FULL PAPERS

Tuning the Selectivity of Heterogeneous Catalysts:

A Trimetallic Approach to
Chloroarenes in Vvater

Reductive Coupling of

Sudip Mukhopadhyay,* Gadi Rothenberg,” Yoel Sasson®*

#Chemical Engineering Department, University of California at Berkeley, Berkeley, CA 94720, U.S.A

E-mail: sudip@uclink2.berkeley.edu

YYork Green Chemistry Group, Chemistry Department, The University of York, Heslington, York YO10 5DD, U.K.

E-mail: gr8@york.ac.uk

¢Casali Institute of Applied Chemistry, Hebrew University of Jerusalem, Jerusalem 91904, Israel

Fax (+972) 2 6528 250, E-mail: ysasson@vms.huji.ac.il

Received November 19, 2000; Accepted January 2, 2001

lic catalyst (4% Pd, 1% Pt, and 5% Bi on carbon). The
competing reduction process is minimized. The cat-
alytic cycle is completed using hydrogen gas, or for-
mate + water or zinc + water mixtures, which gen-
erate dihydrogen in situ. Primary kinetic data and
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Abstract: Reductive homocoupling of chloroben- some process parameters arenes; heteroge-

zenes to the respective biphenyls affords high yields are studied. The roles of neous catalysis; palla-

(93-95%), in the presence of catalytic PEG-400 and  the Pd, Pt, and Bi, different dium; trimetallic
0.4 mol % of a recycleable, heterogeneous trimetal- reducing agents, and the catalysis

phase-transfer agent are

discussed. The reaction

mechanism is proposed to depend on the relative
concentration of hydride species in the immediate
vicinity of the palladium metal.

Introduction

Heterogeneous catalysis, which until recently has
been utilized chiefly in large-scale applications such
as cracking and reforming of petrochemicals, is in-
creasing in importance for new liquid phase pro-
cesses in the production of various fine chemicals.!"!
This trend reflects global efforts towards eco-efficient
synthetic solutions.”!

One practicable application of such a catalytic sys-
tem can be the production of biaryl compounds,
which are valuable industrial building blocks for
many agrochemicals and pharmaceuticals.””’ How-
ever, although several aryl-aryl coupling protocols
have been studied, the Ullmann synthesis,m which
uses stoichiometric copper powder and is over a cen-
tury old, is still being employed. Alternatives in-
clude various reductive and oxidative pathways, that
utilize both homogeneous and heterogeneous transi-
tion-metal catalysts.!®l Of these, the heterogeneous
reductive coupling of ArX to Ar-Ar (Scheme 1, top) in-

{g Supporting information for this article is available on the

WWW under http://www.wiley-vch.de/home/asc/ or from
the author.
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corporates three important process advantages, viz.
simplistic reactor design, facile product separation,
and effective catalyst recycling.

_aee
/— palladium on carbon \
2H* + 2K~

Reductive homocoupling
X O

H*+ X
Reductive hydre-dehalogenation

Scheme 1.

Results and Discussion

As we have demonstrated recently,”’! completion of
the catalytic cycle can be accomplished using diverse
reducing agents such as hydrogen gas,”® formate +
water,! ™™ or zinc + water.”*l However, the compet-
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ing reduction reaction (i.e., the hydro-dehalogena-
tion of ArX to ArH, Scheme 1, bottom) prevents the
exclusive formation of the coupling product. Thus,
regardless of the reagents used, 20-35% of the reduc-
tion product is formed at high (>80%) conversions,
encumbering possible industrial applications.!®!
Whilst any industrial process would be judged by the
final cost of materials vs. products, the combination of
high selectivity and using formate salts instead of stoi-
chiometric copper metal makes this process an envir-
onmentally friendly alternative.

The fundamental reactions in this reductive coup-
ling system are given by Equations 1-5, wherein the
reduction of Pd(II) to Pd(0) occurs via reaction with
dihydrogen. This dihydrogen can be produced either
from the in situ reaction of water with zinc (Equa-
tion 3) or formate (Equation 4), or generated ex situ
and supplied as a gas.

