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ABSTRACT 

General methodologies are elaborated for the modification of residual vinyl 

groups resulting from the polymerization of technical grade divinylbenzene to obtain 

polymer supported reagents, catdysts, protecting groups, separation media and 

chernosensors, These residual vinyl groups undergo anti-Markovnikov addition reactions 

via free-radical mechanisms to give polymer supported hdides, suIfides, phosphines, 

phophonates, amines, silanes, carboxylic acid derivatives such as amides, amidines, 

esters and also P-diketones, crown ethers or acetals. Reaction of these pendant styryl 

units via electrophilic or nucleophilc mechanisms also give useful polymeric products. 

Diels-Alder reactions of the pendant styryl units are also investigated, showing 

that these may react as dienophiles or, with the participation of the aromatic group, as a 

diene. Thus, one mole of diene such as hexachlorocyclopentadiene or 3,6-dipyridyl- 

1,2,4,5 tetrazine add per mole of alkene, or two moles of dienophile such as maleic acid 

derivatives add in a fashion analogous to the Wagner-Jauregg reaction. 

Transition metal catalysed hydrosilylation of the substrate (viny1)polystyrene 

using Co2(CO)g gives exclusively dimethylene Linked polymer supported 

dialkylchlorosilanes. These may be used to selectively protect pnmary hydroxyls in the 

presence of secondary or tertiary hydroxyls. Cleavage of the silyl ethers can be effected 

with aqueous acid, base or more conveniently with fluoride ions which then could be 

regenerated back to the polymeric silylchlorides using BC13KH2C12. 

Resins bearing amino acid functionalities, obtained by free-radical addition of 

cysteine, rnay be converted to polymer supported aziactones which smoothly irnrnobilze 

enzymes such as lipase, and retain their hydrolytic activity. 

Functiond polyrner particles of nanometer dimensions bearing fluorescent 

molecular imprinted sites are obtained using a core-shell polymenzation approach in 

conjunction with technique described above. The resulting clear particle dispersions 

show some ability to distinguish between molecules and even between enantiomers 

through weak interactions, as shown by fluorescence spectroscopy. 

Srnall molecule fluorescent probes based on dimethylaminostyrylpyridinium salts 

are demcnstrated to be useful fluorescent probes due to their great sensitivity to solution 

rnicroviscosity. Caged denvatives are applied in rnicrobial and ce11 cultures. 
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GLOSSARY OF SYMBOLS AND ABBREVIATIONS 
AIBN Azo bis(isobutyronitri1e) 

BPO B enzoyl peroxide 

Bz Benzoyl 

CAMP 3',5'-cyclic adenosine monophosphate 

cGMP 3',5'-cyclic adenosine rnonophosphate 

CP centipoise 

CP-MAS Cross polanzation-magic angle spinning 

C T  charge-transfer 

CYS C ysteine 
6 chernicd shift 

DBU 1,8-diazabicyclo[5,4.O]undecene 

DD Dipole dephased 

DMAC N,N-dirnethylace tamide 

DMASP Dimethylaminos tyrylp yridine 

DMBz N,N-dimethylbenzo ylarnide 

DMF N,N-dirne thylfom amide 

DMPU N,N1-dimethyltetrahydropyrimidinone 

DîBP Di-tert-butylperoxide 

DVE3 Divinylbenzene 

F Fluoresence Intensity 

FourÎer transform infrared spectroscopy 

GC Gas chrornatography 

GSD geometric standard deviation 

HJ2M Hydroxyethylmethacrylace 

ICT intrarnolecular charge-trans fer 

LE Locally excited 

NMP N-methylp yrrolidinone 

NMR Nuclear magnetic resonance 

PBS Phosphate buffered saline 

PEG polyethylene glycol 

Phe Phenylalanine 

Ps Polystyrene 

RPM Revolutions per minute 

t-BOC tert-bu toxycarbon y1 

TBAF tetrabutylarnmoniurn fluonde 



TICT 
TLC 

tetrahydrofuran 

Twisted intramolecular charge-transfer 

Thin layer chromatography 

Trimethylolpropane trimethacrylate 

p-toluenesdfonyl 

Mole fraction of crosslink units 

Mole fraction of functional uni& 
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CHAPTER 1. 

INTRODUCTION 

1.1. THE CHEMISTRY OF FUNCTIONAL POLYMERS 
Reagents, catalysts and chelating groups immobilized ont0 a solid phase have 

proven extremely useful and versatile in rnany fields of science and i n d ~ s t r y . ~ - ~  The ease 

with which these are handled and removed from solution after use and recyclability are 

their main advantages. These properties enable the use of excess reagent to force reactions 

on the polymer supports to completion and the use of automated systems, thus reducing 

laborious and repetitive syntheses. Also other aspects, such as the unique 

microenvironment near the active site and the isolation of groups with respect to each other 

convey special pr~penies.~. '  The need for the development of quick and ciean organic 

reactions on polymers, particularly catalytic reactions with benign or insignilïcrint side 

reactions, is apparent now that solid-phase syndiesis is increasing in popularity due to its 

ability to allow chemists to tïsh out individual beads fiom syntheticalty generated libraries. 

Furthemore, functional polymers are not geometrically lirnited to tiny spl~eres. 

~ o d s , ~  tubes, membranes, fibers and films are often generatad and used in various 

processes. Thus, the development of convenient modification reactions would apply to the 

functionalization of several devices for numerous applications. Also, since it would not be 

practical for most chemists to generate solid matrices of complex composition from the 

monomer, the ability to modify common and commercially availablr supports such as 

styrene divinylbenzene beads with simple and convenient rnethods would be a great asset. 

1.1.1. Applications of Functional Polymers 
Over the last twenty years, crosslinked functional polymers have been much 

studied and widely employed for severd applications, the rnost cornmon of thrss k i n g  

ion-exchange and solid-phase peptide and nucleotide synthesis. However other 

applications have arisen. These include soiid-phase reagents, be they oxidation, reduction. 

condensation, acylating, photochernical and phase transfer, catalysts. both organic and 

inorganic, symmetnc and asymmetric, protecting groups with and without spacers or 

handles for rnost functionalites ,and sorbents for ionic and neutral ~pec ies . ' -~  Tlieir 

advantages over corresponding soluble chemicals include easy saparation from dissolved 

products by simple filtration, and multiple regeneration and reuse of the functional 

polymer to offset i u  initial cos t  Also, the ability to manipulate the sizes and composition 



dong with magnetization or modification of these polymenc particles confers special 

advantages when these are used in bioseparation, cell biology, enzymolo~y, diagnostics or 

as rncers and drug delivery systerns? 

Organic reactions that can be camed out on solid supports inciude; nucleophilic 

substitutions, electrophilic substitutions, c o n d e n s a t i ~ n , ~ ~ ~ ~ ~  aromatic substitutions 

(nucleophilic and electrophilic), 12*  l3 cyclocondensations, l 4  botli thermal and 

photochernical pericyclic reactions,15 o x i d a t i ~ n s , ' ~ - ~ ~  reductionst7, Michael addition, 

Mitsunobu reaction, Stork reaction, Wittig-Homer reaction and a varietyL7 of transition 

metal mediated catalytic reactions." 

Polymeric Reagents 

Reactive polymers whose functionalities are consumed dunng their use in a 

chemical transformation are referred to as polymenc reagents. Since these are typically 

based on crosslinked or otherwise insoluble materials these may then bc: recycled easily hy 

filtration and regenerated through other chemical transformation- These last properties 

justify the use of polymeric reagents, since they sirnplify otherwise labonous work-ups 

and c m  drive organic reactions to completion by virtue of their ahility to be reacted with 

large excesses of reactants, easily removed by filtration. Other advantages such as the site 

to site i ~ o l a t i o n ~ ~ - ~ '  ot'fered by such species, and the possibility to react ditterent types of 

reactive polymers together in one pot without having the functionalities on each polymeric 

species interacting or neutralizing each other, can also be e ~ ~ l o i t a d . ~ " - ~ ~  

Polymeric Catalysts 

Like polymeric reagents, polymenc catalysts, being typically insoluble, art: usèd in 

single step reactions. These however have the advantage of being used in far Iass than 

stoichiornetric quantities, and since the functionalities do not get consumed, these may he 

used in continuous processes. These insoluble and recuperable properties becorne very 

important when expensive organometallic reagents or highly caustic and othenvisa hard to 

handle materials are the catalytic species. Alternatively, these may he used as phase 

transfer catdyst, offenng an easily recuperable, separate microenvironment, or as macro- 

ion carriers?-28 

Potymeric Separation Media 

Polymeric separation media are reactive polymers especialy desipnsd to interact 

with a mixture or mixtures of solutes and retain one or a class of solutes. These are 

typically designed to bear sites for molecular interaction such as ion exchange, 



hydrophobic interactions o r  molecular recognition, be it through immobilized bio-active 

molecules such as enzymes or antibodies, or through design with various combinations of 

organic and inorganic chemistries, thus f o m i n g  these complementary sites. Polystyrene 

based polymers are very much in use in biotechnological industry for separation and 

purifcation processes.2g*30 

1.1.2. Characteristics of Crosslinked Polystyrenes and 
other Common PoIymer Supports 

Crosslinked polymers Vary considerably in their propenias, depending on their 

mode of preparation and degree of crosslinking. These rnacromolècular networks are 

typically characterized by their total surface area, pore sizes (diameter) and volume, 

solubility and extent of swelling in various solvenü and mechanical stability and strength. 

Types of Supports 

Microporous Polyszyrene - These, also known as gel type resins, are prepared 

using neat monorner and typicdly 0.5% - 10% crosslinker without any additiond solvent 

in a suspension polymerization process in nonsolvent The resulting spherical beads have 

small pores in their dry state, but on addition of a good swe1Iing solvent, swel1 

considerably with the emergence of large pores depending on the degret: of crosslinking. 

Their low crosslinking however confers a fragility which may render these ditlticult to 

handle or subject to damage under harsh (thermal fragility) o r  rapidly changing conditions 

(differing solvents) so that they may not be subjected to conditions of steady or high 

pressure. When crosslinking is 8% -1096, the mechanical and thermal properties improve, 

but the additional restrictions impose some diffusional limitations on the permeating small 

moIecules and thus slower reaction rates overall. These however continue to he the most 

popular resins used in solid-phase peptide synthesis, especially when 2% crosslinked 

resins art: coupled to handles o r  l i n k e r ~ . ~ ~  

Mrrcroporous P o l y s ~ r e n e  - When a good solvent (for both vinyl monomers and 

resulting polymer) is mixed with monomer (styrene, ethylstyrene) and 20-5096 

crosslinking agent (divinylbenzene), then initiated in a suspension polymerization, the 

resulting polymer beads contain solvent rich cavities or pores. This porous network can hc: 

collapsed and reformed when the solvent is removed or replaced. The obvious advantrige 

of these more highly crosslinked beads is their increased mechanical stability. Another is 

the accesibility within the polyrner particle through the porous network. The s i x  of the 

pores produced may be controlled by varying the solvent and solvent mixtures. The 

precipitation of the growing polymer chains d o n g  with consumption of the vinyl 



monomers and microsyneresis of the solvent generate the porous architecture of clustered 

polymenc particles.31~2 

Macroreticular Polysqrene - Similar in preparation to macroporous resins, 

macroreticular resins differ only in that they employ a liqiud that is a solvent for the 

monomer but non- solvent for the polymer. The resulting material is generally non- 

swelling and rigid yet can absorb large amounts of solvent. They also typically have very 

large pore sizes and phenomenal surface a r eê  Their good mechanical properties make 
them ideal for column applications. They however are fragile in that they tend to be bnttle 

when dry.29 

These are often used as the base in grafting copolymerization of functional 

monomers with the pendant vinyl groups with monomers and other electrophilic addition 

r e a c t i ~ n s . ~ ~ - ~ ~  Table 1.1 lists a few other solid supports some of which are commonly 

used in industrial processes and solid phase synthesis- 

Table 1.1 Common types of functional polymer supports 

Polyrner Support Reference 

Polyeth ylene 

Polystyrend acryl- 

PolyHIPE 

Polyacrylates 

Hexamethylenediamine- 

35 

36 

20.37.38 

39,40 

Polyacrylamides 

Polystyrene / polyethyIene glycol 

1.1.3. Synthetic Strategies 
Two main strategies exist to prepare functional polymers; (1) the synthesis of a 

hnctional monomer which is then copolymerized to form the functional polymer~8 (2) the 

modification of a preformed polymer to attach an appropnate functional group, with or 

4 1.42 

Tentagels 

Controled pore g lus  

Polyacrolein/PolyWiy1 pyridine 

Poly(2,6-dimethyl- l,4-phenyl ether) 

43 

9.18 

44 



without fùrther modification. The former route present certain problems with respect to 

polymer architechture, a problem often encountered when different monomers of different 

polyrnerization reactivities are used, leading to areas rich in one monomer phase or the 

other and othenvise uneven di sui but ion^.^^ Known polymer architecture and properties 

and the usualiy even distribution of reactive sites, are sorne of the advantages of the 

second route ,46 

Addition of \ Functional monorner 
"X" "L 9 9  

Functionalization with X 

f X, = degree of crosslinking 

Xf = degree of functionalization 

Scheme 1.1 Two main routes toward functional polymers 

The main problem with the second route is accesibility and reIatively low 

concentration of these (typically 1-3 mmol/g) of some reactive sites to the addition 

reagents. To date, chlorornethylation of crosslinked polystyrene, followed by nuclaophilic 

substitution. h a  been a very popular route.4749 Extending the length of the methylene 

spacer by another methylene would result in a non-benzylic primary linkage site dong 

with greater accesibility of the functional group into the solvents0 Howevcr polystyrene 

remains an ideal base polymer because it is chemically and physically stable. 



Crosslinked 
po lys tyrene 

( ~ i ~ h i ~  toxic ! ! !) 

NaCN 
PTC 

I 

Scherne 1.2 Previous route toward dimethylene spacer linked functionalized 

polys tyreneesO 

insoluble yet swellable in many solvents when crosslinked and thus easily separable from 

soluble reagents, easily manufactured and derivatized. 

Typical procedures for the irnmo bilization of reac tive groups on to polymers 

involve nucleophilic or electrophilic substitutions of the backbone moieties and further 

modifications of the inter me dia te^^^*^^*^^*^^ The linkages to the polymer backbone art: 
often through heteroatoms such as N, O, S etc.., and are often labile to even mild 

c~nditions?~These are often attached close to the backbone (O or 1 carbon) and are held in 

relatively rigid positions, thus lirniting their interactions with solvent and other desired 

molecules. 



1.2. MICROENVIRONMENTAL EFFECTS 
The special microenvironments inside functional polymer beads can also henefit 

the reactivities of functional groups there.7-3'*53 Since the functional sites in polymer 

assisted reactions are contained within a relatively constrained area. site-site interactions, 

benelïcial or not, and formation of "active sites" rnay o ~ c u r . ~ ~ A i s o ,  the very nature of the 

polymer backbone and unfunctionalized units play a role in the outcoma of the desired 

reaction by imposing environments suirable for certain reactions, as  for example. in the 

use in apolar solvents of crosslinked polyvinylpyrolidinone, which acts as a polar CO- 

solvent and rnay accelerate certain reaction cornponents confiined to these polar interiors." 

Indeed since the functional groups on the resins are not free to rnove , the surrounding 

medium of low molecular weighr substances must diffuse to these fixed sites through 

pores and ngid gel structures, defined by the crosslink dansity, the Hexihility of the chain 

segments and the dagree of substitution dong with the nature of the solvent carrying these 

substances, dictating the chernical behaviour of the msin. in fact, pore size, crosslink 

density, îlexibility of the reactive group etc ..., are al1 aspects of the polymer matrix which 

affect the interna1 viscosity exhibited when in a wetted or  swollen srate, and the 

electrostatic forces in the macromolecular e n v i r ~ n r n e n t . ~ ~ ~ ~ ~  Since the diffusion of the 

reactants through the network will also be affected, it is  not surpi-ising that the gel type and 

macroporous polymers are found to be less rcactive rhan the dissolved linear type of 

polymers. Typically, one finds that kinetic reactivity varies with porosiiy, panicle size, 

crosslinking ratio and the size of the reactant However, these parameters rnay be used to a 

design experimental conditions leading to some selectivity toward specific types of 

substrates while excluding others. The capacity of a polymer is also an important factor in 

the microenvironmental effect and reactivity. A polymer with a very high capacity may still 

only react partially as not d l  functional sites will be accessible, and in the case of ionic 

functionalities, Donnan equilibria may prevent penetration of the substrate. The same is 

true for functional polymers made using harsh or forcing conditions. Also, since the size 

of molecules attached ro the polymers may increase during repeated steps of synthesis. 

changes such as microenvironment polarity and viscosity begin to play a major role and 

rnay lead to desolvation and collapse of gel networks o r  restncted acccssibility and 

reactivity of growing chains or the polymer-substrate bond. These comprise the major and 

most cornmon obstacles found in solid-phase synthesis- Furthermore the behaviou r o t' a 

particular functional group depends on its intrinsic reactivity and concentration. the 

diffusion rate of the low molecular weight species and the distance thcy must travel 

(particle diameter). the reaction temperature and st ining rate. Ail of these parameters are 



Another advantage of having iong spacers on the polymenc backbone is the possible use 

of gel-phase IH and I ~ c  NMR spectroscopy.64 

1.2.3. Analysis of Reactions on Solid Supports 
The determination of structure and quantity of the products and by-product of a reaction is 

often a fairly straightfoward procedure in solution phase chemistry, however, on a 

polymer these analyses are more difficult. Fewer methods exist for the analysis on the 

polymer support. These include FT-IR and FT-Raman spectroscopy, solid srate l3  C 

NMR spectroscopy including Magic Angle Spinning (MAS) and cross-polarization (CP), 

Matrix Assistrd L a x r  Desorption Ionization time of tlight Mass ~ ~ e c t r o s c o ~ ~ ~ '  elemrntal 

analysis, titrations of reactive groups, gravimetric and photometric analysis. 

1.3. CHEMICAL MODIFICATION OF PQLYSTYRENES 
Much work has centered on the derivatization of polystyrene since this polymer, 

when crosslinked, fuliïlls several of the requimrnents ideal for solid supports. Although 

other work has been done on other polymer matrices, the lack of reactivity, degradation of 

the main chain and other deleterious effècts have limited their applications and 

develop ment- 

Since the chemistry of benzene and its derivatives has evolved for nearly two 

centuries, the considerable baggage of chemical reactions that can be imposed or. 

polystyrene is developed and familiar to most chemists. The  two main routes arc 

electrophillic aromatic substitution and metallation reactions since these are zasy and 

relatively controllable. L*2*9*13-47*49965 Other important advantagas of polystyrrnes are thrir 

commercial availability, compatibility with most organic solvenn, good chemical stahility 

of the aliphatic hydrocarbon backbone, and degradative resistance. 

1.3.1. The Problems of the Chloromethylation Route 
Serious problems anse from the carcinogenicity of the chloromethylation reagents. 

and the often limited stability of the polyrner products. The linkagrs to the polymer 

backbone are often through heteroatoms such as N.0.S etc.. and are often labile to evrn 

mild c0nditions.5~ In particular, the benzylic linkage resulting from this modification 

route is relatively fragile as a result of transition state stabilization, through resonance with 

the aryl moiety, of charges developed during cleavage. Thus benzyl-linked amines. ethers, 

sulfides, selenides and silanes may undergo nuisance side raactions or prernaturc 

elirninations during usage or regeneration. Also these are often attached directly or close to 

the backbone and are held in relatively rigid positions, thus limiting their interactions with 



solvent and other desïred molecules. Due to functional group heteroatorns heing connected 

to the polymer backbone via only a weak benzylic bond, several functional polymers are 

subject to unwanted cleavage dunng many reaction or regeneration  condition^^^-^^ Wi th 

dimethyiene spacer linked functional groups, the prospect of dimination is also there. 

However, only very good leaving groups such as bromide, sulfoxides. sulfonates or 

onium salts can produce such eliminations, and that usuaLLy under basic or pyrolytic 

conditions . 

Scheme 1.3 Benzylic instability and substitution. 



1.4. PLAN OF STUDY 
In an effort to improve on existing routes for the synthesis of reactive polymers 

bearing site isolated functionalities, various types of organic reactions were used to 

modify, in one step, a common and easily obtained material, (viny1)polystyrene- The 

pendant vinyl groups obtained from the controUed polymerization of divinylbenzene to 

give linear, macroporous and macroreticular resins of (vinyl)polystyrene, afford an 

opportunity for the exploitation of the vastness of alkene substitution chemistry. Since 

much of this chernistry is catalytic, the minimal addition of chemical derivatizing agents, 

aside from the actual functional group, is an asset, dong  with the simplicity of the single 

step routes to give functional polystyrenes 1-70 (Chapters 2-6)- 

Free-radical catalyzed modification of these vinyl groups with synthetically useful 

functionalities is investigated, d o n g  with the scope of this approach for various 

functionalities (Chapter 2). Hence, halogens, sulfur, phosphorous, silicon, nitrogen 

compounds, d o n g  with carbon centered functionalities such as amides, ketones, 

aldehydes, crown ethers, carboxylic acids and their derivatives are subjected to free radical 

chain-transfer addition reactions, malogous to telomer formation, to (viny1)polystyrene. 

B oron, oxygen, nitrogen and hydrogen are subjec ted to reaction with (viny1)polystyrene 

by difl'erent mechanisms giving other desired products (Chapter 3). Di&-Alder 

chemistry, where the (viny1)polystyrene acts as eithrr a dirne and dienophile (Chapter 4) 

and hydrosilylation with an organometallic catalyst (Chapter 5) are also investigated, 

Further chemical modification on some of these primary resins also give useful 

intermediates, Transition-metal chelating and catalytic resins dong with solid supports tor 

enzymes (Chapter 6) and selectivr protrcting groups are synthesized and evaluated 

through ciassical solution techniques. 

Nanometer sized gels bearing these pendant vinyl groups are also modified with 

techniques previously discussed, dong  with the attempt to design sites for molaculnr 

recognition through moIecuIar impnnting (Chapter 7, compounds 1-18). These sites 

coupled with fluorescent molecules were targeted to receive, as examples, the important 

biological second-messager molecule CAMP and phenylalanine derivatives. These 

fluorescent probes were then evaluated with standard fluorescent spectroscopy techniques 

by Dr. B. Wandelt (Chapter 7). Related fluorophores were adapted for other medicinal 

applicable usas after elucidation of mechanism (Chapter 8, tluorophores 1-8). AI1 

products are characterized through Fï-IR, solid state NMR, elemen ta1 analysis, ti trimetric 

and gravimetnc analysis, or simply through mass gain to afford the most accurate picture 

of what the polymer bound and soluble products are. Reproducibility of al1 methods are 

confirmed whereby several batches of polymers were synthesised in various scales. 



CHAPTER 2. 

FREE-RADICAL MODIFICATIONS OF 
(V1NYL)POLYSTYRENE 

(Viny1)polystyrene beads are easily obtained by suspension polymerization of 

t-chnical grade divinylbenzene. Certain additives, such as porogens. can give heads with 

differing architecture and properties such as pore sizes and surface areas, dong  with site 

isolated residual vinyl groups? The arnount of the latter can ha controlled simply by 

varying the polymerization time (fig, 2.1). Indeed, (viny1)polystyrene beads with these 

differences in properties have been extensively revirwed, and are commerci;ilIy a ~ a i l a h l e ~ ~  

and used as sorbents for organic matter or as media in gel permeation chromacography. 

(Viny1)polystyrene is essentially a crosslinked polystyrene matrix bearing rcsidual vinyl 

and ethyl groups, hence our term " (viny1)polystyrene". and abbreviation " Ps-CH=CHz". 

While retaining al1 the attractive properties of rnacroreticular polystyrene, it is possible to 

exploit the pendant vinyl groups by applying the enormous versatility and scope of alkene 

c hernistry. Upon anti-Markovnikov addition of a reagant " H-X", each such vinyl becornes 

a dimetliylene spacer supporting a functional group, for an overall functional polymer "Ps- 

CH2CH2-X" or " (X-ethy1)polystyrene)". 

Earlier attempts in Our laboratory to prapare and functionalize (viny1)polystyrenr 

were performed by Ms. R. Barghi (undergraduata.) and Dr. J.F. Gao (post-doctoral 

researcher) who pionecred the work with sulfur (cmpds 3-11) and phosphine 18 dong 

with the hydroboration reactions and reactions with DMF, acetic acid and acctic anhydride. 

Dr. Gao also helped, dong  with Mr. J. Salha (undergraduate student), in elucidating and 

reproducing a selective mcthod for anti-Markovnikov addition of HBr. Mr. J. Salha also 

helped in attempts at transition metal catalysed hydroamination and hydroformylation 

reactions on (viny1)polys tyrene. 



2.2,  RESULTS AND DISCUSSIONS 

2.2.1. Preparation and Characterization of 
(Viny1)polystyrene. 

Free-radical suspension copolymenzation of divinylbenzene with othcr styrenic 

monomers gives crosslinked macroporous resins, of porosities and surface areas 

controlled by formulation of water, monomers, porogens and susprnding agents.3L33*66- 

These have been shown to often still bear many unreacted pendant vinyl groups.6g~70 
as detected by solid-phase NMR (6 135 CH= and 110 =CH2 ppm),7L.72 and quantitated 

by FTIR (1630 C = C  and 990 C=CH cm-1),69*73774 or, less convenienily and 

r e l i a b ~ ~ , ' ~ * ' ~  by chernical assay with b r ~ r n i n a ~ ~  or other r ~ a ~ e n t s . ~ ~  

R-N\ 
N-R' 

2 R -  
A 1 Initiation 

R'. 9- + 
L( AL 4. ] 

Scheme 2.1 Role of Azo-Initiators and Monomer Dunng Radical Polyrnerization 



Crosslinking and site-site isolation in divinylbenzene derived polymers. 

