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Functionalized polymers have continued to find increasing use as supports for reagents, catalysts and 
protecting groups. Recent applications of these are reviewed along with the use of polymeric species in 
metal ion separations, in racemate resolutions, as specific adsorbents, in organic synthesis (notably in 
asymmetric reactions) and in the trapping and identification of reactive intermediates. Some indications 
of developments in the pipeline and areas of importance for the future are also given. 
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INTRODUCTION 

In recent years functionalized polymers have found 
increasing use as supports on which molecular assembly 
can be carried out t. They have been employed as 
catalysts 2'3, reagents 4-6 and in the immobilization of 
transition complexes 7- 9. Interest is also growing in their 
application in asymmetric reactions t° and in racemate 
resolution tl ' t2 as well as in ion-chelation t3, in water 
treatment t4 and other ecological applications tS, and in 
the binding of dyes t6. We have carried out a compre- 
hensive review of the literature to 1980 in the context of 
organic synthesis 17, and the present review seeks to up- 
date that exercise to 1982. It uses a similar format and 
assumes a knowledge of the work contained in that 
review. 

Polymeric reagents 
The advances made in this area are summarized in 

Table 1. Further examples of supported phosphines have 
been described for Wittig reactions 18' 19 and in peptide 
synthesis 2°. In the latter case a careful appraisal has been 
made of the potentiality for recycling of the reagent. A 
number of side reactions on the polymer have been 
identified confirming earlier suggestions that efficient 
recycling is an unlikely possibility. Polymeric sulphonium 
salts 2~ and halogenating reagents 22' 23 are also reported, 
the latter being employed in the halogenation of carbonyl 
and other unsaturated compounds. In this case a com- 
mercially available anion exchange resin was used to 
carry ICI-, Br 3- and BrCI2- species (reaction (1)). 

~) ( ~ ) _ ~ C H 2  NR3Br3 0 
=-- R--CH--]C[--R ' (I)  RCH 2 C--R '  l 

Br 

Polymeric condensing reagents have not been widely 
employed, but one new species useful in ester formation 
has emerged 24. 

Considerably more interest has been shown in poly- 
meric redox reagents. These have the potentiality for 
regeneration and re-use, which may well off-set their 
initial expense. Notable here are some resins with hy- 
droquinone and catechol units as pendant groups used for 
the oxidation of hydrobenzene to azobenzene 28. Another 
interesting oxidizing agent containing an amine oxide 
moiety has been prepared by modification of a polys- 
tyrene r e s i n  29 and employed in the direct oxidation of 
alkyl halides to carbonyl compounds (reaction (2)). 

RCH--R' - -O  e "  CH2N+ IJ + R--C--R' 
CH3 x~, ~ IH 3 

l H2Oa (2) 

This polymeric N-oxide eliminates the disadvantages 
associated with the use of its soluble counterpart, and the 
polymeric by-product can be recycled by treatment with 
H20 2. 

In an attempt to simplify the regeneration of a polymer- 
bound oxidant, innovative use has been made of elec- 
trochemical methods a4. Thus poly-4-vinylpyridinium hy- 
drobromide readily oxidizes secondary alcohols to ke- 
tones in the absence of an electric current and without any 
contaminating reduced product. This oxidant is then re- 
formed on passage of a current (reaction (3)). 

H 0 electric ~N~__H OBre+ H2 ( ~ N + - - - - H  Br-+ 2 current 

o OH 
R~R' I 

RCHR' 

Very closely related is the electrochemical generation of 
polymer-supported bromite 35. In this case the starting 
species was polystyryl trimethylammonium bromide. 
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Table 1 Polymeric reagents 

Refer- 
Functional polymer Application ence 

1 Polymeric phosphine reagents 

( ~ P  (Ph)2 
Wittig reaction 
(a) Synthesis of olefins 18 
(b) Synthesis of vinyl ethers and thioethers 19 

~..C==CH-Z-R, Z=O, S 
( ~ P  (Ph)2 .CCl 4 

Peptide synthesis 20 

2 Polymeric sulphonium salts 

( ~ ) - -  S(CH3) 2 BF 2 

3 Polymeric halogenating reagents 

~CH2 
(~ e 
N (CH3) 3 X 3 

X3 ® = ICl2 ® 

X3e= Br30/BrCl2 e 

4 Polymeric condensing reagents 

CH3 

Z - -  N - -  COC H 3 
I 
CH 3 

Z = - -  CH 2 - - ,  - -  CH 2 [ N H CO(CH 2)10]2-  

Chlorination of carbonyl and unsaturated compounds 

Bromination and chlorination of carbonyl compounds 

RCOOH + R' OH --~ RCOOR' 

22 

23 

24 

5 Polymeric redox reagents 
BH3 

(~PlPh)2~ " ~ H ~  ~H 
p(ph)2/. Cu ~H/B~.H 

(~--CHNHCOCH --CH 2 
I I I p H2N " .S 

\ , /  
Cu (II), [Mo(VI)] 

