C, Rh-SiQ, [Rh-
(CODY]*BF4~-Pd-Si®,  [Rh(COD)]*BFs~-Pd-SiG/
40°C, [Rh(CODY]*BFs~-Pd-SiG/200°C, and Pd-Si@

catalysts were examined for their PhF hydrodefluorina-

tion activity under 29 psi bl at 70°C with NaOAc base
in the heptane/ethanol/water solvent systdiabi{e 4. The

activities of the various rhodium and rhodium/palladium

Table 4
Rates of hydrodefluorination of PR&nd hydrogenation of toluePasing
various catalysts

Catalyst Rate (PhE)  Rate (PhMé&)
Rh-SiOx(A) 350 246
[Rh(CODY]+BF4~-Si0,/40°C 244 95
Rh-SiG 280 151
[Rh(CODY]*BF4~-Pd-Si% 371 230
[Rh(COD)]*BF4~-Pd-SiG/40°C 369 210
[Rh(CODY]*BF4~-Pd-SiQ/200°C 135 46
Pd-SiIQ 12.1° ~1.4

@ Reaction conditions: 30.0 mg (containings.8umol Rh) of the cat-

alyst indicated, 4.3 mmol PhF, 0.36g (4.4 mmol) NaOAc, 3.0 ml of hep-

tane over 1.2ml ethanol and 0.8 ml water,°?) B4, = 29 psi, 30 min
reaction time, Fischer—Porter reaction vessel.

b Reaction conditions: 50 mg of solid catalyst, 5 ml of toluene, 4G.0
latm of K from [24].

¢ Rate given as4Amole PhF/(mole Rhh)] over 30 min of reaction.

d Rate given asAmole PhH/(mole Rh h)] over the first hour of reaction

[24].
€ To facilitate comparison, the rate for the Pd-gi€atalyst is reported

catalysts in the hydrodefluorination of PhF to PhH and
CyH approximately parallels their toluene hydrogenation
activities [24]. Detailed characterization (DRIFTS, TEM,
XPS, and mercury poisoning experiments) of the rhodium
containing catalysts showed that they all consist of rhodium
metal on silica, which is responsible for their toluene hy-
drogenation activity24]. The effect of the palladium in the
[Rh]-Pd-SiG systems is to facilitate the reduction of the
Rh complex to active rhodium metal. The catalytic activity
of supported rhodium catalysts is structure sensitive and
depends on particle size with metal clusters~af0 A or
larger needed for arene hydrogenatidi—37] For catalysts
prepared from the rhodium precursor [Rh(CQD)BF4~

on silica, toluene hydrogenation activities are improved
by hydrogen pretreatments prior to reaction. The ac-
tivity increases with the temperature of the hydrogen
pretreatment, 200C (Rh-SiQ(A), rate = 246Hh1) be-

ing greater than 49C ([Rh(COD)Y]*BF4~-Si0,/40°C,
rate = 95h1). For [Rh(COD}]*BFs;~ on Pd-SiQ, a
different trend is observed as the catalysts are more ac-
tive when they are not pretreated. The untreated catalyst
([Rh(COD)] *BF;~-Pd-SiQ, rate= 230 Hh1) is the most
active of the series. A 40C Hy-pretreatment produces no
appreciable change in rate ([Rh(CGQP)BF;~—-Pd-SiG/
40°C, rate= 210h1). A 200°C, hydrogen pretreatment
severely reduces the catalytic activity by almost five-fold
(IRh(COD)] *BF4~-Pd-SiQ/200°C, rate= 46 h™1). This
treatment apparently changes the structure of the catalyst
to a form that is substantially less active for arene hy-
drogenation than just rhodium on the same support. This

in terms of an effective rate. Since, it does not contain rhodium, a rate
based on rhodium cannot be calculated. The rate value here is calculate
by assuming the Pd-SiCcatalyst contains the standard rhodium loading
(5.8,umol/30.0 mg).

dJower activity was attributed either to the formation of a
rhodium—palladium alloy or to the formation of rhodium
clusters that are smaller than the 10A size required for
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arene hydrogenation activitj24,31,32] Since the most tane/water, proceed only by path Issheme 1The reaction
active hydrogenation catalysts are also the most activeis faster in heptane/water than in heptane/methanol.
hydrodefluorination catalystddble 4 and benzene is ob- Prior to this work, there were only a limited number
served to inhibit the hydrodefluorination reaction, the same of reports of the catalytic hydrodefluorination of monoflu-
catalytic sites on rhodium metal are probably used for both oroareneq12-23] and fewer by rhodium metgR0-23]
toluene hydrogenation and fluorobenzene hydrodefluori- No studies of solvents on these reactions have been re-

nation. ported. The effects of solvent on the reaction of hydrogen
with PhF catalyzed by Rh-SiQA) are complex. The ratio
3.6. Attempted hydrodefluorination of CyF of CyF:CyH decreases as the solvent polarity increases:

