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In this microreview, we highlight the field of polymer-sup-
ported organocatalysis, especially immobilized enamine and
iminium organocatalysts. We try to formalize the overall syn-
thetic strategies for polymeric immobilization as spanning
the area of two overlapping regions, from a copolymer strat-
egy favoured by low-valued and small catalysts to a classical
post-modification strategy favoured by valuable and/or large
catalysts. Organocatalysis is particularly interesting as it is

probably best described as being located in the transitional
region, and we will trace the historic and factual origins for
the unfortunate predispositions towards post-modification
schemes. In addition, we try to identify affordable and useful
syntheses of key organocatalyst immobilization intermedi-
ates, as well as polymer supports that are more compatible
with a broader range of reaction solvent polarity, something
of crucial importance in organocatalysis.

Introduction

At the time of writing of this review, organocatalysis is
just about to enter its second decade after its rediscovery in
2000 through the now already legendary publications of
List, Lerner, Barbas and MacMillan.[! It can no longer be
considered a new and immature field, but has proven itself
as an established method (alongside the more traditional
methods of bioenzymatic catalysis and transition metal ca-
talysis) for conducting catalytic asymmetric synthesis. At
the same time, it is also more than 40 years since the semi-
nal work by R. Bruce Merrifield on solid-phase synthesis,?!
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and more than 25 years since he received the Nobel prize
for this work. As has happened on numerous occasions be-
fore, the discovery of new catalysts or reagents quickly con-
verged with Merrifield’s methodology for polymeric immo-
bilization to create a subfield, namely the polymer-sup-
ported versions of the catalysts or reagents in question, and
in the case of organocatalysis, the field of polymer-sup-
ported organocatalysts.’]

However, it is important to keep in mind that the subse-
quent polymeric immobilization of reagents and catalysts,
which in many instances must be considered as very low-
valued substrates, was not the use for which this methodol-
ogy was originally developed and intended. It was devel-
oped for the immobilization of peptides, which most often
are to be considered as very high-valued substrates, and
later into other high-valued substrates such as oligonucleo-

supported chiral organocatalysts.
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tides. There it functions as a chemically inert scaffold to
anchor these substrates onto under a long synthesis that
had to withstand a wide variety of (often) rather harsh reac-
tion conditions. This has important implications when the
methodology is adapted unaltered for the immobilization
of many catalysts and reagents, namely the cost-issue. Poly-
mer-supported catalysts and reagents have been around for
decades, but it still has a long way to go before it is a com-
mon tool for work on preparatory scale in the synthetic
organic chemist’s laboratory. As was so clearly remarked in
the classical work on total synthesis by Nicolaou and Sny-
der: “Every synthetic technology, however, has a drawback.
For solid-supported reagents, it is their cost. If one checks
the prices of some resin-supported reagents in any commer-
cial catalogue, one will find that they can be truly exorbi-
tant.”.’] Although it is true that a recyclable catalyst reme-
dies this situation somewhat as when compared to a rea-
gent, the cost-issues are nevertheless the single most dictat-
ing constraint for the widespread utility of polymer-sup-
ported catalysts, and especially so for simple organocata-
lysts.

With the advent of organocatalysis, a new situation has
established itself. Chiral organocatalysts traditionally oper-
ate via simplified enzyme-mimetic mechanisms, implicating
mild reaction conditions and an improved leverage for the
chemical inertness of the polymer matrix. In addition, as we
will highlight more thoroughly later on, the polymer matrix
seems to integrate itself as a more natural part of the overall
catalytic system, influencing both catalyst activity and
selectivity. However, unlike what traditionally has been the
case, the polymer scaffold can now even enhance catalyst
performance by providing a favourable microenvironment
around the organocatalysts. We will start out by providing
a short overview of the chemistry of polymer supports in
general. As peptide synthesis have been the driving factor,
these supports form the basis for post-modification schemes
where substrates are anchored to prefabricated supports,
but will also be useful in the analysis of bottom-up copoly-
merization strategies later on.

Polymer Resins for Polymeric Immobilization

The Polystyrene-Derived Resins

Solid-phase peptide synthesis (SPPS), as pioneered by
Merrifield in the early 1960s,/? has been the primary driving
force for the development of new and improved polymer
resins for organic synthesis. Numerous reviews are now
available that comprehensively review the field of available
polymer supports, both of the soluble and crosslinked
types.[®) However, despite the vast literature, we will provide
a summary here as the ideas from the field have permeated
some of the work within polymer-supported organocata-
lysts. We start out with the crosslinked polystyrene (PS)
supports and its modified derivatives.

After intensive research with several polymeric materials,
Merrifield introduced the chloromethylated and divinylben-
zene (DVB) crosslinked PS, known simply as the Merrifield
3180
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resin (1).12681 It has favorable swelling properties in typical
nonpolar organic solvents such as THF, halogenated and
aromatic hydrocarbons. As this was restrictive when diffi-
cult peptide sequences were prepared and when the meth-
odology was transferred to immobilized reagents and cata-
lysts, a number of improvements were introduced (Fig-
ure 1). The simplest approach is to introduce a longer and
more flexible crosslinker to enhance swelling characteristics,
and Toy and Janda introduced tetrahydrofuran-derived
crosslinkers to give JandaJel™ (2), now a commercial prod-
uct.ll The crosslinker is prepared by alkylating short oligo-
meric ethylene glycols with 4-vinylbenzyl chloride.”l” A
cheaper, but chemically less inert, alternative is to use in-
expensive tetraethylene glycol diacrylate (TTEGDA) as
crosslinker for PS (3).%]
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Figure 1. The Merrifield resin and derivatives with modified
crosslinkers.

The other intuitive way to enhance the swelling charac-
teristics of crosslinked PS is to incorporate elements that
are more compatible with polar solvents. The traditional
way of doing this is to incorporate the versatile polyethylene
glycol (PEG) backbone (Figure 2). Already in 1982, PEG-
derivatized and crosslinked PS was prepared through esteri-
fication,!] but it was first in the mid 1980s that the first
commercial PEG-PS resins were introduced,!!*'! known as
PEG-PS!'% and TentaGel™ (4),I'!] the last one now being a
well-known commercial product. Both of them are PEG-
grafted Merrifield resins, but while PEG-PS is prepared by
attaching pre-fabricated and hetereobifunctional PEG de-
rivatives onto aminomethylated Merrifield resin,!'! the
TentaGel™ resins are prepared through graft polymeriza-
tion of ethylene oxide on Merrifield resin that has been deri-
vatized with tetraethyleneglycol first.l''l HypoGel™ is a
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resin almost identical to TentaGel™, but with an extra
methylene group connected to the benzylic position, thus
avoiding the acidically more labile benzylic ether of the lat-
ter resin. NovaSyn™ is another PEG-grafted PS support
analogous to TentaGel™.[1%¢
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Figure 2. Typical examples of the PEG-PS family of polymer sup-
ports.

Towards the end of the 1990s, two further important res-
ins of the same type were developed,['>~131 Champion I and
II (5 and 6, NovaGel)!'?! and ArgoGel™ (7).1'31 The first of
these is prepared through a rather lengthy synthesis where
a standard PS resin is aminoalkylated and then coupled to
hetereobifunctional PEG derivatives, usually followed by
further modifications.'” The ArgoGel™ family are impor-
tant commercial products that are prepared by treating the
Merrifield resin with methylmalonic ethyl ester in a nucleo-
philic substitution to give an immobilized branching point
diester that is subsequently reduced to a diol, whereupon
ethylene oxide is grafted by anionic polymerization.!'3! In
the same period, a quite elegant way of introducing a non-
benzylic alcohol directly onto non-derivatized and
crosslinked PS using propylene oxide and Lewis acid was
reported.'* The alcohol was then grafted with ethylene ox-
ide by anionic polymerization to give a useful resin.'Yl An
interesting notion to keep in mind is the fact that, of the
PEG-grafted crosslinked PS resins, the types that have re-
ceived the most significant commercial success are prepared
by grafting the PEG-chains through polymerization (e.g.
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TentaGel™, ArgoGel™) and not installment of prefabri-
cated PEG.

The resins above all use crosslinked PS as a core for
PEG-grafting. An alternative way of incorporating PEG
into a PS matrix is to crosslink the resin with PEG (analo-
gous as that for JandaJel™) instead of grafting it on after-
wards. A useful comparison between such supports and the
more conventional grafted support has been published,!”!
and it showed that the PEG-crosslinked supports generally
exhibited a larger degree of swelling.!'”! Later on, we will
return to this methodology, used by ourselves with an im-
portant modification, as it proved crucial to obtain useful
supports for immobilized organocatalysts. All in all we can
see that the traditional way of adapting a PS support to
give useful swelling in a polar solvent usually involves a
tedious modification, and subsequently a very costly prod-
uct. However, some of the principles utilized and lessons
learned can be integrated into a synthetic scheme that actu-
ally makes polymer-supported chiral organocatalysts more
affordable.

The Acrylic Resins

Taking notice of the similarity between the main solvent
for peptide synthesis (DMF) and the acrylamides, Ather-
ton, Clive and Sheppard introduced a polyacrylamide sup-
port for peptide synthesis in the mid 1970s.I'61 The support
was prepared by inverse radical emulsion copolymerization
of dimethylacrylamide, N,N’-bis(acryloyl)ethylenediamine
and a functionalized mono-acryloylhexamethylenediamine
in water/1,2-dichloroethane (8, Figure 3).['% Although un-
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Figure 3. Typical examples of acrylic resins (depicted in one of sev-
eral possible representative forms).
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derappreciated when viewed from the standpoint of syn-
thetic organic chemistry, the mode of preparation of the
polymer supports,[!”l and not only its constituents, play a
vital role in its characteristics and should be used with ben-
efit also for immobilized organocatalysts. For example, al-
though less recognized, Letsinger and Kornet introduced a
PS for solid-phase synthesis more or less simultaneously
with Merrifield,['81 but not the nicely beaded suspension po-
lymerized product that has become so popular, but a “pop-
corn”-type polymer that was prepared by a rather crude
precipitation polymerization.!'8!

As was the case for the PS supports, the incorporation
of PEG chains into the polymer matrix was also a natural
extension in the development of the polyacrylamide sup-
ports. In 1992, Meldal introduced the PEGA resin (9), a
flow stable PEG—dimethylacrylamide resin useful for con-
tinuous flow solid-phase peptide synthesis.['”) Mono- and
difunctionalized aminopropyl-PEG derivatives are readily
available, and mono- or diacylation with acryloyl chloride
gave acrylamides that were combined with dimethylacryl-
amide through either radical precipitation copolymerization
or inverse radical suspension copolymerization in water/
CCly/heptane.']

Probably the most innovative of the acrylic PEG resins
is the CLEAR™ (Cross-Linked Ethoxylate Acrylate Resin,
10) family of resins introduced in the mid 1990s and now
important commercial products.l?’! It was prepared by radi-
cal copolymerization of trimethylolpropane ethoxylate tri-
acrylates with one or more of PEG-dimethacrylate, PEG
ethyl ether methacrylate, trimethylolpropane trimethacryl-
ate, allylamine and 2-aminoethyl methacrylate-HC1.2% This
was done either in bulk (followed by simply grinding up the
polymer afterwards) or normal phase suspension mode to
give the conventional beaded product.[*”! The resin is in na-
ture of being an ester-linked network chemically less robust
than the acrylamide-based supports. CLEAR™ was, how-
ever, unique in the way that it went against the conventional
wisdom of the field at the time since it is a fully crosslinked
matrix (its main constituent being trifunctional acrylates),
previously thought to be unfeasible in peptide synthesis
since only a weakly crosslinked matrix was supposed to give
the well-solvated gels necessary for reactions to take place.
In fact, the notion that fully crosslinked resins can achieve
excellent swelling characteristics was used by us later to
make polymer supports for immobilized organocatalysts
that operated in aqueous solvents, lower alcohols or MeCN.