Reduction of carbonyl compounds to alcohols 

Reduction of carboxylic acid chlorides to aldehydes 

Reduction of acetylene to ethylene 

25 

26 

27 

o 

o 

~CH3 
I e (~CH2-- I~--  O 

CH 3 

CH2 0 
G -  o 

cr2o, 2e 

(~-(CH2)n---~'-CO3H, ( ~  C03H 
n=0,2 

( ~ N ~ ' -  H OBr ® 

C)--~CH2~(CH3)3 a~07 

Oxidation of hydrazobenzene to azobenzene 28 

Oxidation of allo/I halides and tosylates to carbonyl compounds 29 

Oxidation of alcohols to carbonyl compounds 30--32 

Oxidation of tetrahydrothiophene to sulphoxide and sulphone 33 

Oxidation of alcohols to carbonyl compounds 

Synthesis of metal bromites 

34 

35 
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Table 1 Polymeric reagents -- continued 

Refer- 
Functional polymer Application ence 

JCONHR 
CH2--N 0 

X 
X ~ --CON H~, --O~, ~ N  ~ SO3F. ' 

( ~ C H 2 N  [--(CH2) 3 - -N  O ~ ]  = CH ]2 CoII 

H 

6 Polymeric protecting groups 
f O H  

B~OH 

7 Polymeric acylation and alkylation reagents 
® 

~ C H 2 O C O C H C H 2 P h  

( ~ C H 2  NHCO(CH2)4~'~ I 

S S 
I I 

COR COR 

8 Polymer-bound nucleophiles 

~ CH2NR3X 
O 

e l l  
(a) X ~=  CHP(OR) 2 

I 
Z 

Z = -CN,  -- COOCH 3 

O 
e ® II 

(b) X = S--C--CH3 

Oxidation of alloxan, meacridinum iodide, 2,6-dichlorophenol 
and indophenol 

Oxidation of 2,6-dimethylphenol 

Protecting group for diols 
CH 2 -  CH - -  CH2OCO , , 
OH OH 

CI 

R' X ---'- CH3OCOCHCH2Ph 
/ 

R' 
RCOCI ~ RCOCH2CH2Ph 

R' NH 2 ~ RCONHR' 

Conversion of carbonyl compounds to olefin derivatives 

Conversion of alkyl halides to thioacetates 

36 

37 

38 

39 

40  

41 

42 

O 
e II 

(c) x ~= O - - C - - O N a  

9 Miscellaneous 

~ SO2N3 

NH 

Conversion of alkyl halides to alcohols 

RR' CH.CHO - RR'C~N 2 

43 

44 

Synthesis of N--alkyl arginines 

R"R' "  NH ~ RR' N--CNR' 'R'"  45 
II 
NH 

Synthesis of N--cyanoguanidines 
(RNH) 2 - C = N . C N  46 

G= polystyrene resin 

G = -- (CH2-- ICH)~" 

Q = silica 

= polysaccharide 
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Bromite ion is a useful mild oxidizing agent and generated 
in this way it is apparently stabilized by the macromole- 
cular environment. Elution of the resin with metal 
hydroxides readily yields solutions of the corresponding 
metal bromites which can subsequently be isolated as very 
pure solid salts. Other oxidizing polymer systems have 
been developed based on transition metal species 3°' 31,37. 

Further examples of the use of polystyrylboronic acid 
as a protecting group for diols have been reported 3s. 
Though this is not a new regaent it is a particularly 
effective one and is, of course, readily re-usable. Ad- 
ditional polymeric acylation and alkylation reagents have 
also been described 39'4°. Since the 'site isolation' of a 
reactive species on a polymer support is difficult to 
achieve with a lightly crosslinked material, these latest 
reports describe the use of 10 and 20% crosslinked 
matrices. In this case, enolates 'isolated' in this manner 
were acylated and alkylated in high yields with no self- 
condensation products evident (reaction (4)). 

O O 
I I  PH-P ( ~ ~ C H 2 O C C H 2 ~  ~ / ~  U ® h - ~ C H 2 O C - - C H C H 2 P h  lg 

o o l  
II U 

RCCH2CH2Ph CH:3OC(~HCH2Ph 
R 

Reactive nucleophilic anions can readily be exchanged 
with stable species on an anion exchange resin and the 
polymeric product used as a stoichiometric reagent. 
Further examples of this procedure have used thioacetate 
and carbonate anions to convert alkyl halides into 
thioacetates 42 and alcohols ¢3 respectively (reaction (5)). 

(4) 

(•)•CH2NR3Z RX " R Y + 

0 

1, 
eS-COCH31 [ -5C0CH3 

(5) 

Finally in this section a polymer-supported sulphony- 
lazide reagent has been applied in the diazo group transfer 
reaction of tosylazide 44. In spite of the slightly lower yield 
than with conventional tosylazide, the greater thermal 
stability and ease of reaction work-up make this a 
particularly attractive reagent in synthesis (reaction 6). 

~ ~ ~ S O 2 N  3 ~) 
R'CCHCH = R' ~C~CmN 2 

I I 
R R 

(6) 

Polymeric catalysts 
The process reported in this area is summarized in 

Table 2. As in our previous work 17 the specialized area of 
polymer-supported transition metal complexes has been 
omitted. 
Conventional cationic exchange resins in their acid form 
continue to be developed as catalytic species in a variety of 
reactions 47-5~, now extended to include the Prim re- 
action 49 (reaction (7)). 

~--~CH=CHR" ( ~ s o 3 ~  /'~ ~_.~ 
+HCHO ~ ~ o  o (71 

The hydrochloride of a pyridine containing polymer has 
also been used as a source of acid in the acetalization of 
carbonyl compounds and the esterification of carboxylic 
acids 52. Perhaps most interesting of all in this particular 
area, however, is the development of a trifunctional ion 
exchange catalyst for acetylene hydration by Gates and 
his coworkers 53. The concept of introducing more than 
one type of catalytic function onto a common support to 
achieve a selective reaction or sequence of reactions is not 
a new one, and indeed represents an area where confider- 
able technical progress might be achieved in the next few 
years. 

