
MICROREVIEW

DOI: 10.1002/ejoc.200500972

Beyond TPPTS: New Approaches to the Development of Efficient Palladium-
Catalyzed Aqueous-Phase Cross-Coupling Reactions

Kevin H. Shaughnessy*[a]

Keywords: Biphasic catalysis / Palladium / Cross-coupling / Green chemistry

Water is an attractive solvent for metal-catalyzed reactions
with both economic and environmental sustainability bene-
fits. In addition, the use of a hydrophilic catalyst in an aque-
ous-biphasic solvent system provides the opportunity to eas-
ily recover, and potentially recycle, the catalyst species. The
feasibility of cross-coupling reactions catalyzed by hydrophil-
ic palladium catalysts was first demonstrated using sulfo-
nated analogs of triphenylphosphane, such as tris(3-sulfon-
atophenyl)phosphane trisodium salt (TPPTS). Catalysts de-

Introduction

Palladium-catalyzed cross-coupling reactions, such as the
Heck,[1] Suzuki,[2,3] Stille,[4] Sonogashira,[5] and Hartwig–
Buchwald (H-B)[6,7] couplings (Scheme 1), have become
powerful tools for carbon–carbon and carbon–heteroatom
bond formation in the synthetic chemist’s arsenal.[8] These
coupling reactions are highly versatile in the types of sub-
strates that can be coupled, as well as being highly func-
tional group tolerant. In the thirty years since the initial
report of these reactions, there has been an extensive
amount of effort devoted to developing ever more active,
general, and long-lived catalysts. These coupling reactions
are increasingly being applied in the manufacture of fine
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rived from TPPTS and other structurally similar hydrophilic
phosphanes are generally effective only with aryl iodides
and activated aryl bromides. This microreview will focus on
more recently developed hydrophilic ligands with increased
steric demand and electron-donating abilities that are effec-
tive in coupling reactions of aryl bromides and chlorides un-
der mild conditions in aqueous solvents.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

chemicals and pharmaceuticals, although the catalyst ac-
tivity and separation continue to be hurdles to implementa-
tion.[9–11]

Increasing environmental awareness as well as challenges
encountered in the use of homogeneous metal catalysts in
industrial settings has led to an increasing interest in the
use of alternative solvents.[12,13] Water is an attractive alter-
native to traditional organic solvents because it is inexpen-
sive, nonflammable, nontoxic, and environmentally sustain-
able. In the fine chemical industries where relatively large
amounts of waste are generated per kilogram of prod-
uct,[14,15] the bulk of which is solvent waste,[16] increased use
of water could have significant benefits. In addition, the use
of water as part of a biphasic solvent system can simplify
the separation of homogeneous catalysts from organic
product streams, provided a hydrophilic catalyst is used.
The removal of residual palladium is a significant issue in
the application of cross coupling in pharmaceutical synthe-
sis.[10]
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Scheme 1. Commonly used examples of palladium-catalyzed cross-coupling reactions.

Casalnuovo[17] was the first to demonstrate that a variety
of palladium-catalyzed cross-coupling reactions could be
carried out in predominately aqueous solvents using the hy-
drophilic catalyst, (TPPMS)3Pd [TPPMS = diphenyl(3-sul-
fonatophenyl)phosphane, Figure 1]. In the 15 years since
Casalnuovo’s report, a large variety of hydrophilic phos-
phane ligands have been synthesized and applied to cross-
coupling reactions. Nearly all of these ligands are based on
the triphenylphosphane core.[18–23] Several reviews describe
the application of these and many related hydrophilic
triarylphosphanes in palladium-catalyzed cross coup-
lings.[13,24–29]

Figure 1. Representative examples of hydrophilic triarylphosphanes
applied to aqueous-phase Pd-catalyzed coupling reactions.

