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structure of the catalytic species is often known, and
structure-activity relations could be established. Recent
developments of ligand-free Pd catalysts have provided
interesting and practically important alternatives to ligand-
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In order to address these problems, heterogeneous Pd
catalysis is a promising option. Here, Pd is fixed to a solid
support1°such as activated carbon (charcoal, for a recent
review of application in €&C coupling reactions, see Seki,
ref 11a)}*1% zeolites and molecular sievé&si*18 metal
oxidesg%1%21 (mainly silica or alumina but also MgO, ZnO,
TiO,, Zr0,), clays??23alkali and alkaline earth salts (Cag,O
BaSQ, BaCQ, SrCQ), porous glass? organic polymer3?
or polymers embedded in porous gld%€n the other hand,

Pd can also be fixed to a solid support as a complex; that is,
the ligands are covalently bound to the support. Both
techniques allow one to separate the heterogeneous catalyst
after the reaction or to reuse it as long as it is not too
deactivated or both. For a review about product separation
techniques in Heck reactions, see Arai el Alternatively

such catalysts can also be used in continuous-flow sydtems
or in flow injection microreactor& Normally, supported Pd
catalysts require more drastic reaction conditions than
homogeneous catalysts, but this does not cause problems as
far as the stability of the catalysts is concerned, because they
often are relatively stable. In this way, the somewhat lower
activities can be compensated to some extent by using higher
temperatures and catalyst loadings. See Djakovitch et al. for
a comparative study of homogeneous versus heterogeneous
Pd catalysis in Heck reactiods.There are also cases
reported, where Pd immobilized at zeolites showed higher
activity than free Pd(OAg) or [Pd(GHs)Cl],, probably
because of the stabilization of the active Pd species by the
zeolite framework?® The comparatively high stability of Pd

on solid supports sometimes allows running the reaction even
under normal ambient conditions, that is, without the
exclusion of ai® There were cases reported where solid-
supported Pd catalysts show higher activities than homoge-
neous catalysts, probably because of their higher stability.
The application of supported Pd was introduced into Pd-
catalyzed coupling reactions relatively late (early 1970s) but
has been increasingly used up to now. Some industrial
applications have already been developed.

It is the aim of this review to give insight into the state of
art in the field of the application of heterogeneous catalysts
in coupling reactions to synthetic chemists. Scope, limita-
tions, and problems associated with the application of
heterogeneous catalysts in coupling reactions will be covered.
There are also cases included where Pd is fixed to an inor-
ganic solid support (e.g., silica or iron oxide) by the help of
organic ligands, that is, as a complex. Such ligands can be
part of a polymer, for example, in glass/polymer compos-
ites3? Pd catalysts supported by entirely organic polymers
are not included®33-3*Mechanistic aspects of the catalysis
are briefly addressed, but an extensive survey about this field
is beyond the scope of this review. This limitation is also
attributed to the fact that the mechanisms are not yet fully
understood and findings in this field are sometimes contra-
dictory. To an extreme, in many cases it is not even clear
whether the genuine catalysis is heterogeneous or homoge-
neoust®3® An up-to-date critical review about mechanistic

assisted methodologies. On the other hand, homogeneou@SpeCts of homogeneous and heterogeneous catalysis and the

catalysis has a number of drawbacks, in particular, the lack
of reuse of the catalyst or at least the problem of recycling
of the catalyst. This leads to a loss of expensive metal and
ligands and to impurities in the products and the need to
remove residual metale. These problems have to be
overcome in the application of homogeneous Pd-catalyzed
coupling reactions in industry and are still a challefde.

nature of active species in MizirokHeck and Suzukt
Miyaura couplings was recently published by Jones ét al.

In the present review, catalysts are covered that are used
as solids and are not soluble in the reaction mixture,
regardless of whether the acting catalytic palladium species
is homogeneous or heterogeneous. Other recent developments
in Pd catalysis in cross-coupling reactions such as the
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application of colloidal P& Pd clusters® Pd black? used. On the other hand, cases were reported where the
and Pd nanoparticlés45 are not considered in this review catalyst loading went through an optimum, that is, higher
but will be occasionally mentioned when the heterogeneousPd loadings decreased the activityymportant parameters
catalyst serves as a source for such Pd species. of the active metal are the surface area, the dispersion
(typically only 10-60% of the metal atoms are exposed),
1.1. Catalysts the size of the crystallites (typically in a range of 2:@0
Solid-supported catalysts are complex assemblies. Theirnm), the location in the pores of the support, the oxidation
preparation is a challenging task. Minor changes of their state, the counter ions if Pd(ll) is used, the water content,
preparation conditions can significantly influence the delicate and the conditions of its preparati®f?
_balance of copfli_cting demands: high activity, _high selectiv_- The support usually has an impact on the activity of the
ity, and long lifetime. Palladium can be deposited on a solid ¢atalytic system. Particle size, surface area, pore structure,
support in different way$! The preferred mode of deposition  anq acig-base properties are important parameters of the
depends also on the type of support. With oxides and carbongypport” The support can affect the catalyst activity either
supports, wet or dry impregnation, depositigarecipitation, by creating reactive spots at the Pd metal crystaft&éor
deposition-reduction, and ion-exchange methods can be py improved release of Pd(0) into the solution by leach-
applied using most often an aqueous solution of a SUItab|eing_11,13,54|n the latter case, the genuine catalytic system is
Pd(ll) precursor, such as PdCPAd(NH)4|Clo, PA(NQ)2 H-  homogeneouseide infra). Basic supports such as basic
PdCL, or [Pd(NH)4(NO3).. On the other hand, organic  zeglites, layered double hydroxides, or sepiolites can play a
solutions of Pd(0) complexes, such as Pd(actajac= similar supporting role as phosphines in homogeneous

ac_etylacetone) or PdgHs), are also sometimes us&dVietal catalysi4®555%0r can act as basébthat is, no external bases
oxide surfaces are hydroxylated as such or become hydroxy-5re necessary in these cases.

lated in the presence of aqueous Pd(ll) solutions. Pretreatment
of carbon in an oxidizing environment is used to introduce
oxygen-containing surface groups, thus enhancing the in-
teraction with the metal. The catalyst obtained by the
different methods can later on be calcined. This thermal
treatment often overrides the prior application of the Pd
precursor to the solid support as far as the ultimate metal
dispersion is concerned. On the other hand, the surface o
the support can be covalently functionalized by ligands, such
as phosphines, pyridines, or mercaptanes, which form
complexes with dissolved Pd salts. This methodology is
widely used in polymefé and silica-supportedd palladium
catalysts. Grafting of Pd complexes to the solid support by
starting with a Pd complex bearing linker groups in the
gg?a?lsgtsl‘.% another method to prepare solid-supported PdAs in_homogeneous cases, heterogene_ously catalyzed Heck

Sol—gel processes can also be used for the preparation off€actions can be .promoted by ammonium sts. .
solid-supported Pd catalysts, mainly for silica- and alumina- A humber of solid-supported Pd catalysts are commercially
supported Pd catalysts. The support is generated from aavailable. Howe\(gr, they ofte_n_ differ in structure (suppqrt
monomer, such as tetraethoxysilane or aluminum isopro-2and Pd), composition, and activity depending on the supplier.
poxide in the presence of a soluble Pd compound, such ad-aboratory chemical suppliers normally do not specify the
PdCh, Pd(NH;).Cl,, or Pd(acac) (coprecipitation) and catglyst .manufacturer _ and the exact catalyst type. For
eventually a linker. In this way, usually amorphous materials OPtimization of a catalytic system for larger scale production,
are obtained, where a part of the Pd is encapsulated. Again't is necessary to have contact with the supplier to get alwa_ys
these systems can be calcined later on. _the same quality of supported Pd or tp _b_uy a stock of material

Although the active species in Pd-catalyzed cross-coupling N order to guarantee the reproducibility of results. When
reactions is Pd(0), the metal can generally be used as Pd(Ofymhe'“C chemists want to apply methods reported in the
or Pd(II¥® on the solid support. In the latter case, situ iterature for heterogen_eo_us catalysis, they should b_e sure
reduction to Pd(0) occurs during the application in cross- 10 get the same or similar catalyst as reported in the
coupling reactions without the addition of extra reducing Procedure. Differences from the originally used system can
reagents, that is, an amine, a phospine used as ligand, or §ause unwanted effects.
reactant reduces the Pd(Il) species. In the case of carbon- The characterization of a heterogeneous Pd catalyst on a
supported Pd, part of the Pd(ll) is already reduced to Pd(0) molecular level is still a problem, although TEM, X-ray
during the preparation of the catalyst. On the other side, diffractometry, and IR spectroscopy allow important insights
transformation of Pd(ll) into Pd(0) can be implemented by into the structure. Often, heterogeneous catalysts are still
an extra reduction step, for example, by hydrazine, formal- chosen on an empirical basis without understanding why a
dehyde, or hydrogen, or occurs already in its preparation, given catalyst is superior to another one.
when the depositioareduction methodology is used. Gas- Reusage of a heterogeneous catalyst is often possible but
phase reduction leads to smaller Pd particles than liquid- is sometimes limited due to leaching of the Pd without
phase reductioft Generation of the Pd(0) from Pd(ll) at redeposition (leaching up to 14% Pd from Pd/C was observed
the solid support can often be advantageous because speciga Heck reaction®), changing of crystallite structure of the
are generated, which exhibit a higher catalytic activity. Pd on the support surfaé&°chemical change of Pd ligands

A loading with 5 wt % Pd is used for most of the Pd (e.g., oxidation of phosphanes leading to high leaching of
catalysts; however, for special purposes higher loadings arePd) grafted to the solid support, or congesting the catalyst

Due to their controlled pore size, microporous and
mesoporous materials, such as zeolites, can be advantageous
over simple metal oxides. Pd(0) clusters can be encapsulated
in these pores. The pore size and structure of such supports
can have an important impact on the reactivity and selectivity
of those catalyst® Thus, cases were reported where a larger
foore size of mesoporous silica allowed reaction of larger
substrates as compared with microporous suppbrts.

Pd on solid supports can be used as such or in combination
with additional soluble ligands, such as phosphines, carbenes,
and amines. It is assumed that such ligands support leaching
of Pd into the solution acting as homogeneous catalyst
there®® In other cases, the addition of ligands, such as
phosphines, inhibits the reaction rather than accelefétes.
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surface, for example, by salts formed as byproducts in thetions (Scheme 1bY. Probably this mechanism is more

coupling reactiort® There were cases reported where the
catalytic activity dropped considerably in the second run,
while marginal losses of catalytic activity were observed in
the following runs® Reuse of catalytic Pd can also be
achieved, when colloidal Pd is formed by leaching from the

abundant than the textbook cycle shown in Scheme 1a unless
aryl triflates or arenes with non-halide leaving groups are
used®® Involvement of Pd(IV) species as intermediates was
taken into consideratidhbut seems to be unlikely in light

of later results®747>Each of the steps of the catalytic cycles

support and these colloidal particles are separated andcan be rate-determining, depending on the type of substrate

submitted to another ruii.Interestingly, there are a few cases
reported where the recycled catalyst exhibited higher activity
than the original oné?

Palladium metal without a solid support has rarely been
used in cross-coupling reactioff$354Palladium on charcoal

and catalyst.

As far as the interaction of the Pd catalyst with the
substrate and intermediates is concerned, several mechanisms
have to be taken into considerati#ilhus the reaction can
take place at the surface of solid¥¢as a truly heteroge-

(also called ac.tivated carbon) (Pd/C) is by far the most often neous reaction. On the other side, a quasi-homogeneous
used catalyst in heterogeneous Pd-catalyzed coupling reacechanism can occur, where Pd gets dissolved as col-

tions. It can be purchased from various laboratory suppliers,

such as Acros, Aldrich, Lancaster, or Alfa Aesar, or from

the manufacturers Degussa or Johnson Matthey in various

qualities with a Pd content ranging from 1% to 20%. The

materials can contain water up to 50%. Pd/C is used with or

without additional ligands. Procedures for the preparation
of Pd/C were reportetf:5>

Cross-couplings catalyzed by solid-supported Pd can be

carried out in organic solvents. Organic solvent/water

mixtures were also used, and a few cases were reported usin

ionic liquids'265-69 or working under solvent-free conditions.

1.2. Mechanistic Aspects

In general, carboncarbon coupling reactions catalyzed
by solid-supported Pd follow the usual reaction mechanism,
as shown for coupling of organometallics with organohalides
or -triflates in Scheme 1372

Scheme 1. Major Steps of Pd-Catalyzed Coupling Reactions
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b. Heck reaction cycle proposed by Amatore and Jutand

loids*>74"7or as complexes that have been leached from the
supported Pd, for example, by oxidative addition to the
substraté?11.13.19.21,28,38,48,50.74.78 [Jagpite earlier reports giv-

ing some evidence (hot filtration test, Hg(0) poisoning, ...)
for, but not proving® a heterogeneous mechanism, it has
become more and more accepted that leached soluble Pd
species are the genuine catalytically active species in Heck
and also in most other coupling reactions implemented by
solid-supported P&:7* The phenomenon that homeopathic
Yoses of dissolved Pd can catalyze cross-coupling reactions
makes it difficult to find out the true nature of the acting
catalytic specie$®! There were cases reported where the
dissolved Pd formed by leaching catalyzes the Heck reaction,
whereas solid Pd particles give rise to side reactions such as
dehalogenation reductive coupling of haloarefi€d.In
general, leaching is supported by polar solvents, such as DMF
or N,N-dimethylacetamidé’8384The oxidation state of the

Pd on the solid support can also have an effect on the extent
of leaching (Pd(ll) is prone to leaching})®*In the case of

a heterogeneous mechanism, the support can affect the
structure of the Pd creating reactive spots (edges, corners,
adatoms) of high catalytic activity in the crystallite structure
or can provide reaction cavities, for example, in case of Pd
supported by zeolites. On the other hand, activation of the
Pd surface by the support can also provide better desorption
leading to faster formation of colloids or complexes in
solution, the heterogeneous Pd thus serving as a reservoir
for dissolved species. As found in Heck reactions catalyzed
by Pd/C, Pd/alumina, Pd on zeolites, or Pd on silicoalumi-
nophosphates, Pd can dissolve in the beginning of the
reaction, while reactants probably act as ligands for the
formation of complexe&!19.28.353882846 The concentration

of Pd in solution was found to be highest at the beginning
of the reaction (20% of the total content of Pd) and gradually
dropped with the progress of the reaction. As the reaction
comes to an end, most of the Pd reprecipitated at the carbon
due to the lack of “reactant ligands”. Properly established
reaction conditions (increased reaction temperature, addition
of reducing agents, and working under inert conditions)
allowed then the minimization of the final Pd concentration
in solution?8-3887 Sometimes the final concentration could
be reduced to less than 1 ppgn.

Changes of the crystallite structure of the starting Pd/C
as compared with the final Pd/C were observed in such
cases? Effective retrapping of the regenerated Pd(0) species
formed in the reductive elimination by the solid support (e.g.,
charcoal) is a precondition for reusable catalys88:2®

Recent results from Amatore and Jutant gave evidence forSometimes re-deposition of leached Pd can be so fast and

an anionic version of the catalytic cycle in Heck and other

comprehensive that it can mask the leaching phenomenon.

Pd-catalyzed coupling reactions under homogeneous condi-The deposition of dissolved Pd species can occur not only
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to the original support (re-deposition) but also to other Table 1. Pd/C-Catalyzed Suzuki Coupling of N-Heterocycles 5,
supports added to the mixture, or the dissolved species car> 0 8 with PPhs

precipitate as free Pd particl&sNaturally the re-deposited
Pd exhibits different properties due to crystallite growth as

Qﬁ( PhB(OH),
or PA/C (4.5m0l%),
SN T PPh R

//Ph
or \J 9
N

R
compared with the starting Pd system, and thus normally E\\_X E ZPh Ph
. .. X 2 4 DME/ 2M K,CO4
the catalytic activity drops after each run when the material N p 80 °C, overnight 2
is used several time&&5°As another effect, re-deposited Pd § o s ol Aon 1°
can catalyze unwanted side reactions, while only the dis- . Halohet | iaand S
solved Pd supports the envisaged cross-coupliffy. entry aloheterocycle 'gan yieldo)
1 5a R=H, X =2-Br PPh 85
. . 2 5hb: R=H, X =3-Br PPh 90
2. Suzuki Reactions 3 5¢ R=H, X = 4-B PPh 60
4 5d: R=3-NO,, X = 2-Cl PPh 94
2.1. Pd on Carbon (Pd/C) 5 5¢ R=5-CN, X=2-Cl PPh 90
- . . 6 5f. R=5-NOp, X = 2-Cl PPh 85
The Suzuki-Miyaura reaction has become a mainstay of 7 5 R=H, X = 2-Cl none 0
modern synthetic organic chemistry for the preparation of PPh 82
biaryl compound$?-°! In the past decade, the Pd/C-catalyzed 8 5h: R=3-CN, X=2-Cl none 16
arylation by Suzuki-Miyaura reaction has been applied 5 R 5.CE. X = 2.0 PPh 10300
widely in organic synthesis of biaryl compounds, which can I R=5Ch X =2- gg;: o5
also be heterocyclic. It can further be used in coupling of 1 5j: R=6-OMe, X= 2-Cl PPh 25
various organic moieties different from aryl compounds, such 11 5k: R = 3-NH,, X = 2-CI PPh 19
as alkenes, alkynes, or alkanes. The first example of Pd/C- 12 5 R=H, X =3-Cl PPh 2
catalyzed Suzuki reaction was reported by Marck and co- 13 Sm: R=H, X =4-CP PPh 9
workers in 19942 In general, Pd/C is used with or without 14 7a X =2-Cl 2‘;’;: 910
additional phosphine ligands, and often the application of ;5 7b: X = 3-Br none 0
aqueous solvents is advantageous. PPh 91
o 16 7¢. X =6-Cl PPh 0
2.1.1. In the Presence of Phosphine Ligands 17 8 none 36
PPh 72

In the first examples of the application of Pd/C in Suzuki
Miyaura couplings (Scheme 2), triphenylphosphine was used
as a ligand adopting the methodology from homogeneous
catalysis} The bromoarenel and the triflate 3 were
transformed into the corresponding diaryl produztsnd4
in high yields??

a|solated yield P Pyridinium hydrochloride was used.

3-chloropyridine §l) and Pd/C. The sterically hindered
2-(dicyclohexylphosphino)biphengP (9 mol %) was found

to improve the yield dramatically (Table 2, compare entries
1 and 3)2°% It has been reported that bulky and electron-
rich ligands increase the yields of homogeneous Suzuki
Miyaura and other coupling reactiofis.These ligands
facilitate oxidative addition, and the spatial bulk around the
metal promotes reductive elimination. Thus, during the Pd/
C-catalyzed reactionl2 would interact with the leaching
Pd and show the same effects. The combination of Pd/C and
12 was also effective for the reactions of 4-chloropyridine
5m and 6-chloroquinoliné’c (Table 2, entries 4 and 5.
Remarkably, this combination was not effective in the
reaction of 4-methoxychlorobenzenidd, but Pd(Il)/C and

4 12 provided high yields of the product. (Table 2, entry 6).

Scheme 2. Pd/C-Catalyzed Suzuki Coupling in the Presence
of PPhg

FRF

(HO)gB‘@*n—Pen R F
o]
OO XD
o o]
1

PdIC (5 mol%), PhyP,
2 M Na,CO3, DME, 2
80°C,17h,85%

F
Homdm o.
LX)

Pd/C (5 mol%), PhsP, (¢}
2 M Na,COzDME,
80°C, 17h, 89 %

E@O

Nishida and co-worke? found that a phosphine ligand Table 2. Pd/C-Catalyzed Suzuki Coupling of N-Heterocycles 5,
was indispensable for the Pd/C-catalyzed Suzuki reactions?¢. or 4-Methoxychlorobenzene, 11, with Different Ligands
of halopyridines and haloquinolines in most cases (Table 1). cl PRBIOD, Ph
The reactions of bromopyridinesa—c, 2-chloropyridine 5 or 7 or © SOl B oree or © i
(59), 2-chloropyridines with an electron-withdrawing group PR
5d—f, 5h, and5i, and haloquinolin&a and 7b proceeded OMe OMe
smoothly and gave the products in good yields (Table 1,
entries +9, 14, 15, and 17). However, the reactions of bovs
2-chloropyridines with an electron-donating grodp,and

5k, gave unsatisfactory results (Table 1, entries 10 and 11)._ &ntry haloheterocycle ligand yiel@o)
The reactivity of the substrate showed the same tendency as 1 5l: R=H, X =3-Cl dppp 0
was seen in the reaction with a homogeneous catalyst; that 2 5l R=H, X =3-Cl dppb 0
is, chloropyridines with an electron-withdrawing group were 2 g'rh_RR::Hl'_lXx: :34C'C| g gg
more reactive than those V\_nth an electron—dc_)natmg group. g 7¢ X = 6-Cl 12 77

In order to improve the yields of less-reactive substrates ¢ 11 12 80

such as 3-chloropyridinesl), 4-chloropyridine $m), and

i b
6-chloroquinoline 7¢), ligand effects were studied by using " Isolated yield.” Pd(I)/C was used.
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2.1.2. In the Absence of Phosphine Ligands

Already in the early investigations of the application of
Pd/C in Suzuki-Miyaura couplings, it was found that ligand-
free methodology can be advantage#iSood to excellent
yields of coupling products were obtained when bromide,
iodide, or triflate acted as leaving group (Table 3). Chloro
substituents in the arylboronic acid were tolerated; that is,
they do not react in the Suzuki coupling. The results gave
evidence that the Pd/C-assisted coupling reactions might
occur by heterogeneous catalysis under these conditions.

phenylboronic acid were obtained in excellent yields after
short reaction times by using extremely low Pd concentra-
tions of only 0.005-0.01 mol % (Table 5, entries#4). High
TON, up to 20 000, were achieved. Also deactivated bro-
moarenes likg-bromoanisole could be converted up to 83%
without dehalogenation within 60 min (Table 5, entry 5).
The highest TOF was 16 600h and 100% selectivity for
the Suzuki coupling product (cross-coupling) was found
nearly without exceptiong-Chloroacetophenone could be
converted quantitatively at Pd concentrations of 0.25 mol
% within 4 h. Conversions up to 90% were achieved after 2
Table 3. Ligand-Free Pd/C-Catalyzed Suzuki Coupling h using 0.005-0.10 mol % Pd.
Pd/C (4 mol%)

ArX + Ar-B(OH), Ar-Arf . . . .
EtOH,80°C 14 Table 5. Pd/C-Catalyzed Suzuki Coupling of Aryl Halides with
el Phenylboronic Acid
Ar, X Ar’ base t(h % Pd/C, base "
(h) (%) ROX + (H0)25~© NP0, 120 C R O O
4-CHO-Ph, Br 4-F-Ph BN 5 84 X=Br. i 1
4-CN-Ph, Br 4-Cl-3-F-Ph  N£&£O3 1 94
3,5-(CR)>-Ph, Br 4n-Pr-Ph NaCOs 05 90 Pd/C  NMP/ t conv yield
4-n-Pr-Ph, Br 3,5-di-F-Ph  2MN&O; 19 88 enty X R (mol%) H,O base (h) (%) (%) TON TOF
3-F-4-OH-Ph, Br 4a-Pen-Ph NgCOs 19 8¢ 1 BrCN 001 10:4 NgO:; 1.5 100 100 10000 6666
4-MexN-Ph, Br 4-CI-3-F-Ph  N&LOs 19 95 2 BrH 0.005 10:4 NgCO; 2 100 100 20000 10000
Ph, | 4-Cl-3-F-Ph  NgCOs 19 91 3 BrOH 0.01 10:4 NgLO; 2 100 100 10000 5000
[%O—Qm 4-Cl-3-F-Ph  NaCGOs 19 94 4 Br OMe 0.005 10:4 N#£Os; 2 100 100 20000 10000
J 5 Br OMe 0.005 10:4 N#&£LOs 1 83 83 16600 16600
4-Et-Ph, Br 4-Cl-3-F-Ph 2MN£LO; 19 87 6 Cl Ac 0.25 10:3 NaOH 4 100 98 400 100
4-CN-Ph, OTf Ph NgCOs 19 50 7 Cl Ac 0.10 10:3 NaOH 2 90 88 900 450
Ph NaCO, 18 Py 8 ClAc 005 103 NaOH 2 80 78 1600 800

*Isolated yields® DME as solvent® DMF as solvent. The addition of water to the organic solvent increased the

activity. A crucial influence was found for the base.,Na

In 2001, LeBlond and co-workefsfound an efficient CO; gave the best results for couplings of aryl bromides,
methodology to couple weakly reactive aryl chlorides, which whereas NaOH promoted the deborylation and dehalogena-
had been a problem in homogeneous Suzuki coupling for ation resulting in a decreased selectivity. In contrast, NaOH
long time. Pd/C in DMA/water was appropriate. The optimal is found to be the best choice for activated aryl chlorides
volumetric ratio of DMA/water was found to be 20:1, under the conditions applied (12€C, NMP/water). Again
enabling the cross-coupling to go to completion within 1.5 it has to be mentioned that the optimum reaction temperature
h without the formation of homocoupling products from the (120°C) is higher than in a typical homogeneously catalyzed
aryl chlorides. These conditions are generally applicable Suzuki reaction (about 82C).
toward aryl chlorides with electron-withdrawing groups and  On the other hand, room temperature was appropriate in
gave 79-95% yields (Table 4). Moderate yields were pd/C-catalyzed coupling of iodophendlgwith arylboronic
obtained with neutral or electron-rich aryl chlorides, which acids in water in the presence of®0; (Table 6)2 In the
could be improved by using greater amounts of catalyst (seecase of bromophenol, higher temperature was advantageous
entry 7). (entries 8 and 9).