A simple mode1 of polymerization to account for this morphology would be 

(Sc herne 2-2): 

1) incorporation of divinylbenzene into propagating polyrner chains, through f'ree-radical 

reaction of one vinyl group as activated by the other- 

2 )  further crosslinking reactions between those resulting polymer-bound vinyl groups that 

are adjacent, whiie others remain site i ~ o l a t e d ~ ~  and intact within the increasingly ngid 

crosslinked matrix. 

Thus, even 24 h polymerization conditions from a "55% DVB" rnonomer 

mixture with toluene as porogen, ca. 0.20 of repeating units in the resulting 

(viny1)polystyrene 1 still bore -CH=CH2 groups (Xf= 0.20; Figure 2- 1)- Longer heating 

in toluene at 70 OC with AlBN did not significantly further consume vinyl groups, while 

48 h retlux with di-t-buryl peroxide (DTBP) in toluene decreased Xf by only another 0.05; 

52*75 fewer vinyls are reported to remain on further heating above 150 OC with 

Xc = degree of crosslinking 
= 0.1 -0.3 

Xf = degree of functionalization 
= 0.2-0.4 

Scheme 2.2. Preparation of (Viny1)polys tyrene Intemediate 1 
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Figure 2.1. Effect of time on content of residual vinyl groups during preparation of 
(vinyl)polystymne 1 by polymerizaùon of divinylbenzene . O Xf measured by FTIR. A 

Xf reported by GC. --- Curve fitted to FTIR points only: Xf = 0.245e-0-*73&+ 0.207. 

radical generator.71 This eventual general reluctance for coupling hetween polymer- 

supported vinyls is in dramatic contrast to the analogous free molecules, i-e. styrtnc and 

its mlp-alkyl derivatives, in which vinyl polyrnerizations are oRen so rapid a s  to 

overshadow other possible reactions, so that even high reaçentdkene ratios yield ttlomers 

at b e ~ t . 7 ~  It also contrats  with the prevalence of inter-chah reactions in more lightly- 

crosslinked polystyrene 
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Figure 2.2. FTIR of 1. Note strong aikene peaks at 163 1 and 989 cm-'. 

Tabie 2.1. Characteristics of the several batches of 1 used in this s 

Batch Monomer Yield Vinyl Capacity Particle Particle Swell 

# mass (95) content (mmoVg) diameter m a  ratio 

(g)  (xf) (p) (rn2/g) (toiusne: 

la 20 65 0-35 2.67 250-425 26.6 1.84 

1 b 100 50 0-43 3.28 250-425 20.9 1.96 

I C  200 89 0.30 2.29 250-425 18.3 1.74 

Id 250 88 0.30 2.29 250-425 16.7 1.59 

le 30 76 0.35 2.67 250-425 - - 

1 f 30 83 0-35 2-67 250-425 - - 

h 200 90 0-25 1.91 250-425 127.2 1 2 6  

Ih  200 60 0-35 2.67 250-425 77.2 1.85 

1 i AmberLite 0-35 2.67 300-800 - 7 0  1-01 

XAD-4 

lj Arnberlite 0.35 2-67 300-800 -700 1.10 

XAD-16 

udy. 

a Proportions, conditions and analyses as described in Experimental. 
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This study rnosily used 1 from shorter polymerïzation times, typically at X p  

0.30-0.35 d t e r  2 hours (Table 2.1)- Even with such higher concentrations of vinyl groups 

or their derivatives, many of the later addition or other reactions of the individual 

functionalities were often able to compete with their further dimerization or other 

crosslinking, to give functional group products of Xi  > 0.20 (set: below). Though we 

infer that significant further crosslinking could not be avoided at other times, still most 

such new crosslinks would usually be chemically inert in themselves; moreover, 

crosslinking side-reactions are often also the mle for chloromethylation and other 

"traditional" functionalizations/functional group modifications on crosslinked 

polystyrene.52~77 

Characteristics of Divinylbenzene Polymers 1 

That surface area and ability to swell in tolusne were hoth moderatcly large in the 

several batches of Our 1 polymer particles (Table 1) irnplies both gel-Like and macroporous 

domains the re ine3I~s  noted e l ~ e w h e r e , ~ ~ ~ ~ ~  commercially-available (Rohm & Haas) 

"AmberliteB XAD-4", "XAD-2" and "XAD-16" or Toso Haas products aIso contain 

residual vinyls, as shown by FTIR spectra similar to our "benchtop" products, and were 

presumably manufactured in a similar manncr Save for the porogen which consists of 

benzyl alcoho1:toluene mixtures of various proportions.32 Further details on tliçir 

characterisûcs and use as 1 to prepare other functional polymers will be discussed later. 

Preparations of (viny1)polystyrene with much lower degrees of crosslinking (X,) have 

also been reported from (chlorornethyl)polystyrene79*80 and by elimination of certain Ps- 

CH2CH2-X made in other ways.5g 
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Scheme 2.3. Functional Polymers With Dimethylene Spacers hy Frce-Radical Addition 

Frorn la 
a (a) LiBr, Me3SiC1, HsO, AIBN, A; (b) HSR, AIBN, A; (c) HSCOCH3, ABN,  A; (d) 

HC1, H20, A; (e) CH3C03H; ( f )  HPRR', D N ,  A; (g) HPO(OR)(OR1), AIBN, A; (h) 

HSiRR'R", DTBP), A; (i) HCRR'R", DTBP, A; (j) HNR"2, DTBP. A; (k) HNR2, DMF. 



2.2.2.  Free Radical Modification of (Viny1)polystyrene (1) 
to Ps-CH2CH2-X 

Though typically regarded a nuisance in chloromethylation (undergoing cationic 

polymenzation/crosslinking and other s i d e - r e a c t i o n ~ ) ~ ~ ~ ~ ~ * ~ ~  and other "traditional" 

functionalizations, residual vhyl  groups on crosslinked polystyrene have in the past been 

functionalized by graft copolymerization of functional mon orner^,^^." and hy 

bromination, epoxidation and o z ~ n o l ~ s i s . ~ ~  A few particular instances of addition of H-X 

have also been described, as will be mentionned below, 

To achieve spacer-supported functional polymers Ps-CH2CH2-X, addition of H-X 
to Ps-CH=CH2 1 must proceed exclusively with P or anti-Markovnikov orientation. such 

as occurs for several classes of compounds by a free-radical mrchanism (Scheme z).'~-~' 
Classical and common t y p a  of initiators such as peroxides and dialky1-am initiators dong  

with radiation in the f o m  of gamma rays or ultraviolet light may be used in appropriate 
solvents. The a or Markovnikov product Ps-CHX-CH3, typical of electrophilic-type 

additions would be unwelcome for its functional group X being closer to the polymzr 

backbone Ps, and for having a secondary benzylic connection that is prohably still Iess 

stable than the Ps-CH2-X bond from (chloromethyl)polystyrenr. 

c "- radical 1 psi ''1 initiator 1 

Scheme 2.4. Radical-Initiated Catalytic Additions of Chain-transfer agent HX to 1 



2.2.3. Free-Radical Hydrohalogenation 
Brornide. 

Ps-CH2CHs-X, in which X is a good leaving group lilce Br would, Lke 

PsCH2C1, be a versatile intermediate for the synthesis of other dimethylene-spaced 

functional polymers by nucleophilic substitution, particularIy with amines and other 

nitrogen species.5*~59J8 

P-addition 
(radical) 

Scheme 2.5. Two Mechanisms of Addition of HBr to 1. 

Preparations of Ps-CH2CH2-Br from Ps-H via Ps-CH2CHz-OH are known but 

cornplicatrd.j0~65 

It has becoma common wisdom that hydrogen bromide in  the presence of radical 

generators such as peroxides will add across alkenes with anti-Markovnikov orientation. 

Even then, however, Markovnikov addition of this acidic substance often cornpetes, 

particularly with even traces of aqueous or other oxygenated solvents that convert 

homolytically-cleavable covalent H-Br to protonating RIRHO+ -Br, and also particularly 

with styrene that has such a stabilized carbocation intemediate.87*78y86*88-m Treatment 

of microparticulate (viny1)polystyrene with aqueous hydrobromic acid in the absence of 
radical ini tiators has previously been reported, likely giving mostly a-addition product.5 

More serious efforts have aiso been described for exclusive P-addition to residual vinyl 

groups of crosslinked polystyrene using "carefully dned" hydrogen hromide gas in 
hydrocarbon solvent with AIBN, though even then some a-contaminant showed in the 

FTIR spectrum of the product.78 
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Figure 2.3 13C dipole dephased CP-MAS NMR of the addition of HBrg,, toluene to 

(viny1)polystyrene (2a). 

We found that after stirring 1 with AXBN catalyst in excess concentrated aqueous 

hydrobromic acid and toiuene at 70-80 OC, most or dl of its residual vinyl Croups had 

disappeared, according to both F ï IR (peaks gone at 1630 or  990 cm-l) and L3C CP-MAS 
NMR (peaks gone at 6 135 and 110) analyses. This disappearance of vinyl was mostly 

accompanied by uptake of Br (elemental analysis). mainly by P-addition of HBr (FTIR 

1264 cm-' CHtBr, 13C CP-MAS NMR 6 27 CH2Br) but also by significant a-addition 

as well (FI'IR 1180 cm-1 for CHBrCH3, and L3C CP-MAS NMR 6 27, persisting with 

45 ps dipolar dephasing, for CHBrCH3) (tïg. 2.3). In exploring conditions. we found 

this undesired side-reaction only increased with increasing temperature, to predominate at 

125 OC, while stiU remaining important at fower temperatures; the addition of quaternary 
(ca. trinonylrneihyl) ammonium chlonde at 80 OC gave a-produc t exclusively. Our own 

use of dried HBr gas confirmed previous reports7* of greater but still not complete 

selectivity for P-addition (fig 2.3). Somewhat unexpectedly, we found that with HBr 

beinç generated in situ by slow addition of a minimum of water ro a mixture of 

chlorotrimethyIsilane and anhydrous lithium bromide, this reaction gave even less (i-e. 
indiscernible amounts) of the cc-product. Possibly these hygroscopic and othenvise 

dehydrating reagents and product (lithium chloride) quickly segregated even such traces of 

a-inducing free moisture as may have been present at  the outset on polÿrner or glass 

surfaces. The use of pre-formed, commercial brornotrimethylsilane did not yield P nearly 



Figure 2.4 "C dipole dephased CP-MAS NMR Showing completç P addition of HBr, 

generated from LiBr and TMS-Cl, to (viny1)polystyrene (Zb). 

Chlorides and Iodides 

Since hydrochlonc or hydroiodic acid do not enter a free radical addition pathway 

as easily as the bromide to give the desired anti-Markownikoff products, chlorides and 

iodides are obtained via halogen exchange with the brornides, or, by other reactions, h m  

the borane and hydroxyethyl d e r i v a t i ~ e ? ~ 5 ~  

2.2.4. Further Modification with Amines 
Polymer supported amines have proven very useful for analytical and biomedical 

purposes. The easily formed ammonium salts are useful anion-exchange agents with many 

 application^.'*^^*^^^^'-^^ Furthermore. tertiary amine oxides are also reagcnts in oxidation 

reactions, while primary amines are commonly used in conjunction with linkers in solid- 

phase syntheses. Table 2.2 shows the result of the reaction of amines and salts dissolved 

in DMF on the displacement of Br from 200 mg of przsoaked 2b. A large excess of the 

amines was necessary to prevent any possibIe crosslinking. 



Table 2.2 Results from the reaction of 2b (Xf = 0.30)with amines. 

Product Amine 

ammonium 

hydroxide 

diethyl~qine 

potassium 

phthalirnide 

morp holine 

Excess of 

amine (fold) 

No tes 

FT-IR peak 

at 17 11 cm-l 

FT-XR peak 

at 1120 cmdL 

2,Z.S. Free-Radical Hydrosulfurization 

Psy + HS-R - PsxSR 

Sulfides 

PsCH2S(0)CH2CH3 has been used to oxidize alkyl halidcs to aldehydçs, 94 and 

polymer-supported thioethers to complex with borane for r e d u c t i o n ~ ? ~ ~ ~ ~  Polymer- 

supported thiols have been used to make reagents for t r i f luor~ace t~ la t ion ,~~ and to act as 

selective ion e ~ c h a n ~ e r s . ~ ~  S-linking to crosslinked polystyrene has been donc by 

reaction of thiolate with (chloromethyl)polystyrene, often under phase-transfer 

 condition^;^^ non-benzylic Ps-CH2CH2-SR have similarly been made hy nucleophilic 

substitution of PS-CH~CH~-OTS.~O 

Thiols add directly to olefins with anti-Markovnikov orientation in the presence of 

free radicals; with these only weak acids, the Markovnikov reaction hardly compates. The 

thiol can be allcyl or aryl, primary, secondary or tertiary, or containing OR, COOR. COR. 

F, Cl, NRR' or SR including other SH; the reaction is also very general for alkenes. to 

thus give an enormous variety of possible s ~ l f i d e s . ~ ~  The reaction has been applied 

towards pho toinitiated crosslinking of polyenes with polythiols.98~9 In our experiments, 

radical additions of various H-SR compounds across rssidual double bonds of 



(viny1)polystyrene took place readily under mild conditions, usually at 70 OC, in toluene, 

with AIBN as radical initiator. Elernental analysis, FT-IR and solid state l3C CP-MAS 

NMR spectra of the resulting materials generally showed complete or nearly-complete 

disappearance of vinyl group after 1-2 days, with the appearance of the corresponding 

sulfide (Table 2.3). Most of these thiols were S-Linked to polymer to over 0.20 degree of 

functionalization (Xf). The functiondity of the product from tert-butanethid 8 was a bit 

lower, possibly due to reduced accessibility of the thiol or its radical, or by poorer 

penetration of this wider molecule into the polymer matrix. Cysteine ethyl ester 

hydrochloride also proved diftïcult to add under the standard conditions, presumahly 

because of exclusion of this polar and ionic species from the toluene-like polymer phase. 

Its uptake was significantly improved by the use of more polar solvent systems 

and of 600 grno1 polyethylene glycol (PEG-600) as phase tranfer agent. as well as by 

grinding the solid phase to finer particle size, thus improving its surface-to-volume ratio 

and accessibility of its vinyl groups to the polar-enriched liquid phase. 

The high sulfur analyses of the products from dithiols suggrstcd that only one of 

the two -SH groups of the dithiol had added to the double bond of (viny1)polystyrene. ro 

give P s - C H ~ C H ~ S ( C H ~ C H ~ ) ~ S H  without crosslinking. This was confirmed by the peak 

at  2577 cm-i of SH in the Raman spectrurn, and is thus evidence of site isolation of the 

starting vinyl groups and of al1 addition products therefrom. This contrasts with the 

crosslinking that occurs dunng many functional group modifications of 1-2% crosslinked 

(ch loromethyl )po lys tyrene .77~ Attempts to produce dimethylene spacer linked 

thiouronium salts Ps -CH~CH~-S-CN~HS + B r  wrre found to give a mixture of a and P 
addition products, as shown by FT-IR and solid phase NMR. Possihly, a more rapid 

reaction of KBr ont0 the pendant vinyl group foliowed hy nucleophilic displacement of the 

thiouronium ion is the cause of this mixture. Regarding microenvironment, an interesting 

behavior was observed from the solid-state l3C NMR characterization (CP-MAS and CP- 

MAS-DD) of these materials. Results indicate that crosslinked polymer hackbone hehaves 

as a rigid network, while some S-linked moieties (42 = -(CH2)3CH3, -CH2CH20H, 

-(CHz),SH) show liquid-like tlexibility even in the dry polymer, though others (-R = 

-CH2CH2COOH) were much less mobile. Such mobility of functional groups can he an 

important aspect of the polymer micro-environment, retlecting thcir accessibility and 

a ~ t i v i t ~ . ' ~  Polyrner-supported cysteine, being a zwitterion, has shown some ability to 

buffer solutions, as well as some metal chelating properties. This polymar-supportsd 

amino acid may also be modified to an adactone and c m  smoothly immohilize enzymes or 

other proteins in buffer (Chapter 6). Ps-CH2CH2SCH2CHOHCH20H may also have 

application as a protecting group for carbonyls 101,102 



Table 2.3. Products from the Addition of rhiols H-SR to 1. 

S-Linked Functional Polymer Capacity 
(mm01 Slp) 

1-64 

O. 85 

1-24 

1-88 

1-96 

3.61 

3 -54 

3-1 1 

1.88 

0.66 

0.7 1 

1- 10 

1-24 

1 .O0 

1-56 

1-70 

Notes 

~ e f . ~ ~  

~ e f - . ~ ~  

~ e f . ' ~  

H20:THF 
106-250 prn particles 

H20:d ioxane 
106-250 Pm particles 

T0l:EtOH 1: 1 

10 mol% PEG-600 
106-250 pm particles 

T0l:EtOH 1: 1 

10 mol% PEG-600 
45-63 pm particles 

Also much a-addition 



Further modification of thiols to Sulfonates 

Scheme 2.6. Sulfonic acids from thioester oxidation 

Several attempts at obtaining the free-radical catalysed addition product of bisulfite 

radicals to (viny1)polystyrene were met with failure, although these are reported to occur 

readily with other a l k e n e ~ . ~ ~  Variations in solvents and temperature d o n g  with phase 

transfer catdysis and various rnethods of initiation had no effect, giving hack only starting 

matenal. Ps-CH2CH2-SH 20 was obtained by the acid or base catalyzed hydrolysis103 of 

a portion of Ps-CH2CH2-SCOPh 19 or P S - C H ~ C H ~ - S C N ~ H ~ B ~  17. Oxidation of this 

matenal to the corresponding sulfonate Ps-CH2CH2-SO3- 21 was found difficult using 

peracetic acid,lw with what appears to be some loss of functionality. The appearÿnce in 

the FT-IR spectra of products corresponding to epoxides o r  alcohols suggests the 

elimination of intermediate oxidation States, followed hy epoxidation and hydrolysis. 

Further modification of thiols to DisuIfides 

Cysteine O 

Scheme 2.7. Spacer extension via disulfide bridging 

The use of disulfide bridging has long been recognized as a convenient means of 

forming a covalent bond. Commercial resins bearing free thiols are comrnonly used for the 

irnmobilization of enzymes in this way.4t105 The pendant thiols remaining from the frtx 

radical addition of dithiols to (viny)polystyrene may  be  reacted with 

diethylazodicarboxylate to t o m  an adduct to which a second thiol may be added Forming 

the disulfide bridge. In our case, cysteine ethyl ester was found to react quantitativly 

according to elemental S analysis. This is also further evidence as to the site isolation of 

the reactive groups. Clsavage of the disulfides can be effected using PPh3 / H20 in 

THF although this reaction does not go to completion (- 80%). 



Free-Radical Hydrophosphination 

In order to extend the work of Dr, J.P, Gao in our laboratory on 

hydrophosphination, the addition of diphenylphosphine was reproduced and the addition 

of phosphonates through free-radical addition was developed and optimizrd 

Phosph ines  
R 

P S ~  + HP: - 
R 

Polymer-supported phosphines have been synthesized previously and are 

succesful as transition-metal supports for catalytic hydrogenarion, reducing agents, IO(>, 107 

and as reagents for the enormous versatility of the Wittig and Mitsunobe reactions. These 

solid-phase reagents have been shown to be easily recyclable from the phosphine oxide 

using t r ichlor~si lane.~ Polymer supported phosphines are usually synthasized via 

nucleophillic substitution on the polymer ring by costly organometallic inter me dia te^.^^^^ 
Formation of carbon-phosphorous bonds through free radical addition is a well 

known process.87 Free radical addition of diphenylphosphine across the C=C bond of 

(viny1)polystyrene took place under mild conditions ( m N ,  70 OC in toluene), but 22 

required slightly longer time to complete reaction than did thiols. IR spcctra showed 

nearly-cornplete disappearance of double bond after 3 days, and solid phase 31P solid-state 

NMR showed only one peak at -15.8 ppm, which was consistent with similar small 

molecules. 'OS 

Phosphonates  

Polymer-supported phosphonic acids also find application as transition metal 

support and in ion extraction processes.lOg HPO(0R)z also d d e d  to (viny1)polystyrene in 

the presence of AIBN at 70 OC to obtain the corresponding phosphonatas 23 axclusivsly 

in the p position. Like the analogous phosphine, the phosphonates also require a few days 

to give a useful functionality. Acid-catalysed hydrolysis of thase phosphonate 

yield a mixture of the corresponding phosphonic acids and phosphonic acid monoesters. 

Attempts to obtain the same phosphonate through the Arbuzov reaction 

with trimethylphosphite via (bromoethy1)polystyrene were succrssful giving complete 

reaction after 2 days and 50 Eold excess of reagent. 



Free-Radical Hydrosilylation 

Silanes. 

The versatility of organosilicon reagents in synthetic organic chemistry has b e n  

firmly established, yet polymer-supported versions, though poten tially very useful, have 

not been used extensively except for sorne recent advancrs in oligosaccharide synthesis 

using P S - S ~ ( P ~ ) ~ C ~ . ~  Ps-SiMe2C1 has been prepared but was not easily mgcncrable 

because of Ph-Si cleavage with Lewis -acidic reagents.l l2 Ps(CH2)3SiMe2Cl was made 

in several steps and proved regenerable with tnfluoroacetic anhydride and thionyl 

chlorideMvl l3 The grafting of polysiloxans to (viny1)polystyrene using platinurn catalysts 

has previously been explored as a route to functional polymers.34 The difticulties in frce- 

radical hydrosilylation of polymers and srnaller analogs has been extensively studied and 

~s t ab l i shed .  L 4 7 1 1 5  Sirnilarly free-radical hydrostannylation has been reportrd. of 

(vinyl)polystyrene prepared by Wittig reaction of P S - C H ~ C ~ . ~ ~  

Free radical addition of H-Si to (viny1)polystyrene previously arternp ted b y Dr. 

Gao and X.M.Dong, proved difficult and required a higher temperature (t-BPO, 125 OC) 

than for the other elements in this study. For dimethylphenylsilanr, the double bond nearly 

disappeared after stimng for 3 days. Solid-state 29Si NMR of 24 showed a single peak at 

-4.9 ppm. Ash analysis (SiO2) indicated uptake of 0.51 mm01 Si/&, for Xf = 0.20. Similar 

radical-catalyzed additions of chlorodimethylsilane, chIorodiisoproplysilane. chlorodi-r- 

butysilnne, dichloromethylsilane and chlorodiphenylsilnn to (viny1)polystyrene attemptsd 

by Dr. Gao Mrs. Dong and myself using alkyl peroxides acyl prroxides azo bis alkyl 

initiators and deep U.V. were not successful and rnany double bonds of 

(viny1)polystyrene remained. This may have to do with the volatility of the silanes, or 

stenc hindrance from sorne of the large R groups, or that the propagation was more 

difficult due to dialkylchlorosilyl radicals being less easily forrned than dialkylphenyl. 

Their addition using organometdlic catalysts, to give polymer-supported silyl halides able 

to function as recyclable solid-phase protecting groups for solid-phase synthesis. wil1 he 

discussed in chap ter 5,  



2.2.8. Free Radical Addition of Carbon Centered 
Functional Groups 

A most versatile and selective technique for forming carbon-carbon bonds is 

through a free-radical m e c h a n i ~ r n . ~ ~ * ~  l6 Our route generates a stable carbon radical on the 

substrate from an appropriate initiator, which adds to the residual vinyl groups of 

(viny1)polystyrene in the rnanner of a chain transfer agent, where undesired side reactions 

such as telomerization and polymerization are prevented by site-site isolation. We have 

found that several classes of functional groups f o m  carbon centered radicals that were 

stable enough to propagate through this mechanism. After the initial attempts by Dr. J.P. 

Gao with cornpounds 25 ,26 ,  28 and 34 conditions were optimized and extended to 

several other classes of carbon centered functional groups. 

2.2.9. Free-Radical Amidoalkylation with Amides, 
Lactarns, Ureas and Amidines 

Many reagents, such as polyhaloalkanes, aldehydes, alcohols, amines, forrnic acid 

derivatives, esters and acids, ethers and acetals, c m  be added to small molecule olefins 

giving mostly anti-Markownikoff products, although reactions require harsh conditions 

and give low yields, due to competing telomerization and rearrangements.76v86 Di-t-butyl 

peroxide (DTBP) is the most cornmon radical initiator, since the AIBN generated tertiary 

cyano radical is not reactive enough, and typicdly, a reaction temperature of 100-120 OC 

is required for the reactions to proceed.76*1'6 

Amides have been known to add to olefins by free-radical mechanism eithrr 

through carbon bonded to the carbonyl or the amide nitrogen. Table 2.4 lists the addition 

products of some typical srnall molecule amides. In the case of N,N-dimrthylfomamide 

(DMF), the double bond content nearly cornpletely disappeared, after stirring for 3 days in 

the presence of DTBP at 125 OC to give a mixture of products 25a and 25b. Abstraction 

of the carbonyl-bonded hydrogen atom resuIts in the formation of the N,N-dimcthyl 

amide 25b (13C NMR: 171 ppm; IR: 1655 cm-1; >N-CO-CH2-). However 



Scherne 2.8 Addition of Amides, Ureas and Amidines to (viny1)polystyrene 

a) DMF, DTBPot.; (6)  DMAC, DTBPot; (c) DMBz, xylenes, DTBPcac; (d) 

methylacetamide, DTBPcat; (e) tetramethylurea, DTBPcat; V) NMP, DTBPcaL; (g) DMPU. 