Further examples of the use of polymeric 'superacids' 
have also been described 4s' 54- 59. One new application is 
in the Rupe rearrangement of ~-acetylenic tertiary al- 
cohols to ~,/~-unsaturated ketones 55. Another potentially 
important use is the synthesis of substituted tetrahydro- 
furans from 1,4-butanediols 56 (reaction (8)). 

I I I Nafion--H ~ - ~  
~C~CH2~CH ~ C ~  

I I 
OH OH 

(8) 

Closely related to the 'superacid' resins is a polystyrene- 
supported BF 3 etherate. This has been applied as a 
catalyst in a range of reactions including the isomeriz- 
ation of alkenes and the rearrangement of limonene 
epoxide to dihydrocarvone and carvenone 6°. 

An increasingly important group of supported species, 
which are effectively catalysts, are the photosensitizers. 
Far more examples have now been described mainly 
involving supported carbonyl species 6 z - 69. Some of these 
have been used simply as ultraviolet absorbers 61.68,69, 
while others have been applied specifically as senti- 
tizers62-67. In the case of thymine supported on acrylate 
and methacrylate polymer backbones irradiation induces 
dimerization of these pendant groups 7 t. 

Another group of polymeric catalysts with considerable 
commercial potential are the polymer-supported phase 
transfer catalysts. An increasing number of immobilised 
quartemary ammonium ions have been used in this 
context 72- a o, as well as phosphonium salts 73,74, 77, a 1 - a6 
and crown ethers and cryptands a3, ST-90. The reactions 
studied have been mainl!t SN, displace- 
ments73n4,76- s4,s6- s9 but the alkylation of phenylace- 
tonitrile 72- 7 s and the reduction of ketones to secondary 
aicohols77, 7s, s3 have received some attention. Consider- 
able progress has been made in the mechanistic under- 
standing of the liquid-liquid systems, particularly those 
involving supported phosphonium salt catalysts 73' sl, s2. 
In the case where silica is the supporting matrix again a 
detailed understanding is emerging s4. On the whole it 
appears that a delicate balance is required between the 
hydrophobic and hydrophilic nature of the entire sup- 
ported system in order to achieve maximum catalytic 
efficiency. Lightly loaded polystyrene resins are too 
hydrophobic and catalysis seems to be limited by the 
movement of the aqueous nucleophile through the matrix. 
On the other hand, hydrophilic supports like cellulose 
and dextran require a surface hydrophobic treatment 
before they are effective catalysts, and presumably in this 
case penetration by the organic phase is the source of the 
problem TM. Rather interestingly in the case of cellulose- 
supported catalysts no such surface treatment is required 
in the absence of water when the nucleophile is a solid 
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Functional polymer 

1 Ion-exchange resin catalysts 

~ S 0 3 H  

( • ) - -  SO3 H partial ly neutralized with 
Fe3(~, Cr3(~ ), C02(~ Ni2(~, Cu2~and Na(t) 

~ N  ~--H CI e 

Refer- 
Application ence 

RR'C=N2 + EtOH "-~ RR'CHOEt 47 
Alkylation of aromatic hydrocarbons 48 
Prins reaction 49 

R" 

R' R' 

Condensation of acetone and phenol 50 

Isomerization of cyclohexene. De- 51 
hydration of 1-propanol to 
dipropyl ether and propene 

Acetalization of carbonyl compounds 52 
esterification of carboxylic acids 

SO3 e Hg 2~) 

SO3 E) Fe 3~) 
HC=~CH + H20-+CH3CHO 53 

2 Polymeric 'superacids' 

Nafion -- H 
-(- C F2 C F2")-~'(- C F2 C~n 

CF2 
CF.CF 3 
-f-,o 
OCF2 CF2SO3H 

FriedaI--Crafts alkylation of arenes 54 
with chloroformates and oxalates 

Alkylation of aromatic hydrocarbons 48 

Rupe rearrangement of ~z-acetylenic 55 
tertiary alcohols to ¢x, ~-unsaturated 
l~etones 

Dehydration of 1,4-butanediols to 56 
tetrahydrofurans 

Preparation of methoxymethyl ethers 57 
from alcohols and dimethoxymethane 

Synthesis of dimethylacetals and 58 
ethylene-dithioacetals 

~ C = O  + HC(OCH3)3--~ ~C(OCH3) 2 

~C==O + HS(CH2) 2 SH - - " ~ C < ~ ]  

Epoxide ring opening OH 59 

> j . O  ROH I I 
R=H, Glky~" - - C - - C - -  I 

o #  

~ : BF3 

CH3 

3 Polymeric u.v. absorbers and photosensitizers 
o 
II OH 

C -C- o R 
RmH, CH3, Et. n--Bu, N--Oct. n--Ci2H23 

( ~ C O O ( C H  2)OCOCH = CHPh 

CONHR 

Isomerization of alkenes, ether forma- 60 
tion, rearrangement of limonene epo- 
xide to dihydrocarvone and 
carvenone 

U.v. absorber 61 

Photosensitizer 62 
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Table 2 Polymeric catalysts - continued 