Table 4. Pd/C-Catalyzed Suzuki Coupling of Aryl Chlorides
yzed Suzukd Loupling of Ary ' Table 6. Pd/C-Catalyzed Coupling of Halophenols with

s o F,’;i%f g"e';‘giv) Arylboronic Acid in Aqueous Media
+ —— RR' Pd/C (0.3 mol%),
DMA/H,0 (20:1) XxOH KoCO4 ~OH
80°C, 34N 15 x—:(j/ + ArBOH, 2% A,_-()/
R = ! _
H,0, RT, 12 h
entry R R yield? (%) conv (%) 17 18
1 NO. H 93 100 entry halophenol arylboronic acid T (°C) vyield (%)
2 Ch H 95 100 1 2-iodophenol  PhB(OH) RT 70
2 /EN l'j ?3 ioo 2 3-iodophenol  PhB(OH) RT 97
c a 9 go 3 4-iodophenol  PhB(OH) RT >99
S HM H'V'e 42 % 4  4-iodophenol  4-FEH.B(OH), RT >99
6 OMe §6b . 63 76 5  4-odophenol  4-MeOg@B(OH), RT >99
7 Me H v o4 507 6  4-odophenol  4-Me@iB(OH).  RT >99
a|solated yield? 48 h.c 15 mol % of Pd/C. 7 4-iodophenol  2-MeOgH,B(OH): RT 98
8 4-bromophenol  PhB(OH) RT 35
9 4-bromophenol  PhB(OH) 50 76

Detailed investigations by Wder’'s group on Suzuki
reactions of aryl bromides and chlorides with phenylboronic
acid gave important insights in the effect of the concentration It is noteworthy that the recovered Pd/C possesses enough
of the Pd/C catalyst and other reaction conditions on the catalytic activity for further coupling reactions. Application
catalytic activity, the yield, and the selectivity.Under of recovered Pd/C to the coupling of 4-iodophenol and
optimized conditions, coupling products of bromoarenes and phenylboronic acid revealed that the catalytic activity gradu-
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ally diminished, but the yield was still 89% after the fifth The Pd/C-mediated synthesis of the diarylcarboxylic acid
reuse (Table 7). 24 was implemented on a large scalex26.3 kg batches)

in a pilot plant (Scheme 4}. Similarly, a phenyldiboronate
was coupled twice with 3-iodophthalate under ligand-free
conditions in the presence of £0;.%

Table 7. Reaction of 4-lodophenol with Phenylboronic Acid
Using Recovered Pd/C as Catalyst

entry Pd/C catalyst yield (%)
1 fresh >99 Scheme 4. Multikilogram-Scale Synthesis of SB-251475
2 first reuse 95 1. PAIC (1.18 mol%),
3 second reuse 94 B(OH), Nalecoa,MeOH/Hzom)
4 third reuse 90 G reflux, 5 h. N "
5 fourth reuse 89 QN Br+ © 2. fltration QN O O COH
6 fifth reuse 89 o 3. acidification o
SB-249930 (22) COH ™ with HCI SB-251475 (24)
23 93-96 %

Recently, Sajiki et al. reported an efficient protdédbr
the phosphine-free Suzuki reaction catalyzed by Pd/C atroom  The integrity of the configuration was maintained in the

temperature. Unlike in the procedure used bhkoetal®  pg/C-catalyzed Suzuki coupling of optically active 4-bro-
(vide suprg, a commercial catalyst was used, and the momandelic acids in the presence of ,;88; providing
reaction could be carried out at room temperature omitting enantiopure 4-arylmandelic aci®6 (Scheme 57 Both,

the need for sealed tubes but needing much higher quantitieg|ectron-donating and electron-withdrawing groups were
of catalyst (10 mol %). Bromoarenes with either electron- tg|erated in the arylboronic acid.

withdrawing substituents, such as Y@HO, COCH, or

CO,CHs, or electron-donating substituents, such as @CH  scheme 5. Coupling of Optically Active 4-Bromomandelic
coupled readily with arylboronic acids in excellent yields acid with Arylboronic Acids

(Table 8) using commercially available 10% Pd/C (3.5 mol

H o
%) in ethanotH,O (1:1) and NaCOs. Aryl bromides 1 cost an Nesoe " ?HCO .
containing electron-withdrawing substituents reacted faster Br/(>A + ArBOH), ] Q/\ :
than those with electron-donating substituents (for example, 25(R-or S FPIOHIND, 62°C AT R0
entry 1 vs entries 24). e.e. >89%
yield: 75-99%
Table 8. Pd/C-Catalyzed Suzuki Coupling of Aryl Bromides and
Arylboronic Acids at RT Recently, it was shown that tetraarylborates can be used
<:> o YO0 pyc (3.5 mol %) =\ in ligand-free Pd/C-catalyzed Suzuki reaction of bromo-
® B O/ NayCO3, EtOH/M,0 (1/1) R@_QR- arenes? Various biaryl carboxylic acids and phenols were
RT 1 prepared in high yields (Table 9). Again, the catalyst could
entry R R t (h) yield? (%) be reused several times. For example, coupling of 4-bro-
1 OMe H 6 95 mobenzoic acid with sodium tetraphenylborate catalyzed by
2 Ac H 5 99 recovered Pd/C provided 88%, 84%, 81%, and 76% vyield
3 NO, H 2 >99 in the first to the fourth reuse, respectively.
‘51 gHO H > >99 Bromo- and iodoheteroarenes can also be used in ligand-
c 4-OMe 2 97 . , ;
6 CHO 4-OMe > 26 free Pd/C-catalyzed Suzuki coupling. Thus the quinoBe
7 NO, 4-OMe 1 08 was obtained with a very low level of residual Pd. Leached
8 OMe 4-OMe 5 >99 Pd was found in the reaction mixture, which diminished to
9 Ac 3-OMe 3 >99 less than 4 ppm after completion of the reaction; that is, the
icl) ﬁ’?"f 22_8\';": f N 924 reaction runs by homogeneous catalysis (Schenté 6).
12 CHO 2.0Me 5 98 The Pd/C-catalyzed synthesis of pyrazolylphenylsulfon-
13 Ac 2-OMe 4 >99 amides32 was implemented in 100-mg scale using a Quest
14 NG 4-Ac 19 >99 model 210 synthesizer (Scheme®?).
15 COEt H 8 99 5-Aryl-2-furfurals 34 were synthesized by Pd/C catalyzed,
2|solated yield. ligand-free Suzuki coupling starting from the corresponding

diethyl acetal33 (Table 10):%

The catalyst could be recovered using a simple filtration A strong effect of the halide was found in Pd/C-catalyzed
and washing sequence. Reuse was possible without signifi-ligand-free Suzuki cross-coupling of 2-halocycloalkenones
cant decrease in coupling yield even in the fourth run. with arylboronic acid$®® While 2-iodocycloalkenone85

Ligand-free Pd/C-catalyzed Suzuk¥liyaura coupling also  reacted under mild conditions at 26 under air in aqueous
tolerates acid groups in the haloarene and in the arylboronicDME (Table 11), the corresponding 2-bromo-2-cyclohexen-
acid. It was used in the synthesis of biarylacetic aéds  1-one completely failed to undergo Suzuki coupling under
(Scheme 3¥° the same conditions. Only extensive decomposition of
starting materials was observ&d.

The coupling of 2-iodo-2-cyclohexen-1-one with phenyl-
boronic acid was also examined using recovered catalyst. It

Scheme 3. Synthesis of Biarylacetic Acids by Pd/
C-Catalyzed Arylation

COH  B(OH), was found that the Pd/C catalyst could be reused at least
. pdiC - o cx five runs without affecting the yield (7985%). The progres-
ag Na,CO; z » sive decrease in the activity could be efficiently balanced
X F-PrOHIH,0,65°C X= H. OMe. F. I by increasing the temperature of the reaction from 25 to 50

20(Y=Br. ) 84-97 % oC 101
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Table 9. Pd/C-Catalyzed Suzuki Reactions of Aryl Bromides
with Sodium Tetraphenylborate
Tetraphenylborate
Ar-Br + PhyBNa %» Ar—Ph
Na,CO3, H,0 27

Product 27" Pd/C Yield® TON

(mol %) (%)

Coz“ 0.0025 94
Ph
_@_ 0.01 95 9500
Ph CO.H

4602'* 0.05 97 1940
CO,H 0.05 >99 >1980
COH 0.05 >99 >1980
;COZH 0.05 94 1880

F 0.01 99 9900
PhGCOZH
_@_ 0.005 >99
Ph CH,COH

Ph 0.1 74 740°
_@_ 0.05 98 1960
Ph COCH,CH,CO,H
_@_ 0.05 99 1980
Ph: OH

a Reaction conditions: 0.27 equiv (based on bromideBRia, 2.00
equiv NaCO;, reflux under air for 1 h® Yields determined by HPLC
analysis.c Reaction time was 24 h.

37,600

>19,800

Scheme 6. Pd/C-Catalyzed Synthesis of Arylquinoline 30

PA/C (2.6 mol%),
B(OH)2 cho(a 0. 7 SO,Me

NS

DMF/H20(10:1) N

80 °C, 92 %
CHO

Scheme 7. Pd/C-Catalyzed Synthesis of
Pyrazolylphenylsulfonamides 32

SO,NH, SO;NH;

__PO/C, NayCO5

=
DME-H,0 (937) R A~y
65°C, 2 days W

32

& o e

R 4-OMe 2-Me 3-Me 4-Me H 2-F 3-F 4-F 4-Ac
Yield (%) 95 74 85 84 87 91 88 93 89

2.1.3. Ligand-Free Suzuki Coupling in Aqueous
Surfactants

Yin and Liebscher

Table 10. Pd/C-Catalyzed One-Pot Synthesis of
5-Aryl-2-furfurals

1) 10 % Pd/C (10 wt%),
Et;N, EtOH, 60 °C, 2-

EtO / \ g 36 h / \
>/Q\B(OH)2+ Arl OHC/Q\Ar

EtO 2) H,0, CF3CO,H
33 34

Ar t(h) yield? (%)
4-NO,-Ph 2 81
3-NO,-Ph 2 91
2-NO>-Ph 16 84
4-MeO,C-Ph 18 78
4-CR-Ph 6 91
2-thienyl 36 79

alsolated yield.” Additional Pd/C (10 wt %) was required.

such as tetrabutylammonium bromide. The methodology can
provide the following advantages in comparison with more
conventional procedures: no organic solvent is needed;
ultralow surface tension allows fast and easy mixing of
reagents; the systems are formed spontaneously and vigorous
mechanical or ultrasonic agitation is not needed to obtain
and maintain these systems.

Arcadi et al. reported a mild and versatile method for Pd/
C-catalyzed Suzuki coupling of aryl halides in water and
surfactant$® The concentration of the surfactants in water
played a pivotal role for the outcome of the reaction. A series
of biaryls were obtained in good to excellent yields from
aryl iodides, bromides, and chlorides (Table 12, exception
of 4-chloroanisole in entry 12).

The experimental procedure is very simple. Liquiidjuid
extraction with a common organic solvent, such as diethyl
ether, allows the quantitative recovery of the product from
the water-surfactant Pd/C system. The activity of the
recovered watersurfactant Pd/C system was monitored
using the reaction of 4-bromoanisole with PhB(QH)
Although the catalytic activity gradually diminished (yield
of 4-methoxybiphenyl for first reuse 95%, second reuse 88%,
third reuse 85%, and fourth reuse 80%), the yield was still
80% even after the fourth reuse.

A marked effect of tetrabutylammonium bromide (TBAB)
on the yield of product89was found in the Pd/C-catalyzed
Suzuki reaction of chloro- and bromopyridin@8 with
phenylboronic acid in watéf.The yields increased from 21
55% to 67~95% when TBAB was used (Table 13).

In 2005, Kihler's group developed ligandless Pd/C-
catalyzed Suzuki cross-coupling reactions of various aryl
chlorides in aqueous surfactant (TBAB). This procedure is
a very attractive way of accessing multifunctional biaryls
because sensitive functional groups like ester and nitrile
groups are tolerated (Table 145,

2.1.4. Ligand-Free Suzuki Coupling under Microwave or
Ultrasound Conditions

Microwave (MW) heating and high-intensity ultrasound
(US) have emerged as powerful techniques by which
reactions can be brought to completion in shorter reaction
times in a number of cases. Such conditions can also be
advantageous in Pd/C-catalyzed Suzuki cross-coupling reac-
tions.

Leadbeater et al. reported the Pd/C-catalyzed Suzuki

Although many Pd/C-catalyzed Suzuki reactions provided coupling of aryl chlorides with phenylboronic acid in water
good results in water or water/organic solvent mixtures, it using microwave heating with simultaneous cooling (Table
can be useful to use water in the presence of surfactants,15).1%4
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Table 11. Pd/C-Catalyzed Suzuki Coupling of Table 12. Pd/C-Catalyzed Suzuki Coupling of Aryl Halides with
2-lodocycloalkenones with Arylboronic Acids® Arylboronic Acids in 0.1 M aq CTAB
o P iy . ABoh, _PYCEMO.KCOs
I, AB(OH),——————— Ar ATX O =W aa T8 e
@ea) GG o
5 = Pyt entry Al X Ar2  T(°C) t(h) vyield (%)
_ _ 1 4-MeO-Ph | Ph RT 24 95
2-iodocyclo- Ar-B(OH), T (°C), t (h) Yield (%) 2 4-MeO-Ph Br Ph RT 24 94
alkenone 3 4-MeO-Ph Br 4-Me-Ph RT 24 96
4 4-MeO-Ph Br 4-F RT 24 89
B(OH), 25,12 86 5 4-MeO-Ph Br 3-OMe RT 24 65
: @ 6  5-pyrimidyl Br Ph RT 24 65
7  4-CHO-Ph Br Ph RT 24 74
aoH, ) 8 2-NO-Ph Br Ph 60 24 95
\ Q[ ? 512 90 9 2-Ac-Ph Br Ph 60 4 89
OMe 10 4-Ac-Ph Cl Ph 100 24 85
11  2-NH-4-CR-Ph  CI Ph 100 24 96
12 4-MeO-Ph Cl Ph 100 24 6

OMe
02N\©B(OH)2 25,12 80

Table 13. Pd/C-Catalyzed Suzuki Coupling of Pyridyl Halides in
Agueous TBAB

| /©/B(0H)2 25,12 98 R/\ Pd/C (4.5 mol%), R/\
X 2M aq. K,COj X
Ac | Jx + PhBOH), —————— [ Ph
EN// ’ TBAB, DME_ EN/
@/B(OH)Z 2512 31 38 80 °C, overnight 39
\/ TBAB yield?
pyridyl halide (equiv) (%)
BNa 25, 12 78 R=H, X=2-Br 0 21
: (@4 0.1 67
R=H, X=3-Br 0 54
0.1 85
B(OH) 25, 12 81 R=H,X=4-Br 0 55
! 0.3 67
1.5 95
B(OH), 25,12 7 R =3-NO,, X = 2-CI 0 49
: 0.1 67
0.3 87
R =5-CN, X=2-CI 0 34
B(OH), 25,12 85 1.5 69

2|solated yields? Pyridinium hydrochloride was used.

@
c

- O

Table 14. Suzuki Cross-Coupling of Aryl Chlorides in aq TBAB

Q Qo QQQ

o | B(OH), 50, 12 81 R_I(j/cl (HO)zB\© PUC. base/HQ N Ph
| o + 0.5equiv TBAB R
40
P, BOW2 2512 95 base,  PhB(OH) T(°C), vield?
@fj/ R Pd (%) equiv (equiv) t (h) (%)
o 4-Ac 0.2 NaOH, 2.5 1.1 100, 2 99
o BOM: 25,12 96 4-CN 05 KF,25 1.1 100,3 98
2-CN 0.5 KF, 2.5 1.1 140, 3 89
4-COMe 0.5 KF, 2.5 1.1 140, 3 87
H 0.5 KF, 2.5 1.1 140, 6 3
4-Me 2 NaOH, 5 1.5 140, 6 81
B(OH), 80, 6 91 2-Me 2 NaOH, 5 1.5 140, 6 74
4-OMe 2 NaOH, 5 1.5 140, 6 83
4-NH, 2 NaOH, 5 1.5 140, 6 66

a|solated yield; reaction conditions, 4 mmol of ArCl in 6 mL of
water.? 4-Tolylboronic acid was used.Determined by*H NMR.

sometimes gave better results in ligand-free Pd/C-catalyzed
2 1solated vield Suzuki cross-coupling reactions than just using one of these
Solated yields. effects (Table 16)%

Pd/C-catalyzed coupling of iodoarenes with methoxyphen- 2.2. Palladium on Metal Oxides
ylboronic acids in methanol/water using KF as the base gave .
high yields of the diaryl42 under ultrasound irradiation ~ 2-2-1- Palladium-Doped KF/Al;O;
(Scheme 8J° Palladium-doped KF/AD; was used in solvent-free Su-
In the bromo- and iodoarene series, the simultaneous usezuki couplings. A series of bases, organohalidds and
of high-intensity ultrasound and microwave irradiation boronic acids45 were investigated?® KF turned out to be
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Table 15. Coupling of Aryl Chlorides with Phenylboronic Acid
under Microwave Irradiation 2

C/>—CI+ (HO),B —Q

X _/
41

Pd/C (1 mol%)

Na,COj, TBAB, H,0
MW-irradiation, 120 °C

R

aryl chloride reaction simultaneous
(R) time (min) cooling yield (%)
4-Ac 10 no 89
yes 90
4-NG;, 10 no 96
yes 94
4-CN 10 no 79
yes 80
4-Me 10 no 40
yes 75
2-Me 10 no 25
yes 64
H 10 no 59
yes 65
4-OMe 10 no 36
yes 65
2-NH, 30 no 21
yes 56

@ Reactions were run in a sealed tube using 1 mmol of aryl chloride,
1.3 mmol of phenylboronic acid, 1 mol % Pd/C, 3.7 mmol ob8@&s,
1 mmol of TBAB, and 2 mL of HO. An initial microwave irradiation
of 300 W was used, the temperature being ramped from room
temperature to 126C.

Scheme 8. Ultrasound-Promoted Suzuki Coupling of
lodobenzene and 4-Methoxyphenylboronic Acid

Pd/C (5- 15 mol%)
O v Droma s (O Or-ome
MeOH/H,0, KF

1h,30-35°C, 95 % 42
Table 16. Suzuki Coupling of Aryl Halides with Phenylboronic
Acid?
MW, US or US/MW
ArX (HO)ZBO PAIC (0.05 mol%), chc/;;@
solvent, 45 °C 3
us Mwe us/mMmwe
aryl halide yield (%) yield (%) yield (%)
4-iodoaniline 90 86
4-bromoaniline 97 90
4-iodoanisole 72 78
3-bromoanisole 54 64 88
2-bromoanisole 79 70
2-iodothiophene 40 37 59
1-iodonaphthalene 32 63
4-bromobenzonitrile 78 74

aUnder argon atmosphere, 1 mmol of phenylboronic was reacted
with 1 mmol of aryl halide and 2 mmol of 0, using 0.05 mmol of
Pd/C as catalyst Ultrasound irradiation (20.5 kHz, 90 min), THF/
water or DME/water, 1:1, as solvent at 46. ¢ MW irradiation (700
W, 20 min), DME as solvent DME/water, 2:1, as solvent, 1 h
irradiation (US 20.5 kHz, MW 700 W).

the most effective base. As usual, aryl iodides gave better
results than the bromides and chlorides (Table 17). Aryl-
boronic acids are more reactive than alkenylboronic acids
and alkylboronic acids. Relatively high quantities of Pd were
used.

Solvent-free Suzuki reactions catalyzed by Pd-doped KF/
Al,O3; were also investigated under microwave irradia-
tion.197.208 Reduction of reaction times from hours to a few
minutes could be achieved in this way (Table 18). Again,
relatively high amounts of Pd were necessary. The catalyst
could be recovered by a simple filtration and washing

Yin and Liebscher

Table 17. Suzuki Reactions Catalyzed by Pd Doped on KF/AD3
Pd on KF/ALOs (10 mol%)

R-X + R-B(OH), R-R'
44 45 100 °C, 4 h, neat 46
R-X R’-B(OH); Yield (%)°
Ph-I Ph-B(OH), 99
Ph-Br Ph-B(OH), 60
Ph-Cl Ph-B(OH), 5
A~ Ph-B(OH), 39
AE Ph-B(OH), 66
"B Ph-B(OH), 0
Ph-I 4-Me-Ph-B(OH), 98
Ph-1 \/\/\B(OH)Z 79
Ph-I SN SB(OH), 29

a|solated yields.

sequence and could be reused. Suzlkiyaura coupling

of iodobenzene with tolylboronic acid under solvent-free
conditions applying thermal and microwave enhancement
revealed that the recovered catalyst exhibited the same
activity through at least six cyclé¥’

Table 18. MW-Enhanced Solvent-Free Suzuki Reactions on
Pd-Doped KF/Al,O3

5 % Pd on KF/Al,O3 (10 mol%)

Ar-X + Ar-B(OH), Ar-Ar'
MWe-irradiation, neat a7
Ar-X Ar’ conditions yield (%) ref

Ph-I| 4-Me-Ph 15 min, 30 W 98 108
Ph-I| 4-MeO-Ph 2 min, 90 W 95 108
4-Me-Ph-I Ph 2 min, 90 W 82 108
Ph-I| 3-CI-Ph 2 min, 60 W 58 108
2-Py-Br Ph 5 min, 60 W 66 108
2-Py-Br Ph 5 min, 60 W 40 108
Ph-I| 4-Me-Ph 2 min, 100 W 82 107
Ph-Br 4-Me-Ph 2 min, 100 W 52 107
Ph-CI 4-Me-Ph 2 min, 100 W 4 107
Ph-I| 4-Cl-Ph 2 min, 100 W 87 107

2.2.2. Iron Oxide Nanoparticle-Supported
Pad-N-Heterocyclic Carbene Complexes

A kind of Pd—N-heterocyclic carbene complex (PMHC
complex) fixed to iron oxide via a polymer was prepared by
Gao’s group as shown in Scheme 9. The catalyst was stable
and demonstrated high catalytic activity in promoting Suzuki
reactions'® High yields were achieved with various aryl
iodides or bromides and arylboronic acids using only 0.015
mol % catalyst (Table 19).