The main difference between the two processes de-
picted in Scheme 1 is that the homocoupling (top) re-
quires only electrons, while the reduction (bottom)
requires only hydrogen atoms. As we have shown be-
fore, the selectivity to the coupling products depends
on the number of vacant Pd(0) sites, which in turn re-
flects the balance between the reduction of Pd(II)
(Equation 2), and the formation of Pd(II)(H ). via
Equation 5. The latter reaction is a function of the
available dihydrogen concentration close to the cata-
lyst surface.!®!

2PhCl + PQ® ————= Ph-Ph + Pd(Il)(CI), (1)

k
Ho + PA(I1)(CI), 2~ Pd(0) + 2HCI @)
0,
Zng +He0p 7O o 700 + Hogg ©
0
HCO;Na* + H0 —0/C » HCOgNa*+ H,  (4)

ks
Ho + Pd(0)

Pd(I(H)z (5)

A desired system, therefore, is one which would en-
hance Equation 2 and retard Equation 5, thus in-
creasing the number of available Pd(0) sites for the
coupling reaction, and decreasing the number of pal-
ladium-hydride sites, at which the unwanted reduc-
tion process occurs. It is known that certain group
VII and group IV metals influence the outcome of hy-
drogenation and hydrogenolysis reactions when em-
ployed as surface modifiers together with palladium
or platinum on various supports.!'” On this basis we
initiated an experimental search for a heterogeneous
catalyst with “tunable” parameters, which would per-
haps enable the selective formation of the desired
coupling product.

In a typical reaction (Scheme 2), the haloaryl 1,
NaOH, sodium formate, water, and catalytic amounts
of polyethyleneglycol (PEG-400) and metal/C catalyst
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were charged to an autoclave. After stirring for 12—
28 h at 90-110 °C (depending on reaction conditions),
biphenyl 2 was isolated as the major product, together
with small amounts of benzene 3 (hydro-dehalogena-
tion product). No other products were discernable by
GC and "H NMR analysis. Table 1 shows PhCI conver-
sion and biphenyl selectivity that was obtained using
different metal/C combinations. Control experiments
confirmed that no reaction took place in the absence
of either formate, haloaryl, water, or catalyst.

X 0.4 mol% catalyst
8.5 mol% PEG-400
2 + HCO;™ + O ———————————
90-110°C, 1228 h
OH~/H,0, 950 rpm
R

1 conversion 87-100%

R2

0 T
‘0

G

R2

2 yield 63-93%

+ HCO3~ + 2H* + 2X-

1-3a X=C|, R=H
1-3b X=Br, R=H
1-3¢ X=C|, R=CHj

Scheme 2.

The rationale for incorporating platinum and/or
nickel is based on the known catalytic activity of these
metals in the oxidation of dihydrogen, i.e. Hy =

Table 1. PhCl coupling with different catalysts

Entry Catalyst (wt %) Time (h) % Con- % Selec-
version tivity!®

1 Pd (3) 1.5 100 73

2 Pd (1.5); Pt (2.5) 2 100 67

3 Pd (3); Bi (3) 23 34 91

4 Pd (3); Cu (3) 25 41 67

5 Pd (5); Bi (6) 17 27 84

6 Pd (5); Ni (5);'4 Bi (6) 24 73 84

7 Pd (4); Pt (1); Bi (5) 17 100 93lel

[al Standard reaction conditions: PhCl, 45 mmol; HCOONa,
50 mmol; catalyst, 0.4 mol % of substrate (based on Pd con-
tent, e. g., if the catalyst contains 1 mol Pd then 250 mol sub-
strate was used); PEG-400, 1.5 g (8.5 mol % of substrate);
NaOH, 125 mmol; 950 rpm mechanical stirring; 110 °C.

[ The various catalysts were prepared by mixing predeter-
mined quantities of commercial Pd/C and/or Pt/C (Aldrich).
Bismuth powder (Aldrich, 100 mesh size) was added as
needed and mixed in water under 5 atm H, pressure hefore
filtration, washing with acetone and drying under vacuum
for 3 h.

[l Selectivity to the coupling product 2a based on GC area,
corrected by the presence of an internal standard.

[ A mixture of the catalyst with Raney Nickel was used.

[l Yield of isolated product.

