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Facilitation of Homogeneous Catalysis
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1. Introduction

The most important application of polymers in synthetic
chemistry is the use of cross-linked polymers in solid phase
synthesis and in various sorts of “purifications”. This is
emphasized not only by chemistry discussed elsewhere in
this issue of Chemical Reviewsbut also by an extensive array
of other reviews and books over the past 40 years. However,
while these cross-linked polymers that are insoluble before,
during, and after a reaction have many applications, alterna-
tive approaches where polymers are used as soluble supports
and then separated after the reaction have received increasing
attention in recent years.

A key difference between a strategy that uses an insoluble
cross-linked polymer and a strategy that uses a soluble
polymer is that the latter strategy allows a catalytic reaction
to be carried out under homogeneous conditions. In most
cases where a cross-linked polymer is used to support a
catalyst, the catalyst is necessarily separated before, during,
and after the reaction because it is attached to an insoluble
support. In the case of soluble polymers, the phase separation
event can occur after the reaction. This phase separation can
employ a permselective membrane, a solid/liquid separation
after selective polymer precipitation, or a liquid/liquid
separation of two different density liquid phases containing
either a catalyst or product, respectively. The most common
separation processes use solid/liquid or liquid/liquid separa-
tions. These processes are contrasted in Scheme 1. Processes
that use soluble polymer-supported catalysts that are sepa-
rated, recovered, and reused after a reaction by a solid/liquid
or liquid/liquid separation are the focus of the following
review.

Work on soluble polymer supports through 2001 has been
reviewed.>? The discussion below is focused on work that
has been reported since 2002. Other reviews since 2002 have
also covered some of this material.>~® Earlier reviews also
emphasized the strategies for separation of soluble polymers.
Those have not changed, so we have not exhaustively
included each possible strategy in the discussion below. For
example, we have not emphasized separations that use
permselective membranes to effect a separation.” 0

Instead, the discussion of soluble polymer-facilitated
catalysis below is broadly divided based on whether a solid/
liquid or liquid/liquid separation strategy was used to separate
a catalyst from product. Within each of these discussions,
we have further divided the discussion based either on the
particular type of polymer used to facilitate a reaction or on
the type of liquid/liquid separation used to recover, separate,
or recycle the polymer-bound species.

2. Solid/Liquid Separations of Soluble
Polymer-Bound Ligands and Catalysts

Solid/liquid separations are the general scheme used with
cross-linked polymers and with reagents or catalysts that are
immobilized on inorganic supports. Most commonly, separa-
tion only requires a filtration. In cases where the solids that
form are not readily filtered, centrifugation is often effective
in separating a solid from solution.

While the techniques of filtration or centrifugation are
simple, carrying out a solid/liquid separation of a soluble
polymer-bound catalyst after a homogeneous reaction re-
quires a phase perturbation that induces the polymer-
supported species to separate as a solid. This can involve a
temperature change, as described below for thermomorphic
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Scheme 1. Strategic Differences between Use of an Insoluble
Cross-linked Polymer Supported Catalyst and a Soluble
Polymer Supported Catalyst

Iphasic reaction

catalyst/produci
separation

catalyst/produc]
substrate separation

==

systems. In this case, no significant additions of solvent are
required, and the separation can be carried out under reaction
conditions. More commonly, a solid/liquid separation of a
polymer-supported species from a product solution is effected
by changing the solvent to one in which the polymer is not
soluble. In either thermomorphic or solvent precipitation
schemes, it is assumed that the products remain in solution.
The significant additions of solvent required in solvent
precipitation may be a problem in large scale processes.
Nonetheless, solvent precipitation is the most general way
to carry out a solid/liquid separation of a soluble polymer-
bound catalyst and product after a homogeneous catalytic
reaction.

2.1. Poly(ethylene glycol) (PEG)-Bound Ligands
and Catalysts

Poly(ethylene glycol) (PEG) is a linear polymer formed
from the polymerization of ethylene oxide. Along with
polystyrene, it was one of the first soluble polymers used
to facilitate catalysis and synthesis.?'!~13 PEG is a smaller
version of poly(ethylene oxide) (PEO), a polymer with a
-CH,CH,0O- repeating unit. PEG is the form of this
polymer used in synthesis and catalysis because PEGs are
polyethers with molecular weights of less than 20,000.
With up to two terminal functional groups, polymers of
this size have functional group loadings of at least 0.1
mmol/g. These polyether supports are most commonly
recovered by solvent precipitation and filtration. PEG is
insoluble in hexane, diethyl ether, tert-butylmethyl ether
(TBME), isopropyl alcohol, and cold ethanol. These are
the solvents usually used for the precipitation process.'*
PEG is usefully soluble in a wide range of solvents including
DMF, dichloromethane, toluene, CH3;CN, and water. This
broad solubility facilitates the use of PEG-supported species
under homogeneous reaction conditions. As a soluble linear
polymer with a simple repeating unit that only obscures a
small part of a typical *H NMR spectrum, the structure and
loading of end groups can often be analyzed by solution-
state *H NMR spectroscopy.

The commercial availability of many PEG derivatives with
either two -CH,OH end groups or one -CH,OH end group
makes it easy to prepare a variety of PEG supported ligands
and catalysts. In addition, more complex functional deriva-
tives of PEG are commercially available. If desired, PEG
polymers can be prepared by anionic polymerization of
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ethylene oxide.® The free hydroxyl groups on the polymers
that are purchased or prepared by eq 1 can be modified by
simple organic reactions to form ligands or catalysts (eq 2).
In the absence of branching, loading of ligands or catalysts
is limited to one (-OCHs, -OH termini) or two (two -OH
termini) equivalents of ligand or catalyst per mole of
polymer. Linkers as shown in eq 2 are not required but are
sometimes used.

RO OH
0 anionic ol
polymerization MeO\‘/gro,)/\/OH

HUV\O/);\/UH N

eOV\Oj/n\/OH
Meo\e/\oj/n\/o—-ligand/catalyst

igand/catalyst —OV\OWO—-Iigand/catalys

One of the original uses of PEG in synthesis was its use
in liquid phase peptide synthesis.***2 That sort of chemistry
and chemistry where PEG’s sole role is to modify the
solubility of compound, for example where PEGs are used
to increase the bioavailability of drugs,'® are not the focus
of this review. Instead we have limited the discussion below
to recent chemistry where PEG supports are used to facilitate
catalysis.

(1

@

2.1.1. PEG-Bound Organocatalysts

Organocatalysts are playing an increasingly important
role in the field of catalysis. Interest in the field of
organocatalysis has grown due to the advantages of
performing catalytic reactions under metal free environ-
ments, which include working with wet solvents under
aerobic conditions. As is true for transition metal catalysts,
recycling of these homogeneous catalysts is an issue. Such
recycling has been successful with a variety of polymers
including PEG.?

TEMPO, 2,2,6,6-tetramethyl-1-piperidinyloxyl, is a
commonly used organocatalyst for the selective oxidation
of primary alcohols to aldehydes. Such reactions use
NaOCl, 1,3,5-trichloro-2,4,6-triazinetrione (TCCA), or
[bis(acetoxy)iodo]benzene (BAIB) as the stoichiometric
oxidant in conversion of hydroxyl groups to carbonyl
groups (eq 3). Such oxidations are attractive as metal-
free oxidation processes that avoid the use of environ-
mentally malign chromium oxidants. However, recovery
and reuse of the TEMPO catalyst is still worthwhile and
several groups have shown that soluble polymers such as
PEG are useful in this regard.

_ polymer _, .
oH 1-5 mol% @ TEMPO

R' (R or H)

0O
L ®

R (RorH)

sicichicmatoic oxidant

Various strategies have been used to attach TEMPO
oxidants to PEG. Benaglia and Pozzi immobilized TEMPO
onto PEG using a trimethyleneoxy benzyl ether as a linker
as shown in eq 4.1 The PEG-TEMPO (1) so formed proved
to be an effective catalyst for oxidation of primary and
secondary alcohols to aldehydes and ketones with stoichio-
metric oxidants such as BAIB, TCCA, and NaOCIl in solvents
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such as CH,Cl,, CH3CO,H, and a biphasic mixture of
CH,CI,/H,0 where 1 is soluble.

o) N-O°
PEG-O@—(CHZ)soMs + HOO—/
4
CSQCO:;
F0~ %CHZ o~ )
o)

PEG = MeO—PEG5000

Typical yields were >90% using NaOCI as the terminal
oxidant at 0 °C, and reactions were complete in 30 min using
1 mol % of 1 as a catalyst. However, 1 was inactive as a
suspension in TBME. PEG is insoluble in TBME and as is
true with other soluble polymers, polymer precipitation and
the consequent heterogeneous reaction conditions often
significantly decrease reaction rates.®~2° Benaglia’s group
also noted that 1’s reactivity was not enhanced in acetic acid
despite the remarkable accelerating effect this solvent showed
in reactions with free TEMPO.?! This may reflect the known
propensity of the multiple ether oxygen groups in the polymer
backbone of PEG to hydrogen bond to -CO,H groups.??> The
catalyst 1 was easily recovered by solvent precipitation with
diethyl ether and recycled six times with no loss of catalytic
activity.

Tsang and Hayes also tethered TEMPO directly to PEG
using Sy2 chemistry as shown in eq 5.2 PEG-bound TEMPO
derivatives with a single TEMPO group with M,, = 164 or
5000 were prepared from 4-hydroxy-TEMPO.

In their work, they used a series of PEG samples with
varying molecular weights and studied the reactivity of the
product PEG-TEMPO 2 catalysts.

H- HO
'|3C-

N-O° Rf /\,)o N-O
/\a,OMS s

KH, DMF, O to rt
M,, = 2000, 8000, or 10000 Da

R=-CH. -OH _or TEMPO

Ms-

With the exception of TEMPO on PEGi000 (R = -OH),
which had a turnover frequency (TOF) of 0.218 s7%, the
initial TOFs of oxidations with 1 mol % of the PEG-
supported TEMPO catalysts with these various PEG supports
were identical to the TOF reported for unsupported TEMPO
(TOF of 0.333 s™1). Recovery of 2 used solvent precipitation

Chart 1

Chemical Reviews, 2009, Vol. 109, No. 2 533

with diethyl ether. Good results were only obtained if the
PEG molecular weights were higher than 5000. The authors
successfully recycled a PEG1g g00-bound TEMPO four times.
Slight decreases in catalytic activity were observed but were
attributed to mechanical losses of the catalyst during the
filtration process.

In extensions of their initial studies, Tsang and Hayes
investigated branched PEG-supported TEMPO derivatives
3a or 3b that were prepared as shown in eq 6 (in Chart 1).24
These branched PEG-supported TEMPO catalysts contained
two (3a) or four (3b) TEMPO groups per polymer and
possessed several advantages over TEMPO catalysts attached
to the unbranched polymer 2. First, the rate of oxidation of
primary alcohols by 3 increased 4—5-fold vis-a-vis PEG-
supported TEMPO 2. This higher activity of 3 was attributed
to intramolecular reoxidation of the intermediate hydroxy-
lamine by a neighboring oxoammonium ion. The catalysts
3 were recycled by solvent precipitation with diethyl ether
twice without any change in TOF.

Pozzi investigated the effect of introducing a linker
between PEG and TEMPO in aerobic oxidation of alcohols
to carbonyl compounds with molecular oxygen as the
penultimate oxidant using 5 mol % 1 or 2 along with 2 mol
% Co(NOs3), or Mn(NO3); as a cocatalyst (eq 7) (R = -CgHs,
CH2C6H5, '4'C5H4N02, -(CHz)nCH3 (n = 5, 6, 8, 9), R =
-H, -CH3).%> PEG TEMPO derivatives 1 and 2 (R = -CHj)
were compared, and 1 was found to be more reactive than 2
based on slightly lower conversions with TEMPO 2 (R =
-CHy).

Tor 2 (FEG M, = oUUU)

OH 0, j\ (7
Co(NO. Mn(NO: .
)\‘R O(NO3); or Mn(NO3); R R
CH-.CO.H. rt

R

Both versions of the PEG-bound TEMPO were recovered
and recycled by solvent precipitation in diethyl ether.
Recycling did require fresh additions of the Co(Il) or Mn(I1)
cocatalyst. The authors suggested that the presence of a
spacer group minimized Kkinetic problems that might have
arisen by hindrance of the active site on the polymeric
structure as a result of coiling of the PEG polymeric
backbone. This effect had been suggested by Tsang and
Hayes to be the cause of the reduction in catalytic activity
of certain linkerless PEG-TEMPOs.?®

In 2006, Toy described using multiple different polymer-
supported ligands for selective aerobic alcohol oxidation.?
In this work, Toy used two polymer-supported species, a
PEG-bound 2,2'-bipyridine 4 as a ligand for Cu(ll) (prepared

CHj
e o

30302-%0“/}0

—SO CH
n=ca. 140 2

CO,CHs 4.
HO N-0O°
1. K,CO3, acetone
2. KOH
CO:CH, 3.S0Cl,
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as shown in eq 8) and a PEG-TEMPO 2 (M,, = 5000, R =
-CHy), together to catalyze an aerobic oxidation process that
converted primary alcohols into aldehydes.

PEG-ONS +
PEG-O — —
N, o N N
NN THF, 5°C 4

After an aerobic oxidation at 80 °C in CH3CN/H,0 (2:1)
using 5 mol % each of 4, CuBr,, and 2 and 10 mol %
KOC(CHyg)s, this mixture of 2 and 4 was separated from the
carbonyl products by coprecipitating the PEG derivatives
with diethyl ether. This mixed precipitate was recovered and
successfully reused in subsequent oxidations without addition
of more CuBr,. The recovered 2 and 4 were reused four
times. The isolated yield of aldehydes product decreased from
94% to 88% to 75% to 60% to 36% going from cycle 1 to
5. Addition of 1 mol % CuBr, did not alter the decreasing
cycle to cycle yields.

In 2004, Toy et al. immobilized a,o,o-trifluroacetophe-
none onto PEGsgy through an ether bond by nucleophilic
substitution of MeO-PEGsp-OMs using the Cs salt of
4-trifluoroacetylphenol.?” The PEG-bound o,a,o-trifluroac-
etophenone 5 so prepared was used to mediate epoxidation
of alkenes using Oxone as the penultimate oxidant (eq 9).
Yields of epoxides in 0.4 mmol scale reactions using mostly
aryl-substituted alkenes ranged from 72—90%, and the PEG-
bound catalyst 5 was recycled five times without affecting
catalyst activity or yield.

U
MeO-PEG5000—04©—<
cFy  ©

A 3 \>\Ar ®
water-dioxane, rt, 5 min
KHSO4

In 2002, Benaglia described a simple route to a PEG-
supported proline 6 that his group subsequently used in a
variety of proline-catalyzed organocatalytic reactions. 2% The
PEG-bound catalyst was directly prepared from a succinic
anhydride derivative and unprotected (2S4R)-4-hydroxypro-
line (eq 10). This soluble PEG-proline derivative was
successfully used as a recyclable catalyst in aldol, Michael,
and iminoaldol reactions (eq 11—13).

| "/[y PEG-0O.__(CHp), . OH c
DI
+ \n/ 272

140 °C
© © 20 h

(10

PEG- o (CHy),

\n/ QCOOH
PEG =M -PE fanel [0}

AlEL

Aldol chemistry with hydroxyacetone derivatives required
a 60 h reaction using high loadings of 6 and afforded the
anti diastereomer of the aldol product 7 in 45% yield with
96% ee. By the third cycle, the synthetic yield dropped to
28% but the ee was unchanged. Catalyst 6 was also used to
prepare the Wieland—Mischler ketone in 55% yield with
75% ee. Finally, 6 was effective in iminoaldol reactions such
as eq 13. In this case, the synthetic yields were largely
unchanged from 81% in cycle 1 to 64% in cycle 3 with
constant ee values of 96%.

Bergbreiter et al.

CHO OH O

)OJ\/ . 35 mol% 6 H
OH t, 60 h (1)
DMSO , OH
0
30 mol% 6
/\ﬂ/ Ttooh (12)
DMSO

PMP-.
)K N7 30 mol% 6 PMPs\WH © s
NO, PW?SFE‘ p-NO,CgHy

In 2003, Benaglia described using the PEG-supported
proline 6 as a catalyst in enantioselective conjugate addition
reactions.?® In the best case, 15 mol % of 6 in MeOH at
room temperature afforded Michael addition products of
cyclohexanone with 2-nitrostyrene in 46% yield with 90%
syn diastereoselectivity and 35% ee. Recycling this catalyst
was not very successful, as both the chemical yields and ee
values dropped into the 20% range during recycling. Other
ketones such as cyclopentanone and acetone afforded product
but with modest yields and low stereoselectivity. The authors
then used Yamaguchi’s method*® and used the sodium salt
of 6 to carry out Michael additions of 2-nitropropane. These
reactions (eq 14) proceeded with 65% yield and 42% ee.
Recovery and recycling of the sodium salt of 6 by diethyl
ether precipitation was successful with yields (ee) of 65%
(46% ee), 64% (38% ee), and 65% (32% ee) in cycles 2—4.

[e) [@)
NO, 6
+ HOCH(CHs)y, 60 h, rt

(14

Noﬂ 46% e.e.

In 2004, Benaglia immobilized MacMillan’s tyrosine-
derived chiral imidazolidin-4-one catalyst on PEGsgq USing
chemistry like that shown in eq 4 above and used this catalyst
(7) to catalyze 1,3-dipolar cycloadditions of unsaturated
aldehydes with nitrones (eq 15).3! Reactions with 20 mol %
catalyst in CH,CI, at room temperature afforded cycloaddi-
tion products in yields of 26—73%. Catalyst 7 was reused
by first removing the reaction solvent and then dissolving
the products in diethyl ether. The 80—95% of catalyst
recovered in this way was then reused, allowing 7 to be
recycled three times with nearly constant trans/cis ratios of
as high as 94:6 and stereoselectivities in the range of
71—88% ee. The stereoselectivity of 7 was similar to that
of its low molecular weight analog, but 7 afforded lower
chemical yields. While the recycling experiments showed
that the supported catalyst 7 could be recycled without
affecting its stereochemical efficiency, synthetic yields
decreased to less than 40% in the third cycle.

Dh W MeO-PEG5000-WO
| +
3n/N\O‘ HNXN‘BU Bn (15
R\/\H/H 20 mol% 7 *N-C, R
0 54% wiw HBF 4/ether (ca. 2 equiv) ph
R=H Ne CHoClo 1t CHO

Thiourea catalysts anchored to PEGggg (8) were pre-
pared and compared to analogous DVB-cross-linked
immobilized thiourea catalysts in work by the Takemoto
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group.® In reactions like eq 16, catalyst 8 could be recovered
by precipitation with diethyl ether and reused once. Yields
(stereoselectivity) through two cycles were 71% (86% ee)
and 74% (90% ee) with 8 while yields were <40% in the
first cycle with a DVB-cross-linked polystyrene thiourea. In
the case of the cyclization in eq 17, insoluble thiourea
catalysts like 8 formed product in <20% yield while the
average yield using 8 was 63% through three cycles with an
average ee of 77%.

|-3(, | &1
Q Q
Q\ CO—PEGs05—0C
" SNHCNH NH%‘,NH"‘
/N\ S s S 7N
X NO H E
PR T2 40 mol% 8 ¢ (Cgé 9 (16
D E— ]
+CHoCOE,  GH,Clot . Ph 2
OH
P -NOz 4 10 mol% 8 COEL pu
o 0O CH,Cly, rt 1
x
OEt NOC.

In 2005, He described using a PEG-supported quaternary
ammonium salt 9 for solvent free synthesis of cyclic
carbonates from carbon dioxide and epoxides under super-
critical conditions.®

0.5 Mol
Br N 3 Br
BuzN—PEGj500s—NBuU3
s 8 o
> ScCO- 393K 61 8 MPa

PEG-supported tributyl ammonium bromide salt 9
successfully converted various epoxides including pro-
pylene oxide to cyclic carbonates in high yields (92—98%)
(eq 18). Catalyst 9 was recycled four times in the
conversion of propylene oxide to propylene carbonate with
very high yield (>98%). Recovery was achieved by simple
filtration after the reaction was cooled down to room
temperature.

Very recently, a phosphonium salt version of 9 was
described by Bhanage and co-workers.** This phosphonium
salt 10 catalyzed formation of cyclic carbonates just like 9,
but the intermediate cyclic carbonates could also be used
without isolation as a phosgene-equivalent to form a structur-
ally diverse group of 2-oxazolidinones or 2-imidazolidinones
in 70—90% vyield from 1,2-amino alcohols or 1,2-diamines
(cf. eq 19). In these cases, the product was dissolved in EtOH
and the catalyst 10 was recovered by precipitation using
diethyl ether. Yields for cycloaddition of CO, and styrene
oxide through five cycles were above 95%.

— - -
" PPh;—PEGgee—PPhs B

D~ 10 (19
R s¢cCO,

/N
JOS
g~ O X'=-NH; or OH
10

H
N

XH [ =0
X

X=NHor(

Salts of Cinchona alkaloids bound to PEG derivatives have
been used as catalysts or ligands in various reactions.*® The

Chemical Reviews, 2009, Vol. 109, No. 2 535

use of PEG-bound Cinchona alkaloids as catalysts for
alkylation of activated aminoacids and as catalysts for
alkylation of thiophenols by enones was described by
Benaglia’s group. In this work, they prepared PEG-bound
Cinchona alkaloid derivatives 11—13. These catalysts were
then used in benzylation of an activated glycine ester (eq
20) or to catalyze Michael additions of thiophenol to
cyclohexenone.

PEG = MeO-PEG5OOOO(CH2

In the case of eq 20, 10 mol % of catalyst 11 or 12 afforded
the Sproduct in *H NMR or HPLC yields of up to 94%.

\_)J\ ><(20

BnBr CsOH
N\/L X 10 mol% 11 or12

CH.Cl,, 20 h ph

Stereoselectivity was generally modest with the best result
being 64% ee. Catalyst recycling was precluded by decom-
position of the catalysts 11 or 12 under the reaction
conditions. This report also briefly described conjugate
addition of thiophenol to cyclohexenone using 5 mol % of
catalyst 13. The -thiophenoxycyclohexanone was obtained
in 75% yield with 22% ee, but no recycling was described.

PEG-bound Cinchona ammonium salts have also been
used as chiral phase transfer catalysts in both asymmetric
epoxidation and asymmetric alkylation chemistry by the
Wang group.®63” These catalysts (14a, 14b, and 14c) were
prepared from the corresponding cinchonidine, quinine, and

7
N+
Y . H
cl \”/N_PEGzooo_H

N? ©
14a:R=-H
14b: R = -OCH; /

cinchonine alkaloids by N-alkylation using the bischloroac-
etamide of a diamino-PEG,yy, CICH,CONH-PEG;q0-



536 Chemical Reviews, 2009, Vol. 109, No. 2

NHCOCH,CI. These amide bound Cinchona alkaloids were
stable to the reaction media. The catalysts 14a and 14b were
both used in chalcone oxidation (eq 21). While the crude
NMR spectroscopic yields of the product in this chemistry
were generally in the 80—95% range in 48 h epoxidation
reactions carried out on a micromole scale, the ee was modest
and was in most cases <60%. Three recycles with the
catalyst 14a consistently formed the epoxide product in
reaction 21 (Ar = -Ph) in 90% yield with 86% ee.

cat. 14a or 14D

- Ph
r/\/ ) Ar
|A tert-BuOOH, 0.25 mL 1M KOH
CHoClo 0°C 48 1h

/qU/Ph 21

Asymmetric alkylation of the benzophenone imine of
tert-butyl glycine using catalysts 14a, 14b, or 14c was
successful in small scale (0.2 mmol) reactions in water
(cf. eq 22).% A variety of alkylating agents were used
including benzylic bromides (R = -CH,CgHs, -CHy(0-
CH3C5H4), -CHz(rT}-CH3C6H4), -CHz(p-CH3C6H4), 'CHZ(O‘
CICg¢Hy), -CH,(m-CICgHy), -CH,(p-CICgH,)), allyl bromide,
or ethyl or methyl iodide. These alkylations afforded chiral
amino acid derivatives in generally high yield with ee values
that averaged about 90% ee. The limiting reagent in these
aqueous phase alkylations was the amino acid Schiff base.
The excess benzylic bromide presumably hydrolyzes. The
product was the Samino acid derivative with catalysts 14a
and 14b, but with the pseudoenantiomeric cinchonine deriva-
tive 14c, the R product predominated. While similar catalysts
had been reported earlier by the Cahard group,*® those
catalysts had not been efficiently recycled. The Wang group
reported that, using 10 mol % catalyst 14b, recycling was
possible with yields that dropped slightly from 94% to 90%
to 88% and ee values that were 82%, 80%, and 80% ee in
cycles 1, 2, and 3, respectively. These recycling experiments
were carried out on a 0.2 mmol scale reaction and involved
extraction with 30 mL of CH,Cl, and catalyst precipitation
using 15 mL of diethyl ether.

TO moloo
14a, 14b, or 14c

>< )J\/N pp _BnBr (2.4 equiv)
Ph

X

2.1.2. PEG-Bound N-Heterocyclic Carbene Ligand and
Catalysts

1M KOH, rt

N-Heterocyclic carbenes (NHCs) are attractive organo-
catalysts that have a long history and analogies to biological
catalysts.®*~%2 As noted below, species like 15 have been
immobilized on PEG for use in Ru-catalyzed metathesis
chemistry.*

CHA(OCH,CH,1250CH]

Mes—Ny— N—Mes

PEG-bound NHCs have also been prepared and used
as organocatalysts in a variety of nucleophilic catalytic
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reactions.** In this case, the PEG-bound NHCs were
prepared by a copper-catalyzed azide—alkyne cycloaddition
reaction (eq 23). The resulting PEG-supported thiazolium
derivative 16 was successfully used in intramolecular Stetter
reactions of various substituted aryl aldehyde electrophiles
in eq 24 (e.g., 4-Cl, 4-NO,, 2-Cl, or 2-OCHj3) with isolated
yields of chroman-4-one that typically exceeded 80%.

PEG-CH,N3
6 mol% CuBr N;N

+ = 0.2x ascorbic acid [

X eeme il N W
= __N%/ H,Oltert-BuOH PEG-CH,

1
K = -S or -NAr i, 24h 16:X=-S 17:X=-NAr
PEC = MeQ-PEG:ca0

In this case, the main value of the PEG support was in
simplification of product isolation in that the PEG-bound
catalyst could be removed without need for column chro-
matography. Recycling of 16 was examined but was unsuc-
cessful in CHCI;. Some 16 could be recovered and reused
when EtOH was used as the solvent though the synthetic
yields of product in subsequent reactions catalyzed by 16
were below 50%.

(@]
10 mol%16
CO,CH
CHO CH3CH,N(CH(CHa),), ©fjjﬁ 2CHy
0 X CO,CH, CHCla 1t 18 h 6] (24

The PEG-bound carbene precursor 17 (Ar = 2,6-
diisopropylphenyl) was also used in redox esterifications
(eq 25). In this case, the reaction was successful with a
variety of cinnamate analogs, affording 60—70% yields
of isolated products. In this reaction, 17 could be recycled
with yields of 83, 77, and 75% in cycles 1—3.