heptane (3.3:1) > DCE (2.3:1) > heptane/methanol (0:1)
Hydrodefluorination of CyF was attempted using = heptane/water (0:1). The rate of reaction also varies with
Rh-SiQ(A) as a catalyst under all of the reaction con- solvent but is complicated by the existence of two reac-
ditions (heptane, DCE, heptane/water; pH 11.2-22; tion pathways (path a and path bScheme )L For the
1-4atm h; 40-70°C) examined in this study, but CyF solvents examined, the trend in the rate of reaction of PhF
remained unreacted even after 24 h of treatment. However,is heptane> heptang¢water > heptan¢methanol> DCE.
Blum et al. [22] reported that thermal defluorination of Furthermore, the ability of our system to catalyze the for-
fluorocyclohexane to cyclohexane occurs in DCE at®@0  mation of CyF from PhF in heptane is notable because
under 16 atm Hl. Also, during the hydrodefluorination of  studies in other systems show that metal catalyzed reac-
PhF, CyF was converted to CyH in DCE under 1 atmdtl tions of arylfluorides with hydrogen give only hydrodeflu-
70°C over Rh-SiQ(A) (seeSection 3.1.2 We observe that  orinated products and no fluorocyclohexanes are formed
the addition of 0.1 ml of HF (49% aqueous solution) to CyF [12—-22,37-41]
in DCE under 1atm bl at 70°C over Rh-SiQ(A) causes
a rapid conversion<40 min) of CyF to CyH. The slower 4.2. Effect of pH on the hydrodefluorination of PhF
conversion of CyF to CyH~3% h1) observed during in heptane/water
the hydrodefluorination of PhF in DCE indicates that the
rate of conversion of CyF depends on the amount of HF  The Rh-SiQ(A)-catalyzed hydrodefluorination of PhF
added. However, changing the amount of Rh-%&) did in heptane/water follows path bc i8cheme 1The hy-
not change the rate of CyF conversion. Moreover, in the drodefluorination step b is slightly faster when the solution
absence of Rh-Si©(A), but in the presence of 0.1 ml of is basic (initial rate= 545h™! at pH = 11.2 compared
aqueous HF, CyF is quantitatively converted to cyclohexeneto an initial rate of 28.6h! at pH = 2.2, Table 2, but
in DCE at 70°C within 30 min. Thus, the conversion of the overall reaction (path b&cheme }, including arene
CyF to CyH is a two-step process consisting of the conver- hydrogenation to CyH (step &cheme }, is faster under
sion of CyF to cyclohexene in the presence of HF (step d, acidic conditions Table 2 and Fig. 3). This is because
Scheme ) followed by the Rh-catalyzed hydrogenation of benzene inhibits hydrodefluorination (step b), confirmed
cyclohexene to CyH (step 8cheme )L This HF-promoted by competition reactions between PhF and PhH using the
conversion of CyF to CyH (path d&cheme Yalso occurs heptane/water system buffered at pH2.2 (Table 3, and
in heptane, but is more rapid in DCE. can slow the overall process to the point where PhH hy-
drogenation determines the rate of PhF hydrodefluorination
(see pH= 7.1 and 11.2Fig. 3). Therefore, the conversion

4, Discussion of PhF to CyH is fastest under acidic conditiofrsy; 3) be-
cause PhH hydrogenation is fastest under these conditions

4.1. Effect of solvent on the Rh-Si@)-catalyzed (Table 2.

reaction of PhF with H At first glance, this result seems to contradict previous

studies of hydrodehalogenation (F, Cl, Br, I) reactions over

For the Rh-Si@(A)-catalyzed reaction of fluorobenzene supported metals (Pd, Rh, Pt, Ni), where base has often
with hydrogen, the solvent system affects the product distri- been used to neutralize the hydrogen halide product as it is
bution (path a or path b&cheme ) The non-polar solvent  formed[38,41] However, previous studies of arene hydro-
heptane produces mixtures of CyF and CyH with a CyF:CyH genation catalyzed by rhodium metal have found inhibition
ratio of 3.3:1.0 at 40C and 9.9:1.0 at 70C. DCE, an apro- by strong basef37-41] (especially strong nitrogen bases
tic but more polar solvent than heptane, still favors initial such as amines and pyridines), while acids have been ob-
arene hydrogenation over hydrodefluorination, but the ratio served to both promote and inhibit the reacti®@7—41]
of CyF to CyH is lower because the HF-promoted conver- For example, Stocker observed that acetic acid in methanol
sion of CyF to CyH (path deScheme )Y occurs at a rate  increased the rate of hydrogenation of certain aromatics
similar to the rate of the rhodium-catalyzed reaction of PhF over rhodium on alumin§8,42] but the hydrogenation of
and H (paths a and bcScheme L In contrast, reactions  toluene or benzoic acid in methanol over 5% rhodium on
in polar protic solvent systems, heptane/methanol and hep-carbon was neither promoted nor inhibited by the addition
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of several weak or strong acids, except HCI which was a
strong inhibitor[37-41,43]

For the hydrodefluorination of PhF by Rh-Si@) in
heptane/water solvent, the hydrodefluorination product
interacts strongly enough with the catalyst to inhibit further
hydrodefluorination of PhF. This inhibition is particularly
important when the concentration of PhH is highest, which
occurs at high pH where the rate of PhH hydrogenation to
CyH is slowed. This leads to a situation where conventional

hydrodefluorination conditions, i.e. use of strong bases to

67

of Basic Energy Sciences, Division of Chemical Sci-
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