Increased catalyst activity and wider substrate generality
are the major goals driving the development of new cross-
coupling catalyst systems. Researchers continue to seek cat-
alysts and reaction conditions that will provide high catalyst
turnover numbers (TON) and frequencies (TOF) in an ef-
fort to reduce the amount of catalyst required for a given
reaction. Over the past decade there has been a growing
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effort to widen the scope of organic electrophiles that can
be used under mild conditions to include aryl chlorides,[30]

aryl tosylates,[31–33] benzoic acid derivatives,[34] and ali-
phatic halides.[35]

Aryl chlorides, in particular, have attracted much atten-
tion, as they are generally more available and significantly
less expensive on an industrial scale than aryl bromides or
iodides. In addition, they generate less halide waste by
weight than bromides or iodides. Unfortunately, aryl chlo-
rides are much less reactive in cross-coupling reactions than
aryl bromides or iodides. The reactivity of aryl halides to
oxidative addition, the first and often rate-determining step
of the catalytic cycle (Scheme 2), follows the trend ArI �
ArBr � ArCl �� ArF. This trend corresponds to the C–X
bond strength. For example, iodobenzene undergoes oxidat-
ive addition to [Pd(PPh3)4] at room temperature, bromo-
benzene is activated at 80 °C, and chlorobenzene reacts
slowly at 135 °C.[36]

Scheme 2. General catalytic cycle for Pd-catalyzed cross-coupling
reactions.

Sterically demanding, strongly electron-donating ligands
are generally required to activate less reactive substrates,
such as aryl chlorides. Examples of sterically demanding,
electron-rich ligands that have been applied to coupling of
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aryl chlorides include bulky trialkylphosphanes (Figure 2),
(3 and 4),[37–41] aryldialkylphosphanes (5 and 6),[42–45] bicy-
clic triaminophosphanes (7), and N-heterocyclic carbenes
(8).[46–48] The electron-rich palladium complexes formed
from these ligands are better able to oxidatively add less
reactive aryl chloride substrates under mild conditions. The
increased steric demand is necessary to promote dissoci-
ation of a ligand from the L2Pd0 resting state, which is nec-
essary prior to oxidative addition (Scheme 2).[49]

Figure 2. Examples of ligands applied to Pd-catalyzed cross-coup-
ling reactions of aryl chlorides.

Until recently, the design of hydrophilic ligands for aque-
ous-phase cross-coupling reactions had focused almost ex-
clusively on triarylphosphanes, such as the examples shown
in Figure 1. While these ligands give synthetically useful
systems for coupling of aryl iodides, they often show limited
activity towards nonactivated aryl bromides and chlorides.
There have been a few examples of aqueous-phase Suzuki
coupling of aryl chlorides at elevated temperatures using
ligand-free catalyst systems.[50–52] Suzuki couplings with
aryl chlorides have also been reported with a nickel/TPPTS
system using high catalyst loadings in water.[53] Until re-
cently, little effort has been devoted to develop sterically
demanding, electron rich, hydrophilic ligands in analogy to
the types of ligands shown in Figure 2. This microreview
will focus on hydrophilic ligands that are more sterically
demanding and electron rich than TPPTS-like ligands. Cat-
alysts derived from these ligands efficiently activate aryl
bromides and chlorides under mild conditions in aqueous
solvents.

Sterically Demanding Triarylphosphanes

One approach to altering the steric properties of TPPTS
would be to add ortho substituents to the aromatic ring re-
sulting in a more sterically hindered ligand. The sulfonation
of tris(2,4-xylyl)phosphane gives the trisulfonated TXPTS
ligand (Figure 3).[54,55] Incorporation of the electron-releas-
ing methyl groups activates the arylphosphane to sul-
fonation, allowing the reaction to occur under milder con-
ditions and with less oxidation of the phosphorus center
than occurs in the sulfonation of triphenylphosphane.
TMAPTS can be prepared in a similar manner from tris(4-
methoxy-2-methylphenyl)phosphane.[56]
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Figure 3. Sterically demanding sulfonated triarylphosphanes.