O 5mol% 17 O

Ar—=— 5 mol% DMAP, EtOH Ar/\)koa @9

H
toluene, 60 °C

2.1.3. PEG-Bound Cinchona Alkaloid Catalysts

PEG-bound Cinchona alkaloids and their derivatives are
widely used as chiral ligands for Sharpless asymmetric
alkene dihydroxylation and aminohydroxylation reac-
tions.* Xu and Lin recently described using PEG 4000,
6000, and 8000 immobilized Cinchona alkaloid ligands for
the catalytic asymmetric aminohydroxylation of alkenes using
K,0s0,(0OH)4 as a catalyst and AcNHBr as a nitrogen
source.® In this case, the Cinchona alkaloid was first
converted to a monosubstituted chlorophthalazine using 1,4-
dichlorophthalazine. Then, the dilithium salt of a PEG diol
was inserted to form the PEG derivative 18.

o-PEGSOOO-o—z\ i— '

/
N—N

18

This PEG derivative 18 was then used in an asymmetric
aminohydroxylation reaction. Various derivatives of trans-
cinnamate were examined as substrates (eq 26).

The products’ ee values were in the range of 74—99% ee,
and the regioselectivity of the aminohydroxylation was >10:
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O
2
%% mow1s AcHN O
4 mol% K,080,(0H), " QPR
AGNHBr, LIOH 4 OH (26
5°C
R 'R = -H, -CH3, OCHj3, -NO,
2R = -CH. -CHoCH. -CH(CHa)o -CHoCoHe |

1. The polymeric ligand 18 formed using PEGgyo Was
recovered by solvent precipitation and was reused with
isopropyl trans-cinnamate with yields of ca. 90% and >95%
ee in each of five cycles.

As noted above, PEG has been previously used to support
ligands for Sharpless’ asymmetric dihydroxylation reaction.?
In 2005, Zhang described immobilization of Cinchona
alkaloids with an anthraquinone core onto PEGsgy (eq 27).%
This PEG-bound Cinchona alkaloid 19 was used in asym-
metric dihydroxylation with various alkenes with high
stereoselectivities (>80% ee) and high yield (>80%). The
PEG-bound Cinchona alkaloid 19 was recovered by solvent
precipitation with diethyl ether and recycled through five
cycles with p-chlorostyrene as a substrate. The average yield
of all five cycles was 93% with the minimum stereoselec-
tivity of 96% ee.

PEG-O O
quinine

(LD
toluene
r ) reflux, 18 h
PEG = MeO-PEGs5qq0

2.1.4. PEG-Bound Salen Ligands

Venkataraman’s group described the synthesis of three
different types of PEG-supported salen ligands 20, 21, and
22 (Scheme 2) with or without linkers.*® These chiral PEG-
salen complexes were then used to catalyze the addition of
diethyl zinc to aldehydes. In this chemistry, the PEG catalyst
with a directly linked salen (21) yielded product in high yield
but with lower stereoselectivity (32% ee) than an analogous
low molecular weight salen ligand (82 ee). Since control
experiments using a low molecular weight catalyst showed
added PEG did not affect the stereoselectivity, the authors
speculated that the PEG support in 21 interfered with the
microenvironment of the catalyst. Thus, they examined the
use of either a glutarate spacer or a phenoxypropyl spacer

Scheme 2. Synthesis of PEGsyo-Bound Salen Ligands with

and without Linkers?
MeO— PEGsooo’U\n/\/\ﬂ/U_W

\ O 20 O
=N N= 2
b
e OH HO MeO—-PEG-O—salen
\C\ 21

IO
MeO—PEannn\n 22

@ Conditions: (a) (i) glutaric anhydride, DMAP, CH,Cl,, rt, 12 h and (ii)
MeO-PEGs00-OH, DMAP, DCC, CH,Cly, rt, 24 h; (b) MeO-PEGsq0-OMs,
Cs,CO3, DMF, 1t, 24 h, and (C) MeO-PEG5000-0C6H4(CH2)3OMS, Cs,COg3,
DMF, rt, 24 h.

Chemical Reviews, 2009, Vol. 109, No. 2 537

to tether salens to PEG (cf. 20 and 22). The results showed
PEG-salen 20 afforded an addition product with 82% ee and
22 afforded a product with 68% ee. Recycling was only
studied with 20, which was reused twice with high yields
(>91%) and 82% ee. These results are consistent with the
earlier studies of Hayes and Benaglia, who noted similar
effects of tethering groups in PEG-supported TEMPO
oxidations.

With the success of PEG-salen 20, Venkataraman’s
group subsequently prepared a Ti(IV) salen 23 from 20
and used it for silylcyanation of benzaldehyde using
equimolar amounts of trimethylsilylcyanide and 0.1 mol
% of 23 in dichloromethane at room temperature for
24 h.*® The PEG-bound Ti(IV) salen 23 was recovered and
reused for four cycles without any loss in yield using a
Soxhlet-dialysis apparatus. Typical yields were >95% with
84—86% ee.

PEG = MeO-PEG5000

22

2.1.5. PEG-Bound Diamino-oligothiophene Ligands

Diamino-oligothiophene ligands (DATS) are known to be
effective ligands for Pd-catalyzed nucleophilic allylic alky-
lations.®® In 2006, Bandini and Benaglia described the
syntheses of PEGsgy-bound DATSs 24a and b using eq 28
and used the PEG-bound catalysts for palladium promoted
asymmetric alkylation of allylic esters with dimethylmalonate
(eq 29).%*

\gk /Q/QFTEG -OCeH4(CH2)30Ms (o8
052CO3 DMF

55°C 48 h
OAc |2

10 mol% 24a or b
Ph/\)\Ph

MeO OMe (29
5 mol%(Pd(n-CaHe)Cll,
i+ HyC(CO2CHa)p Ph Ph

C52C0, CHoClo It

O(CHy)3CeH4O-PEG

24a R=-H -H
24b: R = -OCH,CH,0-
PEG- = MeO- PEG5000-

Of the two PEG catalysts prepared in eq 28, 24a afforded
a more active catalyst and it therefore was chosen for
recycling experiments. The Pd-complex of ligand 24a was
recovered by solvent precipitation using diethyl ether and
was reused for three consecutive runs. The 92—95% ee was
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consistent run to run, and overall yields ranged between 84
and 91%, but only when an extra 5 mol % Pd was added in
each cycle. Without additional Pd, yields and ee values
significantly decreased by cycle 3.

In 2007, Bandini and Benaglia continued their inves-
tigation of PEGsgoo-DATS, synthesizing the Cu(ll) PEG-
DAT complex 25 and using it as a catalyst in an
asymmetric nitroaldol reaction (eq 30).52 Reactions between
various aldehydes and nitromethane were studied and the
product yields ranged from 65 to 91% and the stereoselec-
tivities were typically greater than 83% ee. Recycling was
carried out by removing the solvent and washing the residue
with diethyl ether. The ether-insoluble catalyst was recovered
and reused 5 times in reaction of nitromethane with benzal-
dehyde. Reactions with the recycled catalyst proceeded
without change in % ee, but the conversion decreased about
20% by the fifth cycle. A feature of this recyclable catalyst
is that it could be used in successive reactions with different
substrates (26a—e) without measurable cross-contamination.
This idea has been used before with achiral soluble polymer-
bound catalysts® and is an attractive feature of a recyclable
chiral catalyst.

/ 5 mol% O(CHy)3CgH40-PEG
/s AcO OAc
PEG- = MeO-PEGsggq-
0 OH (30
+ MeNO2 —’ - NO
R)J\H EtOH, 0°C, 40h R~ 2
p6a; R = -4-CoH,F 26d: R = -2-CgHyNO, 26g: R = -CoFs
p6b: R = -CoHs  26e: R =-4-CoHCl  26h: R = -0-CgHyq
e R=-CHis  26f R=-C(CHi). 265 R = -25-CoF2(OMe)d

2.1.6. PEG-Bound Ruthenium Metathesis Catalysts

Ruthenium-catalyzed ring-closing metathesis, cross-
metathesis, and ring-opening metathesis polymerizations
are broadly useful methodologies that are equally useful
in complex syntheses and in the formation of materials.>4~5¢
However, as is true for other homogeneously catalyzed
reactions, strategies to recover and reuse catalysts are of
interest. This subject is addressed elsewhere in this issue
of Chemical Reviews, so the use of soluble PEG deriva-
tives in this context is only discussed briefly below.

PEG has been used to immobilize metathesis catalysts in
several ways. One approach tried by several groups has been
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to attach a benzylidene ligand of a precatalyst onto PEG.
Various motifs have been used, as shown by 27 and 28 (Chart
2).57%8 The problem with this approach is that the active Ru
species necessarily separates from the PEG support during
the metathesis process. In these cases, catalyst recovery
requires that the Ru alkylidene intermediate in the catalysis
boomerang back onto a PEG-substituted styrene. Another
approach using PEG-bound pyridine ligands 29 has also been
described.*

[\
Mes—Ny—N-Me

(—\N____;E ACl

/l
CH4(OCH,CH,) N‘/T = Ph
i L)
CH3(OCHZCH2)7—N‘/Y
n=N 29

This issue was addressed by more recent work by
Grubbs, who prepared PEG-substituted N-heterocyclic
carbene-containing Ru complex 15.43¢° Since NHC ligands
are thought to remain attached to the Ru throughout the
catalyst cycle, there is no need with 15 for a boomerang
process or recoordination of a PEG-bound ligand for
catalyst recovery.

2.1.7. PEG-Bound Diphenylethylenediamine Ligands

Optically active 1,2-diphenylethylenediamine (DPEN)
is a useful chiral ligand, and DPEN or its derivatives have
been used as ligands for metals to generate highly
enantioselective catalysts for many asymmetric organic
transformations.5? In 2003, Xiao’s group described a
synthesis of a PEG-supported DPEN Ru(Il) complex, 30 (eq
31), that was in turn used for asymmetric hydrogenation of
ketones (eq 32).5? This PEG-DPEN-bound Ru(ll) complex
was effective in reduction of various aromatic ketones to
alcohols with high conversion (>98%) and high stereose-
lectivity (>90% ee). For example, complex 30 was used to
reduce 1- or 2-acetonaphthone, various p-substituted ac-
etophenones, and propiophenone to the corresponding ben-
zylic alcohols in >95% vyield with >95% ee. Catalyst
recovery was reported and variously involved precipitation
with diethyl ether or removal of solvents and extraction of
the catalyst residue by diethyl ether. The diethyl ether
insoluble catalyst that was recovered was reused three times
without any change in the yield or stereoselectivity for
reductions like those in eq 32. Analysis for Ru leaching

Chart 2
PLy3

PC
b ¥s Cl., IMes
"Ry = CI,

cl”

¢ QD

PCy; |

MeO- PEG3400
27a OPEG34000OMe MeO- PEG3400
\n/\/\n/o PEG5000 OM
MeslS— Ru = Ru—SIMesI
ol ¢l 28 fal YAl
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showed 2.7 ppm Ru in the diethyl ether washes—a concen-
tration that could represent as much as 5—10% of the charged
Ru.

T. [(oenzene)RUCTT;
DMF 100°C, 3 h

b )
Ph, PEG-O
O NH,

i, 12 h
o-PEG
Phy 4
P, N
% AN
I Rl (31
/ N
P
Ph,
30 O‘DI:f‘
UUS mo % 3b
o) 10 bar H OH
)J\ — 2 e
A KOC(CHs), Ar
HOCH(CH_),

In subsequent work, a monotosylamide of a dihydroxylated
DPEN was immobilized onto PEG, (eq 33) and the
resulting PEG-bound species 31 was used as a ligand for
Ru(ll) in asymmetric transfer hydrogenation of aromatic
ketones with ammonium formate as a hydrogen source (eq
34).%% While high conversions (66—100%) and high ee’s
(87—95%) were seen in the first cycle, the conversions
dropped to 56% and the ee dropped to 82% in the third cycle.
Although ICP-MS analysis of the solution phase showed
<0.7% of the ruthenium was lost by leaching, the stability
of the ruthenium complexes was thought to be a possible
problem affecting recycling.

T. MEO-PEG000-OMS
OH  ¢s,C0,, DMF, 50 °C

2. TFA, CH,Cl,, 1t

PEG-O‘Q_Q*O-PEG (33

H,N  NH

g 1S
0.5 Mol RUCT(D-
5 PROCLpymenel
L 1.2 mol% 31 S (34
r HCOOH-EEN 50°C A7

2.1.8. PEG-Bound Porphyrin Ligands

Porphyrins are excellent ligands for many transition metals.
However, metal porphyrin complexes not only contribute
trace metals to products, they can affect things such as a
product’s visual appearance because they are such intense
chromophores. Benaglia and Pozzi have described using PEG
to prepare PEG-supported manganese porphyrin complexes
such as 32 (eq 35). They studied the catalytic activity and
recyclability of this complex in epoxidation of alkenes using
H,0, and PhIO as stoichiometric oxidants.5 The yields of
epoxide varied but were typically >80% for the first cycle
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with PhlO as the oxidant. Monosubstituted alkenes were
poorer substrates than disubstituted alkenes with conversions
usually <50%. The oxidation of cyclooctene was studied
most extensively and could be effected in 96% yield in the
first cycle with as little as 0.01 mol % of 32. Recycling
studies showed that oxidations with 2 mol % of 32 could be
carried out at least 7 times with a yield in the seventh cycle
of 63%.

1.MeO-PEGsqgp-OCsH4(CH,)3-OMs

Cs,CO3, DMF, rt
2. Mn(OAc)y4H,0, H,0, NaCl

Cl,CeHs

7\ PEGs000
32: PEG = -O(HZC)34<_>*O

CgH3Cly

Complete catalyst recovery was evidenced by the almost
complete absence of the peak at 478 nm for 32 in a UV—vis
spectroscopy analysis of the product.

2.1.9. PEG-Bound Tartrate Ester Ligands

In 2003, Wang and Guo reported work on the use of PEG
supports to prepare a tartrate ester ligand library that was
used in an effort to probe the effect of tartrate structure on
stereoselectivity in Sharpless asymmetric epoxidation of
allylic alcohols.%® This library synthesis used a mixture of
hydroxyl-terminated PEG,q00 methyl ether as one alcohol and
a variety of other alcohols in an acid-catalyzed esterification
of tartaric acid. The mixtures of diesters prepared (33) were
then screened in epoxidation chemistry, with the best ligand
being the tartrate formed from tartaric acid and a 4:1 mixture
of 1-heptanol and the MeO-PEGj00-OH. That tartrate ester
mixture with tert-butyl hydroperoxide, Ti(QiPr),, and 4 A
molecular sieves epoxidized various allylic alcohols in
modest yields that averaged ca. 50—60% with ee values that
varied between 30 and 99%. That tartrate ester mixture was
also examined as a recyclable catalyst. The authors described
those results as unsatisfactory.

O
HO OPEGzooooCH3
- OR
HO'
o}
33 R= -n-C4H9, -I'I-C5H11, -n-C7H15, -n-C7H15, -CH2CH2CH<CH3)2

The PEG-supported Ti-tartrate complexes 33 used for
Sharpless epoxidation were also used to catalyze the asym-
metric oxidation of prochiral sulfides by the Wang group.5¢
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These reactions used cumyl hydroperoxide as the oxidant,
and in the case of 33 with R = C;His, the tartrate was
precipitated with diethyl ether and recycled four times
without affecting the ca. 64% yield of the S-sulfoxide product
in the oxidation of thioanisole (95%, 94%, 93%, and 91%
ee in cycles 1—4).

2.1.10. PEG-Bound BINOL Ligands

A PEG-bound BINOL calcium complex 34 was synthe-
sized by Kumaraswamy and used in asymmetric Michael
reactions of cyclopentenone or chalcone with dimethyl- or
diethylmalonate or tert-butyl hydroperoxide epoxidation of
chalcone or chalcone derivatives (egs 36 and 37).57

MED-PEG500002C1C M2)3
X 1°
34 (15 mol%) Ca
I SeN
ph)J\/\ph O CH(COyCH3),
L CHA(COCH),  toluene, 0°C, 12 h Ph)J\)\Ph (36

0 TO Mol 34 o
I, o0 R
r " 4AwmMs0°C Ar o A
folicne

The catalyst 34 was separated from product by evaporating
the toluene, redissolving the residue in CH,Cl,, and precipi-
tating 34 using diethyl ether. In this way, 34 was successfully
recycled three times. Excellent yields were observed with
all substrates with little change in yield through three cycles.
However, the asymmetric induction was typically only about
40%.

2.1.11. PEG-Bound Phosphine Ligands

PEG-bound phosphines were among the first soluble
polymeric ligands. Since those initial reports in the 1960s,*®
many other supported phosphines have been prepared. These
were discussed in prior reviews.? More recently, interests
have shifted to developing chemistry to support chiral
phosphine ligands for asymmetric catalysis. A report by
Garcia’s group of a PEG-supported SPhos phosphine that
was used for Pd-catalyzed couplings of aryl chlorides is
illustrative of this current interest.®® In this case, a PEG-
bound SPhos 35 derivative was prepared using the chemistry
in eq 38 and was tested both in the Buchwald—Hartwig
amination of aryl halides with secondary amines (eq 39) and
in Suzuki couplings (eq 40). In this case, the authors
compared this PEG-bound SPhos 35 with SPhos on a soluble
non-cross-linked polystyrene support, on a cross-linked
polystyrene support, and on SiO,. In aryl amination of 2,5-
dimethylchlorobenzene by morpholine, Pd ligated by 35 was
the most reactive SPhos Pd catalyst with a TOF that was ca.
60-fold greater than that of a similar ligated Pd catalyst on
cross-linked polystyrene and >1000-fold more reactive than
a similar catalyst bound to SiO,. In Suzuki coupling of 2,6-
dimethylchlorobenzene and 2-methylphenylboronic acid, Pd
ligated by 35 was also the most reactive and the SPhos Pd
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catalyst had a TOF that was 20-fold larger than that of a
similar ligated Pd catalyst on SiO,.

~

| +CI’

MsO(CH,CH,0),M

PH(Cy)2 S ( 2 2 )n S (38
10 Ph Cs,C03, CHACN

70°C, 12 h
(Cy).P P(Cy)2
MeO. A (OCH,CH3),.10 - OMe
| 35 |

2 mol% Pd(OAc),
@ [ j 3 mol% 35 O (39
NaOC(CHs)s

toluene, 90 °C

H)2 1 mol% Pd(OAc),

1.5 mol% 35

+ T NaOC(CHg)s O O

loluene 90 °P

The PEG-bound SPhos 35 was recycled through eight
cycles for the Buchwald—Hartwig amination reactions with
a more reactive substrate such as 4-chloroacetophenone, but
both in this case and other attempted recycling studies,
notable decreases in yield and increases in reaction times
were observed. While these phosphines are reportedly less
sensitive to oxidation than other phosphines,®® the general
problem of phosphine oxidation that others have seen in Pd-
catalyzed chemistry™ remains a problem with 35. This is
evidenced by the results in this case where these authors
found that, based on P NMR spectroscopy, the recovered
PEG-supported ligands 35 were highly oxidized after the
reaction. A further problem was that the conditions required
for regeneration of the oxidized version of 35 by reduction
detached the SPhos from the polymer.

Chiral bisphosphine ligands on a cyclobutane backbone
that were developed by Ding’s group for asymmetric
allylic alkylation have been successfully attached to a
PEG,qq0 polymer via a succinate linker.” In this chemistry,
the PEGy00 group served several functions. While the main
purpose of the polymer was to recover a Pd catalyst, the
PEG2000 also facilitated purification of the ligands during the
synthesis. That chemistry used a dicyclohexylcarbodiimide
and DMAP as reagents to couple the half acid formed from
MeO-PEG;y0-OH and succinic anhydride to one or the other
enantiomer of a bisphosphine on a cyclobutane that had been
previously resolved. This ester synthesis generated the
desired products 36a and 36b along with unreacted starting
material and dicyclohexylurea (DCU). While the DCU was
insoluble in the CH,CI, solvent used in the esterification,
the separation of the bisphosphine from starting materials
might have, for example, required a column chromatography
which would have possibly exposed the phosphines to
oxygen and led to undesired phosphine oxides. In this case,
this was avoided by evaporating the solvent from the solution
of starting material and the PEG-bound bisphosphine and
then simply washing away any diethyl ether-soluble starting
materials or byproducts from the diethyl ether insoluble
PEG,q00-bound bisphosphine. Chiral bisphosphine ligands
36a or 36b so prepared contained either a bis(diphenylphos-
phinyl) or bis(4-tert-butyldiphenylphosphinyl) ligand and
were successfully used to form a Pd-complex in situ using
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(n-allylPdCl), and then used in an asymmetric allylic
alkylation using dimethyl malonate (eq 41). Yields through
9 cycles with 2.5 mol % of Pd and 6 mol % of ligand 36b
in eq 41 varied from 99% (cycles 1—6) to 81% in cycle 9.
Enantioselectivity was relatively constant at 91% ee + 3%
through these 9 cycles.

(@)
AcOH N
COH,C,, O)WO S
A o
36a: Ar=-CgHs
36b: Ar = -C¢H4C(CH

ArpP PAr, 6C(CHs)s
OAc 6 mol% 36a or 36b CH(CO,CHjy),
Dh/\}\Ph 2.5 mol% [(-allyPACll; o x"~pp, (@1

b+ CH,(CO,CH3) BSA
2 2 3/2 BSA = N O-bi . . .

2.2. Non-Cross-linked Polystyrene (NCPS)-Bound
Ligands and Catalysts

Polystyrene is an attractive linear soluble polymer to
use for supporting catalysts because the chemistry used
to immobilize ligands and catalysts mirrors that used on
the more common cross-linked polystyrene supports. Such
chemistry has been extensively developed because of the
importance of such supports in peptide synthesis and
combinatorial chemistry during the past 30 years.*® In the
case of linear polystyrenes, functionality to support ligands
or catalysts can be introduced directly during a polymeri-
zation using an appropriate comonomer or postpolymeriza-
tion by modification of the polymer. In many cases, a
combination of steps is used. Control of the amount of
functionality can be achieved by varying the amount of
comonomer in a polymerization or by controlling reaction
conditions in postpolymerization modification. Analyses of
the amount of functionality (ligand or catalyst) can often be
carried out by solution-state *H NMR spectroscopy though
the background signals due to polystyrene’s own NMR
spectrum make some spectral regions essentially opaque.
Polystyrene is usefully soluble in THF, dichloromethane,
chloroform, benzene, and ethyl acetate. It is insoluble in
hexane, methanol, and water.? Its insolubility in select
solvents means that the polystyrene-bound ligands or cata-
lysts can be recovered and recycled by the same type of
solvent precipitation process used for PEGs. When such a
precipitation works, it allows one to separate the polymer
and solution phase products by simple filtration. While non-
cross-linked polystyrene-bound catalysts have typically been
recovered by solvent precipitation, substituted polystyrenes
can be recovered using a liquid/liquid separation too.”

2.2.1. NCPS-Bound Phosphine and Arsine Ligands

Soluble polymer supported variants of triphenylphosphine
such as the PEG-supported phosphine ligands discussed
above were among the earliest examples of soluble polymeric
catalyst ligands.'® Studies of these sorts of ligands and their
close relative triarylarsines have continued into the present
because these species are both versatile tools for organic
synthesis and useful as ligands. Separable soluble polymer-
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bound versions of these species simplify product purifications
and facilitate catalyst recycling.

In 2003, Toy reported a simple synthesis of 4-styryl-
diphenylphosphine and the radical copolymerization of it
with styrene to form the polymeric phosphine 37 (eq 42).

The ligand loading of 37 was determined by elemental
analysis to be 1.5 mmol of PArs/g. The copolymer 37 was
used successfully in Mitsunobu reactions, with a 1.5-fold
excess of the polymeric phosphine affording products in
yields that ranged from 65 to 83%.”3 Precipitation of 37
using cold diethyl ether separated the polystyrene-supported
triarylphosphine from the product, and unlike the case with
PPhs, the use of 37 yielded products without any trace of
phosphine or phosphine oxide contamination.

N AIBN 1 n
—_— Ph (42
toluene
* 90 °C
R

R 37:R=PPhy,, n=4
38 R=AsPhop=

Toy’s initial success led to the development of an NCPS-
bound triarylarsine from 4-diphenylarsinostyrene by a po-
lymerization like that used to prepare 37 (eq 42).” The ligand
loading of 38 was determined by *H NMR spectroscopy after
the oxidation of 38 by hydrogen peroxide to be 0.83 mmol
AsArs/g. The product copolymer 38 was then used as a ligand
for Pd in Suzuki cross-coupling reactions (eq 43).” These
reactions afforded products in yields of 84—88%: yields like
those obtained using AsPh; as a ligand for Pd. The authors
noted that at 75 °C, the refluxing temperature of 1,4-dioxane,
the recovered 38 was not contaminated with Pd black but
that at 101 °C Pd black was formed. When the Pd catalysts
formed with 38 were used at 75 °C, catalyst recycling by
precipitation (MeOH) was feasible without any requirement
for added Pd for four cycles.

|
|\+
=

In 2005, Toy described Pd-catalyzed homocoupling of aryl
halides (R = -NO,, -CHjs, -H, -OCH,) using 38 (eq 44).7

B{UH),

5 mol% Pd{(PhCN),Cl, /©/0Me 43
10 mol% 38 Ph

QMa AQ,0 dioxane 75 °C

2-Z mol% 38
2-4 mol% Pd(OAC), N\

o 4
7 hydroquinone, Cs,CO4 R/— \ R
CH2CON(CH.),, 75 °C

An unhindered aryl iodide formed product in high yield
(90%), but the reaction time more than doubled and the yields
decreased to 80% with similar aryl bromides. More hindered
aryl halides had even longer reaction times and formed
products in yields that were below 50%. No recycling
experiments were described in this study.

In 2007, Chiu used 38 as a ligand for Pd-catalyzed Stille
coupling.” In this report, the authors first showed that these
polymer-bound triarylarsines were effective ligands for Stille
biaryl synthesis, ligands that were better than the corre-
sponding phosphine ligand 37. They also showed that
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recycling of Pd catalysts ligated by 38 was practical.
However, in these studies they also noted that the product
mixture in later cycles using 38 as the initial Pd ligand had
progressively more of the desired 4-methoxybiphenyl product
vis-a-vis the undesired biphenyl side product. They showed
this was due to aryl exchange of 4-bromoanisole with the
polymeric arsine. This observation was then exploited to
design a polymeric triarylarsine that would minimize biphe-
nyl byproduct formation. When they first treated 38 with
4-bromoanisole in the presence of Pdy(dba)s, they formed
39, a version of 38 whose aryl groups are enriched with
methoxyphenyl groups (eq 45). When the polymer-bound
triarylarsine 39 was used as a ligand in a Stille coupling of
4-bromoanisole with phenyltributyltin, the amount of biphe-
nyl byproduct seen dropped to 15% (vs 34% using 38) (eq
46). In this work, the NCPS-bound catalysts were recovered
by concentrating the reaction mixture in THF and then using
20% diethyl ether in hexane to effect a precipitation of the
NCPS-Pd complex.

