
Polymer Bulletin 20, 427-434 (1988) Polymer Bulletin 
�9 Springer-Verlag 1988 

Novel derivatives of poly(4-hydroxystyrene) 
with easily removable tertiary, allylic, or benzylic ethers 
Jean M.J. Fr6chet .1'=, Nell Kallman 1, Boguslav Kryczka 2, Eva Eichler =, Francis M. Houllhan =, 
and C. Grant Willson 3 

1Department of Chemistry, Cornell University, Ithaca, NY 14853-1301, USA 
2Department of Chemistry, University of Ottawa, Ontario, Canada, K1N-9B4 
3IBM Almaden Research Laboratory, San Jose, CA 95120, USA 

Summarv 

The protection of poly(4-hydroxystyrene)  and its 3 ,5-dimethyl  analog 
through formation of its 2-cyclohexenyl,  1 -phenyl -e thy l  or t -bu ty l  ether 
derivatives is easily accomplished. All of these ethers are selected as 
they contains structural features allowing for their facile e l iminat ion 
when deprotection is desired. In the case of the allylic and benzylic 
ethers,the monomers are easily prepared using a simple SN2 subst i tut ion 
reaction on p-hydroxybenzaldehyde or its 3 ,5-dimethyl  analog followed by a 
Wittig methylenation.  Chemical modificat ion of poly(4- hydroxystyrene) 
using ether i f icat ion procedures is also done easily but usually only 
affords partial  funct ional izat ion;  the remaining hydroxyl funct ional  groups 
may however be blocked in-s i tu  by addit ion of a second reagent. The active 
ether pendant  groups of the polymers can be cleaved easily and quant i ta t i -  
vely by thermolysis, acidolysis, or acid hydrolysis suggesting that the 
ether protected polymers may be useful as resist materials. 

Introduction 

Polymers which contain reactive funct ional i t ies  are f inding  numerous 
new applications in areas as varied as polymer-supported chemistry [1], 
chromatographic separations [2], and microlithography [3]. 

In recent years we have been part icularly interested in polymers which 
can undergo facile s ide-chain  transformations with drastic modif icat ion in 
their overall polarity, solubili ty or chemical reactivity.  For example, we 
have used a variety of t -bu ty loxycarbonyl  (t-BOC) protected phenolic resins 
in the preparation of novel separation media [4] or imaging systems [4,5] 
while other protected derivatives of poly(4-vinylbenzoie  acid) show excel- 
lent potential  as resist materials [6,7]. The success of the t-BOC group 
in the protection of phenolic resins [8] and our novel design [7] of easily 
removable ester protecting groups for polymers containing pendant  carbo- 
xylic acid groups has prompted us to investigate the use of other easily 
removed groups for the protection of phenolic resins. 