As expected, the addition of an ortho-methyl group
greatly increases the cone angle of the ligands. The crystal-
lographically determined cone angles for TPPTS are be-
tween 152° and 166°, while those for TXPTS range from
196° to 210°.[57] The cone angles determined from calcu-
lated geometries (DFT, local density approximation) and
the STERIC program[58] were 155° for TPPTS, 210° for
TXPTS, and 194° for TMAPTS.[59] The CO stretching fre-
quency of trans-[L2Rh(CO)Cl] complexes, where L =
TPPTS, TXPTS, and TMAPTS, were all determined to be
1992 cm–1. Thus, all three ligands have similar electron-do-
nating abilities, despite the presence of electron-releasing
groups on the aromatic rings of TXPTS and TMAPTS. The
sulfonated ligands are less electron-donating than tri-
phenylphosphane (ν̃CO = 1978 cm–1) due to the electron-
withdrawing sulfonate group, which appears to dominate
the electronic nature of these ligands.

TXPTS with Pd(OAc)2 gave a more active catalyst for
Suzuki and Heck couplings of aryl bromides in aqueous
solvents than did TPPTS.[56] In the Heck coupling of 4-
bromotoluene with styrene in 50% aqueous acetonitrile, the
TXPTS catalyst system gave a 77% yield after 2 hours at
80 °C, while the catalyst derived from TPPTS had only pro-
duced a 30% yield of the stilbene product under the same
conditions. TMAPTS gave a similar conversion to product
as the TPPTS system. The TXPTS/Pd(OAc)2 system has
also been applied to the Suzuki coupling of halonucleosides.
TXPTS gave more active catalysts than TPPTS for the
coupling of halopurine and halopyrimidine nucleosides.[60]

Good to excellent yields of 8-aryl-2�-deoxyadenosine prod-
ucts were obtained at room temperature in the coupling of
8-bromo-2�-deoxyadenosine with phenylboronic acid using
the TXPTS/Pd(OAc)2 system [Equation (1)]. The TXPTS
catalyst system was also less prone to inhibition by guanine
in these reactions than the TPPTS system, although the
reason for this difference is not clear.[61]

(1)

Dialkylphosphinous Acids

Phosphinous acids have been found to be effective li-
gands for a wide range of palladium-catalyzed cross-coup-
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ling reactions of aryl chlorides and bromides.[62,63] Under
the basic conditions typical of these cross-coupling reac-
tions, these ligands are deprotonated to give anionic phos-
phinites. Wolf and co-workers have shown that phosphi-
nous acid/Pd catalyst systems can be used for the aqueous-
phase Stille,[64] Sonogashira,[65] and Hiyama[66,67] couplings
of activated aryl bromides and chlorides in aqueous sol-
vents at high temperatures (135–140 °C). Nonactivated aryl
chlorides gave modest yields under these conditions. The
POPd catalyst gave optimal activity for the Stille and Sono-
gashira couplings, while POPd1 was the preferred catalyst
for the Hiyama coupling (Figure 4). The POPd catalyst sys-
tem could be used for four reaction cycles in the Stille coup-
ling of phenyltrimethylstannane and 3-bromopyridine. Over
the four cycles, the yield slowly decreased from 96% for the
first cycle to 84% for the final one.

Figure 4. Phosphinous acid complexes of palladium.

Sterically Demanding Trialkylphosphanes

Catalytic Applications: Plenio[68,69] has reported a PEG-
supported diadamantyl(benzyl)phosphonium salt (Fig-
ure 5, 9) that provided effective catalysts for the Sonoga-
shira and Suzuki coupling of aryl bromides and chlorides
in a biphasic DMSO/heptane solvent system. The PEG-
supported ligand 9 gave an effective and recyclable catalyst
system for the Sonogashira coupling of both activated and
deactivated aryl bromides at 60 °C. In most cases, the cata-
lyst system could be used for five cycles, with an overall
yield �90%. The 9/Pd system gave good yields (�90%) for
the Suzuki coupling of aryl chlorides over six cycles with
both activated and deactivated aryl chlorides. DMSO was
found to be the optimal solvent for both the Suzuki and
Sonogashira couplings. Water was apparently not tested
with these systems.