1 Ph 8 /©/OM6 ) 1 Ph 8
Br 5 equiv. (45

38 25% Pd,(dba), 39
Ph’As‘Ph dioxane, reflux Ph(z_n)’As{(CeH‘;)OMe]n
20 mol% 39 Ph

Br 0,
/@/ 5 mol% Pd(PhCN),Cl, + Ph-Ph (46)
1e0 PhSnBus

dioxane, reflux Mad

=12

As noted above, Sphos phosphine is an extremely good
ligand for amination and Suzuki coupling of sterically
hindered aryl chlorides and it has been successfully
attached to both PEG and NCPS by the Garcia group. This
group synthesized the NCPS-bound Sphos 42 using the
chemistry in eq 47 and used the product ligand for Pd-
catalyzed coupling chemistry (cf. eq 39 and 40 above) of
aryl chlorides.% As was true with PEG supports, Pd catalysts
ligated by 42 were recoverable by solvent precipitation in
cold diethyl ether. However, a Pd catalyst ligated by 42 was
less reactive than its PEG analog and the reusability of the
Pd catalysts was compromised by phosphine
oxidation.

;
e . O o - Ph g
8 PHCy, a1

| HO. DMF @7

OMe
A O T H,CO

Cl OMe
40 41 a2y P(Cy)z

2.2.2. NCPS-Bound Phase Transfer Catalysts

Phase transfer catalysis (PTC), like other catalytic
processes, benefits from separation and recovery of the
catalysts.2 While most work with polymer-bound phase

Bergbreiter et al.

transfer catalysts has involved insoluble supports, Chen
and his group showed that a soluble NCPS-bound am-
monium salt was effective in such chemistry and could
be recovered.” In this work, Chen prepared the NCPS-bound
ammonium catalyst either from a chloromethylstyrene—styrene
copolymer or directly from chloromethylstyrene, styrene, and
tributylamine. The polymeric ammonium salt so formed, like
the well-known insoluble cross-linked polystyrene-bound
onium salts used earlier,”® was able to catalyze nucleophilic
substitution reactions, halogen exchange reactions, cyclo-
propanations, and alkylations of phenols and thiophenols.
This catalyst was found to be ca. 100-fold more reactive if
microwave irradiation were used. The utility of microwave
irradiation to enhance the rate of a polymer-supported
reaction is very useful with insoluble polymer supported
species but is less commonly used with soluble polymers
(cf. the review by Sauer elsewhere in this issue). This report
noted that the catalyst could be precipitated by solvent
precipitation with cold diethyl ether but catalyst recycling
was not described.

2.2.3. NCPS-Bound Chiral Diols as Ligands for
Dialkylzinc Additions

The Rosling group successfully immobilized o,a,a’,0'-
tetraaryl-1,3-dioxolane-4,5-dimethanol (TADDOL) on NCPS
by copolymerization of a TADDOL functionalized styrene
monomer with styrene.®’ The product, NCPS-bound TAD-
DOL (43) was then used to catalyze the enantioselective
addition of Et,Zn to benzaldehyde as shown in eq 48.

2 98
Ph

43 (20 mol%)

o 0
Ph -, Ph
D H P /~Ph ¢H

OH OH
(48

| Et,Zn, toluene
Ti(OCH(CHa)p)4
19 h __30°C
This NCPS-bound TADDOL was compared to a similar
TADDOL ligand on another polymer—poly(N-isopropyl-
acrylamide)—and afforded higher product yields. The NCPS-
bound TADDOL (43) was recovered using a repetitive series
of MeOH precipitations. The recovered 43’s effectiveness
(yield and % ee) in eq 48 was maintained for two more
reaction cycles.

2.2.4. NCPS-Bound Salen Ligands

Salen ligands have been studied by chemists for over 60
years and are versatile achiral and chiral ligands in catalysis.®*
Such ligands have typically been attached as pendent or
terminal groups on a polymeric support. Recent work by the
Weck group described a different synthetic approach that
used free radical copolymerization of an unsymmetrical
styrene-containing half-salen monomer 44 with styrene to
form an NCPS-bound salen Co catalyst 45 that was then



Facilitation of Homogeneous Catalysis

used in hydrolytic kinetic resolutions of epoxides (eq 49 and
50).82

Et;N, CH,Cl,

OH 2. styrene, AIBN 9

chlorobenzene, 80 °C
3. Co(OAc),, CH,Cly:MeOH, reflux

=N_ ;N_
Co
11
Ph
45 -

44

o 0.5mol% 45 o OH
s CInuA~_OH (50
Ol Hoae | S A T ONAOH
HaQ CHoCle

After copolymerization, the NCPS-bound chiral salen was
metalated with Co(OAc), to form a Co-Salen complex. The
product Co-salen was then successfully used in hydrolytic
kinetic resolution of racemic epichlorohydrin. This kinetic
resolution (eq 50) afforded starting material with >99% ee
after the ring-opening reaction had proceeded to 54%
conversion (1 h). Recycling of catalyst in three successive
runs was successful but the reaction time in successive runs
was longer, reportedly because of physical loss of catalyst
during the diethyl ether precipitation/filtration process.

2.2.5. NCPS-Bound Palladacycle Catalysts

In 2005, Luo described using NCPS to support a palla-
dacycle catalyst similar to one described earlier by Herrmann
as being particularly effective for Heck and Suzuki reactions.
This carboxylate-bridged palladacycle 47 was attached either
by copolymerization of a palladacycle-containing styrene
monomer with styrene or by metalation of a preformed
phosphine-containing polymer, 46 (eq 51).838 This NCPS-
bound Pd complex was then used in Heck and Suzuki
chemistry (cf. eq 52).

m

Ph |, Pd(OAc),
—_——

]
toluene
~ PPh, 50°C
CH; 46
Me
Ph Ph
== B u
Pg Pd (51
n —
pro O P ><n
Me 47

NU
Br oM 2 mol% 47
e _—
/©/ + Y NaOAc, DMA _~__OMe (52
NC o) 100 °C Ja
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The catalyst 47 was successfully recycled four times with
an isolated yield of a cinnamate product of more than 80%
in the fourth cycle in Heck coupling chemistry. Recycling
of a catalyst in a Suzuki reaction was not reported.

2.2.6. NCPS-Bound Organocatalysts

In 2007, Tao anchored L-proline to linear polystyrene using
either an aliphatic diacid, terephthalic acid, or 4-hydroxy-
benzoic acid to form organocatalysts 48—50 that were used
in aldol chemistry like that shown in eq 53.85% The catalysts
48—50 all afforded products in moderate yield (ca. 60—70%)
with excellent ee values in the 90—98% range and served
as recoverable catalysts for asymmetric aldol reactions. In
studies with the aldol reaction shown in eq 53, Tao’s group
reported that the NCPS-bound proline catalyst 50 was
recyclable five times with little or no effect on the initial
70% yield, 92:8 anti/syn diastereosteroselectivity, and 95%
enantioselectivity.

) 48: R = -OC4H,CONH-
COH  49:R= -NHCO(CHp)(z or 4/CONH

50: R = -NHCOCgH,CONH-
R NH

NO, NUz UR U
5 mol% 50 B

= H
CHO :
(53
DMF/H,0 (15:1)

Toy and Shi prepared soluble NCPS-bound organocatalysts
51 and 52 as terpolymers by copolymerization of styrene,
4-acetoxy- or 4-trimethylsiloxymethylstyrene, and an ap-
propriately 4-substituted styrene derivative that contained a
nucleophilic organocatalytic group.

R 51 PPh, R 52 N

R = -H, -CH,OH, R = -H, -CH,0H, -OAc, @
-OAc, -OCH3, -OH -OCHj, -OH, -OTBS'S,

These NCPS-bound nucleophilic catalysts were then used
in intra- or intermolecular Morita—Baylis—Hillman reactions
like those in egs 54 and 55 (R = -Et, -Bu, -Ph, -p-CIPh,
-m-MePh, and -p-MePh) and eq 55 (R = -Ph, -p-C¢H4F, -p-
CsH4C|, -p- C6H4Br, -0- C6H4C|, -m- C6H4N02, 'p'C5H4N02,
and -2,4-CgH3Cl,).8” Toy proposed that the hydroxyl group
facilitated these reactions by hydrogen bonding with the o,-
unsaturated carbonyl Michael acceptor. Evidence for this was
the fact that the best yields were obtained with phenol-
containing terpolymers, more moderate yields with hydroxyl-
containing terpolymers, and lowest yields with terpolymer
without an H-bonding group.

7 o OH
)LR 25 mol% 51
| CICH,CH,CI R (54

\/\fo t, 18 h
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o o OH O

)J\+\)J\

R™H THF,60°C, 3d R

10 mol% 52

(55)

2.3. Soluble Polymeric Catalysts Containing
Salen Monomers

As noted elsewhere, using polymers to support salen
ligands is a common theme in catalysis because of the
importance of these ligands and their metal complexes in
modern chemistry. Most of these examples have salen units
as pendant or terminal groups. An alternative approach for
salen complex immobilization uses the salen groups as
monomers to prepare homo- or copolymers.

The most general approach to synthesis of a soluble
polymer with salen repeating units is based on Zheng’s
synthesis of polymeric salen ligands 53a—53d from a bis(o-
hydroxybenzaldehyde) and a diamine (usually trans-1,2-
cyclohexanediamine) (eq 56).

NH3’r

NH3+ “0,C

ogc “IOH
(56)
cho3
HZO/EtOH 5:1)
53a-d

533, R = 'CHZ'; 53b, R= -C(CH3)2-; 530, R= —CHzOCHz-

53d R= —C=C CzC~

CoH.20

In 2002, Zheng described extensions of this original report
that used a polymeric—salen Mn(Il) complex 54 to catalyze
asymmetric alkene epoxidation (eq 57).

=N_ N=
4 mol% gHg Mn
¢ o'¢rro
CHs
_~_O 54 n 0
| H (57
NN NaCIO, 4-PPNO 5
CHoCl 0oC H

The asymmetric epoxidation of 2,2-dimethylchromene (eq
57) using 54 as a catalyst using a 10:1 mixture of bleach
and 4-phenylpyridine-N-oxide (4-PPNO) as the penultimate
oxidants proceeded in 81% yield and 96% ee, forming the
R,Sepoxide. Zheng’s results were very similar to the results
they described earlier®® and to what Jacobsen reported for a
nonpolymeric salen (72% yield and 98% ee).*® Catalyst 54
was recycled 4 times with the same yield and % ee by
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concentrating the reaction mixture and precipitating 54 with
hexane and then isolating the recyclable catalyst by filtra-
tion.®

Polymeric catalysts using polymers derived from 53a—d
have been used in a variety of other reactions. Kureshy
described using chiral polymeric Cr(111) salen complexes for
enantioselective aminolytic kinetic resolution (AKR) of
epoxides.®* This work showed that a recyclable polymeric
Cr(I11) salen complex 55 containing CI~, NO; ™, or CIO4~
counterions had different activities, with the perchlorate
complex being the most reactive but with the chloride
complex being the most selective. The chloride complex was
studied as a recyclable catalyst in the AKR reaction shown
in eq 58. The 80% ee of the recovered epoxide and 87% ee
of the product amino alcohol at 49% conversion changed
slightly to 71% ee and 86% ee at 45% conversion in the
fifth cycle with a slight increase in reaction times (14 to 20 h).

5 mol% 2
=N_ N=
N7
H, /qr\
C Ox 0
O Ph
O Ph PAY
Dh/A/+ L PhT (s8
55. X=-Cl,-NO;, or-CIO;  Ph—NH Ph
Orm '
CH2C|2, rt DY ’?1“

Kureshy’s group extended this AKR chemistry using a
microwave reactor using a 9:1 mixture of CH,Cl,/MeOH as
the reaction solvent.®? With microwave irradiation, reaction
times decreased from 14 h to 2 min. Recycling was as
efficient as in the thermal process, but the % ee for both the
recovered epoxide and the amino alcohol advantageously
increased in the microwave process to ca. 90%

Several reports describe recyclable polymeric salen com-
plexes as catalysts in enantioselective additions of nucleo-
philes to aldehydes and ketones. Zheng first described a
version of Belokon’s chemistry wherein O-acetyl cyanohy-
drins are formed from a cyanide source and acetic anhydride
(Ac0).% In that report, Zheng used a Ti(IV) complex formed
from the salen polymer 53b.% The soluble polymer-bound
Ti(IV) catalyst was successful in that case, affording S
product in 77% conversion with 47% ee. A V(V) complex
of the salen polymer was also investigated and was far
superior, affording addition product with various aldehydes
in reactions at —42 °C that had >90% conversion with as
high as 94% ee.** However, that (V) salen polymer was
not recyclable. A subsequent report by Khan described a
V(V) complex (56) that could be used for the same reaction

(eq 59).
EtSO,"
\H/
(')H2
N
(59
1 mol% 56
| (CH3C0),0, KCN OCOCH
- CH,Cl,, -20°C

This V(V) salen polymer proved more useful in that it
could be recycled by precipitation from the reaction mixture
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(hexane addition) and reused, affording product in high ee
and good conversions over multiple cycles (conversion (%
ee) of 95 (91), 90 (91), 88 (91), 86 (91), and 84 (91) in 5
cycles).® Khan had earlier described chemistry similar to
that in eq 59 using (CH3)3SiCN to form O-trimethylsilyl
cyanohydrins. That work used the same V(V) salen polymer
56 and afforded the S cyanohydrin TMS derivative from
benzaldehyde in >94% conversion with an enantioselectivity
of 96% ee for all four cycles.%

Abdi also described using a Zn salen complex formed in
situ from Et,Zn and 53a for enantioselective addition of
phenylacetylene to aryl aldehydes and aryl methyl ketones
(Z = -H, 0-CH3, 0-OCHj3; mOCHj, -p-CH;, p-OCHjs,
c-CgH11, -CH,CH(CH3),, and naphthyl) (eq 60).

These additions afforded isolated yields of secondary
alcohols that were typically in the 80—90% range with typical
ee values of ca. 60%. Addition of phenylacetylene to methyl
aryl ketones proceeded in ca. 10% lower yield but with
similar enantioselectivity. The polymeric salen catalyst was
reused four times in the reaction of phenylacetylene and
acetophenone without affecting the yield or ee significantly.®

NS
\ 10 mol% 53a R ,OH
R EtyZn (2 equiv) x < (60
R=H or Me — L .z A
+ PhCHj, rt > Ph
Dl —— ||

The salen polymer 53d also formed a Zn-salen complex
on treatment with Et,Zn that catalyzed the Et,Zn alkylation
of benzaldehydes (eq 61) (Z = -3-NO,, -H, -4-OCHj).%®

Isolated yields of addition products were in the 70—80%
range. Stereoselectivity was good, but the highest ee for the
(9-1-aryl-1-propanol product using this Zn derivative of the
R R salen complex 53d as catalyst was only 70%. Precipita-
tion using MeOH recovered the catalyst, which was reused
once with the same yield and stereoselectivity.

1 mol% 53d H OH
N | R Et,Zn (2 equiv) N 61
1 _ i
X PhCHa, 30 °C, 18h z U

Salen polymer promoted oxidative kinetic resolutions of
secondary alcohols have been described by the Kureshy and
Sun groups.®1% These groups used very similar polymeric
salen catalysts 57a and 57b or 58a and 58b to selectively

OH
OH  0.6-2mol% =
cat. 57or58 Z7
e —_— = P + (62
A PhI(OAG),, KBr o
Z H,Cly:H
C 202 20, rt Z_I AN
L

oxidize the Senantiomer of racemic mixtures of 1-aryletha-
nols (eq 62). Both groups describe very successful kinetic
resolutions leading to mixtures of the ketone and R alcohol
starting material with >90% ee for the remaining alcohol at
50—60% conversion. Both groups found that bromide was
a necessary additive, and both groups were able to success-
fully recycle the polymeric salen catalyst using hexane
precipitation.

An alternative way to synthesize a polymeric chiral metal
salen complex was described by Yu and Yin. ! In this case,
the Mn(I11) salen complex 59 was prepared using trans-1,2-
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diaminocyclohexane and 3-tert-butyl-5-chloromethyl-2-hy-
droxybenzaldehyde as monomers. This polymerization could
in principle form branched or cross-linked products, but Yu
and Yin report isolating the linear polymer precursor of the
Mn(111) complex 59 and described their work using it as a
homogeneous catalyst for epoxidation of styrene (eq 63).
While the first cycle afforded a 99% yield of product, the ee
of 35% was modest and the yields dropped to 52% by the
fifth cycle. The poor recyclability was ascribed to oxidative
degradation of the salen complex based on differences in
the UV —vis spectrum of fresh and used catalyst.

R R
=N, N=
Mry
R ol
cl
n

57a; R = -CH,-, R' = R" = -CHyCH,CH,CH,-
E7b: R = -C(CHa)y-, R' = R" = -CH,CH,CH,CH,
58a: R = -CH,-, R'= R" = -Ph

8b. R = -C(CHa)- R’ =R"=-Ph

4 mol%

/

| \

NH HN—- o}
=
_

% 4 63
2 pyridine-N-oxide, m-CPBA

CH.Cl, 0°C

Weck’s group has describe a third sort of polymeric
salen complex containing salen groups as repeating units
in the macrocyclic polymer chain formed by a ring
expanding metathesis polymerization (Scheme 3).102103
These macrocyclic salen polymers could be converted
into cobalt salen complexes 62 that, like the cyclic
oligomeric cobalt-containing salen complexes reported
earlier by Jacobsen,'* were very effective catalysts in HKR
of racemic terminal epoxides (eq 64). Recycling of these
catalysts by evaporation of the reaction products and addition
of a fresh solution of starting materials was also carried out
four times. No significant deactivation was observed.'%

0.02 mol% 62 OH

C'\/<lo *

C'v<(l)

oH (640
H,0, 25 °C

2.4. Using Polymers Prepared by Ring Opening
Metathesis Polymerization (ROMP) to Support
Ligands and Catalysts

Ring-opening metathesis polymerization has provided
chemists with a variety of soluble polymer supports that have
been used to facilitate synthesis and catalysis.1®1%" Such
supports are useful in the synthesis of libraries of compounds
of biological interest.'® These sorts of supports generally
are prepared using a norbornene-containing monomer. They
continue to attract interest, as discussed below.
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2.4.1. ROMP-Derived Polymer-Supported Phosphine
Ligands

Luh and Yang reported the synthesis of polynorbornene-
supported phosphine ligands 63 that were useful in Pd-
catalyzed cross coupling chemistry (eqs 65-67).1%° The Pd
catalysts formed with these ligands were all competent in
the first cycle with aryl iodides, but the activity of the
catalysts decreased cycle to cycle. In the case of the Heck
coupling chemistry, the polymer-bound catalyst was soluble
at 80 °C but was insoluble at room temperature. This
thermomorphic system provided the most recyclable catalyst,
with the initial 95% yield dropping to 85% in the fifth cycle.
Catalysts that were recovered using solvent precipitation
generally had larger decreases in activity cycle to cycle.

2.4.2. Polynorbornene-Supported Pyridine Ligands

Nomura and Kuromatsu reported using polynorbornene
as a soluble support for various pyridine and bipyridyl ligands
that were used as ligands for Ru in selective hydrogen
transfer reduction of ketones.'® This polymeric ligand (64)
was prepared by a living ring-opening metathesis polymer-
ization using a Schrock type molybdenum-alkylidene initia-
tor, and the bipyridine or pyridine was introduced onto the
product polymer by a Wittig-like reaction with an aldehyde-
substituted pyridine derivative. When Ru(acac); was added
to an i-PrOH/toluene solution of these ligands in the presence
of NaOCH(CHj3),, cyclohexanone was reduced to cyclohex-
anol with TONs of ca. 250—300. Recycling was studied with
the pyridine-terminated polymer (64). TON values for
cyclohexanone reduction decreased by less than 5% cycle
to cycle. Similar results were seen for the reduction of
allylcyclohexanone in eq 68, where the first and second cycle
TON values were both 125.

Bergbreiter et al.
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2.4.3. Polynorbornene-Supported Salen Ligands

Weck and Holbach described the use of ROMP chemistry
with a third generation Grubbs catalyst as a route to

Scheme 3. Synthesis of Cobalt-Containing salen Polymers by a Metathesis Polymerization
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Chart 3
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65a: M=MnCl, x=0,y=50
65b: M =Co,x=0,y=20
65c: M =MnClx=25y=25
65d: M=MnClx=75y=25
65e: M =MnClx=90,y=10
65f: M=Cox=25y=25
65g: M=Cox=75y=25
65h. M =Cox=90 v=10

polynorbornene-supported salen catalysts where the concen-
tration density of the metal salen complex in the polymer
was controlled by the presence or absence of a comonomer
(eq 69 in Chart 3).** Co(lI) or Mn(I11) complexes of a salen-
bound to norbornene via an arylacetylene ester were found
to be compatible with the ROMP chemistry. The comonomer
was an octyl ester of the same norbornenyl acid used to bind
the salen complex. Typical polymer degrees of polymeriza-
tion (DP) were 50 or 100. Homopolymers of the Co-salen
and the Mn-salen complexes (DPs of 20 and 50, respectively)
were also prepared.

The polymer supported Mn-salen complexes 65a and
65c—e were used in the epoxidation of aromatic olefins. For
example, the salen-containing copolymer 65c at 4 mol %
catalyst loading quantitatively oxidized 1,2-dihydronaphtha-
lene, forming the epoxide with an enantioselectivity of 81%.
The results obtained using 65c¢ as a catalyst were almost the
same as those obtained when a low molecular weight salen-
Mn(l11) complex was used (88% ee). Recycling was exam-
ined in this reaction (eq 70). To recycle and recover the
catalyst, the polynorbornene-supported 65c was precipitated
by adding the reaction mixture to a mixture of diethyl ether
and methanol. However, while 65c was recovered quanti-
tatively, 65c lost its activity and selectivity in recycling in
that the conversions dropped to 85% and the product ee
dropped to 6% in the third cycle from values of 100%
conversion and 81% ee in the first cycle.

VICPBA (2 equiv) 0
X NMO (5 equiv) (70
kel i
| = 4 mol% 65¢
CHeClo, 20°C

To examine these catalysts in hydrolytic kinetic resolution,
the polynorbornene-supported salen Co(ll) complexes 65b,
65f, and 659 were oxidized to form Co(lll) complexes using
acetic acid and air. The Co(lll) acetate salen complexes so
formed selectively converted the R enantiomer of epichlo-
rohydrin to the diol (eq 71). At 55% conversion, the
unreacted Sepichlorohydrin had an ee of 99%, a result that
was very similar to that seen with the low molecular weight
Co acetate salen catalyst (99% ee at 53% conversion).!*?
Kinetic studies showed that the homopolymer catalyst
derived from 65b was slightly less reactive than a structurally

similar low molecular weight catalyst under solvent free
conditions. However, by oxidizing the Co(ll) salen 65b with
O, in the presence of p-CH;C¢H4SO3H, it was possible to
prepare a polymeric Co(lll) tosylate that was more reactive,
albeit slightly less selective.

O
0 CH:Cly, Hy0 (0.7 equiv) NN
Cla L] OoH + (71
4 mol% 65 (Co) cl : OH
¢ 5h ~

Recycling of the polymeric Co complexes was possible
using solvent precipitation by adding the reaction mixture
to excess diethyl ether. The (R)-3-chloro-1,2-propandiol
product was removed from this ether solution by extraction
with water, leaving the pure S-chlorohydrins. However, the
solubility of the recovered Co(lll) acetate salen derived from
65b significantly decreased cycle to cycle, and longer
reaction times were required for the HKR of epichlorohydrin.
Similar studies using a Co(lll) tosylate salen derived from
polymer 65b showed that some degradation of the Co(lll)
salen polymer occurred based on the changes in the elemental
composition of the recovered polymer. The solubility prob-
lems encountered with solvent precipitation could be avoided
by using an alternative recycling strategy where the substrates
were removed by fractional distillation and the catalyst-
containing residue was reoxidized in acetic acid with oxygen.
Using this method, the reaction time required to obtain the
Sepichlorohydrin in 99% ee increased to ca. 11 h, but the
aforementioned solubility problems were avoided.

Polynorbornene polymers with pendant Al-salen com-
plexes have also been shown to be useful catalysts for
asymmetric conjugate addition of CN to a,(-unsaturated
imides (eq 72).1%% In these reactions, the polymer was
quantitatively recovered and reused five times without
affecting the yield or ee of the product, both of which were
>90%, so long as the o,5-unsaturated imides did not have
a sterically cumbersome group at the S position.

The recycling procedures used in this example are
effective, and the catalyst is robust. However, this report
also illustrates two of the potential disadvantages of
polymer-supported catalysts in general and solvent pre-
cipitation in particular as a catalyst recovery procedure.
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In this report, the examples where catalysts were recycled
used 15 mol % catalyst (the authors did note that 5 mol
% catalyst was equally effective). This mol % of catalyst
coupled with the loading of catalyst on the polymer 66
means that the reactions use a mass of catalyst that is
nearly equal to the mass of the substrate even though the
polymer 66 has a pendant Al-salen group on every
repeating unit of the polymer. Mass loading is an issue
that is not often discussed with soluble or insoluble
supported catalysts but is likely a concern if a reaction
were to be run on a larger scale and is even more of a
problem when the catalyst concentration on a polymer is
diluted because it is present as a terminal group or present
on a copolymer where its concentration is diluted with
another monomer. Second, the workup procedure requires
significant solvent to effect catalyst/product separation.
In the workup described, the 160 uL of the reaction
solvents toluene and isopropanol and the 4-fold excess
of the toxic trimethylcyanide reagent are removed by
evaporation. Then, 15 mL of ethyl acetate (EtOAc) was
added to the residue to selectively dissolve the reaction
products but not the polymeric catalyst. This process is
repeated with four more 15-mL rinses of EtOAc. Overall,
this corresponds to the use of 75 mL of solvent for a 0.26
mmol scale reaction. Finally, these recycling studies
involved 36 h reactions. Since separate studies showed
that the reactions with 15 mol % catalyst were complete
in 6 h, these longer reaction times too make it impossible
to rule out some catalyst deactivation.

2.4.4. Polynorbornene-Supported TEMPO

Polynorbornene has also been used to support TEMPO
groups that can be used as recyclable catalysts in TEMPO
catalyzed oxidation of primary alcohols to aldehydes (eq
73).14 Three sorts of catalysts were used, 67a, 67b, and 67c.
These polymeric TEMPO catalysts were prepared by ring
opening polymerization of a reduced hydroxylamine TEMPO
monomer derived from cis-5-norbornene-endo-2,3-dicar-
boxylic anhydride. Each monomer unit contained -CH,-
OTEMPO-H and a second -CH,TEMPO-H, a -CO,H, or a
-CO,CH3; group. To avoid problems with the residual alkene
groups that remain from the ROMP polymerization, the
residual alkene groups of the polymeric catalysts were
reduced with Pd/C and hydrogen. The oxidations were then
carried out in a biphasic CH,Cl,/aqueous system using
NaOCl as the stoichiometric oxidant. The authors noted that
the catalysts could be recycled for up to three runs with no
drastic decrease in their activity from the 70—80% GC yield
of aldehydes seen in the first cycle. The catalysts evidently
partition into the CH,CI, phase of these biphasic reaction
mixtures even though in one case the catalyst contains a
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relatively polar -CO,Na group. After the oxidation, these
catalysts could be separated from the aldehyde product-
containing phase by solvent precipitation with diethyl
ether.