In summary, we see that the acrylic resins introduce a
wide variety of chemistry that can be incorporated into the
polymeric backbone of a polymer-supported organocata-
lyst. In addition, it is important to keep in mind that given
the fact that enamine/iminium organocatalysts are used un-
der mild reaction conditions, a much wider assortment is
useful for that purpose than for solid-phase peptide synthe-
sis.

Other Crosslinked Resins and Soluble Linear Supports

Since all solid-phase peptide syntheses are based on an-
choring substrates onto prefabricated polymer supports
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that had to withstand a wide variety of harsh reaction con-
ditions (different protocols for peptide synthesis can have
orthogonal sets of reaction conditions), research strived for
ever-more chemical inertness. In addition, a high degree of
crosslinking usually meant better mechanical stability and
flexible ethereal type polymer chains meant more favorable
and general swelling characteristics. This work converged to
their natural conclusion through the development of resins
such as the POEPS (polyoxyethylene—polystyrene),?!1 POE-
POP (polyoxyethylene—polyoxypropylene),?'! HYDRA (hy-
droxy- and amine-functionalized resin)??! and EXPOI?3
resins from the mid 1990s onwards, as well as probably
reaching its zenith through the SPOCC (superpermeable or-
ganic combinatorial chemistry)®* resin and ChemMatrix
(NovaPEG).?! POEPS is prepared by radical copolymer-
ization of PEG that have been homo- or dialkylated with
4-vinylbenzyl chloride or 4-vinylphenylpropyl chloride,
either as bulk or inverse suspension copolymerization.[>!)
POEPOP is prepared in analogy by mono- or dialkylating
PEG with epichlorohydrin, followed by anionic polymeriza-
tion (BuOK-initiated).*'1 SPOCC on the other side, is pre-
pared by a novel cationic polymerization (Et,O:BFj3-initi-
ated) of PEG-oxetane macromonomers dissolved in a
MeCN solution that is dispersed in silicon oil to give the
resin as spherical beads.!'>?* The ChemMatrix resins are
prepared very much on the same technological platform by
dialkylating PEG with ethyl 2-(bromomethyl)acrylates, fol-
lowed by normal-phase radical suspension polymerization
(with some subsequent post-modifications).[3"]

All in all, the latter developments in the preparation of
polymer supports for peptide synthesis does not look to
be of interest for polymer supported organocatalysis, both
because of economic reasons (they are prohibitively expens-
ive) and because their chemical inertness (they form vir-
tually inert all-PEG networks) is an advantage that is prob-
ably uncalled for in organocatalysis. However, we wish to
stress the fact that the synthetic methodologies can be of
great use when planning for polymeric immobilization in
general. This is a fact that seems to be underappreciated. As
we believe cost-issues to be a neglected matter in polymeric
immobilization, we will later analyse immobilized organo-
catalysis in a broader context, and we will trace the historic
origins of the bias towards post-anchoring strategies for or-
ganocatalysts, funnelling research into a rather narrow
path.

In addition to the crosslinked supports described above,
it is of course also possible to anchor substrates to soluble
polymers of the linear type to give homogeneously soluble
systems that can be recovered after reaction by addition of
non-solvents.[®4-"] We will not describe these systems in
more detail as they form a type of sub-class of the
crosslinked systems with regard to polymer chemistry, and
usually does not add new specific chemistry. At the outset,
these systems have the benefit of giving homogeneous sys-
tems, but have the shortcoming of always requiring the ad-
dition of suitable non-solvents after reaction, sometimes
giving rise to rather sticky precipitates unless catalyst load-
ings are made very small.
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Polymer-Supported Proline

Pioneering Efforts

The revival of organocatalysis around the turn of the mil-
lennium in no way implied its birth. As is well-known, its
historic origins go much further back.?$! A milestone was
the Hajos—Parrish-Eder—Sauer—Wiechert reaction (asym-
metric proline-catalyzed Robinson cyclization) reported in
the early 1970s.271 Already in 1985, a group of Japanese
researchers reported the first type of polymer-supported
proline, used for this very reaction (Scheme 1).?8! Although
the catalytic efficiency and selectivity by today’s standards
of this supported proline must be perceived as mediocre, %
it nevertheless bears a striking resemblance to the supports
that about 20 years later would give the field of polymer-
supported proline its breakthrough. As for most reports
nowadays, the Merrifield resin and the proline derivative
trans-4-hydroxy-L-proline ~ was the starting point
(Scheme 1). Protection of the hydroxyproline by esterifica-
tion and carbamate protection gave protected derivative 11,
which was then directly anchored to the Merrifield resin
(1) through an ether linkage. Subsequent deprotection gave
polymer-supported proline 13 (Scheme 1).12%! A close deriv-
ative containing a methylene spacer was also prepared.*®!
Unfortunately, the catalyst was rather ineffective in the
asymmetric Robinson cyclization, but the authors used op-
tical rotation for determination of enantiomeric excess, a
procedure prone to inaccuracies as small amounts of pol-
lutants can give highly distorted results. The poor selectivity
is surprising, taking into consideration its close resemblance
to polymer-supported prolines that 20 years later would
prove so successful in the intermolecular aldol reactions.

HO, HO

& 1. HCI, EtOH "‘
N CO,H
H

COzEt
j\ Jj\ CO,tBu 11
DMF,HZO Nah
o 1 | DMF
& 1.HCI, ACOH
N7 TN 5 NaOH, MeOH, PhH N7 OO
COostBu 12
13
0 0
13, 40 mol-%
- >
DMF, 40 °C
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5 - 15 days reaction time
20 - 53% yield
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Scheme 1. The first immobilization of proline.l’!
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Proline Immobilization on Linear Polymers

Shortly after the revival of organocatalysis in 2000,!'] the
first reports on immobilized proline since the Japanese 1985
disclosure surfaced in 2001-2003 from Italian researchers
at the University of Milan, marking the starting point for
the modern era of polymer-supported organocatalysis.[*’]
Unlike the crosslinked supports that would later dominate
the field, the researchers used linear and homogenously sol-
uble PEG as their support.[64-60-291 A very expedient immo-
bilization of proline was reported where succinate modified
MeOPEG (14) was directly linked to unprotected trans-4-
hydroxy-L-proline in a rather brute fashion, using diisopro-
pylcarbodiimide (DIC) under neat conditions for 20 h at
140 °C (Scheme 2).?°21 The MeOPEG-proline 15 was used
in asymmetric intermolecular aldol reactions with acetone
and aldehydes under classical conditions (DMF, DMSO)
to give aldol products with moderate to good yields and
enantioselectivities.?®* In their subsequent full paper, the
researchers also introduced a bifunctional PEG-proline.[>?"]
These PEG-prolines proved useful for intermolecular aldol
reactions, Robinson cyclizations and Mannich reac-
tions,?°®! but had very poor results in asymmetric Michael
additions of cyclohexanone to nitrostyrene (10-60% yields,
15-35% ee).?%

Mow )
Yoo \

(0}
(e} [e) 15
% \/‘}\OJJ\/W “
n
O
L Xsaam

H

Scheme 2. Proline immobilized on linear PEG.I*]

Although crosslinked polymer beads have later domi-
nated the area of polymer-supported prolines, more recent
disclosures have also highlighted the use of linear sup-
ports.[3% Chinese researchers developed more refined PEG-
supported prolines 20 and 22 in 2007,3%! and obtained
good to excellent yields (up to 94%), but medium enantio-
selectivities (typically 30-60% ee) in asymmetric Michael
additions of ketones to nitrostyrene.[*al However, although
interesting, their catalyst syntheses must be considered one
of the most cumbersome reported to date,**4 and is out-
lined in Scheme 3. The secondary alcohol of diprotected de-
rivative 16 is converted to amine 19 through tosylation, dis-
placement with azide and PPh; reduction. It is then linked
to succinate-modified MeOPEG, either through direct
amide linkage to give 20, or through nosylation, reduction
and finally peptide coupling to give 22.13%] In addition to
being excessively long, this synthesis positioned the acid
and amido functionality of proline in a presumably less
favourable cis relationship.
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Scheme 3. Proline immobilized on PEG via amide linkages.?%4

In much the same manner, the preparation of linear poly-
styrene immobilized proline have been reported, using a key
intermediate much like diprotected amine 19.130%30<1 The
synthesis will not be detailed here as it provides little ad-
ditional insight, but more interestingly, these linear PS-pro-
lines gave reasonable yields, but excellent stereoselectivities
in the asymmetric aldol reactions of cyclohexanone and
substituted benzaldehydes at only 5 mol-% loading, both in
DMF/water or only water.[30b-30¢]

All in all, the use of linear PEG as support for proline
seems less advantageous than the crosslinked resins for two
reasons. Catalyst loadings are generally low (typically
0.2 mmol/g catalyst), and the performance seems poorer
than the crosslinked catalysts. In addition, as is also the
case for linear PS, crosslinked resins gives simplified work-
up by direct filtration, without the need for any addition of
non-solvents. Linear supports also tend to give a much less
favourable pattern in recycling with a more rapid loss of
activity/selectivity.[3!

Proline Immobilization on Crosslinked Polymer
Beads

The Post-Modification Strategy

In 2006, a series of high-profiled publications on the use
of amphiphilic proline derivatives for asymmetric aldol re-
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actions in water caught widespread attention within the
community of organocatalysis and synthetic organic chem-
istry in general.’!l Among them, simple derivatives of hy-
droxyproline where the secondary alcohol had been derivat-
ized with either fatty acids or bulky silyl groups (e.g. tert-
butyldiphenylsilyl) to give amphiphilic prolines, proved ex-
traordinary effective in aldol reactions of cyclic ketones and
substituted benzaldehydes. This was not just interesting in
that typical solvents in which these reactions had typically
been conducted (DMF, DMSO), and which had hampered
the widespread use of these reactions on scale, now became
obsolete, but probably even more so from the mechanistic
point of view. A general and at times lively debate on the
role of water in these aldol reactions quickly surfaced.(?
For an in-depth discussion of the role of water in stereose-
lective organocatalytic reactions, the reader should consult
the recent review by Gruttadauria, Giacalone and Noto
which details these matters in great detail [

For research within polymer-supported organocatalysis,
these disclosures were to introduce the golden age of poly-
mer-supported prolines in the way that the hydrophobic res-
idues present in the amphiphilic proline derivatives could
probably be successfully substituted with a hydrophobic
resin. Off course, the archetypical Merrifield resin, the start-
ing point for nearly all avenues of polymeric immobiliza-
tion, was the natural choice. Shortly after the publications
on amphiphilic prolines in 2006, the research group of Per-
icas in Spain therefore introduced the PS-supported proline
28 (Scheme 4).133) Taking advantage of the Huisgen—Mel-
dal-Sharpless reaction (the Cu'-catalyzed cycloaddition of
alkynes and azides),?¥ these researchers prepared the al-
kyne-modified diprotected proline 25 and azide-modified
PS resin 26 (by simply treating the Merrifield resin with
NaNj3 in DMSO) and coupled them together. Subsequent
deprotection gave the supported proline 28.1332

HO, HO,
D‘ tBuBr, K,CO3 &

N COzH N COztBU
CoptBy 23 e d COsBu 24
2tbu 2tBu
DMAc 85%

NaH
Br
z DMF

26 /O,,_
N /
N,/ Ns 4 <_>‘cozt|3u
N
o

|
), 5 mol-% Cul, DIPEA COyBu 25
Z—>‘ DMF:THF (1:1) 63%
Z N~ YCO,tBu

CIZOZtBu

;Q@Vr(

1. CF3CO,H, CH,Cly (1:1)
2. Et;N, THF (2:98) 28

COZH

Scheme 4. Immobilization of proline onto modified Merrifield resin
through Cu'-catalyzed azide-alkyne cycloaddition.[33
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More or less simultaneously, the research group of Grut-
tadauria in Italy introduced another PS-supported proline
(31).3%1 In this case, a monoprotected hydroxyproline was
alkylated with 4-vinylbenzyl chloride to give styrenic pro-
line 29. This was coupled to a mercapto-functionalized
Merrifield resin  (30) through a thiol-ene coupling
(Scheme 5).3¢1 Subsequent deprotection gave supported
proline 31.133

