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I. INTRODUCTION 

Two decades have passed since Merrifield’s pioneering work’ on the solid phase method of synthesis. 

Although almost all of the early work involving polymer supports was concentrated on repetitive 
sequential syntheses such as those of polypeptides,2 nucleosides,3 and polysaccharides,4 numerous 
other applications spanning a wide spectrum of chemistry have been devised and have led to a better 
understanding of both the advantages and the limitations of polymer-supported species. 

Since a number of reviews’ 7 covering different aspects of polymer-supported reactions are 

available, this report will not attempt to be comprehensive but will examine critically the preparation 
and the applications of a few selected functional polymers. 

In general, the term polymeric reagent describes one-step processes in which the functional 
polymer itself reacts to transform a low molecular weight substrate to product (Scheme l),* while the 

Scheme I. Polymeric reagent (Ref. 8). @ = Crosslinkcd polystyrene 

term polymeric protecting group is associated with multi-step processes in which the polymer is used 
to bind a low molecular weight substrate through a given functionality, thus acting as a protecting 
group for this functionality, while chemical transformations are carried out on other parts of the 
polymer-bound substrate. Reactions involving polymeric protecting groups will usually include 
distinct .polymer coupling and decoupling steps (Scheme 2).’ 

In general the following benefits can be expected when a reaction or a sequence of reactions is 
carried out with a polymeric reagent or protecting group. 

(i) Ease of processing. This is usually the most important consideration as work-up and 
purification of the product ofa polymer-supported reaction is often reduced to simple filtrations. This 
advantage alone is often sufficient to justify the use of a functional polymer. 

(ii) Ability u~thepolJ~~er to br recocererl, regenerared and reused. This is a critical feature in all but a 
few instances such as the solid phase synthesis ofpolypeptides, where the gains associated with the use 
of the polymer support far outweigh any consideration of its cost. In most cases however, if a 
functional polymer is to be used in a single step process (polymeric reagent) or in a short reaction 
sequence (polymeric protecting group), it should be designed in such a way as to allow the spent 
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Scheme 2. Polymeric protectmg group (Ref. 9). 

material to be recovered quantitatively and regenerated in as simple a way as possible without 

appreciable loss of activity. 
(iii) Ease of’handling. Odorless polymers of reduced toxicity can be made containing functionalities 

which, in low molecular weight compounds, would be associated with significant toxicity or noxious 
odors. 

(iv) Influence of‘ the polymer buckbone und of the locul environment within the polymer. These may 
modify considerably the reactivity of functional groups attached to a polymer; reactions between 
species attached to the same polymer backbone may be enhanced or reduced considerably depending 
on the local environment. Reaction kinetics are also affected. 

2. PREPARATION AND CHARACTERIZATION OF FUNCTIONAL POLYMERS 

Before looking at some applications of functional polymers in organic synthesis, it is useful to 
consider the following: 

Choice of the physical form of the functional polymer 
Reactions which are currently available for the preparation of functional polymers 
Means of characterization of polymer-supported species 

2.1 Choice of physical j&m of’ the polymer 
Polymers are available as linear chains, which can be dissolved in appropriate solvents, or as 

crosslinked gels or macroreticular resins which are totally insoluble in all solvents; each type 
possesses its own distinct advantages and disadvantages. Therefore, in any application ofa polymer as 
a reagent or protecting group, careful consideration must be taken of all the variables involved before 
choosing the physical form of the polymer in order to maximize the advantages of the polymer system 
while minimizing any potential problems. 

2.1.1 Linear vs cross/inked polymer. The first choice which has to be made is related to the solubili ty 
properties of the polymer. The advantages associated with the use oflinear (soluble) polymers include 
the fact that all the reactions will be carried in solution in an homogeneous medium with few diffusion 
problems and with equal accessibility to all the functional groups of the polymer. This may be a 
significant advantage in a reaction which is known to be sluggish or involves substrates which have a 



Synthesis and applications of organic polymers as supports and protecting groups 645 

large size and may not be able to penetrate all the pores of a crosslinked polymer. In general high 
conversions will be possible using a soluble polymer but the primary advantage associated with the 
use of a polymer is at least partially lost, as separation of the polymer from low molecular weight 
contaminants may be laborious or difficult. Selective and complete precipitation of the polymer may 
not be easy and obvious pitfalls exist as low molecular weight species may be insoluble in the 
precipitating medium, and thus complete removal of impurities from the precipitated polymer may 
not be achieved. There are a few applications for which soluble polymers are ideally suited; perhaps 
the best example in a single step reaction is the use of N-chloro nylons as halogenating reagents. l o The 
difference in solubility between the N-chloro nylons and the unsubstituted nylons is such that the 
spent reagent (nylon) precipitates out of solution as the reaction proceeds, greatly facilitating the 
processing of the reaction mixture. 

Another potential problem with the use of linear polymers is the possibility of side reactions 
producing unwanted crosslinks during reaction, This would result in the formation ofa gel which may 
be very difficult to process. In contrast, crosslinked polymers, being insoluble in all solvents, offer the 
greatest ease of processing as they can be prepared in the form of spherical beads which do not 
coalesce when placed in a suspending solvent and can be separated from low molecular weight 
contaminants by simple filtration and washing with various solvents. Yet, insolubility does not mean 
lack of reactivity. In appropriate solvents, polymer beads with low degrees of crosdinking swell 
extensively, exposing their inner reactive groups to the soluble reagents. Such swollen beads are highly 
solvated and react much as if they were in solution. Similarly, more highly crosslinked resins may be 
prepared with very porous structures which allow solvents and reagents to penetrate the inside of the 
beads. In both cases, reactions can reasonably be expected to proceed fairly homogeneously 
throughout the beads, although factors such as rate of diffusion and pore size may restrict the 
reactions, especially in the case of larger substrates which may only be able to react at some of the 
more accessible sites located on the surface of the beads or within the larger pores. 

2.1.2 Cross/inked polymers: grls vs macroporous. Crosslinked polymers exhibit considerable 
differences in properties depending on the degree of crosslinking and the method of preparation. 
Although numerous variations exist, the two types of crosslinked polymer beads which are most 
frequently encountered are gel and macroporous resins. 

Gel polymers are generally prepared by suspension polymerization using a vinyl monomer 
suspended in water in the presence of low amounts of a crosslinking agent (typically 0.5-2 %). Using 
this technique the product is obtained in the form of spherical beads which are easily handled and in 
which the crosslinking sites are essentially randomly distributed. 