Ph
0 67a: R = N-OH
0 o}
R
© 0 67b: R = -CH, 73
N_ 67¢: R=-H

OH 0

C7H15CHy0H CHis4

NaOCL KB, HoQ/CH,Cl, 0 °C o

2.5. Solid/Liquid Separable Dendrimer-Supported
Ligands and Catalysts

When they were first developed in the late 1970s, dendrimers
attracted great interest as a new class of highly branched and
well-defined macromolecules. Since then, dendrimers have
mainly been the subject of extensive biology and materials
science research. One of the promising applications of den-
drimers is their use as a support for catalysts.''>1¢ As a soluble
support for catalysts, dendrimers provide excellent handles for
recovery and reuse of catalysts. They have the advantages of
high catalyst loading, control of catalyst solubility by peripheral
functionalization, and design flexibility that can be used to
introduce variable numbers of active catalytic sites onto or into
a single dendrimer.

Recovery of dendritic catalysts can be effected in several
ways. Because of their shape, dendrimers are particularly
amenable to separation by membrane filtration.”~10.117.118
However, they can be recovered by a liquid/solid separation
after solvent precipitation too, as is illustrated in the
discussion below.

2.5.1. Dendrimer-Supported BINAP-Ru Catalysts for
Hydrogenation of Ketones and Carboxylic Acids

BINAP ligands are generally useful in asymmetric cataly-
sis, and polymers containing BINAP ligands were success-
fully prepared from a first- or second-generation polyether
dendrimer 68, as shown in eq 74.1*® The BINAP-modified
polyamides 70a and 70b so formed contained pendant
polyether and had M, values of 20,500 and 26,070, respec-
tively, with PDI values of 1.63 or 1.49. Such polymers were
more soluble than a linear polyamide due to the presence of
the polyether dendrons but could be quantitatively precipi-
tated by solvent precipitation using methanol. Both den-
dronized poly(BINAP) polymers could be converted in situ
into ruthenium catalysts by reaction with [Ru(benzene)Cl,]..
The resulting Ru complexes were both effective catalysts in
asymmetric hydrogenation of carbonyl compounds such as
2-methylacetophenone or of 2-arylacrylic acids such as
2-phenylacrylic acid to produce secondary or primary alcohol
products with enantioselectivities that were typically greater
than 80% (eq 75). Slightly higher enantioselectivities were
observed for Ru complexes formed using 70b (average of
85% ee) versus Ru complexes formed using 70a (average
of 82% ee). The catalyst formed with the dendronized
polymer 70b was chosen for the recycling experiment, and
the recovered catalyst was recycled four times with 100%
conversion/cycle with no changes in the product ee. No
analysis for the Ru content in the product phase was reported.
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2.5.2. Dendrimer-Supported Organocatalysts

Dendrimer-bound organocatalysts are attractive alternatives
to linear polymers in part because of their possible use as
synthetic analogs of enzymatic catalysts.*222! In 2005, Fréchet
and Hawker studied the influence of polymer architecture and
nanoenvironment on dendritic polymer-bound dialkyl(ami-
no)pyridine catalysts.'?® Their studies not only examined the
recovery and reuse of these dendritic DMAP analogs, they
also designed dendritic catalysts with a radial polarity
gradient around a catalytic core to examine how nanoenvi-
ronment affected these dendritic organocatalysts. In order
to achieve these goals, three polymeric DMAP analogs
71—73 were prepared.

Catalyst recycling with the dendronized linear polymer 73
that used solvent precipitation had been described previ-
ously.*?® Similar studies were carried out with dendrimers
71 and 72 using acetylation of 2-butanol with 5 mol % of
71 or 72 in the presence of triethylamine in hexane to probe
the activity and recyclability of these dendrimer-bound
catalysts. These dendritic analogs of DMAP were not as
easily recovered as 73 because they did not precipitate as a
solid. However, these dendrimer-bound DMAP analogs could
be recovered after an initial water wash (to remove am-
monium salt byproduct) followed by evaporation of all the
volatiles by heating at 80 °C for 24 h in vacuo. The recovered
dendrimers 71 and 72 maintained their activity as acylation
catalyst through four recycles with average yields of 83%
and 90% for 71 and 72, respectively.

The potential of using the architecture of the dendritic
catalysts to affect catalyst efficiency was examined by
comparing the reactivity of DMAP with 71, 72, or 73 in a
more difficult acylation of a tertiary alcohol (eq 76).

© /N = | RO OR
XN OCyHzs
H,
RO OR R=~C
71 OC“’)H’E

RO [e] o o 0
0 0
Rojj(o %\C
°© o OR
RO 0]
RO
.. OR OR
7.5 mol
71,72,0r 73 piyo
\)</\)\ Piv,0, Et3 \)</\)\
hexane it

Pivalation of linalool was very slow with DMAP but was
significantly faster with any of the dendritic catalysts. The
dendronized polymer-bound DMAP analog 73 was marginally
more reactive than 72. Both in this reaction and in acetylation
of 1-methylcyclohexanol, the differences in acylation rates were
ascribed to differences in the nanoenvironment of the interior
of dendrimers 71 and 72. In both cases, the polyester-containing
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dendrimer was more reactive. This was attributed to substrate
preconcentration in the polar interior of the dendrimer catalyst,
since these reactions were carried out in the nonpolar solvent
hexane. However, other explanations for the enhanced reactivity
of 72 based on transition state stabilization or dielectric effects
were not excluded.

Proline and its derivatives are among the more commonly
used organocatalysts and have been immobilized on many
soluble polymers including dendrimers. Polyether dendritic
proline derivatives such as 74, 75, 76, or 77, for example,
have been used as separable, recyclable soluble polymeric
catalysts in a variety of chemistry. In these studies, the
dendritic proline derivatives have been recycled by adding
MeOH to the reaction mixture to precipitate the dendrimer-
bound proline catalyst. After filtration, the recovered catalysts
were then reused.

In their first report, Zhao and Zhu described the
synthesis of the dendrimer-supported N-methyl prolinol
74 by alkylation of a bis(4-hydroxyphenyl) derivative of
proline using eq 77, reducing the cyclic urethane to
introduce the N-methyl group in 74.'%* This dendrimer-
bound N-methylproline derivative was then used as an
organocatalyst in Bolm’s enantioselective aryl transfer of
arylboronic acid derivatives to aldehydes.?® The second
generation dendritic N-methyl prolinol 74c was the best
catalyst for the aryl transfer. Aryl groups with halogens,
alkyl, alkoxy, and electron withdrawing -CF3 groups could
all be successfully transferred from arylboroxine (ArBO);
substrates with typical yields of 95% and typical ee values
for the product Salcohol of 95—98%. The asymmetric aryl
transfer reaction of (CsHsBO); to p-chlorobenzaldehyde (eq
78) was used to test recycling.

( OH
N
4—0
o]
1. K,CO;3, 18-crown-6
, OH ——————
acetone
0}-CH,Ph
B,
O1-CH,Ph
O-—TCH,Ph
°© 0-tCH,Ph
reduction, O
hydrolysis N (77
]
or R 0O O O-tCH,Ph
hydrolysis/silylation 2é o
74: '/R=-CHy;’R=-H |
75. 'R=%R=-H O-CH,Ph
76: 'R =-H; 2R = -Si(CHa)3 —n
an=0bn=1tcn=2dn=3
1. £ZnkEty, 60 °C
Phe,-O.Ph toluene, 4 h C;)H
58 s
0.5-0 2. 20 mol% 74c O O
1 p-chlorobenzaldehyde al
Ph foluene -15°C 8h

These reactions used 20 mol % of 74c as the catalyst and
were carried out on a small scale using 4.5 equiv of ZnEt,
and 0.5 equiv of (C¢HsBO); relative to the substrate aldehyde.
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In these studies, The catalyst was quantitatively precipitated
in methanol and reused throughout five cycles with yields
of >91% and stereoselectivities favoring the S-configuration
of the product that exceeded 95% ee in each cycle.
Zhao’s group also described using 75c for the enanti-
oselective epoxidation of enones (eq 79).1% In these studies,
the catalyst 75c was used as a catalyst for epoxidation of
chalcone derivatives. Aryl groups with electron-withdrawing
substituents could be used in place of the phenyl groups of
chalcone (*Ar = 2Ar = -Ph). Enones with aryl substituents
with electron-donating groups failed to react. Yields were
typically around 90% with ee values that ranged from 84 to
93%, but the reactions were slow with most of the 0.1 mmol
scale reactions taking 6 days. Recovery and reuse of the
catalyst 75c was tested using the epoxidation of chalcone as
an example. Throughout five cycles, the yield was in the
range of 80—84% with the enantioselectivity ranging from
72 to 74% ee. These successful recycling studies showed
that this dendrimer-bound prolinol catalyst was stable to the
excess tert-butyl hydroperoxide under the reaction conditions.

0 30 mol% 75¢ o

o
CCly, (CH3)sCOOH
1Ar/\)]\2Ar 1Ar/\'/U\2Ar (79)

4A MS, rt., 6 days

The prolinol dendrimer 75c was also successfully used as
a recyclable catalyst for enantioselective borane reduction
of ketones. A variety of substrate ketones were studied (e.g.,
Z= p-NOz, -H, p-OCH3, 'CH(CHg)z, 'C(CHg), —2-pyridiny|,
p-CsHs; R = -CHj, -CH,SO,Ph, -CO,CHj) along with
various indanone or tetralone derivatives (R = -CHs, -n-
C4Hg, 't'C4Hg, 'C'C@Hll, -C6H5, -rn'C5H4F, 'p-C6H4F, -Mm-
CsH4Cl, 'p'CeH4C|, and '2,3'C5H3C|2) (eqs 80 and 81)
Product yields in these reductions were generally 80—99%,
and in most cases the product had ee values that exceeded
90%. Poorer ee values were seen for chalcone derivatives
or for dialkylketones. Reduction of substituted indanone or
tetralone derivatives could also be carried out in high yield
but generally with poor diastereoselectivity for the cis- and
trans-products. Formation of the trans-products occurred
with higher enantioselectivity than that of the cis-products
(trans-products were usually >90% ee).

5 mol% 75¢ :

THF, reflux, 0.5 h  slow addn (8 h)

BH3;-SMe,
(1.1 equiv)

@@wz ©:

n=1or2 R
@éwz

slow addn (8 h)

Recycling of the dendritic prolinol 75c was studied in a 1
mmol scale reduction of p-nitroacetophenone (eq 80).1%7 After
the reduction was complete, the dendrimer-supported prolinol
catalyst 75c was precipitated by addition of MeOH to the
reaction mixture, and it was then recovered by filtration. The
recovered solid catalyst was reused through five cycles and
formed the R secondary alcohol product with a constant ee
of 96% and with yields that varied from 99% to 96%. When

Q,
|BH;-SMe, 5 mol% 75¢
1.1 equiv) THF, reflux, 0.5h
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this dendritic prolinol was used in reduction of the racemic
tetralone (R = 2,3-CgHsCl,), recycling was equally effective
in five cycles, forming a nearly 50:50 mixture of the cis-
and trans-products with an average 97% yield and 97% (cis-)
or 95% (trans-) stereoselectivity. In this case, the (S§)-trans
product was prepared on a 600 mg scale and subsequently
converted into the antidepressant drug (+)-sertraline.!?8

The trimethylsilyl ether of the dendritic prolinol (76) was
successful used as an organocatalyst in diastereo- and
enantioselective Michael reactions (eq 82).1%° Catalyst 76¢
was the best catalyst, forming predominantly syn-products
with 70—80% stereoselectivity with ee values that were
generally 99%. Recycling experiments using a 0.25 mmol
scale 5-day reaction of 3-methylbutanal and nitrostyrene gave
the product in yields that dropped from 81% (cycle 1) to
65% (cycle 5) with diastereoselectivity (syn-favored) that
dropped from 62% to 50% but with ee values for the syn-
product that were consistently 99%.

(@]
R +
\)J\H 10mol%76c Q Fh
N WHMNOZ (82
P R
R = -CH(CHS),
-CHo -(CHA.CH.

Zhao and Cao also used 76c as a recoverable recyclable
dendritic catalyst for enantioselective tandem cyclopropa-
nation/Wittig reactions of a,f-unsaturated aldehydes using
arsonium ylides (eq 83). ** While high diastereoselectivity
favoring the product shown was possible with 'R = H and
2R = Ph in a 1 day, 0.2 mmol scale reaction, the yields of
products were generally modest (in the 50—70% range). The
diastereoselectivity varied significantly with changes in the
substituents on the aryl rings. Recycling of the dendritic
catalyst 76c was successful after MeOH precipitation and
filtration. Through four cycles of cyclopropanations with the
acetophenone-derived ylide and cinnamaldehyde, the product
yields were in the range of 55—60%. The diastereoselectivity
dropped during this recycling from 98% to 84%, but the ee
of the favored product shown was consistently greater than
96%.

'R
B 0 R
3h3AS+\)K©\
10 mol% 76¢
" R NayCO3, CHCIy oF ””/ (83
ZR/\/CHO 24 h
R

Efficient, reusable dendritic catalysts derived from N-
prolylsulfonamide using polyether dendrons are also useful
for the asymmetric aldol reactions in water.*®* Using the
reaction shown in eq 84, the dendritic catalysts 77a, 77b,
and 77c were compared one to another and to a low
molecular weight N-prolylsulfonamide.

The dendritic catalysts generally gave higher yields of
product with diastereo- and enantioselectivities that were
equal to or better than those obtained using nondendritic
N-prolylsulfonamide catalysts. Catalyst 77b was the best
dendritic catalyst, and its scope was studied in an aldol
reaction of cyclohexanone and various substituted benzal-
dehydes. The products were obtained in good yield if the
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aryl substituents were not electron-donating. The anti/syn
stereoselectivity was uniformly greater than 90% and was
in most cases greater than 95%. The ee values too were
consistently >95%. This catalyst 77b was also recycled.
These recycling studies were carried out on a 0.5 mmol scale
with 10 mol % catalyst, and the catalyst was recovered by
adding 1.5 mL of a 1:1 (v/v) mixture of hexane and EtOAc
to the 1 mL aqueous reaction mixture. Through four cycles,
the yield, anti/syn ratio, and ee of product for p-nitroben-
zaldehyde and cyclohexanone were 99%, > 99%, and an
average of 96%, respectively.

ﬁ 10 mol% 77b _
24, H20

OH O

o) OrBr
NH OFB
o O@
N7
H O L
/’X 77 O1B
H

an=0bn=1cn=2 —_n

A variety of dendrimers or dendritic materials with chiral
SB-amino alcohols have been used as recoverable recyclable
catalysts in the enantioselective addition of diethyl- or
diisopropylzinc to aryl aldehydes or aryl N-diphenylphos-
phinylimines (egs 85 and 86).
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78N (85)
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L HN- PL
N—R~ Ph
720 S AN S Ph (86
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RR R R R=—(CH,)sSi(CH %
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These include dendrimers containing carbosilane back-
bones like 78 that have a corona of chiral ephedrine
moieties'®?~1** and polystyrene terminated with dendritic
chiral ephedrine moieties (79).1%1% In these reports,
recycling was not emphasized. Recycled catalysts were
as effective as the starting catalyst, but only one recycle
was described in either reaction 85 or 86. In the case of
the carbosilane dendrimeric catalyst, the recycling pro-
cedure was not clearly described. Recycling of the
polystyrene terminated with eight ephedrine moieties
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(catalyst 79) required silica gel chromatography and
precipitation from a THF solution using MeOH and HCI
in the case of Et,Zn addition to the N-diphenylphosphi-
nylimine of benzaldehyde. In the case of Et,Zn addition
to benzaldehyde, recycling required precipitation of the
polymeric catalyst from a THF solution using a 4:1
mixture of MeOH-2 M HCI followed by freeze-drying of
the polymer from its absolute benzene solution for
24 h.

O :
D e
Hsc\"l\'/ol'
OB T &
O

79

)

2.5.3. Dendrimer-Supported Cu(ll) Catalysts

C2-symmetric bis(oxazoline)s with Fréchet-type poly-
ether dendrons have been successfully used to ligate
Cu(OTf),, and the resulting complexes have been used as
Lewis acid catalysts for enantioselective aldol reactions
in a solvent mixture composed of H,O/EtOH/THF (4:9:
9).1%" Using benzaldehyde as the aldol acceptor and a
trimethylsilyl enol ether as an enolate equivalent (eq 87),
aldol product formed with ca. 2:1 syn/anti selectivity.
However, even in one of the better examples using the
dendrimer supported Cu(O3SOCF3), complex 80b, the results
in the initial run (78% yield of 2.2/1 syn/anti 65% ee (syn))
dropped to 40% yield, 1.8/1 diastereoselectivity, and 25%
ee in the third run.
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Fujita’s group described the synthesis of dendritic 2,2'-
bipyridine ligands 81, 82, and 83 for Cu(OTf),, that proved
to be useful in Lewis acid-catalyzed Diels—Alder and three
component condensation reactions.*%

In this work, the dendritic 2,2-bipyridine ligand 81b and
Cu(OTf), formed a competent catalyst for Diels—Alder
reactions of cyclopentadiene, 1,3-cyclohexadiene, and 2,3-
dimethylbutadiene with a variety of activated dienophiles (eq
88). Products were formed in yields that were in most cases
>86%. Catalyst recycling involved pouring the reaction
mixture into hexane. The precipitated catalysts 81b and 81c
were successfully used five times. Essentially no change in
yield was seen in these experiments.
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@ * 10 mol% Cu(OTf), 7 0
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These dendritic bipyridine ligands and the Cu(ll) Lewis
acid Cu(OTf), also were useful in three component conden-
sation reactions of aldehydes, o-anisidine, and nucleophiles
such as triethyl phosphite or trimethylsilyl enol ethers (eq
89 and 90). Synthetic yields of products in these cases were
more modest (ca. 60—70%). In these cases, hexane precipita-
tion produced a tarlike oil that was still separable from the
product solution that could still be recycled. As was true for
the Diels—Alder chemistry, catalysts 81b and 81c could be
used five times without deactivation.
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2.5.4. Dendrimer-Supported Diphenyldiamine Ligands

Asymmetric transfer hydrogenation of aryl alkyl ketones
by dendrimer-bound derivatives of 1,2-diphenylethylenedi-
amine was described originally by the Deng group in 2001.%*°
In 2005, Chen and Deng expanded these studies, describing
recyclable chiral hybrid dendrimer-bound diamines for
asymmetric transfer hydrogenation.'*’ These studies involved
Ru complexes of 1,2-diphenylethylenediamine-containing
dendrimers 84, 85a, and 85b (Chart 4) that were prepared
in situ by reaction of these diamine derivatives with
[RUCly(p-cymene)],. Kinetic studies showed that catalysts
prepared using dendrimers 85a and 85b were ca. 80—90%
as active as a low molecular weight Ru(Il) complex of (R R)-
N-(4-acetylaminophenylsulfonyl)-1,2-diphenylethylenedi-
amine in transfer hydrogenation of acetophenone at 28 °C
in CH,CI, using formic acid/Et;N as the hydrogen source
(eq 91).140141

OH

0o 1 mol% [RuCly(p-cymene)],
N 1 mol% of 84, 85a, or 85b ©/k (91
P HCOOH, Et;N, 28 °C, CH,Cly




Facilitation of Homogeneous Catalysis

The authors noted that the choice of solvent affected the
reactivity of these dendrimer-bound catalysts much like
solvent affects the reactivity of insoluble polymer-bound
catalysts. For example, while CH,Cl, and THF were good
solvents affording 98—99% conversion in 20 h in this
acetophenone reduction, conversions were only about 70%
in DMF or CH3;CN under the same conditions. Recycling
was studied in eq 91 by first removing the CH,Cl, solvent
and then precipitating the dendrimer-bound Ru(1l) complex
of 84, 85a, or 85b with methanol. Recycling was modestly
effective with the dendrimer 84—Ru(ll) complex. Excel-
lent (>95% ee) stereoselectivity was maintained through
five cycles, but by the sixth cycle, the ee dropped to 87%
and the conversion was only 52%. The other two
dendrimer—Ru(ll) complexes formed from 85a and 85b
were less recyclable. Both exhibited only 70% conversion
in the second cycle and third cycle, while 85a—Ru(ll) had
only 31% conversion. Attempts to recover reactivity for
84—Ru(ll) catalyst by [RuCl,(cymene)], addition to the
recovered ligand were unsuccessful, so these losses in
activity were not simply due to Ru leaching. The authors
speculated that a “dendritic effect” of the large polyether
dendron was important in stabilizing the active Ru(ll)
complex.

The use of chiral dendritic 1,2-diamine ligands in conjunc-
tion with (S)-BINAP complexes of RuCl; in hydrogenation
of aryl alkyl ketones such as acetonaphthone has also been
described (eq 92).24 In these cases, all the diamines 86—89
(n=0, 1, 2, or 3) could be used to make catalysts that
produced the R alcohol product in >99% conversion and
>94% ee. Recycling of catalysts with 88 (n=2) or 89 (n =
3) was possible and involved addition of MeOH to the
reaction mixture after the reaction was complete (ca. 20 h).
This additional MeOH precipitated the catalyst, which could
be recovered by centrifugation. The recovered catalyst was
then reused in two more cycles with no change in enanti-
oselectivity. ICP analyses of the MeOH solution showed that
3.6% and 0.7% of the charged Ru leached using the ligands
88 (n = 2) and 89 (n = 3), respectively.
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2.5.5. Dendrimer-Supported Phosphine Ligands

In 2003, Chan and Fan described the use of a Fréchet-
type polyether dendron to prepare dendritic ligands that
contained a chiral bisphosphine at the focal point of the
dendrimer.}* These dendrimer-bound pyrphos ligands
90a—d were used to prepare recoverable reusable Rh(l)-
catalysts for asymmetric hydrogenation of c.-acetamidocin-
namic acids (eq 93).

The primary objective of this study was to probe the
effect of dendrimer structure and generation on the activity
of a core-centered single site catalyst. However, a brief
recycling study was also described with the cationic Rh
complex formed from the dendrimer-bound pyrphos ligand
90c. Catalyst recovery in these experiments was achieved
by precipitation in methanol. The selectivity was >97%
ee for all cycles, but the conversion dropped from 94%
in the first cycle to 55% in the third cycle. While metal
analyses of the supernatant MeOH phase were not
described, some catalytic activity in that phase suggested
some Rh leaching had occurred.
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Recent reports have shown that BINAP-iridium com-
plexes are effective in the asymmetric hydrogenation of
imines.'#* However, the formation of an irreversible iridium
dimer is a pathway for catalyst deactivation and leads to
catalyst deactivation.!*> Based on the results with chiral
diphosphine-cored dendrimer catalysts, Fan hypothesized that
the encapsulation of a BINAP—Ir complex into a dendrimer
framework of a Fréchet-type polyether dendron would reduce
dimerization and enhance catalyst activity.'*® This hypothesis
was tested by synthesis of all four generations of the dendritic
BINAP ligand 91 and using these ligands to form an Ir
catalyst in situ from [Ir(COD)CI], and using the Ir catalyst
so formed to hydrogenate quinaldine (eq 94).

o1—B

O
o]

O : o
o]
Bn—0 : HN 0 Q NH O1—B1

@]
XO=W W
91a:n=1

Bn—r O
s
91b:n=2 Or—B
Ph,P =
n 2% PPh2  g4en=3 "
Bn—O 91d:n=4

Ir catalysts from the various dendrimers were compared
both in terms of reactivity and in terms of the % ee of the

product in eq 94.
), -
N” “Me
H

When 0.01 mol % of catalyst was formed using the
various versions of 91, 91a had a TOF of 1000 h~! with
90% ee, 91b had a TOF of 1500 h™! with 89% ee, 91c
had a TOF of 1589 h™! with 90% ee, and 91d had a TOF
of >1900 h~! with 89% ee. A catalyst formed using 91c
was also compared to the low molecular weight Ir-BINAP
catalyst. At 0.02 mol % catalyst, the TOF for a reaction
using a catalyst formed from 91c was 3450 h~*! but was
only 625 h! for an Ir catalyst formed from a low
molecular weight BINAP ligand, suggesting that the
dendrimer does usefully encapsulate an Ir catalyst.
Recycling of a catalyst prepared using 91c in a quinaldine
hydrogenation was also studied. In this work, the catalyst
formed in situ from [lr(cod)Cl], and 91c was precipitated

T.1T mol% IMCODIClz
AN
| 0.1 mol% 91c
N 0.5 mol% Iy, 45 atm Hy
THE 25-30°C 8-32 h
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after a reaction by added hexane. The precipitate was
recovered and used five more times with 85—57% ee and
>95% conversion in the first four cycles. Conversions
decreased to 80% in the fifth and sixth cycles. The
leaching of iridium was measured by ICP-XRF (X-ray
fluorescence) at the second cycle. Less than 0.024 ppm Ir
was present in the supernatant.

Dendrimers 92 containing hindered biarylphosphine ligands
at the periphery have been prepared and used in Pd-catalyzed
cross coupling chemistry.” Such phosphines are known to
form more active Pd catalysts. Also, as noted above, these
phosphines are reportedly more oxidation resistant,%® and
catalysts derived from them would presumably be more
recyclable than Pd catalysts from more oxygen sensitive
phosphines. This was tested by using the dendritic phosphine
ligand 92 in Suzuki coupling reactions of hindered aryl
chlorides and boronic acids (eq 95).

\\BOH): Cy,
=

+ 1 mol% Pd(OAc), and ligand O (95
O THF-H,0 (1:3), K3POy (3 equiv) O

| 95 °C, 7 h (first cycle)
-

High yields were observed even with these rather
unreactive substrates, just as is the case with similar
nonpolymeric bisarylphosphine ligands.®® Recycling was
studied through five cycles. Recovery of the Pd-catalyst
ligated by 92 was achieved by precipitation of the poly-
meric ligand catalyst complex using pentane. In the re-
cycling studies, high product yields in the first three cycles
(89—93%) dropped to 74% in the fourth cycle and 48% in
the fifth cycle. No catalytic activity was seen in the sixth
cycle even when fresh Pd(OAc), was added. An increase in
reaction times from 7 h in the first cycle to 96 h in the
last cycle was also observed. Catalyst deactivation was also
seen when fresh substrates were added to each reaction
without separation of the products and catalysts. This gradual
loss in activity and the increase in reaction times from 7 h
in the first cycle to 96 h in the last cycle suggest Pd leaching
or catalyst decomposition. Given that additional Pd did not
restore activity and that *'P NMR studies showed new peaks
that could be due to ligand degradation, phosphine oxidation
or metalation seems a likely cause of the catalyst deactivation.

Phosphorus-containing dendrimers containing chiral
monodentate phosphines at their periphery have been
described by Majoral and Caminade and used to form Pd
catalysts that can be recovered by solvent precipitation
and reused.'*® These chiral dendritic phosphine ligands 93
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formed a Pd catalyst in situ with [Pd(73-C3Hs)CI], that was
recycled three times with yields (ee) of 97% (90%), 95%
(82%), and 89% (82%) in cycles 1, 2, and 3 in allylic
substitution (eq 96) with an acetate leaving group or with
yields (ee) of 95% (95%), 93% (94%), and 87% (22%) in
cycles 1, 2, and 3 in allylic substitution with a pivalate
leaving group. A kinetic study of the acetate reaction showed
that the catalyst in the three runs was kinetically equiv-
alent throughout the course of the 24 h room temperature
reaction.
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In 2007, another recyclable phosphorus-containing den-
drimer-based Pd catalyst that contained chiral ferrocenyl
phosphines on its periphery (94) was described.**® However,
while any generation 1—4 of 94 (Chart 5) formed an active

Pd catalyst for Pd-catalyzed asymmetric allylic substitution
in situ when treated with [Pd(°-C3Hs)Cl], in the presence
of N,O-bis(trimethylsilyl)acetamide in an allylic substitution
like that in eq 96 above, the attempts to recycle a fourth
generation dendrimer-bound catalyst by pentane precipitation
led to what were described as significant decreases in the
catalytic activity and enantioselectivity.