Cl
N\
e T
COH CO,H

'}l 18-Crown-6 '}l
CO,tBu 23 THF COtBu 29
84%
AIBN
1. - PhMe
= SH
2. CF3CO,H 3. MeOH
0. CH,Cl, (1:4) Et,N (98:2)
-
.
H

Scheme 5. Immobilization of proline onto modified Merrifield resin
through thiol-ene coupling.l

Both supported proline 28 and 31 proved very selective
in the asymmetric aldol reaction of ketones and substituted
benzaldehydes (typically a 95:5 or better diastereoselectivity
and >95% ee), but with a rather sluggish reactivity (up to
50-100 h of reaction time).133*-3341 Especially for proline 28,
DiMePEG (M,, = 2000) was added to enhance dif-
fusion.?3 Proline 28 shortly afterwards also proved suc-
cessful in enantioselective aminoxylations of aldehydes and
ketones.133P]

These publications sparked off considerable interest, and
the research group of Pericas in Spain published several
new polymer-supported prolines in early 2008.033¢1 By far
the most efficient of these, supported proline 36, was pre-
pared as described in Scheme 6.137-331 Commercially avail-
able Boc-protected hydroxyproline (23) was converted to di-
protected hydroxyproline 24 with O-tert-butyl-N, N-diiso-
propylisourea in THF. Inversion of configuration at posi-
tion 4 of proline 24 by treatment with CBr,/PPh; gave cis-
bromoproline 32. Nucleophilic substitution of 32 with
NaNj; in DMF then gave another inversion of configuration
to trans-azidoproline 33. This azidoproline was coupled to
a modified Merrifield resin 34 (prepared from Merrifield
resin and propargyl alcohol/NaH) through azide—alkyne cy-
cloaddition as for 28 (Scheme 6).33¢ This resin (36) has a
very favourable swelling in the reaction mixture and showed
enhanced reactivity in asymmetric aldol reactions of cyclic
ketones and substituted benzaldehydes as compared to 28
or 31 (high yields in only 24 h, up to 97:3 dr and 99%
ee).33 The most interesting property of supported catalyst
36 is the fact that it has excellent swelling properties in
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water, despite the hydrophobic nature of the styrene-matrix
on which it is immobilized (this is not the case for the
closely related catalyst 28). Also of great interest, the au-
thors also prepared a proline resin analogous to 13 (as was
prepared by the Japanese research group in 1985) and two
supported prolines analogous to 28, but anchored via the
same chemistry to either a PEG-grafted PS resin or a
macroporous support (ArgoPore™). While the resin analo-
gous to 13 gave a reasonable yield (40%) in the aldol reac-
tion of cyclohexanone and benzaldehyde after 60 h, but
poor enantioselectivity (40% ee), the use of PEG-grafted
PS resin or macroporous ArgoPore™ gave only negligible
conversions in the same reaction.’*) This underlines the
essential role of the polymer support in immobilized
organocatalysts.

OtBu
HO, PP
. N .
H
Q‘cozH Owcoztsu

) THF N
CO,tBu 23 CO,tBu 24
75%
CBr,
PPhy J CH.Cl,
N3 Br
()
-—
N CO,tBu DMF N CO,tBu
] |
COytBu 33 CO,tBu 32
77% 87%

o Z \ N
O‘COZtBu

Cul, DIPEA N
DMF:THF (1:1) ICOztBU 35
Ny
o/\&,\]
L 1. CFACOLH
CH,Cly (2:1)

Q‘COQH
H

36

2. THF, Et;N (98:2)

Scheme 6. Immobilization of proline onto modified Merrifield resin
through Cul-catalyzed Huisgen cycloaddition.[37-33¢

The same research group has recently also reported the
use of resins 28 and 36 in asymmetric Mannich reactions
of aldehydes and ketones with N-(p-methoxyphenyl) ethyl
glyoxylate imine, both in batch and continous-flow
mode.334 At 20 mol-% in DMF at room temperature (in
batch mode), resin 28 gave medium to excellent yields (40—
95%) after 2-48 h reaction time and excellent stereoselecti-
vities (87:13 to >97:3 dr and up to 99% ee). Also the resin
31 has been tried successfully in other reactions, both in
a-selenenylation of aldehydes and in the Baylis—Hillmann
reaction between methyl/ethyl vinyl ketone and substituted
benzaldehydes (with imidazole as co-catalyst).[33%351 Gen-
3185
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erally, all these crosslinked PS resins described here are
readily recycled with only small diminishments of catalytic
activity.3*3% In summary, both the catalytic performance
and recycling of these crosslinked PS proline resins seems
to be considerably better than those of the linear supports
described earlier. Other polymer-supported prolines linked
through C-4 of hydroxyproline have been reported, such as
polymer-supported dendrons,81 but do not seem do offer
additional benefits. For more information on non-poly-
meric immobilizations of proline and proline derivatives
(e.g. silica, ionic liquids etc.), the reader should consult the
review by Gruttadauria, Giacalone and Noto.’d While im-
mobilization of proline on PEG-containing resins has not
attained the same success as the unmodified Merrifield
resin, there are several reports on the immobilization of
small proline-peptides that usually make use of the PEG-
modified resins that we described earlier.*”) Especially the
TentaGel™/NovaSyn™ (4) has been the most popular
choice, 390394391 byt also standard Merrifield resin has
been used successfully.[?* The research group of Wenne-
mers reported that they obtained the best results for their
immobilized Pro-Pro-Asp-peptide in the aldol reaction of
acetone and 4-nitrobenzaldehyde when PEGA (9) or Tenta-
Gel™ (4) were used (89-93% yield and 75-79% ee at 1 mol-
% loading and 18 h reaction time).?*dl Use of PS or poly-
acrylamide gave lower yields and poorer selectivity (67—
85% yield and 52-64 % ee). They also reported that a higher
catalyst loading was coupled with a lower catalyst reactiv-
ity.3%4 This is probably an indication that a larger degree
of swelling is favourable, and that the strong symbiosis be-
tween the polymer backbone and organocatalyst is much
more pronounced for proline than for proline-containing
peptides.

Some Comments Regarding the Post-Modification Strategy

Before proceeding to an alternative strategy for prepara-
tion of polymer-supported proline, it may be informative to
take a step back and offer a few clarifications regarding the
overall synthetic strategies that have been described until
this point. As should be clear, the post-modification strat-
egy at first view has several attractive advantages. Numer-
ous polymer supports are now commercially available,
spanning a broad range of both solvent compatibilities and
chemical inertness. At the present advanced state of synthe-
sis, a substrate (either catalyst or reagent) can be fitted with
appropriate linkers/handles and protecting groups and cou-
pled to polymeric supports that have the right properties to
endow the finished system with properties that suffice to
solve a particular problem that its creators had in mind.
Regrettably, it does little to solve the most important prob-
lem of all for polymer-supported substrates, namely its cost-
issues. At hindsight, it is quite remarkable that a simple
molecule like proline (or rather hydroxyproline since it is
the natural starting point for immobilization) requires the
synthetic machinery we have been describing here, some-
thing that is evident when taking an overall look at
3186
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Schemes 3, 4, 5, and 6. Particularly, the need for going
through doubly protected derivatives such as 16 and 24,
usually followed by several other steps using chromato-
graphic purifications, confines chemistry to the sub-gram
scale. As the preparations themselves are usually limited to
supplementary information in publications, it can be diffi-
cult to grasp overall efficiencies.

The post-modification strategy was historically designed
for solid-phase peptide substrates, that is, high-valued sub-
strates. It has very rarely been adopted successfully for low-
valued substrates (such as proline), it simply cannot accom-
modate such substrates in a cost-efficient manner. Even the
simplest of functional resins, the Merrifield resin (1), was
formerly prepared by post-modification of crosslinked PS,
but is preferably prepared today by copolymerizing styrene
and DVB with 4-vinylbenzyl chloride.

In literature reviews on proline-immobilization, com-
ments such as: “Considering that the cost of proline
(€ 97.00 for 100 g) is less than half that of trans-4-hy-
droxyproline (€ 225.00 for 100 g), it can be concluded that,
even if the catalyst is generally used at high loadings (20—
30 mol-%), the immobilization of proline through the hy-
droxy group is not economically convenient unless the sup-
ported catalyst could be recycled for a number of times”."!
This quotation is probably representative for how work
within the field of polymeric immobilization is traditionally
conducted, but is certainly too simplistic or right-out erro-
neous. Firstly, the prices were quoted from a laboratory
supplier and are more than an order of magnitude out of
range of actual costs for these materials, providing no basis
for comparative cost analysis. However, more importantly
though, the quotation gives the mistaken impression that
the major cost of polymeric immobilization of small cata-
lysts like proline is somehow connected to starting materials
(prolines), and not the overall costs. The overall costs are,
however, actually costs of catalyst starting materials plus
polymer support, as well as the cost of the chemistry that is
needed to both protect and link the catalyst to the polymer
support (including linkers etc.). Even a single step of pre-
parative chromatography (costing around $ 1200 to $ 5000
per kg on scale),[*”l and as we have seen there are usually
multiple of those involved in classical proline immobiliza-
tion by post-modification, would dwarf the cost of any pro-
line starting materials. If more economically viable routes
to polymeric immobilization are to be developed, it is not
possible to disconnect the synthetic strategy in this manner,
but only to take a holistic approach where any analysis are
to be taken on the strategy in its entirety. The factual
reasons for the bias towards post-modification schemes are
certainly not as well rooted in a rational analysis as is per-
haps appreciated, but are apparently more entrenched for
historical reasons and through the unfortunate barriers that
regrettably do exist between the different field of chemistry,
in this case polymer chemistry and synthetic organic chem-
istry.

That said, the post-modification approach is the natural
starting point for polymeric immobilization as it requires
only sparse knowledge in polymer chemistry and rapidly
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can provide insight on the performance of immobilized cat-
alysts/reagents. It will thus most certainly continue to be
the cornerstone for polymeric immobilization in the time to
come. Polymer-supported organocatalysts are probably in
an especially interesting position as the (usually) modest
complexity of organocatalysts spans an intermediate region
from where a post-modification strategy is definitely pre-
ferred (complex catalysts) and into the region where the al-
ternative approach (see below) is favoured, proline probably
more naturally located in the latter.

Proline Immobilization on Crosslinked Polymer
Beads

The Copolymerization Strategy

Taking the discussion above into consideration, we de-
cided to undertake the polymeric immobilization of proline
in a bottom-up fashion by first developing new synthetic
machinery and then make acrylic proline-monomers that
could be copolymerized to catalytic polymer beads.*!l In
this way, we would have excellent control on catalyst load-
ings as these are now simply a matter of mixing monomers
in the appropriate ratios. In addition, the swelling charac-
teristics of the polymer beads can be varied by simply using
comonomers of a suitable type.