The pore size in a gel polymer is inversely related to the amount of crosslinking agent used in its 
preparation; the lower the amount, the larger the pore size. In the dry state the pores of a gel resin are 
collapsed but on the addition of a good “solvent”, extensive solvation of the polymer chains causes the 
beads to swell extensively and results in the reappearance of pores. It should be emphasized here that 
the polymer chains are very mobile and the boundaries of the pores are not well defined. However as 
the degree of crosslinking is increased, the mobility of the polymer chains is reduced.“’ 

When compared with linear polymers, gel polymers are usually found to be slightly less reactive as 
reactions will be limited by diffusion of the reagent within the resin pores. The reaction yields can be 
affected by the degree of crosslinking, with lower yields observed for highly crosslinked resins.’ lb 
These facts would suggest that resins with very low degrees ofcrosslinking would be the most suitable, 
as increased swelling would result in higher accessibility through enhanced diffusion properties. 
However, other problems are encountered when working with very lightly crosslinked resins; if the 
crosslinking density is very low, the gels will become difficult to handle and may, under some 
conditions, be degraded to produce soluble linear fragments. 

Macroreticular or macroporous resins” are also prepared by suspension polymerization, using 
higher amounts of the crosslinking agent and a solvent. This results in the formation of tiny, highly 
crosslinked solid particles of polymer which are surrounded by solvent droplets containing some 
dissolved monomer and crosslinking agent. As the reaction proceeds, the particles grow and 
incorporate some monomer-depleted solvent droplets in what will become the pores of the final resin 
beads. Mechanical stability about the pores is obtained through extensive crosslinking. When the 
solvent is removed once the polymerization has been completed, the pores may collapse partially but 
this collapsing is reversible and if the polymer is placed again in a good “solvent” the initial 
macroporous structure is restored. 
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The main advantage of macroporous resins is their large interior surface area within large pores 
which allows easy access of the reagents. This large surface area is essential for reactivity as the highly 
crosslinked beads do not swell appreciably and reactions are carried out on what essentially amounts 
to a monolayer. This description of macroporous resins is, of course, vastly simplified as the density of 
crosslinks is far from being uniform throughout the polymer beads and the beads may actually 
contain a hard, fairly unreactive core of low porosity. Since the reactivity ofmacroporous resins is not 
a function of swelling, reactions can often be carried out in a variety of solvents without appreciable 
changes in reaction rates. This does not mean that reactions of gel polymers cannot also proceed in 
non-swelling media; it has been shown recently’ 3 that a very large propo rtion of the functional groups 
in a 1 7” or 2 ::,; crosslinked gel polymer can TV reached even in a non-swelling solvent such as ethanol. 
However, such a reaction is extremely slow as diffusion within the beads is hindered. 

Another advantage of macroporous resins is their dimensional stability which makes them ideally 
suited for column applications where better solvent flow rates can be achieved than would be the case 
with gel polymers. Disadvantages may include a lower reactivity in numerous instances, lower 
capacity, and poor mechanical stability of the beads which tend to break up when handled repeatedly, 
with formation of fine particles which are extremely difficult to work with. In addition, static 
electricity often makes the handling of dry beads a difficult and frustrating operation. 

2.2 Preparution of’ the fbnctional polymrrs 
Although two approaches exist for the preparation of functional polymers, namely the 

polymerization or copolymerization of monomers which carry the desired functionality, and the 
chemical modification of pre-formed polymers, it is mainly the second approach which has been used 
in the preparation of polymeric reagents or protecting groups. At first glance, the chemical 
modification approach seems to be simple and straightforward and every would-be solid-phase 
chemist rightfully expects a polymer containing aromatic rings to be easily modified by an 
electrophilic aromatic substitution reaction. Obviously this is so, but two major differences exist 
between reactions carried out on small molecules and reactions on insoluble polymers. The first 
difference is one of accessibility and reactivity; access to the various reactive sites may be limited and 
may rest heavily on the proper choice of a swelling or suspending solvent. The reactivity of the various 
sites can also be expected to be lower than would be the cast with low molecular weight soluble 
species. Thus, more drastic reaction conditions may be required to reach a satisfactory conversion. 
The second difference is one of purification of the product after modification; while low molecular 
weight materials can be purified after their reactions by crystallization, distillation, chromatography, 
etc. crosslinked polymers cannot be purified at all. Since few reactions are either quantitative or free 
from side-reactions, the final polymer is often one in which a large proportion of the functional groups 
have been modified but which also contains some unchanged functionalities and the “impurities” 
resulting from side-reactions. Obviously, the amount of such “impurities” will depend on the specific 
reactions which are carried out on a given polymer. In some cases very few impurities may bc present 
or the side reactions which do occur may be of such nature that the presence of impurities on the 
polymer will have no noticeable effect on its end-use. Anyone contemplating the chemical 
modification of a polymer should, however, keep these potential problems in mind. A critical 
examination of the fast-growing literature in the field of polymer-supported species suggests that in a 
number ofcases the poor performance of a functional polymer in a given application is not really due 
to what may be described as “special interactions” or “lack of reactivity” but to a poor choice of 
reaction conditions, or even more frequently, to a poor preparation of the functional polymer. It is 
extremely difficult to carry out good chemistry with bad polymer supports. 

2.2.1 Chemicul modjfificution of polystyrene. Most of the work involving functional polymers has 
been carried out on crosslinked polystyrene resins. This choice is by no means coincidental as 
polystyrene meets many of the requirements of a solid support. a fact which was recognized very early 
by Merrifield in his pioneering work on the solid phase synthesis of polypeptides.’ The following are 
the main advantages of polystyrene resins: 

Very pure polystyrene resins in bead form with good mechanical stability and well defined 
physical characteristics are available commercially. 
The aliphatic backbone ofthe polymer is unreactive and thus the polymer is not overly susceptible 
to degradative chain scission. 
The aromatic rings are very reactive and can bc functionalized easiiy,14 for example by 
electrophilic aromatic substitution. 



A survey of the literature shows that three intermediates are almost always used in the preparation of 
new polymeric supports or reagents; these are chloromethylated polystyrene and ring-brominated or 
ring-iithiated polystyrene. The former resin, often referred to as Merrifield’s resin, has been used 
extens~eiy both as a support, for example in peptide synthesis,’ and as a precursor to numerous other 
fu~c~io~a~ ~o~yrner~. Its versatility is due to the ease with which its ch~orinc sterns can be replaced in 
nucieo~hi~ic substitutions, A large num~r of such reactions have been reviewed earlier l4 while the 
scope of the reaction has been enlarged recently through the use of phase transfer cataiysis’5,1h to 
afford several otherwise difficultly accessible resins. For example the reaction of malononitrile with 
chiaromethyiated polystyrene proceeds smoothly under phase transfer conditions with little side 
reaction. (Scheme 3.)” 5 

Scheme 3. 