Figure 5. PEG-modified diadamantylphosphonium salt.

When we began our studies we were interested in prepar-
ing hydrophilic ligands with similar electronic and steric
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properties to tBu3P. We were inspired to prepare tBu-Pip-
phos and tBu-Amphos by the Cy-Pip-phos ligand reported
by the Grubbs group (Figure 6).[70] The ability of these li-
gands to give active cross-coupling catalysts was initially
tested in a model Suzuki coupling of a nonactivated aryl
bromide, 4-bromotoluene, at room temperature in 50%
aqueous acetonitrile.[71] Under these conditions, TPPTS
gave an inactive catalyst. In contrast, tBu-Amphos and tBu-
Pip-phos in combination with Pd(OAc)2 (0.5 mol-%, 1:1 L/
Pd) gave complete conversion to the product after 1 hour.
The catalyst derived from Cy-Pip-phos gave a lower level
of conversion (46%) under the same conditions. Catalysts
derived from tBu-Amphos or tBu-Pip-phos gave complete
conversion at room temperature with catalyst loadings as
low as 0.01 mol-%. At 80 °C, complete conversion was
achieved with a catalyst loading of 0.001 mol-%.

Figure 6. Hydrophilic, sterically demanding trialkylphosphanes.

Catalysts derived from tBu-Amphos and tBu-Pip-phos
show similar activity in the Suzuki coupling of aryl bro-
mides. Excellent yields of the coupled products were ob-
tained at room temperature with both hydrophobic and hy-
drophilic aryl halides in water, water/acetonitrile, and water/
toluene solvent systems.[72] Both catalyst systems show only
moderate activity towards the Suzuki coupling of aryl chlo-
rides, but higher yields were obtained with tBu-Pip-phos
(92%) than tBu-Amphos (62%) in the phenylation of 4-
chlorobenzonitrile, an activated aryl chloride, at 80 °C using
4 mol-% Pd. Only modest yields were obtained with both
catalyst systems with 4-chlorotoluene and 4-chloroanisole
(�30%), however.

The tBu-Amphos catalyst system has been shown to give
significantly more active catalysts for the Sonogashira and
Heck couplings of aryl bromides in aqueous solvents than
TPPTS.[72] In the Sonogashira coupling of 4-bromotoluene
and phenylacetylene, the tBu-Amphos/Pd(OAc)2 (2.5 mol-
%) catalyst system gave a 91% yield after 5 h at 50 °C in
50% aqueous acetonitrile, while only a 30% yield was ob-
tained with the catalyst derived from TPPTS after the same
time. Good to excellent yields were obtained in the coupling
of a range aryl bromides with aryl and alkyl acetylenes. In
the Heck coupling, the tBu-Amphos catalyst system
(2.5 mol-%) gave a 74% yield in the coupling of 4-bromo-
toluene styrene at 80 °C after 5 hours, while the TPPTS/
Pd(OAc)2-derived catalysts gave only a 14% yield under
identical conditions. Catalysts derived from tBu-Amphos
gave similar activity and yields for the Heck coupling of
aryl bromides as those derived from TXPTS.[56] The tBu-
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Amphos catalyst system gave low conversions in attempted
Heck and Sonogashira couplings of nonactivated aryl chlo-
rides.

A major advantage of using a water-soluble catalyst sys-
tem is the ability to remove the homogeneous catalyst from
the organic product stream by simple decantation and the
potential to recycle the aqueous catalyst phase. No evidence
of leaching of palladium from the tBu-Amphos/Pd(OAc)2

catalyst system was observed (�1 ppm contamination) in
the crude product obtained from a Suzuki coupling in a
water/toluene biphasic solvent system.[72] In addition, 31P
NMR spectroscopic analysis of the aqueous-phase showed
that the catalyst resting state was the major phosphorus
species in the aqueous solution. The aqueous phase could
be used for three cycles of the room temperature Suzuki
coupling of 4-bromotoluene, with � 84% yield for each cy-
cle, before beginning to lose activity.