In an attempt to circumvent the doubly protected deriva-
tives of proline (e.g. 16 and 24) that halted scalability in
the post-modification approach, methodologies for directly
activating the 4-hydroxy group of hydroxyproline were
sought. We were surprised to see that fragmented knowl-
edge existed in literature on the selective O-acylation of hy-
droxyproline, as direct preparation of O-acetylhydroxypro-
line salts (37-39, Scheme 7) have actually been known for
decades.*?! In a remarkable paper from 1942, an exception-
ally thorough study on the competition of N- vs. O-acety-
lation of hydroxyamino acids with Ac,O in an anhydrous
HCIO4/AcOH solution was reported.™> For hydroxypro-
line, an almost complete O-acetylation was obtained after
1 h while less than 10% N-acetylation had taken place.
Moreover, the N-acetylated product (an amide) is easily
separated from the O-acetylated product via its salts. In this
manner, O-acetylhydroxyproline-HCI (38) was prepared in
1964 in a highly expedient manner by acetylation of hy-
droxyproline in a mixture of conc. aqueous HCIl and AcOH
(Scheme 7) and precipitation of product by addition of
Et,0, a vast improvement on previous procedures.*?* This
methodology is not transferrable to many other O-acyl de-
rivatives,#!14l but the acylation procedure reported in 1983
by a Japanese research group (using a medium of MeSO3;H)
can be adopted to several O-acyl derivatives.[*??! Surpris-
ingly, this also includes several O-acyl derivatives of the am-
phiphilic type that were to prove so effective in asymmetric
aldol reactions more than 20 years later, but still prepared
in the standard inefficient manner through doubly pro-
tected hydroxyproline.*!! The use of MeSO;H for O-acyla-
tions is hampered by the impractical nature of the resulting
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oily (ionic liquid type) nature of the methanesulfonic
salts.[412:42b] We developed a more general O-acylation reac-
tion for hydroxyproline on the basis of employing acyl chlo-
rides in CF5CO,H, something of great practicality as the
low affinity of CF;CO,H vs. HCI for amines makes the re-
sulting crystalline amine hydrochlorides easily isolable by
addition of Et,O.[*12]

o} o}

o

QcozH Q\CO2H
37 H 38 H
(1942) . (1964)
HCIO, 910, *HCI
AcO AcCl
HCIO,, AcOH HCI, AcOH, H,0
AcCl or Ac,0 COzH o~
MeSO,H coa
CF3CO,H
(CF5SO3H)
o,’ 2~
3 N
(1983) . MesOzH (209,?) e
o)
B
D‘COzH
2009 (2009) .y
HCl 72% 66%

Scheme 7. Direct activation of hydroxyproline through acidic O-
acylation.[*1:42]

For polymer-supported proline, acidic acylation of hy-
droxyproline with readily available acryloyl, methacryloyl
or 2-methacryloyloxyethylsuccinoyl chloride gave directly
access to proline building blocks (40-42, Scheme 7) in only
one step on multigram scale with no chromatog-
raphy.#12:41b] The sluggish reactivity of (meth)acryloyl chlo-
ride is manifested by the moderate yields for 40 and 41.
Traditionally, such building blocks from hydroxyamino ac-
ids have only been available through tedious syntheses using
either copper or carbamate protection.*3! Shortly after and
independently of ourselves, the research groups of
Fernandez-Mayoralas and Gallardo prepared analogous
methacrylic derivatives, using the more traditional chemis-
try outlined in Scheme 8.4 Both a small methacrylate (44),
the free amino acid of our hydrochloride 41, and amino-
hexanol-derived proline 47 were prepared. We found acrylic
derivative 40 to be very unstable in free form,[*!&41%1 pre.
sumably because of conjugate addition, so methacrylic es-
ters are definitely preferred as building blocks for copoly-
merization strategies.

With derivatives such as 41-44 and 47 in hand, a very
wide assortment of polymer-supported proline is now avail-
able through free radical polymerization. Unlike the post-
modification approach, anything from completely full-
loaded homopolymers (48-50) to normally loaded and
3187
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Scheme 8. Preparation of proline methacrylates.[*#!

crosslinked beaded polymer products are available (Fig-
ure 4).[41441 Also, because of the chemical tolerance and ex-
perimental simplicity of suspension polymerization, these
preparations are easily undertaken on >10 g scale and as
such are much more scalable than the post-modification

strategies.[*!]
6} (0] (¢}
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Figure 4. Polymerization of functional (meth)acrylates.*!-44]
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For all polymeric immobilizations of proline, the use of
trans-4-hydroxy-L-proline as starting material has the pro-
found shortcoming in that its enantiomer is not readily
available as it requires the inversion of two stereocen-
ters.[*245¢l However, the conversion to the diastereomer cis-
4-hydroxy-p-proline is curiously facile (Scheme 9).[431 By
simply heating the trans-hydroxyproline in neat acetic anhy-
dride overnight, the ring-closed acyl intermediate 51 is
formed.*>"! This is in equilibrium with a trans- and a cis
derivative, the latter of which is trapped intramolecularly by
the 4-hydroxy to give acetylated cis-lactone 52. Deprotec-
tion and hydrolysis of 52 in aqueous HCI gives cis-4-hy-
droxy-p-proline hydrochloride 53.4°®1 We thought that it
would be interesting to investigate the performance of such
a cis-hydroxyproline on solid support as this simple prepa-
ration from trans-hydroxyproline gave us ample amounts of
53, and the possibility of reaching products with the com-
plementary stereoconfiguration.*!¢]

Ho, HO, HO,
y Ac,0O )
—e ° Lo,
Q‘COZH 90°C, 16 h %o — R 7z0
A o J-o

51
Quasi-enantiomeric pair l
HO, o
/\—/\' HCI /\—/\ Fo
N~ "COH H,0 N

H
.HCl 53 /go 52

Scheme 9. The conversion of frans-4-hydroxy-L-proline into cis-4-
hydroxy-p-proline hydrochloride.!

Completely analogously as for 42, direct O-acylation of
53 with 2-methacryloyloxyethylsuccinoyl chloride gave
functional methacrylate 54. In order to make 42/54 more
hydrophobic and useful in suspension polymerization, they
were converted into their corresponding Boc derivatives 55/
56. Suspension copolymerization with benzyl methacrylate
and ethyleneglycol dimethacrylate (EGDMA), followed by
standard deprotection gave polymer-supported prolines 57/
58 on large scale (20-50 g).[*1®41¢] These catalysts form a
quasi-enantiomeric pair and showed very good results in
the intermolecular aldol reaction of substituted benzalde-
hydes and cyclohexanone, although cis-catalyst 58 generally
shows a somewhat poorer selectivity (= 5-10% ee less) for
most derivatives.*'°l We also prepared styrenic-acrylic co-
polymers in addition to the fully acrylic 57/58 with equally
positive results, catalysts functional down to the 1 mol-%
level of catalyst loading!*'®! (Scheme 10).

We had very little success with the use of linear high-load
homopolymers (48-49) in organocatalytic test reactions, but
others have reported that homopolymers 49 and 50 pro-
vided good conversion (up to 80-100%) and medium to
high enantioselectivity (up to 88% ee) in intermolecular al-
dol reactions of 4-nitrobenzaldehyde and 2,2-dimethyl-1,3-
dioxan-5-one in DMF.[* Homopolymer 50 showed better
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Scheme 10. Polymer-supported prolines by suspension copolymeri-
zation of functional methacrylates.[*1541¢]

conversion, but poorer selectivity than 49.44 For our
acrylic polymer beads, the presence of a spacer seemed to
have a surprisingly small effect on enantioselectivity, but
slightly more on the diastereoselectivity.['®) However, for
proline supported on the styrenic Merrifield resin, the pres-
ence of a suitable linker seems much more vital.[33¢]

In summary, it looks as the copolymerization strategy for
polymeric immobilization of proline offers an advantageous
scalability and versatility when compared to the post-modi-
fication strategy because of the tolerance and simplicity of
free radical polymerization. In the post-modification
scheme more complex chemistry usually has to be under-
taken on the linker (between the catalyst and polymer sup-
port) for adjustment of the characteristics of the finished
system (especially for swelling), while this can be more natu-
rally accommodated in the copolymerization scheme by
simply using appropriate comonomers. It would be very
interesting to see in the future whether more refined tech-
niques for radical polymerization, such as atom transfer
radical polymerization (ATRP)“¢ or reversible addition-
fragmentation transfer (RAFT)®7! polymerization, will be
used by researchers to prepare new polymeric architectures
for organocatalytic systems that may show new and exciting
reactivities and selectivities.**471 We ourselves have used
dispersion copolymerization to directly copolymerize meth-
acrylic ester hydrochloride 41 directly with benzyl meth-
acrylate and EGDMA to give agglomerated microspheres
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(giving only two steps overall for the preparation of poly-
mer-supported proline from hydroxyproline) that showed
results very similar to our other acrylic organocatalysts
from suspension polymerization.[*!®! This is only one exam-
ple on how a certain footing in polymer chemistry can dra-
matically shorten the overall preparation of polymer-sup-
ported organocatalysts.

Polymer-Supported Prolineamides

Prolineamides as More Efficient Organocatalysts Than
Proline

In the period of 2003-2005, a Chinese research group
published a series of papers describing the use of simple
prolineamides, prepared from proline and chiral B-amino
alcohols, as highly efficient catalysts for the aldol reactions
of substituted benzaldehydes and ketones.*®! These publica-
tions were to introduce a flood of publications in the years
to come where prolineamides, small peptides and other re-
lated derivatives were proven effective in asymmetric organo-
catalytic aldol reactions.[*) In 2006, a research group in
India introduced prolineamides of proline and chiral B-
amino alcohols derived from readily available amino acids
as especially effective catalysts for this transformation.l"
Originally, for these prolineamides, as was the case for those
reported earlier,*® the aldol reactions were undertaken in
neat ketones as the reaction medium. However, in 2007, the
use of the prolineamides (of proline and the diphenylamino
alcohols derived from phenylglycine or leucine) in an aque-
ous reaction mixture gave aldol products in high yields and
excellent enantioselectivities, even at only 0.5 mol-% of cat-
alyst loading.[5%b]

Polymer-Supported Prolineamides

Because of the excellent activities of the prolineamides in
organocatalytic aldol reactions, they are definitely interest-
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Scheme 11. Polymer-supported prolineamide through thiol-ene
coupling.P'al
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ing targets for polymeric immobilization. While polymeric
immobilization of proline probably functions more as a
testing ground for immobilization strategies and methodol-
ogies than as a true candidate suitable for immobilization,
the more valuable prolineamides are definitely more appro-
priate candidates. The most comprehensive and thorough
studies on polymer supported prolineamides have been un-
dertaken by the research group of Gruttadauria.’!! Using
the protected styrene-derived proline 29, used by the same
researchers for preparation of polymer-supported proline
(Scheme 5),13%! styrenic prolineamide 60 was coupled with
(S)-diphenyl phenylglycinol via a mixed anhydride
(Scheme 11).151a

Using the thiol-modified Merrifield resin 30, a thiol-ene
coupling (at a rather harsh 110 °C overnight) and subse-
quent deprotection gave polymer-supported prolineamide
61. This is a powerful catalyst for asymmetric aldol reac-
tions, and unlike polymer-supported proline, it can also
provide excellent selectivity in aldol reactions of substituted
benzaldehydes with water-soluble acetone.’'@! For aldol re-
actions with substituted benzaldehydes and acetone in
water/CHCI;, catalyst 61 gave high yields (quantitative for
several derivatives) and excellent enantioselectivities (89—
97% ee).>141 In a second disclosure, the closely related pro-
lineamide 62 (with the amino alcohol derived from leucine)
was introduced in exactly the same manner (Figure 5).5!]
The recyclability of 62 was investigated very thoroughly,
and it was discovered that treatment with formic acid could
be used to regenerate the catalyst activity when this became
diminished, this presumably because of the formation of
imidazolidinones that subsequently became ring-opened
when treated with formic acid.P'# 3!l In fact, using this
treatment, polymer-supported prolineamide 62 was
reused (with HCO,H-regeneration) up to 22 times.l>!?!

