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bstract

The perfluoroalkylated pyridine, (o-COOCH2(CF2)7CF3-NC5H4), has been synthesized in two step from nicotinic acid and then the title com-
ound, [Pd(o-COOCH2-(CF2)7CF3-NC5H4)2(OAc)2], obtained by reaction with Pd(OAc)2. The catalytic activity of the Pd(II) complex examined
or hydrogenation of styrene, 1-octene, t-2-octene and cyclohexene for both in supercritical carbon dioxide and in organic solvents. The effect of
emperature and dihydrogen pressure, as well as the influence of the palladium and substrate concentrations have been studied (T = 320–353 K, p(H2)

–30 bar, [Pd] = (1.12–2.62) × 10−5 M, [Styrene] = (8.70–34.8) × 10−3 M). The experimentally determined rate law is r = kcat [Pd]a[Styrene]bp(H2)c

a = 1, b = 1 and c = 0.14) where kcat = 4.4 × 10−2 (mol−1 l s−1) at 320 K. Activation parameters have been calculated at 320 K. Supercritical carbon
ioxide is a more effective, green reaction medium for olefin hydrogenation compared with conventional organic solvents.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Supercritical fluids (SCF) are becoming increasingly impor-
ant partly in response to the adverse environmental impact of
olvent use and disposal for chemical synthesis. Among the
iverse range of chemical reactions possible in SCF media both
omogeneous and heterogeneous catalytic processes have been
xamined in some details [1,2]. Several reviews have been pub-
ished explaining the fundamentals and the main advantages in
his new field of the chemical synthesis [3,4]. Specifically, CO2
as received special attention as a result of its easy replacement
or organic solvents because its inexpensive, non-toxic, non-
ammable and exhibit easy of recycle and disposal, capable
f performing the duties of non-polar solvent while allowing
anipulation of its solvent strength through a wide range of
olarities [5,6]. Diffusivities in supercritical CO2 (scCO2) are
igher and viscosities lower as compared to conventional organic
olvents; therefore, a hydrogenation and hydroformylation reac-
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ion that is diffusion limited in the solvent phase can be enhanced
y carry out in SCF.

The modified palladium complexes with nitrogen containing
ases (pyridine, ethylene diamine, quinoline) allows prepar-
ng of highly selective catalyst for alkynes and conjugated
iene hydrogenation [7,8], enantio selective hydrogenation of
,�-unsaturated acid derivatives [9,10], chemoselective hydro-
enation of unsaturated ketones and aldehydes [11,12]. Catalyst
ecomposition and poor reproducibility of the reaction was the
ajor disadvantages of these catalytic systems in organic sol-

ents. It has been found that some organometallic complexes
re soluble in dense carbon dioxide to a certain extent but most
etal complexes including commonly used phosphine com-

ounds [13] are less soluble in scCO2. To overcome this problem
uorinated compounds have been used because organofluorine
ompounds are well known to be highly soluble in scCO2 [14].
he effectiveness of palladium complexes with various fluori-
ated phosphine compounds and fluorinated palladium sources

ike Pd(O-COCF3)2 and Pd(F6-acac)2 were investigated for
arbon–carbon coupling reactions [15,16]. To date, unlike fluo-
inated phosphine compounds, fluorinated nitrogen compounds
ave not been studied in scCO2. The present paper reports

mailto:ibrahimkani@anadolu.edu.tr
dx.doi.org/10.1016/j.molcata.2006.06.028
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he first successful application of Pd(II) complex of perfluo-
oalkylated pyridine for the catalytic hydrogenation of styrene,
-octene, t-2-octene and cycohexene in scCO2. The solubility
ehavior of synthesized ligand and Pd(II) complex has been esti-
ated from visual observations of those reaction mixtures under

tudied conditions. The influence of some parameters such as H2
ressure, CO2 pressure, temperature, and reaction time has been
nvestigated, and effectiveness of scCO2 reaction medium has
een compared with organic solvents. The catalyst recycling has
lso been examined in scCO2.