Steric and Electronic Properties and Coordination Chem-
istry: The steric and electronic parameters were determined
for Cy-Pip-phos, tBu-Pip-phos, and tBu-Amphos in order
to better understand their effects on catalyst systems
(Table 1).[73] Cone angles (θ)[74] were determined from cal-
culated structures (DFT, local density approximation) using
the STERIC[58] program. Interestingly, tBu-Amphos had a
larger cone angle than tBu3P, despite the fact that a tert-
butyl group in tBu3P was replaced with a primary alkyl
chain. The increased cone angle for tBu-Amphos can be
explained by the fact that the primary alkylammonium
chain projects the –NMe3 towards the metal, resulting in
a larger cone angle (Figure 7). The increasing cone angle
correlated closely with the increasing activity of the cata-
lysts derived from tBu-Amphos, tBu-Pip-phos, and Cy-Pip-
phos for Suzuki coupling of aryl bromides at room tem-
perature. In contrast, the electronic parameter (χ)[75] ob-
tained from the A1 CO stretching frequency of (R3P)
Ni(CO)3 complexes did not correlate with catalyst activity
for couplings of aryl bromides. Cy-Pip-phos had an inter-
mediate χ value, yet gave the least effective catalyst. The χ
parameter did appear to be more significant in the coupling
of aryl chlorides, where the more electron rich, but smaller,
tBu-Pip-phos gave a more effective catalyst than tBu-
Amphos.

Table 1. Steric and electronic parameters for hydrophilic trialkyl-
phosphanes.

Ligand θ [°][a] χ [cm–1][b]

tBu3P 190 0.0
tBu-Amphos 194 7.5
tBu-Pip-phos 191 4.2
Cy-Pip-phos 186 5.8

[a] Cone angles from DFT (local density approximation) optimized
structures using the STERIC program.[58] [b] Tolman electronic pa-
rameter. χ = νCO[(R3P)Ni(CO)3] – νCO[(tBu3P)Ni(CO)3].

The coordination chemistry of these ligands was also af-
fected by the steric demand of the phosphanes. Complex-
ation of tBu-Amphos or tBu-Pip-phos with Pd(OAc)2 un-
der reducing conditions (phenylboronic acid/base or so-
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Figure 7. Space filling structures of DFT-optimized geometries for
LPd0 complexes. Upper left: (tBu3P)Pd; upper right: (tBu-Amphos)
Pd; lower left (tBu-Pip-phos)Pd; lower right (Cy-Pip-phos)Pd (C =
black, H = light grey, Pd = dark grey, P = horizontal lines, N =
grid lines). These geometries were used to determine cone angles
shown in Table 1.

dium formate) resulted in the rapid formation of the L2Pd0

complex, which is presumed to be the active catalyst resting
state (Scheme 2).[73] This complex was formed rapidly inde-
pendent of the initial L/Pd ratio. In contrast, when the
smaller Cy-Pip-phos ligand was used, the rate of formation
of the L2Pd0 complex was inversely proportional to the
phosphane concentration. At L/Pd ratios � 2:1, trans-
[L2PdCl2] was observed as an intermediate prior to re-
duction to the Pd0 complex. Presumably reduction requires
dissociation of a phosphane resulting in the inverse depen-
dence on phosphane concentration. The larger tBu-
Amphos and tBu-Pip-phos ligands do not form coordina-
tively saturated trans-[L2PdCl2] complexes. As a result, the
reduction is not dependent on the phosphane concentra-
tion.