Results and Discussion 

In the course of an extensive model study of the applicat ion of cer- 
tain benzylic carbonates as labile protecting groups for alcohols and 
phenols we observed that s ignif icant  yields of ethers were formed during 
their acid-catalyzed thermolytic cleavage. This reaction, which is out-  
l ined in Scheme I for the his-methyl  carbonate derivat ive of l - ( 4 - h y d r o x y -  
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phenyl) -e thanol  (I), proceeds at room temperature with apparent  extrusion 
of carbon dioxide from the benzylic carbonate unit  only with formation of 
the corresponding mono-ether  mono-carbonate  (II). The mechanism we propose 
for this cleavage reaction, which occurs at or below room temperature if a 
strong acid such as t r i f luoromethane sulfonic acid is used, involves the 
intermediacy of benzylic carbocation (III). Once formed, this reactive 
species recombines rapidly with the nucleophilic methanol,  which is also 
produced after the ini t ial  cleavage step, to generate the benzylic ether 
(II). Increasing the temperature results in the cleavage of the benzylic 
ether (II) with formation of the substi tuted styrene which may then 
oligomerize. These f indings suggest that the mechanism which prevails is 
an acid-catalyzed thermolysis of the reactive ether II. In view of this 
proposed mechanism it was possible to predict that other appropriately 
chosen ethers could undergo cleavage under  thermolytic or acid-catalyzed 
conditions.  Indeed, it is already known that t -bu ty l  ethers are easily 
cleaved under acid catalysis [9,10], and it is expected that, when heated, 
they should also undergo thermolysis cleanly to afford alcohol or phenol 
and 2-methylpropene. 
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Therefore,  ether protecting groups having tertiary,  benzylic,  or ai ly-  
lic structures with at least one x-hydrogen available for e l iminat ion 
should all prove useful and operate analogously to the t-BOC and similar 
carbonate-based alcohol and phenol protecting groups [8]. While t -bu ty l  
ethers are known, their d i f f icul t  preparation restricts their use [9-14]; 
in contrast,  the 2-cyclohexenyloxy group which we have developed is easily 
introduced on both alcohols and phenols via a simple nucleophil ic  displace- 
ment on 3-bromocyclohexene,  a reaction which may be done either under  
classical homogeneous condit ions or through phase- t ransfer  catalysis. For 
example the synthesis of 4-(2-cyclohexenyloxy)-s tyrene (IV) from p-hydroxy-  
benzaldehyde is easily performed as shown in Scheme II. Typical yields for 
etherification reactions involving 3-bromocyclohexene exceed 80% [15]. 
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The same preparat ive route is applicable for the synthesis of  secon- 
dary benzylie ethers such as 4 - ( l - pheny l e thy loxy ) - s t y r ene  (V), or for more 
hindered ether  protected vinylphenols  such as 4 - (2 -cyc lohexeny loxy) -3 ,5 -  
dimethyls tyrene (VI). In contrast,  more complex synthetic approaches are 
required for the preparat ion of 4 - t -bu ty loxy-subs t i tu t ed  styrenes. The 
reaction of 3 ,5 -d ime thy l -4 -hydroxy  benzaldehyde with t -bu ty l  bromide in 
pyridine [12] is extremely sluggish and only proceeds in low yield even in 
the presence of a large excess of the phenolic component.  The react ion is 
only marginally better with the less hindered 4-hydroxybenzaldehyde.  An 
interest ing alternate procedure developed by Crivel lo et al. [14] involves 
the reaction of a Grignard reagent with t -bu ty lperoxybenzoate  [13]. In the 
case of 4 - t -bu toxys ty rene  this procedure is reported to a f ford  the desired 
product  in 20% yield [14]. However ,  a major drawback of  this approach is 
the required use of costly 4-bromostyrene as the starting material. 

CHz=CH CH(-CH 

V V l  CH CH s 

OR 1 OR 2 

Polymerizat ion of monomers IV-VI  is easily carried out under free 
radical conditions.  The presence of a second double bond in monomers IV 
and VI does not in terfere  with the free radical propagation.  The polymers 
(IVa-VIa)  which are obtained have a normal molecular weight dis t r ibut ion 
(1.7 to 1.9) and have Tg values which are s ignif icant ly  lower than that of 
poly(p-hydroxys tyrene)  [Tgffi174~ of comparable molecular  weight  as shown 
in Table 1. 

Table 1: Radical Polymerization of Monomers IV-VI 

Cone. % AIBN 
Monomer Solvent (wt. %) (wt. %) yield Mn..__ a Mw a T_g(~ 

IV toluene 33% 1% 76% 15,400 27,400 101 

V toluene 33% 1% 88% 17,000 31,400 74 

VI toluene 15% 1% 79% 17,600 33,500 

VI benzene 9% 0.6% 81% 54,200 97,500 91 

a GPC with polystyrene calibration. 

IVa 0 Va 0 V ia  0 
. 
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The direct  formation of ether protected poly(p-hydroxys tyrene)  by 
polymer modif icat ion is also successful due to the high react ivi ty  of  3- 
bromocyclohexene with the phenolate der ivat ive  of  poly(4-hydroxystyrene) .  
This reaction is d i f f icu l t  to push to complet ion and the polymer which is 
obtained (IVa) generally contains some free hydroxyls.  In contrast,  the 
same modif icat ion using 2 -b romo-2 -me thy l  propane is unsuccessful as e l imi-  
nation prevails over nucleophil ic  substitution. It is nevertheless 
possible to funct ional ize  a s ignif icant  percentage of the phenolic groups 
of poly(p-hydroxystyrene)  by treatment of  the polymer with 2-methylpropene  
in an appropriate solvent and under acid catalysis. Thus, in 1 ,2-dimetho-  
xyethane 50% of the phenolic group are e ther i f ied  to af ford  a polymer 
having structure VII (n = 0.5); the unreacted hydroxyls of VII can then be 
ful ly protected by fur ther  reaction with reagents such as acetic anhydride,  
dimethyl  sulfate,  or d i - t - b u t y l  dicarbonate.  In dichloromethane the e ther -  
i f icat ion reaction does not proceed to any signif icant  extent ,  as the 
system is heterogeneous due to the lack of solubil i ty of the po ly(p-hydro-  
xystyrene).  However ,  if  the polymer is f inely dispersed in dichloromethane 
and the reaction mixture is subjected to low power sonication, the polymer 
dissolves slowly as the t -butyla t ion  proceeds. The final  product analyzed 
by IH NMR shows 80-85% t-butylation, but a more careful analysis by 13C-NMR 
shows two dis t inct  sets of peaks which can be a t t r ibuted to the t -bu ty l  
groups. The major product has its quaternary t -bu ty l  carbon at 34.5ppm and 
its methyl carbons at 30.7ppm. In contrast,  the minor product  (25% of the 
total t -butyla t ion)  shows its quaternary t -bu ty l  carbon at 77.5ppm and 
methyl carbons at 29.0ppm. Therefore  the reaction in dichloromethane 
results mainly in ring aikylation while e ther i f ica t ion of  only 20-25% of 
the starting hydroxyls is observed. Changes in reaction conditions involv-  
ing shorter react ion times indicate that in dichloromethane and under soni-  
cation, the alkylation reaction is much preferred over the e ther i f ica t ion.  
This is in contrast to the reaction in glyme for which lit t le or no alkyl- 
ation product is obtained. Though incomplete,  this e ther i f ica t ion proce-  
dure may nevertheless prove to be useful as it is possible to protect  the 
unreacted hydroxyls,  for example by reaction with dimethylsulfa te ,  acetic 
anhydride,  or d i - t -bu ty ld iea rbona te .  Thus, we have ef fec ted  the facile 
one-pot  synthesis of  polymer VIII containing 50% of t -bu ty l  and 50% of 
methyl ether groups by a simple sequential addit ion of  reagents. In addi-  
tion, the partly e ther i f ied polymer (VII) i tself  may prove useful as an 
imaging material. 