The fact that such phase transfer reactions involving three distinct phases proceed with relative 
ease is a further indication of the reactivity of swollen resin beads. ~u~t~~base systems involving one 
or more polymer phases have been used in ion-exchange technology and, more recently, in elegant 
mechanistic studies reported earlier in this journal.’ ’ 

Ring-brominated polystyrene is also a very versatile intermediate in the preparation of numerous 
other polystyrene resins. It is of special importance in the preparation of lithiated or 
d~phenyiphosphinated resins. The ,bromination of polystyrene is best carried out’” using 
brom~ne~carbon tetra~h~oride in the presence ofa ~~~~~~y~~~ amount ofa thai~~urn(~t~) sait. The degree 
of functio~aij~ti~~ can be contro~~ed accurately by re~uiati~g the amount of brorn~n~ av~ii~b~e for 
the reaction. l8 Satisfactory results can also be obtained with ferric chloride” or other cataiysts14 and 
in ail cases the bromination seems to occur exclusively in the paru position. 

Lithiation” of the aromatic rings of polystyrene can be achieved in one of two ways: 
directly, using n-butyiiithium ---TM EBA complex in cyciohexane; 
indirect~y~ by bromination followed by reaction with ~-butyi Iithium in benzene. 
The first procedure, d~ve~o~d by Chalk’” for the ~itbiation ofsoiub~e ~~~ysty~~ne, was a~~~~~d to 

the lith~at~on of crosslinked polystyrene by Leznoff and Fyies, ” The reaction is best carried out in a 
non-polar solvent such as cyciohexane and results in the hthiation of up to 25 y;, of the aromatic rings 
inmeta and para positions. 20.22*23 The second procedure, “*” although requiring an additional step, 
is advantageous when a good control of the degree and the position of lithiation is required and is also 
useful in cases where high loadings are required. Lithiated polystyrene is a useful intermediate in the 
preparation of numerous other functional polymers’ For example, ~o~~rn~r~c n~c~~ophi~~s containing 
t~lio~henol or phenol reactive groups can be prepared easily by que~~hi~~ a Iithi~ted ~o~y~t~r~ne 
resin with elementa) suIfur18*22 or oxygen” followed by reduction of the resulting polymer to remove 
polysuifide or peroxide bonds which may have formed (Scheme 4).22 Similarly, quenching of the 
iithiated resin with chiorodiphenylphosphine or SO2 affords products containing the useful 
resinodiphenylphosphine”” or resinosulfinate3’ groups, All of these polymers are versatile 
intermediates in the preparation of a number of other functional resins. 

2.2.2 ~~?~~i~~~ ~~~~~~~~~~~~~~ uJ’ oflt~~r ~~~~~~~~~. ~urne~o~s attempts at using polymers other than 
polystyrene have been made. These have met with limited success for reasons such as lack of reactivity, 
degradation of the polymer chain or unsuitable physical properties of the finished polymer. For 
example, poiy-(epichiorohydrin) can be modified by nucleophilic displacement under phase-transfer 
conditions’” but the reaction is neither quantitative nor general.*’ 

Other reactions on poiy-(epichiorohydrin}” or poiy [oxy(2.2-bis-chloromethyl)trimethylene] 
gave unsatisfactory results. With polyvinyl chloride an attempted phosphinati~n involving litb~um 
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diphenylphosphide” was accompanied by extensive breakdown of the carbon backbone. More 
satisfactory results were obtained26 in reactions involving polyvinyl bromide and non-basic sulfur 
nucleophiles, although substitution was usually accompanied by some elimination if base was also 
present during the reaction. Manecke has successfully modified poly(viny1 alcohol) by reaction with 
polyfunctional acetals 29 but the low capacity of the polymers and their solubility properties make 
them only suitable for a very limited number of applications. Although these reactions have not 
produced very encouraging results, numerous potential supports have yet to be tested and some may 
prove to be very useful. For example, Daly has recently described” the chloromethylation of 
poly [oxy-2,6-dimethyl-l+phenylene], a reaction which yields a film-forming resin of high chemical 
reactivity. 

2.2.3 Polymerization of‘finctional monomers. An alternate route to reactive functional polymers is 
the polymerization or copolymerization of monomers which contain the desired functionality. For 
example, a chloromethyl polystyrene resin can be prepared by polymerization of vinyl benzyl 
chloride.3’ The number of reactive ends in the polymer chain can be reduced by addition of a co- 
monomer and insoluble resins are obtained in the presence of small amounts of a crosslinking 
difunctional co-monomer. However, problems may arise due to differences in reactivities of the 
various monomers. This approach has been used very successfully in the preparation of polymers 
containing pyridine residues3* and benzaldehydejj or phosphine34*35 units. 

2.2.4 Funcrionalization OJ inorganic polymers. Some of the most promising new supports for 
polymer supported chemistry are based on porous inorganic oxides such as silica.37 These can be 
modified readily through reactions involving the silanol groups at the surface of the silica. Several 
functional&d inorganic supports based on silica or porous glass have been prepared.37*38 The main 
advantages expected from the use of these supports are higher reaction rates, dimensional stability 
and reduced interaction of reactive sites. However a major drawback in all but catalytic applications is 
the extremely low capacity of most of the supports prepared to date. Perhaps the highest capacity on a 
glass-based support was obtained by Anderson and Holick in their approach to the solid phase 
synthesis of oligosaccharides. 

2.3 Characterization oj’ the polymers and monitoring of polymer-supported reactions 
This is likely the area of polymer-supported chemistry which is m&t in need of improvement, 

especially when dealing with insoluble polymers for which the means of analysis are relatively limited. 
The techniques which are used most often are the following:4” 

Elemental analysis 
Gravimetric monitoring of reactions 
Titration of reactive functionalities (acid, base, phenol,. . .) 
Infrared spectroscopy43*8g 
Raman spectroscopy 
Thermal analysis (DSC, TGA) 
Electron microprobe spectrometry41 
ESCA’* 
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Particularly attractive for the monitoring of polymer supported reactions is the use of difference 
infrared spectroscopy4” which highlights only the spectral changes observed in a given reaction. 
Radiolabelling is also a powerful tool which has been used very elegantly by Crowley and 
Rapoport.6*43*44 Magic angle NMR spectroscopy can be used to analyze solid polymer samples4’ 
but, at the time of writing, the instrumentation is not widely accessible. It is expected that this 
technique will contribute greatly to the characterization of insoluble polymers and the monitoring of 
polymer-supported reactions. 