DTBPmt; (h) DBU xylenes, DTBPcat * denote other possible sites of addition. 

alternative abstraction of the hydrogen atom of the nitrogen-bonded methyl group yields 

(N-methyl-N-forrnyl aminopropy1)polystyrene 25a (13C NMR: 161 pprn; IR: 1684 cm-1; 

>N-CO-H). Solid state L3C NMR shows an approxirnately 1:l ratio of a mixture which is 

consistent with the results reported for the sirnilar small r n o l e c ~ l e s . ~ ~ ~  Sirnilar addition of 

N,N-dimethylacetamide and N,N-dimethylbenzamide to (viny1)polystyrene gave only (N- 

acetyl-N-methylaminopropy1)polystyrene 26 and N-benzoyl-N-methylaminopropyl) 



polystyrene 27, respectively. Cyclic N-methylamide N-methylpyrrolidione (NMP) also 

gave good yields of amide adduct 30.~~~~-meth~lacetamide, acetamide and fornamide 

showed none of the addition products expected. Substituted ureas such as N.N,N1,N'- 

tetramethylurea and N,N1-dimethylpropylene urea DMPU were moderately succesful in 

adding to the residual vinyl groups to respectively, 29 and 31. Other polymars derivad 

with such functional groups resernbling polar aprotic solvents, have been demonstrated to 

be effective as solid phase cosolvents which c m  accelerate several types of reactions.' 

Cyclic amidines such as diazabicycloundecene @BU) behave similady to  amides 

and gave an addition product 32, the like of which have been demonstrated to he 

synthetically useful. 'Lg~owever, the precise site of addition from this product onto the 

pendant vinyl groups could not be deterrnined. 

Othrr amines such as pipendine, diisopropylethylamine, tributylamine or N- 

methylimidazole did not succeed, according to FTIR or elemental analysis. in modifying 

the residual vinyl groups under similar conditions. 

Hydrolysis of compounds such as the dirnethyibcnzamide and dimrthylacetamide 

derivatives with NaOH aq in Dioxane yieids the synthetically useh l  secondary amines 

2.2.10. Amino acid derivatives 
The addition of an N-acetyl a-amino acids was attempted. however the addiuon of 

these to the pendant vinyl groups did not work in Our hands. Molecules of this type, 

containing elrctron donor and acceptor moieties are said to form fairly stable captodative 

radical species 12*and may undergo free radical addition and dimerization reactions quite 

readily .120*12L 



Tabk 2.4 Results of resin modifications with amide derivatives 

Product Amide derivative 

Dimethylforrnamide (2) 

DUoe th ylace tarnide (3) 
Dimethylbenzarnide (4) 

N-Me thylacetamide (5) 

Te trame th ylurea (6) 

N-Me thy Ip yrolidinone (9) 

Formanide (8) 
N,N Dirnethyl 

propyleneurea (9) 
1,8-Diazabicyclo[5.4.0]- 

undec-7-ene (10) 

- 
mole 
ratio 

Alkene solvent 

toluene 

neat 

O-xylene 

neat 

O-xylene 

neat 

toluene 

neat 

toluene 

Free-Radical Acylalkylation with Carboxylic Acids, 
Esters, Ketones, Aldehydes, Nitriles. 

The free-radical addition of active hydrogen compounds such as malonic esters or 

1,3 diketones to olefins is d so  possible (Table 2.4.).1'6 

Reaction with DTBP in neat 1,3-pentanedione gave a highly functionalized resin 

l l a  without any detectable residual vinyl groups. Polymer supported acetylacetone 

derived from (chloromethyl)polystyrene has been used for selective binding of 
c a t i o n ~ , ~ ~ ~ a n d  to support transition metal catalysts. Polymer supported malonic esters 12 

were obtained in good yields when the substrate was used neat (without other cosolvents). 

The addition reaction proceeded, although some residual vinyl groups remained after 

stirring CH300CCH2COOCH3 in toluene with (viny1)polystyrene in the presence of 

benzoyl peroxide at 100°C for more than 3 days. Such malonic esters are intermediates 

towards weak cation exchange resins after decarboxylation to the monocarboxylic acid. 

Although reports of the free-radical addition of acetic acid and its derivatives such as 

esters, anhydride and high boiling nitriles such as butyronitde to alkenes claim t h a e  to be 

formed in fairly good yields, in our hands these reactions did not proceed. 



Scheme 2.9 Addition of carboxylic acid denvatives and diketones. 

(a) 2,4 pentanedione (acac) neat, A,DTBPcat; (b) diethyl-malonate neat, A, DTBP,,; (c) 

acetic anhydride, xylenes, A, DTBPcat; (d) butyl acetate, A, DTBPcat; ( e )  Acetic acid, A 

DTBPcat;( _B iminopropylene diamine, xylenes, LB&. 



Table 2.5 Result of the addition of Carboxylic acid derivatives and diketones 

Product CarboxyIic acid 
derivative 

2,4 pentanedione (11) 

diethyImaIonate (12) 

acetic anhydride (13) 

butyl acetate (14) 

acetic acid (15) 

mole 

ratio 

100 

5 

10 

10 

10 - 

Alkene solvent 

neat 

neat 

toluene 

toluene 

toluene 

yield 
l 
l %  
1 

7 1 

51 

no ne 

none 

none 

In addition, the malonic ester and pentanedione derivatives were tùrther reacted 

with imino-bis-propylene diamine to yield the diamide and, according to the lack of 

primary amine peaks in the FT-IR and lack of reactivity toward colorimetric tests for 

primary amines, the triazacyclododecane ring. Both of these compounds ex hibit h igh 

affmity toward cuprous and cobaltous ions forming very dark green and hlue complexes. 

2.2.12. Free-Radical Oxyalkylation with Ethers, Acetals and 
Orthoformates 

Ethers, acetals, orthoformates, polyethers, crown, cryptand and Iariat ethers could 

also bc immobilized ont0 (viny1)polystyrene by this method (tabla 2.5). Indeed, ethers 

react weii radically cr to the oxygen'23, and the use of such phase-transfer catalysts as 

crown ethers in free-radical emulsion polymenzation has been descnhed. wherc it was 

postulated that these undergo redox reactions with the initiators and graft ont0 the 

propagating polymenc r a d i ~ a 1 . l ~ ~  The synthetic usefulness and vast application of thcse 

functionalities have been extensively studied and r e v i e ~ r d . ~ * ~ ~ ~ ~  

Here we offer a versatile and covenient route to immobilize crown ethers, 

cryptands etc.-- 



Scheme 2.10 Addition of ethers and orthoformaies to (viny1)polystyrene 

(a) triethylorthoformate, A, DTBPcac; (b) PEG 350, A, DTBPat; (c) 18-crown-6, A, 

DTBPcat, xylenes; (6) Dicyclohexyl-18-crown-6, A, DTBPat, xylenes; ( e )  

methylrnorpholine, A, DTBPcât, xylenes. 

Polymer supported vers i~ns  have previously been prepared from other routes and 

used for several applications as phase transfer catalysts, some of which have been 

commercialized, and in analytical separations of alkali metals and amino acids. Al1 of the 

reviewed compounds utilize multistep expensive intermediates in their synthetic routes.125 

The addition of 13-dioxolmes to the pendant vinyl groups did not in any case give 

desired product 44, although these are reported to b r  straightforward r e a ~ t i o n s . ' ~ ~  

However, the addition of ethyl orthoformate to yield 39 led to the compIete disappearance 

of residud vinyl groups, and acid hydrolysis of 39 gave the polyrntx supported formate 

estersN6 Further hydrolysis gave the corresponding secondary alcohol. 



Table 2.6 Result of the addition of ethers and orthoformates to (viny1)polystyrenc 

Product Ether 

Trie th ylortho formate 

Pol yeth ylene glycol 

(M-W, 350) 

18-Crown-6 

D ic yclo hexano- 18- 

crown-6 

N-Methylmorp holine 

1,3 Dioxolane 

mole 

ratio 

5 

2 

1 

O .  8 

10 

ro 

Alkene solvent 

neat 

O-x y lene 

O-x ylene 

O-xylene 

O-xylene 

O-xylene 

time 

72 

48 

72 

48 

72 

72 

yield 

% 

51 
28 

68 

83 

26 
- 

We have found that 18-crown-6 and dicyclohexano-18-crown-6 add nearly 

quantiatively t(vinyl)polystyrene, with complete disappearance of the vinyl groups to yield 

41 and 42. Polyethylene glycol methyl ether 350 also adds via Our route to give acyclic 

polyether phase transfer cataiysts 40. N-methylmorpholine. a n  example of an am-cyclic 

ether is also a suitable substrate for an addition reaction, giving 43. The versatility of tIiis 

simple reaction gives nsa to a multitude of possible catalyst-bearing polyrners.LZj 



Wavenumber c m 4  

Figure 2.5 F ï IR  spectra of 18-crown-6 derived polystyrene 40. 

2.3. CONCLUSION 

It seems clear that (viny1)polystyrene is a versatile substrate considering the aase 
with which it may be obtained and transformed. 

The non-ionic nature and diffusivity of free-radical species rnakes thest: idcal for 

modification reactions of crosslinked organic polymers. The ease with wliich these may he 

obtained, reacted and propagated was drmostrated with bromina. sulfur, silicon, 

phosphorous, and carbon in the form of amides (*CH-NR-C=OR or .CH-NR-C=NR), 

dicarboxylic acid derivatives (ROO=C-CH*-C=OOR), diketones (RO=C-CH--C=OR), 

and versatile ethers such as crown and aza ethers (RCH*-O-R'), but not 1,3 dioxolanes, 

aliphatic amines, amino acids or secondary and primary amides. n i e  propagation through 

the porous interior microenvironment of these occurs albeit slowly, to the site-site isolated 

alkenes with only non-destructive side reactions (hrther crosslinking, minor due to its 

already high degree, and dirnensation of radicals). Propagation of these radicais follows 

rationales reported in the literatures. Site isolation was demonstrated with reactions of 

difunctional thiols and their further modifications to obtain spacer hearing hnctional 

polymers. Also the nature of the reaction may extend to other similar suhstratcs already in 



existence and available. Such families of reaction protocols are essential for further 

developments in classical or corn binatorial solid-p hase syntheses. 

2.4. EXPERIMENTAL SECTION 

Materials, Methods and Instruments 
"Reagent-grade" solid and Iiquid chemicals were obtained from commercial 

suppliers as indicated, and used as received except where indicated. IR spttcrra of polymer 

samples ground into KBr were recorded using Bomem Michelson 100 (transmittance) and 

Bruker FT-48 and FT-88 (diffuse reflectance) ETIR spectrophotorneters. Ground polymer 

sampIes were pressed with KBr into pellets and their spectra recorded (for the Bomem). 

Altematively, ground polymer sarnples were spread onto thin pure Si wafers and 

recorded by transmittance on t he Bruker FT-48 spectrophorometer. l3C, ~ I P  and 29Si 

CPMAS (cross-polarization/magic angle spinning), as well as 13C CP-MAS-DD (cross- 
polarizationfmagic angle spinninddipolar dephasing; dtphasing time r = 45 ps) solid- 

phase NMR spectra were obtained on a Chemagnetics Inc. M-100 25.1 MHz 

~pectrometer.'~ Elemental and as h analyses were done by Guelph C hemical Labordtories 

(ON, Canada) and Robertson Microlit Laboratones (NJ, USA), except for some sulfur 

analyses that were done on-site by a modified Schoninger llask method."' Surface arca 

m e a ~ u r e r n e n t s ~ ~  were done on a Quantchrome Quantasorb BET apparatus; swçlling in 

toluene was volurnetricaIly gauged on a sample in a small graduatrd cylindrr. Polymer 

particles were generally collected from suspensions by filtration through 75 pm 

poly(tetrafluoroethy1ene) mesh (Spectrum Inc.). 

Calculation of xtZ8 
Xf= ml/(I/a + ml - nz2) 

where ml = mass of 1 mol of unfunctionalized unit (- 13 1 for DVB polyrners) 

in2 = mass of 1 mol of functionalized unit 

u = # mol of elament Y per gram of polymer (obtained by elrmental analysis). 

Standard Laboratory Preparation of (Viny1)polystyrene Precursor 1. 

In a 125 mL erienmeyer ftask was weighed hydroxypropyl methylcellulose dispsrsing 

agent (Methocel KIOOLV, Dow Inc., 100 mg), then 50 mL of boiling watrr was added 

and the mixture rapidly stirred as it cooled to room temperature, then poured into a 500 

mL, 3-necked round tlask equipped with a mechanical stirrer, condenser, septum and 

nitrogen inlet, rinsing with 150 mL more water, and stirring for 15 more minutes. 



A suspension of (viny1)polystyrene l b  (CloHlz)o.45(CloH10)0.20(CsH7CH=CH~0.35 
(0.40 g, 1.07 mm01 C=C) in 5 mL toluene was stirred under N2, then heated to 80 OC. 

AIBN (6.5 mg, 0.040 mmol) in 0.5 mL toiuene, and 48% HBrE320 (2.5 mL, 22 mmol) 

were injected. After stimng for 21 h under Nt at 75-80 OC, the suspension was cooled to 

roorn temperature and fltered. The residue was then washed with acetone several times 

and dried under vacuum overnight, yielding 0.45 g of 2a as a light yeilow powder: FTIR 

(KBr) 1264 (CHtBr) and 1180 (w, CHBrCH3) cm-l, with peaks weak or absent at 
1630 and 990 cm-l; 13C CP-MAS NMR (25 MHz; "DD" = d s o  seen in spcctrum with r = 

45 ps dipolar dephasing) 6 (ppm)145 (DD), 127. 40, 27 (DD, CHBrCH3). 15 (DD, 

C H Z C H ~ ) ,  with peaks absent nt 6 135 and 110 (C=C). Anal. Calcd for (C,,H,,)o,5- 

(CLoHLo)o.3Z(CloHLLB r)O.Z) (66% conversion, 1.54 mmol Bdg): Br, 12.30. Found: Br 

(n=2), 12-26. 

Preparation of (Bromoethyl)polystyrene. Attempt using LiBr  / 

trimethykhlorosiiane. 

Ps -CHzCHz-Br  (2b). 

(Viny1)polystyrene l b  (CloHL2)o.,5(C,oHlo)o.IO(CI(H~CH=CHI),,.35 (1.00 pi 2.67 

mmol Cs) was suspended in 10 rnL toluene and stirred under N2. Anhydrous lithium 

bromide (0.5 g, 6 mmol), chlorotrimethykilane (0.72 mL, 6.7 mmol), water (0.06 mL, 3 
mmol) then AIBN (0-1 g, 0.6 mmol) were added and the mixture stirred at 70 OC for 24 h- 

The suspension was then filtered and the residue washed several times with hot 

acetonitrile, then ether and dnad in vacuo overnight, yielding 1.15g of 2b as a light brown 

powder: FT-IR (KBr) 1264 (PS-CH~-CH~B~),~O peak absent at 1180 cm-l (CHBrCH3); 
l3C CP-MAS NMR 6 (ppm) 145 (DD), 127,40, 15 (DD). with peaks absent at 6 135, 

110 and 28 in the DD spectrum- Anal- Calcd for (C10HL2)0.45(CIOHIo)0.2S(C10HII-Br)0.30 
(86% conversion): Br, 15.4- Found: Br (n=2), 15.0 . 

Addition of Nitrogen Centered Functionalities. General procedure for 

(Bromoethyl)polystyrene modification. 

To (bromoethy1)polystyrene 2b (0.20 g, 0.22 mrnol) suspended in a 1.5 mL centrifuge 

tube (see table 2.2) was added an excess of substrate (2-5 mmo1,lO-20 fold excess) in 

DMF and the mixtures were heated at 30-50 OC for 48 - 72 h, The mixtures were then 

centnfuged, decanted and washed thrice with hot toluene or xylenes then ethanol, then 



dried in a vacuum oven 24 -48 h to constant weight- The resulting polymer reagents 21- 

24 were characterized by FMR, and elemental analysis (see table 2.2). 

(Aminoethyl) polystyrene from ammonium hydroxide. 

Ps-CHzCHz-NH2 (3)  

Light yelIow powder- FT-IR (KBr): 3551 br (NHs), . Anal- Calcd tor 
(CIOH do.rs(CmH lo)o.2s(C loHir-NH2)o.30 (100% conversion): C, 88.50, H, 8-76. N. 

3-09. Found, C, 88.51, H,8.75, N, 3.10- 

(N,N-DiethyIaminoethyI) polystyrene from N,N-diethylamine. 

Ps-CH2CHz-NEt2 (4) 
Light yellow powder. FT-IR (KBr): 3551 br (NHR2), . Anal. Calcd for 

(CloH,2)o.,5(C10HLo)o~~(Cl,H1,-NC~H~o)o.30 (100% conversion): C, 87.80, H 9.35, N, 

2.75. Found. C, 87.80, H, 9-35, N, 2.77. 

(Phthalimidoethyl) polystyrene frorn potassium phthdimide, 

Ps-CH2CHz-NPhth (5) 
Light yellow powder. FT-IR (KBr): 1777 w, 1716 s (C=O) cm-l. . Anal. CaIcd 

for (CLoH,2)o.45(CloH,o)o~25(CLoH11-NC~0~H4)o.30 (100% conversion): C 84.98, H, 7.13, 

N, 2.40. Found-C, 84.99, H 7.12, N, 2.39. 

(Morpholinoethyl) polystyrene from morpholine. 

Ps-CHzCHz-N-Morpholine (6) 
Light yellow powder. FT-IR (KBr): 1121 ( C - O - C ) C ~ - ~ ,  . Anal. Calcd for 

(ClaH ~ d o . ~ ~ ( C  loHlo)o.25(C 10H 1-NC40H8)0.30 (100% conversion): C 79.40, H 8-09, N, 
2-49. Found. C, 79-40, H 8.10, N, 2.48. 

General preparation of Ps-CHzCHt-SR compounds (7-1~,18,19) '~ 

To a mixture of (vinyl)polystyreni= If (C loH12)0.PS(CIOHII,)~,.2~(CgH~C~=C~7)~.35 
(1-2 g, 2-7-53 mm01 C=C) and a thiol compound (15-30 mmoI) in hexanes (3,4)  or 

toluene (5-11, 14, IS), was added AIBN (1 mol% of C=C). The suspension was then 

heated to 70 OC under N2 for 1-2 days. The polymer was then isolated by filtration and 

subjected to Soxhlet extraction with acetone overnight. Aftter being dried in  vacuo 

ovemight, the Ps-CH2CH2-SR products (3-11,14 were characterized by 13C CP-MAS 

NMR , FTIR and elemental analysis. Ps-CH2CH2-SU was obtained from a portion of Ps- 

CH2CH2-S-COCH3 by Curther hydrochloric acid-catalyzed hydrolysis in dioxane at 70 O C .  



-SR = 

Preparation of (n-butylthioethyl)polystyrene 

P s - C H ~ C H ~ - S ( C H ~ ) ~ C H ~  (7) 
l3c CP-MAS NMR 6 (pprn) 145 P D ) ,  L27, 33, 40, 28, 23 (DD) (S-prop- 

CH3), 15 (DD) - Anal- Calcd for (CIOH lz)o.4s(CloH lo)o.,o(C loHll-SC4H9)o.2j (7 1 % 

conversion ): S, 5-25 . Found: S, 5.27 ; 

Preparation of (t-butyithioethy1)polystyrene 

P s - C H Z C H ~ - S C ( C H ~ ) ~  (8) 
I3C CP-MAS NMR 6 (pprn) 145 P D ) ,  127,42,40.34 (DD) (S-C(CH3)), 28, 15 

(DD). Anal- Calcd for (Cl~Hll)o.4s(CloHlo)O043(C ,,HL L-SC4H9)a.13 (37%conversion): S, 
2.74. Found: S, 2.73. 

Preparation of (phenylthioethyl)polystyrene 

P s - C H ~ C H ~ - S C ~ H S  (9). 
L3C CP-MAS NMR 6 (pprn) 145 (DD), 13 1(S-C aryl), 127, 40, 28, 15 (DD). 

Anal. Caicd for (CloHlz)o.u(CLoHlo)o.36(Clo~il-SC6~s)o.ls (54% conversion): S. 4.00. 

Found S, 3-97, 

Preparation of (2-hydroxyethyl-thioethy1)polystyrene 

Ps-CH2CH2-SCHzCH20H (10). 
13C CP-MAS NMR 6 (pprn) 145 (DD), 127,64 (CH2-OH), 40, 35. 28, 15 (DD). 

Anal. Calcd for (CLoH,2)o.45(CLo~lo)o.~6(~Io~11-~czHso)o079 (83% conversion): S, 6 . M  

Found: S, 6-02 

Preparation of (2,3-dihydroxypropylthioethyl)polystyrene 

Ps-CH2CH2-S CH2CH(OH)CH20H (11). 
' 3 ~  CP-MAS NMR 6 (pprn) 145, 127, 72 (-CHOH), 65 (CH2OH). 40, 28, 15. 

Anal. Calcd for (CLoHlz)o.,5(C,oHlo)O072(C10H11-SC3H703)o.33 (95% conversion): S, 6.29. 

Found :Sv 6-27. 

Preparation of (1-(2-mercapto)ethylthioethyl)polystyrene 

Ps-CH2CH2-S (CH2)2SH (12). 
l3C CP-MAS NMR 6 (ppm) 145 (DD), 127.40, 35 (S-CHZ), 28,25 , 15 (DD). 

Anal. Calcd for (CLOH12)0.45(CLOHlo)o.27(C10H11-S2C2H5)o.388 (80% conversion): S, 11.55- 

Found: S, 11-54. 

Preparation of (1-(3-mercapto)propyIthioethyl)polystyrene 

Ps-CH2CH2-S(CH2)3SH (13). 
13C CP-MAS NMR 6 (pprn) 145 (DD), 127 -40,  36, 34. 28.25. 15 (DD). Anal. 

Calcd for (CloH,2)0.45(CLO~10)0~76(c10Hll-s2c3~7)o (83Zçonversion): S, 11.33. Found 

S, 11.32- 



Prepara t ion  of (1-(4-mercapto)butyithioethyl)polystyrene 

P s - C H ~ C H ~ - S ( C H ~ ) ~ S H  (14). 

13C CP-MAS NMR 6 (pprn) 145 @D), 127,40, 34, 30, 28, 24, 15 @D). Anal. 

Calcd for (C~~H12)o.45(Cl~HI~)o.30(CtOH11-S2C4H9)0.~ (7l%conversion): S. 9-96, Found: 

S, 9.96. 

Prepara t ion  of (3-carboxypropyi-1-thioethy1)poIystyrene 

Ps-CH2CH2-S(CH2)3COOEX (15). 
l3c CP-MAS NMR 6 (pprn) 180 (DD) (COOH), 145 (DD), 127, 40, 28. 15 

(DD). Anal. Calcd for (CloH,2),,5(C,oH,o)O036(c10HII-sc3~507)OOl (89% conversion): S, 

6.00. Found: S, 6.00- 

Preparat ion of (acetylthioethy1)polystyrene 

Ps -CHzCHz-SCOCH3 (16). 
L3C CP-MAS NMR 6 193 (pprn) (DD) (S-COCH3). 145 (DD). 127, 40. 30, 28, 15 

(DD); FT-IR (KB r) 1692 cm- l (C=O) Anal. Calcd for (C,,H,I),,5(C,,,H ,,,)ol,(C ,i,H, ,- 
SC2H,0)o.23: (66% conversion) S, 5.01. Found: S, 5.00. 

Prepara t ion  of (benzoy1thioethyl)polystyrene 

Ps-CH2CMz-SCOPh (17). 

Frorn 10.00 g of lh .  Yielded 12.87 g 15 as pink beads. FT-IR (KBr) ; 1667. 

1203, 1175, 990 (small), 77 1 cm-l. Anal. Calc. for (C10H12)().45(CLOH 10)(1.27(C1UH 

SC7HS0)0.78 (80% conversion), S 5.41. Found: S, 5.41 

Preparat ion of (Cysteine-S-ethyl )polystyrene ethyl ester hydrochloride 

Ps-CH2CH2-SCH2CH(NH2)COOH (18e). 

Cysteine ethyl ester HC1, 2.00 g (10.7 mmol), was dissolved in 5 ml ethanol 

w h i c h  w a s  t h e n  a d d e d  t o  ( v i n y 1 ) p o l y s t y r e n e  1 h 

(CioH12)o.4s(CloH10)0.20(CBH7CH=CH2)o.35 (4.00 g 10-7 mm01 alkene) in 5 ml tolume. 

AIBN (O.lg, 0.60 mrnol) was then added dong with O.lg polyethylaneglycol-600 @mol 

"(PEG-600)" as phase tranfer agent. The mixture was heated to 70°C under nitrogen ter 
24 11. The beads were then filtered and washed liberally with hot ethanol, then èther and 

dried in vacuo at 50°C to give 5.1 g of 1Ze as a pale yellow powder. Reaction of a portion 

of 12e with 0.25% aqueous ninhydrin solution quickly coloured the solid deep violet to 

black. similar to reaction with amino acids, while the starting polymcr showed no 

reaction:13C CP-MAS NMR 6 (ppm) 170 (DD) (COOEt), 145 (DD), 127, 75, 40, 15 

(DD); FT-IR (KBr) 1746 (C=OOEt) ,  3000-3500 c r n - l ( ~ J 3 3 ~  ). Anal. Calcd for 

(CiaH12)o~4s(C10H~o)o~33 (C10Hll-SC5HllN02C1)0.22 (63% conversion): S, 4.0 1. Found: S, 

4.00 . 



Attempted Preparation of (thiouronium-S-ethy1)polystyrene bromide 

Ps-CH2CHz-SCN2H3.HBr (19). 