Functional polymer Application 
R e f e r -  

e n c e  

0 

( ~ I C I - - R ,  R = c H  3, Ph Photosensitizer 

O 
( ~ I c I  . ~ Photosensitizer 

O O 

(~).-C~ ~ ICI --OOt Bu Photoinitiator 

(~)_C__~C L ' ' c N  
I " -  COOEt 
Ph 

N( N 

2 

k- I01 t=< CH3 

~ o h 
R=H, CH3 

63--65 

66 

67 

U.v. stabilizer 68 

U.v. stabilizer 69 

Photoresponse 70 

Photo-self-dimerization 71 

4 Polymer-supported phase transfer catalysts 

(a) Ammonium salts 

® 8 ~ CH2NR3Cl 
R=Me, n-Bu 

(~CH2- - -~N~_7  ~ Cl- 

Alkylation of phenylac¢tonitril¢ 72--74 

Alkyiation of phenylacetonitrile 72 

0 CH3 (~II . E) I " CH Cl e C--O(CH2)II--N (CH2)15 3 

CH3 

( ~ N ~ - - -  CH2 Ph Br e 

O 
( ~  II • e 

O-- C(CH2)n--NR2BuX 
(a)n = 1,2, R=Et, X=Br~ 
(b) n= I, R=n-Bu, X=CI~ 

OCH3 

OCH3 
Et CI e 

( ¢ ~  0 (CH2)2-- N - -  CH2CHOR 
~ "  I I 

Et CH 3 
R=-H, -SiM¢ 3, -CH2Ph 

( ~  (CH2) -- N M¢3CI 

Displacement reactions 75 

RBr + PhO e ~ ROPh 

O O 
II NaBH4 I 

RCR' ~ R--CHR' 
RBP + Y ~ R--Y 

ye= Ph08 AcO e 

RBr + ye - R - - Y  

y= I e, CN e 

OH 
I 

PhCOCH 3 = PhCHCH 3 

RBr + AcO ® ~ ROAc 

7 6  

77 

7 8  

7 9  
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Table 2 Polymeric catalysts -continued 

Aefer- 
Functional polymer Application ence 

0 
F: 

Ps CH20KH&-C-NMe2 

d 

RBr + CN’- RCN 80 

n = I, 2, R=H, Me 

fb) Phosphonium salts 

o- 

0 
Ps CH2PBu3 X 8 

X8= Cl? ‘OSO2Me 

(CH&-:BU~ XQ 

n= I, 2.3 

o- Ps cH&‘JHCO~CH2),0~~Bu3ClQ 

n-O,1 

0 

0 
0 

Si (CH& -PBu3BrQ 

o- Si KH2J3 -INHCO~CH,),,~~B~~B~O~ 

n=l,2 

0 00 Al --- Bu,PX - 

kz) Crown ethers and cryptands 

Et 

(0) -R-=-CH2 [NHCOIcy),,-$-KH,$ 
n=0,1,2 

=-CH20CH2- 

(b) -R-_=-cH2- 

(cl -R-=+CH2~OCH2- 

n=l,3 

K*Ri 
OMe 

-R-=-CH2-,-CH2 
-6% 

RBr + Y@- RY 

Y = CNQ, ArOQ 

R-OS02Me + Cl- + RCI 

73.74 
81.82 

R-Br + Ye - RY 

YQ= CN’ IQ Cl’ N3’ , PhS”,PhOQ S2’ 
95 

SCN*, Ok& ’ 
> * 

R-Br+Y@- RY 

YQ= IQ, CN@, PhS@ 

? 
RCOR’ = RCHR’ 

83 

NoBH4 9” 
RCOR’ - RCHR’ 

RBr + YO- RY 

YQ= PhOQ, AcO’ 

RBr + I@- RI 

RBr +IQ- RI 

77 

84 

84 

CH2C12 + C2H2Br =Z CH2Brz + C2H5CI 88 

R-Br + YQ- R-Y’ 

YQ= IQ, CNe, PhSQ 

R-Br + YQ- R-Y 

YQ= I0 CN@ PhO@ & I 

8 R-Cl + Y - R-Y 

Ya. F? CN? AcOQ 

R-Br + YQ- R-Y 

YQ= IQ, CN? phO@ 

83 

87 

88 

a7 

POLYMER, 1983, Vol 24, November 1375 



Functionalized polymers in organic synthesis: A. Akelah and D. C. Sherrington 

Table 2 Polymeric catalysts - continued 
i 

Functional polymer Application 
Refer. 
ence 

n=l,2 

--R-- =--CH2OCH2--,--CH2NH(CH2")" ~" 

(d) 'Cosolvents' 