3. ISOLATION OF THE REACI-IVE SITES 

An extremely attractive potential feature of polymer supported species would be the ability of the 
polymer to effectively isolate the reactive sites from one another during reaction. This would be a 
convenient alternative to the high dilution conditions which are used in solution to prevent 

interaction of reactive ends. Unfortunately however, the polymer chains of lightly crosslinked resins 
have a high mobility and, as a result, reactions involving interactions of sites are found to occur quite 
frequently and to various extents with polymer supported species. A large number of elegant studies 
have demonstrated the existence of such site interactions46 and attempted to quantify them44*46*47 
and increase48 or reduce47 their frequency ofoccurrence. Three recent reviewsb*7*4’ cover much of the 
literature on site-site interactions in polymer supported species. 

In general, it can be said that while true site isolation is extremely difficult to achieve on a lightly 
crosslinked polymer, interactions of reactive sites can be reduced and even almost eliminated through 
an appropriate choice of polymer morphology, degree of functionalization, reactions, and reaction 
conditions. Another critically important factor is the rate of intrapolymeric reactions. This rate is not 
limited primarily by diffusion as would be the case in classical systems, but by the restricted 
conformational motions of the crosslinked polymer chains. Some very elegant measurements of the 
rates of intrapolymeric reactions have been made. 5o For example, Mazur and Jayalekshmy50”*h have 
prepared a polymer-bound o-benzyne on a crosslinked polystyrene matrix and found that its lifetime 
was several orders of magnitude larger than that of a comparable aryne which, in solution, dimerizes 
at an extremely rapid rate. Semi quantitative measurements made by Mazur and Jayalekshmy 
indicate that, in their experiment, the encounter frequency of reactive substituents in a suspension 
containing approximately 10s2 mole of resin-bound active species per litre of solvent isequivalent to 
that ofa lo- ” M solution of similar but non-polymer-bound species. Although these results will vary 
with reaction conditions, they confirm that intrapolymeric reactions are relatively slow. Thus, it can 
be expected that if a reaction involving a polymer-bound reactant and a species in solution is much 
faster than the motions of the polymer chains which would bring two polymer-bound sites in close 
proximity, apparent site isolation can be achieved in a way which would not normally be obtained in 
solution. 

In general, when designing a synthesis which involves a polymer-supported moiety, the following 
factors which have a direct influence on the extent of site-site interactions should be considered. 

-Degree of crosslinking of the support: in general, a higher degree of crosslinking means lower 
mobility of the polymer chains1 ” and lower interactions of the site. 

-Degree of functionalization of the polymer: in general low degrees of functionalization result in 
fewer site interactions.5 ’ 

-Nature of the solvent:52 swelling affects the mobility of the polymer chains; the polarity of the 
solvent may also have an influence. 

-Reaction conditions4’ and relative concentration of the reactants. 
-Rate of the reaction being contemplated us the rate of movement of the polymer ohains.50 
-The presence of charges on the poIymer. .53 these may render the support more rigid and thus 

may decrease the frequency of intersite reactions. 
--Other factors which will vary from reaction to reaction. 

4. SELECTED APPLICATIONS OF POLYMERS AS PROTECI-ING GROUPS 

4.1 Carboxylic acids and derivatives 
Dui: to its importance in the solid phase peptide synthesis,‘*2 the protection of cat-boxy1 groups 

through attachment to functional polymers has received more attention than any other functional 
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group. Indeed, the first polymer support described by Merrifield in 1963, chloromethylated 
~lystyren~, is still used extensively in ~lymer-supported reactions. In M~rri~e~~s o~ginal scheme, 
the tx-carboxyl group of the carboxyt terminal arn~~o-add was attached to c~lorom~thylated 
polystyrene to yield a resino-benzyl ester. This type of linkage was selected for two main reasons: the 
coupling reaction is a simple, high yield nucleophilic displacement by carboxylate, and the resino- 
benzyl ester is resistant to the conditions of the sequential synthesis while still being susceptible to 
cleavage once the synthesis is complete (Scheme 5). 

Coupling Peptide Synthft!SiS Cleavage 

Scheme 5. 

The coupring reaction is best caxried out using ~~iurn~~ or tetra et~ylammu~ium 5 5 salts of 
carboxylic a&k although a n~rnb~r of other ~tisfactory pro~dures have &so been d~ve~o~d.~ 

An interesting variation of this procedure is the conversion of chlor~methyl sites into dimethy~ 
resinomethyl sulfonium bicarbonate sites from which dimethyl sulfide can be displaced by reaction 
with a carboxylic acid to yield a resinobenzyl ester” (Schenie 6). 

11 CH3SCHJ No+ CI- RCOOH fCH3l2 S+CQt 
21 N#HC03 

Scheme 6 

Since the success of a solid phase synthesis usually depends, in part, on the ability to carry out 
reactions in the solid phase wjthout affecting the polymer to substrate bond and on the ability to 
cleave this bond selectively once the reaction sequence is complete, several seemingly minor, yet 
important, modifications of the stan a& chloromethyl~t~d polystyrene have been studied. Thus, an 
important step in solid phase peptid ynthesis is the removal of the r-amino acid protecting group (t- 
butyloxy~rbonyl} by ireatment with acid. This reaction is accompanied by approximately 1 y< 
cleavage of the r&no-benzyl ester which reduces the overall yield of final product and may cause side 
reaetionsatlaterstagesofthesynthesis.Toimprovetheresistanceoftheresino-benzylesterlink toacids 
and avoid this premature cleavage, chloromethylated r ave been subjected to aromatic 

bromination or nitration,” More recently, Merrifield er uL5@ eveloped a new resin contai 
electron wit hdrawin~ a~~amidomethyl spacer group shown which c~~f~~s on the re~i~o 
ester group a ~~-fold greater stability toward acidolysis. 

(Tp-CHj 
-NH-rcH2 

-4zlb- 
cHz-*-~-R 

0 0 

In contrast, introduction of an electron donating spacer increases the acid ~ja~~lity of the 
res~~o-benzy~ ester group,57 



Another somewhat similar carboxyl protecting group which has also been used in solid phase 
peptide synthesis can be prepared by Friedel-Crafts acylation of polystyrene with bromoacetyl 
chloride. The bromoacetyl resin can be esterified readily by nucleophilic displacement of bromide 
using a ~rboxy~at~. 5 8 Once a synthesis using this support is complete, the resino-phena~yl ester 
linkage can be cleaved with a variety of nuc~~ophi~i~ ~~~~~nts inG~~din~ sodium thiop~eno~~de, 
ammonia, etc. (Scheme 7). 