. Experimental

.1. Synthesis of o-COOCH2-(CF2)7CF3-NC5H4

A mixture of nicotinic acid (1.23 g, 9.99 mmol) and thionyl
hloride (5 mL, 68.50 mmol) was stirred at 90 ◦C. After 6 h
eflux, the excess thionyl chloride was removed under reduced
ressure and the resulting yellow-white solid was dissolved in
H2Cl2 (10.0 mL). Then, triethyl amine (1 mL) and heptade-
afluorononanol (1.27 g, 2.82 mmol) were added to the mixture
ith stirring at 0 ◦C, and then mixture was allowed to warm

oom temperature and stirred for 15 h. After the solvent was
emoved under reduced pressure to dryness, the resulting white
olid was washed with water and dried under vacuum. The
ure compound was obtained after colon chromatography on
iO2 with hexane + ethyl acetate (6:1) as eluent. Yield: 76%
1.19 g), mp: 48–50 ◦C. Anal. Calc. for C15H6F17O2N: C 32.43;

1.09; N 2.52. Found: C 31.38; H 1.03; N 2.69. FT-IR (cm−1):
738, 1600, 1338, 1290, 1203, 965, 845, 803, 740, 705, 663,
09, 561, 534. 1H NMR (400 MHz, acetone-d6) d, 9.25 (1H,
= 1.8 Hz), dd, 8.84 (1H, J5,6 = 4.8 Hz, J4,6 = 1.5 Hz), quasi-dt,
.34 (1H, J4,5 = 8.1 Hz, J4,6 = 1.5 Hz), dd, 7.46 (1H, J4,5 = 8.1 Hz,
5,6 = 4.8 Hz), t, 4.86 (1H, J = 13.2 Hz). 13C NMR (100 MHz,
cetone-d6) 163.8, 154.4, 151.3, 137.7, 124.7, 123.8, 109.4,
06.6, 94.1, 77.5, 60.84. 19F NMR −80.9 (s, 3F, CF3), −119.3
s, 2F, CF2–CH2), −121.9 (s, 2F, CF2), −122.3 (s, 2F, CF2),
122.8 (s, 2F, CF2), 123.1 (s, 2F, CF2), −123.6 (s, 2F, CF2),
126.2 (s, 2F, CF2) (Scheme 1).

.2. Synthesis of [Pd(o-COOCH2-(CF2)7CF3-
C5H4)2(OAc)2]

Palladium(II) acetate (0.020 g, 0.09 mmol) (in 5 mL toluene)
as added dropewise via syringe to a stirred solution of perflu-

roalkylated pyridine (0.200 g, 0.36 mmol) in toluene (10 mL).
he resulting mixture was stirred at room temperature for about
h. Then the volume of solution was removed by vacuum. The
btained yellow solid was washed with cold methanol and dried

o
w
w

Scheme 1. Synthesis of perfluoro
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nder vacuum. The product is soluble in acetone, ether and chlo-
oform. Yield: 81% (0.098 g), mp: 133–135 ◦C. Anal. Calc. for
34H18F34O8N2Pd: C 30.59; H 1.36; N 2.10. Found: C 30.83;
1.49; N 2.27. FT-IR (cm−1): 1751, 1633, 1604, 1423, 1368,

281, 1203, 1150, 1063, 1012, 965, 850, 779, 745, 700, 659,
17, 562, 537.

.3. General

All the reactions were carried out under nitrogen atmosphere,
y using standard Schlenk techniques; solvents were dried and
urified according to literature methods. All reagents of com-
ercial quality were used without further purification. Habas
ompany provided CO2 at 99.9% minimum purity and hydro-
en at 99.99% purity.

Elemental analysis of molecules was carried out using Ele-
entar Vario EL III microanalyser. FT-IR spectra of compounds
ere recorded out on Jasco FT/IR-300 E spectrophotometer.