(~)-CH2{OCH2CH2~R OR 

(a)n=3" R=H'M¢" ~'[O~oMe 

(b) n=4, R=H, Tosylate, 
-o 

THF--2--yl 

(c) n=7, R=CH 3 

(d) n =~9, R = C9HI9--CIIH23 

(e) n = 16, R= CH3 

(f) n=-30, R=Ph 

~ CONR2 
R=Me, n--Pr, n--Bu, n--Oct 

RO(CH2CH20) n R/NaBH4 

R- Br + Y®----- R - Y 
yO= CN 0, AcO ® 

Decarboxylation 

= O 2 N , , ~  cN oe O2N 

P-Br + y e _ _ . .  R--Y 
yE)= i e, CN O, PhS O 

RCOR" NoBH4 RCHR' 
I 
OH 

RBr + PhOe---,- ROPh 

RBr + PhO e ----- ROPh 

R--Br + y-G_.__.. R~Y 
Y~ I e. CNe PhO e 

R--Br + P h O e - - - , ,  - ROPh 

R-Br + ye.__.. R--Y 
ye__ ie CN e PhO e 

R-Br + PhO e - - - -  ROPh 

R - Br * PhO e-~=- ROPh 

Reduction of esters to alcohols 

89 

90 

83 

76, 91, 92 

91 

87 

91 

87  

76, 91 

93 

94 

G =  polystyrene resin 

® • 

Q = polysaccharide 

G = Silica 

Q = Alumina 

metallic salt 77. The understanding of such solid-liquid 
phase transfer catalysed systems is still not complete but 
some advances have been made in the case of resin- 
supported oligoethers or 'open' crown ethers 92. 

Some further attempt has also been made to character- 
ize a substrate selectivity effect in the application of these 

catalysts 76. In this case the precursor neutral polymer 
matrices synthesised from vinyl pyridine displayed a 
significant reactivity dependence of the size of alkyl 
halides with which they were reacted. However, when the 
products of these reactions were subsequently used as 
catalysts this dependence was no longer observed. Pre- 
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sumably the dramatic change from a purely organic 
medium to a mixed aqueous/organic one plays a major 
part in this variation. 

Another significant result concerns some of the novel 
supported crown ether systems sT. Previously there was 
fairly general agreement that catalysts removed from the 
immediate vicinity of the support backbone by use of a 
'spacer arm' were more active than conventional species. 
Indeed even short oligomethylene chains, e.g. (CH2)3 seem 
to show a significant enhancement 95. However, there 
appears to be little difference in reactivity between crown 
ether catalysts supported as pendant groups, and those 
present as an integral part of the polymer backbone 87. 
This observation again casts doubt on the molecular 
understanding of these systems and further investigations 
are clearly necessary. In passing it is worth noting that 
onium salts attached by a long spacer, perhaps somewhat 
predictably, in view of their surfactant-like structure, also 
function as micellar catalysts in aqueous solutions 8s. 
Thus the decarboxylation of 6-nitro-benzisoxazole-3- 
carboxylate (reaction (9)) is often used as a model reaction, 
characteristically accelerated by micelle species. When 
supported onium salts attached via a spacer arm are used 
in this reaction the typical rate acceleration is observed. 
Similarly, supported crown ethers give the same effect 9°, 
the polymer presumably acting as a hydrophobic cavity 
and the benzisoxazole derivative being bound via com- 
plexation of the metal counterion, M e. 

CO00 M@ rnicel lar 

o2 02 M e 
(9) 

One particularly exciting development from Tundo's 
group in Turin is the phenomenon of solid/gas phase 
transfer catalysis s~. Whether the mechanism of these 
reactions has any real parallel with liquid reactions is not 
yet known, and the designation is purely one of con- 
venience at the moment. In those reactions where the 
nucleophilic species is a solid salt then the catalyst/salt 
mixture is gradually consumed and continuous process is 
difficult to envisage. However, in the case of halogen 
exchange reactions (reaction (10)) catalysed in this man- 
ner, the procedure has exciting technical implications. 
One clear operating requisite which has emerged is that 
the onium salt catalyst must be above its melting point for 
catalysis to ensue. 

solid 

CH2C12 + C2HsBr. catalyst -. CH2Br2 + C2HsCI (10) 
gas 

phase 

The final group of catalysts in this general area are the 
so-called supported 'cosolvents'. The solid/liquid cata- 
lytic systems developed by Sherrington and his cowor- 
kers, and based upon oligoethers, have been extended to 
include bound polyethers with rigid donor terminal 
groups 9t. Such species have significantly enhanced cata- 
lytic activity, in some instances approaching that of 
dibenzo-18-crown-6-ether when used in the same re- 
action. The report of the phase transfer catalytic activity 
of poly(N,N-dialkylacrylamide) resins 93 confirms earlier 
work dealing with a wide range of polar polymeric 
materials 9e. The dimethyl derivative proved to be the 

in organic synthesis: A. Akelah and D. C. Sherrington 

most active on a weight basis in a solid/liquid reaction, 
while only the di-n-octyl species showed any activity in 
liquid/liquid reactions. 

A few examples of supported optically active phase 
transfer catalysts have been recorded, and these are dealt 
with under asymmetric syntheses. Continued interest has 
been shown in linear polybase catalysis of ester hy- 
drolyses. Most of this work is not appropriate for this 
review but one new development again involves optically 
active polymers and this is also described later. 

Separations in polymeric carriers 
During the last few years this particular area of 

application of functionalized polymers has received in- 
creasing attention and a number of commercial appli- 
cations already exist. No doubt with the current ecologi- 
cal drive expansion will continue in this field (see Table 3). 