R-C-O- No+ 

COUPLING 

them ical 
modif i cation 

Scheme 7, 

I?‘-A-C-O- 

:: 

CLEAVAGE 

Numerous other, very imaginative schemes have been used in the protection of carboxylic acid 
ends for the solid phase synthesis of polypeptides; these are reviewed more thoroughly elsewhere.2*59 

In non-peptide chemistry, several of the first applications of chloromethylated poIystyrene were 
designed to take advantage of the expected ability of the polymer to isolate reactive sites. For example, 
while the monoaGyIation of esters in solution is always accompanied by intermolecular Claisen 
condensations and polya~y~ations, Patchornik et al? were able to find conditions under whams 
polymer-bound esters could be monoacyiated. Using polymers of low capacity (0.1-0.2 mmole/g) at 
law temperature, with rapid quenching of the polymer-bound enolates, intersite Claisen 
condensations or polyacylations were drastically reduced or eliminated (Scheme 8). Similarly, a single 
product could beobtained in alkylation or carbonation reactions under similar reaction conditions. A 
di~erent support w ssfully in the mo~oa~kylation of polymer-bound esters by 
Camps et aL6’ 

o- 0 CH$OO- CC- 1) (Phl3C_Li+ (PhljCH Base 
2) R-X Lit X- 

Scheme 8. 

An obvious drawback in this approach is that since apparent site isolation can only be obtained 
with polymers of low capacity, the synthesis is ill-suited for apphcations on a practical scale due to the 
large amounts of polymer which would be required. No attempts at regenerating the starting 
polymers have been made. 

A second study, also designed to take advantage of the site isolation which was foreseen for polymer 
s~p~~~ fractions, was the ~~tr~ole~ular ~e~kman~ ~y~~i~tion of ~o~yrn~r-bond diesters. This 
r~ctio~ was expected to provide a good route to medium and large siz.e cyclic ~ndensation products. 
Diesters in which one ester aikoxy group was attached to a crosslinked polymer were prepared from 
potassium. salts of alkanedioic monoesters and chloromethyl poIystyrene.43i44 Dieckmann 
cyclization in the presence of alkoxide occurred in both directions yielding a polymer-bound @Iketo 
ester and an “autocleaved” condensation product. This reaction was very successful for the 
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0 0 

’ Autocloved ” 
Scheme 9. 

preparation of substituted cyclohexanones (Scheme 9) but only produced very low yields of 
cyclononanone products. Crowley and Rapoport attributed this result to the fact that the desired 
cyclization to yield the cyclononanone product is much slower than intraresin site-site interactions. 
This study was one of the first to point out that site-site interactions were indeed very common in 
polymer-supported reactions and that their influence would be felt more strongly in cases involving 
slow reactions. 

A third synthetic scheme 63 designed to take advantage of the elusive site isolation phenomenon 
turned out to be quite successful due to the ease with which the key step in the reaction sequence takes 
place. The aim of the synthesis was to prepare a benzodiazepinone from Boc-gfycine using a polymer 
to protect the carboxyl end of the amino acid. The polymer chosen for this synthesis was a cross-linked 
poly (p-2-hydroxyethyl styrene) and loading of the amino acid was achieved through the use of N,N’- 
carbonyldiimidazole as coupling agent. ” After removal of the ammo protecting group, condensation 
with 2aminobenzophenone gave the desired benzodiazepinone in a single step with a yield of 60 %. 
The intermediate condensation product shown in Scheme 10 could not actually be isolated. The fact 

Scheme 10. 

that products resulting from intermolecular dimerizations were not produced in significant amounts 
confirms that the intramolecular dimerization of the intermediate must be a very fast reaction and this 
is the key to the success of the process. The polymer support used in this reaction sequence was 
regenerated in the final step and could be reused in subsequent reactions. 

A very effective polymeric protecting group, better suited for synthetic applications on a practical 
laboratory scale, is a diazomethylene polymer used by Chapman and Walker6’ for the protection of 
the free carboxylic acid end-groups of some penicillins and cephalosporins. The polymer was 
prepared easily by benzoylation of a polystyrene resin followed by reaction with excess hydrazine and 
oxidation of the hydrazone polymer with a peracid in the presence of iodine. Both the hydrazone 
formation and the subsequent oxidation were almost quantitative and a reactive, high capacity 
(approx. 3 mmoles/g) polymer was obtained. Both the diazomethylene and its hydrazone precursor 
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could be used to pro~ct the free carboxylic acid group of penicillin G-1 @)-oxide. The ~lymer-fund 
~ni~Iin could ~ffici~~tIy transfused into the ~or~es~nding q&alias rin by a simple teeny 
rearrangement in the solid phase. In a similar reaction, a cephalosporin was attached to the polymer 
and was then ~u~j~ted to a series of transfo~ati~ns involving r~a~io~s such as oxidations and 
~~l~~~~i~ substitutions (Scheme 11). After cleavage with trifluoroacetie acid the polymer, 
~v~r~d as a tri~uo~oa~t~te, could be regenerate. However it is u~Iikely that the regeneration 
procedure, which required more. than four steps, would be of great practicalt value. The 
di~o~~y~e~e goiter is nonetheless notable for its high reactivity and for the high yields of 
mupling it can deliver in its reactions with carboxylic acids. 

a-- f” 
QCOCF, 

The unapt of using polymers #n~ining chirsil groin in asymmetric synthesis is a ~art~c~~ar~y 
attractive one as the polymer can serve the dual purpow of support, with the resulting enhanced 
purgation ~ne~t~ and o asymm~t~c “inducer” in the mod~~tion reaction of the achir~l polymer- 
bound substrate. An interesting feature of such a chiral polymer is that, ifpro~rly designed~ its chiral 
centers should remain unaffected by the asymmetric synthesis and thus the polymer should be easily 
recycled. Kawana and Em&o 65 have applied this concept to the preparation of optically active 
atrolacti~ acid from ~h~ny~~yoxyl Colorado (Scheme 12). The su~~rt they selected was a polymer- 

bound xylofura~~se de~vativ~ in which all but one of the hydr~xy~s were substituted* The free 
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hydroxyl was used to esterify phenylglyoxyl chloride and asymmetric introductidn of a methyl group 
to the ketone carbonyl of the polymer-bound keto ester was accomplished by a Grignard reaction. 
After cleavage from the polymer, the desired atroiactic aeid was ubtai~ed in higher chemi 
optical yield than was ~ss~b~ with a similar reaction ~rf~~~d in solution, The recovered ~~yrner 
could be used again but was slightly less emotive in a second rotation cycle, It is likely that this shght 
degradation of the polymer would not occur if the substituents on the sugar moiety, including the 
polymer, were less sensitive to hydrolysis. 