H, 13C, 31P and 19F NMR spectra were recorded at 25 ◦C on
Bruker (400 MHz) DPX FT spectrometer. Thermogravimet-

ic analysis of catalyst was carried out on SETERAM-Labsys.
nstrument at a heating rate of 10 ◦C min−1 under argon atmo-
phere. The products obtained from catalytic hydrogenation
eaction were carried out Thermo Finnigan Trace GC using Per-
abond SE-54-DF-0.25 25 m × 0.32 mm i.d. column attached

o a flame ionization detector and He as carier gas.

.4. General procedure for hydrogenation reactions

The experimental equipment and procedure used for the
xperimentation have been described [17,18]. A small visual cell
eactor, 25 ml (Tharr Inc. Instruments, USA), was employed to
isual check the solubility of the catalyst, the miscibility of the
eactants and products and phase behavior of reaction medium
n scCO2 at studied conditions. Also, a 100 mL reactor (Parr
nc. 4590 micro Bench Top with 4842 process controller having
digital readout for measuring temperature and stirrer speed)
ith sampling online was installed to take samples at different

imes in order to determine the conversion and the selectivity
rofile against time (Fig. 1). All runs were repeated at least
wice for reproducibility purposes. Before a typical experiment,
lank reactions were performed to ensure the complete cleanness
f the reactor (no conversion). The catalyst recycling experi-
ents have been conducted as described at our previous work

19].

Hydrogenation reactions in organic solvents were also carried

ut in the 100 mL high-pressure reactor. The reactor was charged
ith substrate, catalyst and 10 mL solvent and was then sealed. It
as flushed with H2 three times to remove air inside the reactor

alkylated pyridine ligand.
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Fig. 1. Schematic diagram

Table 1
Kinetic data for hydrogenation of styrene with [Pd(o-COOCH2-(CF2)7CF3-
NC5H4)2(OAc)2] as the catalyst precursor

Entry Pd (×10−5 M) Styrene (M) pH2 (bar) T (K) ri (M s−1)

1 3.75 8.70 × 10−3 6 353 0.75 × 10−5

2 3.75 26.1 × 10−3 6 353 2.41 × 10−5

3 3.75 34.8 × 10−3 6 353 3.74 × 10−5

4 2.62 8.70 × 10−3 6 353 8.69 × 10−5

5 1.57 8.70 × 10−3 6 353 6.63 × 10−6

6 1.12 8.70 × 10−3 6 353 3.68 × 10−6

7 3.75 8.70 × 10−3 6 353 7.48 × 10−6

8 3.75 8.70 × 10−3 10.5 353 7.95 × 10−6

9 3.75 8.70 × 10−3 20 353 8.94 × 10−6

10 3.75 8.70 × 10−3 30 353 9.29 × 10−6

11 6.89 1.61 × 10−2 11 320 8.61 × 10−6
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2 4.87 1.14 × 10−3 7.7 330 9.30 × 10−6

3 3.97 9.74 × 10−3 6.7 340 9.20 × 10−6

nd heated up to studied temperature. After the introduction of
2, the reaction was conducted as above.
The kinetics of styrene hydrogenation reaction was studied

y following the ethyl benzene formation (or styrene conver-
ion) in time at different catalyst and substrate concentrations,
nd at different temperatures and dihydrogen pressures. In all
xperiments it appeared that no induction period was needed to
ormation of actual catalyst. The conversion of styrene to ethyl
enzene was low enough in the studied period of time, so that the
nitial rate method can be applied. The complete data are listed
n Table 1. Initial rates were determined at 15th minute of the
eaction. All the straight lines were fitted by use of conventional
inear regression software to R2 > 0.96.