A great deal of work was completed many years ago on 
selective metal ion separations using specialized resins, 
and a host of 'chelating resins' were produced and 
patented. Interest in these has quickened again recently 
with the prospect of ore qualities falling progressively in 
the near future. A large number of alkali metal complex- 
ing species have been reported based largely on crown 
ether and cryptand structures aS' 97- too. Perhaps of more 
technical interest, however, are a number of resins with 
some selectivity for UO2 2e t t l , l t S ,  t24, t26. One with a 
particularly pleasing structure contains a cyclic trimeric 
fl-diketone residue (I) and has been used in recovering 
UO~ ~ from sea-water t it. Resins have also been described 
for the extraction and recovery of heavy metal ions like 
Pb 2~ and Hg 2e t12, and for the isolation of precious 
metals fike silver and gold t19,12t't22. Further develop- 
ments are also reported in the trapping of Cu 2~ t t , - t  t s 

(I) 

The need for optically pure materials in both the 
pharmaceutical and agro-chemical industry continues to 
grow. Since traditional methods of racemate resolution 
are slow and potentially costly in scale-up, there remains 
considerable interest and activity in chromatographic 
separations using chiral stationary phases. While virtually 
all this work has been at the analytical level, preparative 
spin-off remains a real possibility. The most effective 
separations of amino acid isomers are those involving 
diastereomeric copper complex formation, where the 
attachment to the stationary phase is itself via an optically 
pure amino acid residuC 2s- 131. Progress has also been 
made t32 in the resolution of sugar derivatives using 
stationary phases with an in-built 'chiral cavity'. As 
before, the cavity is generated by use of a suitable template 
molecule during formation of the polymeric matrix. 

A variety of other interesting separations are reported 
employing specifically functionalised polymers. Pyridine 
derivatives have been scavenged from beer t37 and pheno- 
lic compounds recovered from water t'°. A Cu(I)C1, 
aluminium chloride, polystyrene mixture has been ap- 
plied successfully in the trapping of carbon monoxidet 4t. 
Finally a very elegant separation of a minor component 
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Table 3 Separations on polymeric carders 

Refer- 
Functional polymer Application ence 

1 Metal ion separations 

~ ~ n  n=l ,  2 

Q-z-@o 
Z = --CH2--, n=2, 3,4,(5 

Z = --COOCH2--, n = I 

re=l,3 

NO 

v-OH .;Nv-o -v 

Z = --(CH 2) -- NHCO-- 
= - -  CH 2- 

n ~ n  '~ n=0,1 

- - R - -  =--CONH(CH2) 6 NHCO-- 
= - - C O N H , ~ , ~  NHCO-- 

CH3 

OH 

N%o%o~v~ n 

Binding of fluoralcent =pecie= 97, 98 

Cation binding 99 

Cation binding 100 

Alkali metal cation binding 88 

Cation binding 101 

Separation of alkali metal cations 

102 

103 

K (~ binding 104 

105 

106 

107 

108 
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Table 3 Separations on polymeric carriers - continued 

Functional polymer Application 

_-____ 

Refer- 
ence 

x=0,2,3; m-0.1 

X=Ph, -N 
? 

0 

o- Ps CH2 

(F$~!+N=N-;-R~ 

OH N-NHR 

0 

o- P 
PS !-CH2 -C-C2F5 

0 

0 

f 

-R- = --&Hz@ acH3 

@-@ 

o- P CONHOH 

Extraction of Ua28 from se&water 111 

Binding of Co?“, Pb’8, Hg’” 112 

Binding of metal ions 

Binding of Cu’“, Fe’” 114 

Binding of Cu’“, Ni’“, tJQ28 115 

Binding of cxl’“, Fe’“, CrW 116 

Selective separation of Cu2” 

110 

113 

117 

Selective separation Cu2’, Ni28 118 

Separation of Ag” and Au 119 
Determination of trace metals in natural water 120 
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Table 3 Separations on pofvmeric carriers -continued 

Functional polymer Application 
Refer- 
ence 

o- P COO$HCH2NH(CH,),NH2 

OH 

o- P CONHCH2NHCOCH2SH 

o- 
Si (CH& NH (CH& NH2 

Polyether -polyurethane 
Polyester-polyurethane 

o- 
Ps CH2N(CH2COOH)2 

2 Resolution of racemic mixtures 

0 Ps CH2 

R’=H; R’=CH ; R3=Ph, -CH2NH2 

RI =(CH2j2NH&M Ph; R2= Me; @= Ph 

RI =-?H2CHMeNH2 ; R2= H ; R3=Ph 

o- p f I 

-COCH2--. 

o- P CONH-CH2-IjJH-Cu 

/CH,C/ b 
PhCH2 

!l 

‘Chiral cavity’ Resolution of racemic mannitol 

o- Yh 
P COO-C-Ph 

F5ll 

3 Other separations 

o- Ps CH2CH2 NH2 

0 P COOH 

o- Si (CH21J 0CH2 

X=OH, NH2 

o- 
Si (CH&NH(CH212 NH2 

Separation of Age and Ag’” 121,122 

Extraction of metal ions 123 

Selective extraction of U&zB 124 

Extraction of tin 125 

Separation of U&zc from natural water 126 

Resolution of racemic amino acids 127 

Resolution of racemic amino acids 

Resolution of racemic amino acids 

126-131 

129 

132 

Resolution of racemic mixtures (Trager’s base, menthol, etc) 133 

Separation of N-nitrosediethanol-amine in cosmetics 134 

Separation of allergens from natural oils 135,136 

Separation of alkylpyridines in bear 137 

Saparation of polar compcunds 136 
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Table 3 Separations on polymeric carriers - continued 