(Vinyl)polystyrene Ig ( CloH1Z)o.4~(CioHlo)o.3o(CgH7CH=CH~)o0~5 (9-25 ç7 17-6 

mmot) was swollen with 25 mL dioxane, then thiourea (8.00 g, 105 mrnol) and 48% 

HBr/HzO (20 mL, 180 mmol). then AIBN (O& 0.6 mmol) were added and the mixture 

heated at 70°C under N2 48 h. The beads were filtered and resuspended and washed with 

toluene 4X then ethanol4X then dned in vacuo at 70 OC 24 hl yielding 10.95 g of 13 as 
white beads: I3C CP-MAS NMR 6 (ppm) 165 (SC(NH&), 145, 127,40,20, 15; f l - I R  

(KBr) 3000-3500 (NH2+),1646 (C=N) and 1341 cm-1 (Ps-CHSR-CH3). Anal. Calcd 

for (CloH12)0.45(CIOH10)0.38(C10Hll-SC~H4Br)o~lï (72% conversion): S, 3-70. Found: S, 

3.7. 

P reparation of (mercaptoethy1)poIystyrene 

Ps-CH3CHr-SH (20). 

PsCH2CH2SCOcH3 (C,OH,I)O.~~(CIOHLO)O.,I(~~H 10-SC2H30)0.23 (1 & 1-88 
mm01 -SCOCH3) 14 was stirred in a mixture 6 mL dioxane and 37 % HCI /FI20 (3 mL: 

HC1 40 mmol, H20  130 rnrnol) under nitrogen at 70 OC for 2 days, then filtered and 

rxtracted with acetone by Soxhlat ovemight and the residue dned at 60 OC for 2 days 

giving 0.90 g of 15. LR and Raman (KBr) peak absent nt 1667, prak at 2577 cm- l  (S-H). 

Anal. Calcd for (CLOH il)o-45(C loH io)o.36(C loH1 ,-S H)o.19 (83 % conversion): S ,  4-54. 

Found: S, 4-53- 

Preparation o f  (CysteinyI-S-propylthioethy1)poIystyrene ethyl ester 

hydrochtoride 

P s C H ~ C H Z - S  (CH~)3S-SCH2CH(NK~*HCI)COOEt. 
(1-(3-mercapto)propyIthioethyl)polystyrene (5.00 g, 8-85 mmot) was reacted 

with diethylazodicarboxylate (1.60 g, 9.00 mmol) in 8 mL dioxane thsn cysteine ethyl 

ester ( 3.00 g , 20 mmol) in 6 mL EtOH was added and the mixture was hcated to 70 OC 

for 4 h. The mixture was then Illtered and washed with EtOH 10 X and drkd in vacuo 24 . 

h. Yielded 6.30 g light yellow beads: FT-IR (KBr) 1746, 3000-3500 c ~ - ~ ( N H ~ + ) .  

Anal. Calcd for (CLoHL2)o.45(CloHLo)0.26 (C10HLL-S3C8HL7NOZC1)0.?9 (99% conversion): S, 
13.52 Found: S, 13.55 - 

Preparation of (hydroxysuIfonyl)polystyrene 

P s - C H 2 C H 2 S 0 3 H  (21). 



15 (C loH12)o.4s(C,oHlo)0.27~c1o~1 1-SC7H5o)oO28 (5.00 g, 8 -5 was swollen 

with 6 ml toluene then cold 32% wt. peracetic acid in acetic acid (40 mL, 190 mm01 

COOOH) was added slowly and stirred at room temperature 18 h (Color change to y d o w  

brown). The beads were then frltered and washed with toluene 3X, then ether 6X then 

dried in vacuo 24 h at 75OC giving 5-43 g of 17 as dark brown beads: FT-IR (KBr) . 
1206, 1175 ,1040 cm-l.  And.  Calc. for  ( CmHl,)o.,5(CloH,o)0.33(ClDHl~-S03H)~,.LI 02-24 

H z 0  (40 % conversion): C ,  64.2; S, 2-29, Found: C ,  64-3; S, 2.28. 

Preparation of (P,P-Diphenylphosphiny1ethyl)polystyrene 

P s - C H ~ C H ~ - P ( C ~ H ~ ) ~ . ( ~ ~ )  
To a mixture of (viny1)polystyrene If (C:OHL1)0.45(C LOHIO)0.2~(C~~7C~=CHZ)~.35 

(2.13 g, 5.69 mm01 of alkene), A D N  (0.0239 g) and 5 mL hexanrs . diphenylphosphine 

(4.97 g. 26.6 mmol) was added under N2 with surring. The mixture was ihen heated to 70 

OC under NZ for 2-3 days. The mixture was filtered and the residue was subjected to 

Soxhlet extraction with hexanes overnight Vacuum drying overnight gave 2.45 g of 18 as 

white beads: 13C CP-MAS NMR 6 145 (DD), 127, 40 , 28, 15 (DD); lP solid-state 

NMR (LOO MHz) 6 -15.8; FT-IR (KBr): 1097 cm- l  (P-Ph). Anal. Calcd for 

Preparation of (Dimethylphosphonatylethyl)polystyrene 

Ps-CHzCH2-PO(0Me)z (23). 

(Viny 1)poIystyrene 1 g ( C ~ O H ~ ~ ) ~ . ~ ~ ( C L O H  *o)o030(CgH7CH=C H2h.25 (9-25 g. 17 -6 
rnmol C=C) was swollen with 25 mL toluene and (8-00 mL, 87-2 mmol) 

dimethylphosphite. AIBN (0.1 g, 0.6 rnmol) was added and the mixture heated at 70 OC 

under N2 48 h. The beads were filtered and resuspendad and washed with toluene (4X) 

then ethanol(4X) then dried in vacuo at 70°C 24 h, yielding 10.95 g of 19 as white beads: 

'IP solid-state NMR (100 MHz) 8 (ppm) 32Sppm; FT-IR (KBr): 1 18 1, 10 18 cmdL. Anal. 

Calcd for (CLOH r'7)0.45(C IOH L0)0.37(C,0H 10-PC203H1 (72% conversion): P. 3.70. 

Found: P, 3-67 . 

Preparation of  (Phenyldimethylsilylethylene)polystyrene 

P S - C H Z C H ~ - S ~ ( C H ~ ) ~ C ~ H S  (24) 
To a suspension of (viny1)polystyrene I g (ClOH 1Z)0.45(C 1 0 ) 0 . 3 0  

(C8H7CH=CH,)o.25 (3-22 g, 6.14 mm01 alkene) in 6 mL toluene, were injected 

dimethylphenylsilane (4.72 g, 34.6 rnmol) and DTBP (60 PL, 0.4 mrnol) under N2 with 

stirring. The mixture was kept at  125 OC under N2 for 3 days during which Surlher 



aliquots of DTBP were added after 1 day (30 pl) and 2 days (40 PL) . respectively. The 

mixture was then fdtered and the solid was subjected to Soxhlet extraction with acetone 

ovemight. Vacuum drying overnight gave 3.55 g of 20 as white beads. 13C CP-MAS 
NMR 6 (ppm) 145 @D), 127.40.28, 15 @D), -2 @D)(CH3Si). 29Si solid-state NMR 

(300 MHz): 6 (pprn) -4.9. FT-IR (KBr): 1251 (Si- CH^), 11 13 cm-1 (Si-Ph). Anal. Calcd 

for (Cl~HL2)o.45(CloHlo)o~35(CIOHLl-SiC8H11)0.70 (80% conversion): Si, 3.49 Found (ash) 
Si, 3.46. 

Addition of Carbon Centered Functionalities. General procedure for 

(viny1)polystyrene modification (25-44). 

To (viny1)polystyrene la-d (0.5 - 10 g, 0.8 - 40 mmol) suspendrd in toluene or o- 

xylene (see tables 2.4, 2.5 and 2.6) was added an excess of substrate ( 1  - 100 fold) and 5 

- 10 % di-tert-butylperoxidc (DTBP). The mixtures were heated under N2 at '1 15- 1 Zo OC 

for 48 - 72 II with addition of 5 -10 % DTBP at 24 h intervals and monitored by FT-IR 

spectroscopy of samples removed. The mixtures were then filtered washad with hot 

toluene or xylenes and extracted exhaustively in a soxhlet apparatus 18 -24 h with acetone, 

then dned in a vacuum oven 24 -48 h to constant weight. The resulting polymer 1-eagents 

25-44 were characterized by FT-IR, l3C CP-MAS-DD and elemental analysis. 

Preparation of (Formyl N-MethyI-aminopropy1)polystyrene 

PS-CHzCHf-CH2N(CH3)CH0 (25). 

T o  a s u s p e n s i o n  o f  ( v i n y 1 ) p o I y s t y r e n e  1 a 

(CloH 12)0.45(C10H 10)0.30(CsH7CH=CH2)0.25 (0.45 g 0.858 mmol) in toluene, were 

injected dirnethyl formamide @MF, 5 rnL, 65 mm01 ) and DTBP (5 pl, 0.03 mrnol) undar 
N2 at 125 OC. It was kept at 120 OC for 3 days and two portions of DTBP (6 mL. 0.04 

mmol) were added heating 1 and 2 days, respectively. The mixture was tïltered and 

the beads were extracted with acatone overnight Vacuum drying ovemight gave 0.46 g 

white beads.FïIR (KBr): 1684 (NC=OCH2) and 1655 c ~ - ~ ( N C = O C H ~ ) ;  13C CP-MAS 
NMR 6 (ppm) 171 (NCHO), 161 (NCOCHZ), 145 (DD), 127,40, 37-29. 28, 15 (DD). 

Anal. Calcd for (CloH12)o~4s(Clo~lo)o.42(C13H18~o)o~~3 (52% conversion): C, 88 -70; 

H 8.51; N, 1.30, Found-C, 88.71; 8, 8-55; N, 1.32, 

Preparation of (N-Acetyl N-Methyl-aminopropy1)polystyrene 

P s - C H ~ C H ~ - C H ~ N ( C H ~ ) C O C H ~  (26a). 

To (vinyl)polystyrene la (CloHl2)0.4~(C 10H ~ o ) o . ~ o ( C ~ H ~ C H = C H ~ ) O . ~ S  (2-08 

g, 3.96 mm01 ) was added N,N-dirncthylacetamide ( 10 mL, 100 mmol) and DTBP (50 



PL, 0.030 mm01 ) under N2 at 125 OC. It was kept at 125 OC for 3 days and two portions 

of DTBP (60 PL, 0.40 mmol) were added after heating 1 and 2 days, respectivety. The 

mixture was fdtered and the beads were extracted with acetone overnighr Vacuum drying 

overnight gave 1.95 g white beads: FTIR (KBr) 1652 (NC=OCH2), 990 cm-' (residual 

C=C,weak).  Anal- Calcd for (CLOH 12)0.45(C LOH 10)O.~S(C 14H L ~ N O ) O .  L O  (29% 

conversion): C, 88-61; H, 8.44; N, 1-01, Found: C, 88.66; H, 8.49; N, 1.02. 

P repa ra t i on  of (N-Methyl-aminopropy1)polystyrene 

Ps-CH2C H2-CH2NH(C H3) from 26a (26b). 

T o  26a (1-00 g, 0.07 mm01 )was added NaOH ( 1-30 g, 25 mmol in 2mL water) 
and PEG 600 (100 PL, 0.02mmol) in THF (under N2 at 55 OC. The reaction was kept at 

55 OC for 30 h , then the mixture was filtered and the heads were washed with ethanol 

10X. Vacuum drying overnight gave 0.95 g white beads: FTIR (KBr): 1652 (NC=OCH? 

d i s a p p e a r s ) ,  9 9 0  cm-  l (residual C = C ,weak) .  Anal. C a l c d  for 

(C 1 ~ ~ 1 2 ) 0 , 4 5 ( C 1 0 ~ 1 0 ) 0 . 4 5 ( C  LH17N)0.L0 (99% conversion): C, 88.6 1; H, 8.44; N, 1.1 1- 

Found: C, 88.66; H, 8.49: N, 1.12. 

Preparation of (N-Benzoyi-N-Methyl-aminopropyl)polystyrene 

Ps -CH2CH2-CH2N(CH3)COPh  (27). 

(Vinyl)polystyreni: I h  G o H  12)0.45(C LOH 10)0.30(CaH7CH=CH2)0.25 ( 1-7 1 g 

3.30 mmol) was swollen in 4 ml  O-Xylenes and dirnethylbenzamide (1.7 1 g, 10 mmol) 

was added and heated to 125 OC under N2 in the presence of DTBP ( 100 PL, 0.60 mmol) 

48 h, The beads were filtered and washed with hot toluene 6X and ethanol4X, then dried 

in vacuo at 70°C 48 h. Gave 1.95 g yellow beads: FTIR (KBr): 1652 (NC=OCH2), 990 

cm-l  (C=C); 13C CP-MAS NMR 8 (ppm) 170 (NCOCHz), 145 PD), 127, 40, 37-29. 

28, 15 (DD)- Anal- Calcd for (CIOH 12)0~45(C 10H 10)0.44(C ~ ~ H ~ L N ~ ) o . L  1 (42% 
conversion): C 89-48: H, 7.88; N, 1.04. Found: C, 88.56; H, 7.76; N, 1.04. 

Attempted Preparation of (N-Acetyl-N-propy1)poiystyrene 

Ps-CH3CH2-CH2NHCOCH3 (28). 

To (viny1)polystyrene l b  (CtoH12)0.45(C ~ o H ~ o ) o . ~ o ( C X H ~ C ~ = C ~ ~ ) Q ~ ~ ~  ( 3- 18 
g, 3.96 mmol) was added N-methylacetamide (10 mL, 130 mmol) and DTBP (50 PL. 
0.30 mmol) under N2 at 120 OC. It was kept at 125 OC for 3 days and two portions of 

DTBP (60 mL, 0.40 mmol) were added after heating 1 and 2 days, respectively. The 

mixture was fdtered and the residue was extracted with acetone ovemight Vacuum dryinp 

overnight gave 2.16 g white beads: FTIR (KBr): 1652 cm-' weak, 1630 cm-' (C=C) 



P r e p a r a t i o n  of  (1,8-diazabicyclo[5.4~undec-7-ene-ethyl)polystyrene 

hydrobromide 

(32) 
l i  (4.00 g, 11.3 mmol) and DBU (IO g, 66 mmol) were heated for 72 h at 120 

OC under N2 in the presence of DTBP (0.1 mL, 0.60 mmol) in 30 ml toluene. The haads 

were fdtered and soxhlet extracted with THF, washed with ether and vacuum dried 48 h at 

60 OC. Yields 4.51 g white beads. A 1.COg portion was converted to the hydrohromide s d t  

with excess HBr conc-for analytical purposes: FT-IR (KBr) 1 6 1 0 . l c m - ~ ( C = ~ * ~ ~ r ) ;  

13C CP-MAS NMR 8 (ppm) 145, 127, 40, 28, 15. Anal. cald. for  

(~lo~12)o.45(~loHlo)o~47(C19H2~~Br)o~08 (21 % conversion): C, 86.80; H, 8-14, N 
1-48. Found: C, 86.79; H, 8-10; N, 1-48, 

Preparat ion of (Pentanedione-3-ethy1)polystyrene 

Bs-CHzCHz-CH(C0Me)z (33a). 

li (10.03 g, 28.25 mmol) was added to distilled 2,4 pentanedione (35 mL, 340 

mmol) and purged under N2. DTBP (0-1 mL, 0.60 mmol) was then added and the mixture 

heated to 125 OC for 72 h with 50 pl aliquots of DTBP at 24 h intervals. The beads werc 

fltered and washed with acetone 12 X, then CH2C12 6X, then ether and dried in vacuo 48 

h at 85 O C  until constant weight. Yeilds 11.98 g white beads. FT-IR (Si wafer) peaks 

present at 1720 (C=O, asym), 1705 (C=O, sym), 1600, absent at 1635 and 990 cm-l  
(peaks disappear); I3C CP-MAS NMR 6 (ppm) 190 (C=O), 145 (DD), 135, 127. 109. 

40, 28, 15 P D ) .  Anal- C a M .  for (CroH 12)0.45(C loH 10)0.29(C lsH1902)0.2r, 7 1 % 

conversion. Anal. cald-increase frorn mass gain t1.95 g.Found +1.95 

P r e p a r a t i o n  of (2,12-DimethyI-3,7,11-triazacyclododecanyl-1- 

ethy1)poIystyrene 

(33W 

To 33a 2-00 g, 3-20 mm01 (C ~ o H I ~ ) o . ~ ~ ( C  LOH~O)O.S~(C LOH 10-C5H802)0.26 
added to 2.00 g of 3,3'-iminobisipropylamine (15.3 rnrnol) in 5 rnL O-xylene under 

nitrogen, and the mixture was heated for 18 h at 130°C. The beads were thcn filtered and 

washed with hot toluene 3X, hot ethanol3X, and ether then dried in vacuo to give 2.35 g 

white beads: FT-IR (Si wafer) peak present at 3323. 1712 (C=N), 1660 (C=N), 1119. 

7 4 2  c m - ' ,  absent  a t  1720,  1 7 0 5  c m - = .  Anal .  Ca lcd .  f o r  

(CloH12)o.45(CloHlo)o.29(C10HL l-C1 1H19N3)0.26 100% conversion: N, 6.45. Found: 

N, 6.46. The sample does not react with ninhydrin nor is any colour produced with 

Rimini's primary amine test. 



L00g (1.6 rnmol) of the above was added to a solution of 0.50 g lithium borohydride in 6 

mL dry dioxane, and stirred with some gas evolution for 3 h,then a fùrther 5 h at roam 

temperature. The beads were then filtered and transferred to 10 ml  (lOmmo1) of a 1 M 

HFaq solution in a polypropylene centrifuge tube and shaken mechanicaily 12 h. The beads 

were then washed severai times with 3 M HCl and dried in vacuo 48 h at 65 OC, Yeilds 

0.95 g as light tan beads. FT-IR (Si wafer) 2361 (RzNHf), 1168, 742 cm-', absent at 

17 12, 1660 cm-'. Anal. Calcd- for (CIOH 12)0.45(C & 10)0.29(C LOH I I-C 1 lH23N3)0.26 
100% conversion): N, 6.43. Found: N, 6.46. The sample does not react with ninhydnn 

nor is any colour produced with Rimini's pnrnary amine test. 

Preparation of (Diethylmalonyl-2-ethy1)polystyrene 

P s - C H ~ C H ~ - C H ( C O O E ~ ) ~  (34). 

l i  (2.50 g, 7.06 mmol) and diethylmalonate (5  mL. 30 mmol) were hrated for 48 

h at 125 OC under N2 in the presence of DTBP (20 mL, 1.20 mmol). The beads were 

fï1tered and soxhlet extracted with THF, washed with toluene 4X 25 mL, EtOH 4X 25 mL 

thrn ether and vacuum drisd 24 h at 60 OC. Ydded  3.09 g white beads: FT-IR (Si wafer) 

1739.1 c m - l ( ~ = ~ ) ,  peaks absent at 1635 and 990 cm-1 ; 13C CP-MAS NMR 6 (ppm) 

168 ( C = O ) ,  145 (DD), 127, 40, 28, 15 (DD). .Anal. çald. for 

(CloH i2)o.45(CloHlo)o.36(C 17H2304)0.19 (5 1% conversion).Anal. cald-+0.59g. Found 
+OS9 1.20 mrnoVg (from mass increase). 

Preparation of (AcetyloxyCarbonypropyl)polystyrene (35) attempt with 

acetic anhydride. 

l i  (4.00 g, 11.3 mmol) and 5 mL acstic anhydride in 5 mL O-xylenes were hcated 

for 72 h at 120 OC under N2 in the presence of DTBP (0.05 mL, 0.30 mmol). The heads 

were filtered and soxhlet extracted with THF, washed with ether and vacuum dned 48 h at 

60 OC- Yields 4.00 g white beads. Fï-IR as in li. 

Attempted Preparation of (Butoxycarbonylpropy1)polystyrene (36) 

lc (4.00 g, 11.3 mmol) and 10 ml (100mmoi) butyl acetate werc heated for 72 h at 

120 OC under N2 in the presence of DTBP (O. 1 mL, 0.60 mmol). The beads wzre filtered 

and soxhlet extracted with THF, washed with ether and vacuum dried 48 h at 60 OC. 

YieIds 4.00 g white beads. FT-IR as in lc. 

Preparation of (Carboxypropy1)polystyrene from 34 

P s - C H 2 C H 2 C H 2 C 0 2 H  (37a) . 



34 (2 g, 2-4 rnmol) was suspended in 4.0 mL (20mmol) of 5 M NaOH and 5 mL 
THF. The suspension was then reîluxed gently overnight and filtered while hot- The 

beads were then tranferred to an erlenmeyer flask containing 25 mL (125 mmol) 5 M HCl 

and heated at 80 OC for 3 h before filtration and washing with I M HCl 2X 20 mL, 

followed by drying in vacuo at 70 OC 24 h. Yeilds 1.62 ç white beads. FT-IR (Si wder) 

3000 (OH, br), 1728 (COOH), 1266, 1020 ( C - O )  cme1.; Anal. Calcd. for 

(C10H12)0.45(C10H 10)0.36(CL2H1402)0.L9 : 1-10 mm01 COOH / g  (pH back titration). 

Found: 1.10 mmoVg 

Preparation of (Carboxypropy1)polystyrene from acetic acid. 

Ps-CH2CM2CH2COOH (37b) 

l b  (3.13 g 11 mrnol) was swollen in 14 mL O-xylenes and 1.92 g fresh acetic acid 

and heated to 120°C under Nt in the presence of 0.1 ml DTBP 48 h. The beads were 

filtered and washed with toluene 6X and ethanol4X, then dried in vacuo at 70°C 48 11- 

Yeilds 3.12 g white beads: Fï-IR (Kl3r) as in l b  

Preparation of (3-[(1,1-diethoxy)methoxy]butyI)polystyrene 

P S - C H ~ C H ~ - C H ( C H ~ ) O C H ( O C H ~ C ; H ~ ) ~  (38). 
l i  (4.00 g,  11.3 rnmol) and triethyl orthoformata (10 g, 67 mmol) were heared 

for 72 h at 125 OC under N2 in the presence of DTBP (0.1 mL. 0.60 mmol). The beads 

were filtered and soxhlet extracted with TKF, washed with ether and vacuum dried 48 h at 

60 OC. Yeilds 4.87 g white beads. =-IR (Si wafer) 1090, 1060.1(C-0-C), peaks ahsent 

at 1635 and 990 cm-1 ; 13C CP-MAS NMR 6 (ppm) 145, 127, 40, 28, 15. Anal. Calcd. 

for (CIOH 12)o.45(CloH lo)o.36(C17H2603)oO19: 1-20 rnrnovg (mass gain)- Found: 1-20 

rnmoi/g 

Preparation of  ( (polyethylene glycol m o n o  methyl e ther) -  

Ethy1)polystyrene (39) 

l i  (5.00 g, 14.1 mmol) and PEG-350 (8.14 g, -23 mmol) in 10 mL O-xylenes 

were heated for 48 h at 125 OC under N2 in the presence of DTBP (O. 1 mL. 0.60 rnmol) . 
The beads were Gltered and washed with toluene 6X 25 mL, acetone 6X 25 mL then ether 

and vacuum dried 24 h at 60°C. Yields 6.40 g white bcads.FT-IR (Si waftx) 3350 (OH), 

1118.1 c m - ' ( C - 0 - ~ ,  vs), peaks absent at 1635 and 990 cm-' ; 13C CP-MAS NMR 6 
(ppm) 145 (DD), 127, 70.8, 40, 28, 15 (DD). Anal. cald. for 

(C LOH L2)0.45(C LOH L0)0.44(C 10H 10-PEG 350) (28% conversion): Mass gain+ 1-40 g, . 

Found:+ 1.40 g. 



Preparation of (18-Crown-6-ethy1)polystyrene (40). 

l i  (10.00 g, 31.3 mrnol) and 18-Crown-6 (10.10 g, 38.2 rnmol) in 25 rnL O- 

xylenes were heated for 72 h at 125 OC under N2 in the presence of DTBP (0.20 mL, 1.20 

mmol), The beads were tïltered and washed with hot toluene 10X 25mL, hot ethanol 10X 

25 mL then with ether and vacuum dried 48 h at 60 OC. Yields 14.96 g as white brads.FT- 

IR (Si waî--er): 1116.9 (C-O-C, vs) peaks absent nt 1635 and 990 cm-L ; I3C CP-MAS 
NMR : 6 (ppm) 145 (DD), 127, 71 (C-OC),  40 , 28, 15 (DD) .Anai. Calcd. for 

(C 10H L2)0.45(C l ~ H  10)0.30(C22H3406)0.25 (688  conversion): Mass gain, + 4.96 g. 
Found: +4.96g. 

Preparation of (Dicyclohexano-18-Crown-6-Ethy1)polystyrene (41) 

l g  (4-95 g, 11.3 rnmol) and dicyclohexano- 18-Crown-6 (3.00 g, 8-2 rnmoi) i n  

10 mL O-xylenes were heatrd for 48 h at 118 O C  under N2, with DTBP (O. 10 mL, 1.20 

mmol) . The beads were filtered and washed with hot xyIenes 10X 25mL, hot ethanol 

10X 25 rnL then with ether and vacuum dried 48 h at 6 0  OC. Yeilds 7.72 g as white beads. 
FT-IR (KBr) 1120 cm-= (C-O-C, vs); 13C CP-MAS NMR 6 (pprn) 145, 127,40,7 1 (- 

~ H Z - O ) ,  28, 15- Anal- Calcd- for (Cl0H ld0.45(C IOH l0)0.35(C30H4606)0.20 (84% 

conversion): Mass gain, + 2.67 g. Found: +2.67 g. 