. Results and discussion

Characterization of the ligand and the complex were carried
ut on the basis of their physico-chemical properties, chemical

nalysis, FT-IR, TG and NMR spectral analysis. The melting
oint and analytical data of the Pd(II) complex suggest its for-
ation and structure. The yellow color complex is stable in

olid state at room temperature. TG analysis of the complex

3

h

of the reactor system.

howed that it is stable up to 130 ◦C and start to decompose
fter that temperature. The IR spectra of the perfluoroalky-
ated pyridine shows a large number of absorption bands in the
ange 1600–1370 cm−1 assigned to different vibration modes
f the pyridine ring. The strong bands at about 1600 cm−1

or the highest-energy pyridine ring vibration (C N) of the
igands are appreciably shifted by about 33 cm−1 to higher fre-
uency after complexation. It indicates that the nitrogen atom
f pyridine participates in the coordination [20,21]. The anal-
gous Pd(II)-pyridine derivative compounds show the similar
hifts [22,23]. Typical C–F vibrations were determined at about
203–1150 cm−1.

.1. Phase behavior and solubility of compounds

The phase behavior examination is an important issue to
tudy catalytic reactions in scCO2; it is important to determine
hether the reaction is occurring heterogeneously in two or more
hase or homogeneously in a single phase. The solubility of lig-
nd, catalyst and the phase behavior of the catalytic reaction in
cCO2 and H2 mixture can be estimated by visual observation
hrough window. In our study, it is not the purpose to determine
he true solubility but to find conditions during reaction under
tudied conditions. Different amount of catalyst (1.48 × 10−3

o 5.93 × 10−3 mmol) were added in to the view cell and it
as heated until desired temperature (310–353 K). After that,

he cell was introduced with CO2 (102–170 bar) and observed
isually solubility behavior of the catalyst. The experiment was
epeated as above in that case after heating process the cell was
ntroduced with H2 first, followed by introduction of CO2 up to
ifferent pressures by syringe pump. Under the reaction condi-
ions, no undissolved solid could be observed, but very small
mount would have been difficult to detect owing to the reactor
esign.
.2. Catalytic studies

In order to test the activity of Pd(II) catalyst towards
ydrogenation of C C double bonds in different chemical
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ig. 2. Comparison of olefin hydrogenation in scCO2. Reaction conditions: pH2

1 bar, T = 320 K, substrate/catalyst = 232.

nvironments, the hydrogenation of styrene, 1-octene, t-2-
ctene and cyclohexene was investigated in scCO2. The results
re presented in Fig. 2. It appeared that the hydrogenation rate of
tyrene was found to be fast compared to other studied olefins.
ubstrate as an examples of long-chain terminal, the hydrogena-

ion of 1-octene and t-2-octene converts mainly to n-octane and
ixture of isomers at 320 K. The hydrogenation of 1-octene has

he slowest rate. Whereas the hydrogenation of internal C C
ouble (cyclohexane) bonds is very low and slow by molecu-
ar Pd catalyst as reported by van Laren and Elsevier [24] and
ade and coworkers [25], and also Wilkinson’s catalyst [26],
erfluoroalkylated pyridine–Pd(II) complex has good activity
n the hydrogenation of cyclohexene to cyclohexane. Under the
ame reaction conditions, the maximum conversions reached to
8.7, 75, 57 and 40% for styrene, cyclohexene, 1-octene and
-2-octene, respectively.

.3. Effect of parameters (styrene, catalyst, H2 and T) on
eaction rate of styrene hydrogenation

The effect of styrene concentration on the rate of hydrogena-

ion was studied at 353 K, 6 bar H2 pressure and 102 bar total
ressure of CO2. The substrate concentration was varied in the
.70 to 3.48 × 10−3 M range keeping constant the palladium,
ydrogen and temperature (Table 1, entries 1–3). Fig. 3 shows a

ig. 3. Rate dependence on styrene hydrogenation with respect to substrate
oncentration. Conditions are given in Table 1.

u
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ig. 4. Rate dependence on styrene hydrogenation with respect to catalyst con-
entration. Conditions are given in Table 1.

rst-order dependence of the hydrogenation rate with respect to
ubstrate concentration. The order of reaction calculated from
he plot of log(initial rate) versus ln[styrene] was found to be
nity (−ln ri = −1.1314 ln[styrene] + 6.4444; R2 = 0.995).