Scheme 9. Preparation of FgO3; Nanoparticle-Supported
Pd—NHC Complex

iron oxide nanocrystals
coated with a thin layer of polymers

+
/EN/
CHZ—N\% or

Pd(OAC),, Na,COg

1-methylimidazole

110 °C

water/DMF

Iron oxide
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Table 19. Suzuki Couplings of Aryl Halides and Arylboronic

also turned out to be effective catalysts in Suzuki coupling
Acids Catalyzed by FeOs-Nanoparticle-Supported Pd—-NHC

reactions of aryl iodides and aryl bromidé3The catalyst

Complex could easily be recovered and reud&din the case of
X (HO),B _Fex05-Pd complex _ ::—Rz coupling of 4-bromoanisole and phenylboronic acid, the
R“O/ \O DMF, aq NaCO; RI- | catalyst could be used for five runs without any dedectable
50°C, 12h 48 loss of catalytic activity (Scheme 10).
Rl X R? yield® (%) Scheme 10. Recovered Pd-Perovskites-Catalyzed Suzuki
H | 2-Me 86 Coupling
E : g-gl(?/l ?;43- LaFeg 57C00,3Pdo,0503
- e (0.05 mol% Pd)
H [ 3-Ac 89 @Br + ”O)ZBQ 369, KaCOs Meo
H | 1-Naph 82 IPA-H,0, 80 ° C 42
H I 4-CN 82
2-Me | H 87 Run 1 2 3 4 5
4-Me | H 88 Timeh 1 06 2 1 1
2-OMe | H 74 Yield(%) 95 93 93 95 93
4-OMe I H 83
4-Ac I H 80 : .
3-Me Br H 74 2.2.4. Miscellaneous Metal Oxides
g'gme gr E ;(2) Recently, Hell et al. used a Pd/MgLa mixed oxide catalyst
4:OM§ Bﬁ H 78 in Suzuki-Miyaura cross-coupling reactions of boronic acids

with aryl halides, as well as with benzyl bromide, in ethanol
using potassium carbonate or triethylamine as bases (Scheme
11)114 The catalyst could be reused several times and
As a special feature, the recovery of this paramagnetic provided high yields also if aryl chlorides were used.
catalyst was facilely achieved by using a permanent magnet. h 1
Isolated catalysts were used for subsequent new rounds ofSC eme
reactions without significant loss of catalytic activity.
Later, Gao's group prepared another kind of magnetic

a|solated yields; average of at least two runs.

Pd/Mg-La (1.5 mol%)

_

EtOH,80°C,1-6h

R'—Hal + R2—B(OH), RI—R2

50

maghemite ¢-Fe,03)—silica nanoparticles where Pd was

complexed via a tethered nitrogen heterocyclic carbene

(FeO3;—Si—Pd catalyst) (Figure 1). Application of this
catalyst in Suzuki coupling reactions of aryl iodides or aryl

R'=PhCHO, PhAc, PhOH, PhMe, Bn
R?=Bu, Ph

up to 98 % isolated yield
Hal =Cl, Br. |

Pd catalysts using sepiolites as solid support allowed the

bromides gave good results (Table 28). Suzuki reaction of iodobenzene with phenylboronic acid to

be carried out without using an additional bas&eusage

F (IO}_ M\— of such catalysts was possible, however, under considerable
€203 0=8Si NN .. . .
& Y loss of activity. The catalyst could be reactivated to a certain
nanoparticles o-ffal extent when alkali exchanged sepiolites were used.

The application of a Re-([PW1103]")y—KF catalyst
obtained by fixing Pg([PW:10s9"~),— nanoparticles on
KF allowed the synthesis of biaryisl from aryl or heteroaryl
chlorides and phenylboronic acid under solvent-free condi-
tions in excellent yields (Scheme 12).

Fe;03-Si-Pd catalyst
Figure 1. Structure of maghemitesilica nanoparticle-supported
NHC Pd complex.

Table 20. Maghemite-Silica-Nanoparticle-Supported
Pd-Catalyzed Suzuki Reactions

(j/x Fe,05Si-Pd 7.3 mol%) ™\
R +(HO)B-Ph ————————— RT
A DMF, aq. NazCOs 7

Ph Scheme 12

Pd,-([PW110g6]")-KF

I Ar=Cl + (HO)B=Ph ——————————>  Al~Ph
50°C, 12h 49 ' ’ neat, 130 °C, 16 h 51
f Ar' = Ph, 4-NO,Ph, 4-NCPh,
R X yie%(é%) ylisecl)(ljaz‘?/g ' 2-MePh, 2-pyridyl, -pyidyl 94 - 99 % yield (GC)
2-Me ' 95 87 2.3. Pd on Porous Aluminosilicates
2-Me Br 93 84 _ . _
2-OMe | 99 91 Zeolites as well-defined porous materials can be used as
4-Ac [ 99 93

supports for Pd as such or in a modified manner. Pd(Il) on
basic zeolites was reported in the Suzuliyaura coupling

of bromobenzene with phenylboronic acid in tolué#aNo
leaching was observed, and the solid catalyst could be reused
. - . after washing with water. Only a minor decrease in the
2.2.3. Palladium-Containing Perovskites catalytic activity was observed.

It was demonstrated that Pd-containing perovskites are a Pd(ll)—NaY zeolite or Pd(0)}NaY zeolite performed very
general class of heterogeneous catalysts possessing utilityvell in Suzuki reactions of aryl bromides without the addition
in cross-coupling reactiori$! The mechanism involves the of a ligand!!¢17 The catalysts exhibited excellent activity
generation of soluble, catalytically active palladium species with K,COs; or NaxCO; as base at room temperature allowing
that have been desorbed from the bulk inorganic phase anchigh yields to be achieved after short reaction times. However
will probably be re-deposited on a modified solid phase after they were less useful for aryl chlorides. It was found out
the reaction is complete. Palladium-containing perovskites that the coupling reactions occurred on the external surface

aFirst run; the second to fifth round yield gave 94%, 95%, 93%,
and 93% yield, respectively.
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of the zeolites. The solid catalyst could be reused after Scheme 13. Preparation of SIQTEG/Pd and Its Use as

regeneration (Table 21).

Table 21. Pd(l)=-NaY- and Pd(0)}-NaY-Catalyzed Suzuki
Reactions

Pd- 2.5 mol?
ARX + Ar-B(OH), —dcatalst@Smol%) ,\ .

Na,COs3, DMF/H,0

Catalyst in Suzuki Reactions

1. fitration
2. wash with
(51 mmol) acetone

120°C,10h  3.dry

H-OCH,CH,7;0H .
Hockaora; SiOMe);  water
(TEG, 1.0mmol) (17 mmol)

+ Pd(PPhg), o
(0.1 mmol) 120°C.2h

SiO,/TEG/Pd
(Pd-catalyst)

SiO,/TEG/Pd
(0.75mol %)

RT,1h
R X + PhB(OH), R Ph

K3POy, toluene

Pd(Il-NaY  Pd(0y-NaY 104G, 5h

Ar-X Ar' yield? (%) yield? (%) X=1.R = COMe , 100%
4-MeOGHal  CgHs >99 X 2 Br, R = COMo, 100%
4-MeOGH4Br CeHs 93 (92) 95 X =Br, R = CHO, 98%
3-MeOGH4Br  CeHs 97 X =Br.R=CFs 08%
2-MeOGHaBr  CeHs 85 X2 EhR= codle, <5
CeHsBr 4-MeGsH, (94) 98
4-CNGsH4Br CeHs 90 (78) 100 particular, Pd-SH—FSM had been shown to act as an active,
4-NO,CeH4Br CeHs 54 (44) sl stable, and recyclable heterogeneous catalysts for the Suzuki
2‘%&?2[ 82:5 >99 (88) 2761° reaction of 4-bromoanisole and phenylboronic #gid.

- 4 5 . . . .

4-CRCeH.Cl CeHe 5 Suzuki coupling of less reactive aryl chlorides and

bromides could be achieved with a Pd catalyst on another

mercaptopropyl-modified mesoporous silica (SBA-EH—

Pd, Table 2232* It could be reused four times without any
As a further way to solid-supported Pd catalysts, the 10ss of catalytic activity. Several heterogeneity tests (hot

complexes PdGIPh,P(CH,),SO:Na] or K were directly filtration experiments, three-phase tests) indicated that the

loaded to alkylsulfonated mesoporous supports. The resultingmajority of the catalysis£95%) occurred on the supported

heterogeneous catalyst was applied to the coupling of Pd, but leaching was also found to a low extent.

4-iodoanisole with phenylboronic acté® It could be _ _

recycled and reused. Remarkably, the recycled catalystsTable 22. SBA-15-SH—Pd-Catalyzed Suzuki Reactions

showed an enhanced activity. Ar—X + PhB(OH), —oot5-SHPAmOl%)

aGC yield, isolated yields in parenthes?sAt 100 °C.

K,COj3, solvent 52

2.4. Pd on Modified Silica T t yield
. . entry Ar-X solvent  (°C) (h) (%)

S|I|ca—supporteq Pd catqusts useful for Suzuklland e}Iso 1 chlorobenzene DME 100 24 67
other cross-coupling reactions can be prepared in various 4-chloroacetophenone  ,@ 100 24 96
ways providing different structures. Thus, Pd can directly 3 4-promoacetophenone DMFEP 80 8 98
be deposited onto silica, or it can be anchored as a complex 4 4-bromoacetophenone @ 80 5 98
by ligands, which are covalently linked to the silica. Inthe 5  3-bromopyridine DMF/bDE 90 15 98
latter case, postmodification of mesoporous silica or silica ? i:g:gmgg’#‘;’l‘: b%MF/bo gg ig gé
spheres is possible, for example, by grafting a ligand (such g 4-bromobenzaldehyde -8 90 15 97

as SH) separated by a spacer. Pd(ll) finally forms a complex isolated yield® DMF/HZO (20-1). Recycles of 1, 2, 3, and 4
with this solid-supported ligand. As an alternative, it is also  °Isolated yield. 20(20:1).°Recycles of 1, 2, 3, and 4 gave
possible to use a Pd complex with a reactive linker z:g:gz gfc o A, zm%%%ﬁ'qecydes of1,2,3, and 4 gave
substituent, which can covalently bind to the mesoporous : i i :
silica. As a further method of catalyst preparation, a-sol
gel method can be applied using tetraalkoxysilane and a Pd Similar to mercaptopropyl ligands, aminopropyl ligands
ligand (e.g., OH or stable carbene) bearing a spacer-separatediere grafted to amorphous silica by reaction with the
functional group, which is able to react with the tetraalkoxy- corresponding aminopropyltriethoxysilane. These modified
silane. An amorphous material is formed, which is treated silica were loaded with Pd nanoparticles by treating with
with Pd(OAc) to provide a catalyst on amorphous silica. In  Pd(OAc). These catalysts worked well in Suzuki reaction
these cases, Pd is mainly encapsulated in the silica matrix.of aryl bromides with arylboronic acids §RO,, toluene, 100

A highly active Pd catalyst on amorphous silica (8i0 °C) when chelating diamines and triamines were used as
TEG/Pd) for Suzuki couplings was prepared via Pd nano- organic modifiers?2 An optimal catalyst could be reused
particles obtained from Pd(PRhin tetra(ethylene glycol)  four times without a significant loss of activity, but the
and tetramethoxysilane, which become encapsulated in aactivity decreased in further runs.
silica matrix*?° It was efficient in coupling of aryl iodides Electron-rich imidazolidine carbene Pd(Il) compleXes
and aryl bromides but not active enough toward aryl could be grafted onto mesoporous silica via a propyltri-
chlorides. The reusability was tested in the coupling of phenyl ethoxysilane linker (Scheme 1¥%.*23The resulting catalyst
boronic acid and methyl 4-bromobenzoate. The catalyst could55 exhibited excellent activity in Suzuki coupling of non-
be reused three times without losing activity (Scheme 13). activated chloroarenes (Table 23)The catalyst was stable

Pd(Il) on silica fixed by mercaptopropyl ligands using and could be reused.
mercaptopropylsiloxane was prepared on mesoporous silica Another very effective catalys0 (SiO,—OC—Pd) was
(Pd—=SH—FSM) and on amorphous silica (P&H—SiO,). obtained by Corma, Gdreiet al. by grafting a preformed
The activity of the different recycled catalysts were in the oxime-carbapalladacycle Pd(Il) compl&& onto silica using
order Pd-SH—-FSM > Pd-SH-SiO, > Pd deposited on  a mercaptopropy! linker (Scheme 13}.The catalyst pro-
nonfunctionalized mesoporous silica. Obviously the SH vided a quantitative yield in the Suzuki reaction pf
ligands prevent formation of less active Pd aggregates. Inchloroacetophenone and phenylboronic acid in water; leach-
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Scheme 14. Synthesis of CarberéPd Complexes Fixed to
Modified SiO,

_(CH)3Si(OEY),

Arﬁ /\ N

N Pd(OAC) N/& a

[+)> o —F e
DMSO

(CH2)33|(051)3

53
(Ar = mesityl)

Ar—

Ar—\ \/

“(CH)$SIOEY,

silica, toluene
reflux, 4 h

/(CH2)3—(3502)n—(CH2)3\

/N:K CIs /N\N

Ar— /C' Pd
Ar—\ / A
\/ Cl N
& )
55
CH2)3—(S|02)—'(C Ha)s

Table 23. Suzuki Reactions of Chloroarenes with Phenylboronic

Acid®
4< >— + PhB(OH), Pd-Cat- (1 5moi%) o oh
i “ (Ore dioxane, Cs,CO3 @
80°C,2h 56
R catalyst yield (%)
Ac Pd(OAc)/53 90
Pd complexs5 86°
OCH; Pd(OACc)/53 93
Pd complexs5 8g
CHs Pd(OAc)/53 91
Pd complexs5 85
CHO Pd(OAc)Y53 97
Pd complexs5 9CF

aReaction conditions: 1.0 mmol of chloride, 1.5 mmol of PhB(@H)
3 mL of dioxane? Isolated yield.c Fourth run.

ing was not found, and the same catalyst sample was reuse

eight times without decreased activity (Table 2%).

Scheme 15. Preparation of Sig—OC—Pd Catalyst 60

57

Li,PdCl;, NaOA¢c
MeOH, RT, 72 h

f =)
“1 58/ AIBN
SN CHCI o Ny
_Si—CHsSH 5 N (a1 S(CH N=OH
d _Si™ (CH2)rS{CHz)__ /
OMe o] o Pa=)
59 OMe i 2

60 (Si0,-0C-Pd)

Table 24. SiQ—OC—Pd-Catalyzed Suzuki Reactions in Aqueous
Media

Pd-Cat. 60
A —< >— + PhB(OH) —< >—
¢ X ’ water, K;CO3, he o
100 °C 61

conditions X t(h) conv (%)
water/TBAB Br 1 62
water Br <0.1 >99
water Cl 0.25 91
watep Cl 2 99
water/dioxane (3:2) Cl 0.25 55

aCatalyst was reused eight timéSBiphenyl was detected as
byproduct.

Silica-supported imidazole-palladacycles $tM —Pd—H
62 and SiQ—IM —Pd—Me 63 (Figure 2) exhibited excellent
catalytic activity, recyclability, and stability in Suzuki
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(Table 25)1?5126 The catalysts had very low loading of
palladium and were considered to be completely heteroge-
neous under the reaction conditions.

—O.
0 Sl /\j O;Si/\/\N/ 7
—N —O0 | —~N
A CO,P(\ nco P
OAc OAc
62 (SiO,-IM-Pd-H)

SiO,—IM —Pd—H, 62, and SiGQ—IM—Pd—Me, 63.

63 (Si0,-IM-Pd-Me)
Figure 2.

Table 25. Suzuki Reactions Catalyzed by Modified
SiO,-Supported Pd Complexes

R@& + PhB(OH)Pd-Cat: K2COg
xylene, 95°C
64

R catalyst t (min) yield? (%)

H 62 (1.2 mol %) 180 95
CN 62 (1.2 mol %) 120 92
Cl 62 (1.2 mol %) 180 88
OMe 62 (1.2 mol %) 360 79
CH,Br 62 (1.2 mol %) 360 60
H 63 (0.4 mol %) 90 100
OMe 63 (0.4 mol %) 120 92
CN 63 (0.4 mol %) 60 97
PhCO 63 (0.4 mol %) 90 95
OH 63 (0.4 mol %) 90 85
aGC yield.

The imine-based palladacyclic silico-supported catalysts
65 and66 (Figure 3) were found to be less active in Suzuki
reactions of aryl bromides with phenylboronic acid than their
homogeneous counterparts. These catalysts also exhibited
poor recyclability probably because of the instability of the
gomplex liberating zero-valent Pd species in the solution by
reductive eliminatiort?”

Br or
N—Pd-PPh; N—Pd—);
/ %

65 66

Figure 3. Imine-based palladacyclic cataly€5 and 66.

2.5. Pd on Clays and Other Inorganic Materials

Sepiolite clay supported Pd (PdtH¥epiolite) could easily
be obtained by treating the clay with aqueous [Pd{MH
Cl; and drying under vacuum. It effectively catalyzed the
Suzuki coupling of phenylboronic acid with aryl halides in
DMF including less reactive electron-rich aryl bromides
(Table 26)!?8 The catalyst exhibited a remarkably high TON,
and thus low amounts of catalyst were necessary (0.02 mol
%).

The unusually high reactivity of electron-rich bromoarenes
in comparison with the commonly much more reactive
electron-poor bromoarenes (entries3versus entries-67)
suggests that the oxidative addition of aryl halide to the Pd-
catalyst cannot be the rate-determining step in these cases.

Shimizu et al. also applied Pd(H#sepiolite to the Suzuki
coupling of 4-bromophenol with phenylboronic acid or
sodium tetraphenylborate in water at room temperature in
air*?? It provided higher yields than unsupported Pd(ll) salts

Miyaura coupling of aryl bromides and phenylboronic acid and some other supported-Pd catalysts (Scheme 16).
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Table 26. Pd(ll)—Sepiolite-Catalyzed Suzuki Coupling of Aryl Scheme 18. PdHAP-1-Catalyzed Suzuki Reactions
Halides with Phenylboronic Acid PAHAP-1 (0.002 mol%)
Ar-X + PhB(OH), _Pd*-sepiolits_  ar.ph ROBF +(HO);B—Ph K,CO3, o-xylene, 120 °C ROPh
DMF, K,CO3 67 72
cat. _ ~GC R H OMe  Ac
entry (mol %) aryl halide T(°C) yield (%) TON Timelh 4 6 4
1 0.02 GHsl 100 80 4000 Yield (%) 80 91 94
2 0.02 GHsBr 100 81 4050 TON 40000 45500 47000
3 0.02 4-NH-CgH4Br 100 77 3850
4 0.02 4-MeO-@H,Br 100  85(84) 4250
5 0.02 3-CI-GH4Br 100 91 4550 Choudary et af® The ligand-free LDH-Pd(0) catalysts were
673 8-85 X'QS@C'ZQBE igg gf fégg prepared by an exchange of PgfClfollowed by reduction
: T enast and exhibited high activity in Suzuki reactions of chloro-
8 0.1 4-Ac-GH.CI 100 23 230 . . .
9 0.001  GHsBr 130 65 65000 arenes (Table 27), as well as in Heck, Sonogashira, and Stille
10 0.001  4-MeO-@H,Br 130 56 56000 couplings. The catalyst showed almost consistent activity and
11 0.001  4-Ac-GH4Br 130 94 94000 selectivity in coupling reactions of chlorobenzene and
aYield of cycle 2. phenylboronic acid after reusing it in five cycles. It could

also be applied under nonaqueous ionic liquid conditions.

Scheme 16. Comparison of Various Catalysts in Suzuki

Reaction of 4-Bromophenol with PhBNa Table 27. LDH—Pd(0)-Catalyzed Suzuki Coupling of

Chloroarenes with Arylboronic Acids

Pd-Cat o
Ph,BN H Br —mM8M LDH-Pd(0) (1 mol%)
;BNa + O@ HO’<;>/Ph R cl + Ar—B(OH), ———— > R Ar
H20, Na,C05 KF, dioxaneivater (5:1)

RT, 5 h, air o8 100°C, 10 h 73
Catalyst (wt %) GC yield (%) R Ar yield (%)
Pd™-sepiolite (0.5) 99 E gf:\loz on gg (92
Pd**-NaY (0.7) 83 H 4-Me-Ph 60

_ H 2-Naph 80
Pd™"-mica (0.7) 73 H 4-F-Ph 70
PAIC (2) 23 4-OMe Ph 90

4-Ac 4-Me-Ph 88

Pd-510, (03) 37 aUnder NAIL (nonaqueous ionic liquid) conditions, 8 h.
PdCl, (0.1 mol%) 47
Pd(OAQ) (0.1 mol%) 36 3. Heck Reactions

Pd(OAc), (1 mol%) 43

3.1. Pd on Carbon (Pd/C)

Pd (1.8%) on unmodified silica could be used in a flow  The Heck reaction is the most powerful and widely used
injection microreactor in the Suzuki reaction of 4-bromoben- method to couple alkenes with organic moieties bearing a
zonitrile with phenylboronic acid without the addition of an suitable leaving group such as a halide, a triflate, or a
extrinsic base. The catalyst showed a low leach rate anddiazonium. Pd/C was applied to this reaction in the pioneer-

provided yields of about 67%. ing work of Julia et al. as early as in 19?3%2and has been
Clay-supported Pd catalysts (PEIC) can be obtained by  the most important heterogeneous catalyst since then, because
intercalation using clay and PdRPhP™Br-. It provided it is efficient and commercially available. In this early report,
good yields in SuzukiMiyaura reactions of aryl iodides or ~ styrene was reacted with aromatic chlorides and iodides.
aryl bromides with arylboronic acids (Scheme %3#). About 50% vyield was achieved in the most favorable cases.
o i It reached 62% yield (82% conversion of styrene) in pure
Scheme 17. PePIC-Catalyzed Suzuki-Miyaura Reactions methanol at 120°C and in an autoclave under pressure.

Remarkably, it was found that the addition of triphenylphos-
phine, which is a common ligand in homogeneous Heck
reaction, inhibits the reaction rather than promoting it
(Scheme 19). Therefore it is not surprising that later on Pd/C
was used in Heck reactions without additional ligands.

B(OH), v
PA-PIC (1 mol %) _
K,CO3, DMF, 80°C

0.5-12 h, 51-95%

'I-—‘L g-Ph, 4-Ph, 4-SMe and 4-tert-Bu;
H,CHO; Z=1,Br Scheme 19. Pd/C-Catalyzed Heck Reaction of
Chlorobenzene with Styrene

R
Y
R

Treatment of Ca-deficient hydroxyapatite JG4POy)-

(POy)5(OH) (Ca/P= 1.50, HAP-1) with an acetone solution ol Pd/C, MeOH
of PdCL(PhCN) yielded a hydroxyapatite-supported Pd ©/ A@ NaxC0s, 120 °C, 4 h ©/\
catalyst (PdHAP-1), which was highly efficient in Suzuki autociave 74(E 2)62%

coupling of various aryl bromides with phenylboronic acid

(Scheme 18)%' No Pd leaching was observed, and the  Pd/C-catalyzed heterogeneous Heck reaction has become

catalyst could be recycled. so matured that it is applied in the coupling of 1-bromo-4-
Mg—Al-layered double hydroxide (LDH) could also methoxybenzene with octyl acryl&f® for the industrial

successfully be used as solid support for Pd as shown byproduction of octyl 4-methoxycinnamaif®, a common UV
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absorber utilized in the manufacture of sunscreen lotion without loss of activity. Low activities and dehalogenation

(Scheme 20). were observed for aryl bromides and aryl chlorides. On the
_ other hand, 4-nitrochlorobenzene and vinyl alkyl ether as
Scheme 20. Heck Reaction of 1-Bromo-4-methoxybenzene more reactive reactants could be coupled in toluene/triethyl-
with Octyl Acrylate amine under pressure, but with low regioselectivity (Scheme
' 21)133°135 These conditions were also successful in the
é L A0 _Pac /@A\i 00ct coupling of aroyl chlorides with butyl vinyl ether (Scheme
° Me 75 21)13%7135 |n these cases, also other heterogeneous Pd

catalysts were investigated, showing that the type of solid

Kohler et al. provided a very detailed investigation about support affects the regioselectivity of the couplfg®
the application of Pd/C in the Heck reaction of aryl bromides However, the heterogeneous catalysts were less regioselective
with olefins28:50 A variety of Pd/C catalysts differing in Pd  than the homogeneous system based on Pd(£Ac)
dispersion, Pd distribution, Pd oxidation state, and water
content were tested. The experimental results indicated aScheme 21. Pd/C-Catalyzed Heck Reactions of Vinyl Alkyl
(quasi-)homogeneous reaction mechanism, that is, the PdEthers
complex or colloidal particles in solution act as the catalyti- o™Me
cally active species. E 105 CA/W 5% Pd from Degussa AG /@/ o~ 5% Pd/C, toluene /@/\wo @
turned out to be the best Pd/C catalyst. It has a high Pd EGN, 120 1 Mo

autoclave, 80 %

dispersion (36%), a low reduction degree [mainly Pd(Il)], Ba = 63:10 pED O
and a high water content-65%). Its high catalytic activity o

in N-methylpyrrolidone/sodium acetate at 140 allowed Ol B0 10% PdC, toluene ﬁo
working with extremely low catalyst concentrations (Table o * Iitgl\:ﬁreﬂux 8h O/\

28). An argon atmosphere helps to decrease the Pd leaching
while maintaining the high activity. Under these optimized
reaction conditions, turnover numbers (TON) up to 36 000
and turnover frequencies (TOF) up to 18 000! Hfor
bromobenzene) were achieved using a Pd concentration a
low as 0.0025 mol % (Table 28, entry 3). Complete
conversion was achieved for activated (electron-withdrawing
substituents) and nonactivated, as well as deactivated
bromoarenes (electron-donating substituents) within a few
hours. The extraordinarily high activity seems to be con-
nected with dissolutionreprecipitation processes, where
dissolved Pd species formed at this temperature are the active Y /ﬁ( _PACEN | \r\
species. Much lower catalytic activity (TON and TOF e Tn %
reduced by magnitudes) in Heck coupling was found with

pre-reduced Pd/C catalysts (Table 28, entries 4 and 5) in

accordance with previous findings. \i'rmN/' o O PSRN \RP/\A
(o]

81:B (€, 2

Advantage over homogeneous catalysis was found with
gd/C in the Heck reaction of 4- and 2-iodopyrimidirg3

nd 85 with methyl acrylaté3” High yields were obtained
and homocoupling was not observed (Scheme 22).