Preparation of (N-Methylmorpholinyl-2-Ethy1)polystyrene hydrobromide 

( 42 ) .  
l i  (4.00 g, 11.3 mmol) and N-methylmorpholine (10 mL, 100mrnol) were hrated 

for 72 h at 120 OC under N2 in the presence of DTBP (0.1 mL, 0.60 mmol). The baads 

were fîltered and soxhlet extracted with TKF, washed with ether and vacuum dried 48 h at 

60 OC. Yeilds 4.34 g white beads. A 1 g portion was converted to the hydrobromidr salt 
for analytical purpases. FT-IR (KBr) 1120 (C-O-C. s); 13C CP-MAS NMR 6 (ppm) 

145, 127, 40,  28, 19.45 ( N - C H 3 ) ,  15. Anal. Calcd. for 

(CloH 12)0 .45(Cio~L0)0 .47(C15~210N)0.08  (21% conversion): C, 85.90; H, 8.01; N 

0.79, Found C, 86-03; H, 7.89; N, 0.79. 

Attempted Preparation of (3,s-Dioxoethylene-propy1)polystyrene (43) 

l i  (4.00 g, 11.3 mmol) and 10 mL 1,3 dioxolane were heated for 72 h at 120 OC . 
under N2 in the presence of DTBP (0.1 mL, 0.60 mmoI). The beads were filtered washed 

with THF, ether and vacuum dried 48 h at 60 OC. Yeilds 4.00 g white beads. FT-IR as in 1 

1 i .  



Attempted Preparation of (N-Acetyl-1-Leucine-1-Ethy1)polystyrene (44) 

To (viny1)poIystyrene Ig (2.00 g, 3.96 mmol) was added 1-37 g of N-acetyl L- 
leucine, 1,5 mL dipentylamine, 10 mL O-xylenes and DTBP (0.1 mL ) under N2 at 120 

OC. I t  was kept at 120 O C  for 2 days. The mixture was filtered, washed with 1N N&OH 

and sohxlet extracted with THF ovemight.. Vacuum drying ovemight gave 2.28 g white 

beads. FIlR (KBr) 3100 (NH), 1740cm-1 (COOK), 1652 (C=ONHR), 990 cm-1 

(residual C=C,  m). Anal. Calcd. for ( C ~ O H ~ ~ ) ~ - ~ ~ ( C ~ O H ~ O ) ~ - ~ ~ ( C ~ O H ~  1C4H~N0)o.13 

(52% conversion): N, 1.20- Found: N, 1-17. 

Attempted Preparation of (Imidazolyl-N-propy1)polystyrene (45) 

(Viny1)polystyrene l g  (2,16g 4.00 mmol) was swollen in 4 mL O-xylenes and 

1.92 g 1-rnethylimidazole and heated to 120°C under N2 in the presence of 0.05 mL DTBP 

for 48 h, The beads were tïltered and washed 6X with toluene and ethanol4X, then dried 

in vacuo at 70 OC 48 h. Yeilds 2.16 g w h i e  beads. 13C CP-MAS NMR. FT-IR (KBr) as 

l g -  

Atternpted Preparation of (Diisopropyl-sec-butylamine)poIystyrene (46) 

(Viny1)polystyrene l g  (2.99 g, 5.98 rnmol) was swollen in 14 mL O-xylenes and 

1.92 g diisopropylethylamine and heated to 125OC under N2 in the presence of 0.1 mL 
DTBP for 43 h. The beads were fitered and washed 6X with toluene and ethanol4X, then 

dried in vacuo a t  70°C 48 h- Yields 3.12 g white beads. l3C CP-MAS NMR, FT-IR 

(KBr) as lg. 

Attempted Preparation of (Tributylamine-1-ethy1)polystyrene (47) 

(Viny1)polystyrene lg  (2.99 g was swollen in 14 mL O-xylenes and 1.92 g tributyl 

amine and heated to 125°C under N2 in the presence of 0.1 mL DTBP for 48 h. The beads 

were t'iltered and washed 6X with toluene and ethanol4X, then dried in vacuo at 70°C 48 

h. Yields 3.00 g yellow beads. 13C CP-MAS NMR , FT-IR (KBr) as in lg. 



CHAPTER 3. 

ELECTROPHILIC AND NUCLEOPHILIC 
MODIFICATIONS OF (V1NYL)POLYSTYRENE. 

3.1.  INTRODUCTION 

Scheme 3.1 Electrophilic and nucleophilic modifications of (viny1)polystyrène. 
(a) MCPBA, CH2C12 or H20/Br2/DMF then H20, A;@) EDR2LiNR2, cyclohexanes; (ç) 

9-BBN-H; (d) H202, NaOH, H20; (e) TsCI, i-Pr2MT7 A;(f) HSiEt3, CF3COOH 

The ability to modiiy the pendant alkenes of (viny1)polystyrent: through 

electrophilic and nucleophilic mechanism is brietly discussed. Since alkenes art: excellent 

substrates for electrophilic attack by cationic species this route seemed a reasonahle one. 

However since Our substrate also includes a rich arnount of' aryl groups, it would 

seem obvious that several of such reactions, ie, ~riedels- raft,'^^ nitration, 
s ~ l f o n ~ l a t i o n ~ ~  etc ... would Iead to polymers bearing a mixture of hoth aryl and P-styryl 

substituents. Previous daims that only aryl substitution occurs are arroncous and apparent 

oblivion to the fact that the pendant vinyl groups react seems to be cornmonplace. Indèed 



such electrophilic reactions are known when modifying commercial grade resins with 

chlorornethyl groups. These Friedels-Craft reactions are usuaily considered a 

n u i s a n ~ e . ~ ~ * ~ ~ * ~ ~ ~ * ~  Other formally electrophillic reactions such as epoxidation, 

hydrogenation and hydroboration do not typically react with aryl systems and thus could 

be exploited further. Nucleophilic mechanisms such as addition of b ~ t ~ l l i t h i u r n ~ ~ ~ ' ~ ~  and 

lithium amides could also be exploited. 

Reactions of (viny1)polystyrene with 9-BBN to give 51 were reproduced from a 

procedure developed by Dr- J.P-Gao. Lithium amide additions were attempted with the 

help of Mr. J. Salha. 

Oxidation of (viny1)poIystyrene. 

Reactions involving the addition of oxygen to the pendant vinyl groups such as 

epoxidation5' and addition of HOBr were succesful, however sida reactions such as 

backbone and benzylic oxidations competed giving carbonyl and alcohol rich polymers. 

3.1.2. Hydroamination (viny1)polystyrene b y lithium 
amide. 

Following unsuccesful attempts a t  amidoalkylation, we attempted a catalytic 

nucleophillic approach using lithium amides. 

Lithium amide catalyzed additions, with or without heating and TMEDA, of 

diethylamine to the residual vinyl groups were tned to no avail, even though the reaction 

with styrene is reported to give good yields. We speculate that the ionic character of the 

reaction prevents good penetration of the reagents to accessible vinyl groups. 

3.1 .3 .  Hydroboration of (viny1)polystyrene 

Besides free radical addition, hydroboration is another convenient way to 

synthesize P-addition intermediates. Hydroboration of (vinyl)polystyrent: with BH3 and 

further modification have been reported previously,5Lhut we found this reaction gave a 

mixture of a and p addition products, as is  reported for styrenr.L32 Styrenr is known to 



react readily at room temperature with 9-borabicyclo(3.3.1)nonane (9-BBN), to place the 

boron at the terminal position with a selectivity of at least 99.9%.L33 Thus. hydroboration 

of (viny1)polystyrene with 9-BBN in THF (reproduced from Dr. J.F. Gao's results) gave 

a borane interrnediate 50, 

Further modification to Hydroxyl and Tosylate 

Addition of aqueous NaOH and H 2 0  2 solution converted 50 t o 

(hydroxyethy1)polystyrene 51 (Dr. .P. Gao), identical by FTIR to Ps-CH2CH20H 

prepared by two other  technique^^^^^^. Further reaction of 51 with a refluxing solution of 

toluenesulfonyl chloride and d i i s o p r ~ p ~ l a r n i n e ~ ~  gave the versatile interrnediate Ps- 

CH2CH2-OTs, 52, 

3.1.4. Hydrogenation of (viny1)polystyrene 

TFA 
TES - 

Scheme 3.2 Hydrogenation with trifluoroacetic acid and triethylsilane 

If needed, a convenient way of removing residual vinyl groups is hydrogenation 

using CF3COOW ~ S i ( ~ t ) ~ , l ~ ~  two compounds which are soluble in the polymeric matnx 

and whose excess is easily rernoved. More common ways of reducing alkenes, requiring 

solid or colloidal transition metals a d o r  hydride salts, were not expected to significantly 

affect the residual groups in the solid polymer due to their inability to penetrate the matnx. 

Reduction of these residual vinyls using diimide chemistry did not work in our 

hands. The hydrogenation of the residual vinyl groups in this crosslinked polymer was 

partially effected, to give 53, (10% residual vinyl groups rzmaining, 66% ccnvvrsion) 

using this silane method. Though residual C=C will not interefere with most application , 

nevertheless this reaction is a good mode1 for hydrogcnation in a solid phase . 

3.2. CONCLUSION 



Although no great advantage is gained by these mechanisms, they do offer routes 

toward obtaining the highly useful9-BBN and tosyl intermediates. Oxidation reactions 

attempted generally gave a lot of side reactions such as benzylic oxidation on the back- 

bone or the ethylstyrene units. 

3.3. EXPERIMENTAL 

3.3.1. Materials and methods 
Reagents and solvents were used as received unless otherwise indicatcd. 

(Viny1)polystyrene sources are descnbed previously in chap ter 2. Charactenzations of 

samples were done as in chapter 2. 

Attempted Preparation of (Dirnethy1ethylamine)polystyrene 

Lithium Amide Addition (49). 

Ps-CHzCH2-NR2 

l h  (4.00g, 1 1.3 mmol) and 10 mL cyclohexane containing diethylaminc (3.22 g. 

44 -00 mmol) were heated for 72 h at 50 O C  under N2 in the presence of 2M n-BuLi (5.5 

mL, 1 1 mrnol). The beads were filtered and soxhlet extracted with THF, washed with 

ether and vacuum dried 48 h at 60 OC. Yeilds 4.00 g white beads. Fï-IR as in lh .  

Preparation of (Hydroxyethy1)polystyrene (51) 

Ps-CH2CH2-0M. 

(Viny1)polystywne l e  (1.04 g, 2.77 mmol) was placed in a 25 mL dry tlask 
which was then purged with N2 for a few minutes. 9-BBN OSM in THF (12 mL, 6 

mmol) was injected over 10 min and the mixture was stirred for 23 h under N2 at room 

temperature to give the 9-BBN adduct. H20 (2 mL, 111 mmol) was then added to the 

tlask, followed by the addition of 5 mL of 3M aqueous NaOH (15 rnrnol) solution . After 

the mixture was stirred for 5 min, (30%) H20z 3 mL (30 mm01 ) was introduced slowly 

with stirnng 4 h. The solid was filtered and washed with water and acetone several times. 

then extracted with acetone. 51 was obtained after drying under vacuum ovemight (1.05 
g): 13C CP-MAS NMR 6 -1145 @D), 127 , 6 4 ,  40 ,28  , 15 (DD); Fï-IR (KBr): 1046 

cm-1 ( P S - C H ~ - C H ~ O H ) . ~ ~  



Preparation of (Toluenesuifony1oxyethyl)poIystyrene (52) 

Ps-CH2CH2-OTS. 
(Hydroxyethy1)polystyrene (51) (0.50 p, -1.3 mmol), tolurnesulfonyl chloridc 

(1.00 g, 5.24 rnmol) and dry düsopropyliarninc (0.90 g. 8.90 mmol) were stirred together 

in 6 rnL C C 4  under N2 at room temperature, then heated to ret'lux for 23 h. The pale 

yellow suspension was filtered, and the residue was washed thoroughly with acetone and 

water. After driying under vacuum at 50 OC /20 mm Hg ovemight, 0.56 g of 52 as a pale 

yellow product was obtained: 13C CP-MAS NMR 6 -1145 (DD), 127 - 7 2  (DD). 40 ,28. 

15 @D;. FT-IR (KBr): 1361, 1188, 1176, 1097, 964, 898, 664. 554 cm-l (-OSOZ-). 

Anal. Cdcd for (C~oH12)o~4S(CloHlo)0.43(C 1-OS02C7H7)02 S .  2.38. Found: S, 2.36. 

Preparation of (Ethy1)polystyrene (53) 

Ps-CH2- CH3 

(Viny1)poIystymne l h  (0,55 g, 1.46 mm01 C=C)was suspended in 3 m L  toluenr. 

Tnfluoroacetic acid (0.60g, 5.2 mmol) was added along with triethylsilane (0.45g. 3.9 

mmol) and the mixture was stirred under nitrogen 48 h. The beads were then tlltered and 

washed with toluene (3X) then ether. Drying in vacuo ovemight yielded 0.54 g of 53 as 

pale yellow beads. Calculation hased on FT-IR spectrum (douhle bond peak remaining at 

1630 and 990 cm-l) indicates (CIOH L2)030(C 10H 10)0.20(C8H7C H=C H Z ) e . L r i  (66 % 

conversion). L3C CP-MAS NMR 6 145 P D ) .  135, 127, 109,40,28, 15 (DD). 



CHAPTER 4. 

DIELS-ALDER REACTIONS OF 
(V1NYL)POLYSTYRENE WITH DIENES OR 
DIENOPHILES. 

4.1. INTRODUCTION 

Conventional ways of making functional polymers often lead to features that are 

harmful to their use as solid-phase reagents, catalysts. sorbents and protecting groups: for 

example, copolymerization of specialty monomers can give unaven distri bu tion of 

functional groups, while many modifications of crosslinked polystyrene using 

electrophilic and nuctop hilic reactions result in labile moie ties.L-3-25-32*m-135 We have 

previously described modifying such materials that were divinylbenzene-nch copolyrnrrs 

containing residual vinyl groups (Le. "(vinyl)polystyrene", Ps-CH=CH2. l), by radical 

(chapter 2) or ionic (chapter 3) addition of thiols and other small molecules H-X to attach 

functional groups through stable and protmding dimethylene spacers, as Ps-CH2CH2- 

x , ~ ~  
This chapter describes how, in a still simpler procedure that does not require 

initiator or catalyst, such residual vinyls c m  also react through cycloaddition mechanisms 

with either dienes or dienophiles, to yield resins now highly functionalizad with cyclic 

anhydride, imide, hsterocyclic, acyl or alkyl halidc groups. These last, in particdar the 

relatively stable polyhalogenated adducts from hexachlorocyclopentadiene, would provide 

a convenienr way to increase the density of beads for possible uptlow tluid-bed 

applications, as wcll as to change their adsorption properties.L3h Some of the other 

product functional polymers may be employed as solid-phase proteciing groups for solid- 

phase synthesis. or for ion-exchange or chelation of charged species, or as intermediates 

towards polymer-supported catalysts or separation media. partïcularly through imversihle 

binding by acylating polymer functionalities, out of aqueous solution and withou t 

denaturation, of enzymes (chapter 6), antibodies or other b i o r n o l e ~ u l a s ~ ~ ~ ~ ~ ~ ~ ~  

A small-rnolecule analog of (viny1)polystyrene is (viny1)benzenc. i.e. styrene. In 

cycloaddition reactions, styrene is known to participate either as diene or dienophile, or 

sometimes as both (i.e. dimenzation), to offer many possible products depending on 
reagents and  condition^."^^^^^ Its reactions with dienop hiles such as maleic anhydride 



and fumant acid with radical initiators have been r e v i e ~ e d - l ~ ~ ~ ~ ~ ~  These typically result 

in alternating copolymers, some of which are cornrnercially important; L42 in the presance 

of free-radical inhibitors, however, these polymerization reactions are suppressed and onIy 

cycloaddition (often polycyclic) products are i s01a t ed . l~~  For sirnilar reactions of 

(viny 1) polystyrene, radical in hibitor would not be required since site isolation already 

prevents polymerization here.72 The reaction of styrene as electron-rich dienophile with 

hexachlorocyclopentadiene, 3,6-dipyridyltetrazines129*143 and other electron-poor 

die ne^,^^^ which has been cited as an example of a Diels-Alder reaction with "inverse 

eiectron demand",139 provides a mode1 for another possible rneans of rnodifying 

(viny1)polystyrene. 

4.2.  RESULTS AND DISCUSSION 

Scheme 4.1 Proposed rnechanism of addit ion o f  maleic anhydride to  

(viny1)polystyrene. Stereochemistry not shown. The aryl substitution pattern may be either 

1.3 or  1-4. 

4-2.1. The Reaction of (Viny1)polystyrene as a Diene 
Heating 1 with excass maleic anhydride gave product 54 containing more than 1 

mole of anhydride per starting vinyl, as shown by titration of basa-hydrolyzed product 55 

to acid 56. This is consistent with a mechanism in which the first molecuk of dienophile 

reacts by a Diels-Alder reaction that disrupts the arornaticity of one polymenc phenyl. 

whose re-aromatization then provides the driving force for an ene reaction that links the 

second molecule of dienophile (Scheme l), as is known for vinylaromatic small rnolrculrs 



under the name of "Wagner-Jauregg r e a ~ t i o n " ! ~ ~  Further evidence for this rnechanism 

and product included the appearance of peaks in the [R and 1%-NMR spectra of 54, that 

were characteristic of tnalkytbenzene (910 cm-1 and 135 ppm), and anhydride (1789 cm-1 

and 170 ppm, shifting on base hydrolysis; also 1728 cm-1 showing a trace of COOH), 
particularty RCH2COX groups (22 pprn). Though the low resolutions of these spectra 

precluded direct identification and quantitation of positional and stereo- isorners, it would 

be  expected, from the involvement of a Diels-Alder step, that a11 the 1,2,3,4- 

tetrahydronaphthyl groups in 54 and other polyrner products of cis dienophiles were cis- 

1,2-disubstituted, and that 57 and others from trans dienophiles were exclusively 1,2- 

truns. Other stenc and electronic factors (such as the "endo rule" for Diels-Alder reactions 

in general) undoubtedly affect product distribution. Though such isornerism would not be 

important for many applications of these products, including biornolecuIe support,13"t 

may affect chelating ability (ex. of 54-H, as prepared either 1 , 2 4 7  via 54, or 1,2-tr~ns 

via 56). 

2 - 

1.5 - 

rn 
9 < l -  

0.5 - 

Figure 4.1 FT-IR of the addition product of maleic anhydride to (viny1)polystyrene 54. 



54-Na X = O- + ~ a  

4 HCI 

54-H X = OH 

Scherne 4.2. Modifications of adduct 54 

In fact, the data from product titration corrcsponded to a conversion of 1 to bis- 

adduct 54 that, at best, did not proceed beyond the 90% achiaved aftcr 48 h at 100-125 

OC. This was from a vinyl-bearing poiymer that was a commercial resin, also evidently 

polymerized divinylbenzene. whose faster and more complett: reaction may hava b e n  dur 



Table 4.1. Results of Diels-Nder Reactions with Maleic and Fumaric Derivatives. 

1 Product Reac tan t (Viny1)polystyrene Timeh Xr Notes 
I source 
1 54a Maleic l i  12 0.18 Some vinyls 

anhydride 
S4c Maleic 

anhydride 
54d MaIeic 

anhydride 
54e Maleic 

anhydride 
54f  Maleic 

anhydride 
54g Maleic 

anhydride 
55 N-e th y1 

maleimide 
56 Fumaryl 

chloride 

lj a 12 0.24 Some vinyls 

1 j  25 0.28 Some vinyls 

1.i 48 0.32 No vinyls 

1 h 24 0.18 

lj magnetic 48 0.28 

1.i 24 0.28 

1.i 24 0.15 Some vinyls 
remain. 

a l i  (Amberlite O XAD-4) and lj (Arnberlite 0 XAD-16) were found to have 2-85 and 

2.90 mm01 C=C/g polymer respectively, corresponding to Xf of 0.34 and 0.352~ 

to its vinyl groups being more accessible, than in Our own precursor made with toluene as 

porogen. IR spectra showed no vinyls left by then. Even in the absence of initiator that 

sometimes makes their further crosslinking an important side-reaction during radical addition 

to (vinyl)polystyrene, and would favor a monoaddition, some vinyls could have dimerizcd 

by a cycloaddition similar to that of styrene during its thermal polymerization. L 4 5 ~ r ,  some 

of the intermediate mono-adduct may have re-aromatized prematurely to stable 58, 

forestalling attachment of a second dienophile rnolecule - such l,3-rearrangements are 

formally forbidden by a concened rne~han i s rn , ' ~~  but may still occur by other means such 

as acid ~ a t a l ~ s i s . ' ~ '  Either possibility would be very difficult to confirm at the 

concentrations involved with the techniques available. The addition of an equivalent of 

aluminum chloride as a Lewis acid did not improve the reaction rate or  final conversion, and 

indeed caused competing Friedel-Crafts acylation, as shown by the appearance aryl ketone 

F ï I R  peaks at 1680 and 1670 cm-1. Despite the reactions being done in air. naphthalene 

autoxidation products of 51 were not obsemed. 



Figure 4.2. 13C solid state NMRs of the addition product of maleic anhydride to 

(viny1)polystyrene; a) anhydride form 54. b) carboxylate form 54-H. 



4 - 2 2 .  Reaction with other Dienophiles 
Other dienophiles such as fumaryl chloride and N-ethylmaleirnide also respectively 

gave bis-adducts 55 and 56 with good conversion, dernonstrating the versatility and 

scope of the reaction. Spectroscopically similar 59 also resulted by chernical modification 

of 54 with ethylamine; similar conversion to polymer-supported bis-maleimide 60 also 

demonstrated the accessibility and reactivity of the polymeric functional groups. 

Ho wever, repeated reac tions of 1 with benzoquinone gave unc harackrizable black 

products. 

Scheme 4.3. Modification of 1 with other dienophiles 



4.2.3. Reaction of (Viny1)polystyrene as a Dienophile 
Alternatively, the use of 1 as a dienophile was dernonstrated by reaction with the 

electron-poor diene hexachloro~yciopentadiene,~" to give adduct 61 i n  good yield or 

with dipyndyl te trazine to give 62 quan titatively. 

Scheme 4.4. Reaction of (viny1)polystyrene with hexachlor~cycl~pentadiene 

Reaction of the pendant vinyl groups with disubstitutcd tetrazinrs gave after 

autoxidation the highly useful pyridazines 62 shown below. These moieties are obtained 

quantitatively in a highly visible colour change and gas evolving reaction. Attempts with 

other dienophiles such as furans gave no indications of significant reaction with the 

residual vinyl groups at elevated temperature. However the introduction of some electron 

withdrawing groups in the styrenic system should drive the reaction with these electron 

rich dienop hiles. 



These routes also af'ford the possibility of exploiting the reversible nature of the 

Diels-Mder reaction, enticing us to design thermdly reversible protecting groups, which 

would be highly convenient for solid-phase synthesis or other chernical reactants. 

Scheme 4.5 Addition of dipyndyl tetrazines to 1, and binuclear chelation of metals. 



4.2.4. Magnetization of Macroreticular (Viny1)polystyrene 
Beads 

The macroporous min could easily be loaded with magnetic iron oxide, either 

before or after Diels-Alder functionalization as above, to yield magnetically recuperahle 

b e a d ~ 2 . l ~ ~  This was accomplished by impregnation of the beads with ferrous and femc 

salts, followed by mild alkaline autoxidation and washing out of any loose particles of 

synthetic r n a g ~ e t i t e . ~ ~ ~  However, such in situ generation of magnetite within the 

polymeric pores prior to reaction with maleic anhydride rnay have blocked access by 

maleic anhydride reagent to some of the deeper reactive styryl sites, and led to materials 

bearing a lesser arnount of functionalities. These magnetized beads were strongly attracted 

to such permanent rnagnets as polyfluorocarbon-coated stir bars. 

4.3 .  CONCLUSION 

As with chapter 2, a simple, versatile and convenient means of obtaining functional 

polymers has been elaborated. Polymers bearing very high degrees of spacerlrss 

functionalities are isolated, whose prefonned porous architechture allows virtually 

corn plete accessibility for small molecules to interact. (Viny1)polystyrene is sho wn to react 

as both diene and dienophile to give useful products. 

4.4.  EXPERIMENTAL 

4-4 .1 .  Materials and Methods 
Reagents and solvents were used as received unless otherwise indicated. 

(Viny1)polystyrene l a  was prepared with toluene as porogen, and assayed Cor vinyl 

groups by FTIR,'~~S descnbed previously (chapter 2). dong  with similar apparatus. 

Samples of commercial AmberliteB XAD-4 and XAD-16 were obtained as gifts from 

Supelco and, after washinç in distilled water, extracting hy Soxhlet with methanol, and 

drying, showed FT-IR spectra matching peak-to-peak that of lg,h. and indicating 

comparable degrees of functionalization (Xf), and so were respectively denoted l i  and lj. 
In general, 100-500 Fm beads of lg-j were degassed under vacuum 30-60 min, thrn 

purged with nitrogen pnor to use. FT-IR spectra of dry ground sarnplrs spread ont0 IR- 

transparent silicon wafers were recorded using an IR microscope in transmittance mode. 

I3C CP-MAS (cross polarizatiordmagic angle spinning) and l3C CP-MAS-DD (the same. 

with T = 45 rns dipolar dephasing) spectra were obtained on a 100 MHz solid-phase NMR 

spectrometer; in the lists of peaks below, those stiU present in the dipolar-dcphassed sptctra 



are labelled "DD"- Elernental analyses were done by Robertson Microlit Laboratories 0. 
Back titrations of polyrneric acid were done by presoaking the polymer beads in a 

measured excess of 1.00 N NaOH(aq):THF 5:l for 24 h, then titrating aliquots of the 

supernatant with standardized 1.00 N HC1(aq) against blanks. Ash was weighrd d t e r  

heating the sample in a ceramic crucible at 400 OC in air for 24 h, converting al1 iron to 

Fe2O3, then cooling. 