OH 

o, me 

VII OH O~-Bu 

CH31 

PTC 
~ n 

VIII OCH30t-Bu 

Removal  of the active ether protecting groups is easily done by acido-  
lysis, thermolysis,  or acid hydrolysis. The process is faci l i ta ted by the 
relat ive stabili ty of the carbocationic intermediates (allylic,  benzylic or 
tert iary) which are formed. As could be anticipated from the results of  
our study of  the aeidolysis of  our benzylic carbonate model (I) and of  the 
corresponding ether II reported above, the acidolysis reaction may be slow 
at room temperature depending on the nature of the acid used and the struc- 
ture of the ether. In general the tert iary and allylic ethers are found to 
be s ignif icant ly  more reactive in solution than their  benzylic counterpart  
which does not cleave at any appreciable rate at 20~ As expected the use 
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of a strong acid such as t r i f luoromethane sulfonic acid results in faster 
deprotection than is the case with weaker trifluoroacetic acid. 

Detailed model studies with l - (2 -cyc lohexeny loxy) -3 ,5 -d ime thy lbenzene  
IX and t r i f luoroacet ic  acid in dichloromethane solution show that essen- 
tially quant i ta t ive  l iberat ion of  the phenolic group is achieved but that 
the reaction is also accompanied by signif icant  r ing-a lkyla t ion  of  the 
l iberated phenol. Chromatographic monitoring of the reaction indicated up 
to 40% monoalkylat ion (Scheme II, R 1 ffi H and R 2 = 2-eyclohexenyl ,  X) and 
25% dialkylat ion (R 1 ffi R 2 = 2-cyclohexenyl ,  or tho-or tho:  XI, and or tho-  
para: XII) in addit ion to the free 3 ,5-dimethylphenol  XIII  (R 1 ffi R 2 = H) 
and some 1,3-cyclohexadiene. 

Me 

C F3COOH ~ ~ - - ~ H  + 

With the corresponding cyc lohexenyloxy-pro tec ted  polymer IVa, the 
extent  of  alkylation during acidolysis with t r i f luoromethane sulfonic acid 
or t r i f luoroacet ic  acid is reduced considerably. Yet, i f  a purely t h e r m a l  
deprotect ion is at tempted on polymer IVa a very s ignif icant  amount of alky- 
lated units are formed as a result of the Claisen rearrangement  of the 
allylic ether.  The resulting polymer has structure XIV in which all hydro-  
xyls are free. In contrast,  no alkylation is observed during ether removal 
(thermal or ac id-cata lyzed)  for po ly[4- (2-cyc lohexenyloxy)-  3 ,5 -d imethy i -  
styrene] as all reactive positions ortho and para to the phenolic group are 
occupied.  In the ease of polymer VII, quanti tat ive removal of  the t -bu ty l -  
oxy groups is achieved by acidolysis, thermolysis,  or acid hydrolysis 
without any apparent alkylation s ide-react ion.  In all cases quant i ta t ive 
deprotect ion of  the phenolic groups of polymers IVa, Va, Via, and VII is 
observed. With polymer VIII acidolytic or thermolyt ic  deprotect ion afford 
a product which still contains methoxy groups. 