'Scheme 22. Pd/C-Catalyzed Heck Reactions of
lodopyrimidines with Methyl Acrylate

90 °C,24 h, 60 %

Table 28. Effect of Reaction Conditions on the Heck Reaction of
Aryl Bromides with Styrene8!
Ph

Ph . . .
@/Br o _Pdc.NaOke m /@/K The application of ultrasound in Pd/C-catalyzed Heck
R * 7P e a0c R * o reactions can be advantageous as demonstrated for the
76, Edsomer " reaction of iodobenzene with methyl acrylate in N#MPThe
-~ rate of the reaction increased and the catalyst showed high
catalyst conv Yield® (%) activity under ambient conditions (air and moisture). It could
entry R (mol%) T(h) (%) 76 77 78 TON TOF be conveniently separated from the reaction mixture and
1 Ac 0005 4 96 90 0 5 19200 4800 reused (Scheme 23).
2 H 0.005 1 9 83 1 6 18000 18000
3 H 0.0025 2 90 83 1 6 36000 18000 Scheme 23. Heck Reaction of lodobenzene with Methyl
4 H 1.0 20 58 52 0 5 58 3 Acrylate under Ultrasound
5 H 1.0 20 12 10 0 1 12 <1 . ~_com
6 Cl 005 6 100 92 1 7 2000 333 O/ rCOzMe 10%Paic, US ©/V 2Me
7 OMe 0.05 2 92 80 1 9 1840 920 NMP, EtN, o7
8 OMe 0.01 2 63 63 0 7 7200 3600 RT, ”::hl 1 —
ycle
2Yields from GLC analysis? Reduced under yatmosphere at 300 Yield(%) 70 65 58

°C for 1 h.¢Treated under Natmosphere at 500C for 1 h.

As shown by Beller and Khlein, heterogeneous Pd/C

Evidence for dissolved Pd species formed by leaching from catalysis can also be applied to the Heck reaction of
Pd/C being the active moieties in Heck reactions was also aryldiazonium salt88.1%° Excellent yields were obtained with
found by Arai and co-worket$in case of aryl iodides in  acrylate as reactant without using a base or phosphine ligand
N-methylpyrrolidone in the present of triethylamine or,Na  (Table 29). Interestingly, no difference in reactivity in relation
CO; as base. However, almost all dissolved Pd species re-to the electronic nature of the diazonium compound was
deposited onto the surface of the support after the reactionobserved. This effect makes it very likely that for this type
had been completed. Thus, the catalysts were recyclableof Heck reaction, contrary to the reaction of aryl halides,
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Table 29. Pd/C-Catalyzed Heck Reactions of Diazonium Salts
with Acrylates

5% Pd/C (1 mol%) Ar/\/COZR

EtOH, 60°C, 12 h

A-NBF, + 2 COR

88 89

Ar-N,BF, R Product Yield (%)*
NBF  CoH: . COR o
MeOO Me0/©/\/
Q/NZBF,, CyH; o COR 89
N2BFy4 C,H;s X COR 92
CI/©/ C|/©/\/
F. NBFy (el F. N COR 84
Clﬁcl CIII:\\/

a|solated yield.

the insertion of the palladium catalyst is not the rate-
determining step.

lonic liquids have attracted growing interest as environ-
mentally benign reusable solveAt&!4! Because of their
highly polar nature, they are promising activating and
stabilizing solvents for Pd/C-catalyzed Heck reactions (Table
30)12 The reaction was carried out simply by heating a
solution of an aryl substrate, an olefin, and a base in an ionic
liquid ([bmim]PFs) with 3 mol % of 10% Pd/C. Pd/C
dispersed well in [bmim]P& After the reaction, the product
was extracted simply by stirring with-hexane or diethyl
ether several times followed by decantation of the upper
organic layer. No aqueous workup was required. The Pd/C
was kept and suspended completely in the ionic liquid layer
after the extraction.

Table 30. Pd/C-Catalyzed Heck Reactions of Aryl Halides with
Ethyl Acrylate in lonic Liquids

o PG (@matn), o
ax + P Et,N
r /\Cr)f ’ Ar/\)I\OEt
[bmim]PFe 90
60°C, 12 h
Ar, X T¢°C) t(h) vield (%)
Ph, | 100 1 92
4-Me-Ph, | 100 12 53
4-MeO-Ph, | 100 12 69
4-Ac-Ph, | 100 24 65
Ph, Br 140 12 40
4-NO,-Ph, Br 140 12 85
3-CI-Ph, Br 140 12 52
4-MeO-Ph, Br 140 12 25

Aryl iodides gave higher yields than bromides. Aryl

triflates resisted the reaction and were recovered completely

even at 140C with or without a phosphine ligand.Since
Pd/C remained only in ionic liquid, the ionic liquid containing
Pd/C can be reused as catalyst system itself (Table 31).

Although a certain decrease in yields was observed after the

second reuse, probably due to accumulation of triethylam-
monium iodide (Table 31, entries=%), washing the ionic
liquid layer with water recovered the catalytic activity to the
same level as in the fresh system (entry 6).

It was found by inductively coupled plasma (ICP) emission
spectroscopy that after filtration of the Pd/C the concentration
of Pd before and after the Heck reaction was negligible. The
authors concluded that the Heck reaction was catalyzed by
the Pd at the surface of Pd/C.

Yin and Liebscher

Table 31. Pd/C-Catalyzed Heck Reactions of lodobenzene with
Ethyl Acrylate in lonic Liquid by a Recyclable Catalytic System

entry recycles T(°C) t(h) yield (%)
1 0 100 12 95
2 1 100 12 93
3 2 100 12 84
4 3 100 12 81
5 4 100 12 80
62 5 100 12 95

a Catalytic system was washed with water before use.

Pd/C-catalyzed Heck arylation of 2-methylprop-2-en-1-
ol with 1-tert-butyl-4-iodo-benzene in an ionic liquid results
in the formation of the fragranggLilial 91.5° Higher activity
was observed in ionic liquid media, and the catalyst could
be reused with only marginal decrease in yield and selectivity
(Table 32).

Table 32. Pd/C-Catalyzed Heck Reaction of
1-(tert-Butyl)-4-iodobenzene with 2-Methylprop-2-en-1-ol in
lonic Liquids

X@r! A on

NEt, [bmpyrr] [NTf,]
100 °C

o

Seh

10% Pd/C (5 mol%)
—_—

91 B-Lilial
run conv (%) select. (%)
1 96 96
2 94 95
3 95 93
4 91 93
5 93 92

In Heck reactions catalyzed with Pd/C, ionic liquid
methodology can be combined with microwave heatig.
The reaction was conducted in an open system with 5% Pd/C
as catalyst. Modest to good yields of coupling products were
obtained in shorter times (Table 33). The reactivity of the
halobenzenes followed the usual sequence, that is, electron-
withdrawing substituents increase the reactivity and electron-
donating substituents decrease it. lodoarenes react faster than
bromoarenes, while chloroarenes only react if substituted by
strong electron-withdrawing groups (entries B1). All of
the reactions went smoothly and thE€)-putyl cinnamates
92 were the only products. Reaction times are very short,
and the catalyst system could be reused.

Table 33. Pd/C-Catalyzed Heck Reactions in lonic Liquid by
Microwave Irradiation
Pd/C (3 mol%),

OBy BUsN, MWI (225 W) /\/?k
X +Z _
ArX /\ﬂ/ AT 0B

u
o [OMIM]BF 4, about 1 min 92

ntry Ar X t (min) yield?® (%)
1 Ph | 15 86
2 2-MeQ.C-Ph | 15 35
3 Ph Br 15 80
4 4-NQ,-Ph Br 15 89
5 4-Ac-Ph Br 1.5 61

6 4-OMe Br 15 30 (56)
7 4-Me Br 15 33
8 2-Naph Br 15 79
9 Ph Cl 2.0 ¢}

4-NQG-Ph Cl 2.0 27 (42
11 4-CHO-Ph Cl 2.0 0

a|solated yield? Under 375 W of microwave irradiation.
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As another technique worth mentioning, the Pd/C catalyst Pd/MgO > Pd#-Al,,O, > Pd(acac)> Pd/C>

is kept in a separate liquid triphase system. In isooctane/

water/Aliquat 336 (methyltrioctylammonium chlorid®,it
was found that the rate of Heck coupling of aryl iodides with
olefins was accelerated 10-fold in the presence of Aliquat

336. Both when conducted in A336 as solvent and when
conducted in an isooctane/A336/water triphasic mixture, the

Heck reaction of aryl iodides with electron-deficient olefins
proceeded with high yields and selectivities (Table 34).

Table 34. Triphase Heck Coupling of Aryl lodides with Ethyl

Acrylate?
O/ rcozna 5 % Pd/C (5 mol%) @/\/COzEt
RT
A336, Et;N >
: 93

isooctane/water, 100 °C

yield
entry R A336 T(h) (%, GC)

1 H no 15 5
20 17

2 H yes 1.5 30
20 94
3 4-NG, no® 6.0 10
4 4-NO, yed 3.0 78
5 4-Ac yes 20 80
6 4-Cl yes 20 78

7 4-OMe yes 20 68
8 4-NH, yed 20 68

9 3-CN yes 20 81

a Reaction conditions: aryl iodide (1.0 mmol), ethyl acrylate (1.5
mmol), EgN (1.5 mmol), Pd/C (0.05 mmol), 10 mL of isooctane, 5
mL of water, A336 (0.30 mmol) Since the substrate is insoluble in
isooctane, toluene was used.

Pd on graphite was prepared by reduction of Bdsy
CgK and could be used (7 mol % catalyst) in Heck reactions
of acrylates, fumarates. and styrene with aryl or vinyl iodides
in the presence of tributylamirié?

3.2. Pd on Metal Oxides

The first report about a heterogeneous Heck reaction using g
Pd supported on metal oxide was published by Kaneda et 6

al. in 19904 Chlorobenzene was coupled with styrene in
methanol at 150C using Pd/MgO as catalyst and }XD;
as base. Later on several metal oxides (MgQQA\| SiO;,
TiO,, ZrO,, Zn0O, mixed MgLaO, etc.) have been used as
supports for Pd catalysts in Heck reactions—Xrwith X
=1, Br, Cl, OTf, COCI, SQCI, or N,BF, were coupled with
acry|ate§_3,19,38,55,67,145147 acrylonitriIe?2v53'55styrene’-,°v21v55v146'147
vinyl alkyl ether1.55136 terminal alkene8 and cycloal-
kenes’” Biffis and co-workers reviewed palladium metal
catalysts in Heck reactions in 20¢AL.

Most applications were performed under ligand-free
conditions. Detailed studies of ‘Ké&er and co-workers on
catalyst efficiency and on optimization of Heck reaction of

Pd/CaCQ

Kéhler and co-workers reported for the first time that
specifically prepared heterogeneous PdiM@éxalysts (M=
metal center) converted even nonactivated aryl chlorides into
stilbenes in Heck reactions with styrene. Short reaction times
and remarkably low amounts of catalysts were sufficlei
The highly active palladium species were generatesitu
by dissolution from the support and stabilized against
agglomeration by reprecipitation on the surface. These
processes could be controlled by a specific choice of catalyst
and tuning the reaction conditions. Evidence was found that
the solid catalyst functions as a reservoir for molecular
palladium species in solution. Their concentration in solution
correlates with the progress of the reactions. Kinetic inves-
tigation of the Heck reaction of bromobenzene with styrene
showed that only a little palladium leached to the solution
in the starting period. After the reaction temperature reached
140°C ' about one-third of the palladium was leached from
the surface of the support. Simultaneously, the majority of
the aryl halide was converted. After the reaction was finished,
the palladium was re-deposited onto the support to a great
extent.

Analogous investigations were performed with different
aryl chlorides under modified conditions affording compa-
rable results (Table 35}8

Table 35. Heck Coupling of Aryl Bromides and Chlorides with

Styrene
©/X+ ()/\\ Pd/IMOX, Base ‘ = O
R NMP R o4
cat. conc. T(°C), conv yield
entry R, X catalyst [mol %] base t(h) (%) (%)
1 H,Br Pd/TiG® 0.0011 NaOAc 140,4 95 86
2 H,Br Pd/ALO## 0.0009 NaOAc 140,4 96 87
3 Ac, Cl Pd/ALO2 0.01 Ca(OH) 160,2 98 90
4> Ac,Cl Pd/ALO# 0.01 Ca(OH) 160,2 87 83
Ac, Cl Pd/NaY 0.005 Ca(OH) 160,2 99 95
H,Cl Pd/NaY 0.05 Ca(OH) 160,6 49 45
7 H,Cl Pd/NaY 0.05 Ca(OH) 160,6 85 83
Me, ClI Pd/NaY 0.05 Ca(OH) 160,6 40 38

2 Precipitation of Pd(OH)on MO,. ® Addition of TBAB. ¢ Prepared
by coprecipitationd Under Q atmosphere.

A recently developed Pd catalyst on Mfa mixed oxide
turned out to be superior for Heck coupling of activated and
inactivated aryl iodides, bromides, and chlorides even at low
temperatures (80C) under ambient atmosphere (Scheme
24)55 High E/Z ratios of product®5 were observed in most
cases, depending on the nature of alkene. The solvent had a
determinant effect on the yield. The catalyst could be reused
without additional activation four times without a significant

bromobenzene with styrene catalyzed by solid-supported Pdloss of activity and could be stored under air without

(5% Pd (w/w) in DMF/NaOAc, 140C, 20 h) revealed the
following order of effectivenes®:2!

Pd/C> Pd/Ti0, > Pd/ZrQ, > Pd/MgO> Pd/ZnO>
Pd/SIG

A different order was found in Heck coupling of iodobenzene
with acrylonitrile in the presence of PP(5% Pd, E{N as
base, CHCN, 140°C, 14 h) by Wali and co-workefs;

problems.

Scheme 24

R4
Pd/MgLaO (1.5 mol%) g\/
1 3
NEtyDMF, 80°C, R R
10-20h R?
95
R, R% R®=H, Me, CHO, Ac

R*= Ph, CO,Et, CN, OBu, n-Bu, C(Me),OH
Hal=1, Br, Cl

up to 95 % yield
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Microwave irradiation can be applied to Heck reaction Scheme 26. One-Pot Synthesis of Phenanthrene and
catalyzed by Pd on several metal oxides as shown in theChrysene by Heck Coupling and Photocyclization
coupling of iodobenzene with 1-decefieSlightly higher O
yields were achieved in the microwave-mediated solventless ©/ ©/\ Jahph O, 20N (D
Heck reaction of aryl iodides with methyl acrylate in the PN, toluene, reftes, 12
presence of palladium on KF/alumina (Scheme 25).

“/ @/\ Pd(PPh;)wCla@sol gel
Scheme 25. Palladium on KF/AJO; Catalyzed Heck PrsN, toluene, reflux, 12 h
Reactions under Microwave Irradiation v (150 W) 0 Q
COzMe T v Q Q
/O/ A coMe—————— PoFAa0s /©/\/ 99
60W, 10min R 96

R=H, 62 %; R =MeO, 68%

3.3. Pd on Microporous and Mesoporous
The application of nonaqueous ionic liquids can be SUPPOIts

advantageous in heterogeneous Heck reactions. Silica- pd on molecular sieves as catalysts in heterogeneous Heck
supported palladium complexes (Pd(ll)/gi@xhibited higher  reactions was first investigated by Mehnert and Yinf®
CatalytIC aCt|V|ty in Heck reactions of aryl iodides with Palladium Cata|ysts Supported on a niobium-modified me-
acrylates in an ionic liquid ([omim]Rfrthan in DMF (Table  soporous silicalite (Nb-MCM-41) were prepared by vapor
36). grafting. These mesoporous materials showed remarkable
activity in Heck reactions of bromoarenes with electron-
withdrawing substituents ip-position.

Papp and co-workers prepared a heterogeneous ligand-

Table 36. Pd(11)/SiO-Catalyzed Heck Reactions of Aryl lodides
with Acrylates Using lonic Liquids

!—()/ [0 PaUSiO; (1 mo%) R—:<>N o free Pd-MCM-41 system, which could be used as an efficient
NEts, solvent, 80 °C 97 and recyclable catalyst in Heck reactions. Palladium loadings
R R solvent t(h) conv (%) of 1.39%, 3.0%, and 5.85% showed high activity and

selectivity in the Heck coupling of iodobenzene with styrene

E mz I[gm':m]PFa i gg (conversions of 7684%, selectivities of 8487%) and

H Bu [bmim]PR; 1 70 methyl acrylate (89-100% conversions and 100% selectivi-

H Bu DMF 1 67 ties)14¢ Moreover, these catalysts performed well in Heck
4-Me Et [obmim]PF 2 99 reactions of activated bromoarenes (4-bromonitrobenzene and
4-Me Et DMF 2 78 4-bromoacetophenone). In all reactions, complef- (
igmg EE [Et))'\r}?::m]PE 66 7895 selectivity was observed.-Coupling was observed as a side
A-Ac Et [omim]PR 6 33 reaction in the case of styrene. It was found that th_e catalyst
4-Ac Et DMF 6 99 activities depend on palladium loading and metal dispersion.

In most cases, catalytic performance of 3.0% Pd-MCM-41
with lower Pd dispersion showed lower activity. A series of
other bromoarenes were investigated in the Heck coupling
of styrene and methyl acrylate using 1.39% Pd-MCM-41
catalyst (Table 38). Importantly, the catalysts are stable under
the reaction conditions and retain high activity and selectivity
for at least 20 successive runs without the need to exclude
air or moisture:*¢

Pd complexes can also be supported by iron ox&lkca
nanoparticles. Thus a Pd catalyst consisting of magnetic
maghemite ¢-Fe,03), silica, and a tethered heterocyclic
carbene (imidazole) ligand (F@;—Si—Pd) gave good results
in Heck reactions of aryl iodides or aryl bromides with
n-butyl acrylate (Table 37, see also Figure''f).

Table 37. Maghemite-Silica Nanoparticle-Supported

i 0,
Pd-Catalyzed Heck Reactions Table 38. Heck Reaction of Bromoarenes over 1.39%

Pd—MCM-41 Catalyst?

Pd-MCM-41 (0.3 mol%)
Fezog-Sl -Pd (7.3 mol%) A O,Bu ArBr + PR ————————— Ar/\/R
O/ R Na,CO53 NMP, Bu,NCI,
DMF, aq. Na,CO4 150°C 100

98

50°C,12h
- Ar R t (h) conv (%) select. (%)
isolated
R X yield (%) Ph CQMe 3 86 96
Ph Ph 6 93 93
2-Me ' oC 4-CN-Ph COMe 3 97 93
2-Me Br 88 Ph 6 90 95
3-OMe | 89 4-MeO-PK COMe 3 82 94
3-OMe Br 90 4-MeO-PR  Ph 6 91 89
4-Ac [ 88 4-Br-Ph COMe 3 100 93
aGC-analysis revealed 97% yield in the first run and 97%, 95%, 4-Br-PIf Ph 6 85 92
94%, and 92% in the second to fifth rounds, respectively. 4-Cl-Ph CQMe 3 64 100
4-Cl-Ph Ph 6 54 91
1-Naph CQMe 3 100 100
Silica sol-gel encaged Pd(PBBCI, could be used as a 1-N_3P§ | g&M 226 }3(‘)10 10%2
i ic activity i pyrid-3-y e
recyclable catalyst without loss of catalytic activity in Heck byrid-3l Pt o ot o3

reaction of aryl iodides with styrerié? It was possible to g _ _
combine the Heck reaction with subsequent photocyclization  *Conditions: 1 equiv of ArBr, 1.2 equiv of alkene and &,

in a one-pot process affording phenanthrene and chrysen uz ﬁg‘ri‘(,vci’tfh%g'gk (f";g ?Hz @;’;Z" Pd Without BuNCI. © Without
99 (Scheme 263)%° M :
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Djakovitch and Kdler studied a series of palladium of the catalysis with Pd-zeolites in Heck reactions largely
catalysts obtained by ion exchange at Na- or H-zeolites depended on the pretreatment of the catalyst, the oxidation
(mordenite, Y) with Pd(NH),Cl,. Pd-modified zeolites  state of Pd, the solvent, and the base. For a critical review
exhibited a high activity comparable to homogeneous about this subject favoring homogeneous catalysis as the
catalysis toward the Heck reaction of aryl bromides with general mode of action see Jones et®alhe excellent
styrene for small Pd concentratiols8 182127 The zeolite performance of Pd(0)/HY was attributed to the formation of
obviously controlled the selectivity of the reactirReaction stable Pg; clusters kept inside the supercage of MYThis
temperature plays an important role. No substantial leachingcatalyst had to be generated by calcination in &d
was observed in most cases. But evidence for dissolvedreduction by H before it could be reused. With tributylamine
molecular Pd species being responsible for the catalysis wasas the base in toluene, the Heck olefination with Pd-
found?” The catalysts could be easily separated from the (NH3),2"—zeolites (0.4 wt % Pd; mordenite, Y, ZSM-5) and
reaction mixture and reused up to five times without a Pd(0)-mordenite (0.4 and 4 wt % Pd) were concluded as
considerable loss in activity. Some of the results are truly heterogeneou®:'°Pd leaching from the zeolites was
summarized in Table 3%:1® The catalyst could also be evaluated in a very strict filtrate activity test. It was clearly
applied to Heck coupling of 4-chloroacetophenone but did related to the presence of oxidized Pd(ll) in an all-oxygen
not perform so well even at higher temperattifes. environment, that is, ionic Pd(ll) or PdO. The heterogeneous

reactions with the zeolite-supported catalyst can be acceler-
Table 39. Heck Reaction of Various Aryl Bromides with Alkenes ated by the addition of a quaternary ammonium salt promoter.
by Pd—Zeolite Catalysts The catalytic activity of Petzeolites in Heck reaction

ROBr , JR Dozecle ©imolx) followed the order

NaOAc, DMAc 20 h

O P e \f Pd(NH,),* —Y > Pd(NH,),*"—mordenite>
101 102 103

Pd(NH,),*"—ZSM-5

T GLC yield? (%) Pd on porous glass served as a useful, reusable catalyst
Pd—zeolite R R (°C) 101 102 103 for Heck reaction of iodobenzene and 4-bromoacetophenone
[Pd(0)]—NaY = oh 140 89.4(86.0) 09 8.2 W|th_ s(tjyrene_ anhd allylic alcoh?lé?"owmg the reaction to be
100 85.1(80.1) 1.0 7.9 carried outin the presence of &fr.
[PA(NHs),J> —NaY F Ph 140 93.0(80.9) 1.0 88 . . . ,
100 94589.5) 0.7 6.7 3.4, Pd on Modified Silica (Organic —Inorganic
[Pd(OAcy]—NaY F Ph 140 792(812) 0.9 7.2 Hybrid Support)
100 57.6(39.9) 0.4 3.9
[PA(NHs)4]2*—NaY OMe Ph 140 81.2(75.8) 95 95 Organochemically modified silica can also serve as solid
%Eggmﬁﬂi—m% Hoz EE ﬂg gj-g(gg-g)) (1)% ‘é—é support for Pd catalysts. Silica was modified by various
2“7 —Na . . . . H H _ H _ H
[PANH)JZ~Nay H  BuO 140 257 204 124  Chlorohydrosilanes (trichloro-, dichloromethyl-, chlorodi