Preparation of (hexane-cis-1,2-dicarboxylic anhydride-5,6-dicarboxylic 

anhydride-1,4-diy1)polystyrene. 

From synthesized and commercial (viny1)polystyrene (54a-c). 

TO 0.34 Xf (viny1)polystyrene beads prepared with toluene as porogen l h  (1 1.46 g. 

32.66 mmol) was added a solution of maleic anhydride (3.50 g, 35 mrnol) in 50 mL 
toluene (bp 11 1 OC). The mixture was refluxed 12 h and the beads filtered while hot. The 

beads were then washed with 30 mL hot toluene 9X, 30 mL acetone 7 X ,  then ether, and 

dried in a vacuum oven 48 h at 60 OC, yielding 14.88 g 54a as light beige beads: FTIR (Si 

wafer) 1868 (w), 1789 (s), 1728 (w), 1630 (w, weaker than lh) ,  1217, 990 (w, weaker 
than Ih) ,  890-910 (br) cm-1; 13C CP-MAS NMR 6 (pprn) 171 (DD), 145 (DD), 135 

(DD), 127, 40, 30, 22, 15 (DD). Anal, Calcd for (CloHi2)o .45(CioHlo)o .3~-  

(CL8HL406)0.L8 (48% conversion): mm01 acidlg, 4.33. Found: mm01 acid/g (n= 3), 
4-3350-17. 

Refiuxing, with tenfold excess maleic anhydride in a-xylene at a higher temperature (bp 

120 OC), commercial Amberlit& XAD-4 beads of same 0.34 Xf vinyl content l i  for the 

same 12 h time, gave 54b product showing titration results (mm01 acid/g, 4.33kO.04) and 

spectra that were not significantly different from lh ,  Le. still corresponding to O. 18 Xf of 

bis-anhydride groups of structure 54. With AmberliteO XAD- 16 beads of 0.35 Xr vinyl- 

bearing polymer lj, titration data showed that content of bis-anhydride in 54c coniinued 

to increase, past 0.24 XI (mmol acidg, 5.75k0.06) at 12 h, 0.28 Xr (mmol acid/g. 

5.94kO.04) at 25 h, up to 0.32 Xf (mmol acid/g, 6.66 t 0.14) at 48 h, with accompanying 

decrease and eventual disappearance of IR peaks at 1630 and 990 cmd1 (Table 4.1). 

Preparation of (hexabe-cis-l,2-dicarboxylic anhydride-5,6-dicarboxylic 

anhydride-1,4-diy1)polystyrene. 

From rnagnetite-impregnated (viny1)polystyrene (54d). 

AmberliteB XAD- 16 beads of 0.35 .Xf vinyl-bearing polymer lj (9.00 g, 26.1 mmol) 

were soaked in a 100 mL methanol solution containing FeC12 (5.00g, 40.0 mmol) and 

FeC13 (5.00 g, 31.0 mmol) for 12 h at room temperature in air, then filtered. The moist 



beads were then transferred to an Erlenrneyer tlask containing 250 mL of 1 M NH3(iiq) and 

boiled gently in air for 30 min. The resulting dark brown beads were then filtered over 425 

mm wire mesh and washed with boiling water several times until filtrate was clear and 

colourless. The beads were then dried in vacuo 3 days at 75 OC until constant weight, 

givinç 10.1 1 g of dark brown beads, l k .  To 4 . N  g of these was added a solution of 

maleic anhydride (5.00 g, 50 mmol) in 30 mL O-xylene. The suspension was heated to 

120 OC for 48 h and the beads tïltered off while hot, The beads were then washed with 30 

mL hot toluene 9X, 30 rnL acetone 7X, then ether, and dned in a vacuum oven for 48 h at 

60 OC, yielding 4.33 g of 2d as dark brown beads: f l - IR  (Si wat'er) same as from 2a. 

And-  Cdcd  for (CloHld0.4dC l0Hl0)0,36(C l8H1406)O. lg(Fe304)0.39 (54% conversion, 
5 wt % magnetite): mmol acidfg, 4.28; ash, 5.27. Found: mm01 acid/g, 4.34; ash, 5.23. 

Preparation of (tetrasodium hexane- l ,2 -c i s -d icarbox  y 1 a t e - 5 , 6 -  

dicarboxylate-1,4-di yl)polystyrene (3). 

A sample of l h  was treated with aqueous base as for the pH back titntion procedure, and 

the resulting 54-Na examined spectroscopically: FT-IR (KBr) 3600-3 100, 1572, 1406. 

1217 cm-l; 13C CP-MAS NMR G(ppm) 184 (DD)(COO-), 145 @D), 138 (DD), 127.40, 

30, 32, 15 (DD), 

Preparation of (hexane-1,2-trans-dichIorocarbonyI-5,6-dichlorocarbonyl- 
1,4-diy1)poIystyrene (56). 

AmberliteB XAD- 16 beads of 0.35 X i  vinyl-bearing polyrner lj (9.00 g 26.1 rnmol) were 

soaked in 30 mL O-xylene that had been dried over molecular sieves, then fumaryl chloride 

(16.01 g, 105 mmol) was addad. The mixture was then heated 24 h at 120 OC, then fütered 

hot, and the residue washed with toluene 16X. then ether, then dried in vacuo 3 days at 75 

OC until constant weight, yielding 11.1 l g  of 56 as tan beads: FI'-IR (Si wafer) 1792. 

1727 cm-'; 13C CP-MAS NMR 6 (ppm) 166, 145 (DD), 127, 40, 28. 15 (DD). Anal. 

Calcd for (Clo~12)0.4S(C10H10)0.38(C 18H1404C14)0.17 (53% conversion): rnmol acid/g, 

7.43. Found: mm01 acidlg, 7-61. 

Preparation of (hexane-cis-1,2-dicarboxylic-N-ethylimide-5,6- 

dicarboxylic-N-ethylimide-1,4-diy1)poIystyrene (55). 

By reaction of 1 with N-ethylmaleimide. 

ArnberliteO XAD-16 beads of 0.35 Xf vinyl-bearing polymer 1j (2.5 g, 7.25 mmol) was 

soaked with 10 mL O-xylenes, and N-ethylmaleimide (2.50 g, 20.0 mmol) was then 

added. The mixture was heated at 120 OC for 24 h, then filtered hot, and washed with 



toluene 16X, then ether. The beads were then dned in vacuo 3 days at 75 OC until constant 

weight. yielding 3.53 g of 55 as  tan beads: FT-IR (Si wafer) 179 1, 1726 cm-'; I3C CP- 
MAS NMR 6 (ppm) 166 P D ) ,  145 (DD), 127, 40, 28, 15 (DD). Anal. Calcd for 

(C roH 12)0.45(C ioH 10)0.27(C22H2403N2)0.28 (80% conversion): C, 79.77; Ef, 7.43; N, 
3-27, Found: C, 80-67; H, 7-01; N, 3-27, 

Preparation o f  (hexane-cis-1,2-dicarboxylic-N-ethylimide-5,6- 

dicarboxylic-N-ethylImide-1,4-diy1)polystyrene (55). 

By reaction of 5 4  with N-ethylamine. 

Beads of 0.32 XE polyrner-supported bis-anhydride 54c derived from AmberLite@ XAD- 

16 (1.00 g, 3.33 rnrnol anhydride) were added to 70 wt % aqueous ethylamine (2 mL, 30 

mmol) and 8 mL THF, then heated 1 h a t  40 OC. The beads were then filtered and 

transferred to a 25 mL round bottom t'lask containing 10 mL O-xylene, and heated to 120 

OC for 2 h, then filtered hot and washed several times with ethanol and ethcr. The beads 

were then dried in vacuo 24 h at  70 OC, yielding 1.05 g of 55 as white beads: Fï-IR as 

above, except for more significant peaks at 3400 (rn, br) and 1870, and a broadar one at 

1790 cm-'- Anal- Calcd for (~i0~~2)0.45(~10~10)0.23(~18~14~6)0~0~(~22~24~4~2~0~27 
(84% conversion): C, 78.59; H, 7.19; N, 3.63. Found: C, 78.22; H, 7.22; N, 3.6 1. 

Preparation of (hexane-cis-1,2-dicarboxylic imide-5,6-dicarboxylic imide- 

1,4-diy1)polystyrene (60). 

Beads of 0.18 Xf polyrner-supported bis-anhydride 2b derived from AmherliteB XAD-4 

(1 -00 g, 2.17 mmol anhydride) were suspended in 5 rnL triglyme containing "99% grade" 

urea (0.70 g, 12 mmol) and heated to 150 OC for 1 hour, then Wtered hot and washed wiih 

hot toluene and hot ethanol, then ether. The beads were dned in vacuo, yielding 0.93 g of 
60 as light beige beads: Fï-IR (Si wafer) 1782, 1716 cm-$ 13C CP-MAS NMR 6 (ppm) 

169 (DD), 145 (DD), 135 (DD), 127. 40. 30, 22, 15 (DD). Anal. Calcd for 

( ~ 1 0 ~ 1 2 ) 0 . 4 5 ( ~ 1 0 ~ ~ 0 ) 0 . 3 7 ( ~ 1 8 ~ 1 4 ~ 6 ) 0 . 0 8 ( ~ 1 8 ~ ~ 6 ~ 4 ~ 2 ) 0 . 1 0  (56 %J conversion): N. 
1.69. Found: N, 1-76. 

Preparat ion of (1,2,3,4,7,7-Hexachlorobicyclo[2.2.l]hept-2-en-5- 

y1)polystyrene (61) 

Amberlit& XAD-16 beads of 0.35 Xp vinyl-bearing polymer lj (4.0 g, 1 1.60 mmol) 

were soaked with 10 mL toluene, and hexachlorocyclopentadiene (4.lg, 15.0 mmoI) was 

then added. The mixture was heated for 16 h at 125 OC, then filtered hot, and washed with 

toluene 6X, ethanol4X then ether. The beads were then dried in vacuo 3 days at 75 OC 



until constant weight, yielding 5.50 g of 61 as tan beads: FT-IR (Si wafer) 1269, 1209, 

1 154, 1097, 1063 cm% Anal. Calcd for (CioHi2)o.45(CiaHio)o.4z(Cis~ioC~u)o.i3 (38% 

conversion): Cl, 16-70, Found: Cl, 16-75. 

Preparation of (3,6 Bis (2'pyridyl)pyridazine C)polystyrene (62) 

AmberliteO XAD- 16 beads of 0.35 Xf vinyl-bearing polymer l j  (2.0 g, 5.80 mmol) were 

soaked with 10 mL DMF containing 3,6 Bis(2'-dipyridy1)tetrazinc (1-lg, 6.0 rnrnol) 

degassed, and purged with 02 ,  then a few drops of conc. ammonium hydroxide were 

added. The mixture was stirred for 24 h at 25 OC during which the deep r, ~d colour 

changed to yellow. and untiI gas evolution (N2) ceased, then îïitered and washed with 

toluene 6X, ethanol4X then ether. The beads were then dried in vacuo 2 days at 35 OC 
until constant weight, yielding 3.00 g of 62 as very light yellow beads: FT-IR (Si wnîkr) 

1670 s, 1640, 1590, 1573, 1280, 1100, 993  cm-'. Anal. Calcd for 

(CLOH 12)o.4s(Cio~10)0.21(~22~16~4)0.34 (98% conversion): mass increase: + 1.00g. . 
Found: m a s  increase: + 1.00g. 



CHAPTER 5. 

POLYMER SUPPORTED ORGANOSILICON 
PROTECTING GROUPS FOR SOLID-PHASE 
SYNTHESIS 

5 .  INTRODUCTION 
The use of solid phase supports bearing organosilicon protecting groups, 

analogously to other types of supports, greatly ease product separation, improve yields, 

allow automation and show other benefits from site separation and a polymer 

microenvironment- Such syntheses utiliùng Ps-SiR2-X (R = Me or Ph) have already 

proven usefullLL However the difficulty of preparation of these supports using allcyl 

lithium reagents, and the susceptibility of the aryl-silyl bond toward acid or fluoride 

hydrolysis during attemptcd regeneratinn have limited their application.60~1 l 2  

Scheme 5.1. Acid induced cleavage of spacerless polystyrene bound organosilicon 

reagents. 

Hydrosilylation of alkenes is a well known and established procedure for 

producing organosilicon compounds. The modification of vinyl-polystyrene has proven to 

be a versatile route to cross-linked spacer bearing reactive polymers as discussed in 

chapters 2-4. Controlled polymenzation of technical grade divinylbenzens / ethylstyrent: 

results in many site-site isolated and accessible pendant vinyl groups within a 

macroporous structure. Many polymer bound functional groups obtained by the  

modification of these pendant vinyl groups have been demonstrated to exist in a free or 

flexible environmen t72 

Free radical hydrosilylation of (viny1)polystyrene was shown to work for certain 

substrates such as HSiC13 and HSiMezPh but failed 

chlorosilanes. The colloidal nature of chloroplatinic 

for chlorodimethyIsilane and other 

acid and its reported generation of 



mixtures of a and p addition products would limit its suitability for hydrosilylation of 

(viny1)polys tyrene. Attempts using tetrakis(triphenylphosphinr)platinum(O) for 

hydrosilylation of gel type (viny1)polystyrene. gave incomplete reaction. 12' However it 

has been shown that dicyclopentadienyl platinurn (II) chloride couId be used to graft, by 

hydrosilylation, poly(methylhydrosi1oxane) ont0 macroporous or macroreticular 

(viny1)polystyrene from commercial sources (AmberliteB XAD-4 and X A D - ~ ) . ~ ~  

Dico baltoctacarbonyl has been established as an effective and selec tive. homogeneous 

phase catalyst for the hydrosilylation of a l k e n e ~ ~ ~ * - ' ~ '  including substituted styrenas. 
which occurs at the P position only.'52 

In this study, with the collaboration of Dr. H.Q. Liu, who conducted the original 

attempts to catalytically hydrosilylate (vinyl)polystyrene, a mild and selective P- 
hydrosilylation of (viny1)polystyrene in reasonable yields, using Co2(CO)g as catalyst 

was found as measured by FT-IR, solid-phase 1 3 ~  and 2 9 ~ i  NMR. and &mental analysis 

(Scheme 5.2). Thus we investigate a facile method for generating solid-phase 

organosilicon pro tecting groups from (vinyl) polystyrene, dong with procedures for thair 

application and regeneration. L53 

Ps\\ + HSiR,R2CI - 
I 

Co2(CO), cat. 
1 R* 

Scheme 5.2. Polymer supported halotrialkyIsilanes 

5 .2 .  RESULTS AND DISCUSSION 

5-2-1 .  Synthesis and Characterization 
The action of an excess of HSiR2CI on (viny1)polystyrene in the presence of2-4 

mole % Co2(C0)8 results, after a few days, in exclusive P-hydrosilylation (Table 5.1). 

The resulting silyl halide groups supported on a hydrophobie polyrner were found to h e  



relatively stable in air with ody little hydrolysis from atmospheric moisture afkr several 

weeks , 

Table 5.1. Modification of Resin 1 by Hydrosilylation with Co2(C0)8 Catalyst 

Mass of 1 Xf of 1 Resin PsCH2CH2- '3.1 Conversion 

(.@ SiR2C1 Xf 
f 0 -43 63a  0.23 54 

50 0.30 63 a O. 15 48 

1 0.25 64a 0-12 48 

30 0.30 64a O, 14 48 

25 0.30 65a O .  10 33 

Scheme 5.3. Mechanism of hydrosilylation of (viny1)polystyrene with 

Diallcylchlorosilanes and Co2(C0)8 



5.2.2. Selectivity and Stability with Alcohols 
The resulting solid phase trialkylchlorosilanes were reacted with alcohols in the 

presence of pyridine or triethylamine and suitable solvent to form the corresponding 

trialkylsilylethers. In particular, dipolar dephasing 1 3 ~  NMR experiments on the Ps- 

CH2CH2Si(CH3)2-(O(CH2)3CH3) demonstrated the liquid like microenvironment by the 

reention of the peaks corresponding to Si-O-CH2-CH2-CH2 in the dipolar dzphastd 

P D )  ~~ectnirn.72 

Table 5.2. Selectivity of Resin 63a for Alcohols. 

1 Alcohols rencted AIcohol protected 1 
EtOH : i-PrOH (1:l) only EtOH 

i-PrOH : t-B uOH (1 : 1) only i-PrOH 

EtOH : i-PrOH : t-BuOH (1: 1: 1) only EtOH 

The selectivity for primary over secondary and teriary alcohols was established the 

results shown in Table 5.2. The selectivity was also demonstrated by using an 3.5 fold 

excess of 1,3-butanediol. a rnolecule containg both 1' and 2' hydroxyls (Schemr 5.4). The 

primary alcohol was silylated exclusively and benzoylating the remaining secondary 

alcohol gave after deprotection with HFâq / MeCN, the secondary monobanzoylated 

product 66 in 90% isolated yield and 90% purity, dong with 10% starting material. 

probably due to the formation of the diprotected di01 through incomplete site 

i s o l a t i ~ n - ~ ~ ~ ~ h e  use of a lesser excess (1.5 or 1.2 fold) led to a p a t e r  proportion (12% 

and 15% respectively) of the starting material recovered. confirming the formation of thrse 

silyl-ether crosslinks. In cornparison, the unprotected di01 reacted undcr identical 

conditions, to give nearly quantitative yields of the bis-benzoylated diol. 



Scheme 5.4. Model reaction for solid-phase synthesis 

(a) Pyridine, CH2Cl2; (b) BzCI. pyridine, CH2CI2; (c) 50% HFaq. MeCN; (d) BCl3. 

CH2C12- 



The stabilities of resinsS63d and 64d were determined in acidic and basic 

hydrolytic c0nditions.A different solvent system was used than the studies found in the 

literat~re''~*l" due to the fact that methmol and ethanol are not especially good swelling 

solvents for the resins, The results are summarized in Table 5.3 . It should be noted that 

the hydrolysed, then dried, resins characteristically contained Si-O-Si bonds, indicating 

that not alI functional groups are completely site-site isolated. This crosslinking behavior 

d o n g  with diffusion limitations and reaction heterogeneity rnay affect the pseudo first 

order kinetic conditions in the hydrolysis of 63d. Thus the protecting group stability was 

expressed as the necessary time taken to complete deprotection of the menthol. 

Crosslinking in resin 64d due to disiloxane formation appeared to he negligible, 

according to 2%i solid phase NMR. 

5.2.3. Deprotection with Fluoride 
The polymer bound silyl ethers or silyl chlorides obtained from 63a, 643, or 65a, 

were easily cleaved by F-, although EEaq/MeCN is much faster than tetrahutylammonium 

tluoride (TBAF) in wet THF. Owing to its bulky and ionic nature, TBAF must have 

difficulty in penetrating the hydrophobic polymer network since it did not deprotect some 
alcohols complately even after 18 h. Hydrolysis with HFaq M e C N  or dioxane showed 

little or  no disiloxane formation. Alcohol deprotections by HFaq hydrolyses were 

typically complete in 10-15 min. The hydrolysis step with aqueous HF, in the flrst cycle. 

also served to remove any excess dicobaltoctacarbonyl catalyst left in the polymer and the 

resulting tluorosilyl resin was much more stable during storage, than the chlorinated 

version which, as previously men tioned, typically released HCI upon prolonged 

atmospheric exposure. 
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Figure 5.1. (Top) Rate of the base catalysed deprotection of mentho l  from the 

dimethylsilylethylpolystyrene min  (see Experimental). Curve fitted to the average of three 

points[63d] = 0.00086e-0-0014t + 0.0001, R = 0.99 (Bottom) Rate of the acid catalysed 

deprotection of menthol from the diisopropylsilylethylpolystyrene resin (see 

Expenmental). Curve fitted to the average of thrtx points[64d] = 0.0013c-0-002~t , R = 



Table 5.3. Relative Stabilities of Menthyl Silyl ethers 63d and 64d Hydrolyses in 

Dioxane with Base or Acid Catalysts at Ambient Temperature," 

a The reactions of 1 mm01 of substrate in 5 mL 9:l dioxane water, were done at an 

arnbient temperature of 22-24 OC. b Under these conditions the desilylation proceeded so 

fast that rates could not be determined accurately. The half-lives tin were dsterrnined in 

triplkate to + 10%. d T h e  subsequent addition of an equivalent of HFaq released the 

Acid catalysed 

hydrolysis 

Base catalysed 

h ydrolysis 

F- (mlq) 

menthol within 30 min. 

63d 1 64d  

tl/2 = 10 sec t1/2 = 5 min 

100% removal of  menthol in 100% removd of menthol in 

< 3 0 s b  30 min,= 

t1;2 = 18 min negligible 

100% removd of menthol in reaction after 48 hd 

2 h C  

100% removal of menthol in 100% rernoval of menthol in 

10 min- 30 min. 



5.2.4. Regeneration from the Silyl Fluorides or Siloxanes 
The resins 63-65c,d could be regenerated to the chlorosiIanes. from hoth the 

rtlkoxysilanes and the fIuorosiIanes, using BCl3 in CH~CLZ Atternpted regeneration from 
the fluorosilmes by halogen exchange with (CH3)3SiCY(Et)3N L56 was not as S U C C ~ S S ~ U I .  

The reaction with BCl3 is rnost convenient since the reagent, solvent and byproducts are 

al1 volatile at ambient ternperature. Reaction of the srnall rnolecule analogue, 

phenethyldirnethy~fluorosilane, with an excess of BC13 showed the reaction to he dean 

and complete within 18 h at O°C. Both resins 63a and 64a, obtained by regeneration of 

63c and 64c, were found to retain the sarne fraction of silicon and nitrogen after reaction 

with nitrophenethyl alcohol and recycling two times, although an additional cycle with 

64a showed incomplete regeneration with BC13 (confirrned by NMR) even af'ter 3 days 

(Table 5.4)- Resin 63a was cycled four times this way without any unexpected reactions 

of the silyl group. Regeneration of polymer bound R3SiOH to R3SiC1 with SOC12 and 

MeS02Cl. did not procead to completion. whereas reaction with BClg resulted in the 

formation of the chlorosilane quantitatively. 

Table 5.4. Elemental Analysis of Resins 63b and 64b after Rcgeneration with BC13 

Resin 63b 

%N 

T 
- - - 

First recycling 2.55 1.30 

(frorn 63c or 64c) 

Resin 64b 

S N  1 %Si 

Second recycling 2-54 1.25 



Figure 5.4. 2 9 ~ i  solid-state NMRs of: (top) 63a frorn the hydrosilylation reaction ; 

(bottom) as regenerated from 63c with BCI3(bottom) 



Figure 5.5. 2 9 ~ i  solid-state NMRs of 63c (top) and 63d. 



5.3. CONCLUSION 
Several dirnethylene spacer containing polymeric organosilicon protecting groups 

have been prepared by a simple and convenient route From highly cross-linked 

(viny1)polystyrene. The polymeric silyl halide groups were found to be accessible, 

selective, stable and regenerable- The selective cIeavage, using fluoride ion, of alcohols 

protected with these polymeric reagents, and subsequent regeneration without other side 

reactions, demonstrated their potential for applications in solid-phase organic synthesis. 

Although the uses of silylhalides extend to greater domains than as protecting groups, only 

this avenue was explored here. 

5.4.1. Materials and Methods 
Reagents and solvents were used as  received unless otherwise indicated. 

Organohalosilanes were obtained h m  Hüls Amenca. (Vinyl)polystyrene Id was 

prepared as described previously in chapter ZCharactenzation of samples wwcre done as in 

chapter 2. 

Preparation of (chlorodirnethylsilylethyl)polystyrene 
Ps-CH2CH2Si(CH3),C1 (63a) 

(Viny1)polystyrene lh, (50.09 g, 0.1 11 mol) was oven dried 2 days then t ranskmd to 

a flame dried 2-neck round bottom flask and purged with nitrogen. 120 mL anhydrous 

toluene (freshly distilled from CaH2), was added and the mixture was heated on an oil 

bath with slow stimng at 60 OC. Dimethylchlorosilane (76.7 g, 0.8 1 mol) was then 

slowly injected. Dicobaltoctacarbonyl (1.6026 g, 4.66mmol) (Johnson Matthey.) was then 

added portion-wise whereupon the solution turned deep brown. The solution was stirred 5 

days, with 0.2-0.3 g samples taken at 48 and 96 h for FTIR. The solution was then 

poured into a flame dned 500 mL Memfield flask, filtered under nitrogen, then washed 

with toluene until a clear filtrate was obtained, rhen dried in a vacuum oven at 40 OC for 24 

h, yielding 61.24 g of 63a as pale blue beads: FTIR (KBr) 1262 (Si-CHs), 1078 (Si- 

O ) ,  472 cm-1 ( S K I ) ;  29Si solid-state NMR (300 MHz) 6 29.9 ppm (CH2Si(Me),Cl). 

6.3 Si-O-Si (minor); '3C CP-MAS NMR (100 MHz; "DD" = the peak was also seen in 

spectrurn with T = 45 ps dipolar dephasing) 6 146 (DD), 129,43,3 1, 16 (DD), 2.6 (DD) 

ppm (Si-CH3). Anal. Calcd for (C10H12)0.45(C IOH10)D.40(CL2H L7SiC1)0.L5: Si. 2-90- 

Found: Si, 2.88. 