Functional polymer Application 
Refer- 
ence 

---- 

X=H, Ph 
Separation of WI from acid chlorides 139 

a- P 0 OH 
Separation of amine and pyridine compounds 139 

0 Ps CH2 N (CH2COO@), Fe” 

0 
Ps ----Cd AIC14 

Recovery of phenolic compounds from water 

Separation of CO 

140 

141 

0 Ps = polystyrene 

0 P = +CHz-yH+ 

0 Si = silica 

0 C = polysaccharidQ 

from a complex mixture has recently been achieved in the 
removal of allergenic substances from natural oils used in 
the cosmetic industry 135*136. A polystyrene resin fun- 
ctionalized with primary alkyl amine groups reacts stoi- 
chiometrically with the allergen and traps it from the oil. 
Subsequent treatment of the resin with methyl iodide and 
sodium bicarbonate releases the free allergen (reaction 
(11)). 

o- Ps 

free allergen 

Organic syntheses on polymeric carriers 
Further examples have been reported of the use of 

polymeric carriers as temporary supports on which an 
organic synthesis is carried out. By far the most important 
of these remains the ‘solid phase’ approach to oligopep 
tide and oligonucleotide assembly. These specialized 
areas, however, lie beyond the scope of this review, but 
some important developments have occurred also in 
asymmetric syntheses. Included in this summary in Table 
4 are a number of asymmetric phase transfer catalysts. 

A polystyrene-supported nicotinamide species (II) has 
been employed as a model for the reduced form of 
nicotinamide adenine dinucleotide (NADH). By building 
in asymmetric substituents into the amide group, signi- 
ficant optical yields were obtained’43 in the reduction of 

ethyl benzoylformate using magnesium perchlorate (re- 
action (12)). 

9 
CT 

CONHCHCONH2 
C6H5COC02Et + 1 * 

L- 

! 
(II) 

PH 
CONHCHCONH2 

c7 
* 

Mg (ClO4)2 
C6H5CHC02Et + 

Y@ 

(12) 

I?’ 

R’= &CH2 [NHCO(CH21,01- n 

Polymer-bound quinine derivatives have been used with 
some success in asymmetric Michael additions”’ and 
chalcone epoxidations”‘* 14s (reactions (13) and (14) 
respectively. 

Catalyst* 
CQMe + CHp3iCOCH~ - 

8 /“\ 
Ph-CH=CH-CO-Ph so PhCH-CHCOPh (14) 

Progress has also been reported in the selective syn- 
thesis of cyclopropane derivatives146 and in enanti- 
oselective ester syntheses’47, again in each case a fun- 
ctional polymer played an important role in directing the 
stereochemistry of the reaction. Further asymmetric 
olefin hydrogenations catalysed by polymer-supported 
optically active rhodium (I) complexes have been carried 
out’50- 152, These are one of the most successful asym- 
metric syntheses so far reported. Finally a relatively novel 
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Table 4 Organic syntheses on polymeric carders 

Refer- 
Functional polymer Application ence 

1 Asymmetric synthesis 

,= H. CH30 

( ~  "-CH2 [NHCOICH2)IO ]n" N ~  

CON H?HCON H 2 

n=O, I ;  .=Me, PhCH 2 -  

~CH2- -P- -CH2CH- -NM¢ 2. NiCl 2 
I I 
Ph . 

R=i--Pr, PhCH 2 

(~)..- (CH 2)m-.--~N~ X O 
CHOH 

CH30 0 " ~  

m= I, 12; X (9= Cl e, Br e 

(~CH2OCO J 

(~CH2OCOCHPhCl 

. . '  

R=i-Pr.  H; , '=H. CH3 

--[" N H~HCO-] m 

(~CH2OCH2C.*H--o~O~ 

n=l,2 

~ -  CO'-N~ P(Ph)2 h (i) 

CO" ~ P(Ph)2 
w. .w. 

. =--OCHCH3CHOHCH3. --O(CH2)2OH. 
--CONMe 2 

°'T"" P(Ph)2 ,h(I) 
,..~,.,.,,. P(Ph) 2 

CC)OR 
w, .w. 

R----(CH2) 2 OH, --CHCH3CHOHCH 3 

Asymmetric Michael reactions 142 

Asymmetric reduction of carbonyl 
compounds to alcohols 

Asymmetric cross-coupling of 
secondary alkyl Grignard reagent 
with vinyl bromide 

143 

144 

Asymmetric epoxidation of chalcones 145 

Stereoselective preparation of 
cyclopropyl derivatives 

Enantioselective ester syntheses 
from acid salts, ch Iorides and 
anhydrides 

146 

147 

Asymmetric epoxidetion of chalcone 148 

Asymmetric hydrogenation 
R NHAc NHAc 
\ / H2 / 

149 

150--152 

152 

 N CH3× e 
n :~ ~PT--n- C-- CH2 C HCH2CH3 

/ II I 
'~m NOH CH3 

Enantioselective ester hydrolyses 156 
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Tab/e 4 Organic syntheses on polymeric carriers -- continued 

Refer- 
Functional polymer Application ence 

2 Cyclizations 

~ Z--OR 

Z = --CH2--, --CH2NHCOCH2 ~CH2--, 

--CH2NHCO ~CH2-- 

NO2 

3 Detection and isolation of reactive intermediates 

Synthesis of di ketopiperazines- 153 
cyclic dipeptide 

CONH2 

~)--~N~--- CH2 ph Br e 

CH 3 R= H, CH 3 

Trapping of alloxan and ninhydrin 
radical anions - use in reduction 
reactions 

154 

Thermal source of ~O2 155 

( ~  = polystyrene Q - -- (CH,~ -- ~H -)"~ 

development is the polymeric esterolysis catalysts pre- 
pared by Ciardelli and his coworkers '56. These contain 
both pyridinium ions and oxime groups and are known to 
function as cooperative catalysts in the hydrolysis of 
activated esters. In this case a moderate chiral discrimi- 
nation was obtained in the hydrolysis of (+)  p-nitro 
phenyl 2-methylbutanoate using a copolymer of 4-vinyl- 
pyridine and the oxime of (+)-(S)-5-methyl-l-hepten-3- 
one (III) (reaction (15)). 