[PA(NH)J>*—NaY H  COMe 140 91.0(69.4) 05 04  methyl- dichlorophenyl-, and chlorodiphenylsilane). The
resulting materials, which were modified at the surface by

 Isolated yields in parenthesis. methyl or aryl groups, were treated with saturated solutions
of PdCL in methanol to form different Pd-on-silica catalysts
K+- and Cg-exchanged X-zeolites containing PdCl  with various Pd loadings (Pd/Sile, Pd/SiGMe;, Pd/SiQ-
(bifunctional catalysts) developed by Garcia and co-workers Ph, Pd/SiGPh).
allowed implementation of the Heck reaction of iodo- and  Pd/SiQPh exhibited high catalytic activity in the Heck
bromobenzene with styrene in the absence of an extrinsicreaction of aryl iodides and bromides with styrene or methyl
base?® Obviously, sites of the support act as base in these acrylate (Table 40)212The catalyst could be recovered
cases. No leaching was observed. The activity of the usedand reused.
catalyst could be regained to a large extent by reactivation
by washing with water. As an alternative to styrer€g),
the formation of 1,1-diphenylethene regioisomer can be 03 % Pa.Cat w2
favored by high Pd loadings (Scheme 27). The authors also R VxR R1W
investigated the effect of pore size and Pd loading of different NMP, NaOe, 150°C

Table 40. Catalytic Performance of 0.3% Pd-Silica Catalysts in
Heck Coupling

zeolites on the catalytic activity. When DMF was used as  Pd cat. R, X R? t(h) conv (%) select. (%)
solvent, the catalytic activity was mainly attributed to leached pgd/sigMe  H, | COMe 2 84 99
Pd. Pd/SiQMe, H, | COMe 2 54 99
Pd/SiQPh H, I COMe 2 97 99
Scheme 27 Pd/SiQPh,  H, | COMe 2 51 99
Pd/SiQMe NO, Br COMe 2 100 99
v A St . Pd/SigMeZ Ngi, Br ngzMe 2 68 99
@Hal+ JR—— @J Pd/SIQPh NG, Br COMe 2 100 99
:ce)IfLIJ::e or xylene Pd/S!QPhZ NOz, Br COzMe 2 66 99
Hal =1, Br or PdCl,-Beta or PdCl-HY 104 . Pd/S!QMe Ac, Br COMe 2 67 99
R =CO,Me, Ph K,COj3, DMF, toluene or xylene up to 97 % yield Pd/SIQPh AC, Br CQMe 2 75 99
Pd/SiQMe  H, | Ph 5 58 86
In contrast to the conclusions of Djakovitch and Her PdiSiQPh — H,1 Ph 5 80 83
to the nature of catalysis of Pd on zeolites (molecular Pd
species in solutioryide suprg, Dams and co-worke(&:150 As an alternative to mercaptopropyl modification, also

and Okumuréf et al. assumed that the heterogeneous naturearsanopropyl or methylselenoundecyl groups were introduced
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into silica and allowed to act as solid support for Pd as shown Table 42. Heck Reaction Using Recovered Catalysts
by Cai et al. (Figure 4). In all these cases, the Pd is A _@_Br N Parcatalyst (1 mol %) _@_//—002&

COEt  NmP, KOAG, 130 °C
106

| |
o o
§0)—0-i-(CHy—sH Pd©) §9)—0-Si-(CHo)s—AsPh] Pd(0) yield® (%) yield? (%)
? e2s ? ne23 cycle (Pd—SH-FSM) (Pd-SH-SIO,)
"Si"-SH-Pd(0) "Si"-As-Pd(0) fresh 92 84
first reuse 95 93
)\ fifth reuse 97 95
O_S:i_(CHZ)”'SECHS]nP 40 a Determined by GC.
o
I n=23
"Si"-Se-Pd(0)

) ] - o ) Mercaptopropyl-modified mesoporous silica Pd complex,
Figure 4. Three kinds of modified silica supported palladium SBA-15—-SH—Pd!?! and aminopropyl-modified mesoporous
catalysts. silica Pd complexes, SBA-tNH,—Pd'?! or Y—NH,—Pd}5’

complexed by the donor atoms of the organic modification Were also efficient reusable catalysts in Heck reactions of
of the silica (S, As, Se). These catalysts exhibited high nonactivated aryl bromides or iodobenzene (Table 43).

activity and selectivity in the Heck coupling of aryl iodides .10 43 sBA-15-Modified Pd Catalvsts for the Heck
and bromides (Table 41) and could easily be separated antReactiond?2 Y

reusedt>3-156 .
R@Y . A~__ _ SBA-15-XH-Pd J—Ph
Ph DMF, NaoAc R

Table 41. Heck Reaction Catalyzed by “Si-X—Pd(0) Complex 120°C, 15 h 107
"Si"-X-Pd R
R X+ R —————m 74 i i 0
O —— R—@J entry R, Y catalyst (loading) yield (%)
105 1 H, Br SBA-15-SH-Pd (1%) 95
cat. X 2 COMe, Br SBA-15-SH-Pd (0.5%) 96
(coﬁcn yield® 3 COMe, Br reused from entry 2 93
entry mol % ' R, X R TCC) t(h % ref 4 H, 1 SBA-15-NH-Pd (1%) 96
y ) (C) th) ) 5 H, Br SBA-15-NH-Pd (1.5%) 97
1 SH(.4) H,I Ph 100 6 92 153 _ o _ _
2 SH(0.4) OMe,| Ph 100 6 90 153 aReaction conditions: 1 mmol of halide, 1.5 mmol of olefin, 2 mmol
3 SH(0.4) H,I CGH 100 6 95 153 of NaOAc.
4 SH(0.4) OMe,| CGH 100 6 92 153
5 As(0.6) H,I Ph 100 6 92 154 Silica was also modified by tethered imine pallada-
g 25 Eg-gg HQI Br PchQH 11618 162 9745 1155;1 cycleg%8159 or SCS-N-pincer complexe$ (Figure 5) to
8 As(06) NG Br COH 40 12 79 104 provide solid supports for Pd in Heck coupling reactions.

These catalysts exhibited high catalytic activity in Heck
9 As(0.6) HI CQBu 100 6 90 155 reactions of aryl iodides and activated aryl bromides and

10 As(06) NQBr COBu 140 12 78 155 . e -
11 As(0.6) H, 1 CONH, 100 6 90 155 could be reused without significant loss of activity and

12 As(0.6) NQ,Br CONH, 140 12 76 155 selectivity (Table 44).

13  Se(0.4) H,lI CGBu 100 6 90 156 o N
14 Se(0.4) NG Br COBu 140 12 78 156 T VNP R VNN
15 Se(0.4) H,lI CGNH, 100 6 89 156 —o” \m —o” | N
16 Se(0.4) N@Br CONH, 140 12 83 156 c-PY a4
Cl Cl
a Reaction conditions: aryl halide (5 mmol), olefin (5.5 mmol), and FSm-16 FSM-16
BusN (6 mmol) in 1.0 mL ofp-xylene or DMF were used. When aryl Pd-2QC Pd-2PC Ph
bromide was used, PP(0.05 mmol) was added.Isolated yield. S\ S
Pd
\,
(e] SPh
Mesoporous sil?ca was modified by mercaptopropylsilane /_%58/\/\:« N /‘%>Si/\/\NJ\N/(5/\/
and transformed into Pd(ll) complexes (PEH—FSM and —o” | N el R H
Pd—SH-Si0,). Such solid-supported Pd complexes can act Ao Py
as active, stable, and recyclable heterogeneous catalysts in sio, Ohe §i0,
the Heck reactions of 4-bromoacetophenone and ethyl Si0-IM-Pd-H §i0,-SCN-N-pincer complex

acrylate!” The kinetic results obtained with the fresh Pd Figure 5. Four kinds of modified silica tethered imine pallada-
catalysts exhibited the following order of catalytic activity: cycles.

Pd-SH-FSM= Pd—FSM > Pd-SH-SiO, = Pd/C> As another possibility, reverse phase silica obtained by
Pd—Y treatment with alkyltrimethoxysilanes can be used as solid
support for Pd. Triaryl phosphines served as external ligands
For the fresh PdSH—FSM catalyst, TON and TOF were in these cases. High yields were achieved with aryl iodide
obtained as 73 000 and 36 000*hrespectively. The “hot  or bromides (Scheme 28y
filtration test” demonstrated that P6H—FSM was a true Pd nanoparticles encapsulated in silica matrices could be
heterogeneous catalyst. PEH—FSM and P& SH—-SIiO, generated from Pd(PB in a mixture of tetra(ethylene
showed excellent recyclability in the Heck reaction of glycol) (TEG) and tetramethoxysilane and final treatment
4-bromoacetophenone with ethyl acrylate (Table42)he with water!?° During this process, PRwas oxidized to the
catalysts could be reused at least five times with no indication triphenylphosphine oxide, which was recovered from the
of deactivation. final filtrate of the catalyst preparation in more than 90%
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Table 44. Heck Reactions by Modified Silica Supported Imine

Palladacycles
. : //—COZMe
108

Pd-Cat., Et;N

R X + 7 >CO,Me
solvent

T(°C), conv
entry R, X catalyst solvent t(h) (%)
1 H, I SiO,—IM—Pd-H MeCN 82,24 82
(0.2 mol %)
2 H, I SCS-N-pincer DMF 120, 2 93
3 OMe, | Pd-2QC NMP 130, 3 98
(0.01 mol %)
4 OMe, | Pd-2PC NMP 130, 3 99
(0.01 mol %)
5 Me, | Pd-2QC NMP 130,1 100
(0.1 mol %)
6 Me, | Pd-2PC NMP 130,1 100
(0.1 mol %)
7 NO,, Br  Pd-2QC NMP 130,1 95
(0.1 mol %)
8 NO,, Br Pd-2PC NMP 130,1 90
(0.1 mol %)
9 Ac, Br Pd-2QC NMP 130,1 51
(0.1 mol %)
10 Ac, Br Pd-2PC NMP 130,1 46
(0.2 mol %)
11 H, Br Pd-2QC NMP 130, 24 32
(0.2 mol %)
12 H, Br Pd-2PC NMP 130, 24 30
(0.1 mol %)

aEntry 1 is from ref 158; entry 2 from ref 48; others are from ref
159.

Scheme 28. Preparation of Reverse Phase Silica Supported
Palladium Catalysts and Their Application to Heck
Reactions

OMe OMe

H ) ) acetone H
§IS1=OH+ Meo—?l

—CEH1W’ E_[Si]‘o—?i—CeHw
MeO
' reverse phase silica’

MeO

2-4 equiv. ArzP
reverse phase silica

Pd(OAc), remove solvent

PA/RP-SI0 /AP

HO,C
\©\/\
CO,H

109

cyclohexane
3h,65°C

HOC
\@\ + =y COMH
|

yield. This heterogeneous catalyst ($ITEG/Pd) showed
high activity in the Heck coupling reactions of aryl iodides
with styrene (Scheme 29%°

Pd/RP-SiO,/PhsP
(2 mol%)

KzCO3, Hy0
2'h, reflux, 90%

Scheme 29. SIQTEG/Pd-Catalyzed Heck Reaction of Aryl
lodide with Styrene

SiO,/TEG/Pd
RSN (0.75 mol%)
NaOAc, DMF
120°C, 17 h, 80 %

Ph
MeOZCW

110
CO.Me

As another way of fixing Pd to mesoporous silica SBA-
15, SiH groups were introduced by reaction with trimethoxy-
silane, which reduce Pd(OAc)As shown by Shi et al., this
procedure results in the deposition of metal colloid layers

on the pore walls, creating one of the most active hetero- r'=w, 4-no, 2N0, R:=COzalkyl Ph  DMF, NMP or DMA

geneous catalysts for Heck reactidfs!é*Excellent yields

were achieved in the coupling of iodo- and bromoarenes with

styrene or methyl acrylate, even when low amounts of
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Scheme 30
Pd-SBA-15 (0.02 mol% 2
v g
DMF, NEt,,
% o
R'=H, NOp, Ac 120-170°C, 11
R2 = Ph, COMe 20 min-48 h

loss of activity. Indications for heterogeneity were found,
although small amounts of leached Pd could be detected in
the reaction mixture of the first run.

3.5. Pd on Clay and Other Inorganic Materials

Mg—Al-Layered double hydroxide supported palladium
nanoparticles (LDH-Pd(0)), developed by Choudary et al.,
served as versatile catalysts in ligand-free Heck couplings
of various substituted chloroarenes and olefins under non-
aqueous ionic liquid (NAIL) conditions (Table 4%) The
reactivity of these chloroarenes is correlated to the electron
density of the aromatic ring. The catalyst was reused for five
cycles in the Heck olefination of 4-chloroanisole with styrene
under microwave and thermal conditions. The higher ef-
ficacy, as displayed in the nonaqueous ionic liquid under
microwave conditions, is ascribed to the ionic conductance.

Table 45. LDH—Pd(0)-Catalyzed Heck Olefination of
Chloroarenes under Nonaqueous lonic Liquid (NAIL)
Conditions
LDH-Pd® (3 mol%) R?
BusN, BugNBr, 130°C R1©_//—

R‘—@—CI + X R?

MW (400 W) thermal heating
R? R? t(h) yield (%)  t(h) yield (%)
H Ph 0.5 95 30 98
NO, Ph 0.5 96 10 95
Ac Ph 0.5 93 15 97
CHO Ph 0.5 95 15 98
Bz Ph 0.5 91 15 93
OMe COBu 1 85 40 86
OMe Ph 1 80 40 76
Me Ph 0.5 92 30 96
CH,OH Ph 0.5 90 30 92

A palladium-containing silicoaluminophosphate-31 (Pd-
SAPO-31) was developed by Srinivas, Ratnasamy, et al. as
a highly active catalyst for the Heck reactions of aryl iodides
and chlorides (Scheme 3%¥)The catalyst was found to be
more effective than other solid-supported Pd catalysts (Pd
on carbon, MgO, AIO;, or graphite). It worked well at
relatively low temperatures (60120 °C) and allowed
completion of the reactions in short times (about 1.5 h). Pd
leached during the reaction but re-deposited to the solid
support when the reaction had finished. The catalyst could
be recovered by simple filtration and reused without a
significant loss of activity or selectivity for a minimum of
three cycles.

Scheme 31. Heck Reaction Catalyzed by Pd-Containing

Silicoaluminophosphate-31
R3
\ /"

Rl /=
RZ
112

4 wt% Pd-SAPO-31

K>COs3, NEts. ..,

R®=H, Me
R4=H, Ph

Hal=1, CI Ng, 60-120 °C, 1.5-70 h

In an effort to compare the reactivity of LBHPd(0) with

catalyst were used and the coupling was carried out in air those of other heterogeneous catalysts, namely, Pd/C, Pd/
(Scheme 30). The catalyst could easily be separated bySiO,, resin—Pd(0), and Pd/AD;, in the Heck olefination,

filtration and reused at least five times without a significant

corresponding experiments were conducted under identical
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conditions with the same reactants. The activity in the Heck Scheme 33. Heck Reactions Catalyzed by
olefination of 4-chloroanisole was found in the ortfer Montmorillonite —Pd Complex

) LSS S S S
LDH—Pd(0)> resin—Pd(0)> Pd/C> Pd/ALO; > |
Pd/SiQ

Pd-Cat. =

O =
O

montmorillonite
Pd-Cat (0.085 mol%)
BuzN, 100 °C, 92-98%

O\,

(R = Ph, CO,Me, etc.)

Ph
Ph—ﬂ_ 13

\ cN
X 7\ oh

(R = 2-OMe, 4-OMe, 4-Me, 4-i-Pr)

These results indicated that the basic support (LDH) facili-
tated the oxidative addition of Pd(0) with 4-chloroanisole
and eventually the Heck olefination reaction.

All results of mechanistic experiments reinforced that the
Heck olefination of 4-chloroanisole occurs exclusively and
with iodobenzene predominantly on the surface of the
palladium nanoparticle presumably at defect sites. The
plausible mechanism proceeds similarly to that in the
homogeneous phase involving the Pd(0)/Pd(ll) cycle (Scheme
32). The nanopalladium undergoes oxidative addition with
haloarenes to afford ArPdX, as is evident from XPS and structure and was recyclable with retention of its high
TGA-MS studies. The C 1s XPS spectra of the used catalystscatalytic activity. Pd leaching in the filtrate could not be
show extra lines accounting for the other possible intermedi- detected. Therefore, it is likely that the Heck reaction
ates. proceeds on the PdHAP-1 surface, that is, not with dissolved
palladium species. It was suggested that the Heck reaction
does not proceed via a traditional Pd(0)/Pd(ll) cycle but via
the Pd(I1)/Pd(IV) mechanisit#:164165But this became ques-
tionable in the light of later resuls."475

Pd-Cat (0.085 mol%)
BusN, 100 °C, 90%

Pd-Cat (0.085 mol%)

X /' AOSA e
R BusN, 100 °C, 84-86%

Scheme 32. Plausible Mechanism for the
LDH —Pd(0)-Catalyzed Heck Olefination of Chloroarene%

base. HX o
)
base. '91-xAlx(OH),Cl. ZH,0)

Table 46. PdHAP-1-Catalyzed Heck Reactions of Aryl Bromides

and Olefins
o, PAHAP-1(0.002 mol%) R—(  H—
R@Br 7R KoCO3, NMP, 130 °C 115\ R
R R t(h) yield® (%) TON

H Ph 24 94 47000
OMe Ph 24 90 45000
Ac Ph 20 96 48000
H COBu 20 91 45500
OMe CQBu 24 94 47000
Ac COBu 20 98 49000
aGC yields.

As further solid-supported Pd catalysts useful for Heck
reactions, Pd/CaG{3%°166Pd/BaSQ,'*° Pd on GaAs (0017
Pd on graphité#3168pPd on single-walled carbon nanotubes
(SWNT) %% and Pd on hydrocalcité’ have to be mentioned.
The latter was not useful for aryl chlorides but could be
recycled. Interestingly, the reaction was faster with the
recycled catalyst than with the fresh one, which was
igxplained by an increase in surface area of the catalyst.
PdCL on sepiolites allowed Heck coupling of bromoben-

&

Defect sites

Thus, palladium stabilized on the basic support LDH
enables even deactivated chloroarenes to undergo Hec
reactions. The basic LDH surface increases the electron

density of the Pd center to promote the oxidative addition
of chlorobenzene to the Pd(0), resulting in a higher activity.
A montmorillonite-supported Pd complex (montmorillo-
nite—ethylsilyldiphenyl-phosphinepalladium) served as a
highly active catalyst in Heck coupling of aryl iodides with
olefins162163Using this catalyst, iodobenzene coupled with

styrene and various acrylates in quantitative yield and 95%

(E) selectivity. When acrylonitrile was subjected to arylation,
a double arylated produtti3was obtained as an exceptional
case. It was also found that coupling of substituted iodo-

benzenes with phenylvinylacetate afforded various unsym-

metrical €)-stilbenesl14in high yields (Scheme 33§23 The

catalyst could be reused without any noticeable deactivation.

Hydroxyapatite-supported palladium (PdHAP-1) was dem-

zene and iodobenzene with styrene to be run in the absence
of an additional bas&.Reusage of the catalyst was possible,
however, with a considerable loss of activity. It is supposed
that the basic sites of the support get blocked by the
hydrohalides formed as byproducts in the Heck reaction.
Reactivation by steaming of the catalyst before reuse was
advantageous. Evidence for heterogeneous catalysis was
found by the hot filtration test.

4. Sonogashira Reactions

4.1. Pd on Carbon (Pd/C)
4.1.1. In Anhydrous Media

onstrated as an outstanding catalyst for the Heck reaction of Early investigations of Pd/C-catalyzed Sonogashira cou-

aryl bromides with styrene arbutyl acrylate (Table 46)!
The recycled PdHAP-I had the original monomeric Pd(ll)

pling by Guzman and co-workérd revealed that aryl
bromides coupled with trimethylsilylacetylene, phenyl acety-
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lene, and butyne in the presence of PRhd Cul in an
anhydrous mixture of triethylamine and acetonitrile (Table

47). Remarkably, the yields of products are higher than those
reported under some homogeneous Pd(0) catalysis. Thus Pd/

C—PPh—Cul has been developed as an efficient catalytic

system for Sonogashira coupling reactions. This system can

also be applied in the synthesis of some ethynylpyridines
(Table 47, entries 8, 9). Interestingly, 2-bromopyridfiie
could be coupled with 2-(3-hydroxy-3-methyl-but-1-ynyl)-
substituted pyridine417 and118to form dipyridylethynes
119 and 120. The 2-hydroxy-2-propyl groups are split off
by Grob fragmentation under the basic conditions (reflux in
NaOH/EgN/MeCN) (Scheme 34).

Table 47. Pd/C-Catalyzed Sonogashira Coupling of Aryl
Bromides with Acetylenes
Pd/C (4 mol%), PPhg, Cul

EtsN-MeCN, 80 °C

Ar R

Ar-Br +

Py

116

Entry Ar-Br R Yield (%) *
1 br Ph 53
3
S
2 B’ Ph 58
3 “/‘ O Br SiMe; 88
4 Br Et 72
5 /©/Br Ph 64
OHC
6 c/@/m Ph 59
N
7 O:Bf SiMes 80
CN
8 ~ | Ph 67
N
N Br
9 - | SiMe; 75
N
N Br

a|solated yield.

Scheme 34. Pd/C-Catalyzed One-Pot Synthesis of
Dipyridylethynes 119 and 120

Pd/C (0.8 mol%),

CMez0H
_ P PPhg, Cul
SN EtaN, CH3CN
X , +
N Br N 4 NaOH, reflux
36h,77%
CMe;OH  Pd/C (0.8 mol%),
~ 7 PPhg, Cul
7 | | Et;N, CH,CN
N + N
N Br NaOH, reflux
| | 40 h, 56 %
CMe,OH 18

Pd/C catalysis is useful for the Sonogashira coupling of
striazines 121'73 and in the pyran-2-one seriéswhere
chloride or bromide, respectively, served as leaving groups
(Tables 48 and 49).
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Table 48. Pd/C-Catalyzed Sonogashira Coupling of
Chlorotriazines 121 with Alkynes'™®

R Pd/C (4 mol%), RO

PPhs, Cul >/*
5 — =

N
2N = r \
—cl + R N,
=N DIPEA, CH;CN ):N
RO RO

121a, R = Me; 121b, R = 4-MeO-Ph 122

halide R T(°C) t(h) yield (%)

121a Ph 65 70 65

121a cyclohexyl 65 86 75

121a n-Bu 65 70 40

121a CMeEtOH 65 144 25

121a sBu 110 90 20

121a CMeOH 82 40 66

121a 1-OH-cyclohexyl 82 26 92

121a CH,CHMeOH 82 26 50

121b CMeOH 82 48 62

121b 1-OH-cyclohexyl 82 48 90
Table 49. Pd/C-Catalyzed Sonogashira Coupling of
4-Bromo-6-methylpyran-2-on with Alkynes!'7*

Pd/C (2 mol%)
= PPh, Cul J — =
oz:/>7m t= EtsN, CH,CN /
o] reflux, 3 h
123
yield yield

entry R (%) entry R (%)

1 n-Pr 72 9 4-AcNH-Ph 95

2 n-Bu 77 10 4-NQ-Ph 95

3 n-Pen 79 11 4-Ac-Ph 35

4 n-hexyl 81 12 CHOAc 0

5 T™MS 82 13 1-OH-cyclopentyl 61

6 Ph 74 14 1-OH-cyclohexyl 84

7 CH,OH 5 15 9-OH-9-fluorenyl 90

8 CH,OTHP 81 16 estradiol-Ioi-yl 85

tertiary amine as base was particularly useful for the facile
isolation of polar nucleoside coupling products obtained from
iodonucleosides with protected propargyl amines (Table
50)_175

A selective coupling with various alkynes was achieved
in the 4-position of 5-bromo-4-chloropyrimidin&25 (Scheme
35) 176 The remaining bromo substituent could be exchanged
by a second alkyne within a subsequent Sonogashira
coupling. Position 5 was attacked first by Sonogashira
reaction of corresponding 4-chloro-5-iodopyrimidiriés.