Jm e e

0, o,
. ” .
O\W \/%Ph O\W N COzH O\(o
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°© Ph
63 64
HO
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0@\ OU
N~ YCOH
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Figure 5. Polymer-supported prolineamides and

64.[5“’751(:]

cis-proline

Shortly afterwards, the same research group prepared a
whole range of polymer-supported dipeptides and pro-
lineamides by the same thiol-ene coupling of styrenic deriv-
atives onto the mercapto-functionalized Merrifield resin 30
and tested them in asymmetric aldol reactions.’!' It was
proven that polymer-supported prolineamides and dipep-
tides could indeed give better selectivities than unsupported
catalysts, again underlining the fortunate symbiosis that can
be achieved between an organocatalyst and the polymer
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scaffold.P'l Especially immobilized catalysts 63 and 64
were thoroughly investigated. ') However, it is generally to
be understood that a higher catalyst loading is necessary
for polymer-supported catalysts than for free catalysts.
Interestingly, the researchers reported the cis-hydroxypro-
line catalyst 65 in this paper, but unfortunately, no refer-
ences or experimental details are provided for how it was
prepared.’'l As we have pointed out earlier, the inversion
of configuration at C-4 in hydroxyproline is very laborious.
It was reported that cis-catalyst 65 gave lower enantio-
selectivity than a trans-catalyst,!*!! very much in line with
our own results for the quasi-enantiomeric catalyst pair 57/
58.[410]

We also wanted to use our acrylic copolymerization strat-
egy for immobilization of organocatalysts to prepare poly-
mer-supported prolineamides.*!°-#1l However, unlike the
previous disclosures, we wanted to prepare multigram
quantities of both catalysts as well as products resulting
from their use. As mentioned earlier, suspension copolymer-
ization of proline methacrylates required Boc-protection to
furnish monomers with an adequate degree of hydrophobi-
city. However, this meant that large amounts of acrylic
polymer-supported Boc derivatives such as 66 and 67
(which gave prolines 57/58 when deprotected directly) were
available. These could simply be peptide-coupled with the
appropriate diphenyl phenylglycinol (S- or R-59) with a
standard peptide coupling reagent (TBTU) to furnish
multigram quantities of polymer-supported prolineamides
68/69 (Scheme 12). As was the case for the quasi-enantio-
meric proline pair 57/58, polymer-supported prolineamide
68 (derived from trans-hydroxyproline) gave somewhat bet-
ter enantioselectivity (0-9% ee higher) in the asymmetric
aldol reaction between substituted benzaldehydes and ace-
tone in water than 69 (derived from cis-hydroxyproline), but
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Scheme 12. Polymer-supported prolineamides by copolymerization
followed by post-modification. !l
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the selectivity was also nearly indistinguishable for some de-
rivatives.[*!¢l On the other hand, our system has the advan-
tage of offering access to both enantiomeric series of the
aldol products, and the catalysts can be reused to prepare
the aldol products on gram scale.*!¢]

Polymer-Supported Diarylprolinols

Jorgensen—Hayashi Diarylprolinol Organocatalysts

In 2005, the research groups of Jorgensen in Denmark
and Hayashi in Japan independently reported diarylprolinol
silyl ethers as efficient organocatalysts for a range of trans-
formations.’>33  Among the organocatalysts, the
Jorgensen/Hayashi diarylprolinols hold a special position
because of its unique ability to undertake both enamine and
iminium catalysis with excellent results, something which
make them probably the most versatile and useful of all the
organocatalysts, at least of the ones belonging to the en-
amine/iminium class.?! Unfortunately, and unlike the pro-
line derivatives we have discussed until now and the Mac-
Millan imidazolidinones which we will discuss later on,
work on polymer-supported diarylprolinol silyl ethers has
been very sparse until very recently.’*3741¢l Indeed, reviews
of immobilized organocatalysts have until now had no need
for a separate chapter on these catalysts. This is surprising
given the fact that this class of catalysts are probably the
most promising candidates for polymeric immobilization as
they are both relatively high-valued and are used at con-
siderable catalyst loadings, often as high as 10-20 mol-%.
However, they offer considerable challenges as compared to
the prolines because these catalysts have a very different
degree of hydrophobicity and many reactions using them
are undertaken in solvent systems (MeOH, EtOH, MeCN
etc.) that are relatively incompatible with the traditional
styrene/DVB supports that dominate the field of polymeric
immobilization. As such, the diarylprolinols are probably
the class of organocatalysts that by now through develop-
ments the last couple of years has provided the most innov-
ative procedures for polymeric immobilization of organoca-
talysts.

Polymer-Supported Diarylprolinol Silyl Ethers

As we will see, polymer-supported diarylprolinols have
existed for some time because of the Corey-Bakshi-Shibata
asymmetric reduction,®! but polymer-supported diarylpro-
linol silyl ethers have emerged only recently.34 5741l [n
2008, a German research group reported the immobiliza-
tion of diphenylprolinol TMS ether through a novel pro-
cedure wherein oligomeric styrene-prolinol conjugates were
immobilized into polystyrene by electrospinning.[> In this
procedure, oligostyrene—prolinol conjugate 74 was prepared
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as shown in Scheme 13. Nitroxide 70, prepared from readily
available TEMPO, was coupled with protected hydroxypro-
linol 71 through alkylation and subsequently silylated with
TMS-imidazole to give nitroxide-prolinol 73, an initiator
for nitroxide-mediated polymerization (NMP).[*”] Heating
of 73 in neat styrene for 24 h gave oligostyrene—prolinol
conjugate 74 with a high degree of monodispersity
(Scheme 13).1531 This conjugate was then immobilized into
high-molecular weight polystyrene by electrospinning, a
method in which electrical charge is used to draw very fine
fibers from a liquid.®® Through electrospinning from a
N,N'-dimethylacetamide solution of 74 and high-molecular
weight polystyrene (M, = 150 000 to 300 000 g/mol), fibers
with a diameter of around 1.15 pm was prepared. These
fibers were subsequently stabilized further by coating with a
thin layer of poly-p-xylylene via chemical vapour deposition
(CVD) starting from [2.2]paracyclophane as a precursor.l>
This fibrous catalyst system was benchmarked in an asym-
metric Michael addition of dimethyl malonate to cinnam-
aldehyde in EtOH. The selectivity of these catalytic fibres
was more or less identical to those of the monomeric cata-
lyst used under exactly the same, although homogeneous,
reaction conditions. Yet, the chemical yield was only 42%,
compared to 84% for the monomeric catalyst.>>) However,
it is important to keep in mind that this testing was under-
taken at only 5 mol-% of catalyst loading, and a more
favourable comparison could have emerged if testing was

@* Tat @*j”?
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Scheme 13. Preparation of oligostyrene—prolinol conjugate via
nitroxide-mediated radical polymerization.>!
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undertaken at the 10 mol-% level. The fibrous catalyst was
recycled a total of 9 times, and the initial reactivity re-
mained for the second run, giving a chemical yield of 42 %,
but then decreased and levelled off at about 25% of the
initial activity. The authors were of the opinion that desi-
lylation was not the cause of the deactivation and instead
speculated that changes in the macrostructure of the fibrous
system perhaps lead to a change of diffusion rates. Leaching
of the catalytical prolinol conjugate 74 from the fibers was
not detected.>

From the viewpoint of the overall synthetic strategy re-
garding the immobilization, the procedure going via ni-
troxide-mediated polymerization followed by electrospin-
ning is highly interesting and innovative compared to stan-
dard post-modification. The same research group has in
fact used the same approach for immobilization of proline,
but the procedure will not be detailed further here as these
fibres were not tested in catalytic reactions.[®] As we have
pointed out earlier, methodologies for controlled radical
polymerization, such as NMP, ATRP and RAFT, could
achieve considerable importance in organic synthesis in the
time to come.[*647] Their lack of use within organic synthe-
sis is probably, but unfortunately, a result of the invisible
barriers existing between the different fields of chemistry.
Although the overall synthetic strategy is strictly not a co-
polymerization Scheme as we have used the term earlier on,
it clearly belongs to the same class of bottom-up philosophy
for polymeric immobilization. In fact, the next report on
polymer-supported diarylprolinol silyl ethers (also in 2008)
was a bottom-up approach as well, this time by a research
group in California using the more classical free-radical co-
polymerization of functional monomers together with co-
monomers (Scheme 14).3+61]

Carbamate-protected proline methyl ester was prepared
by carbodiimide-coupling of Boc-proline and methanol.
Treatment of this ester with an excess of freshly prepared
4-vinylphenylmagnesium bromide gave protected diarylpro-
linol 75. This distyrenic functional monomer was then used
as the crosslinker in a suspension copolymerization together
with styrene in PhCl/H,O to give polymer beads 76. Depro-
tection and silylation then gave polymer-supported diaryl-
prolinol silyl ether 77 (Scheme 14).54¢1 Interestingly, the
researchers also reported the preparation of the same poly-
mer beads by first deprotecting 75 to free amine 78 and
then undertaking the suspension polymerization to give 77.
However, the yield for the polymerization of 78 was poor,
only 29%.[61a1 This probably has a natural explanation, as
in view of our own work, the polymerization of free amines
(as 78) is incompatible with the use of benzoyl peroxide as
free radical initiator, as was used by these researchers.

In addition to the distyrenic derivative 75, the same re-
search group also reported the preparation of monostyrenic
derivative 81 and its subsequent suspension copolymeriza-
tion (Scheme 15).54611 Weinreb amide 79, obtained from
coupling of Boc-proline and N, O-dimethylhydroxylamine
hydrochloride, was treated with 4-isopropylphenylmagne-
sium bromide to give ketone 80, which upon addition of 4-
vinylphenylmagnesium bromide yielded styrene 81. Suspen-
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Scheme 14. Preparation of polymer-supported diarylprolinol by co-
polymerization of styrenic diarylprolinol crosslinker and sty-
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Scheme 15. Preparation of polymer-supported diarylprolinol by co-
polymerization of styrenic diarylprolinol with styrene and
DVB.[54’6']

sion copolymerization together with styrene and DVB
(crosslinker essential since 81, as opposed to 75, is mono-
styrenic), followed by deprotection and silylation furnished
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polymer beads 83. It is imperative to note that the these
immobilized diarylprolinols were originally developed for
polymer-supported Corey—Bakshi—Shibata (CBS) asymmet-
ric reduction catalysts nearly a decade ago,l°!! and only the
final silylation of the CBS catalysts into diarylprolinol silyl
ethers 77 and 83 were new developments in their 2008 re-
port.’PY In addition to the procedures outlined in
Schemes 14 and 15, the researchers later introduced analo-
gous procedures with 2-(trimethylsilyl)ethoxycarbonyl
(Teoc) protected functional monomers.[1?]

For a supported CBS catalyst, the styrene-network is
ideal because these reductions are normally carried out in
THEF. Conversely, for organocatalysis, this is a clear disad-
vantage as many reactions using diarylprolinol silyl ethers
are often carried out in solvents like lower alcohols, aque-
ous systems and the like. As such, because of the limitations
imposed by the use of a styrene-network, the researchers
had to undertake organocatalytic reactions in typical swell-
ing solvents for this type of polymers. Crosslink-bound cat-
alyst 77 and pendant-bound catalyst 83 were tested in
asymmetric epoxidations of cinnamaldehyde in a 50:50
CH,CI,/EtOH- or THF/trimethyl orthoformate mixture,
but only with poor conversions and selectivities that were
inferior to those obtained using a monomeric catalyst.’4
On the other side, asymmetric Michael addition of aliphatic
aldehydes to trans-B-nitrostyrene in benzene worked well,
giving high chemical yields (more than 80%), dia-
stereomeric ratios (up to 99:1) and enantioselectivities (up
to 99% ee). Crosslink-bound catalyst 77 was found to be
slightly better than pendant-bound catalyst 83.