Sterically Demanding Dialkylarylphosphanes

Buchwald has shown that 2-(dialkylphosphanyl)biphenyl
ligands give active catalysts for a variety of coupling reac-
tions of aryl bromides and chlorides under mild condi-
tions.[6,42,43,76] Recently several hydrophilic analogs of these
ligands have been reported to promote cross-coupling reac-
tions of aryl chlorides in polar solvents (Figure 8). Plenio[69]

reported the synthesis of 11, which was applied to the Su-
zuki coupling of aryl chlorides in a DMSO/heptane solvent
mixture. The catalyst derived from 11 gave higher initial
TOFs than that derived from 9, but was reported to be
much less stable during recycling studies. No yields were
reported for this ligand system, possibly due to the short
lifetime of catalysts derived from 11.
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Figure 8. Hydrophilic 2-(dialkylphosphanyl)biphenyl ligands.

Ligand 10 was the first example of a hydrophilic 2-(phos-
phanyl)biphenyl ligand.[22] In combination with Pd(OAc)2,
this ligand gave excellent yields in the Suzuki coupling of a
variety of activated aryl chlorides at 80 °C using only
0.1 mol-% Pd. The one example of a deactivated aryl chlo-
ride, 4-chloroanisole, required 2 mol% Pd to give a 79%
yield. Sinou and Framery[77] reported a similar glucosa-
mine-based ligand (13). The catalyst derived from 13 was
only effective for highly activated aryl chlorides, such as 1-
chloro-4-nitrobenzene. Despite its similarities to 10, 13 gave
a less effective catalyst for the Suzuki coupling of non-acti-
vated aryl chlorides. The recyclability of catalysts derived
from 10 and 13 was not reported.

Buchwald[78] recently reported a sulfonated 2-(phos-
phanyl)biphenyl ligand (12) based on their highly effective
S-Phos ligand.[76] Ligand 12 provides the first general cata-
lyst for the Suzuki coupling of aryl chlorides in aqueous
solvents under mild conditions. A wide variety of aryl chlo-
rides could be arylated in excellent yields with reaction tem-
peratures ranging from room temperature to 100 °C. Elec-
tron-rich and sterically hindered aryl chlorides were toler-
ated by this catalyst system. Ligand 12 was also successfully
applied to the Sonogashira coupling of aryl bromides and
chlorides. Significantly, 12/Pd was the first catalyst system
to couple a deactivated aryl bromide with propiolic acid
[Equation (2)].

(2)

Palladacycles

Palladacycles have attracted much attention recently as
precursors to active cross-coupling catalysts.[79,80]

Bedford[81] and Buchwald[82] have reported the use of
hydrophobic palladacycle/sterically demanding phosphane
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complexes for aqueous-phase Suzuki and Hartwig–Buch-
wald couplings in aqueous solvents, respectively. There are
few examples of hydrophilic palladacycle precursors in the
literature, however. Nájera[83] reported that the oxime-de-
rived palladacycle 14 (Figure 9) was an effective precatalyst
for the Suzuki coupling of aryl chlorides in refluxing water.
Turnover numbers up to 7,700 mol/mol Pd were achieved
with an activated aryl chloride, but electron-rich aryl chlo-
rides gave modest yields in most cases. The oxime pallada-
cycles have been attached to silica and used as hetero-
geneous catalysts in Suzuki couplings of activated aryl chlo-
rides. The resulting heterogeneous catalyst (15) could be
used for 8 reaction cycles in the coupling of 4-chloroaceto-
phenone and phenylboronic acid at 100 °C without loss of
activity.[84] No evidence of palladium leaching from the
heterogeneous catalyst was observed in these studies.

Figure 9. Hydrophilic oxime-derived palladacycles.