C l a i s e n  

1-11 

n ~ 0.25 

Deprotect ion of the polymers in the solid state was also studied using 
polymer films containing a few percent of  a t r i a ry l su l fon ium-hexaf luoro-  
antimonate and UV- i r rad ia t ion .  The role of  the t r iarylsul fonium salt in 
this system in the photogenerat ion of strong acid (H +) in s i tu  [4, 14-16]. 
In this case, the deprotect ion reaction does not occur at 20~ but is only 
observed upon heating near 100oc. Both the 2-cyc lohexenyloxy  and the t-  
butyloxy substi tuent are removed rapidly at 105~ while a longer heating 
period or a higher thermolysis temperature is required to remove the 1- 
phenyl-ethyloxy groups. 
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Ext~erimental: 

Preparation of 4 - ( m e t h y l o x y c a r b o n y l o x y ) - x - ( m e t h y l o x y c a r b o n y l o x y ) e t h y l -  
benzene. (I). 

A solution of 4.50g l - (4-hydroxyphenyl )e thanol  in 50mL dichloromethane 
containing 6.32g pyridine was treated dropwise at room temperature with 
7.56g methyl chloroformate. After  4h stirring the reaction mixture was 
extracted 3 times with water, dried over magnesium sulfate and concentrated 
to an oil which is purif ied by disti l lat ion under  reduced pressure to 
afford 7.56g (90%) of I as a colorless liquid with b.p. 153-154~ (2mm Hg). 
Analysis; calculated: C, 56.69; H, 5.55. Found: C, 56.80; H, 5.46. 
IH-NMR (CDC13, in ppm from TMS internal  standard): 1.55 (d, 3H); 3.65 (s, 
3H); 3.77 (s, 3H); 5.57 (q, 1H); 7.15 (m, 4H). 
Mass Spectrum: 254, 134. 
IR (cm-1): 2959, 1765, 1746, 1260, 1220. 

Preparation of 4 - ( m e t h y l o x y c a r b o n y l o x y ) - x - ( m e t h o x y ) - e t h y l b e n z e n e  II by 
acidolysis of I at room temperature. 

A mixture of 0.60g I and 1 microliter of t r i f luoromethanesulfonic  acid is 
stirred for 2h at room temperature. Evolution of CO 2 is observed 
immediately upon addit ion of the trifl ic acid. The product is purif ied by 
preparative th in- layer  chromatography (silica gel, ethyl acetate-hexane 
3:7) to afford 0.37g (75% yield) of compound II. 
Analysisi calculated: C, 62.85; H, 6.71. Found: C, 62.66, H,6.97. 
IR (cm-~): 2977, 2932, 2822, 1763, 1259, 1218. 
IH-NMR (CDC13, in ppm from TMS internal  standard): 1.39 (d, 3H); 3.14 (s, 
3H); 3.82 (s, 3H); 4.04 (q, IH); 7.12 (m, 4H). 
Mass spectrum: 210, 195. 

Preparation of 4 - (methy loxycarbony ioxy ) - s tyrene  and its polymer by acid-  
catalyzed thermolysis of I 

The reaction of I (1.50g) with 2 microliters of tr if l ic acid proceeded at 
room temperature (1.5h) to afford II as above. The reaction mixture was 
then heated to 120~ for 2h then for a few minutes under  reduced pressure 
to remove any volatiles. The thick viscous product which was isolated 
(l.09g) consisted of a dimer 1,3- d i - [ (p-methyloxycarbonyloxy)phenyl] -  1- 
butene obtained in 54% yield as well as a polymer containing 4-methyloxy-  
carbonyloxystyrene units obtained in 32% yield. 
Similar small-scale experiments performed with monitor ing of the reaction 
products by GC-MS or liquid chromatography (with cal ibrat ion using an 
authentic sample) showed the intermediacy of the 4-(methyloxycarbonyloxy)-  
styrene monomer. 