Another area in which polymeric protecting groups can make a useful contribution is the 
monoprotection of symmetrical difunctional molecules. Most of the work in this area has been done 
by Leznoff et a!.’ Obviously the usefulness of the method rests on the premise that the symmetrical 
difunctional molecules will become attached to the polymer through one end only. As was discussed 
earlier in Section 3 of this report, true site isolation is unlikely to be obtained with most functional 
polymers; yet apparent site isolation, which would result in single attaG~ent of the bifun~tiona~ 
rnol~~ule~ can be obtained using various techniques if a fast reaction is invo~v~d~ An excellent 
~~~~stration of this principle is ~~o~d~d by Leznoffs approach to the monofunctio~al~tion of 
syrnrn~t~i~al diacid chIorid&j6 using a simple hydroxymethyl polystyrene resin. After attachment of a 
symmetrical diacid chloride (Scheme 13) and amidation of the remaining free acyl chloride in the solid 

0 0 

@-CH,0h*&t 
R fl 

@- CH20C(CH2),CNR~ @- CH@H 

Scheme 13. 

phase, base cleavage followed by esterification afforded a monoester monoamide in high yield. No 
diesters, which might have resulted from initial reaction of the diacid chloride with two sites of the 
polymer, were detected indicting that apparent site isolation on the polymer matrix 
achieved, 

Ethel app~~~tions66 of the rhymer-band acid chloride included its elaboration into t 
mon~ster-monoalcohol by reduction on the solid phase followed by cleavage and ~ste~~~tion, or 
into a tertiary hydroxyester by reaction with an organomanganese iodide as shown below. 

II) R’Mnl (1) NrBH, 
CHJQC-R-C-R’ - a-CH$X-R-WI - 

I 12) ckavw (21 ckaraOe 
CH .p R CM OH 3 -- 2 

R’ 131 CHtNt (31 CH~NJ 

e most obvious drawback of this approach is that only low loadings of d&id ~~~~rid~s 
on the polymer (~.4-~.6mmol~/g} were used, which makes the method somewhat ~rn~ra~ti~l to 
prepare larger amounts of the unsymmetrical derivatives. Although higher loadings might have led to 
site interactions, it would have been interesting to see how much apparent site isolation would have 
been retained using polymers of higher capacities, perhaps in the range of 2-3 mmoles/g. 

A somewhat similar approach was used by Frechet and Brazeau6’ to prepare the monoester or 
monoamide derivative of a symmetrical diacid chloride using a resin containing sulfonyl ethanol 
functisnalities (Scheme 14). 

The main interest of this approach does not lie in its practical appli~tions since once again the 
polymer has a low capacity (< 1 mmole~g)~ however, the ~~yrner-bound diester has two ester groups 
o~di~eren t reactivity. Cleavage of the ester hnk to the polymer can be achieved by ~-elimination under 
conditions which do not affect the second ester group. Current efforts on this approach include the 
development of a more reactive, high capacity support. v 
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II cc: (Cn,)“~ce (HCtl Q+F- 
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Scheme 14. 

4.2 Hydroxyls 
Next to the use of polymers in the protection of carboxylic acids with its implications in the 

peptide field, the development of polymeric protecting groups for the protection of hydroxyls has 

received the most attention. Applications are found mainly in carbohydrate chemistry and in the 
synthesis of insect sex attractants. Early work on sugar derivatives was aimed at the solid phase 
synthesis of oligosaccharides3’*40,6’-70 using approaches in which the anomeric centers of various 

sugar derivatives were first activated by formation of glycosyl halides, then attached to a polymer 
through a simple glycosylation reaction. The polymers used incorporated features which allowed 
their cleavage from the completed oligosaccharide under reaction conditions which did not affect the 
glycosidic linkages between sugar units. For example, these included a resino-ally1 alcohol support 

which could be cleaved by ozonolysis, or a light sensitive resino-orthonitrobenzyl alcohol support. 
These polymers were designed specifically for oligosaccharide syntheses and have not been used in 
other applications. Since this type of solid phase synthesis is still plagued by many unresolved 
problems and is unlikely to be the object of much research in the near future, it will not be discussed 
any further in this report; a recent review is available eisewhere.40 

Other, less ambitious, applications of polymer protecting groups in carbohydrate chemistry have 

centered on short reaction sequences in which the enhanced purification advantage and other useful 
features of polymer supports could be exploited to their maximum. Typical applications involve the 
use of a polymeric trityl chloride as a protecting group for the C-6 primary OH group of various 
sugars” in simple reactions or in somewhat more complex schemes involving the synthesis of 

oligonucleotides. Polymers with high capacities can be used in these reactions and the polymeric by- 
product obtained after cleavage of the sugar can be regenerated easily and repeatedly without loss of 
activity. Another simple polymer containing resino-benzaldehyde units was also useful for the 
protection of diol groupings in various carbohydrates’ (Scheme 2 in part I ). 

A much more interesting and versatile diol protecting group, polystyrylboronic acid, has been 
studied extensively by Fr&het et al. 72 - 75 The polymer is obtained easily by chemical modification of 
polystyrene via the following sequence: bromination, lithiation, reaction with trimethyl borate, and 
hydrolysis. ‘“Inmostapp lications it is desirable to use a high capacity polymer ( >2-3 mequiv/g). The 

most interesting features of this polymeric protecting group are the following: 
-Coupling of a diol to the polymer to form a boronate can be accomplished in high yield under 

extremely mild conditions, typicahy, azeotropic removal of water. 
---The boronate esters are stable to a variety of reaction conditions such as those required in the 

preparation of esters and trityl or tetrahydropyranyl ethers. 
-Cleavage of the boronate can be carried out under extremely mild conditions in neutral medium 

by addition of water or a low molecular weight alcohol. 
-The polymer is extremely selective in its reactions with cyclic diols such as cyclohexanediols or 

carbohydrate derivatives. 
--The polymer is regenerated in the cleavage step and can be reused repeatedly without requiring 

a regeneration step and without loss of activity. 
The selectivity of the polystyrylboronic acid is illustrated by its reaction with a 1:l mixture of cis- 

and trans- l,2-cyclohexanediols.72 A boronate is formed exclusively with the cis-diol which can be 
removed later from the polymer by addition of a moist solvent or of a solvent containing some 
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OH 

Scheme 15. 

methanol (Scheme 15). Similar results have been obtained in column separations of cis- and trans- 1,3- 
cyclohexanediols and even 1,4-cyclohexanediols over a polystyrylboronic acid resin. In the latter case 
the cis-diol is not bound firmly but is retarded enough to allow its separation from the trans-diol 
which passes through the column unhindered. Other chromatographic applications of the resin have 
been reported.73 

This marked preference for cis-diols can be fully exploited in the selective protection of 
carbohydrate derivatives. Studies with a variety of simple sugars possessing different stereochemical 
arrangements of their OH groups74 have shown that in all cases the more stable boronate was formed. 
For example, the reaction of polystyrylboronic acid with methyl jl-D-ribopyranoside could 
conceivably lead to three different .boronates: two 5-membered ring boronates by reaction with the 
OH’s in positions 2 and 3 or 3 and 4, and a &membered ring boronate involving the OH’s in positions 