4.1.2. In Organic Solvent/Water Mixtures

Organic solvent/water mixtures provide a generally useful,
robust, and efficient medium for Pd/C-catalyzed Sonogashira
couplings. kCGOsis usually used in these cases. Thus DME
water was used to couple aryl iodides and bromides bearing
either electron-donating or electron-withdrawing substituents
(Table 51)t77.178

This methodology could also be applied to heteroaromatic
halides and triflaté€®17® providing excellent yields of
coupling productd 27 (Table 52).

It was further used as the key step to synthesize the
enantiomerically pureSj-5-ethynyl-3-(1-methyl-2-pyrrolidi-
nyl)-pyridine 130 (SIB-1508Y) as a novel enantiopure
nicotinic acetylcholine receptor agonist (Scheme!36}7°.180

The coupling ofN-propargyl amino acid431 with aryl
or heteroaryl bromides provides an easy access to unnatural
o-amino acidsl 32 which could be further hydrogenated to
133(Scheme 37)8 It should be mentioned that none of the
typical conditions of homogeneous sources of Pd(0) [Pd-
(PPh).Cl,, Pd(PPB)4, Pd(dba)] were successful to synthe-

A heterogeneous protocol for the ligand-free Sonogashirasize the pyridine cross-coupling produt32 (Ar = 3-py-
reaction that employed Pd/C as a catalyst and a resin-boundidyl).
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Table 50. Sonogashira Coupling of Deoxynucleoside Derivatives

Ar-1 Alkyne Products 124 t (h) Yield
)"
o 2 NHCOCF; 16 72
HN)‘]/ HN |
O)\N NH o)\N
HO HO.
o 07 > cF, o
OH OH
2 \ I 2 NHCOCF;, 10 7
HN)ﬁ/ HN |
OJ\N NH O)\N
HO. HO.
o 07 > CF, o
OH OH OH OH
2,1 2 NHCOCF; 16 69
HN)j/ HN |
O)\N NH OJ\N
HO. O)\CF HO.
o 3 o
" \He NHCOCF; 25 94
NZ | N7 |
OJ\N NH O)\N
HO HO.
o 07 > CF, o
OH OH
Q \ || e NHPhth 14 78
HN)T HN |
OJ\N NHPhth o)\N
HO HO.
o o
OH OH
NH2 \ I NH2 NPhth 18 73
N7 | NZ |
OJ\N NHPhth O)\N
HO HO
o o
OH OH

a Standard conditions: 10% Pd/C (5 mol %), alkyne (2 equiv), Cul
(20 mol %), Amberlite IRA-67 (5 equiv), DMF (0.1 M), 50C.
bIsolated yield.

Scheme 35. Pd/C-Catalyzed Sonogashira Coupling of
4-Chloropyrimidines

z z

N . Pd/C, PPhs, Cul N

N Y—oqg + =R——— N Y=-=
_ NEt;, DMF —

Me  Br Me Br
125 (Z = NHy, SEt, R = Ph, C(Me),0H, (CH,),0H, CH(Et)OH)

Table 51. Pd/C-Catalyzed Sonogashira Coupling of Aryl Halides
with Substituted Alkynes

Pd/C (2 - 3 mol%), R’

X ||| ESSSSBIMEIHZO N 7
R- 80°C,16h Z 126

X R R yield (%)
Br 3-CHO CMeOH 98
Br 4-NO, CMeOH 92
| 3-NH, CMe,OH 78
Br 2-CN CMeOH 89
Br 2-CN CH:NMe, 92
| 4-OH 1-cyclohexenyl 50
| 4-COH 1-cyclohexenyl 80

Recently, we applied the methodology of Pd/C-catalyzed

Yin and Liebscher

Table 52. Sonogashira Coupling of Heteroaromatic Halides with
Substituted Alkynes

Pd/C (5 - 10 mol%),

PPhg, Cul

K,CO3, DME/H,0

HetX + =R Het——=
80°C,16h 127
Het-X R Yield (%)
~F CH,OH 90
»
N
‘ Ny OTf CMe,OH 95
@]
N BT CH;NMe;, 50
q
N
S ! CH(OH)Ph 95
||
CH.CH,OH 85

=——CMe,OH

NN Pd/C, PPhs, Cul
| J H '\ KCO; DME-H,0

N 80 °C, 16 h, 92%

N
NaH, toluene
111°C, 97%

S
N Ay
| JHA
N
130
(S)- SIB-1508Y

Scheme 37. Pd/C-Catalyzed Synthesis of Compounds 133

Me 10% Pd/C (3 mol%), Me
N/'\“/OH PPhg, Cul Boc-, /‘\[(OH
N
3+ A —————
K,CO3, DME-H,0 o
X

X
131 132 Ar

80 °C, 12-96%

Ar = phenyl, substituted phenyl,

pyridyl, thienyl, pyrimidy! ‘ H,, Pd/IC

w-functionalized alkynylpyrazolo[1,8}pyrimidines135 start-

ing from 3-iodopyrazolo[1,&]pyrimidines134as potential
calcineurin inhibitors (Table 53§ It turned out that Pd/C
was advantageous over other commonly used homogeneous
Pd(ll) or Pd(0) catalysts [Pd(PBECl,, Pd(PPh),, and Pd-
(OAc),] in a number of cases.

In the case of application of 4-tosyloxybutyne (entry 11),
the coupling product was obtained in only 18% yield together
with its elimination product 3-(3-buten-1-ynyl)pyrazolo[1,5-
a]pyrimidine 136in 36% yield (Scheme 3852

As an efficient way to introduce a dimethylaminopropyl
chain into a pyrazole ring, Pd/C-catalyzed Sonogashira
coupling of 3-iodopyrazol&37with N,N-dimethylpropargyl-
amine was used, followed by catalytic hydrogenatfSid/C
was applied in both steps. Remarkably, catalysis with Pd-
(PPR).Cl, and Cul completely failed, while Pd/C, PRand
Cul provided quantitative Sonogashira coupling (Scheme 39).

Similar phenomena were observed by Fairlamb et al. in

Sonogashira coupling in aqueous media for the synthesis ofSonogashira reactions of 4-bromo-6-methyl-2-pyr&fie.
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Table 53. Pd/C-Catalyzed Sonogashira Coupling of Table 54. Pd/C-Catalyzed Sonogashira Coupling of Aryl Halides
3-Iodopyrazolo[l,Ea]pyrimidines with Alkynes in DMA —Water/Diisopropylamine
PdIC (5 mol%),
10% Pd/C (4 mol%) PPhs, Cul
r)\g\ . Cul, PPhy )\<\ Ax + =—r STENHOWARO o —
- DME-H,0 reflux, 24 h 140
134 KaE0s, 807G, 24h Ar X alkyne (R) yield (%)
2-pyridyl Br CH,CH,OH 58
entry R R? R® yield (%) 2-8§rid§l Br n-gzu ’ 62
1 Ph Me Ph CkNMe; 70 2-pyridyl Br CMeOH 65
2 H Ph Ph CHNMe; 91 3-pyridyl Br CH,CH,OH 77
3 Me Ph Ph CENMe; 76 3-pyridyl Br n-Bu 81
4 p-CI-Ph  Me Ph CHNMe; 69 3-pyridyl Br CMeOH 69
5 Ph Me p-Cl-Ph CHNMe, 54 3-tolyl Br CH,CH,OH 44
6 H Ph Ph CHOH 78 3-tolyl Br n-Bu 26
7 Ph Me Ph CHOH 72 3-tolyl Br CMe,OH 48
8 Ph Me Ph CHCH,OH 71 4-tolyl Br CH,CH,OH 46
9 H Ph Ph CHCH,OH 75 4-tolyl Br n-Bu 31
10 Me Ph Ph ChCH,OH 70 4-tolyl Br CMeOH 51
11 Ph Me Ph CHCH,OTs 18 2-pyridyl Cl n-Bu 54
. . 2-pyridyl Cl CMeOH 51
2|solated yield.” Enyne 136 (36%) was isolated. 4-CN-Ph cl n-Bu 0
Scheme 38. Pd/C-Catalyzed Coupling of 134a with Table 55. Pd/C-Catalyzed Sonogashira Reactions in Water and
4-Tosyloxybutyne 2-Aminoethanol
Ph X Pd/C (4 mol%),
BN PPhg, Cul
/f\ 10% Pd/C 4 mol% N R F P=R 2-aminoethanol @ =
L H,0, 80 °C 141
cho3
oTs DMEH0 R! X R? t(h) yield? (%)
1342 80°C, 24 h
H I CMe,OH 9 78
135k (18%) 136 (36%) 2-CH,COJEt [ Ph 15 93
. . 4-SMe Br CMeOH 8 77
Scheme 39. Pd/C-Catalyzed Sonogashira Coupling of 4-Me Br CMeOH 9 84
3-lodopyrazole 137 4-Me Br CHEtOH 6 77
PACL(PPhy),, Cul Mo 4-CHO Br CHMeOH 10 85
| = TEA,RT, 24h V4 2 4-CHO Br CHPhOH 9 59
NMe, 0% 7 4-Ac Br CMeOH 9 69
MYy ] — N, e 4-Ac Br  CHCH,OH 55 85
Eh 97% i 138 4-Ac Br Ph 5 72
Pd/C (2 mol%), Br CMe,OH 15 8@
137 PPhg, Cul 76 % | P9/C. Hz
K,CO3, DME-H,0 EtOH MeO'

80°C, 24 h Br CHEtOH 15 82
N

) . . . . .
Ph 139 a|solated yield; all reactions were carried out in water and 2-ami-

noethanol (3 equiv)? Acetonitrile—H,O (1/1) was used as solvent.

Coupling of haloarenes with 3-butyn-1-ol in the presence of

Pd/C, PPk and Cul provided the expected Sonogashira was successful in the absence of phosphine ligands or even

coupling product, while homogeneous catalysis by PdCl in the absence of both phosphine ligands and Cul.

(PPh)./NEt; gave 1-aryl-4-hydroxy-1-butanones and deriva-  In the synthesis of«)-tashiromine, Bates and co-workers

tives, obviously by additional hydratidf® reported a Pd/C-catalyzed Sonogashira coupling without
As an alternative to CGO;, diisopropylamine can be used phosphine ligand®” Methyl 2-chloronicotinate was coupled

as base in Sonogashira coupling in DMvater as reported  with 2-prop-2-ynyloxytetrahydropyran to give the pyridyl

by Kotschy and co-workers (Table 5&)put the yields were  alkyne 142 in 83% yield (Scheme 40).

not very high. The Pd/C catalyst could be recovered and

reused. After the reaction, just minor amounts of palladium Scheme 40. Pd/C-Catalyzed Sonogashira Coupling of Methyl

had leached from the support. 2-Chloronicotinate

As a further solvent system, water and 2-aminoethanol = coMe
proved to be usefuf® A variety of terminal alkynes were @COZM‘* (\/K
coupled with aryl iodides and bromides possessing functional N 10 % PAIC (10 i), ij
groups to give the coupling productdlin good to excellent Cul, EtN

reflux, ovemight, 83 %

yields (Table 55).

. . Kéhler and co-workers reported the Pd/C-catalyzed So-
éguﬁli%)pper-Free and Ligand-Free Sonogashira nogashira coupling of iodobenzene with phenylacetylene
without the addition of Cul or PRI{Table 56)2* Good yields
In most cases of Pd/C-catalyzed Sonogashira coupling, Culwere achieved. Conversions up to 74% were found after 30
and phosphine ligands (Phvere applied. But there were  min using Pd concentrations of only 0.125 mol % (Table
cases reported where a Pd/C-catalyzed Sonogashira reactiof6, entry 6; TON= 592, TOF= 1184). The addition of
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Table 56. Pd/C-Catalyzed Sonogashira Coupling of lodobenzene bearing electron-withdrawing substituents (N@.c) gave

with Phenylacetylene almost quantitative yields (entries 5, 6, 9, 10, 13, 14), while
@| . = @ PdiC, base @ — @ somewhat lower yields were obtained in the other cases.
saivent, 100 °C The potential advantages of the Pd/C catalyst system, that
b is, the ease of separation and facile recycling of the metal
catalyst conv yield? and the low level of metal contamination in the product,
entry (mol%)  solvent base t(h) (%) %) suggest that a copper-, ligand-, and amine-free Sonogashira
1 0.50 piperidine  piperidine 6 7 61 coupling protocol based on the use of a Pd/C catalyst system
2 050  pyrrolidine pyrrolidine 6 88 80 would be of major interest for both industrial and academic
3 0.125 DMA pyrroll_dl_ne 6 100 77 applications.
4 0125 NMP pyrrolidine 6 9 80 PP
5 0.125 DMA pyrrolidine 1 79 54 .
6 0.125 DMA pyrrolidine 05 74 53 4.2. Pd on Metal Oxides
& Determined by NMR. A magnetic maghemitey{Fe0Os)—silica nanopatrticle-

supported Penitrogen—heterocyclic carbene complex

Cul was tested as well. However, this did not result in higher (F&X0s—Si—Pd catalyst, see also Figure 1) was applied in

reactivities or selectivities. Larger amounts of copper even Sonogashira reactions of aryl iodides or bromides with

decreased activity and selectivity. phenylacetylene providing high yields of coupling products
A convenient method for Cul-free Pd/C-catalyzed Sono- 146 (Table 58)}1°

gashira coupling of aryl chlorides and bromides is based on

anin situ halogen exchange by a iodide source such as anTable 58. Maghemite-Silica-Nanoparticle-Supported

alkali iodide, termed as HALEX-Sonogashira reaction by Pd-Catalyzed Sonogashira Reactions

Rothenberg et &8 Pd/C worked best as compared with Pd R X .y FE20s SRS mol%), Cul O —
on other solid supports (D3, BaSQ) or homogeneous Pd- & DMF, aq. Na,CO; R T
(0).The Pd/C catalyst could be reused at least five times s0°C.12h 146
without significant decrease of yields (Scheme 41). R X GC yield (%) isolated yield (%)
Scheme 41. Pd/C-Catalyzed Cul-Free Sonogashira Coupling 2-Me I 5ol 89
. f . 2-Me Br 94 91

of Aryl Chlorides and Bromides in the Presence of KI 3-OMe | 96 88
(HALEX-Sonogashira Reaction) 3-OMe Br 95 93

/©/x+ PAIC (3 mot%) A O o 4-Ac | 96 91

R //© DMF or DMF fwater - O aThe first round yield; the second to fifth round yields were 91%,
Z2 5559 yield - 90%, 91%, and 89%, respectively.

X=Br, Cl,R =H, Me, CF3 CHO, Ac, CN
base = KF, TBAF, KOH...

4.3. Pd on Microporous and Mesoporous

Further facilitation of Pd/C-catalyzed Sonogashira coupling Supports
is possible by circumventing ligands, Cul, and amine and  |n 2004, Djakovitch and Rollet reported effective hetero-
by working under a noninert atmosphere. Under these geneous Sonogashira reactions using palladium zeolites [Pd-
conditions, a range of aromatic iodides could be coupled with (NH;)4]2*/NH,Y under copper-free and ligand-free conditions
aliphatic and aromatic alkynes using commercially available (Table 59)1%0191 Omission of copper is advantageous to
1% Pd/C (0.2 mol %) as catalystPrOH-H,O (1:1), and  suppress Glaser-type coupling of the alkynes as side reaction.
NagPOy12H,0 as base at 88C (Table 57):%° Aryl iodides  Later on, microporous [Pd(Ng#]2*/NaY (prepared by

Table 57. Amine- and Copper-Free Sonogashira Coupling of impregnation and calcination of zeolite) and mesoporous [Pd]-

Aryl lodides with Terminal Alkynes Catalyzed by Pd/C SBA-15 (prepared by grafting a_phosphing ligand to Silica)
19 PAIC(0.2 mol %) were prepared and used as highly reactive and selective
R‘@" YR ponizo (2equ) R—Q%R' catalysts in copper-free Sonogashira c_o_uplings (Tablé85_9).
i-PrOH, H,0, 80 °C 145 Both catalysts showed excellent stability toward leaching.
entry R R t(h)  product vield (%) The latter was found to be more reactive. It could also be
1 NG, CHhCHOH > 145 5 applied in transforming large substrates (2-bromonaphtha-
Ac CHECHEOH 5 1453 80 lene, 10-bromoanthracene) because of its larger pore size.
3 OMe  CHCH,OH 5 145¢ 37 Remarkably, these catalysts were more reactive than Pd/C
4 H CH,CH,OH 5 145d 45 but less reactive than homogeneous Pd catalysis (Table 59,
5 NO,  Ph 3 145e 98 footnote c). Recycling and reuse of the catalyst was possible
6 Ac P?} 2 145t 98 but with a considerable loss of activity in the first reuse.
; SMe Eh g ﬂgﬁ 2(7) Since no change in the structure of the support could be
9 NO,  2-CF:Ph 5 145 96 detected, the loss of reactivity is probably attributed to
10 Ac 2-CR-Ph 2 145i 94 changes of the complexed phosphine ligand. Aryl iodides
11 OMe  2-Ck-Ph 5 145k 88 and activated aryl bromides gave almost quantitative yields
12 H 2-CR-Ph 5 145 96 (Table 59). The catalyst was stable and recyclable. Amor-
ii ECOZ 1‘_“&2%‘_';? g iig? gi phous silica could also serve as solid support but was less
15 OMe 4-MeO-Ph 6 1450 60 much less effectivé’ _ o
16 H 4-MeO-Ph 6  145p 72 Pd on porous glass tubing provided high yields in Cu-

free Sonogashira reactions of iodo- and bromoarenes or

* Isolated yields. 2-bromopyridine with alkyne$!
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Table 59. [Pd(NH)4]>"/NH,Y-Catalyzed Copper-Free
Sonogashira Reactions

[PA(NH3)4] 2/ NH,Y (1 mol%)
or [Pd(NH2),] 2*/ NaY (1 mol%) R

||| or [Pd]SBA-15 (1 mol%) 4
ArTX Et;N, DMF/H,0 (4:1) A
80°C 147
[Pd(NHg)4]2+/ [PA(NHs)4%t/
NH4Y Nay [Pd]SBA-15
Arx R yield® (%)  yield® (%) yield® (%)
Ph-I Ph 100
4-MePh-| Ph 100 (82)
4-AcPh-I Ph 100 (85)
2-NOPh-I Ph 100 (89)
2-MePh-I Ph 82 (67)
Ph-I C=C- 80 (57)
CHO
TMS

Ph-Br Ph 45 73
4-MePh-Br Ph 30
4-AcPh-Br Ph 100
2-Naphthyl-Br ~ Ph 0 100 (99)
10-Anthryl-Br ~ Ph 0 100 (76)
2H-pyran-2-one-Ph 100 (95) 100

4-yl-tosylate

aGC vyields; isolated yields in parenthese€onversion; isolated
yields in parenthese8Yield 85% (GC) with [Pd(PP$),]Cl, 73% (GC)
with [Pd]SBA-15, 20% (GC) with [Pd(Il)]/NaY, and 3% (GC) with
Pd(0)/C.

4.4. Pd on Modified Silica

The catalyst obtained by encapsulation of palladium
nanoparticles in a silica matrix (SY¥JEG/Pd) showed high
catalytic activity in the Sonogashira coupling of methyl
4-iodobenzoate with phenylacetylene (Scheme'®Fhos-

phines as ligands were not necessary. Another type of Pd
catalyst on silica was obtained when 3-aminopropyl-modified

silica gel was functionalized with phosphine ligands and
transformed into a stable immobilized palladium complex

(Scheme 36). This catalyst was successfully applied in a
series of fast, copper-free Sonogashira coupling reactions

(Scheme 4332

Scheme 42. SIQTEG/Pd-Catalyzed Sonogashira Reaction

Meozc—Q%Ph

148

Ph SiO,/TEG/Pd

(0.75mol %)

Cul, Et;N/DMF
110°C, 20 h, 87 %

.
CO,Me

Scheme 43. Modified Silica Supported Palladium Catalyzed
Copper-Free Sonogashira Coupling

§0)—(CHINH,—> *(CHZ)S

Pd-catalyst
O

Ph,
/PPh

- ._(CHz)sN/_P

th

Pd-catalyst
piperidine, 70 °C

=
10 min, 85-92 %

R=H, Me, OMe, Et; R' =Ph, Bu, PhMe

PdCl,

(1 mol%)

4.5. Pd on Clay and Other Inorganic Materials

Layered double hydroxide supported palladium nanopar-

ticles (LDH—Pd(0)) allowed Sonogashira coupling of chlo-
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cycles and showed consistent activity in the coupling of
phenylacetylene and chlorobenzene. Nonaqueous ionic lig-
uids (NAIL) could also be used for this catalytic system
(Table 60, entry 1).

Table 60. LDH—Pd(0)-Catalyzed Sonogashira Reaction of
Chloroarenes with Phenylacetylene
LDH-Pd® (1 mol%)
NEts, 80 °C

THF Avater

or NAIL conditions

Ar-Cl + =—Ph Ar—==—ph

150

Chloroarene Product 150 Yield (%)

Cl Meo—@——— Ph

aUnder NAIL conditions.

Entry t (h)

30

1 95

Y

27 95°

48 60

MeO

3 40 82

ON

9

5. Stille, Fukuyama, and Negishi Reactions

5.1. Stille Reactions

5.1.1. Pd on Carbon (Pd/C)

Liebeskind and co-worket¥**reported Pd/C-catalyzed
Stille cross-coupling reactions. The protocol was optimized
by the addition of Cul as cocatalyst and the ligand AsPh
[Pd/C (0.5 mol %), Cul (10 mol %), AsRI{20 mol %)] to
allow the reaction to occur at a reasonable rate with a variety
of substrates. Besides the advantage of using a stable form
of Pd(0), the yields of the products under these conditions
were better than those obtained using(Blda); as the source
of Pd(0) (Table 61). The use of vinyl halides and triflates as
well as aryl halides was well tolerated. However, aryl
fluorosulfonates and aryl triflates performed poorly under
these conditions (2030% conversion) due to competing
triflate hydrolysis.

As an alternative to halides or sulfonates, hypervalent
iodonium salts were used in Pd/C-catalyzed Stille couplings
as reported by Kang and co-workers. The reaction can
conveniently be carried out at room temperature in aqueous
acetonitrile (Table 62)%

5.1.2. Palladium on KF/Al,O3

Solventless Stille reactions on palladium-doped KEZAI
were investigated under microwave irradiation (Scheme
44)108
5.1.3. Pd on Modified Silica (SiO./TEG/Pd)

The catalyst SIGTEG/Pd consisting of palladium nano-
particles encapsulated in a silica matrix showed high catalytic
activity in the Stille coupling of aryl iodides with allyltribu-
tylstannane (Scheme 455,

5.2. Fukuyama Reactions

5.2.1. Pd on Carbon (Pd/C)
Coupling of organozinc reagents with thiol esters to

roarenes to be carried out under Cu-free conditions (THF/ ketones can be catalyzed by Pd/C. This methodology was

water, NE§) and provided high activity (Table 66)Even

applied to the aliphatic organozinc compoutib by Seki

electron-rich chloroarenes could be coupled in this way and co-workerS®representing the first example of coupling

(Table 60, entry 2). The catalyst (1 mol %) was used in five

of sp*-hybridized organometallics in the presence of hetero-
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Table 61. Pd/C-Catalyzed Stille Cross-Couplint®
Pd/C, Cul, AsPhs

R-X + R'SnBug W R-R'
151 152
R-X Product 152 t Yield

0 %)

o

»

z 3
~
=

[

=

s 85"
ON
U\ 7\ 16 77
S ! S
o) o
/O/l 16 82
MeO
/@/\/Ph
MeQ’
(100 % trans )
Ph g 86

é

(85 % trans )

@
o
o

(3:1 trans/cis)

Tf

&
2
/§
3
>
oo
(=]

(100 % trans )

[\ 24 67
0. (o]
,—§= o
CF3
/@/Ph 48 88
MeO
7\ 24 80°

%}

S
o
Wos
7

a|solated yield of pure produc'E.S mol % Pd was used.Reference
194, 95°C.