These converted CBS-catalysts were also tested in a
three-component organocatalytic cascade, first reported by
the research group of Enders.” In this triple cascade, a
tetrasubstituted cyclohexene carbaldehyde with four ste-
reogenic centers is prepared in one step from a cinnamal-
dehyde, nitrostyrene and aldehydes.[®?l The catalytic cycle
involves both enamine and iminium catalysis and is a testi-
mony to the unique opportunities offered by the Jorgensen/
Hayashi diarylprolinols. Remarkably, unlike the more trivial
Michael addition of aldehydes to nitrostyrenes, the pen-
dant-bound catalyst 83 was much more efficient in this cas-
cade reaction than crosslink-bound catalyst 77.1°41 While 77
gave a modest 15% yield of product (using cinnamaldehyde,
trans-PB-nitrostyrene and propionaldehyde as the three com-
ponents) with 89% ee after 7 days, catalyst 83 gave 45%
yield and 99 % ee after the same reaction time.>*! This com-
pares to the 40% yield and >99% ee that can be obtained
with the non-supported diphenylprolinol silyl ether, al-
though now in only 24 h.[?2l The researchers speculated
that crosslink-bound catalyst 77 is less effective because of
the more constrained steric environment as when compared
to pendant-bound catalyst 83.54 We believe this is a sensi-
ble conclusion and supported by our own report, which we
will discuss more later on.[*1l Recycling of catalysts 77/83
worked poorly and with severe catalyst deactivation, even
when catalysts were resilylated before use.l>¥

As described, the first polymer-supported diarylprolinol
silyl ethers were prepared in a bottom-up fashion, but very
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recently, the research group of Pericas in Spain reported
polymer-supported diphenylprolinol silyl ether prepared by
a more conventional post-modification (Scheme 16).1¢
Using analogous methodology as utilized for their proline-
immobilization (see above),’3! carbamate-protected hy-
droxyproline methyl ester was alkylated with propargyl bro-
mide to 84 and then converted into the diphenylprolinol
85 with PhMgCl. A combined silylation/deprotection then
furnished the key catalyst precursor 86 in reasonable yield.
This precursor was anchored to the azido-modified Merri-
field resin 26 (described earlier) through the copper-cata-
lyzed azide-alkyne cycloaddition to give polymer-sup-
ported catalyst 88.15¢ Interestingly, the cycloaddition using
86 is challenging because the free amine group of this cata-
lyst precursor tend to deactivate copper catalysts. The issue
was resolved by employing the tris(triazolyl)methanol-Cu!
complex 87, developed recently by the same research
group,!®! as cycloaddition catalyst (1 mol-% catalyst load-
ing). Although the overall preparation is rather laborious
because of the multiple chromatographic purifications nec-
essary and the use of a specialized Cu! catalyst, the advan-
tage of using the azide—alkyne cycloaddition for immobili-
zation relies in the fact that the resultant 1,2,3-triazolyl
structural fragment has an unusually large dipole moment.
This means that the linker where this structural element is
included confers a very polar element to the system and
plays a pivotal role in the overall character and hydrophobi-
city of the catalyst. A triazolyl-connected catalyst may
therefore show more compatibility with polar solvents than
would probably be expected at first hand.

HO, = o,
Do 2%/ 1.
N COzMe THE N COgMe
] 1
CO,tBu CO,Bu 84
80%
PhMgCI | THF
/0/, o,
y Ph TMSOTf / ) Ph
7 Ph BN 4 Ph
: o el
o CH.Cl, Buo,c M
SIMe3 85
68% 66%
OH
/N N
PH - ANNNT P

O’,
Ph ; B
?\C(;Ph
éiMe3

THF, DMF 8

Scheme 16. Preparation of polymer-supported diphenylprolinol by
post-modification of Merrifield resin.>®!
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Polymer-supported catalyst 88 was benchmarked in the
asymmetric Michael addition of aldehydes to nitrosty-
renes.’% It provided excellent results, comparable to the
best homogeneous catalysts in the same process, with vir-
tually quantitative yields and very high diastereo- and
enantioselectivities. However, again, these reactions were
carried out in CH,Cl,, a powerful swelling solvent for sty-
rene/DVB networks. Reactions in water were possible only
by using DiMePEG additive.’®! Most interesting was the
remarkable and strong substrate selectivity for linear short
chain aldehydes. Longer aldehydes were less successful and
branching in the B-position of the aldehydes was deleterious
for conversion, while a-branching completely obstructed
the reaction. Ketones like acetone and cyclohexanone were
completely unreactive.’®! In the presence of both short
chain linear and branched aldehydes, catalyst 88 only cata-
lyzed the Michael addition of the linear aldehydes. Since
the rate of reaction was considerably slower, indicating the
reversible formation of unproductive enamine intermedi-
ates, the researchers attributed the selectivity to the different
reactivity of equilibrating enamine intermediates.>®) Hope-
fully, this catalyst will also be used for cascade reactions in
the future, so as further insight can be gained and more
direct comparisons can be made to the other polymer-sup-
ported diarylprolinol silyl ethers.

Unlike the reports preceding this work, recycling of poly-
mer-supported catalyst 88 was successful as long as recon-
ditioning was undertaken. Inactivated catalyst gained full
recovery after a brief treatment with trimethylsilyl N,N-di-
methylcarbamate in hexane/MeCN, something which
clearly demonstrated that hydrolysis of the labile silyl ether
could be the main pathway of deactivation for this class of
organocatalysts.[%°]

Simultaneously with the work described above, we were
actively pursuing a synthetic route for large-scale prepara-
tion of polymer-supported Jorgensen—Hayashi catalysts.#!]
As our strict requirements for scalability ruled out chroma-
tographic purifications and pressed the use of protective
groups to an absolute minimum, none of the reported pro-
cedures seemed to us especially useful as a foundation that
we could extend. As for proline, we believed the more com-
prehensive acrylics offered a more practical starting point
than styrenics, and we planned to prepare polymeric sys-
tems more compatible with polar solvents.

For a start, it looked like preparation of the diphenylpro-
linol from proline or hydroxyproline was a key issue.[64-63
Because of the CBS-reduction in the late 1980s,1°%] the ef-
ficient preparation of diphenylprolinol 89 suddenly became
a hot research topic for academic and industrial research
group alike (Routes A—E, Scheme 17).14 It is not as clear-
cut as probably imagined at first sight because the standard
mode of preparation of diphenylamino alcohols from
amino acids, the addition of phenyl-Grignard reagents to
an alkyl ester of the appropriate amino acid, works ex-
tremely poorly for proline (Route A).[%4%64dl The original
preparation by the research group of Corey (Route B), go-
ing through the carbamate-protected proline methyl ester
90, works only moderately well and is rather laborious.[64"]
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Subsequently, a more expedient route (Route C) was devel-
oped by a research group in India where proline is dipro-
tected directly in one-pot with ethyl chloroformate and
K,CO;3 in MeOH to 91, which is then treated with PhMgBr
and deprotected in KOH/MeOH to give diphenylprolinol
89.164] This seems to be the preferred route to 89 in aca-
demic laboratories, but of more interest for us was the fact
that it do seem to be the sole method (after 1933) that is
reported for the preparation of the corresponding diphenyl-
hydroxyprolinol,!! obviously a key intermediate in the
preparation of polymer-supported Jorgensen—Hayashi or-
ganocatalysts. This was therefore our starting point, but we
found it to be unsuited for preparations on the >10 g scale.
Two other large-scale routes to 89 (Routes D and E) are
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Scheme 17. The most important synthetic routes to diphenylproli-
nol.[64
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depicted in Scheme 17. A research group from Merck re-
ported the preparation of proline-N-carboxanhydride 93
from L-proline and phosgene, followed by treatment with
PhMgCl to give 89 in good overall yield.[°*d] The toxic na-
ture of phosgene makes this route unattractive. A more con-
ventional route (Route E) going via N-benzylproline ethyl
ester 92 is also possible, but not especially elegant or effici-
ent.[®*] Some other, more specialized, routes have also been
reported, but did not seem particularly useful, [04642,38b] ]
though one procedure using silyl-protected proline seemed
quite novel.[%4¢]

After extensive investigations into diphenylprolinol
chemistry, we reported the completely non-chromato-
graphic and protective-group free synthesis of polymer-sup-
ported diphenylprolinol silyl ether shown in Scheme 18.[4!¢]
We found out that the direct route to diphenylhydroxyproli-
nol (depicted as Route A in Scheme 17 for the equivalent
proline derivative) was much more efficient for hydroxypro-
line than proline, as have actually been known since
1933,[%441 although that seem to have passed unnoticed.
Among other things, the diphenylprolinol of hydroxypro-
line has superior crystallinity as compared to its proline an-
alogue (as reflected in its melting point, which is approxi-
mately 100 degrees higher for the former).[%44] Direct treat-
ment of hydroxyproline ethyl esterrHCl gave diphenyl-
hydroxyprolinol-HCI 94 on large scale (>30 g) after a modi-
fied work-up.[*'?l Even better, 94 could be selectively O-acy-
lated, in the presence of the unprotected amine and tertiary
alcohol, directly to crystalline methacrylate salt 96 on 30 g
scale with the acid chloride of widely available 2-methacrylo-
yloxyethylsuccinic acid (95). Silylation using the mild, but
very powerful I,/HMDS protocol gave functional acrylic
monomer 97.141¢]

Straightforward suspension copolymerization of 97 to-
gether with methyl methacrylate and EGDMA in H,O/
PhMe gave polymer-supported catalyst 98. These standard
microporous beads have swelling properties much in com-
mon with the standard styrene networks and are useful in
THEF, PhMe, CH,Cl, and the like. To make beads compati-
ble with MeOH, MeCN etc., we were inspired by the
CLEAR-family"?® of resins (see above) which are fully
crosslinked, but still show excellent swelling in a wide range
of solvents. We wanted to make a PEG-based network by
copolymerization of 98 with PEG-methacrylates. However,
the combination of hydrophilic PEG derivatives (water-mis-
cible) with the hydrophobic 97 in suspension polymeriza-
tion would most likely prove difficult. After all, the PEG-
based PEGA resin (described earlier) that was introduced
by Meldal and co-workers in the early 1990s used inverse
suspension polymerization,!'”! incompatible with 97. We
were intrigued by the fact that the preparation of PEGA by
inverse suspension polymerization gave only moderate
yields in a polymerization reaction which would normally
be expected to be virtually quantitative.['” We believed this
to be connected with the peculiar properties of PEG, which
is fully water-miscible at room temperature, but that can
precipitate above a certain cloud point as the PEG-chains
become dehydrated. Therefore, we tried to suspension co-
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Scheme 18. Preparation of polymer-supported diphenylprolinol by
acrylic copolymerization.[#1¢]

polymerize a toluene solution of 97 together with a 50:50
mixture of PEG 400 methyl ether methacrylate and PEG
600 dimethacrylate in water, the idea being that also the
PEG derivatives would partition favourably into PhMe at
the polymerization temperature. Gratifyingly, a quantitative
recovery of 99 as very practical polymer spheres result-
ed.[*1dl These spheres showed the expected useful compati-
bility with the polar solvents we wanted.

We tried catalysts 98 and 99 in the Enders cascade, using
propionaldehyde, cinnamaldehyde and 2-chloro-B-nitrostyr-
ene as the three components.*!l Microporous beads 98, in
a well-expanded state in PhMe, provided the expected prod-
uct in descent 32% vyield (after 7 days) and excellent selec-
tivity (>99% ee). On the other side, catalyst 99 in MeCN
(a solvent we on beforehand had verified that worked nicely
under homogeneous catalysis) gave no detectable yield of
the final cascade product, but full conversion into the first
Michael addition of propionaldehyde to the nitrostyrene
that constitutes the first part of the overall catalytic cy-
cle.*1el These results compares usefully with the catalyst
pair 77/83, where only the less hindered pendant-bound cat-
alyst 83 and not the more constrained crosslink-bound 77
provided useful quantities of cascade product.[>¥
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Early in 2010, a German research group reported a PEG-
linked Jorgensen-Hayashi catalyst (Scheme 19).571 The
strategy is in essence very similar to that described for prep-
aration of catalyst 88 earlier (Scheme 16). Propargyl deriva-
tive 86, the same as that reported first by Pericas and co-
workers (Scheme 16),°% was prepared in five steps from hy-
droxyproline. By using an analogous route to that of the
classical route C in Scheme 17 (see our discussion above
concerning routes to diarylprolinols),[®*l hydroxyproline
was diprotected in one step to carbamate ester 100 and
treated with PhMgBr to furnish protected diarylprolinol
101. Alkylation of 101 with propargyl bromide gave 102,
which was subsequently deprotected through alkaline hy-
drolysis and silylated with TMS-triflate to the key interme-
diate 86.1°71 As discussed previously for this intermediate, a
cycloaddition with azides is not straightforward as amines
coordinate to and deactivate copper. The researchers used
tris(benzyltriazolylmethyl)amine (103) together with Cul to
successfully link intermediate 86 and azide-modified PEG
derivative 104 through the copper-catalyzed azide-alkyne
cycloaddition to give PEG-linked catalyst 105
(Scheme 19).157] Importantly, it was reported that use of the
Boc-protected methyl ester of hydroxyproline led to signifi-
cant deterioration of the catalyst’s optical purity.l>’]

Catalyst 105 was tested in the asymmetric Michael ad-
dition of nitromethane to cinnamaldehydes in MeOH, giv-
ing excellent chemical yields and enantioselectivities, un-
changed as compared to the homogeneous catalyst.’”] In
fact, the resultant products could be isolated in pure form
without the need for column chromatography. In recycling
experiments, the selectivity of the catalysts remained vir-
tually unchanged for five reaction cycles, but the product
yields dropped significantly. Interestingly, the researchers
did not attribute this loss of catalytic activity to desilylation,
as is commonly done, but mainly to product inhibition of
the catalyst. Stirring the catalyst with the cinnamaldehyde
starting material (which then displaces product from the
catalyst) did actually fully restore its initial activity, as well
as release more product.’”l As experiments conducted by
separate research groups seem to indicate that deactivated
diarylprolinol silyl ether catalysts can be revived both
through resilylation under one set of reaction conditions
and through stirring with starting material under an-
other,[>®-37 most probably the exact reaction conditions pre-
vailing in the organocatalytic transformation of use may af-
fect the catalyst in different ways. An alternative explana-
tion is that also reconditioning through resilylation actually
has its effect by releasing product from the deactivated cata-
lyst.