We have prepared several N–C palladacycles with hydro-
philic substituents. None of these were effect precatalysts
on their own, but 16 and 17 gave active catalysts for Suzuki
couplings of aryl bromides in aqueous solvents at 80 °C
when combined with tBu-Amphos (Figure 10), while cata-
lysts derived from 18 and 19 were ineffective.[85] Complexes
16 and 17 act as precursors to the formation of the catalyti-
cally active (tBu-Amphos)2Pd0 species, although the ident-
ity of the N–C ligand does appear to affect the activity and
lifetime of the resulting catalyst. The catalyst derived from
17 could be recycled eleven times in the coupling of 4-bro-
motoluene and phenylboronic acid at 80 °C in water before
losing activity, while that derived from 16 began to lose ac-

Figure 10. Hydrophilic palladacyclic catalyst precursors.
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tivity after only four cycles (Figure 11). The catalyst derived
from Pd(OAc)2 became deactivated after only three cycles,
which is similar to the result obtained with this catalyst sys-
tem at room temperature.[72]

Figure 11. Recycling of tBu-Amphos/Pd catalyst systems in the Su-
zuki coupling of 4-bromotoluene and phenylboronic acid (2 mol%
Pd, 80 °C, 1 h/cycle). Pd(OAc)2 (diamond), 16 (square), 17 (tri-
angle).

N-Heterocyclic Carbene Ligands

Ligands based on the stable imidazol-2-ylidenes (N-het-
erocyclic carbenes, NHC) reported by Arduengo[86] have be-
come widely used in palladium-catalyzed cross coupling.[87]

Although there have been a few examples of hydrophilic
NHC–metal complexes reported,[88–90] there are no exam-
ples of the use of hydrophilic NHCs as ligands for palla-
dium-catalyzed coupling reactions. Catalysts derived from
hydrophobic imidazolium salts and palladium have been
applied to aqueous-phase cross-coupling reactions, how-
ever. Özdemir has reported that NHCs derived from imid-
azolinium (Figure 12, 20),[91] benzimidazolium (21),[92,93]

Figure 12. N-Heterocyclic carbene precursors and a supported Pd-
carbene complex used in aqueous-phase Suzuki coupling reactions.
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and tetrahydrodiazepinium (22)[94] salts gave effective cata-
lysts for the Suzuki coupling of aryl chlorides in aqueous
DMF at 80 °C. Each class of NHC precursor appeared to
give similar activities, which may suggest that the active spe-
cies is not a Pd–carbene complex, although studies to ad-
dress this question have not been performed. Because the
NHC ligands are hydrophobic, the resulting catalysts likely
could not be recycled in an aqueous biphasic solvent sys-
tem. A polystyrene-supported bis(imidazol-2-ylidene)palla-
dium catalyst system (23) has been shown to be an effective
and recyclable catalyst for the room temperature Suzuki
coupling of aryl bromides in aqueous DMF.[95] The sup-
ported catalyst could be used 5 times for the Suzuki coup-
ling of 4-bromotoluene at room temperature with no loss
in catalyst efficiency.

Conclusion

Significant progress has been made in the past several
years towards the goal of developing hydrophobic catalyst
systems capable of aqueous-phase cross-coupling reactions
of aryl bromides and aryl chlorides at mild temperatures
with high catalyst efficiencies. These advances have largely
been achieved by moving beyond the triarylphosphane scaf-
fold found in TPPTS. The current state-of-the-art systems
are based on hydrophilic, sterically demanding trialkyl- or
dialkylarylphosphanes. In contrast to phosphanes, hydro-
philic NHC ligands that are effective for palladium-cata-
lyzed cross-coupling reactions remain an unrealized goal,
despite their successful use as ligands in organic solvents.
While significant advances have been made in activating
aryl bromides and chlorides under mild conditions for Su-
zuki and Sonogashira coupling reactions, there have been
relatively few reports of efficient, hydrophilic catalyst sys-
tems for other synthetically important couplings, such as
the Heck and Hartwig–Buchwald couplings. In general, the
Suzuki coupling has been found to be relatively easy to ac-
complish, while the Heck and Hartwig–Buchwald couplings
can be accomplished with a much smaller subset of ligands.
Therefore, the lack of effective catalysts for aqueous-phase
Heck and Hartwig–Buchwald reactions of aryl chlorides
should represent an important target for future efforts in
this field.
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