Table 62. Pd/C-Catalyzed Coupling of Organostannanes with
Hypervalent lodonium Salts
10% Pd/C (2 mol%)

R-SnBus + R I'BF4" R-R'
153 MeCN/H,0 (5:1) 154
RT
R-SnBu; lodonium Product t(h) Isolated
Salts 153 154 yields (%)
PhSnBu; PhoI'BF, Ph-Ph 2 95
A snBug PhoI'BF,” A ph 1.5 96
PhSnBu; P"\/\|4PhBFA» PO en 2 82
=—SnBu; Ph,I'BFy = pp 4 93
I e,

Q\sma Q\/\pn 2 54

geneous Pd/C (Scheme 46). It is worth mentioning that no

Yin and Liebscher

Scheme 44. Solventless Stille Reactions by Palladium-Doped

KF/Al ;03

Me4Sn MeO@
50 %

Pd on KF/A1,03 155

MWe-irradiation

60 W, 10 min Bu Sn

L=832
OMe

Scheme 45. SIQTEG/Pd-Catalyzed Stille Reaction

SiO/TEG/Pd
+ BusSna 0.75mol % @f
MeO,C
CsF, dioxane 02
CO,Me 120°C, 40 h, 68 %

Scheme 46. Pd/C-Catalyzed Fukuyama Reactions in Various

Solvents
CosEt Pd/C (1.5 mol%)
+ 1Zn-(CH)4COEt— "
MeO . Solvent, 20°C, 22h

159 (2 equiv)
158
[e] Solvent Yield (%)
CO,Et THF-toluene 68
THF-toluene-DMA 79
MeO 160 THF-toluene-NMP 85
THF-toluene-DMF 87

addition of a polar aprotic solvent such as DMA, NMP, or
DMF (4% v/v) improved the yield considerably, probably
because of deaggregation of the organozinc compound. These
optimized conditions were applied to the Fukuyama reaction
of a series of other thiol estefi$1 (Table 63).

Table 63. Pd/C-Catalyzed Fukuyama Coupling Reactions

cos SHco PAIC (1.5 mol%) /ﬁ\/\/\
RCOSEt + IZn(CHz)4COE
t + 20 (CHaCOE THE loluene o DMF (4% Y R COEt

161 159 (2equiv) 20°C, 22l

162
R yield (%)
CH3(CHy)s 91
3-thienyl 67
3-CI-Ph 90
EtO,C(CH)s 76
4-EtO,C-Ph 70
PhCO(CH). 74

The Pd/C-catalyzed Fukuyama reaction could also be
efficiently used in the synthesis of the dehydrobiotin deriva-
tive 164 (Scheme 47). Pd/C turned out to be advantageous
over homogeneous Pd catalysts.

Scheme 47. Synthesis of the Dehydrobiotin Derivative 164
o 1) 1Zn-(CH2)4CO,Et 159

(o}
PN Pd/C (1.5 mol%) e
BnN" NBn THF-toluene-DMF (4% V/IV) BN~ “NBn
(‘\A\ 20°C, 22h B
O  2) p-TsOH, toluene OW
S 20°C, 18 h s COEt
163

164 (94 %)

5.2.2. Pd(OH), on Carbon (Perlman’s Catalyst)

As also found in Sonogashira and Suzuki couplings, Pd-
(OH),/C catalyst (Pearlman’s catalyst) was found to be
superior to Pd/C in Fukuyama coupling of thiol esters with
the organozinc reagetb9(Table 64) affording much higher
yields197-1% The better performance of Pd(Of} was
explained by better leaching of Pd(0) formed by reduction
by the organozinc compound.

5.3. Pd/C-Catalyzed Negishi Reactions
Rossi and co-workers reported the Pd/C-catalyzed cross-

poisoning of the catalyst occurred by the released thiol. The coupling of aryl zinc chlorides withB-haloacrylates and
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Table 64. Fukuyama Coupling Reaction in the Presence of Scheme 48. Pd/C-Catalyzed ArytAryl Coupling in the
Pd(OH)./C Presence of a Surfactant and HCGNa
RCOSEt + 1Zn-(CHy)4-CO,Et %— RCO-(CH,)4-CO,Et Pd/C, surfactant
189 @equv) RT 165 arx  NeOH, HCONa, HpO_ arpc
0
yield® (%) x=cl B 20 C3365% 169
Pd catalyst
R (mol %) T(h) Pd(OHYC Pd/C losing its catalytic activity simply by filtration and washing
4-MeOPh(CH), 0.15 50 84 30 with methanol.
CHs;(CHy)s 0.6 24 93 52
(I:E)t/(cj)lz%](%(lilll) 8-96 1772 775 é‘71 Scheme 49. Pd/C-Catalyzed Homocoupling of
6 .
PhCO(CH)s 09 >3 70 50 Chlorobenzelne
Ph 0.9 71 72 39 5% Pd/C (0.53 mol%),
3-Cl-Ph 0.6 25 73 25 é _TBAB, NaOH, HCONa . ©
3-thienyl 0.9 68 61 19 H,0, MeOH, 55-75 °C

. 35 min 170 (71 %) 29%
a|solated yield.

Excellent yields of biarylsl69 were achieved in an oil-

cinnamatesl67.2°° AsPhy was superior to PRhas ligand  in-water microemulsiof%®2%These results demonstrate that
(Table 65), and th@-halide was attacked selectively. many industrially important substituted biaryls may be
Table 65. Pd/C-Catalyzed Negishi Reactions ?nrg(eji?;?]le trt]cé ssgl?/tehngtszlalsssg]m\l;gye Q%blglealg)s by simply
Ar-ZnCl +  Alkenyl-X —PdfC (5 mol%) Ar—Alkenyl g g :
166 167 AsPhz or PPhj 168

Table 66. Ullmann-Type Coupling of Haloarenes in
Entry  Aryl 167 t(h)/T(°C) 168 Yield* Microemulsion?

o) select. select.
1 h Br o a0 A Br G microemul_sion t conv (%) (%)
\:< \:< entry water/oil haloarene (h) (%) Ar—Ar Ar—H
COzEt CO-Et 1 o/w PhCI 35 100 92 8
2 Ph Br, Br 23/20 An, Br 89 2 o/w PhBr 3.5 100 94 6
—¢ — 3 ow Phl 35 100 98 2
CO,Et CO,Et 4 o/w 4-Me-Ph-ClI 6 83 89 11
) 5 o/w 4-CHO-Ph-CI 5 92 92 8
N 2320 AN % & oMW PhCl 22 92 53 47
Me-Ph Co,Et Co,Et 7 w/O PhCI 5.5 100 31 69
8 noné PhCI 4 100 54 46
4 4-MeO-Ph B CO.Et  31/20 Ar CO.Et 69
\=< \=< a2 Reaction conditions: haloaryl (0.013 mol); 5% Pd/C (1 g); TBAB
r r (1 g); sodium formate (1.5 g); NaOH (1.5 g); 76. > No TBAB was

used.c Water was used as solvent.

B B
5 4-MeO-Ph  BR CO,Et 7/20 N\ CO.Et 58
B B

r v Hydrogen was used as reducing reagent in Pd/C-catalyzed
Ulimann-type coupling of various chlorobenzenes and bro-
#Isolated yield. In entry 1, PRlwas used; in entries-25, AsPh mobenzene to biaryts69in the presence of aqueous sodium
was used. hydroxide and a small amount of PEG-400 (Table B7).
Arenesl71formed by simple reduction of the halobenzenes
6. Ullmann-Type Coupling Reactions were observed as byproducts to various extents. The Pd/C

catalyst could be recycled simply by filtration and washing
with water and methanol. After seven runs, the catalyst
retained>99% of its activity.

Zinc could also be used as reducing reagent in Pd/C-
atalyzed arytaryl coupling of haloarenes in aqueous
sodium hydroxide in the presence of PEG-4%0n aqueous
acetone without an additional base under mild convenient

_ : conditions (air, RTY? or in water in the presence of crown
6.1. Pd/C-Catalyzed Aryl —Aryl Coupling ethers?®® Although high yields were achieved, only iodo-
As found by Bamfield and co-workef in 1978, biaryls and bromoarenes could be used in the latter method (Table

169 can be obtained in modest yields from chloro- or 68)2°7
bromoarenes in the presence of Pd/C and a surfactant in In contrast, Pd/C-catalyzed zinc-mediated Ullmann-type
aqueous alkaline sodium formate as a reducing agentcoupling could be implemented with a variety of halides
(Scheme 48). including chlorobenzenes when the reaction was carried out

Kinetics and mechanism of the reaction was investigated under carbon dioxide (Table 6210
by Sasson et al. suggesting a single electron transfer (SET) Indium as reducing agent in Pd/C-catalyzed aiyl
process from Pd(0) to the chloroarene forming chloroarene coupling of aryl and pyridyl iodides provided high yields.
radical aniong% Working in a two-phase system under Short reaction times were sufficient with DMF as solvent
phase-transfer catalysis conditions helped to increase theand LiCl as additive (Table 733! Aldehyde, keto, and
yield (Scheme 495 The Pd/C catalyst was recycled without thioether groups were tolerated in the aryl iodide components.

The Ullmann-type reaction, that is, homocoupling of aryl
or vinyl halides is conventionally mediated by copper at high
temperatures. In recent years, Pd/C-catalyzed Ullmann-type
coupling in the presence of reducing reagents, such as sodiurq:
formate, hydrogen, zinc, indium, or triethylamine has at-
tracted increasing attention.
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Table 67. Pd/C-Catalyzed AryAryl Coupling in the Presence
of Hydrogen
Pd/C (0.5 mol%)
ArX  + H, PEG-400 (7 mol%) arar 4+ ArH

X=Cl,Br 4atm NaOH, HO 169 171

110 °C, 150 min
Entry Substrate Conv. 169 171
(%) Yield (%) *° Yield (%) *
1 @_Br 100 79 (73) 20
2 @—m 100 76 (71) 24
3 ‘@C' 100 56 (51) 43
4 QCI 73 33 40
5 100 77 (69) 22

ro-)-o

~)-e
MeO—@—CI

2Yields based on G Isolated yields in parenthesis.

39 36

7 82 36 46

Triethylamine was also used as reducing reagent in Pd/
C-catalyzed Ullmann-type coupling. Excellent yields were
achieved withN,N-bis(4-fluorophenethyl)-5-iodoisophthal-
amide (Scheme 5@G}? The methodology was applied to the
combinatorial synthesis of biaryl libraries.

6.2. Pd/C-Catalyzed Homocoupling of Vinyl
Halides

For Pd/C-catalyzed homocouplings of vinyl halides, in-
dium was used as reducing reag&hxcellent regioselec-
tivities and high yields of the bivinyl products78 were
obtained in DMF in the presence of LiCl (Table 71).
p-Bromo-a-bromostyrene selectively afforded 2,3slfro-
mophenyl)-1,3-butadiene in 88% yield (entry 9) implying
that a vinyl bromide moiety is more reactive than aryl
bromide in this coupling reactionEj-Bromostyrene pro-
duced E,B)-1,4-diphenyl-1,3-butadiene in 91% vyield ac-
cordingly (entry 11).

6.3. Pd/C-Catalyzed Intramolecular Coupling of
Aryl and Vinyl Halides

Indium is also useful as a reducing reagent in intra-
molecular Pd/C-catalyzed Ullmann-type coupling reactions
affording carbocycles and heterocycfésThe two reactive
moieties can be arylaryl, aryl-vinyl, and vinykvinyl
(Table 72).

7. Homocoupling of Arylboronic Acids, Pyridines,
and Alkynes

7.1. Pd/C-Catalyzed Homocoupling of Arylboronic
Acids (Suzuki-Type Homocoupling)

In 1996, a mechanistic study about Pd-catalyzed Suzuki-
type homocoupling of arylboronic acids revea&iédhat low
to moderate yields of symmetrical biaryls were formed from
arylboronic acids when Pd(PRhor Pd(OAc) was used as
catalyst. An efficient high yielding approach to the homo-

Yin and Liebscher

Table 68. Zn-Mediated Ullmann-Type Coupling of Aryl Halides
Catalyzed by Pd/C

PdIC (8 mol %)
Ar-X Ar-Ar
w2 e g
(X=I,Br)
Ar-X Product (169) Yield (%) *

- ”
e ”
e )
a ’
—- ”
Q' OMe 73

OMe

MeO

Q' MeQ 79

MeO

OMe

MeO—@—I MeOOMe 82
O O 70

| )
C|—®—| CICI 94
SosTEE v s S
64

-

w
2]

I
aDetermined by GC/MS analysis.

coupling of arylboronic acid was found later on by Koza
and Carita based on the addition of copper nitrate to enhance
the coupling raté!*

In 2005, Cravotto et al. reported a heterogeneous Pd/C-
catalyzed Suzuki-type homocoupling of arylboronic acid.
High-intensity ultrasound (US) or microwave (MW), alone
or combined, promoted this reacti#i¥:*'>These ligand-free
couplings were carried out in aqueous media and afforded
the corresponding biaryl$85in acceptable to good yields
(Table 73)t%

7.2. Pd/C-Catalyzed Homocoupling of Pyridines

4,4-Dialkyl-2,2-bipyridines 187 and 2,2:6',2"-terpy-
ridines 188 are widely used as chelating agents. Transition
metal complexes of these compounds are very important due
to their chemical reactivity and photochemical proper-
ties?16'217

There are several methods to prepare compotB@dsnd
188 among them, a one-step synthesis via Pd/C-catalyzed



Heterogeneous Pd Catalyzed C—C Coupling Reactions Chemical Reviews, 2007, Vol. 107, No. 1 163

Table 69. Pd/C-Catalyzed Ullmann-Type Coupling of Aryl Table 71. Synthesis of Butadienes by Pd/C-Catalyzed Coupling
Halides in the Presence of CG#° of Vinyl Halides
Pd/C, Zn Ry Pd/C (2.5 mol%) , 0.5 equiv In R R?
Arx C02(10MPa) ar ar Rz_//—Br 1.5 equiv LiCI, DMF Rf(g
Hz0, RT 169 77 100°C, 2 h 2
entry Ar-X #(h) yieldP (%) — T -
T Bhil 15 >7 entry R R yield? (%)
2d Ph-I 15 41 1 n-Hex H 92
3 Ph-I 8 > 99 2 Ph H 93
40 Ph-I 8 65 3 Ph H 89
5 4-Me-Ph-I 15 95 4 4-MeO-Ph H 87
6 2-Me-Ph-| 24 87 5 3-NH;-Ph H 79
7 4-MeO-Ph-I 15 97 6 3-HO-Ph H 72
8 4-CR-Ph-1 48 95 7 2-CI-Ph H 89
9 1-Naph-I 24 100 8 4-RC-Ph H 88
10 Ph-Br 15 91 9 4-Br-Ph H 88
11 4-MeO-Ph-Br 24 95 10 4-Py H 89
12 4-MeN-Ph-Br 48 85 11 H Ph 91
13 2,6-di-MeO-Ph-Br 72 78 ajsolated yield.
14 2-OH-1-Naph-Br 48 81
15 Ph-Cl 36 56
169 Ph-CI 36 96 Table 72. Intramolecular Vinyl and Aryl Coupling Reactions?
1 3,5-di-MeO-Ph-Cl 48 81 Halide Product ) Yield (%)°
18 1-Naph-Cl 36 95
1% 3-EtO,.C-Ph-Cl 96 93 LO.C Etozc><1 2 69
2 Br
aReaction conditions: ArX (2 mmol); 5% w/w Pd/C (300 mg); Zn Etozc><5' E10C
(170 mg); HO (5 mL); CQ (1.0 MPa).bIsolated yields®In the 180
absence of CQ 4 CO;, 1 atm, bubblingé CO,, 6.0 MPa.f 2-Naphthol 179

was obtained in 17% vyield.5% Pd/C (400 mg).

Br 2 91
| (g
Table 70. Ullmann-Type Coupling Reactions of Aryl Halides CE/O o
with Pd/C and In
\)

— 181 182
FG/ 1.5 equiv LiCl, DMF, 100°C | -0 2 | | 0. 3 77°
sageNate
biaryl
Y 183 184

=\ | PdIC (25 mol%), 0.5 equivIn

productl74 t(h) yield?® (%) ) )
1-Naoh 55 87 aReaction performed in the presence of 2.5 mol % of Pd/C, 50 mol
( 1-Nap %’h 22 e % In and 1.5 equiv of LiCl in DMF (0.5 M) at 106C. ® Isolated yield.
24:r|:/-leg-Ph)§ 22 o ©0.05 M LiCl in DMF was used.
(3-MeO-Ph) 25 86
(4-HO-Ph} 2.5 87 Table 73. Pd/C-Catalyzed Suzuki-Type Homocoupling of
(4-EtG,C-Ph) 2 88 Arylboronic Acids
(3-EtO,C-Ph) 25 86 Pd/C (5 mol%), base
(4-FsC-Ph) 2 92 ABOH) ———————  Arar
(2-F3C-Ph) 25 85 US or/and MW 185
Eigg‘ghz h) g c %Z; Ar s MW Combined US + MW
(4-Cl-Ph} 2 91 Yield (%)*  Yield (%) * Yield (%) *
(2-thienyly 15 92
(2-Py) 1.5 86 s 43 55 69
(3-Py) 3 89 C[ ]@
)
a|solated yield. '
80 88
Scheme 50. Pd/C-Catalyzed Homocoupling of Aryl lodide \(@
175 in the Presence of BN o
o ) Q 68 74 86
RHN PA/C (10 mol%), RN NHR ; O &
Et;N
DMF, 100 °C O O O
RHN 16 h, 93 % RHN NHR
) o 0
175 (R = 4-fluorophenethyl)
176 @-& 86 90

simplest and most efficient method. In the early 1960s, Pd/C 72 66
was extensively applied as a catalyst to synthesize bipyridine

by oxidative coupling of pyridine in the absence of base or
additives?!8-220|n 1971, a series of 2;ipyridines187and #Isolated yield.
2,2:6',2"'-terpyridinesl88were prepared by refluxing alkyl-
pyridines 186 in the presence of 5% Pd/C catalyst (Table In recent years, the Pd/C-catalyzed dehydrogenative
74)221 coupling of pyridines was widely applied to the synthesis

é 71 70
dehydrogenative homocoupling of pyridines. This is the o
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Table 74. Pd/C-Catalyzed Synthesis of
4,4-Dialkyl-2,2'-bipyridines 187 and
4,44"-Trialkyl-2,2 ":6',2"-terpyridines 188

R

B Pd/C I'N_N ,
N/ reflux, 3 days =N N=
186 187
bipyridine 187 terpyridine188
pyridine (R) yield® (%) yield® (%)
Me 10-15 (15-25) 1-2 (1.5-3)
Et 17-25 (20-25) 3-5(2-3)
i-Pr 40-50 (20-30) 12-15 (5-8)
n-Pen 13-20 (15-20) 3-5(2-3)

aReaction conditions: 5% Pd/C (1 g); 4-alkylpyridine (25 mL).

Yin and Liebscher
8. Other Coupling Reactions

8.1. Cyanation of Aryl Bromides

The utilization of homogeneous Pd catalysts in the
cyanation of aryl halides has aroused considerable attention
in recent yeard* In order to make this reaction more
attractive to industrial application, heterogeneous Pd/C-
catalyzed cyanation was approached. Hatsuda et al. reported
a practical high-yielding synthesis of aryl nitril&82 by Pd/
C-catalyzed cyanation of aryl bromide with Zn(GNp the
presence of PRhand ZnBg.?*”?*8 Functional groups such
as acetyl, hydroxy, amino, and sulfide were all compatible
with the reaction conditions (Table 75).

b|solated yields achieved by undegassed catalyst; in parenthesis yieldsTable 75. Pd/C-Catalyzed Cyanation of Aryl Bromides

with degassed catalyst

of 4,4-dimethyl-2,2-bipyridines???-224 4,4 -di-(3-pentyl-2,2-
bipyridines)??® 4,4 -di-(5-nonyl-2,2-bipyridines)??¢ 4,4 ,5,5-
tetramethyl-2,2bipyridines??” and diethyl 2,2bipyridine-
5,5-dicarboxylaté? When 4-ethylpyridine was refluxed with
10% Pd/C for 9 days, 4,4'"'-triethyl-2,2:6',2"'-terpyridine
(EtstPy) was isolated in 20% yiel&#?® These bipyridines and
terpyridines were further used in preparation of transition
metal complexes and other functionalized compounds.

7.3. Pd/C-Catalyzed Homocoupling of Alkynes
(Glaser-Type Coupling)

The oxidative coupling of terminal acetylenes has been
extensively investigated and review®#.2%2 The Glaser
coupling reaction, i.e., the copper-mediated oxidative
homocoupling®32%¢ is the classic method. This method is
still widely used in modern organic synthesi$.23°

However, there are some reports about the Pd-catalyzed

homocoupling of alkynes (Glaser-type coupling) under
homogeneous catalytic conditions using?* chloro-
acetoné&*1242or ethyl bromoacetaté® as oxidant. Fairlamb
reported the homocoupling of alkynes catalyzed by Pd-
(PPh).Cl,/Cul without the addition of an oxidaAt* Het-

erogeneous Pd/C-catalyzed homocoupling of (3-aminophenyl)-

Pd/C, Zn dust, Br,
- 2
PPhs, DMA

Ar-CN
192

Ar-Br + Zn(CN),

Ar-Br

-
-

Temp. (°C)  t(h) Yield® (%)

3

80 97

80 82

115

Br
Br 89

Ac
Me
115 93

115 92

65°

125 60°

80 75

115 89

aDetermined by HPLC; Pd/C (4 mol %), PR0.16 equiv), Zn dust

ethyne was first reported by us (Scheme 51). We attempted(0.4 equiv), Bg (0.2 equiv), and Zn(CN)(0.6 equiv) were used.Pd/

the Sonogashira coupling of 3-iodo-5,7-diphenylpyrazolo-
[1,5-a]pyrimidine 190with (3-aminophenyl)ethyn&89under
Pd/C-Cul—PPHh catalysis. No Sonogashira coupling product
was found, but the homocoupling prodd@1 was isolated

in guantitative yield®224*Running the reaction without90
gave the product91 only in 74% yield?*®

Scheme 51. Pd/C-Catalyzed Homocoupling of
(3-Aminophenyl)ethyne 189

190

Pd/C (2 mol%),
Cul, PPhy 2!

K,CO3, DME-H,0 Q

80°C, 24 h, 100%

HoN

=

189

NH,

191

Strauss et al. demonstrated that Pd on porous glass in the

presence of air can be used for a Glaser-type coupling of
phenylethyne?

C (8 mol %), PPh(0.32 equiv), Zn dust (1.2 equiv), B(0.4 equiv),
and Zn(CN3} (0.5 equiv) were used.

8.2. Carbonylations

Carbon monoxide is another option to introduce a C-1 unit
into a substrate by solid-supported Pd-catalysis. Pd/C was
used in the presence of P#PrsOH/LICI to synthesize
2-arylpropionic acids196 by carbonylation of 1-aryl-1-
chloroethane493 (Scheme 525%° The catalyst system was
also applicable to the carbonylation of various 1-arylethanols
194 and their corresponding olefink95 (Scheme 52), as

Scheme 52. Pd/C-Catalyzed Synthesis of 2-Arylpropionic
Acids 196

Pd/C, PPhg

TsOHI/LICI 196
R/I\COZH
CO (5.4 Mpa)
H,0, 115°C  aR=4-(-Bu)Ph
bR=Ph

¢ R = 68-MeO-naphth-2-yl




Heterogeneous Pd Catalyzed C—C Coupling Reactions

demonstrated in Table 76. In all cases, high conversions,

selectivities, and TOF were achieved.

Table 76. Synthesis of 2-Arylpropionic Acids 196 by Pd/
C-Catalyzed Carbonylations

substrate  t(h) conv (%) select. (%) TOF (R)
193a 4.2 96 99.2 3375
194a 4 92 99.1 3400
195a 4 90 99.3 3300
193b 13 90 98 1010
194b 4.6 92 98 2900
193c 24 90 99 552

Esters 197 were obtained, when the Pd/C-catalyzed
carbonylatiof? was carried out in the presence of alcohols
(Scheme 53).