It is important to point out that catalyst 105, in nature
of being immobilized on linear PEG, is completely compati-
ble with polar solvents such as MeOH. As mentioned, the
use of linear polymers for polymeric immobilization is usu-
ally more cumbersome than using crosslinked beads as a
separate precipitation step is required and some loss of cat-
alyst is unavoidable. Nevertheless, unlike its use for immobi-
lization of proline, the use of linear PEG is better suited
for Jorgensen—Hayashi catalysts as it solves the important
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problem of making the hydrophobic silyl ether catalyst
compatible with polar solvents. As described, our own sys-
tems combined the compatibility of PEG-systems with the
practicality of crosslinked beads.[ !l

Future Developments for Polymer-Supported Jorgensen—
Hayashi Organocatalysts

As we have alluded to previously in this chapter, the
Jorgensen—Hayashi organocatalysts seem as particularly
interesting candidates for polymeric immobilization. This is
primarily not because they are relatively high-valued
organocatalysts (at least compared to proline), but more be-
cause the polymeric backbone and linker do seem to have
an especially large degree of influence on catalyst activity
and selectivity. The reaction cavity as defined by the combi-
nation of catalyst, linker and polymer backbone seems to
control catalyst activity/selectivity in an especially strong
manner for this family of catalysts.

Taken together, the results reported until now do seem
to imply that only relatively non-hindered diarylprolinol
silyl ether catalysts are able to undertake the demanding
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Enders-type cascade, but that most are able to undertake a
standard Michael addition of simple aldehydes to nitro-
styrene. However, as we have seen, also in the Michael ad-
dition to nitrostyrenes, a strong “enzyme-like” behaviour
towards simple non-branched aldehydes has been observed,
and the two phenomena are probably connected. We cer-
tainly anticipate that more exciting developments are to
come in the near future for this class of organocatalysts.

As interest in non-silylated diarylprolinols as bifunc-
tional organocatalysts are on the increase,[°® this might also
widen the scope and utility of the polymer-supported di-
arylprolinols. Although other effective organocatalysts, a
few even in polymer-supported versions, have been reported
for some specific asymmetric Michael additions, they are
less general than the Jorgensen—Hayashi catalysts and will
not be detailed further.[®”1 Of the work that has taken place
within the CBS-type chemistry over the years, a few reports
have utilized catalyst precursors that have been linked
through either position 4 of a diphenylhydroxyprolinol or
the aryl residues on a diarylprolinol (such as for distyrene
78) and as such may be used as a platform for future prepa-
rations of polymer-supported Jorgensen—Hayashi cata-
lysts.[642:681 These disclosures contains both strategies of the
post-modification and bottom-up type.[%4¢681 Since the re-
actions constraints in CBS reductions are so different from
most organocatalytic reactions, and because none of them
have been tested in organocatalytic transformations, they
will not be detailed further. It is important to note that
the styrene-networks of most of these reports can now be
advantageously complemented by the richer acrylic chemis-
try because of the mild reaction conditions prevailing in
organocatalysis.

Polymer-Supported MacMillan Imidazolidinones

MacMillan Imidazolidinone Organocatalysts

Concurrently with the reports on the successful intermo-
lecular proline-catalyzed aldol reactions reported by List,
Lerner and Barbas in 2000, the research group of MacMil-
lan published the use of chiral imidazolidinones as organo-
catalysts for asymmetric Diels—Alder reactions.['>®) In the
years that have followed, this family of organocatalysts has
enjoyed an ever-widening reaction scope.*!l In addition to
Diels—-Alder reactions, imidazolidinone catalysis has been
used for 1,3-dipolar cycloadditions, Friedel-Craft alkyl-
ations, a-halogenations, epoxidations etc.l¥l Although, as
we will treat more fully later on, recycling of immobilized
MacMillan imidazolidinones has usually been coupled to a
rather nonsatisfactory drop in efficiency, immobilized imid-
azolidinones have nevertheless remained an active area of
research.l’0-731 Concepts developed in the pursuit of poly-
mer-supported MacMillan imidazolidinones provide useful
and additional insight as they are built on phenylalanine,
and not the proline skeleton. Of more interest is probably
the fact that many of the reactions employing MacMillan
catalysts, as was the case for the Jorgensen—Hayashi
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catalysts, take place in solvents that can be challen-
ging to accommodate within a classical immobilization
scheme.

Polymer-Supported MacMillan Imidazolidinones

The first reports on polymer-supported MacMillan imid-
azolidinones surfaced in 2002.70-711 The research group of
Cozzi in Milan, who pioneered the use of PEG-supported
proline during the same period,*! reported the PEG-sup-
ported imidazolidinone 109 (Scheme 20).7% As a starting
point, PEG-mesylate 106, which had been used in previous
work by the same research group,l’8! was prepared from
PEG by mesylation, followed by substitution with 3-(4-hy-
droxyphenyl)-1-propanol and then another mesylation.
Imidazolidinone 108 was prepared by treating L-tyrosine
methyl ester-HCI with n-butylamine to give tyrosineamide
107, which upon ring-closure with acetone in MeOH fur-
nished 108. Alkylation of the phenolic functionality of
imidazolidinone 108 with PEG-mesylate 106 gave PEG-
supported MacMillan catalyst 109.79 This linear PEG cat-
alyst is compatible with a with range of solvents because of
its favourable solubility profile and was tested in asymmet-
ric Diels—Alder cycloaddition of acrolein and cyclohexa-
diene in MeCN/H,0. Compared to the monomeric catalyst,
in this case meaning either 108 or 108-OMe, PEG catalyst
109 actually provided a better diastereoselectivity (94/6 for
109-CF;CO,H compared to 92/8 for 108-OMe-CF;CO,H)
and enantioselectivity (92% endo ee vs. 84% endo ee). How-
ever, this is slightly lower selectivity than in the original
report of MacMillan using (S)-5-benzyl-2,3,3-trimethyl-
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J( ovi\OH J( O\/i\OMS '
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1.nBuNH, | 2. NaHCOg4
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Scheme 20. Imidazolidinone supported on linear PEG.I!]
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imidazolidin-4-one-HCL,!'®! and the chemical yields for sup-
ported catalyst 109 are generally lower than the monomeric
catalysts and the reaction time was a considerable 40 h at
10 mol-% of catalyst loading.[’"! Interestingly, recycling had
only a modest effect on enantioselectivity, decreasing from
92% to 85% ee in the fourth cycle, but yields were lowered
because of catalyst degradation. The catalyst was recovered
in a modest 70-80% by evaporation of solvent and precipi-
tation with Et,O. In a later full paper by the same research
group, catalyst 109 also proved successful in 1,3-dipolar cy-
cloadditions, with the same pattern of reduced yields but
with relatively preserved selectivity.7°b!

At the same time as the report on PEG-immobilized
imidazolidinones appeared, Pihko and co-workers reported
a JandaJel™-supported MacMillan imidazolidinone
(Scheme 21).711 The researchers chose amino-function-
alized JandaJel™ 110 as their starting point because of the
good compatibility with many solvents (see the previous
section in this microreview on polymer supports). Using a
novel polymer-supported assembly, N-Fmoc protected L-
phenylalanine was coupled to resin 110 through a diimide-
promoted coupling to supported amide 111, which was sub-
sequently deprotected to supported amide 112 with piper-
idine in DMF. Cyclization with 50% acetone in DMF then
completed the synthesis of Jandalel™-supported imid-
azolidinone 113.171]

v

O,H 1

T

HOBt

CH,Cl,
N

H

(0]
Me,CO ©/\‘)J\N
i s
H
DMF NH;
112

111

v

DMF

Scheme 21. Polymer-supported imidazolidinone by on-bead syn-
thesis.’!l

Catalyst 113 was tested in asymmetric Diels-Alder cyclo-
additions of o,B-unsaturated aldehydes and dienes. The
enantioselectivities were very good, equalling or even sur-
passing those obtained by solution phase catalysts, but
chemical yields were generally no more than moderate.
Using the catalyst from a previous run, easily obtained by
simple filtration, gave results very close to fresh catalyst, but
no more extensive recycling was apparently investigated. A
silica-supported catalyst was also reported, but will not be
detailed any further.’!]
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In 2005, a research group in USA developed a com-
pletely different immobilization approach for chiral imid-
azolidinones.””! Using the synthetic sequence depicted in
Scheme 22, an amphiphilic functional monomer for ly-
otropic liquid crystal (LLC) assembly was prepared. L-Phen-
ylalanine methyl esterHCI was treated with a monopro-
tected ethylenediamine to amide 114, which was cyclised
with acetone and deprotected to imidazolidinone 115. The
pendant primary amine was then coupled to 3,4,5-tris(11’-
acryloyloxy-1-undecyloxy)benzoic acid (116), a known
polymerizable LLC starting unit, to give 117. When 117 is
treated with acid in water, the protonated derivative
(117-HX) induces an amphiphilic liquid crystal behaviour
to give an unique nanoporous structure. This LLC assembly
was then radically photo-crosslinked to a nanostructured
solid catalyst. The phosphate, sulfate and tartrate of 117
showed the most interesting LLC behaviour.l’?

HZN\/\NH o "
©/\(COZMG CO,tBu H/\/N\CoztBIJ
NH,* HCI MeOH NH, 114
76%

_ 1. pTsOH
0OC41H220,CH=CH p .
11F2202 2 Me,CO ‘ 2. CF3COzH
HO,C 0C,1H,,0,CH=CH, NH,

116 OC,;H,,0,CH=CH,

[6) /—/
N
115
©\/2;)< 63%
H

0OC11H220,CH=CH,

DCC, DMAP
CH,Cl,

0Cy4Hy0,CH=CH, 117
11M22Y2 2 80%

OC4H5,0,CH=CH,

Scheme 22. Preparation of functional monomer for lyotropic liquid
crystal assembly.l”]

In the organocatalytic Diels—Alder reaction of croton-
aldehyde and cyclopentadiene in MeCN/H,O, these LLC-
derived catalysts (as its phosphate, sulfate and tartrate salts)
showed a diastereo- and enantioselectivity nearly identical
to the standard MacMillan catalyst (as its HCI salt), albeit
with a lower overall reaction rate. The catalysts could be
recovered and reused at least once, giving slightly reduced
yields, but virtually identical selectivities.”?!