2 and 4. 

Only the &membered ring boronate was obtained and thus the polymer is extremely efficient in 
the high yield selective protection of this 2,Qdiol (Scheme 16). It should be noted here that a classical 
diol protecting group such as the isopropylidene group would not be suitable for this reaction as its 
use would result in ring contraction to a furanose form and would lead to the formation of several 
products.75 

OH 

Scheme 16. 

RO 

Another interesting application of polystyrylboronic acid for the preparation of otherwise 
inaccessible protected diols such as the c&2,4 diol grouping of D-glucopyranosides has led to a rapid 
method of preparation of several deoxy-sugars of biological importance.67 Thus, methyl 3,6-dideoxy- 
a-D-ribo-hexopyranoside and its fi anomer can be prepared from the corresponding methyl D- 

glucopyranosides in excellent yields with isolation of only one intermediate (Scheme 17). The key step 
in this synthesis is the protection of the 2,4-dial grouping after halogenation of the C-6 primary OH. 
In fact, the polymer serves the dual purpose of a protecting group for the 2,4-diol and of a hook to “fish 
out” the sugar from the halogenation mixture. After mesylation of the remaining C-3 OH, the sugar is 
split off from the polymer. All of these steps can be carried out in excellent yield in one pot with 
sequential additions of reagents and filtrations but with no isolation of intermediates. The last step is 
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Scheme 17. 

the removal of both the 3-0-mesyl and the 6-chloro substituents, a reaction which can be easily 
accomplished using one of several reagents, for example cyanoborohydride. Other applications of the 
polystyrylboronic acid as a diol protecting group include the preparation ofselectively functionalized 
derivatives of prostaglandin intermediates6’ or of acyclic poly01s.‘~ Another very interesting use of a 
crosslinked resin containing styrylboronic acid units will be described in the last section of this report. 

As was seen in the previous section, polymer protecting groups offer an attractive solution to the 
problem of the monoprotection of symmetrical difunctional molecules. Many of the early studies in 
this area were concerned with the monoprotection of diols; some approaches were very successful, 
others much less so. This type of application requires a careful selection of the polymer support and of 
reaction conditions to minimize site interactions which would lead to attachment of the diols to the 
polymer through both of their OH’S. In addition, the polymer should have a capacity sufficiently high 
to allow syntheses on a practical scale. The first polymer to be described by Leznoff and Wang” was a 
polystyrene resin containing phenacetyl chloride units. It gave good results in the monoprotection of 
long chain aliphatic diols but suffered from a very low capacity and a lack of regenerability. A more 
useful polymeric protecting group which can serve the same purpose is the polymeric trityl chloride’ ’ 
which had been described earlier and had found use in the protection of the primary OH’s of sugar 
derivatives. This polymer is particularly attractive due to its relatively high capacity ( ~2 mmoles/g), 
high reactivity, and excellent regenerability. Although there are somewhat conflicting reports7B’7Y on 
the extent of site interactions in simple reactions between this polymer and dials such as 1,4- 
butanediol, reactions involving this polymer usually gave products for which analysis indicated up to 
31 (x double-binding’ of the diol depending on reaction conditions. In fact an accurate evaluation of 
the extent of double-binding is not available but, in most applications, some free diol was released 
during cleavage of the modified substrate from the polymer. This may be due mainly to site 
interactions but also could arise because of incomplete reactions or side reactions on the solid phase 
or during cleavage. It is worthwhile noting that more highly crosslinked polymersin which the trityl 
chloride functionalities were located at crosslinks7Y provided apparently complete site isolation in 
their reactions with symmetrical dials.” This is likely due to the reduced conformational mobility of 
the reactive sites which favors apparent site isolation. Unfortunately however, the capacity of these 
polymers is too low (0.2-0.3mmole/g) to be of practical value. 

The most extensive and thorough study of the use of a polymeric protecting group to date is the 
preparation of insect sex attractantC’ using a polymeric trityl chloride as support. The key step in this 
type of synthesis is the binding of one extremity of a long chain diol to the polymer. This is followed by 
the chemical modification of the remaining alcohol functionality in the solid phase, taking advantage 
of the enhanced purification feature of polymer supported reactions. Leznoff, Fyles and 
Weatherston” have studied at least six different routes involving the polymer-protected diol; three of 
these are presented in Scheme 18. Particularly noteworthy in these reaction schemes is the vast array 
of reactions of different types which have been used and optimized on polymer supports. 
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Scheme 18. 

In addition to the purification advantage which is common to all solid phase syntheses, other 
specific advantages were apparent over conventional solution methods. For example, in the reverse- 
Wittig route” (Scheme 18) a high stereoselectivity was observed, resulting in a high proportion ofthe 
cis-isomer in the final product. In the alkyne route ‘* (Scheme 18) the borane reduction was greatly 
facilitated and did not require an oxidation step, which in turn translated into a higher yield of 
product. This approach has been used to prepare gram quantities of insect sex attractants.“’ A recent 
review covering these and other solid phase syntheses is available.’ 

4.3 Carbonyls 
Several polymers containing 1,2- or I$-dial functional groups have been prepared8’ and used in 

the protection of symmetrical dialdehydes. However it is unlikely that these polymers, in their present 
form, would find much application as they can only be used with aromatic or conjugated dialdehydes, 
have fairly low capacities of 0.2-0.4mmole/g, and in most cases are non-recyclable. 

A potentially much more interesting polymer containing a chiral primary alkoxy-amine was used 
successfully in the asymmetric synthesis of 2-alkylcyclohexanone.‘7 The chiral functionalities were 
introduced by chemical modification of crosslinked chloromethyl polystyrene using the potassium 
salt of (S)-Zphthalimido-1-propanol in the presence of 18-crown-6, with hydrazinolysis of the 
resulting resino-phthalimido derivative. The asymmetric synthesis shown in Scheme 19 gave (S)-2- 

Scheme 19. 

methylcyclohexanone in 95 “/, optical yield. Unfortunately the polymer could not be reused and this 
approach will only become worthwhile when fully recyclable polymers are available. This type of 
application is nevertheless very attractive and it is likely that much attention will be devoted to the use 
of chiral polymeric protecting groups in the next few years. 
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5. OTHER SELECTED APPLICATIONS OF POLYMER SUPPORTS 

5.1 Use of polymers to “exfract” minor components from complex mixtures 

As was discussed earlier in Section 4.2, a functional polymer such as polystyrylboronic acid can be 
used to effectively “fish out” a reactive component such as a cis-diol from a relatively complex reaction 
mixture. Similarly, attachment of a reactant to a polymer may greatly facilitate the isolation of what 
would normally be a minor product. A very fine example of this principle is the preparation of a 