275



asc.wiley-vch.de

2H" + 2e”. Bismuth, on the other hand, is known to
suppress hydro-dehalogenation reactions. We there-
fore expected that a combination of platinum, palla-
dium, and bismuth in the right ratio would enhance
ko by “supplying” electrons for the coupling process
from the Pt to the Pd sites, and to retard %5 by trapping
surplus hydrides on the Bi sites (bismuth can also
form an intermetallic complex with palladium, which
could also facilitate the withdrawing of the hydrides
from the palladium towards the bismuth atoms).!'"!
Thus, the palladium may serve as an “electron shut-
tle”.I'l A cartoon of this process is shown in
Scheme 3. This transfer of electrons would not be ex-
pected to work on a non-conductive support. Indeed,
we have found that using identical trimetallic combi-
nations on SiO, or Al,O5 supports was ineffective.

x
()
H- 1\\ }

T AN

o PEG membrana

Hz
carbon panicle IL‘

e oHe

Scheme 3.

Under the same conditions, PhCl 1a was totally con-
sumed after 17 h, the selectivity to 2 being 93-95%.
With PhBr 1b, 100% conversion was reached after
12 h, but selectivity to 2 was lower (86%), while p-
chlorotoluene 1c reached a conversion of 87% after
28 h, with selectivity to 2 at only 65%. Chlorobenzene
1a was chosen as a model substrate for kinetic and
process parameter studies.

Performing the reaction at higher temperatures in-
creased selectivity to biphenyl, from 79% at 90 °C up
to 935% at 110°C, suggesting that E, coupiing>
E,, reauction->' The calculated Arrhenius energy of ac-
tivation was found to be E,, coupiing = 35.0 KJ mol™ (8.3
Kcal mol™, 72 =0.996 for four measurements at 90,
100, 110, and 120 °C). These findings are in agree-
ment with our previous kinetic studies of similar sys-
tems.[7a’7b’7°]

Reaction duration (for 100% PhCl conversion) and
selectivity to 2a are given in Table 2. Rates were found
to be a function of substrate concentration, formate
concentration, and catalyst loading, i.e., —d[la]/
dt = kops[1a][HCOg][Cat]. A pseudo first-order rate
law, —d[1a]/dt = k,ps[1a], was observed for fixed for-
mate and catalyst loading, with typical ks~ 4.8—
6.2x 107 min~".1'*

The solid catalyst can be easily recycled. We have
re-used the same batch of catalyst three times, with
unchanging activities, which showed that turnover
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Table 2. Trimetallic catalyst application with PhCL™

Entry Parameter Time (h) % Selectivity 2al”!
Cat. (mol %)

1 0.2 171 89

2 0.4 17 93

3 0.6 12 90

4 0.8 10 89
[NaOH] (mol %)

5 110 26 75

6 220 21 81

7 275 17 93

8 330 16 91

9 385 15 92
PEG-400 (mol %)

10 2.8 21 70

11 5.6 19 95

12 8.5 17 85

13 11.3 16 83

14 14.1 16 93
Reducing agent

15 Formate + water 17 93!l

16 Zinc + water 20 94141

17 Hydrogen gas 8 82

[al Standard reaction conditions: PhCl, 45 mmol; HCOONa,
50 mmol; catalyst [(4% Pd, 1% Pt, 5% Bi)/C], 0.4 mol % of
substrate (based on Pd content, e. g., if the catalyst contains
1 mol Pd then 250 mol substrate was used); PEG-400, 1.5 g
(8.5 mol % of substrate); NaOH, 125 mmol; 950 rpm me-
chanical stirring; 110 °C; 100% substrate conversion.

[Pl Selectivity based on GC area, corrected by the presence of
an internal standard.

(1 95% conversion.

['Yield of isolated product.

numbers (TONs) were in the thousands at least. Cata-
lyst losses were negligible, and the recycling proce-
dure is simple.