The effect of substrate to palladium molar ratio was carried
ut in 100 mL batch reactor 232, 554 and 776 while styrene,
ihydrogen, CO2 and temperature were kept constant. The
xperimental conditions were 353 K, 6 bar H2 and 102 bar total
ressure (Table 1, entries 4–6). The results are shown in Fig. 4.
s expected, decrease the substrate catalyst molar ratio, the reac-

ion rate increases. At each different S/C ratio the hydrogenation
f styrene gives only one type of product (ethyl benzene). A
lot of −ln ri versus −ln[Pd] (Fig. 3a) yields a straight line
−ln ri = 1.0153 ln[Pd] + 0.8779; R2 = 0.960), which is in agree-
ent with first-order rate dependence.
The effect of hydrogen pressure on the reaction rate of styrene

as investigated in the pressure range of 6–30 bar with palla-
ium(II) complex. With the exception of hydrogen pressure all
he experimental conditions remained constant. The data are
iven in Table 1 (entries 7–10) and Fig. 5. The initial rates show
direct dependence with respect to the hydrogen concentra-

ion as indicated with straight line plot of −ln ri versus −ln H2
Fig. 5). However, the order of the reaction is much lower than

2
nity (−ln ri = 0.1412 ln H2 + 1.7541; R = 0.987). It is difficult
o explain the hydrogen effect but the some factors can be con-
ider such as the effect of changes in density in supercritical
uid consequent upon variation of the hydrogen pressure over

ig. 5. Rate dependence on styrene hydrogenation with respect to hydrogen
ressure. Conditions are given in Table 1.
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As shown in Fig. 9, at 353 and 330 K, the initial selectivity
(75%) of n-octane is very close and higher than 320 K. After
2.5 h, the n-octane selectivity remains constant at 353 K,
but the selectivity at 330 K decrease slightly to 70% and it
ig. 6. Rate dependence on styrene hydrogenation with respect to temperature.
onditions are given in Table 1.

he range 6–30 bar, which might also influence the apparent reac-
ion order.

The obtained results suggested that the hydrogenation of
tyrene by Pd(II) complex proceeds according to the experi-
ental rate equation:

ate = kcat[Pd]a[Styrene]bp[H2]c (1)

here the hydrogenation is first-order in Pd, styrene concentra-
ion and independent of hydrogen partial pressure (a = 1, b = 1
nd c = 0.14).

Experiments were performed at 320–340 K and the con-
tant mole fraction of substrate, hydrogen and catalyst to
etermine the effect of temperature at a constant total pres-
ure (102 bar) on reactivity and the selectivity of styrene. The
ole ratio of substrate to catalyst was 232 and the mole frac-

ions of styrene, hydrogen and CO2 were 0.0017, 0.0491 and
.9490, respectively. The effect of temperature variation has
een shown in Fig. 6 and Table 1 (entries 11–13). The plot
f −ln kcat versus 1/T, depicted in Fig. 6, yields straight line
−ln kcat = 3050.7/T − 6.4156; R2 = 0.996), as expected from the
rrhenius equation (Eq. (2)):

cat = A exp(−Ea/RT ) (2)

he satisfactory linearity of the Arrhenius plot is in agree-
ent with the assumption that under the reaction condi-

ions only one catalytic species is involved. The activation
nergy Ea can be calculated from the slope of the graph
epicted in Fig. 6. The value of enthalpy, entropy and free
nergy of activation can be calculated (from the equations
H = Ea − RT, �H = R ln(hA/e2KBT), and �G = �H − T�S,

espectively). The Arhenius plot constructed from the obtained
inetic data is shown in Fig. 6 yielding the following acti-
ation parameters; Ea = 25.5 kJ mol−1; �H‡ = 22.8 kJ mol−1;
S‡ = −208.3 J K−1 mol−1; �G‡ = 89.5 J K−1 mol−1. Similar

alues have been reported for ruthenium, nickel and palladium-
atalyzed hydrogenation of alkenes in organic solvents [27–30].
he large negative value for the entropy of activation (�S‡) indi-
ates a highly ordered transition state commensurate with the
nteraction of a dihydrogen molecule with the palladium center

nd also by the steric hindrance of the long-chain perfluoroalky-
ated pyridine groups.