Prepara t ion  of (Chlorodiisopropy1silylethyl)polystyrene 

PsCH2CH2Si  (CH(CH3)2)2Cl (64a) 

(Viny1)polystyrene l h  (29.10 g, 64-2 mmol) was swollen with 50 mL toluene, 
Diisopropylchlorosilane (16.39 g, 106 mmol) in 50 mL toluene was added in one portion 
and w m e d  to 58 OC under N2- Dicobdtoctacarbonyl(0.45g, 1.3 mmol) was thtn added 

and the reaction was stirred 4 days, regululy taking small aliquots to monitor the reaction 

by FTIR. The dark blue beads were then fùtered and soxhlet extracted with dry benzene 

48 h. Drying the beads in vacuo yielded 37.978 of 64a as Light blus beads: FTIR (KBr) 

1453, 1364, 1062, 997, 888. 572 cm-' ; 29Si solid-state NMR F 33.9ppm (Si-CI), 

5.073 ppm (Si-@Si). Anal- Cdcd  for (Clo~12)~.45(CloH12)o.11~~~6~25~~~~)0.1 (48 

% conversion): Si, 2.58- Found: Si, 2.56. 

Preparat ion of (Dich1oromethysiIylethyl)polystyrene 
Ps-CH2CH2Si(CH3)Cl2  (65a) 

(Viny1)polystyrene l h  (25.38 g, 56 rnmol). was swollen with 50 mL toluene. 

Methyldichlorosilane (25.6 1 g, 222 mmol) in 50 mL toluene was added in one portion and 
warmed to 80 OC under N2. DicobaltoctacarbonyI (0.24 g, 0.7 mmol) was then added and 

the reaction was stirred 4 days. The dark blue beads were then fïltered and soxhlet 

extracted with dry benzene 12 h, yieIding 27.98 g 65a as light blue beads: FTIR (Si 

wafer) 1264, 1078. 997, 888, 55 1 cm-l; 29Si solid-state NMR (300 MHz) 6 30.62 pprn 

(Si-Cl); 13C CP-MAS NMR 6 146 (DD), 129, 43, 31. 16 @D), 5.0 pprn (Si-CH3) 

(DE))- And- Calcd for (C~OH~~)~.~S(C~OH~~)~.~~(C 15H22SiC12)0.10 (33 % conversion.): 

Si, 2-58, Found: Si, 2.56. 

Preparat ion of (FluorodimethylsiIy~ethyl)polystyrene 

P s C H ~ C H ~ S ~ ( C H ~ ) ~ F  (63c) 

63a (12.21 g, 12.3 mm01 ) was placed in a 50 mL polypropylane tube and swollen with 

25 mL MeCN. 5 mL of 52% HFaq (145 mmol) was added and the tube shaken for 3 b. 

The beads were then filtered and washed with 200 mL MeCN and dned in vacuo (60 OC) 
24 h, yielding 12.17 g of 63c as light gray bead. FTIR 1256, (Si-CH3), 875 cm-' (Si- 
F); 29Si solid-state NMR (300 MHz) 6 (ppm) 29.3 (d,Si-F), 6.3 Si-O-Si (weak). Anal. 

C a k d -  for G o H  12)0.45K LOH 10)0.40(C 1 9 3  17SiF)0.12[(C 12H ~7Si2)O10.015 ( 80 55 

conversion): F, 1.60. Found: F, 1.64 

Regeneration of (chlorodimethylsilylethyl)polystyrene f rom 

(f1uorodirnetI~ylsilylethyl)polystyrene with boron tr ichloride 



Ps-CH2CH2Si(CH3),CI (63a) 

63c (1.26 g, 1.29 mmol) was added to a polypropylene tube in an ice bath, purged with 
N2 and 1M BCl3 (5 mL, 5 mmol) in CH2C12 was added slowly and the mixture was then 

stirred 3 h. The ice bath was removed and N2 was passed in the tube until the solvent was 

removed. The beads were washed with CH2CS and fdtered under an inert atmosphere. 

The beads were then vacuum dned 12 h yielding 1.21 g of 63a as light brown beads: 
FïIR (KBr in air) 1258. 1079 cm-L (Si-O); Z9Si solid-state NMR 6 30.1 ppm . 13C CP- 

MAS NMR 6 146 (DD), 129,43, 31, 16 (DD), 2.6 pprn (Si-CH3) (DD). Anal. Calcd for 

(CIOH 12)o.4s(C loHLo)o-40(C 12H17SiC1)oO15 (100% conversion): Cl, 3.5 1. Found: Cl. 

3.48. 

Preparation of (Nitrophenethyloxy-dimethylsily1etl~yl)polystyrene 

P S - C H , C H ~ S ~ ( C H ~ ) ~ O C H ~ C H ~ C ~ H ~ N O ~  (63b) 

63a (0.50 g, 0.51 mmol) was placed in a 25 mL round bottom Rask containing p- 
nitrophenethyl alcohol(0.20 g, 1.2 mmol) and 6 mL 5:l CH2Cl2 : pyridine. The reaction 

was stirred 8 h at room tempenture under N2, filtered, extracted hy soxhlet overnight with 

CHCh, and dried in vacuuo 24 h, yielding 0.5052 g 63b as pale gray beads. 29Si solid- 

state NMR 6 14.3 ppm. Anal. Calcd for (CioH12)0.45(C IOHL0)0.4~(C20H24SiN03)a. 15 

(100% conversion): Si, 2.55; N, 1.27: Found: Si, 2.54; N, 1-30. 

Preparation of (Menthyloxy-dirnethylsilylethy1)polystyrene 

Ps-CH2CH2Si(CH3),0-Menthyl (63d) 

63a (5.00 g, 5.1 mmol) was added to menthol (2.00g, 12.7 mmol) in 10 m L  5: 1 CH2C12 

: pyridine, and stirred at room temperature 12 h. The beads were then tïltered and soxhkt 

extracted 12 h with CHC13, then dried in vacuuo overnight, yielding 5.l6g 63d as light 

gray beads. FTIR (Si wafer) 1455. 1342, 1255. 1062.918 cm-1; 29Si solid-state NMR 
(300 MHz) 6 13.2 pprn, 7.8 pprn (weak, Si-O-Si) 

Preparation of (Butyloxy-dimethylsilylethyl)polystyrene 
P s - C H ~ C H ~ S ~ ( C H & O ( C H ~ ) ~ C H ~ .  

63a (0.50 g. 0.51 mmol) was reacted as in 63b with n-butyl alcohol (0.20 g, 1.2 
mmol). l3C CP-MAS NMR 6 146 P D ) ,  129, 61(Si-OCH2)@D), 43, 3I(-CH2-)@D), 

18 (-CHs)(DD), 15 (DD), 0.6 ppm (Si-CH3) @D). 

Preparation of (f1uorodiisopropylsilylethyl)polystyrene 
PsCH,CH2Si(CH(CH3)2)$ (64c) 



64a (1.02 g, 6-96 mmol) was placed in a 50 rnL polypropylene tube with 20 mL dioxane 
and 52% HFaq (5 mL ,145 mmol). The beads were then shaken 12 h, filtered , washed 

5X with 20 mL acetone and dried in vacuuo (65 OC) 24 h, yielding 0.99 g 64c as light 
gray beads. FTIR (KBr) 1610, 1342, 998, 880 cm-' ; 29Si solid-state NMR 6 26.7 (dl 

S i -F) ,  weak peak at 2.53 pprn (S i-O-Si).  Anal. Calcd  for  

(Clo~L2)0.45(CLOH12)0.41(C16H25SiF)0.14 (100% conversion): F, 1.47. Found: F, 1.40. 

Preparation of (Nitrophenethyl-dimethylsiIylethyl)polystyrene 

PS-CH~CH,S~(CH(CH~)~)~OCH~CH~C~H~NO~ 

61a (0.50 g, 0.46 mmol) was treated as in 63b yieldinp 0.50 g 64b lipht gray beads: 
FI'IR (KBr) 1610, 1455, 1342, 1255, 1062.918 c m 1  ; 29Si NMR 6 13.8 (Si-OCHz), 
7.6 ppm (weak Si-O-Si). Anal. Calcd for (CioH12)0.45 (C10HLZ)0.4L(C24~32Si~03)0.L4 

: Si, 2.30; N, 1-15. Found: Si, 2-30; N, 1-17. 

Preparation of (Menthyloxy-dimethylsi1ylethyl)polystyrene 

P s - C H , C H , S ~ ( C H ( C H ~ ) ~ ) ~ O M ~ ~  th01 

64a (4.60 g, 4.30 mmol) was treated as in the preparation of 63d, giving 5.00 g of 64d. 
29Si solid-state NMR (300 MHz) 6 12.10 ppm (Si-OCH-). 

Preparation of HOCH2CH2CH(CH3)0Bz (66) by Solid-Phase Synthesis. 

63a (CloH12)o.45(CloHlo)o~40(C12H17SiCI)0.15 (25-01 g, 25 mmol) was added to 1,3 
butanediol(6.00 g ,67  mrnol) in 5: 1 CH$& : pyndine, and the mixture stirred overnight 

with rapid stirring. The beads were filtered and washed with warm CHCls. A sample was 

dned in vaccuo and analysed by showing a strong peak at 3550 cm-[. The beads 

were then resuspended in a solution containing benzoyl chloride (7.01 g, 50 mmol) in 5: 1 

CH2C1, : pyridine and refluxed 24 h. The beads were filterrd and washed with CHC13. A 

sample was dned in vaccuo and analysed by FTIR showinç a strong peak at 1746 cm-'. 

The remaining polyrner was suspended in 50 mL MeCN and 52% HFaq.(LO mL, 270 

mmoI). The beads were filtered and the tiltrate extracted with ethyl acctak (2 X 100 mL). 

Evacuation of the solvent and Kughelrohr distillation (12 mm Hg, 130- 140 OC) afforded 

3.6 g of 66 as a clear oil (90% yield). GC analysis showed 10% starting material befort: 

distillation. 
'H NMR (CDsOD, TMS) S 8.15-8.00 (dd 2H), 7.60-7.40 (m 3H), 5.4-5.3 (m lH), 3.6- 

3.4 (q 2E9, 1.9-1.8 (dd 2H), 1.71-1.68 ppm (d 3H); 13C NMR (270 MHz, CD30D. 
TMS) 6 167.0, 132.8, 129.7, 128.6, 128.4, 67.9, 57.0, 39.8, 19.7 ppm. 



Selectivity studies of silyl ethers 

Resin 63a (OS0 g, 0.51 rnmol) was reacted with of alcoholic mixture (0.1 mL , 2.5 

mrnol ) in 14 : 1 toluene : uiethylamine. The above resins (0.35 g, 0.35 mmol) were thrn 

treated with I M  TBAF in THF (2 mL, 2 mm01 ), extracted with 2 mL of ether and 

analysed by gas chromatography for the alcohol. 

Kinetic Studies of siIy1 ethers . 
The reactions were studied under \conditions at which either [OH-] or [&O+] >> [silyl 

ether]. Substrate 63d or 64d (1 g, Immol) was added to IM HC1 or 1M (Mt&N+ OH- 

(5 mL, 5 rnmol) in 9:1 dioxane : water with 1mM triglyme as internai standard at 22-24 

OC, and the appearance of menthol was monitored by gas chromatography. The rates were 
obtained by cornparison with 1 mm01 substrate hydrolysed with 1.1 mm01 HFaq in 9:l 

dioxane : water with 1 mM triglyme as interna1 standard, which reacted quantitatively a h  

0.5 h (confirrned by 2 9 ~ i  solid state NMR on the resulting txsins). 



CHAPTER 6. 

ENZYME IMMOBILIZATION ONT0 
(V1NYL)POLYSTYRENE THROUGH A CYSTEINYL-S- 
ETHYL SPACER. 

6.1 . INTRODUCTION 
Enzymes have been irnmobilized for easy recovery and re-use in several ways that 

use polymers: by entrapment in semipermeable hollow microcapsules or bits of solid gel 

during processes of precipitation, polymerization or crosslinking, or. more often. by 

a d s o r p t i ~ n ~ ~ - ~ ~ '  or actual covalent linking '58~L59 to a pre-formed insoluble polymer 

matrix . For this last strategy, arnong the wide variety of binding reactions and reactive 

carriers available, only a few protocols employ a hydrophobic non-hydrolysable / non- 

biodegradable polymer able to covalently bind enzyme molecules in a pH-neutral reaction 

not requinng their p i o r  activation or subsequent modification 4*30*L05~L38~1h0 

Crosslinked polystyrene has provided a common inert and sturdy support to which 

have bren attached many Ends of reactive functionalities to producc solid-phase reagents, 

catalysts, protecting groups and sequrstering agents that are easily separated from reaction 

mixtures by filtration or decantation, for simplified isolation of a desired product, and 

often for recuperation, regmeration and re-use of the active solid We have discussed in 

chapter 2 a simple and general methodology for attaching many functional groups to 

porous particles of crosslinked polystyrene. by radical-catalyzed addition of functional 

small molecules across residual vinyl groups of suspension-polymenzed commercial 

" technical-grade divinylbenzene" 1. In this work we extended our technique to the simple 

preparation, via a polymer-supported amino acid 67, of azlactone-functionalized 

16Lcrosslinked polystyrene 68, and its use for the immobilization of a sample enzyme. 

lipase, via a long and flexible spacer, and under very mild conditions (Scheme 6.1). The 

resulting polymer-supported lipase 69 was studied with respect to effects of the polymer 

micro-environment on catalysis, and compared for capacity and activity with commercial 

enzyme-bearing resins. Similarly, the product of the Diels-Alder reaction of 1 with maleic 

anhydride discussed in chapter 4 rnay also bind Lipase. The product h m  this waction. 70, 

is a non-spacer-linked lipase/amide-acid. Generally. extremes in pH and ionic strength, 

may affect the stability of the product imrnobilized enzyme and the efficirncy of the 

reaction, and so should be avoided. 



1 PEG-600 ~ a t .  
AIBN cat 
toluene A 

RCOOR' + H 2 0  N 
\ H~N<=] 

1 Ac20 NaOAc 

toluene A 

NHCOCH3 - psts&oH pH 7 20°C H20 buffer 
RCOOH + HOR 

6 8 

NHCOCH3 

Scheme 6.1. Modification of vinylpolystyrene with a spacer linkrd azlactone and 

subsequent irnmobiiization of a lipase. 

Lipase 

H,N 

Buffer. pH 7 

Scherne 6.2 Lipase addition to polymer bound cyclic anhydrides 



6.2. RESULTS AND DlSCUSSION 

6.2.1. Addition of Cysteine to (Viny1)polystyrene 
Free-radical S-functionalization of the residual vinyl groups in (viny1)polystyrene 

(Chapter 2) with cysteine ethyl ester hydrochlonde gave a versatile spacer-linked amino 

acid functionality 67 (12 in Chapter 2). This reaction was enhanced by combining a 

nonionic phase transfer catdyst such as PEG-600 with a mixed toluene/ethanol solvent 

and a smaller particle size (Table 6.1) to facilitate transport of the water-soluble substrate 

into the initially hydrophobic polymer matrk. The maximum degree of functionalization 

was found to be - 21%. which was accompanied by complete disappearance of residual 

vinyl groups (some of which are also consumed by simultaneous further crosslinking). 

Polystyrene-based soiid phase reagents have been demonstrated to be especially stable and 

active when spacers of two or more methylene groups are interposed between the polymer 

backbone and the reactive functional gro~p50v53 Indeed, spacers can make the attached 

functional groups highly mobile Oiquid-like) with respect to the polymer backbone (solid- 

l i l ~ e ) ~ ~  even in dry material. 

TABLE 6.1. Modification of (viny1)polystyrene 1 by S-addition of CysOEt.HC1. 

Particle size Functional capacity Xr of 67 Conversion 

of 67 (mm01 Sfg) from 1 (% ) 

250-425 0.7 1 It 0.03 0.12 34 

106-250 1.05 + 0-04 0.18 51  

45-63 1.24 k 0.04 0-2 1 60 

The acetylation and dehydration of the amino acid to form the azlactone ware found 

to occur in one step with the presence of sodium acetate as buffer. This product functional 

group does not undergo any significant further hydrolysis in the ambient atmosphere and 

is easily stored without any special precautions. 

6.2 .2 ,  Immobilization Through Pendant Azlactone Moieties. 
Enzyme immobilization experiments were performed on azlactone-containing 

polymer 68, as well as on cornmon commercial polymeric sorbents. For cornparison 



(Table 6.2), Merrifield's peptide resin ((chloromethyl) polystyrene) was c hosen for its 

similar dcgree of functionalization and hydrophobicity to our new support, whereas 

Amberlite XAD-7 (macroporous polyacrylate resin) and XAD-16 (macroporous 

divinylbenzene) could only physically adsorb the enzyme29 L62 Polymer 68, of 

comparable bead size, was intermediate in initial binding capacity. Decrease in particle size 

and increase in azlactone capacity dramatically increased the amount of enzyme bound. 

Elution of a portion of the enzyme-bearing resin with 1% SDS solution showed no 

protein in the fdtrate, demonstrating the covalent nature of the binding. 

6.2.3, Immobilization Through Cyclic Anhydrides. 
Candida cylindricea lipase (freshly precipitated frorn n-propanol) was immobilized 

on the cyclic anhydride bearing polyrner 54 ( chapter 4) of XE = 0.18 in 100 mM 

phosphate bufFer to attenuate the effect of the released acid. Elution of the enzyme-bearing 

resin with buffered 1% SDS solution showed no protein in the tiltrate, demonstrating the 

covalent nature of the bindingSimilarly, to Amberlite XAD-16 was precipitated 

(adsorbed) the enzyme by addition of chilled n-propanol : acetone 5: 1 and washed with 

cold 100 mM NaCl. Elution of the enzyme-bearing resin with 1% SDS solution showed 

protein extracted in the filtrate, wheras the resin gave a positive reaction with ninhydrin. 

6-2.4. Activity of Bound Enzyme with Hydrophobie and 
Hydrophilic Esters. 

Polymer-supported lipase 69 was active in the hydrolysis of hydrophobic and 

hydrophilic ester subswtes, in aqueous and mixed organic-aqueous media (Table 6.2). 69 

was not as efficient as the free enzyme in catalysing the hydrolysis of hydrophobic 

substrates or substrates dissolved in toluene. This could be attributed to the dilution of 

substrate by organic solvent, displacement of water out of polymer particles by solvent or 

substrate, ancilor generally slower mass transport into the macroporous particles. 

However, 69 did hydrolyze water-soluble substrates in aqueous media 1-5 tirnes 

faster than did the free enzyme. One possible beneficial effect of a hydrophobic polymer 

matrix would be to extract and concentrate substrate; another, to provide the hydrophobic 

component of an interfacial microenvironment in which lipases are most active 16' similar 

lipase activation has been observed for hydrophillic polymer supports in hydrophohic 

sol vent^'^^ Crosslinked polystyrene (69) seemed more effective for this than polyacrylate 

WAD-7). 



A reverse trend was observed when lipase was atttached to the carboxylate rich 70. The 

water soluble MeAc did not hydrolyse as fast as the more "neutral" 69. However the 

hydrolysis of hydrophobic esters is comparable between the two systems. 

6.2.5. Recycling the Bound Enzymes 
The recyclability of our supported enzyme 69 was demonstrated by washing it 

with buffer and repeating the kinetics experiments four times (Figure 1)- Recyling 

experirnents were also done for the products with commercial resins: as expected for the 

product from XAD-7 (but not from PsCH2C1), 60% of initial activity was lost atter the 

first recyciing, and the rest &ter the second; loss of protein was confirmed by Lowry 

açsay. Stored 69 retained 100% of its original activity after 18 months at O°C. 

Relative Activity 
( O h  of Cycle 1) 

1 2 3 4 

Cycle Number 

r 69 
+ XAD-7 + lipase 
+ PsCH2CI + lipase 

Figure 6.1. Recyclability of supported Lipases for hydrolysis of 0.5 LM MeOAc/H20. 



TABLE 6.2. Cornparison of 69 with free and othenvise-supported Pseudomonas 

cepacia lipase- 

Polymer-Enzyme Lipase 

content 

-1000 

Solvent Substrate 

size 

Toluene: 

H20 1:l 

H20 

Et butyrate -- 

BuOAc 

EtOAc 

-- -- 

Et butyrate 

M a A c  

Et butyrate 

Toluene: 

BuOAc -- -- 
EtOAc 

XAD-7 t Lipase BuOAc 



Table 6.3 Cornparison of 70 with free and otherwise-supported Condich cylindricen 

Particle 

Free l i~ase  

XAD- L 6 + 250-800 

lipase 1 

Lipase. 

content 1 l 
(m.&$ mdmin 

-1000 H20 BuOAc 4-98 

H2O EtOAc 2-39 

45 , ~320 BUOAC 2.01) 

H20 EtOAc 1.92 

- H20 MeOAc 0.28 

33 H20 BuOAc 1.30 

1 H20 1 M a A c  1 0.67 

CONCLUSION 
Enzymes, such as lipases, can be covalently linked to azlactone groups attached hy 

flexible spacers to a matrix of crosslinked polystyrene (chapter 2). For water-solu hlr 

substrates, this simple supporting protocol may even improve enzyme activity, with the 

hydrophobic polymer matrix taking the place of organic solvents traditionally lW4added to 

activate lipases for applications in organic chemistry. 

An azlactone bearing resin based on cysteine modified macroporous 

(viny1)polystyrene (chapter 2) c m  smoothly immobilize enzymes which may be used for 

hydrolysis of esters. The behaviour of these polymer supported enzymes toward both 

hydrophillic and hydrophobic esters suggests the possible role of the matrix toward 

activation of the enzyme through interfacial interaction. Activities of lipase adsorhed on 

styrenic resins such as Amberlite XAD- 16 d s o  show this trend. 

Enzymes bound by polymer supported cyclic anhydrides do not seem to have any 

advantages over the previous method. In fact these appear to adversly affect the activity of 

the lipase possibly due to the highly polar environment due to the resulting carhoxylat~s 

obtained after the irnmobilization steps. 



6.4. EXPERIMENTAL 

5 .3 .1 .  Generai. 

FTIR spectra were recorded on a Bornem Michelson 100 spectrometer. CP-MAS 

13C NMR spectra were obtained on a 25.1 MHz Chemagnetics Inc. M-100 spectrorneter 

with contact time of 1 ms, pulse delay 3 s, spin rates of 3-4 kHz, high-power proton 

decoupling during acquisition, and referencing to hexarnethylbenzene (17.4 ppm). . 2,2'- 

Azobis(2-methylpropionitrile) (2,2'-azobis(isobrityronitriIe), AIB N) was ob tained from 

Kodak, and used after recrystallization from chloroform and storage at -20 OC- L-Cysteine 

ethyl ester hydrochloride 9876, polyethylene glycol 600 g h o l  (PEG-600) and Arnberlite 

XAD-7 nonionic polymenc adsorbent (20-60 mesh polyacrylate resin, 450 m2/g) were 

obtained from Aldrich Chemical Co; they, and reagent-grade sodium acetate, hydrochlonc 

acid, acetic anhydride and various solvents from several sources, were used without 

further purification. Pseudommas cepacia lipase (cat# LPL-200S, lot# LPPO 152 lG, 2.3 

x 106 unit /g activity, ca. 32K glrnol) originated from Amano International Enzyme Co., 

Troy VA. Ninhydrin, (chloromethyl)polystyrene (200-400 mesh. 1% crosslinked, 0.7 

mm01 Cl/g, cat# M8022) and a kit for the Peterson-modified Lowry assay for total protein 

(cat# P5656) were obtained from Sigma Chemical Co. Elemental analyses were performed 

by Robertson Laboratory Inc-, Madison NJ. 

Preparation of Polymer-bound arnino acid: example of (cysteinyl-S-ethyl)- 

polystyrene hydrochloride (67). 

L-Cysteine ethyl ester hydrochloride (2.00 g, 10.7 mmol), dissolved in ethanol (5 mL) 

was added to (viny1)polystyrene ( C ~ O H & . ~ ~ ( C  10H10)0.20(C8H7CH=CH2)0.35 (4-01 g, 

10.7 mm01 C=C) l h  that had been ground to 45-63 pm size and suspendrd in toluene (5  

mL). AIBN (0.10 g, 0.61 mmol) was then added, dong  with PEG-600 (0.10 g. 0.17 

rnmol), and the mixture was heated under nitrogen at 70 OC for 24 h- The solution was 

then cooled and filtered, and the residue washed liberally with hot ethanol, then ether, and 

dried under vacuum at 50 OC ovemight to give a pale yellow powder (5.1 g), (O-athyl- 

cysteinyl-S-ethy1)polystyrene hydrochloride: FTIR (KBr) peaks absent at 1630 and 990 

cm-1 for vinyl precursor, peaks present at 1746 (COOEt) and 3000-3500 (NH3+) cm-l; 

13C NMR (CP-MAS, 100 MHz) 6 170 (COOEt), 145 ( q l  =CR-), 127 (aryl =CH-), 75 

( - C H  2s-), 40 (-C H 2-, -C He) and 15 (-CH2C H 3 ) -  Anal. Calcd for 

(C loH12)0.45(CloH l o ) 0 . 3 3 ( C 1 0 H 1 1 S C 5 ~ 1 1 ~  (63% conversion): S ,  4-0 1. 
Found: S, 4.00 (1.25 + 0.04 mm01 Cys/g). 



Treatment of a portion of the polyrner-bound arnino ester hydrochloride 2 (1.00 g, 1.25 

mm01 .CysOEt.HCl) with hydrochloric acid 12 N (2 mL, 24 mmoI) in dioxane (8 mL) at 

room temperature, followed by filtering, rinsing the residue with 4:1 dioxane:water 

(azeotrope), dioxane then ether, then drying under vacuum at 50 OC overnight, gave a light 

brown powder (0-85 g) of polymer-bound amino acid, (cysteinyl-S-ethy1)polys tyrene 

hydrochloride 67: a small portion treated with 0.25 % ninhydridH20 rapidly turned deep 

violet to black. similar to reactions with known free amino acids, 

Preparation of Polyrner-bound azlactone: example of (2-methyl-3-oxazolin- 

5-one-4-ylmethy1thioethyl)polystyrene (68). 