While the ferrocenyl phosphine containing dendrimers
were not recyclable, better results were obtained in Pd-
catalyzed cross coupling chemistry with dendrimers 95
terminated with bis(diphenylphosphinomethyl)amino lig-
ands.*® These dendrimeric phosphine ligands formed Pd
catalysts in situ that were used in Suzuki (eq 97) and in
Sonogashira reactions (eq 98). The dendrimer bound catalysts
in a H,O/CH;CN mixture were more active than a low
molecular weight bis(diphenylphosphinomethyl)amino ligand
derived from tyrosine. The only attempts at recycling
involved the Heck coupling shown in eq 99. In that case,
the products and any reactants were extracted from the
reaction mixture with diethyl ether, which precipitated the
polymeric catalyst. This catalyst was isolated and was then
used in a second cycle. The results showed a drop in
conversion from the first to second cycle. Using the non-
dendritic tyrosine derived bis(diphenylphosphinomethyl)ami-
no ligand, the initial 27% conversion dropped to 16% in this
recycling in a 14 h reaction run at 40 °C in a CH3CN/H,0
mixture. Using the dendrimer 95 (n = 1), the conversion
changed from 84 to 66%. Using the dendrimer 95 (n = 3),
the conversion dropped from 44 to 32%. The origin of the
loss in activity in the second cycle was not explained but is
high enough to suggest that these catalysts at least under
these conditions are not very recyclable.
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2.5.6. Dendrimer-Stabilized Nanoparticle Catalysts

Dendrimers, like other polymers, can stabilize metal nano-
particles. Such catalysts have characteristics of both homoge-
neous and hetereogeneous catalysts.’® Much of the work with
such catalysts has focused on their extraordinary activity.
For example, Astruc’s group has noted that water-soluble
sulfonated dendrimers formed by copper assisted azide
alkyne coupling stabilize Pd nanoparticles that can be used
at very low catalyst loading in hydrogenation of allyl alcohol
and in Suzuki couplings.* In a few cases, catalyst recycling
has also been a focus of attention. Sometimes this involves
a liquid/liquid separation of catalyst, and product and
examples of this are discussed below. However, solid/liquid
separation can be useful here too, as shown by a report by
Fan’s group.’® In this work, a Frechet-type polyether
dendron with a benzyldiphenylphosphine group at the core
was used to stabilize Pd nanoparticles which were used in
Suzuki coupling (eq 100) and hydrogenation reactions. In
this example, recycling was successful through eight runs
where the yield of the biaryl product in a Suzuki coupling
of 4-hydroxyphenyliodide and phenylboronic acid was
maintained at >94% when a Pd nanoparticle catalyst
stabilized by 96 (Chart 6) was quantitatively precipitated
from the reaction solution by the addition of MeOH.
However, an increase in the reaction time was required, and
by the ninth cycle, the yield of product dropped to 75%.
Whether this was due to phosphine oxide or Pd leaching
was unclear. In these cases, some Pd leaching was detected
by ICP-XRF analysis. In the second and third cycles, the Pd
loss was found to be 0.84 and 0.37% of the charged Pd.
However, this low level of Pd loss would not solely account
for the doubling in reaction time and the decrease in yield
in the ninth cycle.

SOR, Pd-96
K3PO,, 1t
_Z = H,O:EtOH (1:1) \_/

2.5.7. Dendrimer Polyelectrolytes for Electrostatic
Immobilization of Polyoxometalate Catalysts

Polyoxometalates (POMs) are charged assemblies of metal
clusters that are useful as catalysts for various oxidations.*%*
Such polyanions have been developed into recoverable
catalysts by the Astruc group using polycationic dendrimers
as a precipitable support. Two immobilization strategies have
been developed. First, a supramolecular ionic assembly of
the dendritic oxidation catalysts and POM trianions at the
periphery of a dendrimer containing tetraalkylammonium

Bergbreiter et al.

cations at the dendrimer surface was used (cf. 97 or 98).1%
These dendritically modified POMs can be used in epoxi-
dation of cyclooctene and in oxidation of a thiol using
aqueous hydrogen peroxide in CDClI; (eq 101 and 102).
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Both dendrimer-bound POMs 97 and 98 were as effective
as catalysts as the low molecular weight analog 99. However,
only 97 and 98 could be recovered by pentane precipitation at
the end of the reaction. The POM complexes 97 and 98
precipitated, leaving a clear solution, but the low nonpolymeric
ammonium POM salt 99 formed a white colloidal solution.
Thus, recovery of 97 and 98 and separation of these POM
catalysts from products was facilitated. 3P NMR spectroscopic
analysis of the recovered 97 and 98 showed no changes in the
POM catalyst. However, when the catalyst 97 was recovered
from a thioanisole oxidation and left in air for several days,
97’s 3P NMR spectrum changed, indicating that degradation
occurred. While these studies suggested recycling of catalysts
97 and 98 was possible, the number of cycles and the details
of the recycled reactions were not reported.

An alternative to binding a POM at the periphery of a
dendrimer is to locate the POM at the dendrimer core and
to ionically assemble a dendrimer around the polyoxymeta-
late. Astruc’s group has described several examples of this
strategy, preparing dendrimers like 100a, 100b, 101a, 101b,
102a, and 102b (Scheme 4).1%6

Initial studies of the catalytic activity of ionic dendrim-
ers with POM cores used 100a and 100b in an aqueous/
CDCIj; biphasic epoxidation of cyclooctene and oxidation
of thioanisole as shown in eqs 101 and 102 above. As
was true for 97 and 98, POM-cored ionic dendrimers 100a
and 100b were recoverable by precipitation using pentane.
The authors concluded that the bulk around the catalyst
center increased the stability of these types of catalysts
because unlike 97, 100a and 100b were air stable and
could be stored for several weeks in solution without
degradation. Recycling of 100a and 100b was reported,
but the details of the recycled reactions and the number
of cycles were not described.
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In 2006, Astruc’s group expanded their investigations
examining a broader collection of dendrimer-encapsulated
POMs 101 and 102 using tetraalkylammonium dendrons with
various degrees of branching and with various end groups.**

These dendrimers, along with 100a and 100b, were then
used as recyclable catalysts in the biphasic oxidation of
cyclooctene, thioanisole, cyclohexanol, and 1-octen-3-ol (egs

35% H,0,

101—104).
[e]
©¢ (103
CDCl3, 24 h, 35°C

0
0.4 mol% 100, 101, or 102
OH 35% H,0, C5H11)K/ (104

#  GDCly, 24 h,35°C o +

C'5H11/§\<rl\

The same experimental conditions were used for all reactions.
Comparison of the results showed that the nine armed dendrimers
100a, 101a, and 102a were generally kinetically slightly more
reactive than their 27 armed counterparts though kinetic differences
between different types of dendrimers were sometimes greater than
differences between different sized dendrimers that had the same
peripheral groups. Curiously, dendrimer 102a or 102b was
competent in oxidation of thioanisole, but oxidation of the
peripheral alkylphenyl sulfides of the dendrimer was not reported.
Recycling was examined in the oxidation reactions shown in egs
103 and 104 with POM-cored dendrimers 100, 101, and 102. In
each case, the POM-cored dendrimer catalysts were recovered by
precipitation and checked by *H and P NMR spectroscopy before
being reused. Two cycles with each dendrimer showed no change
in the reactivity of the recycled catalyst. In the case of 100a and
thioanisole oxidation, reuse of the catalyst through eight cycles was
successful. In contrast to these results, attempts to recycle lower
molecular weight nondendritic POM catalyst by precipitation failed,
showing that the dendrimer polymer usefully facilitates catalyst
recovery and reuse of these oxidation catalysts.

oH 02 MOo%% TUU, TOT, of 102
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Scheme 4. POM-Cored lonically Assembled Dendritic
Oxidation Catalysts

e || oo 2 3
R\ 61113 ol_’-vlv-‘o CgHy3 R
] Y "CaHis CeHyz™N o)
\\dcema O’?'Noo g_\O\g,\O CBHI13/©//
oOW-0- 2
@] 1 W~o
P78 &

SPh

SPh
SPh

PhS

2.6. Other Polymer-Bound Catalysts and Ligands

2.6.1. Poly(N-isopropylacrylamide) (PNIPAM)-Bound
Ligands and Catalysts

Stimulus sensitive soluble polymers are polymers that can
change solubility in response to stimuli such as pH, light, or
temperature. This property has been used both to regulate catalyst
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activity and to recover catalysts in the past with polymers such as
poly(alkene oxide)s or poly(N-alkylacrylamide)s.**?° Poly(N-
isopropylacrylamide) or PNIPAM is the best known example of
this sort of material,™® and its remarkable hydration—dehydration
changes in aqueous solutions in response to relatively small
changes in temperature, its so-called lower critical solution
temperature (LCST) behavior, have been extensively
studied.!>1%2 |n 2005, Shaw reported using PNIPAM to
prepare water-soluble polymeric ligands for a Rh(l) hydro-
genation catalyst 103 that was recoverable on heating.'®® This
report described hydrogenation of methyl methacrylate to
2-methyl propionate under 500 psi H, (eq 105) at 26 °C in
water.

[S8) Cl

RA S
cO \NHZ/\/ >
O O

HN" S0
0.05 mol% 103
4300%( PN Haco)H/ (105

500 psi Ha Ha0O <40 °C

The conversion of the starting materials was complete in 12 h
based on NMR spectroscopic analyses. In this case, the
PNIPAM-bound catalyst 103 was recovered as a solid by
heating the product solution to 40 °C. While prior groups
have typically favored centrifugation and decantation to
separatethe product hydrogel-bound catalysts from products, 19164165
in this case, simple filtration was reportedly effective. When
the recovered polymer was redissolved, it exhibited renewed
catalyst activity, supporting the notion that 103 was recy-
clable. Experiments with 3-buten-1-ol as a substrate showed
that the TOF for this catalyst and this substrate was 3000
turnovers/Rh/h and that there was no catalytic activity in the
filtrate (the precipitated solid did retain activity).'®¢ This
further suggests that catalyst recovery is quantitative, but
neither the number of times this catalyst could be recycled
nor analyses for Rh leaching were reported.

A second example where PNIPAM-bound catalysts were
recovered after a reaction was reported by the lkegami
group.*®” In this work they prepared a POM oxidation catalyst
that was ionically bound to the PNIPAM terpolymer 104.
This polymeric catalyst was insoluble in a mixture of water
and an alcohol substrate at room temperature. At 90 °C, this
catalyst formed an oil in water emulsion where the discon-
tinuous phase was substrate and 104. The dye on the polymer
facilitated these analyses of the phase behavior of 104, but
the dye is otherwise not involved in the catalysis. As an
emulsion, the PNIPAM-bound POM catalyst converted a
series of secondary alcohols (R, R" = -Ph, -Et; -Ph, -Me;
-Bn, -Me; -n-CgHy3, -Me) to ketones or primary alcohols
(benzyl alcohol and 3-phenylpropanol) to carboxylic acids
using aqueous hydrogen peroxide as the oxidant (eq 106).
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Recycling in a 10 mmol-scale reaction involved cooling the
reaction mixture to room temperature and addition of 3—5 mL
of diethyl ether to precipitate 104. The organic and aqueous
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phases were removed from 104, and the recovered catalyst was
washed and reused after drying. The reaction in eq 106 is one
of the six examples where the catalyst 104 was successfully
recycled three times. In this particular case, the yields of isolated
products were 93, 93, and 89% in the three cycles.

2.6.2. Polymethylacrylate-Supported Norephediine Ligands

In 2004, Wills described using poly(alkyl metharylate) 105
as a polymer support for Ru(ll) asymmetric hydrogenation
catalysts. %8 Using established radical polymerization chem-
istry, a copolymer was prepared from monoethyl ether
triethylene glycol methyl methacrylate and hydroxyethyl
methacrylate. These authors used standard sorts of radical
polymerization, but other controlled polymerization methods
could also presumably be used to prepare similar polymers
with defined molecular weights and narrower polydispersity.
Once formed, the hydroxyl groups of the initial polymer were
converted into tosylate groups and then directly to a
derivative of (1S2R)-norephedrine to form the polymer
105.1%8 This polymer was then used to complex Ru(ll), and
the product was used in asymmetric transfer hydrogenation
of ketones. In this example, the structure of the poly(ethox-
ytriethyleneglycol methacrylate) copolymer was designed to
incorporate a high 30% loading of catalyst.
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1 mol% [Ru(p-cymene)Cl,], Ar/'\R (107

KOH HOCH(CHa), CHoClo
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[

Transfer hydrogenations of various aromatic ketones in
eq 107 (Ar = -C¢Hs, '4'C6H4C|, -4-CgH4NO,, -4-C¢H,F, -4-
CeH4CN, -2-C¢H,Cl, tetralone, naphthyl; R = -CHj3) using
the Ru-complex 104 led to alcohol products with ee values
in the 39—87% range. Isolated yields of alcohol product
ranged from 52 to 99%. Catalyst separation was not described
in this case, but recycling was evaluated by simply adding
more substrate once the initial reaction ended. This sort of
process provides some information about possible catalyst
turnover but is not representative of the results one can expect
in an experiment where recycling includes a catalyst separa-
tion step. Even in this oversimplified approach, this Ru
catalyst was not very recyclable, as catalyst activity notice-
ably decreased in the third cycle.

2.6.3. Polyester-Supported Bis-Cinchona Alkaloid Ligated
Catalysts

While polymers with terminal or pendant groups are most
commonly used to support catalysts, polymers with catalyst
ligands incorporated into the polymer too are known.'®® An
example of this approach is work by Zhang wherein a bis-
Cinchona alkaloid phthalazine derivative of terephthalic acid
was immobilized as a repeating unit within a polyester
formed from terephtholyl chloride and poly(ethylene glycol)
(PEGa000).1° The polymer-bound alkaloid ligand 106 (Chart
7) so prepared was used for an osmium-catalyzed asymmetric
dihydroxylation. Asymmetric dihydroxylation reactions with
six different alkenes were carried out in tert-BuOH/H,0.
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0OsO, was used as a catalyst, and K;Fe(CN)s served as the
penultimate oxidant. The recovery of the Os-complex of 106
was achieved by solvent precipitation with diethyl ether.
Yields of diol ranged from 78 to 87%, and ee values of
84—99% were obtained. This polyester catalyst 106 was recycled
five times without further additions of OsO,. However, no analysis
for osmium in the leachate was reported.

2.6.4. Soluble Polymer Stabilized Pd Nanoparticle
Catalysts

Palladium nanoparticles stabilized in or by dendrimers are
discussed elsewhere in this review. Linear polymers too have
been used in this regard, and the resulting supported Pd
catalysts can be recovered by solvent precipitation in
appropriate cases. This is illustrated by work by the Be-
letskaya group where poly(N-vinylimidazole) or poly(N-
vinylimidazole-co-N-vinylcaprolactam) was used to support
a recyclable catalyst for Pd cross-coupling chemistry.t’ In
this work, the copolymer-stabilized Pd colloid 107 prepared
in situ from PdClI, was found to be the most effective catalyst
in the Heck reaction shown in eq 108. In studies with either
Pd colloids stabilized by 107 or the homopolymer poly(N-
vinylimidazole), solvent precipitation of the polymer/
copolymer Pd colloid catalyst was possible using diethyl
ether. Washing the resulting solid followed by addition of
fresh reagents provided a method to use these Pd catalyst
five more times without any visible formation of palladium
black and without any change in product yield.
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2.7. Saturated Hydrocarbon Oligomers as
Supports for Recoverable Catalysts in Solid/
Liquid Separations

About 20 years ago, we introduced the use of saturated
hydrocarbon oligomers as catalyst supports.*3172173 That work
showed that polyethylene (PE) oligomers with a wide variety
of terminal ligands could be prepared to function as ther-
momorphic supports for recoverable catalysts. These low
molecular weight versions of polyethylene are useful because
their phase behavior is profoundly affected by temperature.
Below about ca. 50 °C, PE oligomers with an M, of ca. 1200
are completely insoluble in all solvents. Above about 70 or
80 °C, they are quite soluble in nonpolar or slightly polar
solvents such as toluene or dibutyl ether. Such supports can
be separated as solids at room temperature by centrifugation
or filtration, but during catalysis at elevated temperatures in

Chart 7
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the appropriate solvents, they are soluble and behave like
their low molecular weight counterparts.

2.7.1. Oligomeric Alkane-Supported Separable Catalysts
for Polymerization Reactions

The use of polymeric or oligomeric alkanes as thermomorphic
ligands for polymerization catalysts has a long history.*”~17 This
work was extended by the Vincent group in 2004 with their
disclosure that multiple octadecyl groups on a CuBr-tren complex
afforded an ATRP catalyst 108 that was both highly reactive and
more stable to aerobic conditions. This complex exhibited the same
thermomorphic solubility temperature behavior in 1,4-dioxane that
had been seen for the larger oligomeric polyethylene oligomers
studied by others in other solvents and served as a catalyst in a
Cu(l) mediated polymerization of vinyl monomers (e.g., eq 109).
These hexa(octadecyl) tren complexes were completely recoverable
after a polymerization reaction by simply cooling the reaction
mixture.1®
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A more recent report on thermomorphic polyethylene supported
porphyrins by DuPont suggests that the thermal responsive solubil-
ity of these polyethylene oligomers may afford catalysts that are
commercially viable thermomorphic catalysts for free radical
polymerization or copolymerization of styrene or methacrylates.!””
Such catalysts can be prepared using functional groups on
the periphery of porphyrins such as 109 using commercially
available polyethylene oligomers (eq 110). The resulting
polyethyl-ligated catalysts 110 are not any more reactive than the
porphyrin catalysts already used for this industrial process. How-
ever, unlike low molecular weight catalysts, the polyethylene-bound
catalysts can be completely separated from the desired product. In
this case, the polyethylene oligomer-supported porphyrins are
soluble under the higher temperature used for the polymerization
chemistry but quantitatively precipitate on cooling. They can then
be removed by filtration or centrifugation. In the application
described, these polyethylene-bound catalysts are used to prepare
metal- and color-free polymer products with controlled molecular
weights. The macromonomers produced in these processes are
ultimately used in coatings (e.g., automotive paints), and these
separable catalysts avoid problems with the color imparted by trace
contamination from more conventional catalysts.

2.7.2. Oligomeric Alkane-Supported Separable Catalysts
for Asymmetric Hydrogenation of Ketones

Fan and co-workers used multiple octadecyl groups to tag a
BINAP ligand 111 and to thus immobilize a [RuClx(bezene)],
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On

OH 1.PE;po-OMs, Cs,CO;5,toluene

95°C -130°C
2. Co{OAc),4H,0 DMF:heptane (1:1)

complex.t® The resulting supported Ru catalyst possessed ther-
momorphic character due to the PE-like nature of the multiple Cyg
chains. It was soluble and catalytically competent in a hot solution
but recoverable at room temperature. In an optimized catalyst
recycling protocol, this catalyst was used as a homogeneous
solution in a mixture of ethanol and 1,4-dioxane (3/1, v/v) at 60
°C to catalyze the hydrogenation of substituted acetoacetates (eq
111). Cooling to 0 °C precipitated the catalyst, and it was recovered
by filtration. This ruthenium catalyst demonstrated excellent
enantioselectivity (>95% ee) in the asymmetric hydrogenation of
S-ketoesters (R = -Me, -Ph, -p-(CeHy)-F, -p-(CsHa)-Cl, -p-(CsHa)-
OMeg; R = -CHjs, -CH,CHs, C(CHz)s), and it was reused for four
cycles without any loss of enantioselectivity by simply redissolving
the recovered solid in fresh solvent with fresh substrate. Slight
decreases in conversion were, however, observed in the fourth
cycle. ICP-MS analysis of the filtrate indicated that about 1.78%
of the charged Ru leached into the organic product.

Lf"'s(u"z)ﬂU O(LH,)7LH3
UHS(CHZ)ﬂo J—QO(CHZ )17CH]
CH3(CHy);7,0 O(CHy);7CHj

0.5 mot%
PhoP  PPh,
o 0.5 mol% [RuCly(benzene)],
R MO-R EtOH:dioxane (3:1, v:v), 60 °C
40 atm H,
OH Q
R \/'\/U\m: (111

2.7.3. Oligomeric Alkane-Supported Separable
Catalysts for Cu(l)-Catalyzed 1,3-Dipolar Cycloaddition
of Azides and Alkynes

Copper(I)-tren complexes such as 108 containing six
octadecyl groups have recently been shown to be useful
as phase-separable catalysts for Cu-catalyzed “Click”
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reactions of azides and alkynes (eq 112).1"® These com-
plexes, like their counterparts that Vincent’s group used
earlier as phase separable catalysts for atom transfer radical
polymerization, separate readily from products simply by
cooling and can be recovered by filtration and reused.

N
+ ONG 05moi%108 gy oN .
E—— (
@CEC—H toluene or octane Ph
= 80°C 24 h

2.7.4. Polysiloxane-Supported Cinchona Alkaloid Ligands
for Asymmetric Dihydroxylation

Polysiloxanes are widely used materials, but these poly-
mers have received little attention as soluble polymer
supports for the recovery and separation of catalysts. Prior
reports have used membrane filtration to separate catalysts
bound to these polymers.t® More recently, Siegel’s group
described using solvent precipitation as a recovery/separation
method for supports.’®! Siegel’s group showed polysiloxanes’
versatility as a scaffold for support of Cinchona alkaloids
useful as ligands for Sharpless’ asymmetric dihydroxylation
reaction. This work used commercially available poly(m-
ethylhydrosiloxane) and Pt-catalyzed hydrosilyation to pre-
pare an array of polymer supports (eq 113), varying the ratio
of comonomers to tune the solubility of the product siloxane
and varying the mode of attachment of the Cinchona-
containing ligand to tune the selectivity of the asymmetric
dihydroxylation catalysts supported on these polysiloxane
polymers.

O O /fo 2
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N
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o )

1123 112h._ 0O 112¢

A variety of linkers and copolymers were prepared to study
the effect of loading and linker identity on the reactivity and
selectivity of the supported ligand. While good results were
obtained for aromatic linkers where the Cinchona alkaloid
was attached via an oxypropylarene linker (cf. 112a—112c)
(average isolated yields of 82% and average ee values of



Facilitation of Homogeneous Catalysis

ca. 81%), even better results were obtained with another
polymer 113. In the case of 113, a dimeric Cinchona ligand
was coupled to the polymer via hydrosilylation of a vinyl
substituent on the alkaloid. This polymeric ligand 113 at 5
mol % loading with 1 mol % of OsO, afforded chiral diol
products from various styrene derivatives (‘R = -H, °R =
-C¢Hs; 'R = -H, R = -CHj3; 'R = -H, R = -CO,Et; 'R =
-CHas, °R = -H) in isolated yields that averaged 90% with
ee values that in most cases were in the 80 or 90% range
(eq 114). However, while the polymeric ligand 113 could
be effectively recycled by precipitation with water addition
to reactions using acetone—water (N-methylmorpholine N-
oxide as the penultimate oxidant) or tert-butanol—water
(K3Fe(CN)g as the penultimate oxidant) as reaction solvents,
recycling the soluble ligand required additional OsO, in
subsequent cycles. It was suggested that ultrafiltration might
be a more suitable separation process in this instance.

CH3

O. /O\Sli//
st
C

OMe

1 mol% OsO4, NMO (1.5 equiv)
2 -3 h, 0-4°C, acetone-water (10:1, v/v)

OH

OH J.aH
ph....l)\zR (114|
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3. Liquid/Liquid Separation of Polymer-Bound
Ligands and Catalysts

Liquid/liquid separations are ubiquitous in chemistry.
Indeed most organic reactions involve a gravity separation
of two phases of different density and polarity in the workup
steps. This same concept of separations also has precedent
in homogeneous catalysis for separation of catalysts and
products t00.182 Processes like the SHOP process and later
processes like the Ruhrchemie/Rhone—Poulenc (RCH/RP)
oxo process commercialized in the 1980s'®'8 advanta-
geously immobilize a catalyst in one of the two liquid phases
to facilitate catalyst recovery and reuse. More recent biphasic
systems that use organic solvents,#*18 fluorous solvents,®
ionic liquids,*®"18 and supercritical fluids!® have been
developed and used in a variety of catalytic transformations
over the past two decades. The use of soluble polymer
supports to bind a catalyst and ensure high levels of catalyst
and ligand recovery in liquid/liquid separations in biphasic
liquid/liquid systems is a more recent concept.

When a liquid/liquid separation is used, the polymeric
catalysts are isolated as a solution at the separation stage.
As was true for solid/liquid separation strategies that used
soluble polymer facilitated catalysis, catalytic reactions prior
to the separation process often involve single phase condi-
tions. However, sometimes reactions are carried out under
biphasic conditions. In some of those cases, partial misci-
bilization occurs or the polymeric catalyst’s phase selective
solubility is different during the catalytic process. In cases
where the reaction involves a single solvent, an extraction
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is used to either remove the polymeric catalyst from the
product or to remove the product from the catalyst. With
systems containing mixed solvents, a perturbation induced
by a temperature change (a thermomorphic effect),*® a
perturbation induced by addition of a small amount of a
chemical perturbant (a latent biphasic system),'®! or a
perturbation induced byproduct formation (self-disassem-
bly)*2 can lead to liquid/liquid biphase separation, which
can be followed by a liquid/liquid separation of the polymer-
bound catalyst and product phases. All liquid/liquid separa-
tions rely on a gravity based separation of two liquid phases
to recover and separate the catalyst. All useful liquid/liquid
separations require a soluble polymer-bound catalyst to have
high phase selective solubility.

As is true in some solid/liquid separations, liquid/liquid
separations of mixed solvent systems can often be carried
out without exposing the catalyst mixture to air or water.
This can be advantageous if the catalysts or their ligands
are air or moisture sensitive because there is no need to open
the reactor and transfer the reaction mixture to another
container for a workup.

The choice of solvents and polymers for liquid/liquid
separations is affected by the catalytic process of interest.
First, solvents suitable for the catalytic process have to be
used. Second, if miscible solvents are used, they can
be miscible under the reaction conditions but it must be
possible to perturb this mixture so that it is biphasic during
the separation step. Third, if a thermomorphic, latent
biphasic, or self-disassembling separation is used, it has to
be experimentally practical to separate the two liquid phases.
For example, formation of a biphase with two solvents nearly
equal in density will yield an emulsion whose separation will
be difficult. Likewise, a liquid/liquid separation that only
occurs far from ambient temperature would make a separa-
tion less practical. Fourth, the solvents used have to be
acceptable. While equal volumes of EtzN and water are
miscible at 0 °C and immiscible at 25 °C,**® Et;N is noxious
enough that it is unlikely that such separations would be
widely used. Finally, liquid/liquid separations would not
be feasible in some cases. For example, separation of heptane
and aqueous ethanol is feasible in general, but it might be
impractical if a particular product acted as an emulsifying
agent for heptane and aqueous EtOH.