In order to demonstrate the catalyst recycling, we used the
atalyst which remained inside the reactor after depressuriza-

F
s
s

ig. 7. Conversion of styrene as a function of cycle using Pd catalyst. Conditions
re given in Table 1, entry 12.

ion. The cycle of hydrogenation were carried out at 330 K and
02 bar for 104 min. Fig. 7 presents the total conversion of these
xperiments. Four cycles were performed with slight decrease
n activity of the catalyst. The maximum total conversion of
tyrene hydrogenation achieved was 98.5 and 89.2% in the first
nd fourth cycle, respectively.

.4. Temperature effect on 1-octene hydrogenation

We also evaluated temperature effect on 1-octene hydro-
enation in 100 mL reactor. Fig. 8 summarizes experiments at
he three temperatures 320, 330 and 353 K. All experiments
ere carried out at the same pressure, 102 bar. The initial
ole fractions of H2 (0.048) and 1-octene (9.42 × 10−4) were

ept constant in all of the experiments, and the amount of
atalyst in the system was changed according to the 1-octene
oncentration and the required substrate/catalyst molar ratio.
onversion increase with temperature and it levels of after
h at all temperatures. The maximum conversions reached
t 320, 330 and 353 K were 52, 70 and 80%, respectively.
ig. 8. 1-Octene hydrogenation at 320, 330 and 353 K at 102 bar total pres-
ure. Mole fraction of H2 = 0.048; 1-octene = 9.42 × 10−4; CO2 = 0.949; sub-
trate/catalyst = 232.
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number (TON) for 60 min in scCO2 is 232, which can be com-
parable with those in organic solvents for which TON is 150
ig. 9. Temperature effect on n-octane selectivity: 102 bar total pres-
ure; mole fraction of H2 = 0.048; 1-octene = 9.42 × 10−4; CO2 = 0.949; sub-
trate/catalyst = 232.

tayed at same value with 320 K till end of the reaction. The
ate was found to be very dependent on the temperature and
rhenius analysis of the resulting rate data yielded activation
arameters: Ea = 18.8 kJ mol−1; �H‡ = 16.2 kJ mol−1; �S‡ =
250 J K−1 mol−1; �G‡ = 96.2 J K−1 mol−1. A comparison
ith the data reported to homogenous hydrogenation of 1-octene

n dichloromethane/methanol mixture (�H = 36.4 kJ mol−1,
S = −170.6 J K−1 mol−1) using Ni(o-MeO-dppp) [31]

hows that Pd catalyst has similar behavior with Ni cata-
yst. The data reported by Khan et al. [32,33] for homoge-
ous hydrogenation of cyclohexene (�H = 4.4 kJ mol−1,
S = 4.18 J K−1 mol−1) using RhCl(PPh3)3 and (�H =

.1 kJ mol−1, �S = −174.7 J K−1 mol−1) using [Pd(DPEA)-
l]Cl indicates that Pd catalyst is associated with a higher
nergy of enthalpy and the entropy of activation, which could
ccount for the more drastic conditions required to carry out
he hydrogenation; however, a solvent effect might also be
onsidered.

.5. Total pressure effect
The total pressure effect on the hydrogenation of styrene and
-octene has also been examined. As shown in Fig. 10, the con-
ersion of styrene does not change with increasing the total

ig. 10. Total pressure effect on styrene hydrogenation. Reaction conditions:
= 353 K; substrate/catalyst = 232; mole fraction of H2 = 0.0491.

i
o

F
R

ig. 11. Effect of CO2 pressure on conversion and selectivity for hydrogenation
f 1-octene in scCO2 solvent at 353 K (� 102 bar; � 136 bar). Mole fraction of

2 = 0.048; 1-octene = 9.42 × 10−4; CO2 = 0.949; substrate/catalyst = 232.

ressure of CO2. However, the hydrogenation rate and selec-
ivity of 1-octene was effected negatively compared to that of
tyrene (Fig. 11). By increasing pressure, the total conversion
nd selectivity to n-octane increased about 10%.