threaded macrocycle by Harrison and Harrison (Scheme 20).“’ The strategy which was used was the 
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Ph 
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1) HO-(R)-OH Ph&-0-(RI-O-C-Ph3 Base 

21 Ph3CCe 

[Repeat this reaction 70 times] 

0 
Ph.c’ 

Pi 
‘Ph 

Scheme 20. 

following: a macrocyclic compound was attached to an insoluble polymer through an appropriate 
side group; after addition of an excess of a long chain diol and equilibration of the mixture, an excess 
of trityl chloride in pyridine was added. The main product of this reaction was the ditritylated 
derivative of the diol. However, the tritylation reaction also trapped the few diol molecules which were 
threaded through the macrocycle. Thus the reaction also produced an infinitesimal amount of the 
polymer-bound threaded macrocycle which could be separated from the rest of the reaction mixture 
by a simple filtration. This process of diol addition, capping reaction, and filtration could be repeated 
over and over, resulting in a steady accumulation of the threaded molecule on the polymer. After 70 
such reaction cycles, the threaded macrocycle was cleaved from its support and obtained in an 
unprecedented 6 y0 yield. 

A somewhat similar technique was used by Leznoff and Svirskayaa3 in the synthesis of an 
unsymmetrical tetraarylporphyrin (Scheme 21). In this preparation a substituted aldehyde such as 
4hydroxybenzaldehyde is attached to a polymer through an ester linkage. Treatment of the polymer 
with an excess of p-tolualdehyde and pyrrole in hot propionic acid yields two different types of 
porphyrins; the one formed in the soluble phase is a tetratolylporphyrin, while the other, formed 
through the pendant aldehyde group of the polymer, contains only three tolyl groups. After filtration 
to remove the soluble porphyrin and all other impurities, cleavage with base affords a 4.5 % yield of 
the 5-(4hydroxyphenyl)-10,14,20-tritolylporphyrin. A similar yield can be obtained using classical 
methods, but the preparation requires a more involved work-up to separate the desired 
unsymmetrical porphyrin from the reaction mixture. 

A third example of the use of a polymer in the recovery of a minor component from a complex 
mixture is illustrated by the removal of allergenic substances which are often found in natural oils. 
Some of these allergens have been identified as sesquiterpene a-methylene-y-butyrolactones. Their 
removal from the natural oils is desirable to produce allergen-free preparations which can be used in 
the perfume and cosmetics industry, and also to fully characterize the lactones and study their 
allergenic properties. As a-methylene-y-butyrolactones are very prone to nucleophilic Michael-type 
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Scheme 21. 

additions, they can be removed from a natural oil such as Costus oil by reaction with various polymer- 
bound nucleophiles (Scheme 22). 84 Filtration affords an allergen-free Costus oil while cleavage of the 
bound lactone from its support affords enough material for a full characterization and further study. 

These are only three examples of the very varied types of applications in which a reactive polymer 
can simplify an otherwise complex purification process through its ability to “fish out” a minor 
component of a mixture. 

Scheme 22. 

5.2 Template synthesis 

A highly original and novel application of polymer supports has been developed in recent years by 
Wulff rr uLH5 Using chiral templates temporarily bound to polymerizable groups, Wulff was able to 
prepare rigid polymers containing microcavities of specific shape with pendant reactive groups of well 
defined stereochemistry which can be used as reagents in binding or catalytic processes. 

In a typical preparation (Scheme 23) a template molecule is modified to incorporate two or more 
polymerizable functionalities. The resulting moiety is then copolymerized with a large amount of a 
crosslinking monomer to yield a rigid three dimensional polymer network which incorporates the 
template molecules. After removal of the latter by action of an appropriate reagent, a cavity possessing 
the shape of the template is obtained. This cavity also includes the functional groups which were 
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Scheme 23. 

originally responsible for the binding of the template molecule and these are held in a well defined 
spatial relationship. For example, Wulff used the di-pvinylphenylboronic ester of p-nitrophenyl-r- D- 
mannopyranoside (Structure 24) as the polymerizable template in a copolymerization with a large 
amount of divinylbenzene in an inert solvent. This procedure afforded a macroporous polymer with a 
rigid pore structure. The p-nitrophenyl-a-D-mannopyranoside template was then removed by 
hydrolysis of the boronate linkages, leaving chiral cavities with pendant boronic acid functionalities. 

I 
NO2 

Structure 24. 

The polymer could be used in the resolution of a racemic mixture of the original template using a 
batch technique followed by filtration. Monitoring of the filtrate showed that it was enriched in the 
t-compound while some of the D-isomer was retained by the polymer. Using this batch technique an 
optical enrichment of 2-10 ‘7’ was obtained. The efficiency of the batch procedure corresponds to one 
theoretical plate in chromatography, and by use of column chromatography as a multiplicative 
procedure, good separation can be achieved. Using a careful combination of reaction conditions 
(solvent, pumping velocity, temperature, etc.) a large improvement in number of theoretical plates 
could be achieved with up to 87”/, overall optical yield. Wulff and coworkers noticed that the 
separation improved at lower flow rates, due to the constant competition between the two 
enantiomers for the boronic acid sites. Both interact somewhat but the D-enantioner is the only one 
which can become attached, albeit temporarily, to the two boronic acid residues which form the site. 
The lack of complete specificity may be due to some isolated boronic acid sites which resulted from 
polymerization of the original diboronate through one end only or to the drifting apart of functional 
groups due to shrinking or swelling in the solvent used for the chromatography. 

This problem of swelling is of critical importance as the specificity of the polymer could be 
destroyed completely and irreversibly by heating it in dioxane. The shape of the cavities could not be 
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restored after removal of the swelling agent. Two factors may contribute to the asymmetric shape of 
the cavity; one is asymmetric crosslinking during polymerization around the template, and the other 
is the induction of chirality in some parts of the polymer chains owing to the presence of the chiral 
template in the vicinity of the polymerizing groups. 

Another template synthesis has been reported recently by Shea et ~1.~~ who attempted the 
controlled introduction of two benzyl alcohol sites into a highly crosslinked polymer network using a 
chiral diacid template. After removal of the template, the benzyl alcohol sites were used to bind 
fumaryl dichloride in the expectation that their local asymmetry could assist in the chirai 
methylenation of the bound substrate. Unfortunately, essentially no chiral induction was obtained; 
obviously, further improvements in the method are required before significant results can be 
obtained.88 Nevertheless, it is certain that this very imaginative approach to the use of polymers for 
the transfer of stereochemical information will receive much attention once the factors which influence 
stereochemical control in template syntheses are better understood. 
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