O CH3 
/~X II * H20 ~ J 

O2N U"(k.~--OC--CHCH2CH3 Trot  O2N ~"~J ~-OH + CH3CH2CHCO2H 
CH * 

Chiral polymer = ~ ~ ~ Y ~ m  H (15) 
(III) 

x o ®? ? H2 
CH 3 * CHCH 3 

I 
CH2CH3 

Another group of reactions in which polymer supports 
can be enormously helpful are intramolecular cycli- 
zations. Here the advantage lies in isolating the species to 
be cyclized in low dilution on a polymer matrix. This 
naturally favours intra- v e r s u s  inter-molecular reaction. 
Another successful example of this is reported involving 
synthesis of a cyclic dipeptide, diketopiperazine (reaction 
(16)). 

G CH2NHCO--R--CH20-- L--Pro-- D--Val- Boc 

H i--Pr NO2 

(16) 

No doubt similar factors play an important role in the 
cross-condensation reactions a9'4° already described in 
the Polymeric reagents section. 

One final and important application of functional 
polymers is in the demonstration of the existence of a 
reactive intermediate, the so-called 'three phase' test. 
Further examples of this have been described in that 
polymeric nicotinamide and pyridinium salt derivatives 
(IV and V) have been used to trap alloxan and ninhydrin 
radical anions 154. These polymer trapped intermediates 
were then used for the reduction of a number of substrates. 
Polymeric naphthalene derivatives (VI) have been si- 
milarly employed to absorb singlet oxygen, 10 2, generat- 
ing endoperoxide polymers 155. On heating, these release 
'02 again, hence this is a facility for storing excited 
oxygen. In this case the released oxygen readily converted 
2,3-diphenyl-p-dioxene to citronellol (reaction (16)). 

z C O N H 2  

(~) ' -CH2--@N~ [AP, ( ~ ) ~ N ~ - - C H 2 P h  [A] @ 

[A] @ = 

(IV) 

N ( 

L ~-'~'5 J 

@ 
(v) 

CH 3 

CH3 

R= H,M¢ 
(VI) 

CH3 

'o2 ~ ~ R  
CHa 

0 
ph,~,.o~OyPh + (VI) 

O 

FUTURE DEVELOPMENTS 

The field of polymer-supported organic reactions is 
rapidly maturing, and specific areas of application will no 
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doubt continue to proliferate as experimentalists realize 
the advantages that polymer-supported species can bring 
to their own systems. The use in asymmetric syntheses will 
certainly be expanded, as will their application in the 
synthesis of asymmetrically substituted symmetric mo- 
lecules, e.g. porphoryns. With regard to polymeric re- 
agents, the question of cheap and efficient regeneration 
remains a vital one and the use of electrochemical 
methods represents a novel step forward and highlights 
the close relationship with the developing field of polymer 
surface-modified electrodes 157. 

In catalysis the use of the gas phase is particularly 
attractive, and the emergence of gas/solid phase transfer 
catalysis is a significant development s6. Again more is 
likely to be seen of this type of system, perhaps extended to 
other classes of organic reaction. Supported transition 
metal complexes will also continue to attract considerable 
attention because of their tremendous industrial poten- 
tial. Immobilized cluster compounds 15s and coordinately 
unsaturated species with no true analogue under homo- 
geneous conditions will probably prove of immense 
synthetic utility. 

More and more examples of the use of polar (and/or 
hydrophilic) supports are already in the pipeline, as the 
inherent disadvantages of conventional polystyrene resins 
are recognized. Such systems themselves have consider- 
able potential disadvantages especially with regard to side 
reactions involving the support itself, and time may well 
prove the tremendous versatility of the lowly styrene 
based systems. 

Whether polymer-supported systems finally develop 
and become accepted as routine organic synthetic pro- 
cedures remains a debatable point. On a laboratory scale 
more and more researchers are being convinced but are 
deterred by the absence of any significant range of 
proprietary polymer reagents available 'off the shelf'. A 
number of companies are aware of this void and are 
planning to remedy the situation. Of crucial importance 
in this argument is the question of large scale industrial 
application. Polymeric acids and bases in the form of 
appropriate ion exchange resins have been available in 
large quantities for many years and despite the enormous 
literature on the very effective use of these as catalysts t 59 
only a few large scale industrial applications seem to have 
materialized. A particular drawback in this context is the 
limited chemical and thermal stability of such resins. 
While their application as acids and bases at temperatures 
~200°-300°C probably represents the most extreme 
conditions in which a polymer-supported species is likely 
to be applied, nevertheless it sets a useful limit which 
might be aimed for in setting the specification for an 
industrial reagent/catalyst. With the present range of 
supports available the use of such temperatures is incon- 
ceivable except for very short periods, and considerable 
scope remains for novel developments in this context. We 
as polymer chemists are acutely aware of this problem and 
are currently looking at potential candidates for this high 
temperature regime. 
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