The immobilization of chiral imidazolidinones via func-
tional monomers with LLC behaviour is not a polymeric
immobilization in the traditional sense that we have used
the term up to this point, but it does have the radical poly-
merization of unsaturated monomers as its foundation. In
much the same manner, in 2006, a research group in Singa-
pore reported a related approach to immobilized MacMil-
lan imidazolidinones through polymer-coated mesocellular
foams (MCF).”3 The mesocellular foams are mesoporous
silicate materials with high surface area and tuneable cell-
like pores that are prepared using oil-in-water microemul-
sion templated synthesis. The researchers prepared styrenic
imidazolidinones as shown in Scheme 23.131 Using the same
tyrosine-derived imidazolidinone 108 as developed by Cozzi

Eur. J. Org. Chem. 2010, 3179-3204



Polymer-Supported Chiral Organocatalysts

Eur

and co-workers some years earlier (together with the analo-
gous derivative 119), simple alkylation with vinylbenzyl
chloride gave styrenic imidazolidinone 118.173

o, .
(@] HO
108 119
/_/
o o
RGPy

N

118
93%

Scheme 23. Preparation of functional styrenic monomer for poly-
mer-coating of mesocellular foams.[3]

Spherical MCF microparticles of 2-10 um with a BET
surface area of 504 m?/g were used as the basis for the solid
support. The MCF silanols were then pre-capped with
TMS groups by reaction with excess HMDS at 80 °C. Styr-
enic imidazolidinone 118 (or the analogue prepared from
119) together with styrene, DVB and AIBN were then wet-
impregnated onto the MCF and polymerized by heating to
give a uniform layer of polymer-supported catalyst onto the
MCF framework.[”3]

The polymer-coated MCF catalyst prepared from 119
was tested in the asymmetric Diels—Alder reaction of cinn-
amaldehyde and cyclopentadiene.!”3! At only 5 mol-% (com-
pared to 10 mol-% for 109 and 20 mol-% for 113) of catalyst
loading, it gave near quantitative yields (94 %), considerably
better than either PEG-based catalyst 109 or Jandalel™-
supported catalyst 113. The enantioselectivity was slightly
lower though, but the catalyst could be recycled at least
once without any appreciable loss of activity or selectiv-
ity.[”3l In the same report, the direct anchoring of allylsilane
imidazolidinones onto MCF was also described. As this is
not a polymeric immobilization, it will not be described fur-
ther, but it is important to mention that imidazolidinone
120 (Scheme 23) was reported. This building block would
later be used by us to make a new polymer-supported imid-
azolidinone.

From 2006 until the present year, there were only minor
developments on polymer-supported MacMillan cata-
lysts.74 In 2010, a Japanese research group reported a very
simple route to a polymer-supported chiral imidazolidinone
that involved a straightforward ion exchange reaction of the
standard 1% generation MacMillan imidazolidinone 121 (as
its HCI salt) with a standard sulfonated styrene/DVB poly-
mer (Scheme 24).7° The ion-bonded catalyst 122 was inves-
tigated in the asymmetric Diels—Alder reaction of cinnamal-
dehyde and cyclopentadiene. At 10 mol-% of catalyst load-
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ing, it provided slightly poorer enantioselectivity than the
analogous solution phase catalysts, but full conversion and
with the same diastereoselectivity. Again, this type of cata-
lyst can be isolated and reused at least once with nearly
unaffected results, but as is regretfully the case for most
reports on supported MacMillan imidazolidinones, no
more extensive testing on the recyclability is not reported.
For catalyst 122, both the hydrophilicity/hydrophobicity
balance, as well as degree of crosslinking, are important for
catalyst performance.’!

SOzH
@ Q <:> 3 @
H, Hy 4

121

CH,Cly, Hy0 22

©
(S)

Scheme 24. Preparation of polymer-supported MacMillan imid-
azolidinone via ion exchange reaction.[”>

We also very recently reported a polymer-supported
version of the 1% generation MacMillan imidazol-
idinone within our acrylic copolymerization strategy for
polymer-supported  enamine/iminium  organocatalysts
(Scheme 25).141¢l As for our other polymeric immobilization
procedures, we wanted to make all intermediates and fin-
ished catalysts on a preparative scale without resorting to
chromatography. Unlike the majority of previous disclos-
ures, we did not find tyrosine a very suitable substrate for
large scale preparation of amides, as the phenolic function-
ality interfered to give rather messy syntheses that necessi-
tated chromatographic purification at some point.*!<l In-
stead, we focused our attention on linkage via the amide
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Scheme 25. Preparation of polymer-supported MacMillan imid-
azolidinone by acrylic copolymerization.[#!¢]
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nitrogen and completely reworked the synthesis of imid-
azolidinone 120 (Scheme 23) from phenylalanine as the key
building block (124 in its HCI-form, Scheme 25). Treatment
of L-phenylalanine methyl ester-HCI with ethanolamine un-
der neat conditions, followed by selective extraction gave
amide 123. An azeotropic cyclization in acetone/iPrOH and
crystallization of the product as its HCI salt in Et,O fur-
nished crystalline imidazolidinone 124 in an excellent over-
all yield on 60 g scale. As we have done in our syntheses of
both immobilized proline and the Jorgensen—Hayashi cata-
lysts, we directly and selectively acylated 124 (in MeSO;H
this time) with methacryloyl chloride to acrylic imidazolid-
inone 125. Using a normal suspension polymerization of
125 together with PEG-methacrylates in PhMe/H,O (see
our discussion under the section on the diarylprolinol cata-
lysts), we obtained polymer-supported imidazolidinone 126
as practical spherical beads.[*!?]

Because of the good compatibility of PEG networks with
most solvents, catalyst 126 was fully operational in polar
solvents, while at the same time retaining the practicality of
the beaded crosslinked products. Asymmetric Diels—Alder
reactions of 4-nitrocinnamaldehyde and cyclopentadiene
catalyzed by 126-HCI provided product selectivities only
very slightly below the homogeneous phase catalyst 121,
but with the same chemical yield and this time on a gram
scale. The catalyst 126:CF;CO,H had a slightly diminished
selectivity as compared to 126-HCI, but was readily recycled
once. However, in a third and fourth reaction cycle, the
selectivities started to drop significantly, even though chem-
ical yields remained high as long as the catalyst was replen-
ished with acid cocatalyst.

In conclusion, it seems unlikely that the 15 generation
MacMillan catalyst is very suitable for polymeric immobili-
zation if only the standard justification for doing so, namely
the recycling of catalyst, is used as the sole rationalization.
However, as is the case for proline, the chiral imidazolid-
inones nonetheless remains a very useful testing ground for
the development of new methodologies for polymeric im-
mobilization. The development of synthetic machinery that
can efficiently accommodate MacMillan catalysts in a cost-
efficient manner, while at the same time remain compatible
with a broad range of reaction solvents, can safely be ex-
pected to receive valued notice in the time to come.

That said, the polymeric immobilization of a few valu-
able enamine/iminium organocatalysts that to our best
knowledge has not been reported, are eagerly awaited. One
of them is the 5-benzyl-2-tert-butyl-3-methyl-4-imidazolid-
inones, probably the most useful of the MacMillan catalysts.
In addition, the 3,5-bis(trifluoromethyl)phenyl analogues of
the Jorgensen—Hayashi catalyst is certainly another. Proba-
bly the most advanced use of polymer-supported enamine/
iminium organocatalysts reported to date was the 2008 dis-
closure of Fréchet and co-workers where asymmetric cas-
cade reactions was catalyzed by two different organocata-
lysts (one diarylprolinol methyl ether catalyst and one Mac-
Millan type catalyst) in the same reaction mixture by using
soluble star polymers with highly branched non-interpen-
etrating catalytic cores.””] The diarylprolinol catalyst was
3200
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anchored covalently to styrene star polymers through a co-
polymerization strategy using a hydroxyproline-derived
functional styrenic monomer, while the MacMillan catalyst
was anchored by simple salt formation (much like that in
Scheme 24) to a sulfonic acid star polymer.I’”] Interestingly,
in this advanced system, a post-modification strategy was
then actually combined with a copolymerization strategy,
showing how these two methods of synthetic strategy, form-
ing the basis of this microreview, can be ingeniously com-
bined to complement each other.

Final Conclusions

In this microreview, we have highlighted the field of poly-
mer-supported chiral enamine and iminium organocata-
lysts, but primarily from the viewpoint of the synthetic stra-
tegies that have been utilized for their preparation, and not
solely for their pattern of reactivity, as is more commonly
done. The reason for doing this is not only that we want to
emphasize the close relationship between the preparation of
the supported catalyst and its actual catalytic properties,
but also because we want to draw attention to the core
problem for polymer-supported catalysts, namely the re-
strictive cost-issues. The idea that a substrate/reagent/cata-
lyst can be anchored to a polymer matrix, and that useful
chemistry can be undertaken (with results at least compar-
able to those obtained under homogeneous reaction condi-
tions, given that a suitable resin is selected) is now nearly
half a century old. By just continuing to link an ever-widen-
ing assortment of substrates, whether they are organocata-
lysts or not, onto the same limited variety of polymeric sup-
ports, will probably not take us especially far. It is true that
organocatalysts offer new possibilities as the polymeric
backbone do seem to integrate itself more naturally as part
of the overall catalytic system. As such, a different selectiv-
ity than that of the homogeneous phase catalyst is fre-
quently observed, and the analogy to enzymes and enzyme-
like behaviour is frequently encountered. That said, the sup-
posed selectivity is simply usually a preference for only the
simplest of substrates and therefore probably not a true
selectivity. In addition, as we have seen repeatedly in this
microreview, the recurrent problem of an impeded catalyst
activity when they are immobilized does definitely seem to
continue into the foreseeable future.

We believe that research groups engaged within the area
of catalyst immobilization (at least catalysts for use in or-
ganic synthesis) can roughly be divided into two main
groups. The first group is mainly composed of synthetic or-
ganic chemists, most often engaging in lengthy syntheses of
catalyst precursors (some of the latest disclosures operating
at the <10 mg level for key intermediates),[’”® anchoring
them to a limited assortment of resins through a post-modi-
fication strategy, but undertaking extensive catalyst testing
to underscore its value. The second group most often has a
strong association to material science, regularly using the
latest methodology for the creation of micro-, meso- and
macroporous networks (all of which have proven useful in
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organocatalysis), but often undertaking limited testing of
their final products. The old mantra of interdisciplinary co-
operation definitely comes to mind yet again!

As for the synthetic strategies available for polymeric im-
mobilization, we think that in relation to usefulness and
overall expenditure, it is natural to draw the following con-
clusions: For small and/or cheap substrates, a bottom-up
strategy (usually a copolymerization strategy) is usually fav-
oured. The incorporation of the substrate as the natural
part of a macromolecular preparation that has to be under-
taken anyway seems entirely natural. This is also at least in
part due to the ruggedness and experimental simplicity of
the free radical polymerization, the workhorse of polymer
science. A copolymerization strategy is also useful if more
than one catalyst is to be incorporated into the same sup-
port in a controlled manner, an issue that will probably be
vital as cascade sequences become more widespread. On the
other side, for large and/or high-valued substrates, a post-
modification of premade polymer supports appear to be the
strategy of choice as these substrates are simply not compli-
ant with the preparation of the solid supports. Organocata-
lysts, in view of their simple to medium complexity and
chemical robustness, are in our mind especially interesting
as they to a certain extent start somewhere in the transi-
tional area of these two overarching strategies (where no
strategy can be conclusively assigned with certainty) and
probably transcend well beyond it, particularly with time.

Alongside the enamine and iminium catalysts treated in
this microreview, other valuable organocatalysts, such as the
Cinchona-derived catalysts and the thioureas, have enjoyed
a history of polymeric immobilization that stretches con-
siderably further back in time, starting already in the 1970s
for Cinchona catalysts.[”>-8% Although not covered here, we
believe the general trends that we have outlined can be used
advantageously also for these systems.

Not only do we believe the field of polymer-supported
organocatalysts will stay alive and vibrant in the years to
come, but we think furthermore that it may also hold the
promise to help the overall legitimacy of the field of poly-
mer-supported substrates in general.
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