Preparation of 3,5-dimethyl-4-(2-cyclohexenyloxy)-styrene [VII 

A solution of 36.52g of methyl t r iphenylphosphonium bromide in 200mL 
dry THF is treated with 11.42g potassium t-butoxide.  To the stirred mix- 
ture is then added dropwise a solution of 19.55g 3 ,5 -d ime thy l -4 - (2 -cyc lo -  
hexenyloxy)benzaldehyde [15] in 50mL dry THF under N 2 atmosphere. Once the 
addition was complete, s t irr ing was continued for 2 hours, then enough 
water and ether were added to obtain a biphasic solution. After  separation 
of phases, the water solution was extracted 3 times with ether and the 
combined ether phases washed 3 times with water. The washed ether solution 
was then dried over magnesium sulfate, fi l tered and evaporated to a semi- 
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solid from which t r iphenylphosphine oxide was extracted by t r i turat ion with 
hexane. Preparat ive HPLC pur i f ica t ion  on silica using 20% ethyl acetate-  
80% hexane afforded 18.6g (96%) of the pure monomer.  The spectral  analysis 
of the monomer (IH and 13C-NMR, MS) confirmed its identity. 
Elemental analysis: found C, 84.58; H, 8.68; calculated: C, 84.16; H, 8.83 

A similar procedure was used to prepare monomers IV and V [15]. 

Preparation of poly[3,5-dimethyl-4-(2-cyclohexenyloxy)styrene] (Via) 

A solution of 4.5g of the monomer prepared above in 25g toluene con- 
taining 0.045g AIBN was degassed with nitrogen then heated in an oil bath 
at 75~ for 24h. The polymer was precipi ta ted twice in methanol to afford 
3.55g of the desired product (70% yield) with MN 17,600 and Mw 33,500 (GPC 
with polystyrene calibration).  Analysis: found C, 84.16; H, 8.72. The 1H- 
and 13C NMR spectra are in agreement with the proposed structure.  A simi-  
lar procedure was used to prepare polymers IVa and Va [14]. 

Reaction of po ly(p-hydroxystyrene)  with 2-methylpropene  in the presence of 
acid 
(a) In 1,2-dimethyoxyethane. 

A solution of 6.00g poly(p- hydroxystyrene)  in 100mL 1,2- 
d imethoxyethane in a pressure vessel was cooled to -78~ and 150mL 2- 
methy l -p ropene  was condensed in. Af te r  addit ion of 0.5mL concentrated 
sulfuric acid, the reaction mixture was brought to 45~ for 1 hour while 
stirring. Af te r  22h of fur ther  st irring at room temperature ,  the excess 2- 
methylpropene was removed by evaporat ion and the remaining solution 
neutral ized by addit ion of potassium carbonate.  Af te r  precipi ta t ion in 
water, the polymer which was obtained still contained approximately  45% 
free phenolic groups (55% formation of t-butyl ether groups). 

(b) In 1,2-dimethoxyethane followed by acetylation of unreacted hydroxyls. 
The reaction was carried out as above with 1.21g po ly(p-hydroxy-  

styrene),  20mL 1,2-dimethoxyethane,  50mL 2-methylpropene  and 0.1mL sulfuric 
acid in a pressure vessel. After  lh st irr ing at 45~ and 22h at room tem- 
perature and evaporat ion of excess 2-methylpropene ,  potassium carbonate was 
added to neutral ize the acid then 3.26mL pyridine and 5.8mL acetic an- 
hydride were added. The light orange solution was then heated to 60~ 
overnight ,  concentrated,  then precipi tated into 600mL water to afford 1.60g 
of a light cream colored powder. NMR analyses (1H and 13C) indicated that 
the polymer contained approximately 50% of t -bu ty l  ether and 50% of acetate 
groups. 

(c) In dichloromethane with sonication. 
The reaction was carried out as above using 1.20g of po ly (p-hydroxy-  

styrene) as a f ine powder dispersed into 25mL dichloromethane,  and 50mL 2- 
methyl propene, with 0.08mL concentrated sulfur ic  acid catalyst at room 
temperature  for 23h under sonication. As the reaction proceeded,  dissolu- 
tion of the polymer was observed and an homogeneous solution was obtained. 
Af ter  evaporat ion of  the solvent,  the polymer was re-d issolved in te t ra-  
hydrofuran and precipi ta ted in water to afford a f ine,  slightly colored, 
powder ( l .4g)  for which I H - N M R  analysis showed that 83% of the hydroxy-  
styrene residues had been t -butyla ted.  Careful  analysis of this and other 
samples (post- t reated by acetylat ion with acetic anhydride and pyridine)  by 
13C-NMR showed that 75% of the t -buty l  groups resulted from ring alkyla- 
tion, while only 25% were due to the formation of  t -buty l  ether func t iona l -  
ities. Thus, the reaction only lead to t -bu ty l  ether format ion on 21% of 
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the polymer ' s  phenolic  residues. In the absence of sonicat ion,  less than 
10% t -bu ty l a t i on  was obtained,  while a shorter  react ion t ime (4h) under  
s imilar  condi t ions (with sonicat ion)  lead to 56% t -bu ty l a t i on  of  which over 
90% was due to ring alkylation. 
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