The nature of the polymer support is another consideration
if liquid/liquid separations of a polymer-supported catalyst
and product are to be effective. For a liquid/liquid separation
using soluble polymer supports to be useful, the polymer-
bound catalyst must preferentially dissolve in one of the two
phases and products in the other. Thus, polar polymer-bound
catalysts are more suitable for preparing nonpolar products
and vice versa. A more subtle facet of this issue is that while
a soluble polymer and hence the polymer-bound catalyst can
have very high (>99.99%) phase selective solubility in one
phase of a liquid/liquid biphasic system, low molecular
weight products often have some solubility in both phases.
Thus, some of the product is often “lost” to the catalyst-
containing phase in the first few cycles of a liquid/liquid
based recycling process involving a soluble polymer-bound
catalyst. This “loss” of product can be mitigated by an
extraction. It is also arguably less important when a catalyst
is recycled numerous times.

In the discussion above, dendrimer-bound catalysts sepa-
rable by solid/liquid separation were described and select
examples in the section below describe liquid/liquid separa-
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tions that use dendrimer bound catalysts too. Hyperbranched
polymers are an alternative to dendrimers.” However, while
hyperbranched polymers and catalysts attached to them
should be recoverable and separable from products by liquid/
liquid separations, to date these polymers and catalysts
attached to them have generally been separated from products
by dialysis rather than by a solid/liquid or liquid/liquid
separation.'® Thus, only a few examples (e.g., polyethylene
imine supported catalysts) are discussed in detail below.

3.1. Water/Organic Biphasic Systems

Water is generally considered to be the most environmental
benign solvent. Many biphasic systems that include water
as a solvent immobilize the catalyst in the aqueous phase.***
Because many organic products are insoluble in water,
complete separation of catalysts from products can be
achieved easily. However, a biphasic catalytic process can
introduce kinetic problems. In some cases, partial solubility
of catalyst or substrate in the other phase or efficient mixing
can alleviate these problems and reasonable reaction rates
can be achieved. This is the case in the Ruhrchemie/Rhone-
Poulenc (RCH/RP) oxo process for the production of
butyraldehyde from propene, where a water soluble triph-
osphine ligated Rh(l) complex is used to catalyze the
hydroformylation of alkenes.!®® However, such chemistry is
often restricted to a few substrates. For example, in the RCH/
RP process, other more lipophilic substrates, e.g. larger
1-alkenes, are not readily hydroformylated.

Many sorts of ionic or polar substituents can be used to
make catalysts water soluble and thus amenable to aqueous
biphasic catalysis. This topic is addressed by Shaughnessy
elsewhere in this issue of Chemical Reviews.

Thus, the discussion below is brief and is focused on cases
where water-soluble polymers are used to ensure that a
catalyst is phase selectively soluble so that it can be separated
and recovered by a liquid/liquid separation.

3.1.1. Thermoregulated Phase Transfer Catalysis

Poly(ethylene glycol)’s history as a soluble polymer
support was discussed above. These polyether polymers, like
the PNIPAM-supports described above, exhibit LCST (lower
critical solution temperature) behavior. However, unlike
PNIPAM, poly(alkene oxide)s often separate as an oil above
their LCST. This LCST behavior of poly(alkene oxide)s in
water has been used to design a process termed “ther-
moregulated phase-transfer catalysis” (TRPTC) by Jin’s
group.¥”—2% Rhodium catalysts attached to these sorts of
polymers have been successfully used in hydroformylation
of higher olefins which are not suitable substrates in RCH/
RP processes using a biphasic liquid/liquid mixture of water
and an organic solvent. In these TRPTC systems, the
polymer-bound catalysts’ inverse temperature dependent
solubility makes them soluble in an aqueous phase at a
temperature below their LCST. However, at their LCST, the
polymer’s solubility changes. Since poly(alkene oxide)s
separate as an oil-in-water emulsion at their LCST, these
polymers and catalysts bound to them can partition into the
organic phase that is present. In cases where the substrate is
present in that organic phase, the reaction does not occur to
any appreciable extent below this LCST because the catalyst
concentration is low. However, above the LCST, the catalyst
concentration in the organic phase increases and reaction
occurs. Cooling after the reaction is complete allows the
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polymer-bound catalyst to partition back into the aqueous
phase where it can be recovered.

An example of thermoregulated catalysis is the hydro-
formylation of 1-decene in a water/toluene system using the
PEG-supported P,N-bidentate triphenylphosphine ligand 114.
201 |n this case, the catalyst was generated in situ by reaction
of RhCl;+3H,0 with 114. Catalytic reactions were carried
out using 0.1 mol % Rh catalyst at 120 °C, and under these
conditions, essentially 100% conversion of alkene to alde-
hydes product was seen. A major difference with this system
was that a lower n/iso selectivity in the range of 0.60—0.64
was observed. This difference was attributed to increased
alkene isomerization at the 120 °C reaction temperature.

While the level of Rh leaching into the product phase was
not measured, good recycling efficiency was evident from
the fact that after 20 cycles the yield of aldehyde and the
TOF number of the catalyst were 94.4% and 189 h™%, as
compared to 99% and 198 h™! in the first cycle. The high
recyclability of the Rh catalyst in the water phase suggests
both a high phase selective solubility for the catalyst and
good catalyst stability, a stability that the authors attributed
to P—N chelation of Rh by the ligand.

These recycling results suggest a high phase selective
solubility for Rh complexes of the ligand 114 during the
catalyst/product separation step. However, this successful
hydroformylation could not be solely attributed to the
ligands’ LCST behavior. Specifically, the biphasic hydro-
formylation reaction still occurred below the LCST. When
a Rh catalyst was prepared using 114 (LCST = 92 °C), a
ca. 40% increase in conversion from ca. 65% conversion to
ca. 85% conversion was seen as the biphasic toluene/water
mixture of catalyst was heated through the LCST (i.e., from
90 to 100 °C).2%

N/(L,HgL,HgU)mH
|i:[ ~(CH,CH,0),H PhZPOO(CHZCHzomk

PPh, ™% 040 115

Further studies of hydroformylation using catalysts that
have LCST behavior showed that even a very hydrophobic
internal alkene, oleyl alcohol, afforded a good (81%) yield
of aldehyde products that decreased minimally to 78%
through four cycles using a very simple monovalent PEG-
phosphine ligand 115.2%

A Ru complex of ligand 116 has also been used to reduce
nitroarenes to aniline derivatives using CO as the reductant
(eq 115).2%® While no analyses for Ru were reported, only a
slight loss of activity over four cycles was observed when
recycling these catalysts.

(I.I) (CHyCHO)H
7/
PhZPOS—N
NO, L NCHCH0)H  NH2

0

0,
> | 0.1 mol% 116 + Rug(CO)qp = 1 (115
S\ 10 h, 140°C, Pcg = 4 MPa \\Z
z water/toluene

Z=-ClL-CN _-COCH.]

Attempts at enantioselective hydroformylation of styrene
under TRPTC conditions have been reported by Breuzard
and co-workers.2% In this work, the catalysts were generated
in situ by allowing a PEG-supported chiral phosphite ligand
117 or 118 derived from (S)-binaphthol to react with
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[Rh(cod),BF,] in an aqueous solution. Very modest enan-
tioselectivity, ca. 25% ee, was achieved using ligand 118.
Moreover, recycling was unsuccessful for either polymer-
bound ligand. This might be attributed to the use of relatively
short PEG chains in the ligand syntheses. Alternatively, there
could have been some catalyst decomposition. 3P NMR
spectroscopic studies of recovered catalyst/ligand or ICP
analyses for Rh might have addressed this issue but were
not reported.
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Smart catalyst that coupled a catalyst to a soluble
responsive polymer were described by our group earlier in
our efforts to develop recoverable catalysts.!*2°2% More
recently, Davies and Stringer found that an aqueous solution
of poly(alkene oxide)s (Poloxamers) can serve as a smart
reaction medium that exhibits anti- or hyper-Arrhenius
behavior.?% In these cases, the polymer was not used in a
catalyst recovery step. Rather, the highly temperature de-
pendent critical micelle concentration (cmc) of these poly-
mers was used to design systems where reactions were turned
ON or OFF above a particular temperature. For example,
an exothermic reaction containing hydrophobic and hydro-
philic reactants was turned OFF after all the hydrophobic
reactant was transferred into the micellar pseudophase formed
at higher temperature. It was turned back ON once the
reaction mixture was cooled. More interestingly, hyper-
Arrhenius behavior with a significantly accelerated reaction
rate was seen in cases where the reactants and catalyst both
partitioned into the micellar phase.

3.1.2. Aqueous Biphasic Catalysts Separable by
Extraction

Saluzzo and co-workers reported another PEG-supported
BINAP ligand 119 and its use in Ru-catalyzed aqueous
biphasic asymmetric hydrogenation of ketones.?®” The
PEG-bound Ru catalyst was prepared in DMF by reaction
of [RuCly(benzene)], with 119. Initial tests of this Ru catalyst
under aqueous biphasic conditions were conducted with
acetophenone as a substrate in the presence of (S9-
diphenylethylene diamine. After a biphasic reaction and
pentane extraction of the product, the aqueous phase contain-
ing the Ru-catalyst was reused. Recycling was evaluated in
the hydrogenation of ethyl acetoacetate to form ethyl
3-hydroxybutanoate. The polymer-bound Ru catalyst could
only be reused twice with a large decrease in conversion
(from 100% in cycle 1 to 20% in cycle 2) and enantiose-
lectivity (from 75% ee in cycle 1 to 56% ee in cycle 2).
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Another example of an aqueous biphasic system with PEG
supports was described by Benaglia and co-workers.?% In
their work, PEG-supported chiral bisoxazoline (Box) ligands
120a—c were prepared and used in Cu(OTf), catalyzed
Mukaiyama aldol reactions between the trimethylsilyl ketene
acetal of methyl isobutyrate and various aldehydes in aqueous
media (eq 116).

Cu(OTf) o | | °
u +

2NN

30 mol% B OH
X -O0TMS R R B
COOMe
+ PhCHO o Ph/><

Svte H,0, 0°C, 24 h

120a: R = -CH(CH3), _ @
( :) = MeOPEGi0—0 CH,)30
120b: R = -CHoPh 5000 (CHz)s
H20c: R = -CH,Ph @ -

WwCHZCHmo@(CHmO

Cu(ll) catalysts ligated by either 120a or 120b showed
that the reaction of the ketene acetal and benzaldehyde
proceeded with the highest enantioselectivity (55% ee)
with ligand 120b, a result that was comparable to results
reported by Kobayashi with unsupported ligands in
aqueous media.?®® However, poor water-solubility of the
aldehyde electrophiles led to relatively low synthetic yields.
The use of ligand 120c slightly improved the enantioselec-
tivity but did not affect the yield. Higher yields were only
seen with more polar aldehydes such as 4-nitrobenzaldehyde,
perhaps because of solubility. These more reactive aldehydes
were used to study catalyst recycling. Catalyst recycling in
this case involved separation of the organic product from
the aqueous solution of the catalyst by extraction of the
aqueous phase with diethyl ether. The resulting aqueous
phase containing the catalysts was directly reused in a
subsequent reaction cycle. These experiments showed that
catalysts that used ligand 120c could not be recycled (the
ligand was partly soluble in diethyl ether). However,
recycling Cu(OTf), complexed by 120b was successful with
only modest decreases in yield (40—38%) and enantiose-
lectivity (50—43% ee) through three cycles.

Gao used a similar approach in extracting products from
a PEG-bound Pd catalyst prepared from the bis(pyridyl-
methane) ligand 121 and Pd(OAc), in studying cross-
coupling reactions of aryl halides with either ArB(OH),
or sodium tetraphenylborate.?'° These reactions were carried
out using either PEGypo Or a PEGyp0—H,0O mixture as a
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solvent. While the Pd catalyst ligated by 121 was successfully
recycled six times using PEG,qg as solvent in cross-couplings
with substituted aryl boronic acids after extracting the
products with diethyl ether (eq 117), ligand 121 was
evidently not effective in stabilizing the Pd(0) catalyst in
the PEG—water mixture as Pd black formed in the second
cycle when water was used as a cosolvent. This observation
is not at all unique to this particular ligand. Adventitious
catalyst decomposition or inherent catalyst instability frus-
trates many attempts to recycle homogeneous catalysts.

Yo ~ 7\
Osom 44 .
— O‘@ O
Y =-CF3, -OCH3, -CH3, -H N— N
Z
&N (Cl or Br) \ 7 —
0.4 mol% Pd(OAc),

2 equiv K;CO3, 110°C, 15 h
PEG, g (as solvent)

Aqueous biphasic catalysis and aqueous biphasic catalysis
with polymer-supported catalysts are both successful strate-
gies for separation of catalysts and products. However,
satisfactory results with more hydrophobic substrates are
problematic in either case. A possible solution to this problem
is the use of amphiphilic block copolymer supports that
contain a polar or hydrophilic block and a more nonpolar
hydrophobic polymer block. This concept is illustrated by
work where poly(2-oxazoline) copolymers were used to
separate, recover, and recycle cross-coupling Pd catalysts 211:2%?
or Rh hydroformylation and hydrogenation catalysts.?*3214

Poly(2-oxazoline) copolymer-bound palladium (122) and
rhodium (123) catalysts were prepared as shown in eqs 118
and 119.21%25 |n these examples, the metal ligation involved
an N-heterocyclic carbene ligand and the polymers were
prepared using a Pd-complex as a comonomer or by a
postpolymerization coupling of a Rh complexed functional
NHC ligand to a pendant -CO,H group.

Z= -CH3; -COCH3
-OCHj, -Br, -C(=O)H
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122a: n=4;,x=28,y=ca. 2;z=ca. 3 M,=3920g/mol
122b: n=6,x=29;y=ca. 2;z=ca. 3 M,=4400 g/mol

122¢_n =8 x=30v=ca 2. z=ca 3 M, =4730 g/mol

Unlike PEG, these amphiphilic block copolymer-supported
catalysts were not completely soluble in water. Instead, these

amphiphilic polymers formed micellar aggregates with a 15-
nm hydrodynamic radius under the reaction conditions. The
polymer-bound Pd catalyst 122a—c showed good catalytic
activity in the coupling of iodobenzene and styrene. For
example, ca. 93% of trans-stilbene was obtained after 3 h at
90 °C using 0.67 mol % catalyst for 122a, b, or c. In these
cases, the spacer length affected the catalytic activity of the
pendant polymer-bound catalysts. A minimum spacer length
of six methylene groups was needed to reach the highest
turnover frequency (TOF = 570 h™1). This is consistent with
NMR spectroscopic studies of pendant groups on other water
soluble polymers that showed spaces of this size confer
rotational freedom on attached groups.'® Recycling of catalyst
122c was performed by a postreaction extraction with diethyl
ether. The initial yield of 80% in the first cycle reduced
somewhat to 68% in the third cycle. While the authors
speculated that the lower activity might arise from residual
diethyl ether left in the aqueous phase that prevented the
solubilization of the substrates, other explanations for a
decreased rate (catalyst decomposition, metal leaching) were
not fully explored.

The same catalyst used in Heck couplings was also
effective in the Suzuki coupling reactions between iodoben-
zene and phenyl boronic acid. The highest TOF number
(5200 h™1) was achieved by using 0.1 mol % of catalyst 122¢c
at 80 °C. In this case, no results on catalyst recycling were
reported.?%®

The rhodium catalyst 123 was successfully reused four
times in hydroformylation of 1-octene under aqueous bipha-
sic conditions using a mixture of water and 1-octene where
the substrate 1-octene was the organic phase. The organic
phase consisting of the aldehyde products was separated by
decantation after the reaction, and the denser aqueous
catalyst-containing phase was directly reused for the next
cycle. Rh leaching into the product phase after the first cycle
was measured by ICP-OES (inductively coupled plasma-
optical emission spectroscopy). The TOF varied from 1100
to 2350 h1 in the third cycle to 2360 h™t in the fourth cycle.
These TOF values were similar to those seen for an
analogous low molecular weight analog in benzene (TOF =
2400 h™1) measured in the same laboratory with a structurally
similar Rh-carbene catalyst. The authors suggested that the
initially lower TOF number in the first two cycles and
variation of the n/iso ratio from 2.6 in the first cycle to 1.2
in the last two cycles were due to incomplete exchange of
the bromide on rhodium for hydride in the initial cycles.
Analyses for bromide in the recovered catalysts that would
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have established this were not reported. The authors also
noted some hydrolysis of the ester group that coupled the
Rh-NHC complex to the polymer in 123 occurs over 18 h.
This resulted in a calculated loss of 2.7% of the charged Rh
in each 2 h reaction cycle.

Similar water-soluble poly(2-oxazoline)-bound chiral Rh
catalysts ligated by the polymers 124a and 124b also have
been used in asymmetric hydrogenation reactions.?4 Hy-
drogenation of the acid 125a was less effective than
hydrogenation of the ester 125b (eq 120). Using 124a as a
ligand, 94% conversion and 85% ee was observed in 35 min
with a Rh catalyst formed in situ. Using 124b, the conversion
was only slightly less (90%) with the same stereoselectivity
with a similarly formed catalyst. Recycling was only studied
for a catalyst ligated by 124b and in hydrogenation of the
ester 125b and in this case only once. The only moderate
conversions and no enantioselectivity seen with the acid 125a
was explained in terms of the possible micelles that this
amphiphilic polymeric catalyst might form and the lower
solubility of the more polar acid substrate in these micelles.

T
CHz)n O CH2)9

CHz)n
Ph,P C02
N O 124a; n=2
+ 124b: n=4
Ph,P
NHCOCH; [Rh{cod),]BF,
# COsR Hs (1 bar), HyO, rt, 40 min
H Rh/olefin = 1/50
125a. R=-H
125b: R = -CHj3
H
Z A\\COZR (120
N | NHCOCH

The use of poly(N-vinylimidazole) (PVI) (126) as a
recyclable organocatalyst for thiol additions to o,/5-unsatur-
ated carbonyl compounds was recently described by the
Beletskaya group.?' In this reaction (eq 121), 10 mol % of
PVI (75.3 kDa) in a EtOH—water mixture was used to
quantitatively effect a Michael addition of thiophenol onto
methyl acrylate. After the reaction, a diethyl ether extraction
removed the product. Then additional water, EtOH, or
reagents were added as needed. Through four cycles, the
yield of thioether product was 100, 99, 100, and 100%.

oy 126 N
©/ 10 mol% (J

.
QO " TEOHH,0 (32) @\ /\)L (121
\)J\rmna 4 h, rt

In general, polymer-supported catalysts are prepared from
terminally functionalized or pendent group functionalized
polymer supports. Recently, Neumann and co-workers described
using the interaction between atoms on the main chain and metal
ions to support a homogeneous catalyst.?” In this research,
polyethyleneimine (PEI, M,, = 10,000) was first alkylated
with iodododecane and iodomethane using a ratio of substrate
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PEI to alkylating agents of 10.5:1:7.4 (CH,CH,NH/C,Hsl/
CHzsl). The resulting alkylated PEI only contained tertiary
amines and quaternary ammonium moieties based on **N—'H
heteronuclear multiple bond correlation spectroscopy. lonic
immobilization of polyoxometalates such as Na; o [ZnWZn,(H,0),-
(ZnWyOgz4),] and Na3z(PO4[WO(O,),]4) onto these water-
soluble, randomly alkylated PEI supports afforded catalysts
127 and 128, respectively. Unlike unalkylated PEI-supported

Wwﬁgm -

W

e NS N~ R
'}l N"""""\r\,\,

R R

R =-CyaHazs

Alkylated polyethyleneimine (PEI)

alkylated PEI/[ZNWZn,(Ho0)o(ZnWoOg4)]'? 127

or

aliviated PLIMPOJWO(Qa) L 128 |

polyoxometalates, these amphiphilic catalysts 127 and 128
were very effective in many hydrogen peroxide mediated
oxidation reactions with hydrophobic substrates in aqueous
media, as shown in eqs 122—124. High conversions (>96%)
were obtained in all these reactions. The recyclability of these
catalysts was demonstrated in epoxidation of cyclododecene
with 127. No apparent decrease of activity was observed over
three cycles though the details of the liquid/liquid separation
technique used in this case were not discussed in detail.

\\//

oO—Qo 0 -

(O e—— Do (123)
S

AR 9 + 0
R )J\ D')J\u (124)

Men’shikov and co-workers reported a similar catalyst
immobilization scheme in a study on aerobic oxidation of
o-pinene with Co and Mo complexes.?’® In this work,
polyvinyl alcohol was used to immobilize ammonium
heptamolybdate via hydrogen bonding in an aqueous media.
The resulting aqueous solution containing the polymer-
supported catalyst was reused twice in an aqueous biphasic
epoxidation of a-pinene, with catalyst recovery being ef-
fected by a simple liquid/liquid separation. No loss in
catalytic activity was seen.

Water soluble dendrimers can also be used as phase
tags to immobilize and recover peroxophosphotungstate
catalysts in aqueous phases. For example, both a low
molecular weight anionic dendritic ligand such as 129 and
its higher molecular weight dendritic analog 130 react with
tungstic acid (H,WQ,) to generate in situ peroxophos-
photungstate species that are active and selective catalysts
for alkene epoxidation reactions in a mixture of 60% H,0,
and CHsCN (1:2.5, v/v) at 70 °C.2*° In a model study with
E-2-octene as substrate, a catalyst derived from ligand 129
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showed good activity (91% conversion) and selectivity (93%)
in formation of the epoxide.

POONa);

woor A~
O PO(ONa)

(NaQ);0P 129

Lower conversion (62%) but higher selectivity (98%) to
epoxide over aldehydes and acids was observed when ligand
130 was used. Recycling experiments were conducted with
a tungstate catalyst bound to 129 with cyclododecene as the
substrate. The product was separated from the aqueous phase
by a postreaction extraction with ethyl acetate. The catalyst
remained in the aqueous phase and was recycled three times
with 93%, 92%, 95% conversion and >99% selectivity in
each cycle.

PQIONG)

3.2. Organic/Organic Biphasic Systems

Most organic reactions are still carried out in organic
media. Catalysts attached to phase selectively soluble
polymer supports can be separated from products, recovered,
and reused in these systems, just as they are in water/organic
systems. Three general schemes are used. First, the reaction
can be carried out in a mixture of immiscible organic
solvents. If the polymer-bound catalyst were phase selectively
soluble in a phase different than that favored by the product,
the separation would just involve a gravity separation after
the reaction. A second and possibly more useful scheme is
to carry out a reaction under conditions where the solvent
mixture used is a single phase. Then a phase separation could
be triggered by addition of another solvent, addition of an
additive, or a temperature change. Gravity separation would
then serve to separate and recover the catalyst. Again, a phase
selectively soluble polymer-bound catalyst would be required
and the product would have to be preferentially soluble in
the noncatalyst containing phase. Finally, a reaction can be
run homogeneously in a single solvent. Extraction with an
immiscible solvent can then remove the product or catalyst
if the catalyst was phase selectively soluble in a solvent that

Bergbreiter et al.

was not a good solvent for the product. Phase selective
solubility of polymers in one or the other phase of an organic/
organic biphasic system is required for any of the above
schemes to be viable. Fortunately, polymers often have
excellent phase selective solubility—phase selective solubility
that is subtly dependent on polymer microstructure.?202?!
Polymers can be molecularly engineered to be soluble only
in a polar phase or only in a nonpolar phase. Thus, these
organic/organic separation schemes can in principle be
implemented in many if not most solvent mixtures.

3.2.1. Thermomorphic Polar Phase Selectively Soluble
Polymers

Thermomorphic separations using soluble polymers were
first described by our group in 1998 using polar poly(N-
isopropylacrylamide) (PNIPAM) polymer supports.*® Sub-
sequent to our initial work with PNIPAM-supported catalysts
under thermomorphic conditions, we prepared both PEG and
PNIPAM supported SCS-Pd complexes.???% The initial
reports of their use in catalysis was discussed in our earlier
review.! While later studies showed that these complexes
are precatalysts and not catalysts for Pd-catalyzed cross-
couplings,??4~2% low loadings of Pd complexes can be used
in catalytic reactions to form products with high levels of
separation of Pd from the cross-coupling products. For
example, the PEG-supported SCS-Pd complex 131 was used
in 90% aqueous dimethylacetamide (DMA)/heptane (1:2, vol/
vol) in cross-coupling chemistry (eq 125) under microwave
conditions with reactions being complete in 10—30 min with
as little as 0.01 mol % catalyst.??

0.1-0.2 mol% /Ftbssou'V'e
131 S

Pd-Cl
g o S,
2 PEGgscOMe N X
Z_
X g% DMA-heptane, EiN 2 (125
uW, 150 °C, 20 min
Z=-H, -COOH

X =-COOH, -COOt-Bu, -COOMe, -Ph, ~<\:/\N

In this reaction, microwave heating caused the initial
thermomaorphic biphasic mixture to become miscible. After
the reaction, cooling re-formed the biphasic mixture. Separa-
tion of the polar phase recovered complex 131 and four
recycles were carried out. Pd leaching into the nonpolar
heptane phase was measured by ICP-MS, and in a reaction
using ca. 3 x 10~* M Pd, the amount of Pd lost was <0.5%
of the charged Pd.

While the polar polymer-bound Pd complex 131 is
effective in cross-couplings of aryl iodides and acrylates, the
use of less expensive aryl bromides as substrates for C—C
coupling reactions is more attractive. Hindered phosphine-
ligated Pd catalysts are efficient in this process??® because
the concentration of more coordinatively unsaturated Pd
complexes is larger.?22° This aspect of homogeneous Pd
chemistry has been extended to thermomorphic polymeric
systems using the PEG-supported hindered phosphine 132
to form a Pd catalyst for Sonogashira coupling reactions
conducted in DMSO/heptane (eq 126).2%

Unreactive aryl bromides were suitable substrates with this
more hindered polymer-bound phosphine ligand. This polymer-
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DMSO-heptane, 60 °C, 0.5-7 h
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R = -Ph, -Si(CH3)3, C6H13
J =_-COCH. -CH. -Cl -H _-OCH-2

bound catalyst was successfully recycled through five cycles
with overall yields > 90%. However, poor recyclability was
seen when an aliphatic alkyne was used in place of phenyl
acetylene in eq 126. The studies of recyclability of PEG-
bound Pd catalyst were more thorough than most such
studies. First, the kinetics were examined for three bro-
moarene substrates—4-bromoanisole, bromobenzene, and
4-bromoacetophenone. The TOF in the first cycles were 336,
440, and 1150 h™! versus a TOF of 252, 312, and 880 h™?
in the fifth cycles for these three substrates, respectively.
These differences were attributed in large part to oxidation
of the Cu(l) cocatalyst to Cu(ll), since the TOF values
increased when fresh Cul was added to the reaction mixture.
Second, leaching of 132 or Pd into the heptane phase was
negligible based on the absence of the characteristic reso-
nance for the CH,O- group of PEG in *H NMR spectra of
the nonpolar phase and analysis by X-ray fluorescence (XRF)
for Pd. Based on the sensitivity of the XRF analysis, the
retention of both the palladium and copper species in the
DMSO phase was estimated to be >99.995%.