.6. Solvent effect

The effect of solvent on the kinetics was investigated using
oluene, acetone and methanol. The comparison of the hydro-
enation rate of styrene in scCO2 with respect conventional
rganic solvent is shown in Fig. 12. Under the conditions stud-
ed, the reaction was seen to be occurring in single homogeneous
hase during the reaction in scCO2 and heterogeneous reaction
ccurs in organic phase. We found that the palladium complex
ecomposes during the course of reaction leading to the precip-
tation of palladium black in organic solvents, which is active
nder the reaction conditions. We have not observed same behav-
or in supercritical conditions. Visual observation showed that
o particle observed during the course of reaction. Turn over
n toluene, 170 in acetone, and 154 in methanol. As we can
bserve in Fig. 12, the polarity of organic the solvent does not

ig. 12. Results for hydrogenation of styrene in scCO2 and organic solvents.
eaction conditions: pH2 = 6 bar; T = 320 K; substrate/catalyst = 232.
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Table 2
Different substrates in the palladium-catalyzed hydrogenationa

Substrate Reaction medium T (K) Reaction time (min) pH2 (bar) Total conversion (%) TONb Main product

Styrene

scCO2
c 320 60 6 95.9 235 Ethyl benzene

Toluene 320 60 6 87.7 151 Ethyl benzene
Acetone 320 60 6 99.8 171 Ethyl benzene
Methanol 320 60 6 90.0 155 Ethyl benzene

Cyclohexene
scCO2

c 320 60 11 74.5 166 Cyclohexane
Acetone 320 90 11 100 223 Cyclohexane
Chloroform 320 90 11 21 44 Cyclohexane

1-Octene

scCO2
c 320 90 11 26.2 60 n-Octane

scCO2
c 330 90 8 55 128 n-Octane

scCO2
c 353 90 6 66 278 n-Octane

scCO2
c 353 240 6 78.4 367 n-Octane

t-2-Octene scCO2
c 353 95 11 39.4 120 n-Octane

a

n
t
(
h
h
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p
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m
(

R
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[

[

[

[

[
[

[

[

[

[

[
[

[

[

Reaction conditions: substrate/catalyst = 232.
b TON = moles of styrene reacted/moles of palladium.
c Total pressure = 102 bar.

otable affect the overall catalytic activity. TON values indicated
hat scCO2 has a positive effect on the activity of the catalyst
Table 2). The miscibility of scCO2 with hydrogen results in
igh diffusion rates, and provides the basis for achieving much
igher reaction rates in conventional solvent.

. Conclusion

In summary, the present work has demonstrated that the
erfluoroalkylated pyridine–palladium complex is soluble and
ctive for hydrogenation of olefins in pure scCO2 at the reaction
onditions studied. The results obtained in scCO2 are compa-
able with those in toluene, acetone and methanol and it is
uggested that scCO2 has some positive effect in promoting
he hydrogenation, due to the high diffusion and low viscos-
ty of scCO2, which can facilitate the collision of the reactant
olecules and the separation of the resultant molecules from cat-

lytic center. A kinetic study of the hydrogenation of styrene to
thyl benzene show that the experimental rate is first-order with
espect to catalyst and styrene concentrations and zero order in
ydrogen pressure.

Further work using similar rhodium and palladium complexes
or kinetics and mechanistic study for the same reactions are in
rogress, and some extensions of this work with C C coupling
eactions in scCO2.
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Biochem. 98 (2004) 1447.

22] R. Chen, J. Bacsa, S.F. Mapolie, Polyhedron 22 (2003) 2855.
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