Catalytic amounts (5-8 mol %) of phase-transfer
agent increased the selectivity towards the coupling
products (Table 2, entries 10-14). This has been ob-
served before,'® but the fact that an inexpensive
PTC such as PEG-400 can be effectively used is signif-
icant. We suggest that the PEG coats the palladium
with a membranal layer which is not permeable to
hydrogens but allows the passage of electrons!'®l
(see Scheme 3). Indeed, separate experiments
showed that PEG easily adsorbs on the carbon sur-
face.!'”! The base (entries 5-9) is thought necessary
to maintain a high percentage of active Pd(0) sites, at
which the coupling reaction occurs, by neutralizing
the HCI formed.!”® That the results obtained using
formate + water and zinc + water were practically
identical (entries 15-16) supports our stand that these
systems operate via similar mechanisms.
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Conclusion

We have demonstrated here the tuning of a heteroge-
neous catalyst to obtain high yields of carbon-carbon
coupling in a reductive medium. This catalyst fea-
tures high turnover numbers and is fully recyclable.

Experimental Section

General Remarks

Melting points were measured in glass capillaries using an
Electrothermal 9100 instrument and are uncorrected.
'H NMR spectra were measured on a Bruker AMX 300 in-
strument at 500.13 MHz. GC and GCMS analyses were per-
formed using an HP-5890 gas chromatograph with a 50% di-
phenyl- 50% dimethyl-polysiloxane packed column (256 m x
0.53 mm). Unless stated otherwise, chemicals were pur-
chased from commercial firms (>98% pure) and used with-
out further purification. Products were either isolated and
identified by comparison of their 'H NMR spectra to stand-
ard samples, or identified by MS data and comparison of
their GC retention times with standard samples. Reactions
below 100 °C were carried out in glass apparatus, and reac-
tions at 100 °C and above were performed in a stainless steel
Parr autoclave.

Catalyst Preparation

Predetermined quantities of commercial 5% Pd/C, 5% Pt/C,
Bi powder (Aldrich, 100 mesh size), activated carbon as a
make up (when required) and 50 mL water were charged
to a 300 mL autoclave. This was then pressurized with
5 atm H, and stirred vigorously for 3 h. The mixture was
then filtered and washed, first with water (3 x 25 mL) and
then with acetone (4 x 20 mL). The solid cake was then dried
under vacuum (10 torr) at 36 °C for 3-7 h, after which the
catalyst flakes were ground using a mortar and pestle. For
Raney Ni, the same procedure was applied except the va-
cuum drying step which was performed at 25 °C.

Biphenyl (2a) from PhCl (1a)

44 mmol CgH5Cl, 50 mmol NaHCO,, 125 mmol NaOH, 0.5 g
of catalyst [(4% Pd, 1% Pt, 5% Bi)/C, which corresponds to
0.4 mol % of Pd relative to substrate]|, and 1.5 g PEG-400
(8.5 mol % relative to substrate) were mixed in water
(50 mL total reaction volume) at 110 °C in an autoclave. Re-
action progress was monitored by GC. The mixture was stir-
red (950 rpm) at 110 °C for 150 min, cooled and extracted
with 40 mL of CH,Cl,. Solvent evaporation and recrystalliz-
ing afforded 3.55 g of biphenyl (93 mol % based on CzH5Cl),
mp 69 °C (from EtOH, at 40 °C and going down to 10 °C) [cf.
69-71°C (Y. Tamura, M. -W. Chun, K. Inoue, J. Minamikawa,
Synthesis, 1978, 822)]; anal.: found: C, 93.26; H, 6.74; C{2H;o
requires: C, 93.46; H, 6.54%; '"H NMR (CDCl5; Me,Si, cf. N.
Kamewaza, J. Magn. Reson., 1973, 11, 88): § =7.39 (2H, tt,
aromatic 4,4-H), 7.46 (4H, gt, aromatic 3,3',5,5-H), 7.59
(4H, dq, aromatic 2,2',6,6'-H).
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Catalyst Recycling

The reaction was performed as above, after which the li-
quids were filtered and the solid catalyst was washed with
H0 (3 x40 mL) and then heated at reflux in methanol under
0.5 MPa hydrogen pressure at 100 °C for 3 h. The pretreated
catalyst retained >99% of its activity in four such subsequent
runs. PEG was not recycled.

Supporting information available: Procedures and char-
acterization data for synthesis of 4,4’-dimethylbiphenyl; de-
tails of kinetic studies (11 experiments; 3 graphs).
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