Plenio’s group has also reported using the PEG-supported
phosphine ligand 133 in Pd-catalyzed biphasic Sonogashira
coupling reactions in a thermomorphic solvent mixture of a
5:2:5 (vIviv) of CHsCN, Et;N, and heptane.?! In coupling
of aryl iodides and acetylenes catalyzed with a catalyst
derived from 133, they noted that added Et;N affected the
temperature-induced miscibility between CH;CN and hep-
tane. By introducing 20 vol % Et3N, full miscibility was
achieved by heating to 80 °C. In the absence of this additive,
CH;CN and heptane do not achieve full miscibility at this
temperature. However, while this strategy worked to make
two otherwise immiscible solvents miscible, this initial
miscibility could not be replicated in recycling experiments
because of the formation of ammonium salt, an effect noted
previously in other systems.’®! In this case, Plenio’s group
simply added a stronger inorganic base, K,COs3, that would
serve to deprotonate the ammonium salt as it formed. Using
this idea, this group was able to recycle a Pd catalyst formed
from ligand 133 five times with excellent overall yields
(83—96%) with a variety of aryl iodides (Z = -CHgz, -OCHj,
or -Cl) and alkynes (R = -C4Hyq or -SiEts, -Ph) (eq 127).

- K
2 mol% MeOPEG- OUPPhZ
N7 4133 I
ZQ' 1 mol% PACI,(CH5CN),

K,COg, 4 mol% Cul, 1.5-4 h
+ =—R CH3CN-heptane-Et;N, 80 °C

(127

Z

Recently, Wang and co-workers have reported a new
thermomorphic system composed of PEGgqq, toluene, and
heptane as a solvent mixture for the hydroformylation of
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p-isobutylstyrene by a rhodium catalyst.?*? In this system, the
temperature at which miscibility is achieved is tunable by changing
the weight ratio of the components. For example, a biphasic
PEGgo/toluene/heptane solvent system with a 2/3/1 ratio of
components formed a monophase at 110 °C. Good yields (96%)
and TOF numbers (384 h™?) were achieved at 120 °C when using
a rhodium catalyst formed in situ from RhCl;+3H,0 and the PEG-
phosphite derivative 134. This PEG-phosphite-bound rhodium
catalyst formed using a 1/2000 ratio of Rh/olefin was recycled
seven times by thermomorphic phase separation. ICP-OES analysis
of the upper phase revealed about a third of the charged rhodium
was leached into the product phase over the first three cycles.
Leaching then dropped to 3% in each of the subsequent cycles.
The origin of this leaching was not determined. It is possible that
this higher metal leaching in the first several cycles might be a
result of the polydispersity of the PEG used to prepare ligand 134,
since others have shown that the molecular weight of a polymer
support can affect its phase selective solubility in thermomorphic
separations.?*23 Such effects can be minimized if the polymer or
the polymer-bound catalyst is first exhaustively purified using a
continuous liquid/liquid extractor.??

S U\
U P—O(CH2CH,0)16CaHi1
= O’
124

In a follow up paper, this group described using a more
PEG phase selectively soluble ligand P[(OCH,CH,)sOCHjs];
(135).2% In a study with the same solvents at 110 °C but
without Rh present, 0.4% of the charged ligand 135 leached
into the nonpolar phase. This was a lower ligand leaching
value than that found for ligand 134 (2.2%). When a Rh
catalyst was formed with the PEG derivative 135, it could
be reused for nine cycles without any measurable decrease
in activity. As was true for a catalyst ligated by 134, rhodium
leaching decreased after the first few cycles, eventually
stabilizing at ca. 1% leaching per cycle. These results suggest
that Rh leaching in these systems is not solely due to ligand
loss.

Pn

(128
0.33 mol% 136 [ j
(0.67 mol% for recycling)

[ j DMSO, 40 °C 30 min /\
N

hentanﬂQMF Z5°C 101 L
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To further decrease rhodium leaching into the product
phase of these thermomorphic hydroformylation reactions,
a series of solvent mixtures were tested to determine which
solvent mixture has the least ligand leaching using the PEG-
bound phosphite ligand 135.2% A mixture of PEG,q and
heptane (3 g each) was used as the solvents along with a
series of organic cosolvents. The best results for a thermo-
morphic system were seen when 3.15 g of 1,4-dioxane was
used as a cosolvent. In that case, a thermomorphic system
using ligand 135 showed only 0.05 mol % ligand was leached
into the heptane phase under the conditions used for the
hydroformylation reaction.

The recycling efficiency of this optimized thermomorphic
system was examined in the hydroformylation of 1-dodecene
using ligand 135 with a 1/1000 ratio of Rh/olefin. After 23
cycles, a catalytic system containing PEG-supported ligand
135 and Rh in a mixture of PEG,q, heptane, and 1,4-dioxane
still had high activity (94% yield). Metal analysis of the
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product phase using ICP-AES showed that though 1.1% of
Rh leaching was detected in the first cycle, the average metal
loss for the rest of the cycles was about 0.65%, much less
than seen previously. However, while these results are much
improved, the overall loss of Rh through 23 cycles would
still be ca. 15%.

HNW2 N N | &wNH,
HoN Iq1"*!..,,2 h,,“ ~NH;
NP NH,

4 H

: HzN;#N-"”“’"NNMN'"““’“mﬁ
- HaN 'i NH
HoN N. gt 2

o N e NMNHN”""NHQ
137 HyN N 3N, NH;
HaNYET N N 2 ™NH,
HaN - £% NH.

a: 4 -NH, groups (G4 PPI dendrimer)

b: 16 -NH; groups (G, PPI dendrimer)

¢ 32 -NH; groups (G4 PPI dendrimer, shown
d: 64 -NH, groups (G PPI dendrimer)

Dendrimer-bound catalysts have typically been recovered
and reused by membrane filtration or other processes.?%62%
However, such catalysts can be separated from products and
reused using a thermomorphic system too, as shown by the
Kaneda group. This group prepared a series of periphery
functionalized dendritic phosphine ligands through double
phosphinomethylation of primary amino groups on different
generation polypropylene imine (PPI) dendrimers 137.2%
Coordination of PdCI,(PhCN), to these covalently im-
mobilized phosphines followed by hydrazine reduction
formed dendrimer-bound Pd(0) catalysts 136 that were
successfully used in allylic substitution of trans-cinnamyl
acetate by morpholine (eq 128), affording product in 99%
yield with 9/1 (linear/branched) regioselectivity when reac-
tions were carried out in DMSO for 30 min.

Unlike core functionalized dendritic palladium catalysts
reported by van Leeuwen and co-workers,?*® catalysts 136
of different generation afforded similar 9:1 linear/branched
regioselectivity. However, when using cis-3-acetoxy-5-
carbomethoxylcyclohex-1-ene as a substrate (eq 129), higher
stereoselectivity for the cis product was observed with higher
generation dendritic catalysts 136. This effect was attributed
to the increased steric congestion on the surface of higher
generation dendrimers. The excellent solubility of the
catalysts in DMF allowed recycling to be easily performed
in a thermomorphic system composed of DMF and heptane.
The catalyst was reused four times. The products were
isolated in the heptane phase in 66% yield in the first cycle
and 99% yield in the second through fourth cycles. The low
yield in the first cycle presumably reflects some product
partitioning into the DMF phase. ICP analysis of the heptane
phase did not find detectable Pd leachate based on the
detection limit (0.1 ppm).
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Kaneda’s group has also described using dendrimer-
encapsulated Pd catalysts 138 in cross-coupling and allylic
substitution chemistry.2% In this chemistry, a third generation
PPI dendrimer 137b whose peripheral amine groups were
acylated with 3,4,5-triethoxybenzoyl or decanoyl chloride
was used to ionically anchor 4-diphenylphosphinobenzoic
acids internally in the dendrimer. Earlier work had shown
that ionically anchored triarylphosphine ligands could form
palladium complexes.?** These Pd dendrimers were effective
in Heck couplings and in allylic substitution chemistry. When
PPl dendrimers had been modified with aryl amides, the
dendrimer-bound catalysts were insoluble in heptane and the
catalysts could be recycled in a thermomorphic system using
heptane and DMF for the allylic amination of cinnamyl
methyl carbonate with piperidine. Catalyst 138a was reused
through four cycles.

OEt
0 o}
O = OEt or ——(CH,)y-CHs
a far=Ts b

3.2.2. Thermomorphic Nonpolar Phase Selectively
Soluble Polymers

The thermomorphic separations using soluble polymers
first described by our group used polar polymers such as
PEG and PNIPAM. However, polar polymer-bound catalysts
in thermomorphic separations have an inherent problem in
that both the products and byproducts of most reactions often
preferentially accumulate in a polar phase. This affects the
conditions necessary for miscibility in a recycling experi-
ment. It also makes catalyst/product separation more prob-
lematic. Thus, as our group continued to explore the idea of
thermomorphic separations, we focused most of our attention
on nonpolar polymers for separation of catalysts and
products.

An advantage of poly(N-alkylacrylamide) supports is their
phase selective solubilities are tunable by changing the
structure of the alkyl substituents on the nitrogen atom,?20:2%1
For example, in contrast to PNIPAM, poly(N-octadecylacry-
lamide) (PNODAM) is a lipophilic polymer that has heptane
solubility. We prepared PNODAM-supported phosphine and
SCS ligands using a procedure like that used earlier to
prepare PNIPAM derivatives. Metalation with Pd(PhCN),Cl,
and Pd(dba), in refluxing THF then led to the Pd complexes
139 and 140, which had high nonpolar phase solubility. The
SCS-Pd complex 139 could be used in Heck reactions just
like earlier PNIPAM-bound complexes. While the actual
catalyst has subsequently been shown to not be the SCS-Pd
complex,?* reactions using 139 to form cinnamic acid from
iodobenzene and acrylic acid could be repeated multiple
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times without any additional Pd source. For example, after
nine cycles, conversion was still 90%.242

TPg

140

Allylic substitutions that used the Pd(0) catalyst 140 were
also reported. While five cycles with this catalyst were
successful, gradual deactivation of the catalyst was observed
based on the increase in reaction times from 1 h in cycle 1
to 52 h in cycle 5. In this case, the use of a soluble polymer
allowed us to examine the catalyst after the reaction. This
3P NMR spectroscopy analysis showed that oxidation of
phosphine ligands during the reaction was the proximate
cause of the catalyst deactivation.

As noted above, nonpolar polyolefin supports such as
polyethylene (PE) are readily recyclable. However, their
insolubility in polar solvents and their complete insolubility
at room temperature in any solvent limited their further use
in catalytic processes. More recently, our group has begun
to explore polyisobutylene (PIB) as an alternative to these
PE supports. Vinyl terminated PIB is commercially avail-
able,?*® and its vinyl end groups can easily be modified.?**
More usefully, these PIB oligomers are soluble in many
nonpolar organic solvents at room temperature. Studies on
phase selective solubility using methyl red and dansy! labeled
PIB oligomers in a biphasic system consisting of 90%
aqueous ethanol and heptane revealed that these PIB deriva-
tives are selectively soluble in the heptane phase of these
thermomorphic solvent mixtures to an extent of more than
99.6%.185’244

The utility of PIB oligomers as nonpolar soluble supports
was first demonstrated in the thermomorphic systems using
Pd catalyzed cross-coupling reactions. Both an SCS ligand
and a phosphine ligand were attached to the terminus of a
PIB oligomer, and these PIB ligands were used to prepare
the Pd species 141 and 142.2262%5 Like other supported SCS-
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Pd(I) species, the PIB-SCS-Pd precatalyst 141 was only
effective for aryl iodides as substrates in Heck chemistry
that was carried out at 100 °C. In these cases, an equivolume
mixture of heptane and DMA was used as solvent. This
solvent mixture was miscible under the reaction conditions
but immiscible at room temperature, and the Pd in the
heptane phase was separated and reused for three cycles
without observable loss of activity. Similar results were
achieved in a Sonogashira reaction conducted at 70 °C in a
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monophasic 90% aqueous ethanol and heptane mixture using
the Pd catalyst 142 formed from a PIB-bound phosphine and
sz(dba)g.

Plenio’s group has also reported using nonpolar linear
polystyrene bound hindered phosphines 143 to form recover-
able Pd catalysts.?*5247 This polymeric ligand was used in
mixtures of DMSO or nitromethane with cyclohexane (eq
130) for Sonogashira chemistry or Suzuki couplings.

R
(130
o 1 mol% PdCly(PhCN),,
+ =R 2 mol% Cul, 2-12 h
DMSO-cyclohexane, 60 °C Z

In the Sonogashira chemistry, the aryl bromide substrates
included -COCHs;, -CHs, -Cl, -H, and -OCHj; substituents,
and phenylacetylene or 1-octyene were used as the alkynes.
In the Suzuki chemistry, Pd(OAc), was used as the Pd source,
K3PO, as the base, phenylboronic acid, and aryl bromides
and chlorides with -COCHg, -H, -CN, and -OCHjs substitu-
ents. In either case, the Pd catalyst ligated by the poly(4-
methylstyrene)-bound hindered phosphine could be recovered
in the cyclohexane phase. Five cycles were carried out. The
loss of Pd into the polar phase in either example was less
than 0.2% of the charged Pd based on XRF and UV
spectroscopic analysis.

Yang and co-workers also reported a recyclable core-
functionalized dendritic catalyst that was useful in
Baylis—Hillman reactions using aromatic aldehydes and
methyl vinylketone or acrylonitrile (eq 131).2%¢ This
dendritic form of 4-(N,N-dimethylamino)pyridine (DMAP)
144 was 97.5% phase selectively soluble in cyclohexane in
a thermomorphic system formed from a DMF—cyclohexane
solvent mixture. Thus, it could be recovered and reused.
However, in recycling using 4-nitrobenzaldehyde and methyl
vinyl ketone, reaction yields dropped from 92.3% to 47.6%
after two cycles. Treatment of the deactivated catalyst with
2 M NaOH at 60 °C for 2 h regenerated the catalyst, so the
observed deactivation was likely due to formation of pyri-
dinium salts. Five reaction cycles were reported with yields
of >90% per cycle when the catalyst was regenerated by
treatment with base.

OUH3(UH)gUH3
OCH5(CH,)gCH5

OCH,(CH,)gCH3

N\ / N
| A H OCH,(CH,)gCH3
I 144
OCH,(CH,)sCH
27X 1 equiv 2(CH2)sCHy

OCH,(CH,)gCH4
cyclohexane-DMF, 60 °C, 48 h

X = -COCHj, -CN
7 = -NO,, -CN, -Br, -H, -OCH,

OH
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3.2.3. Polymer Stabilized Nanoparticles

Many palladium mediated cross-coupling reactions are
now thought to involve actual catalysis by traces of pal-
ladium(0) formed in situ.*®249-251 Amphiphilic block co-
polymers containing heteroatoms such as nitrogen have long
been known as agents that stabilize nanoparticles including
catalytic Pd particles.?>? Linear copolymers and dendrimers
have more recently been used both to stabilize these sorts
of particulate catalysts and to facilitate their separation,
recovery, and reuse. This has included using such polymers
to carry out liquid/liquid separations to recover and reuse
these catalysts, as discussed below.

An apt example of how the linear copolymers can be
used to facilitate the recovery and reuse of nanoparticle
catalysts is work by the Beletskaya group.?>* This group
described recyclable amphiphilic PS-PEO block copolymer
suspensions of Pd(0) nanoparticles that were effective in
catalysis of Heck coupling reactions and other Pd(0)-
catalyzed reactions. These Pd nanoparticles 145 stabilized
in a dendrimer-like polymeric micelle were similar to those
described earlier by Fox and Whitesell,? but the Beletskaya
group’s work has demonstrated these catalysts’ recyclabi-

lity.

€]
Counterion CI

Pd nanoparticles

PEO PS

In the Russian work, the catalyst system was prepared in
water and the palladium nanoparticles were generated in situ
within micelles formed by the PS-PEO block copolymer that
contained a cationic cetylpyridinium chloride (CPC) surfac-
tant that sorbed into the hydrophobic micellar core. The
resulting poly(ethylene-oxide-Pd stabilized colloidal catalysts
(PEO-PS-Pd(0)) could be stored for one year without change.
These polymer stabilized Pd colloids were used in Heck
couplings (eq 132) with activity comparable to that of a low
molecular weight palladium complex (PdCI;(CH;CN)s,).

Z
Z@(Br orl)
0.5 mol% 145 (132

Z=-H, -COCHj3 BuzN =

+ DMA-heptane 1)

o 80-120°C, 2-15 h o

A

0

These(PEO-PS-Pd(0)) colloids 145 could be used in a
thermomorphic mixture of 90% aqueous DMA/heptane (1/
2; vlv) three times with yields of 90, 86, and 94%. Heck
chemistry with aryl bromides worked, but longer reaction
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times and higher temperatures were required. These (PEO-
PS-Pd(0)) colloids were also used and recycled in N- or
O-heterocyclization reactions (eq 133 and 134). In reaction
134, 0.5 mol % of (PEO-PS-Pd(0)) afforded the alkyne
cycloaddition product in an average 70% yield over three
catalytic cycles. Similar chemistry with an acetonitrile or
triphenylphosphine complex of PdCl, required 5—6 mol %
of a nonrecyclable catalyst to achieve a similar result.

] TmMoT% 145
©j +  =—pp NHACH2)0H mph (133
NH 6 mol% Cul N‘
$0,CH, DMA, 80°C, 2-7 h 80,CHs
Ph
0.5 mol% 145 Ph
X CO0OMe  NaOAGELN =
| + Ph—=——Ph o (134
2N DMA, 100 °C
4-10 h i

Use of 1-iodododecane to alkylate PEI (M,, = 60,000) led
to a PEI derivative that could stabilize Pd nanoparticles in
aqueous solution. Such PEI-stabilized Pd nanoparticles 146
were successfully used for hydrogenation of alkenes.?® In
these catalysts, the primary amino groups in the original PEI
polymer were completely alkylated by 1-iodododecane.
Analysis by ®N—H heteronuclear multiple bond correlation
spectroscopy showed that only secondary and tertiary amine
groups remained in the alkylated PEI support. Under identical
reaction conditions, higher reaction yields (>99%) and faster
reaction rates were obtained in the hydrogenation of 1-octene
with Pd nanoparticles stabilized by the amphiphilic alkylated
PEI in an aqueous biphasic system than were seen with Pd
nanoparticle catalysts stabilized by unalkylated PEI. The
alkylated-PEI-Pd nanoparticles also showed significant
chemoselectivity in competition reactions between 1-octene
and 2-methyl-2-heptene or in reactions of 3-methylcyclo-
hexene and 1-methylcyclohexene where only the less hin-
dered substrates were hydrogenated. Recovery and recycling
of the alkylated-PEI-Pd nanoparticles was also possible. In
these cases, recycling simply involved decantation of the less
dense alkane product phase from the aqueous phase. Over
five reaction cycles were reported with 1-octene as substrate,
and >99% yield was obtained in each cycle.
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Crooks’ group was the first to describe a recyclable
dendrimer-encapsulated Pd nanoparticle catalyst for hydro-
genation of alkenes in a fluorous biphasic system.?"%8 |n
this case, a poly(amidoamine) (PAMAM) was used as the
host for the stabilized Pd nanoparticle catalyst. This den-
drimer-supported catalyst was made fluorous phase soluble
by ionically binding perfluoropolyethers (M,, = 550) con-
taining -CO,H groups to the peripheral amine groups of
PAMAM. Hydrogenations were run at room temperature in
a toluene/perfluoro-2-butyltetrahydrofuran emulsion formed
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through vigorous stirring. The fluorous dendrimer-bound Pd
catalyst 147 was recovered after the reaction by stopping
the stirring and separating the heavier catalyst-containing
fluorous phase. This Pd catalyst was reused 12 times, and
no leaching of the brownish Pd catalyst into the organic phase
was observed visually.

Recently, West and co-workers reported the use of this
same fluorous phase soluble PAMAM-Pd catalyst 147 for
hydrogenation of allyl alcohol in a CO, fluorous mixture.?>®
In this system, the allyl alcohol and the fluorous catalyst
phase become miscible at room temperature upon additon
of gaseous CO, (5.55 MPa). A higher TOF value (1858 h™2)
was observed in this system compared to that observed under
biphasic conditions using allyl alcohol and FC-40 (95%
perfluorotributylamine) (1093 h™3).

CFg
o—CFCFz}o—CFZ— M, =550

Ry = Fgc%o—CF2

Other fluorous dendrimer-encapsulated Pd catalysts 148a
(G4) and 148b (Gs) derived from forth and fifth generation
PPI, respectively, were also reported by Crooks’ group.?%
In this case, the fluorous tags were connected to the
dendrimers through covalent bonding, allowing the catalysts
to be used at higher temperature. Catalytic activity and
recyclability of catalysts 148a and 148b were investigated
in Heck coupling reactions in the same fluorous biphasic
system as above at 90 °C. The coupling reactions were
conducted under homogeneous conditions, and moderate
yields of the cross-coupled products were obtained using both
aryl bromides and aryl iodides. No activity was observed
with aryl chlorides. Catalyst recycling was accomplished
using a liquid/liquid separation at room temperature. These
catalysts were successfully recycled. However, the modest
38% yield (based on *H NMR) with 3—5 mol % Pd using
iodobenzene and tert-butyl acrylate in the first cycle dropped
to 27% in the second cycle. No Pd black was observed during
the reaction. The organic phase showed <0.01 ppm Pd
species based on direct current plasma (DCP) analysis.
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Several groups have used the unique properties of dendrimers
to prepare mixed metal nanoparticles including mixed metal
clusters that are active in catalysis.?6272%3 The Kaneda group
has shown that thermomorphic conditions can be used to recycle
these materials when they are used as catalysts. In this example,
Pd—Pt bimetallic nanoparticles solvated with dendrimers were
prepared by self-assembly of dendrons 149 on mixed metal
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nanoparticles formed by hydride reduction of a mixture of
soluble Pt and Pd salts (eq 135).25

NHy
N_ O
N 1. [PACI(C4Hs),
o) NHz  PtCI(PhCN),
X DCM
/§—N o 2. LiB(C,H35)3H (135)
o o)
\ W NH
N / HN J)k 2
SN o

149: G, Py-C6

o= K)J\NH2

K2
=0 o<

s

150. G- Py-C6 Pd-Pt

The dendrimer-solvated mixed metal nanoparticles 150 (G,-
Py-C6[Pd(0)—Pt(0)]) so formed were characterized by dynamic
light scattering, transmission electron microscopy, and X-ray
energy dispersive spectroscopy that together showed that the
mixed metal particles were formed with a monolayer of
dendrons around the bimetallic core. These bimetallic nano-
particles were then used in a hydrogenation of 1,3-cycloocta-
diene to cyclooctene at 65 °C in a thermomorphic system
consisting of DMF and heptane. As was true in the other
examples above, these dendrimer-solvated nanoparticles were
preferentially soluble in DMF. After cooling this thermomorphic
mixture, liquid/liquid separation permitted them to isolate the
DMF solution of the catalyst 150 and reuse it in four subsequent
cycles without loss in activity.

The use of soluble microgels that stabilize metal nano-
particles has recently been reported.?®>~27* Such microgels
can be prepared from acrylamides and/or acrylates and other
functional vinyl monomers as soluble, intramolecularly cross-
linked, globular-shaped macromolecules that are 10—100 nm
in diameter. They dissolve in water or organic solvents such
as DMF, chlorinated hydrocarbons, CH3;CN, acetone, EtOAC,
THF, or toluene to form low-viscosity stable solutions. Like
other functionalized polymers, microgels have pendent
groups and can thus support reagents or catalysts. Such
microgels are often recovered from solution and separated
from products by ultracentrifugation, or ultrafiltration. A
recent study has also shown that microgel-stabilized metal
nanoparticles can be separated, recovered, and reused using
liquid/liquid biphasic systems too.

In this recent work, Biffis’ group showed that, in a biphasic
mixture of water and CH,Cl,, pH-responsive microgel-
stabilized Pd and Au nanoparticles selectively dissolve to
the extent of >99% in either the aqueous phase or CH,Cl,
phase depending on pH. These microgel-stabilized metal
nanoparticles were prepared from N,N-dimethyl acrylamide
(DMAA; 40 mol %) and N,N-dimethylaminoethyl meth-
acrylate (DMAEMA,; 10 mol %) and ethylene dimethacrylate
(EDMA, 50 mol %) using the metal salts Pd(OACc), or AuCls,
respectively (cf. eq 136).2"2 Similar switchable phase affinity
was also observed for these microgel-stabilized metal nano-
particles in organic/fluorous biphasic systems using the
addition of perfluorooctanoic acid or triethylamine.

The Biffis group also successfully recycled microgel-
stabilized Pd nanoparticles catalysts.?” In this case, a series
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of microgels (151a—e) formed by copolymerization of
differing amounts of the monomers DMAA, EDMA, and
DMAEMA was used to complex Pd(OAc),. Subsequent
NaHBEt; reduction of the microgel-bound Pd(I1) salt yielded
Pd nanoparticles that were stabilized inside of the microgel
framework. The average size of the microgel-stabilized Pd
nanoparticles was found to be ca. 1.9—2.8 nm based on
transmission electron microscopy. These soluble polymer-
stabilized nanoparticles were shown to be useful catalysts
for an aqueous phase oxidation of 1-phenylethanol to
acetophenone by molecular oxygen. They showed higher or
comparable activity (100% vyield, 6 h, 1 mol % Pd) than Pd
nanoparticles entrapped in aluminum hydroxide (90% yield,
6 h, 1 mol % Pd) or Pd nanoparticles supported on
hydroxyapatite (>99% vyield, 24 h, 0.04 mol % Pd).
Separation of these microgel-supported Pd nanoparticles from
product and recycling was accomplished by a postreaction
extraction of the aqueous reaction media with diethyl ether.
The activity through three cycles (100%, 82%, 17%) using
Pd catalysts stabilized by microgel 151b showed a large
decrease due to Pd metal precipitation in the third cycle.

a:x=85y=52=10
b:x=825y=752=10
c:x=80,y=10,z=10
d:x=40,y=10;,z=50
e x=70,y=20,z=10

(136
151

O = trialkylamino group

Chl

Microgel-stabilized Pt and Au nanoparticles could also be
prepared, but these stabilized nanoparticles had limited
activity in a similar aerobic oxidation of 1-phenylethanol
(12% and 13% yields in 24 h, respectively). The authors
attributed the lower activity of these nanoparticles to the size
of the metal nanoparticles. These larger nanoparticles were
in part the result of using DMAEMA as a monomer. The
tertiary amines present in microgels that contain DMAEMA
were thought to reduce AuCl; spontaneously even in the
absence of NaHBEt;. This problem was addressed by
substituting vinylpyridine for DMAEMA. Since pyridine
cannot reduce AuCls, the resulting pyridine-coordinated Au
ions in the product microgel were stable. In this case,
subsequent NaHBEt; reduction formed 2.4-nm-diameter Au
nanoparticles that could catalytically oxidize 1-phenylethanol
(100% yield in 24 h).2"* Recycling of these more active gold
catalysts was not described.
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3.2.4. Latent Biphasic Separations

The use of temperature as a trigger to induce phase separation
of solvents in a mixed solvent system is not always necessary.
Product formation or small amounts of additives can have a
similar effect, and this strategy has been used to advantage with
several sorts of soluble polymer-supported catalysts.