Scheme 53. Pd/C-Catalyzed Alkoxycarbonylation

N B ~COR
R + CO + HOR' R_IO/
= ! P>

197
R, R' = various substituents, yields > 90 %

Pd/C, Na,COs3
150 °C, 1-3 bar

As an alternative, esters and also anilides could be
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Table 77. Pd/Zeolite-Catalyzeda-Arylations of Diethyl

Malonate?
< > COEt Pd-catalyst < > <COZEt
R Br + R
<COzEt t-BuONa, THF CO,Et
200 201
GLC isolated
entry catalyst R yield (%) yield (%)
1 Pd(0)-NaY Me 31 (33Y 21
2 Pd(ll)-NaY Me 41 (38% 32
3 Pd(OAc)—NaY Me 41 (39 29
4 Pd(NH),—NaY Me 51 (49) 38
5 Pd(NH;)s—NaY OMe 57 45
6 Pd(NH),—NaY H 47 41
7 Pd(NH:)s—NaY F 64 50
8 Pd(NH),—NaY Ac 70 60
9 Pd(NH;),—NaY NGO, 98 84

aReaction conditions: 15 mmol of aryl bromide, 10 mmol of diethyl
malonate, 20 mmol of base, 2 mol % Pd-catalyst, 6 mL solvent, 110
°C, 20 h.PYield of second run in parentheses.

lyzes arylation reactions of aryl iodides and bromides,
providing excellent arylation-to-hydrodehalogenation ratios
(>30:1) with a broad scope for both intra- (Table 78) and
intermolecular arylation processes (Table 9P The

synthesized by Pd-catalyzed carbonylation of aryl iodides Studies indicated that an active homogeneous palladium
or activated aryl bromides in the presence of butanol or SPECieS is produced under the reaction conditions.

aniline_, respectively, using a silica-supported bidentate a_rSineTable 78. Scope of Intramolecular Direct Arylation Reactions
palladium complex “Si*=2As—Pd(Il) under atmospheric Substratc 202 Product 203 Veld®

conditions (Scheme 54)° The catalyst showed high activity : 53
Sy
MeO [e)

and could be recovered and reused.

Scheme 54. Carbonylations by Silica-Supported Bidentate
Arsine Palladium Complex
Br

Me!
NC.
| TL
—o—(slPi—(CHz)so-CHzcl: H—T Hap 0/\©

7

92

%

o
=
@

AsPhy AsPh. "Si"-2As-Pd(ll) 69°
N2

Pd
CI/ \CI
"Si"-2As-Pd(ll) (0.2 mol%)

BugN, 100-130 °C
8-20h

ROCO-NHPh

198 68-89%

R@—x + CO + PhNH,

"Si-2As-Pd(ll) (0.2 mol%) T

R—©—X+ CO + BUOH ————————— R—@—CO Bu ‘
BusN, 100 °C z CcoBu

20-30h

X =1,Br; R=H, Me, OMe, Cl, NO,, Ac

98

% &
O 0

199 61-88%
86

O
o

8.3. a-Arylations of Diethyl Malonate

The homogeneous palladium-catalyzed arylation of car-
bonyl compounds using aryl halides has become a useful
and general synthetic methé&d: 254 The reaction could also
be catalyzed in heterogeneous fashion with diethyl malonate
as the carbonyl compourief For aryl bromides200, Pd-
exchanged NaY zeolites ([(Pd(0)], [(Pd(II)], and entrapped
[(Pd(NH)4]) exhibited good activity at low Pd concentrations
(2 mol %) (Table 77). The catalysts could easily be separated
and reused without a real loss in activity (entries4).

o
=
o)
=

80

£,
0

=
®

92

0.0

8.4. Arylations of Aromatic Compounds |

Pd-catalyzed arylation reactions of arenes by haloarenes

to biaryl products were successfully applied in intermolecular |
fashion to a variety of heterocyclic areA®s?%8 and arenes

84

d o
AR

84

\ 9
¢
W

possessing a directing groéfd. 26! In an intramolecular
fashion, five- and six-membered rings were form&d?6>

In these couplings, hydrogen halide is eliminated. Palladium
hydroxide on carbon (Pearlman’s catalyst) effectively cata-

aConditions: substrate, KOAc (2 equiv), and Pd(@8)(10 mol
%) added to a screw cap vial followed by DMA (0.2 M) and heating
to 140°C for 12—24 h." Isolated yield.c 20% of hydrodebrominated
product was also obtained.
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Table 79. Intermolecular Arylations® under microwave irradiation (Scheme 38).The catalyst
Hetarene Aryl halide Product Yield’ system was prepared by grinding PRiba}] together with
(204) (205) KF—AI,Os. Several acidic carbonyl compounds were used
/NYn ©,Br N_{ 75 as nucl_eophile. Monoallylation produ_chS ano! 216 or
Q,NJ ]\Q diallylation product217 could be achieved. Mixtures of
e regioisomeric productd18and219were observed with the

7 substituted allyl acetat206.
4
<N—<Nj\©\ Scheme 56. Pd/KFAIl,Os-Catalyzed Allylations under MW
F

Irradiation

N =N,
“r
&/N\/) ’@

HBr
o)
N =N 81 P
g ‘] [Pd,(dba) J/KF-Al,0q
NS OAc _ .
&/Ha\r) * < /N O N :?7 30 W, 10 min, 93 % N
O 213 ) 214 o 215
8 <COZEt [Pd,(dba) sJ/KF-Al,04 EﬁOzC>_/=
s OAc + —_—
(j < 71/ j /\/ ot BOW.5min 98 % eol 216
N

200

OMe 73 [Pd (dba)s)/KF-Al,05 P P
(s/ /\/OAC >< 0w, s0min98% ><2 ~
N

\
N /
O 217
0. 75¢
OHC
U oHe—O [Pd(dba)s)KF-Al,05
\_/ Pho A~ -OAC  COEt
+ 60 W, 5 min
f 36 206 CO,Et oh P
200
@%Ph / Ph Pha_Z~\_-CH(COZE); + SHEoE
2 2
4-NO,Ph 218 (35%) 219 (30%)

. ] Allylation of malonate could be achieved in highly
a Conditions: substrate, KOAc (2 equiv), and Pd(@8)(10 mol enantioselective fashion and high yield when jPaEHs)-

%) added to a screw cap vial followed by DMA (0.2 M) and heating 2. .
to 140°C for 12-24 h." Isolated yield.° Isolated as a 12:1 mixture of Cl]> supported by reverse phase silica was modified by the

the 2,5/2,3 isomers.Mesoporous [Pd]/SBA-15 was used; NMP, chiral phosphine-oxazoline ligand L (Scheme 57
NaOAc, 140°C, 12 d?° . . .
Scheme 57. Enantioselective Allylation of Malonate

5 equivL
85 A”ylatlons PA(CaHs ClL reve:ehphasesilica removal of solvent PA/RP-SIO,IL
cyclohexane

Several solid supports can be used in Pd-catalyzed allylic 3h.6s°C ,
substitutions. Already in 1983, Bergbreiter and Chen reported Ac i CH(CO Me),
the first Pd/C-catalyzed allylic substitution of allyl acetate i/ﬁ* N oM T e are Ph P ph
by diethyl amine in the presence of triphenylphosplifie. R 240, o5% 221 95% ee
The catalyst used in the reaction was readily recyclable at
least 10 times.

Using triphenylphosphine as the ligand, Felpin and Landais L= 1 N,

2 “ipr

reported a practical Pd/C-mediated allylic substitution in
water (for some examples, see Scheme?55)llyl acetates Allviati i ;

_ ; ; ylations of the less acidic acetaldehyde or acetone with
206, 207, and208coupled with 2,2-dimethyl-[1,3]-dioxane-  gyviic chiorides could be implemented using a modified
4,6-dione209affording b|allyl_—subst|tuted prodycmOanq silica-supported palladium complex “StAs—Pd(0), where
211 Under the same condition8Q8 coupled with malonic an arsine acts as ligand. Since Sn@las used as an
acid diethyl ester200 to provide monoallyl-substituted  gqgitional reducing agent, homoallylic alcohols were ob-
product212 tained as products (Scheme 38) The catalyst could be

Scheme 55. Pd/C-Catalyzed Allylations of Malonates recovered and reused.

Scheme 58. Carbonyl Allylations under Reductive

Pd/C (1 mol%), PPh s wQin
h/\/\o Ac + i: >< s /\/7%; >< Conditions Catalyzed by “Si”—As—Pd(0)
KoCO3, HQO 70°C I
5h, 94% (o]
O—Sli—(CH2)3-AsthL Pd(0)

©\ 0, PdIC (5 mol%), Pth 3
OAc ’ o>< KoCO3 Hy0, 70 °C >< "Si"-As-Pd(0)
4 6h, 71 %
207 209

o] "Si"-As-Pd(0) (2 mol%) R'  OH
J /\/cu — AN
. R SnCl,, DMF, 25-40 °C, R
PA/C (5 mol%), PPhs Fh o 22 BN 780 9% 23
T R e
KoCOs, Hy0, 70 °C o R= Ph, 4-CIPh, 4-NO,Ph, 4-MeOPh, 3,4-CH,0,Ph, 2-HOPh, n-Pr, n-Hex
B o oM 0% EtO
nz 8.6. Intermolecular Heck-Type Coupling

Palladium on or in KF-Al,0O3 was used as an effective Lautens and co-workers reported a Pd/C-catalyzed ligand-
catalyst in ligandless and solvent-free allylic substitutions free intermolecular Heck-type coupling of aryl iodides with
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allyl acetates. Unlike in a genuine Heck reaction where
hydride is eliminated after the oxidative addition, acetate
serves as leaving group in this case (Table?80%ubstrates
bearing electron-donating groups required longer reaction
times (entry 5). However, substrates with strongly electron-
withdrawing substituents led to rapid isomerization of the
alkenes to the thermodynamically more stable styryl system
(entries 6 and 8). Both chloro and bromo substituents (entries
2 and 3) were tolerated under the reaction conditidhs.

Table 80. Heck-Type Coupling of Allyl Acetate with Various
Aryl lodides
10% Pd/C (1 mol%)

BugNCI, n-BuMe,N
DMF, H,0, 180 °C
sealed tube

Al + \/\OAC
213

ArM or A"
224

Entry  Aryl iodide Product 224 t(h) Yield (%)°

1 x 3 80

a

79

Br

54

Q

I

AV e Y

71

NTsMe

58

_Q__

OM

®

67

O_

NO.

N

z
o
~N

58°

O_
)

COaE CO,Et

85

CO,Et

~

CO,Et

2|solated yields? 5% Pd/C was used; 18% of internal olefin was
observed.

A possible mechanism (Scheme 59) for this reaction
involves initial oxidative addition to Pd(0) followed by
carbopalladation of the olefin. Subsequgracetoxy elimi-
nation gives the final allyl product. Reduction of the resulting
Pd(ll) to Pd(0) is most likely achieved by coordination of
an amine base followed B§rhydride transfer and reductive
elimination of hydrogen iodide.

9. Pd on Solid Support in Tandem Reactions
Solid-supported Pd-catalyzed coupling reactions byOS
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Scheme 59. Proposed Mechanism for the Heck-Type
Coupling
Pd---

P R“ﬁ

Pdl(OAc) :

be followed by further addition reactions. In this way,
heterocycles can be formed under cyclization.

OAc

I~

9.1. Sonogashira Coupling in Tandem Reactions

When o-aminoaryl iodides are submitted to Sonogashira
reactions, intramolecular addition of the amino group to the
C—C triple bond can lead to the formation of indoles. As
one possibility, Pd/€Cul could be used as catalyst (Scheme
60)271 The intermediate compour2R5 resulting from the
Sonogashira €C coupling reaction between 2-iodoaniline
and phenylacetylene was never observed in these experi-
ments. This indicates that the heteroannulation is rapid under
the reaction conditions.

Scheme 60. Pd/C-Catalyzed Synthesis of 2-Phenylinddle

Ph
=Z

©i ||| _PdC, Cul PU/C, Cul ©I\_/“\

NH2 Ph NH N” “Ph

H
226 (72%)

225

aReaction conditions: 5 mmol of 2-iodoaniline, 5 mmol of phenylacety-
lene, 15 mmol of EN, 1 mol % Pd/C, 1 mol % Cul, 15 mL of DMFA®
(1:1), 120°C, 6 h.

Pal and co-workers reported a general one-pot synthesis
of 2-alkyl/aryl-substituted indole228 via Pd/C-mediated
coupling/5-endo-dig cyclization of terminal alkynes with
o-iodo-N-mesylanilines227 in water?’2 The reaction was
carried out using PRhand Cul as cocatalyst and 2-amino-
ethanol as a base (3 equiv). The reaction appeared to tolerate
a variety of functional groups present in the alkynes and did
not require the use of any organic cosolvent (Table 81).

A greater variety of N-substituents at the 2-iodoanilines
was possible when PeNaY was used as catalyst (Table
82) 273 Cu catalysis was not necessary. It was found that the
product formation largely depended on the solvent, base, and
reaction temperature. The recycled catalyst showed good
reusability in this heteroannulation reaction.

[PA(NHs)4]?/(NH4)Y as catalysts allowed implementation
of the synthesis of 2-phenylindole starting frasodoaniline
and phenylacetylene under Cu-free conditions in 72% vyield
(Table 83)!°1 Similarly, microporous [Pd(NEJs]?"/NaY or
mesoporous [Pd]/SBA-15 silica could be used for the
syntheses of a series of 2-substituted indéles.

When o-iodophenols were submitted to Sonogashira
coupling with alkynes the subsequent intramolecular cy-
clization led to benzdilfurans. Because of its relevance to
natural products and to pharmacy many 2-substituted benzo-
[b]furan derivatives were prepared in this way during the
last years using a homogeneous palladium catalyst and
copper iodide as cocatalyst under mild conditiétfs?’” As

bond formation, such as Sonogashira or Heck reaction, cana heterogeneous alternative, Pd/C was applied in the presence
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Table 81. Pd/C-Catalyzed Synthesis of 2-Substituted Table 83. Cu-Free Synthesis of Indoles Catalyzed by
N-Methylsulphonyl-5-methylindoles Microporous [Pd(NH3)s]2*/NaY or Mesoporous [Pd]/SBA-15
\ 10% Pd/C (3 mol%), Silica®
\@ . ||| Cul, PPhy m Arylhalide  Alkyne Product 230 [PANHy)** Pd}/SBA-
NH-SOMe R 2-aminoethanol NOR 229 /NaY 15
or H;0. 80°C 228 S0Me Yield (%)° Yield
(%)
3 0) 3 <
Product 228 t(h) Yield (%) @EI = Pnh N\ pr 91 95(72)
\ibl i 3 70 NH, N
NP @El =Ph mph 91 (76) 89 (65)
SO,Me
NHTs N
Ts
] 8 70 |
N~ CH,O0H @E = n-Bu m’m 89 (70) 93 (62)
SOMe NH, N
12 82 I = 94 (64 93
\QU\ @E C(CH3)20H ®C(CH3)20H (64
IIJ CH,CH,OH NH, N
SO,Me H
90 (61)

(CHy)3CO,Me

;2;/2

48 40 @EI C=C(CH,)3C0,Me
‘ ‘ NHTs
ril CeHyz-n

SO,Me
’ @ Reaction conditions: 5 mmol of aryl halide, 7 mmol of alkyne, 1

T 12 78 mol % Pd catalyst, 8 mmol of NED.5 mmol of LiCl, 1.0 mmol of
N OH CsCOs, 10 mL of DMF, at 140°C for 6 h.? GC yield; isolated yield
dome in parenthesis: 75% GC yield with Pd(OAg)
12 80 . .
[ | o Table 84. Pd/C-Catalyzed Synthesis of 2-Substituted
Y Ph Benzop]furans
SOMe o 10 % Pd/C (5 mol%),
! 1 Cul, PPh R
a|solated yields. \CE N u34- \QU\
Table 82. Synthesis of Indoles Catalyzed by PeNaY? i, F;-;r?oz 2
Aryl halide 229  Alkyne Product 230 Yield (%)°
Products Yield (%)*

82

85

[ ]
(o}
88
L
CH,CH,OH
51 O2N 75
||
0" “CH,CH,OH

H A

% i

O
SN G

NHAc

78
NHAc

I
Nz
l Z

NHAc

72 87

). [ ]
N o
@ 76
N | ]
H 07 CH,OH
68 O;N
N
B

I|I
°
<
°
&

NHAc

40

L § L
5
:1:(%

NHBn

=Ph

n 0" “CH,0H

| 42 86
= A
L. =0 OO L,

@ Reaction conditions: 0.5 mmol of aryl halide, 1.0 mmol of alkyne, oM ] 7

5 mol % Pd-cat., 0.5 mmol of LiCl, 1.0 mmol of €30;, 10 mL of o o

DMF, at 140°C for 6 h." Isolated yield. Me

a|solated yield.

of Cul, PPR, and prolinoR"® This method tolerated a variety
of functional groups in the alkynes, as well as a base labile ] )
nitro group in theo-iodophenols (Table 84). The protocol ~coupled with terminal alkynes. Ten years after the homo-
does not require the use of phase transfer catalyst or watergeneous versioffy Pal et al. found a Pd/C-mediated synthesis
soluble phosphine ligands and is free from the use of any Of isocoumarins in 2005 (Table 83).The catalyst was used
organic cosolvent. in the presence of Etl, PPh, and Cul.

Pd(NH),2*/(NH3)Y as a zeolite-supported version allowed
implementation of a copper-free coupling @iodophenol 9.2. Heck Coupling in Tandem Reactions
or 2-iodo-4-nitrophenol with phenylacetylene (Scheme'61).

Isocoumarins235 could be synthesized by Sonogashira  Pd/C-catalyzed Heck coupling reactions could be com-
tandem reactions wherm-iodobenzoic acids234 were bined with hydrogenation using the same catalytic system.
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Scheme 61. Pd(NHK)4"/(NH3)Y-Catalyzed Synthesis of
2-Phenylbenzob]furans

1mo|/n

R R
OH Ph Eth DMF-H,0 o) Ph
80°C,6h 233
L R=H, 78%
R =NO;,, 69%

Table 85. Pd/C-Catalyzed Synthesis of 3-Substituted
Isocoumaring
10% Pd/C (3 mol%),

[ PPhs, Cul ~ R
+ =R ———M
COzH Et;N, EtOH, 80 °C 16 h o

234 o
235
Alkyne (R) Product 235 Yield (%)°
CMe,OH CMe,OH 75
G
o
CHMeOH CHMeOH 66
G
o
CH,CH,OH CH,CH,0H 63
G
(o]
CH,(CH,),OH (CH2);0H 70
@@
o
CH,(CH.),CHs (CH2)3CH3 60
CH,(CH,);CH3 (CH2)4CHg 70
CH,(CH,)4CH3 (CHz)sCH3 75

T
>

Ph 40

a All reactions were carried out using iodide (1.0 equiv), alkyne (2.0
equiv), EtN (5.0 equiv), and a 1/4/2 ratio of 10% Pd/C (3 mol %),

PPh, and Cul, in EtOH for 16 h? Isolated yields.

In this way, 1,2-diphenylethan@86and237were obtained
from styrene and bromobenzene @bromonitrobenzene,

respectively (Scheme 62}

Scheme 62. One-Pot Synthesis of 1,2-Diphenylethanes 236

and 237

Styrene
Pd/C (10 mol%),

Br
NaOAc X Ph  Pd/C, H; (20 bar) Ph
e -
©/ RT, 8h g
NMP, 140 °C, 4 h f

236 (2steps, 93% )

Styrene
Pd/C (10 mol%),

Ph
C[Br NaOAc XxPh PAIC, Hy (5 bar) ©\/\/
db R B han
NO, DMF-H,0-MeOH RT,12h NH,

NO,

140 oC,6h 237 (2steps, 35% )
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compounds$’t Because Heck coupling is more selective for

different leaving groups than Suzuki coupling, the Heck

coupling was applied as the first reaction step and Suzuki
coupling as the second (Scheme 63).

Scheme 63. Pd/C-Catalyzed One-Pot Synthesis of
4-Styrylbiphenyl 240

Styrene
| P(ﬂC (0.1 mol%), n Pd/C (0.1 mol%)
/©/ _NaGAc /@A/ PhB(OH), /@/\/
O
Br NMP, 140 °C NaZCO;,
238 40 h 135°C, 1h

240 (2 steps, 86%)

10. Conclusions and Perspectives

Nowadays, Pd-catalyzed homogeneous coupling reactions
belong in the toolbox of each synthetic organic chemist and
have been used in many fields of organic synthesis leading
to products of various interests. However, industrial applica-
tions of these reactions are still challenging because the
catalysts are expensive, cannot be recycled, and are difficult
to remove from the product. The latter fact is a drawback in
particular for pharmaceutical industries.

Although Pd fixed on inorganic and organic supports have
been known for a long time and applied to-C coupling
reactions in single cases more than 30 years ago, their
versatility has only recently been shown in almost all types
of C—C couplings during the last decades. This methodology
has not been appreciated by many organic chemists so far.
In most cases, their first choice is homogeneous Pd catalysts.

The heterogeneous methodology offers a number of
advantages such as high stability of the catalyst, easy removal
of the catalyst from the reaction mixture by filtration,
reusability of the catalyst for several times with often
minimal loss of activity, and, remarkably, a better perfor-
mance than homogeneous Pd catalysts in a considerable
number of cases. On the other hand, catalysis by Pd on solid
supports can require higher reaction temperatures and have
limitations in stereoselective reactions. Pd catalysts supported
by inorganic and organic materials can also offer the
possibility of circumventing ligands such as phosphines or
arsines in certain cases and often do not need water- and
oxygen-free conditions.

The majority of catalysts applied so far are Pd/C catalysts,
which are commercially available in most cases and can
directly be used. Other supported Pd catalysts have to be
prepared by the user. They can provide advantages over Pd/
C, and they can allow tuning of the properties of the catalyst.
Many activities can be expected in this field in future.

The mechanism of most of the coupling reactions catalyzed
by solid-supported Pd is still unclear. Future research in this
field will help the understanding of the sometimes contradic-
tory results in this field. It has been increasingly accepted
that most heterogeneous Pd catalysts catalyze in a homoge-
neous way by leached Pd species, which can re-deposit when
the reaction comes to an end. However, general conclusions
are difficult to attain because in most cases the mechanism
of a certain reaction is affected by the conditions very much.

Although there are also other modern trends in Pd
catalysis, such as polymer-supported Pd, Pd nanopatrticles,

Pd/C-catalyzed Heck coupling was further combined with or Pd clusters, it can be expected that the application of Pd
subsequent Suzuki coupling in order to synthesize 4-styryl- supported by inorganic materials will gain increasing im-
biphenyl 240, a substructure of pharmaceutically active portance and application in future.
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11. Abbreviations

Ac acetyl
Aliquat 336  methyltrioctylammonium chloride
(A336)

aq aqueous

[bmim]PRs 1-butyl-3-methylimidazolium hexafluorophosphate

Bn benzyl

BOC tert-butoxycarbonyl

Bu (n-Bu) n-butyl

t-Bu tert-butyl

cat. catalyst

concn concentration

conv conversion

CTAB cetyltrimethyl ammonium bromide

DIPEA diisopropy! ethyl amine

DMA (DMAc) N,N-dimethylacetamide

DME 1,2-dimethoxyethane

DMF N,N-dimethylformamide

Dppb 1,4-bis(diphenylphosphino)butane

Dppp 1,3-bis(diphenylphosphino)propane

equiv equivalent

Et ethyl

FSM one kind of modified silica

GC gas chromatography

GLC gas-liquid chromatography

HAP hydroxyapatite

Hex hexyl

HPLC high-pressure liquid chromatography

IPA isopropyl alcohol

LDH layered double hydroxide

MCM-41 one kind of mesoporous silica

Me methyl

min minute

MW microwave

MOM methoxymethyl

NAIL nonagueous ionic liquid

Naph naphthyl

NHC nitrogen-containing heterocyclic carbine

NMACc N-methylacetamide

NMP N-methylpyrrolidone

[OMIM]BF,  1-octanyl-3-methylimdiazolium tetrafluoroborate

Pen pentyl

Ph phenyl

Pr propyl

Py pyridine

RT room temperature

select. selectivity

SBA kind of structured mesoporous silica

t time

T temperature

TBAB tetrabutylammonium bromide

TEA triethylamine

TEG tetra(ethylene glycol)

THF tetrahydrofurane

Ts tosyl

us ultrasound

Y type of faujasite with specific structural, physical,
and chemical properties

ZSM-5 type of synthetic zeolite with specific structural

properties
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