Polysiloxanes have been used as supports for the recovery
of catalysts but are usually recovered by membrane filtration
or solvent precipitation.'®-27 Liquid/liquid phase separations
are an alternative to this approach for separation/recovery/
reuse of polysiloxane-bound catalysts. The viability of this
approach was demonstrated by the synthesis of several dye-
labeled polydimethylsiloxanes 152 and 153 (eq 137).27% The
feasibility of liquid/liquid biphasic separation for both 152
and 153 was studied using either a thermomorphic mixture
of heptane and DMF or a latent biphasic mixture of heptane
and EtOH. In these experiments, a heptane solution of the
dye-labeled polymer was mixed with an equal volume of
DMF or EtOH. Heating in the first case generated a
monophasic solution that on cooling had 97.6% (152) or
99.5% (153) of the dye in the heptane phase. In the heptane/
EtOH mixture, addition of 20 vol % water produced a
biphasic mixture with 99.6% (152) or 99.5% (153) of the
dye in the heptane phase.
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Based on these results, a silane-terminated poly(dimeth-
ylsiloxane) was used to hydrosilate a Cinchona alkaloid.?"
The product immobilized quinine derivative 154 was then
used to catalyze Michael additions of thiophenols to a,S-
unsaturated ketones and esters (eq 138) in an equivolume
of EtOH and heptane. Recycling simply involved water
addition followed by separation of the catalyst containing
heptane phase. This recycled heptane phase containing the
polymer-bound quinine 154 afforded 80—100% yields of
products for each cycle through five cycles. No effort was
made to optimize this chiral catalyst, and only modest
enantioselectivity was observed.

A polyisobutylene-bound Pd catalyst 142 was also suc-
cessfully used in allylic substitution of cinnamyl acetate by
secondary amines in a latent biphasic system (eq 139). In
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this case, a mixture of EtOH and heptane was used as a
solvent at 25 °C and the separation was effected by addition
of 10 vol % water. This allylic substitution catalyst was
successfully recycled five times.?*®

+ RoNH,

1 mol% 142, EtzN /
EtOH-heptane NR; (139
rt, 20 h
R = -CHaCH. -CH.CHoOCH CHo-

As noted above, polystyrene is an attractive soluble
polymer to use to support catalysts because of the many
examples that use cross-linked polystyrene as a support for
catalysts, reagents, and sequestrants. However, while linear
polystyrene or poly(4-methylstyrene) can be used in some
liquid/liquid separations, modified polystyrenes with larger
p-alkyl groups are more suitable because they have greater
phase selective solubility. This is illustrated by work that
used poly(4-tert-butylstyrene) (PtBS) as a support. This
polymer, unlike polystyrene itself, is very soluble in heptane
supports. This was shown with the dye-labeled polymers 155
and 156. UV—visible spectroscopy showed that polymers
with ca. 95 mol % tert-butylstyrene groups were 99.5% phase
selectively soluble in mixtures of heptane and polar solvents
in thermomorphic or latent biphasic systems."

The use of PtBS in catalysis was demonstrated by the use
of 155 and 156 as nucleophilic organocatalysts. When 10
mol % 155 was added to an equivolume mixture of heptane
and EtOH containing 2-nitropropane and methyl acrylate, a
Michael addition product formed. After the reaction was
complete, addition of <10 vol % water induced biphasic
separation (eq 140). All of the catalyst 155 separated into
the heptane phase based on visual absence of dye in the polar
phase. In recycling, this heptane solution was separated and
a fresh EtOH solution of nitropropane and methyl acrylate
was added. Five cycles in total were carried out. The yields
of product in cycles 3, 4, and 5 were 69, 72, and 71%,
respectively. These yields are similar to those seen with a
nonrecyclable catalyst triphenylphosphine.

NO,
1.10 mol% 155 NO
_rt24h H30M0M6 (140
i 0 heptane-EtOH ~ HsC o)
\)J\mh 2. H,0 addition

A second example of recyclability of a PtBS-bound
catalyst was the use of 156 in formation of a t-Boc derivative
of 2,6-dimethylphenol (eq 141).
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In this case, an equivolume mixture of EtOH and heptane
was again used and phase separation was effected by adding
a small amount of water (ca. 10% of the amount of EtOH).
This polymer-bound DMAP analog was reused through 20
cycles with an average isolated yield of product of 93%/
cycle. Other nonpolar polymers can be equally effective as
supports for recoverable DMAP catalysts under latent
biphasic conditions. The PNODAM-supported DMAP cata-
lyst 157 for example was used and recycled six times for
acylation of 2,6-dimethylphenol by (Boc),0. Recycling of
the catalyst was conducted in a 1:1 heptane—EtOH solvent
system at 25 °C with water addition used to perturb the
system. A thermomorphic system (heptane—DMF) could also
be used to recover this catalyst.’* Likewise, the PNIPAM
supported DMAP catalyst 158 is also recoverable and
reusable in systems where reversed phase selective solubility
is desired in the catalyst/product separation step (158 is polar
phase soluble).
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157: R = n-C4gH37; x=680; y =136, z=1
158 R=-Pr x=4800. v =370 2=1

Polymer-supported palladium catalysts 159a and 159b
were both successfully used in Heck reactions. These
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polymeric Pd catalysts were designed to be recoverable
in either a nonpolar or polar phase, respectively, and
incorporated a colorimetric ligand to facilitate visual
analysis of catalyst recovery/separation efficiency. While
visual analysis of this colored Pd catalyst separation is
possible, catalyst decomposition (Pd black formation) was
observed during a Heck catalysis, which makes these Pd
complexes less useful in cross-coupling than others.?””

A\

e
e

Cl. 4

2
159a; R = n-CygHs7, x =10,y =1
159b R=j-Pr. x=52y=3

Another example where a latent biphasic system with
heptane phase recovery of a catalyst after addition of a
small amount of water was used effectively is the atom
efficient formation of an oxazoline from ethyl isocyanoac-
etate and benzaldehyde. This process was catalyzed both
by the silver carboxylate catalyst 160 and by the SCS-Pd
complex 139.%! Catalyst 160 was supported on a readily
available alternating copolymer derived from maleic anhy-
dride and an alkyl vinyl ether (eq 142). In this example, a
phase selectively soluble hydrocarbon polymer was obtained
by using octadecylvinyl ether as one monomer and by
treating the maleic anhydride groups with a mixture of
octadecylamine and morpholine. The amic acid derived from
the primary amine could be imidized on heating, and the
amount of morpholine could be controlled to set the amount
of -CO,H groups in the product, which determined the
loading of Ag(l) in the eventual catalyst. Recycling of
catalyst 160 was successful in eq 143 in a latent biphasic
system of heptane and EtOH with an average loss of <0.15%
of the starting Ag(l)/cycle over five cycles.

1. mixture of
morpholine +
O n-CigHy/NH,

o) 2. heat
3. AgOAc

C15H370

o
H 1 mol% 160 OFt
- (143
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The use of 139 as a Pd source was also successful in a
latent biphasic system containing DMA and heptane (1:1,
vol). In this case, the phase separation was effected automati-

O

Bergbreiter et al.

cally at room temperature by the formation of triethylam-
monium iodide byproduct.*®* In this example, the byproduct
formation advantageously effected the desired catalyst
separation. However, it also illustrates the fact noted in
several examples in this review that byproducts not only have
to be removed from a product, they can also affect the
practicality of catalyst recovery efforts that depend on a phase
separation event.

Phase selectively soluble dendrimer-supported catalysts
can also be recovered and recycled in latent biphasic
systems. In an recent example reported by Fan and Chan,
a (R)-BINAP ligand was incorporated into a Fréchet-type
dendrimer which was peripherally functionalized with
decyl groups.?”® The resulting dendritic BINAP ligands
161a, 161b, 162a, and 162b (Chart 8) were each allowed to
react with [RuCly(benzene)] in DMF at 100 °C for 20 min
to generate dendritic BINAP-Ru catalysts that had good
nonpolar phase selective solubility (>99% of 161b or 162b
was partitioned into the hexane phase in a hexane/97.5%
EtOH biphasic system). The catalytic activity and enanti-
oselectivity of these dendritic Ru catalysts was then evaluated
in the asymmetric hydrogenation of 2-arylacrylic acids (eq
144) in a single phase solution formed from an equivolume
mixture of hexane and EtOH. Under these conditions, these
catalysts showed excellent activity (100% conversions in 4 h,
1 mol % Ru, Py, = 80 atm) and good enantioselectivities
(84—90% ee), which were comparable to the results obtained
with an unsupported (R)-BINAP-Ru catalyst (100% conver-
sion, 87—89% ee). Recovery and recycling of these supported
catalysts was accomplished by adding a small amount of
water (2.5 vol %) to the miscible solvent mixture to induce
phase separation. In the case of 162b, the dendritic catalyst
was recovered in the nonpolar phase and was reused for four
cycles with only a slight drop in conversion (72% in cycle
1 to 68% in cycle 4) and enantioselectivity (84% in cycle 1
to 82% in cycle 4). While no analysis for metal in the EtOH
product-containing phase was reported, the authors did note
that no catalytic activity was present in this phase, suggesting
little if any catalyst leached into the EtOH phase.

T671a,b
1mol% ©rf

162a,b
[RuCly(benzene)] COOH
COOH H,, 80 atm
R hexane-EtOH R (144

rt,4h

P — R~ L]

Another successful example where dendritic catalysts were
recycled using a latent biphasic system was described by
Yang and Fan.?’® They tried several strategies to use dendritic
ligands to recover osmium catalysts for dihydroxylation of
alkenes. Their first attempt used osmium tetroxide (OsOy)
formed in situ in a mixture of tert-BuOH and hexane (2:1,
v/v) that was ligated by 1.2 equiv of ligand 144, a pyridine-
containing dendrimer. In this case, the osmium dendrimer
complex could be separated into the hexane phase but only
by addition of a large amount of water. While the dendritic
OsO, catalyst was effective in dihydroxylation of cyclohex-
ene, these separation problems led them to explore other
solvents. A new latent biphasic system consisting of tert-
BuOH, CH3;CN, hexane, and water (2:1:1:0.2, v/v) was
designed. Unlike the original hexane and tert-BuOH mixture
where phase separation had to be effected by addition of a
large amount of water (150 vol %), this new quaternary
solvent mixture only required addition of ca. 20 vol % of
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Chart 8
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H,0 to induce phase separation. However, recycling of the
dendritic OsO, catalyst in this solvent system proved to be
problematic, since the reaction yield dropped gradually from
88% to 22% over four reaction cycles. The authors suggested
that the competing coordination to Os by N-methylmorpho-
line, the reduced product of NMO, may have formed a low
molecular weight Os species with high polarity that parti-
tioned into the polar phase, causing the loss of catalyst during
the recycling.

o/(bH)ng3
r@o—(CHz)gCHg
()

163 0O—(CH,)gCH4

O‘(CH2)90H3

O~(CH\.CH;

To address this problem, a more stable immobilized OsO,
catalyst was prepared by allowing ligand 163 to react with
OsO,. The osmate ester formed in this reaction was then
oxidized with NMO. Osmate(VI1) esters formed in the
reaction of OsO, with a tetrasubstituted olefin such as 163
are more stable toward hydrolysis than osmate esters formed
from other alkenes. These osmate esters can be reoxidized
to form an Os(VI11) complex, and this complex can be used
in alkene dihydroxylation.?®® These factors allowed the
osmium complex formed from dendrimer 163 to be success-
fully reused over 10 times in dihydroxylation of cyclohexene
in the quaternary solvent system discussed above. Yields of
diol product in this latent biphasic system ranged from 83%
to 94%. ICP analysis showed only 5 ppm of Os in the
product, which corresponded to Os leaching of <0.1% of
the charged metal in each cycle.

3.2.5. Catalyst Separation and Reuse by Extraction

Whether a thermomorphic or latent biphasic scheme is
used, the common feature of the above reactions is that mixed
solvents are used. An alternative is to carry out a reaction in
a single solvent and to rely on a soluble polymer’s phase
selective solubility in a subsequent extraction to separate the
product from catalyst or catalyst from product. The use of
this approach was demonstrated with PIB-bound Rh(ll)
carboxylate catalysts such as 164 that catalyze olefin cyclo-
propanation.?®® In this example, the catalysis was carried out
in heptane. Then a polar solvent such as CH;CN or
ethyleneglycol diacetate (EGDA) was used to extract the
cyclopropane products. The residual heptane solution of Rh
catalyst was then reused with fresh substrates for nine cycles.
Good activity was seen for cyclopropanation of styrene, with
the PIB-bound catalyst 164 exhibiting reactivity and stereo-
selectivity that was comparable to that of analogous low
molecular weight Rh carboxylate catalysts. ICP-MS analyses
showed that ca. 1.8% of Rh ion leached into the EGDA phase
in each cycle. When CH3;CN was used as the extraction
solvent, Rh leaching was 2.3%. This was attributed to the
better coordination by CH3;CN to Rh(ll).
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In addition to rhodium catalysts, PIB-ligands also were
used to support and recover chiral copper catalysts 165a—c.
These catalysts were used in asymmetric cyclopropanation
of styrene using heptane as a reaction solvent. The products
in each cycle were extracted with EGDA. The copper
catalysts 165a—c all demonstrated moderate catalytic activity
(50—60% vyields) and were reused through five to six cycles.
The enantioselectivities of these polymer-bound catalysts
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Scheme 5. Multistep Synthesis of Catalysts 165a—c?
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21n each step, the PIB-bound intermediates were separable from other
polar products by a liquid/liquid separation where the PIB products were
isolated in a heptane phase.

165a, b,

were the same or better than those of similar low molecular
weight analogs in CH,Cl,. For example, for 165b, 92% ee
and 68% ee were obtained for the trans- and cis-products,
respectively, while a low molecular weight catalyst with
similar chiral centers in the ligand (R' = -C¢Hs) afforded
these products with 60% and 51% ee.?®? The deficiency of
these recyclable copper catalysts is that the ligand represented
a significant fraction of the molecular weight of the polymer.
This is a problem because the relatively large size of the
polar ligand compared to the nonpolar PIB backbone
decreases the nonpolar phase selective solubility of the
catalysts. This led to higher metal leaching, with 5% loss of
copper being observed in cycle 3 and even higher catalyst/
ligand leaching in cycles 1 and 2. Presumably this problem
could be solved by using a larger PIB polymer or by
incorporating multiple PIB chains on the catalyst.

" \—~0—PIB
R \

R* LU R 165
TG OTf
a R=Bn: R =Pr (S,S); PIB M, 1000
b: R = Me; R' = Ph (R,R): PIB M,, 2300
¢ R=Bn R =FEtRR) PBM 1000

In the examples above, the phase selective solubility of
the PIB group not only was useful in catalyst recovery, it
simplified the multistep ligand synthesis. In the reactions in
Scheme 5, the various PIB-derivatives could be separated
from byproducts or excess polar reagents easily because of
the PIB group’s heptane solubility.24428!

PIB has also been used as a polymer to support a second
generation Hoveyda—Grubbs catalyst 166.2% While a review
elsewhere in this issue discusses metathesis chemistry in
more detail, it is worth noting in the context of this review
and this section of this review that extractable PIB ligands
proved quite useful in recovery and recycling of this soluble
ring-closing metathesis catalyst 166 too. Using the same
approach described above, the products of a metathesis
reaction that used 166 were extracted with acetonitrile.
Experiments showed good activity and recyclability for 166.
In all five cases studied, the substrates were completely
converted to corresponding cycloalkene products by ring-
closing metathesis (RCM). Catalyst 166 was recycled at least
five times. The efficiency of this recycling was evaluated in
RCM of 2,2-diallyl diethylmalonate. An average of 3% metal
leaching was observed in the polar phase in each cycle. The
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inefficiencies of recapturing the active Ru-methylidene
catalyst generated from 166 were believed to be the main
reason for the loss of Ru.
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Polymer-bound hindered phosphine ligands 132 and 167
are useful for Pd-catalyzed coupling chemistry. They can
be recycled both in a thermomorphic system, as discussed
above, or by selective product extraction. Both ligands were
most effective in Pd catalysis when the coupling of an aryl
halide and phenylboronic acid was carried out in pure
DMSO0.%4 While this single polar solvent phase gave the
best yield in this cross-coupling chemistry, the use of a single
solvent precludes a thermomorphic separation. These PEG-
containing ligands might have been recoverable by solvent
precipitation. However, Plenio’s group found that these
catalysts could be efficiently recycled through three to six
cycles by selective extraction of the products with heptane.
High yields were achieved for both aryl bromides and aryl
chlorides. Kinetic data were obtained in catalytic reactions
using ligand 132. Aryl bromides were more reactive with
TOFs of 500—1200 h™! that were dependent on the aryl
halide substituents. TOF numbers for aryl chlorides were less
than 100 h™* in most cases. After five or six cycles, slight
decreases in TOFs were seen. The leaching of Pd in the
product phase was below the detection limits of a colori-
metric 4,4'-bis(dimethylamino)thiobenzophenone-based UV
analysis for Pd.

PR,H
\/IeOPEGZOOO—O
R = t-By

167

Most examples of soluble polymer-bound catalysts that
are recoverable involve batch type reactions. An exception
to this is the use of either 132 or 143 as a ligand for Pd in
Sonogashira couplings (egs 126 and 130 above). Both of
these ligands have been used in a continuous reactor where
solvent extraction served to separate a nonpolar product from
a polar polymer-bound catalyst or vice versa. This liquid/
liquid separation relied on density differences between the
phase containing a polar polymer-bound Pd catalyst or a
nonpolar polymer-bound Pd catalyst and the product phase
to effect a continuous separation. In these two cases, the
reactant was added in a nonpolar or polar phase and the
product was continuously recovered from the upper less
dense or lower more dense phase.?*®

3.2.6. Catalyst Recovery in Self-Separating Systems

A third general way to use soluble polymers to facilitate
catalyst recovery in liquid/liquid separations is similar in
concept to latent biphasic chemistry. The difference is that,
rather than perturbing a mixed solvent system with an
additive, the formation of the products induces liquid/liquid
biphase formation. This is actually an old strategy that was
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successfully used in the SHOP process.'®? A recent report
from our group where a soluble polymer is usefully used in
this way is the use of the PIB-bound Cu(l) complexes in
ATRP polymerization of styrene.?®

In this report, the properties of the PIB polymer facilitate
catalyst separation in two ways. First, the PIB-bound triazole
catalyst was prepared in a mixture of heptane and EtOH from
an azide-terminated PIB and an alkyne containing a chelating
group for copper (168 or 169) using Cu catalysis (eq 145).2%¢

//(/ PIB-CH, N3 +
(CHy),NEt, CuCl
NN OR =— CHZN/ 2)2NEL
— 2 \(CHz)zNEtz heptane-EtOH
168 169 90 °C

L (145
Ney..[. & €I 170
H N, PN AL = CHy(2-pyridyl
~ \%\/bL L = -CHy(2-pyridyl)

bl =-CH CH-NEfs

After this copper assisted alkyne azide cyclization was
complete, cooling produced a biphasic mixture and the
polymer-bound chelated copper complex 170a or 170b. This
copper complex was isolated as a heptane solution, and the
heptane solution of 170a was then used directly in a ATRP
polymerization of styrene. This polymerization was carried
out using an equivolume mixture of heptane and styrene with
1-bromo-1-phenylethane serving as an initiator (eq 146).

PhCHBrCH, + QB

HM\J\/ X \N—— "‘—Cu

17

170a N\@

N (146

{ P heptane, 110°

In this second polymerization step of this catalytic cascade
process, the miscibility of this heptane/styrene solvent
mixture changed as polystyrene formed because polystyrene
is insoluble in heptane. Thus, when a polymerization like
eq 146 was carried out at 110 °C to ca. 50% conversion and
cooled, two phases formed, with the Cu catalyst 170a being
in the upper heptane phase and the colorless polystyrene
being in the lower phase. Using this approach, catalyst 170a
was successfully recycled five times in a styrene polymer-
ization. An average of 50% conversion achieved for each
cycle with only ca. 3% of copper loss in the product was
detected by ICP-MS. These results suggest that these copper
catalysts and this approach should be useful in the synthesis
and modification of other sorts of polymers if contamination
of products by catalyst residue is of concern.

3.3. Fluorous/Organic Biphasic Catalysis

The concept of fluorous biphasic catalysis (FBS) was
introduced by Horvath in 1990s?®” and has become an
attractive strategy to facilitate synthesis, as evidenced by
several reviews in this issue of Chemical Reviews. Since this
topic is being separately addressed, we have only briefly
noted a few recent examples where soluble polymer-
supported species are used to advantage in this sort of solvent
system.

The attachment of phosphine ligands onto fluorinated
polymer supports had previously been used in the synthesis
of easily separated Rh catalysts for fluorous biphasic
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catalysis.?828 Similar fluoroacrylates containing alkyl-
diarylphosphines bound as carboxamides (e.g., 171) have
also been used to form Rh complexes in situ [RhCl(cod),]
in the fluorinated solvent FC113 to form the Rh catalyst
172 (eq 147). This catalyst was then used in hydroformy-
lation and hydrogenation of alkenes in scCO,.2%0-2%
Catalyst recycling proved possible in this system, and a
total of 20 cycles were carried out for the hydrogenation
of 1-octene. No Rh was detected in the octane product
by neutron activation analysis.

10
1
0= Horchy © O(H or CHy)
NH

; /
PhoP(H2C)s 171 R FC113
- (147
Rt = «(CH2)o(CF,)7CF3 t,3h
+
[RhCI(cod),lo Mm
o (H or CHy) O O(H or CHy
NH /
Re¢
172
PPh,
N PPh,
-
N\
PhoPog

A second example where fluorinated polymer supports
have facilitated catalyst reuse and separation is their use in
olefin metathesis. Yao’s group prepared a metathesis catalyst
173 with a Grubbs—Hoveyda Ru complex as a pendant group
on a fluorinated acrylate similar to 171. They then used the
polymer-bound catalyst 173 in ring closing metathesis of 1,6-
and 1,7-diene substrates in a mixture of PhCF; and CH,ClI,
(1:19, v/v) at 50 °C.?% They noted that this catalyst could
be completely recovered by a postreaction extraction with a
fluorinated solvent (FC72) due to its excellent solubility in
fluorous solvents. High conversions and recyclability of 173
through 20 reaction cycles were observed.

1 Sor9
0
W 1 O(CHo)(CFo)7CF
174
S S PPh,
(CH2)2
| M
(CF2),CF3 es
O-- Ru——<(j
173 \( cr .

Fluorinated polymers containing a phosphine ligand have
also been directly prepared by free radical copolymerization
of styryldiphenylphosphines with fluoroacrylate monomers.2%
When the product polymer 174 was allowed to react with
[Rh(CO),(acac)] in a hexane—toluene—perfluoromethylcyclo-
hexane (40:20:40, vol) solvent mixture, a Rh(l) catalyst that
was formed in situ was then used in hydroformylation. In
this case, the reaction was carried out under monophasic
conditions at 50 °C. Cooling separated the fluorous catalyst
phase and organic product phase. This sort of thermomorphic
approach to fluorous catalysis was first noted by Horvath in
his original description of fluorous chemistry.?®” Compared
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to other aqueous soluble polymer supported Rh catalysts,
higher activity (TOF 136 h™') and regioselectivity (99%)
were observed in the hydroformylation of 1-decene using a
Rh catalyst ligated by the polymeric phosphine ligand 174.
However, catalyst recycling in this case proved to be
problematic. These problems arose not because of catalyst
loss or deactivation but mostly because of the continuous
loss of the fluorous phase into the organic solvents over three
cycles.

3.4. Polymer-Supported Catalysts in lonic Liquids

lonic liquids (ILs) are of increasing interest as alternative
solvents for chemical reactions in both academia and
industry.'87.188.297 These interesting materials have been used
since the 1990s in commercial processes because they
facilitate product catalyst separations.?® Soluble polymeric
materials have been used in this context too.

The most common use of higher molecular weight
materials in ILs chemistry is their use as insoluble supports
for supported ionic liquid phases (as SILs).2%°~%% However,
soluble polymers have attracted some attention too. An
example of this is work by Wolfson and co-workers where
a polymer supported IL-phase was formed by mixing an IL
(1-butyl-3-methylimidazoliurnexafluorophosphatéymim™PFg ™)
with a soluble polyelectrolyte, poly(diallyldimethylammo-
nium chloride).®% Hydrogenations of 2-cyclohexen-1-one and
1,3-cyclooctadiene with (PPh3)sRhCI under biphasic condi-
tions with this mixed ionic liquid 175 were faster (TOF =9
and 14 h™1, respectively) than analogous hydrogenations with
the same catalyst using a biphasic mixture of bmim*PFg~
and diethyl ether (TOF = 2.7 and 5.9 h™1, respectively).
Asymmetric hydrogenation of methyl acetoacetate with
BINAP-Ru catalyst (176) likewise was faster too. A biphasic
mixture of i-PrOH and the polymer-supported IL 175
containing the Ru catalyst formed product with 97% ee and
with a TOF of 29 h™! while the same BINAP-Ru catalyst
only had a TOF = 16 h~! with bmim*PF¢~ alone. In both
cases, catalysts in the reactions using the ionic liquid phase
175 were reused twice with no change in activity or
stereoselectivity. Atomic absorption spectroscopic analyses
did not detect any leached rhodium or ruthenium in the
organic product phases.

—CH, CH, CHy CH,CHz CHo
s e TS
N* N .
/7 N\ CI 7N\ / N\ CI
T bmim*PFg”
bmim PFG 175 bmlm+PFF;-

4. Conclusions

Soluble polymer supports are becoming more commonly
used in catalysis. A variety of liquid/solid and liquid/liquid
techniques can be used with soluble polymer-supported
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species to facilitate the recovery, separation, and reuse of
homogeneous catalysts. While leaching is still a problem in
many cases, the best cases show by detailed analyses that it
is possible to effect essentially quantitative catalyst recovery
of a catalyst with a soluble polymer support. Soluble
polymer-bound analogs of low molecular weight catalysts
often have the same reactivities and selectivities as their low
molecular weight counterparts. Most types of ligands and
many types of catalysts have also been attached to one or
another type of polymer. Future work should extend the
scope of such processes such that soluble polymers will be
able to be used to facilitate any sort of homogeneously
catalyzed process. However, while there has been consider-
able progress in this area, some general problems remain.
First, while separation processes exist for most soluble
polymer supported catalysts, these processes are not always
efficient in terms of the amount of solvent used or in terms
of the mass of catalyst used relative to the mass of product
formed. Second, while separation processes can be designed
that recover a soluble polymer-bound catalyst or ligand,
catalyst or ligand degradation that is not apparent in a single
catalyst cycle often is a problem in multiple catalyst cycles.
Third, while much is known about how a soluble polymer
might or might not affect a catalyst’s activity, the effects of
temperature and solvent on catalyst reactivity still can vary
depending on the polymer in ways that are still not
completely understood. Fourth, most of the work to date has
focused on a relatively small number of polymers and a
limited number of ligands. Other polymers and other metal
binding schemes merit more study, since such studies could
easily make separations more economical, make catalysts
more robust, or minimize the effects of metal leaching.
Finally, relatively little effort has been made to employ the
properties of a polymer to affect a reaction. Polymers have
been mostly used as phase anchors for a catalyst or ligand,
and clever ways to use a polymer’s solubility, polyvalency,
or properties should also be useful in facilitating catalytic
reactions.
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