P o l y m e r - b o u n d  a m i n o  a c i d  h y d r o c h l o r i d e  ( C i  O H  1 2 ) o  - 4 5 -  

(CloH~o)o.33(CloHl~SC3H7NO2C1~H2O)o22 67 (0-48 g, 0.62 mmol) was suspended in 

toluene (5 mL), and fresh acetic anhydride (3.0 mL, 32 mmol) and sodium actetate (0.25 

g, 3.1 mmol) were added- M e r  reflux for 6 h under nitrogen, the mixture was filtered and 

the residue washed liberally with acetonitrile, then dried in vacuo at 50 OC overnight and 

stored in a desiccator, yielding a light brown powder (0.47 g) of polymer-hound 

azlactone, (2-methyl-oxazolin-5-one-4-yhethylthioethy)polystyrene 68: FTIR (KBr. cm- 

') peaks absent at 3600-3200 (COOH), peaks present at 1820,1712-1675 (O=C-O- 

C=N); no reaction with 0.25% ninhydridH20 within 1 min. Anal- Calcd for 

(C10Hl2)0.45(C10H10)0.33(C10H1 lSC5&=jN02)0.22 (100% conversion from 2): S, 4.33. 

Found: S, 4.42 (1.38 mm01 azlactone/g). 

Preparation of Polymer-bound enzyme: example of (l-lipase-l-oxo-3- 

acetamidobut-4-ylthioethy1)polystyrene (69). 
P. cepacia lipase (54 mg, ca. 2 pmol) was dissolved in pH 7 aqueous 10 mM phosphate 

buftèr (2.000 mL) to give a clear solution. To this was added polymer-bound azlactone 

(Cl o H ~ ~ ) o . ~ ~ ( C ~ O H ~ O ) O . ~ ~ ( C  10H11 sC~H6N02)0.22 68 (0-47 g, 0-65 mmol) dry powder, 
dong  with ethyl butyrate (0.05 mL, 0.4 mmol), and the suspension was ssaled and 

shaken at 22 OC for 12 h, then tïltered, the residue washed liberally with buffer and diled 

in vacuo at room temperature overnight to a light brown powder (0.47 g) of polymer- 

supported enzyme, (l-lipase-l-oxo-3-acetamidobut-4-ylthioethyl)polystyrene 69: 

assaying the filtrate for excess protein by the Peterson-modified Lowry rnethod 62*'65 

found 37 mg, from which the quantity of enzyme bound to 0.47 g polymer was 

determined by difference to be 17 mg, or 36 mg enzymelg polymer. Similar conditions 

were employed to combine enzyme with two other crossiinked polyrner supports, 

(chloromethyl)polys tyrene (Xf d.08) and Arnberlite XAD-7 (unfuncûonalized). 



Assay of Enzyme Activi ty. 

1.0 t 0.01 mg of enzyme sarnple (free or or polymer-bound) was measured out by 

weighing andor using the Peterson-Lowry assay, and combined with 0.5 M suspendrd or 

dissolved ester substrate in 10 mL of either pH 7 aqueous 10 rnM phosphate buffer or 

tohenehuffer 1/1 v/v mixture, at 22 OC. A Radiometer RTS 822 pHstat, titrating with 0.1 

N NaOH to maintain pH at 7.49 - 7.50, was employed to follow the rate of carboxylic 

acid release. After testing, portions of polymer-immobilized enzyme were tïltered and the 

residue washed many times with buffer, then dned under vacuum at room temperature, for 

storage or recycling. 



CHAPTER 7. 

FUNCTIONAL AND MOLECULAR 
NANOPARTICLES. 

IMPRINTED 

7.1.  INTRODUCTION 

7.1.1. Functionalization of micron and sub-micron sized 
polymeric particles 

Functionalized polymeric dispersions, or  functional latices have r m i v e d  a great 

deal of attention during the past decade due to their versatility in the applications which 

extend in a wide range of fields. These include biochemical, biotechnological, biomedical, 

physiological, rnicroscopic imaging and histological fields, in coatings. fillers, polymer 

modification, catalysis, microelectronics and several other scientific and industrial areasg. 

Vanous functional monomer precursors, differing in their physical and chemical properties 

dong  with their reactivity in copolymerization, have been widely studied. Polymeric 

particles have been prepared using a large variety of functional monomers as well as hy 

surface modifications. In particular, particles bearing vinyl groups have been prepared as 

well as derivatized to yield mono and dibrominated, epoxidized or hydroxylated tùnctional 

particles? Lv74 Of these, particles of styrene divinyl benzene copolymes are obtained by 

dispersion copolymerizations as easily as in surfactant stabilized systems. However, 

"soapless" emulsion polymerizations of. this mixture tend to coaguIate easily yielding 

generally useless material. The most direct way of prcparing divinylbenzene rich 

crosslinked polyrner nanoparticles is by thermal- or photochernical-initiated polymerization 

of a microemulsion of miceilas of a di- or poly-functional oil-soluble monorner (stabilized 

by a surfactant layer) in warer.L66'169 Based on the work of the previous chapters, it is 

possible to foresee the use of the chah-transfer, organometallic catalysis or the diels-alder 

routes to then modify the resulting vinyl bearing particles without worry of coagulation 

when good chah  transfer agents such as thiols are employed, or non dimerisahla transition 

metal catalysts are used. Another advantage of such a system is the possihility to 

simul taneously polymerize and hnctionalize. 



7.1.2. Molecular Recognition. 
Molecular r e c ~ ~ n i t i o n ~ ~ ~ - ~ ~ '  occurs when the "binding site" or "cavity" of a "host" 

molecule is able to bind a "guest" or "substrate" molecule of complementary shape and 

matching points of bonding (ex. to form ion-ion, dipole-ion, dipole-dipole, Van der 

Waals, hydrogen- or covalent bonds), but is not able to bind other molecules of a different 

size, shape or chemical properties as well or at ail. Molecular recognition occurs widely 

in nature, and is particularly exemplified in the macromoiecular binduig sites of various 

host proteins or polynucleotides within living cells, each being able to bind only one or a 

narrow group among a wide variety of small molecules, or portions of l a r p r  molecules, 

as possible guests. Here, molecule recognition may be associated simply with the removal 

of a particular substrate from its free state in solution, as occurs dunng recognition of 

antigen species by antibodies; or, in the segregation or transport of the guest species, such 

as by substrate-specific transmembrane channels. Or, the molecular recognition event 

(binding of guest to host) may trigger a response elsewhere in the ce11 or  organism, 

associated with the detection of the substrate in the surrounding solution, such as occurs 

on binding a hormone (or hormone-mirnicking dru@ to a membrane recaptor. Finally. the 

recognition event may induce a chemical transformation of the bound substrate, often 

without permanent effect on the host molecule, as occurs in enzymes. 

These three functions of molecular recognition in the natural world - separation, 

analysis, and catalysis - can also be very important for human industry and indeed bas 

filled the chemist's test tubes for several decades. Ever since Paul Erlich proposed his 

magic bullet theory ( a substance or drug capable of recognizing and fixing a specific 

molecule without perturbing anything else), hope has driven chemists and biochemists 

toward discovering these molecular recognition / functionally reactive substances. 

Separation is necessary to remove a particular desired product from a mixture such 

as resulting from a chemical waction, or to remove undesirrd contaminants from a desired 

product. Analysis permits the detection and quantitation of chernical substances dunng or 

following a manulacturing process to optimize yield and quality; applied to biological 

systems, it can help identify particular ce11 or tissue samples, diagnose pathological 

conditions, or evaluate the effects of drugs and other stimuli. Finally, molecular 

recognition accompanied by catalysis can effect particular chernical reactions for industrial 

manufacture, and on biological systems may have pharmacological or other applications. 

By combining a binding site for molecular recognition of a particular substrate, 

with a nearby fluorescent functional group whose emission behaviour changes when the 

substrate is bound, one achieves a "fluorescent chemosensor" (also called "tluorescent 



indicator", or "molecular probe") that is useful for analytical detection and quantitation of' 

that s ~ b s t r a t e . ' ~ ~  Fluorescence measurements are non-destructive, and can be 

extraordinarily sensitive, with only very small quantities of Iluorophore required. L72 

Fluorescence Lifetimes c m  be measured by depolarization, and wavelengths of excitation 

o r  emission bands by scanning the relevant spectra, but emission intensities at chosen 

fixed wavelengths are easiest to accurately mesure.  Preferably, the modes of fluorescence 

of a chemosensor should be distinctly different between the bound and unbound States, the 

latter acting as an intemal standard so that the ratio of the two can provide (nfter 

standardization) the concentrate of substrate, in a manner independant of the concentration 

of chemosensor, thickness o r  other geometry of the sample, or optics of the particular 

measurïng instrument (such as a fluorescence microscope to study individual cells loaded 

with chemosensor). Other requirements for an effective fluorescent chemosensor" or  

"molecular probe" include: dial the dissociation constant for host-yest interaction be in the 

range of interest for the substrate concentration; that excitation be gencrable and emission 

be measurable with available equipment; diat both binding and tluorescent portions of the 

whole fluorescent chamosensor molecule be chemically 

Molecular probes c m  be constructed by the methods of organic synthesis. such as 

Fura-2 and others that are sensitive to calcium ion.173 For other substrates than individual 

ions or a few simple molecules, it has been necessary to adopt a different approach than 

such total synthesis. This is to isolate, from living organisms, pure natural molecules 

(usually enzymes or other proteins) that normally act as hosts for the substrate, then 

carefully modify these chemically so  as to consistently place a fluorescent group (or. more 

than one, working in c ~ m b i n a t i o n ) ~ ~ ~  at such a position - usually near the binding site - 

as to change tluorescence on binding of the sub~tra te ."~ One example is the fluorescent 

labelling of protein kinase A to act as a probe for  CAMP.'^^ For prepanng selective 

fluorescent chernosensors, neither of these two strategies is inexpensive. adaptable for 

scale-up, reliable nor general for the many possible substrates of interest. 

Like calcium ion, cyclic adenosine 3',S1-monophosphate (cyclic AMP, CAMP) is 

an important "second messenger" species for regulating intracellular processes; it is also 

important for some intercellular c o r n r n u n i ~ a t i o n s . ~ ~ ~  CAMP in aqueous samples is 
currently measured by an 12%-based radioimmunoassay that requires 2 days to complete 

(thus, definitely not lending itself to fluorescence imaging) and has an associated 

radiohazard. L77*178 Certain specially-designed free moleculas prepared from Kemp's 

triacid have been shown to bind CAMP at a Ka of 6*102 M-l in aqueous huffer (with ionic 

strength corresponding to 51 mM ~ a ~ l ) , ' ~ ~  and another srnall molecule hinds sirnilar 9- 



ethyladenine at 3.5*102 in met ha no^;^^^ values in less polar solvents c m  he much 

higher. L79 

In nature, during the evolution of a species, or  the raising of antibodies in a single 

individual, molecular recognition towards a particular substrate is achieved by the prodigal 

generation of myriad host species (a combinatorial approach). then selecting out and 

multiplying those hosts that best bind to the guest. In the "total synthesis" or "rational" 

approach, once the precise structure of a substrate is determined, a matching host is then 

designed (often using molecular modelling cornputer programs with "docking" katures) 

and constructed by unambiyous organic synthesis steps; or, more often, it is a synthçtic 

guest that is designed to mimic an endogenous biochemical in binding to an organism's 

receptors for pharmacological purposes. A third way of achieving rnolecular recognition 

towards a particular substrate is "molecular imprinting". 

7.1.3. Molecular Imprinting. 
This pnnciple was first demonstrated by Dickey several decades ago,18 b h e n  

silica gel that had been dried in the presence of Methyl Orange. then crushed and washed. 

was found in chromatography experiments to preferentially retain that dye in the presence 

of Ethyl Orange and other analogues. Here, an initial liquid or flexible matr-ix is made to 

harden around molecules of substrate (also called "template" in this context), that are or 

brcorne partially exposed so that they c m  later be leached away, leaving brhind rmpty 

cavities that are thus of the precise shape to bind only similar or identical molecuIes at a 

later tirne. Later, Wulff showsd molecular imprinting of carhohydrate molecules in 

crosslinked pdymzr matrices, by including monomer derivatives ol' the carbohydrate in 

the polymerization mixture, then crushing the resulting b u k  copolymer and releasing the 

carbo hydrate by hydrolysis. 18* This technique aiso introduced functional groups wi thin 

the imprinted cavity, precisely positionned to assist in the re-binding of the corresponding 

substrate, for improved affinity and selectivity. Later workers were able to achieve similar 

molecular imprinting with monomers that only non-covalently interacted with substrate 

(sometirnes via metal ions)lS3both d u ~ g  the imprinting process (Le. polymerization), and 

on later binding of free substrate into empty c a ~ i t i e s . ' ~ " ~ ~ ~  

Photo-initiated polymenzations, with ultraviolet light of monomer mixtures 

containing photosensitive radical initiator (such as AIBN or commercial Ciba-Geigy 

Irgacure 184), c m  be performed under milder conditions than thermal, to give product 

better capable of molecular r e ~ o ~ n i t i o n . ~ ~ ~ * ~ ~ ~  Al1 of these procedures involved bulk 

copolymerizations to yield blocks of generdly macroporous material that were then ground 

and washed to yield only relatively coarse panicles suitable as chrornatographic media. 



Association constants Ka, of correspondingly-imprinted polyrners for their ternplates, have 

been reported at 7-9*1@ M - ~  for 9-ethyladenine in c h l o r o f o r ~ n , ~ ~ ~ ~ ~ ~ ~  and at 106 to 109 

M - ~  for the nitrogenous compounds theophyfine and diazepam; N5 data from aqueous 

solutions are less available, but association here may be even higher due to additional 

hydrophobic effects. 

Besides choosing the functional (fluorescent) polymer-binding component to be 

able to associate with the template during and after the polymerization, it would also help 

for different portions of such a complex to associate, during the polymenzation, either 

with the very polar protic solvent phase (ex. ions, OH groups), or  with the less polar 

monomer or gel phase (ex- aromatic groups). Such ampliiphilic or surfactant complr=xes 

would thus tend to congregate a t  the polymer/solvent interface, so that cavities would hi: 

formed that are already partially open for exchange of substrate with surrounding liquids. 

In principle, an ionic association between template and template-complexing 

polymer-binding molecule can be ensured at the outset by preparing the purified complex 

beforehand (ex. 6-c below), o r  mutual association between organic ions can he relied on 

at an organic interface as inorganic counterions ions drift away into the more polar 

continuous phase (ion exchange). 

7.1.4. Molecular Imprinting With "Non-Monomers". 
Template-complexing (and otherwise functional) molecules need not bz monomers 

to become pemanently bound to a nascent solid polymer matrïx for molecular imprinting. 

Like initiators and unlike monomers, chain-transfer agents such as CH2=CH-CH2R (allyl) 

compounds or thiols, halides, ethers etc ... do not react as monomers in hecoming hound 

to a polymenzing matrix.Also, a chain-transfer molecule will thus typically end up at one 

end of a polymer chain, rather than somewhere along it whan included during a 

polymerization. Thus even substantial quantities of thiols or allyl compounds will still 

allow the fornation from divinyl monomers of a solid three-dimensional crosslinked 

polymer matrix, while becoming bound to the matrix as it foms.  

Thiols are commonly employed to control size and polydisparsity of polymetic 

~ o l l o i d s , ~ ~ ~  thus their use in Our system is justified if we first polymrrize the technicai 

grade divinylbenzene, and in the same pot, inject a large arnount of the ~h io l  and let the 

resulting thiol radical propagate from vinyl to vinyl, giving a sulfïde bt-idged functional 

polymer.Initiator or  chain-transfer kind of template-cornplexing and polymer-binding 

"non-monomers" (fluorescent o r  otherwise) have the following advantages over 

rnonomers of sirnilar function for purposes of rnolecular irnprinting: 



Ease and versatility of synthesis: allyl derivatives capable of chain-transfer, and 

including fluorescence and other functions, can be made simply by reaction of appropriate 

nucleophile with allyl halide (6-Br), or eIectrophile with allyl amine or allyl alcohol; a 

thiol group also conferring chain-transfer ability can be introduced hy a convenient and 

general "mercaptoethylation" reaction of amines, either with episulfïde alone under 

controlled conditions . L98 

Stability during purification and storage: it is sometimes difficult to prevent 

irnrnediate polymerization of many functional monomers nce they are made - inhibitors -\d 
may have to be added, that then have to be removed again before polymerization- 

Concentrated non-monomers do not polymerize, and so store much better. 

Stability &ter binding to polymer: allyIated functionalities that have become 

bound to polymer matrix via carbon, or thiol-containing via suKide, do not show the 

potential hydroiytic or other instability of ester or amide links of acrylic or methacrylic 

derivatives (which may be important for functional imprinted polyrners with catalytic 

activity), nor of benzylic links of vinylbenzyl derivatives. 

Position and distribution in product: unlike functional monmers,  hnctional 

initiators and chain-transfer agents would show little or no undesired tendency to hind to 

each other in preference to a growing polymer matrix. This would avoid the possihility of 

hydrophilic ternplate-complexing compound forming a soluble polymer in the solvent 

phase instead of in the polyrner phase inside an imprinted cavity. The resulting binding 

sites would aIso be more evenly distributed over a solid polymer surface, and thus bctter 

separated and defined , than if two or more impnnting species were ahle to covalent bond 

directly with each orher. 



7,2, PLAN OF STUDY 
The nascent field of molecular irnprinting, though exciting and interesting, stiIl has 

several problems associated with it that Zirnit its general reliability. In particular the 

distribution of sites' sizes and shapes is not weLl controlled with standard techniques- Nor 

are most sites accessible since these remain buried in the relatively large ground polymer 

particles. The use of these products has been lunited to chromatognphy and related fields 

due to the large particle sizes and the insoluble nature of the materials. 

Simple free-radical modifications of (viny)polystyrene particles of nanometric 

dimensions should yield practical nanosized materials. In combination with fluorescent, 

template complexing chain-trader agents, we hope to achieve some template srlective 

nanosized tluorescent chernosensors, These are designed to be: 

- clear in aqueous solution to allow easy spectrophotometric analysis. 

- stable in solution to avoid coagulation dong with easy separation, washing and 

delivery, 

- as uniform in size and site distribution as possible to allow maximal surface area 

and response homogeneity. Also this aspect will help avoid compartementalization if used 

in biological systems. 

- reversible binding of substrate at appropriate affinity. 

- an intemal ihorescent standard, and resistant ~luorophores- 

This work was done with the collaboration of Dr. B.Wandelt, Gaelle Pr6vost 

(fluoresecence spectroscopy) and Ms. P. Turkewitsch, whose Ph.D. thesis on tluorescent 

moIecular imprinted polymers obtained by b u k  polymerization complrmrnts this chapter. 



7.3 , RESULTS AND DISCUSSION 

EtOH or M a  
* 
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Scheme 7.1. Sirnultaneuos free-radical polymerization and functionalization of 

divinylbenzene nanoparticles in the presences of functional chain-transfer agents. 

7.3.1, Modification of the pendant vinyl groups on 
divinylbenzene micro and nano-particles. 

Functionalization of (vinyl)polystyrene nanoparticles by free-radical chain-transfer 

addition was effected on particles obtained by surfactant stabilized cmulsion 

polymerization of tech. grade DVB and by a precipitation polymerization of a dilute (5%) 

solution of this monorner in EtOH or ~cetonitrile~~*'~~~'~~.~~~ 

These particles, after isolation, generally had an approximate vinyl content of Xf = 

0.20, as seen through FTIR, though we believe these were not al1 accessible since the 



best obtained functionalizations were Xr = 0.10 with thiols . Three types of thiols were 

used: 

- Cysteine, a hydrophilic thiol we had intensely studied (Chapters 2.6)gave 

particles with Xf = 0.09 after isolation and dialysis. The resulting particles were stable in 

aqueous system of moderate ionic strength (0.01 M NaCl) but prrcipiated at pH 5.5 in the 

presence of the divalent ions CU=, ~ n n ,   in, and UO2(NO3)2. These were prepared 

£rom surfactant free nmoparticles166~167*199~200 (55 nm) and from microparticles obtained 

from a precipitation polymenzation (365 nm monodisperse). 

- Mercapto polyethylene glycol, an arnphiphilic thiol also gave after 24h of UV 

irradiation (EtOH) with the nano and microparticles above, isolated powders containing 

sulfur corresponing to Xf = 0.09. These particles were also readily dispersible in water 

though temperature variations caused precipitation (ie. chilling in ice and warming ahove 

50 OC), 
- Butanedithiol, a hydrophobic substance, gave after 48 h heating in EtOH with 

AIBN and 55 nrn partïcles,then centrifugation, a polymer with Xp= 0.10 based on sulfur 

elemental analysis. After dispersing in DMF, these fonned black complexes with Cu and 

Ni. The clear DMF dispersions did not disperse in water but . in solutions of pH >10 

exposed to air, did f o m  light films when gently added. The nature of these films were not 

explored but we believe these were formed by interparticle disulfide bridging 

- Attempts to functionalize the microparticles with dipyridyltetrazine, as in chapter 

4, gave particles with identical F I lR  spectra as those obtained with the macroporous 

beads- 

7.3.2.  Fluorescent Groups for Fluorescent Chernosensors. 
Fluorescent groups have not hitherto been combined with binding sites prepared 

by molecular imprinting. Workers have however combined iluorescence and molecular 

imprinting in other ways 2 0 L ~ 2 0 2 ~ l s o ,  molecular imprinted dispersions have haen 

in~es t iga ted .~O~*~"  

We propose impnnted fluorescent nanoparticles can readily be made by forming a 

moderately strong but reversible complex (ex. anion-cation) between the substrate and 

another molecule that exhibits microenvironment-sensitive fluorescence, and that also 

contains other functional groups that allow it to become permanently hound to a 

surrounding rigid polymer matrix while this is Formed during a polymenzation reaction. 

After the molecular imprinting reaction, the substrate is released, to leave hehind a 

substrate-shaped cavity which also contains a functional group that aids in Iater binding (as 

reported by previous workers), but that also changes fluorescence on binding of substrate. 



The general chemical structure of versatile205 N-substituted 4-p - 
dimethylaminostyrylpyridinium compounds (R-DMASPf) permits them to be 

photoexcited to either normal planar (NP) or twisted intramoiecular charge transfer (TICT) 

energy ~tates ,~ '~*~O'  thus enabling d u d  fluorescence in the sarne molecufe (chapter 8). In 

either single-excitation/double-emission or double-excitation,single-emission experiments, 

one of the two modes of such dual fluorescence (usually the one most involving direct 

excitation to or emission from the TICT excited ~tate)*O~-~l  is much more sensitive than 

the other to changes in polarity or rigidity of  the molecule's microenvironment, such as 

may accompany binding of substrate into a nearby attached binding site.R-DMASP+ 

compounds are moreover caûonic; overall, a structure of this type would be  an excellent 

candidate as the fluorescent portion of a fluorescent chernosensor, particularly of an 

anionic species. We prepared 1, a fluorescent, polymer-binding molecule designed ta 

closely associate with negatively-charged aromatic or heterocyclic templates through ionic 

(Le. by ion-exchange) and aryl-stacking forces.212 by reacting m-vinylbanzyl chloride 

with 4-p-dimethylaminostyrylpyridine. 

However, we found that ail attempts at copolymerizing this rnonomer in aqueous 

systems resulted in rapid bleaching, and thus was discarded as a possible candidate. . 

Other analytical uses of similar derivatives are discussed in the next chaptrr. 

The 5-dimethylarninonaphthalenesulfonyl (dansyl) group also changes its 

fluorescence pattern according to the polarity and other characteristics of its 

microenvironment, typically by a shift in wavelength of its emission band 

(solvatofluochromism)~3 Though  this molecule does not exhibit dual tluorescenca, 

ratioing techniques can still be used for fluorescent chamosensors employing it, for 

example between the signals received from one detector slit adjusted to a higher- 

wavekngth portion of the shifting band, and another to a lower-wavelength. The synthesis 

via 2 of 3, a polymer-binding molecule containing dansyl whose protonated form can also 

complex anionic templates, is shown below. 



Scheme 7.2. S ynthe tic route toward functiond chain-transfer agents. 

7.3.3. Imprinted Polymer Nanoparticles. 
A fluorescent chernosensor made using "classical" molecular imprinting to give 

bulk macroporous polymer201*202 (in conjunction with a tluorescent tanplate-complexing 

and polymer-binding molecule) produces, even after grinding, particles that are so coarse 

as to form in the sample solution at best an extremely turbid suspension whose 

fluorescence is difficult to measure by ordinary techniques of spectrofluorimetry. Thus, a 

spectrofluorimeter whose normal function is to evaluate fluorescence of clear solutions in 

square-cross-section cuvettes, must be painstakingly readjusted to focus on the essentially 

opaque surface of a triangular cuvette con&ining a (recently agitated) suspension of a 

fluorescent chemosensor polymer prepared by this r n e a n ~ . ~ ~ ~ * ~ ~ ~ ~ l s o ,  Our ultimate goal 

of observing cells containing the fluorescent chernosensor is frustnted if the particles are 

as large or larger than the cell. It thus became our objective to elahorate a technique of 

preparing fluorescent chemosensor particles small enough (below about 50 nm diameter) 

as to scatter little light of wavelengths used for the excitation of the fluomscence. Besidcs 

resulting in clear or near-clear suspensions that could be analyzed hy spectrofluonmeter 

apparatus in cornmon use, such a product would also have the advantaga of offering an 

extrernely high surface area per amount of polymer, containing rnany "fluorescent hinding 

sites" that are immediately and uniFomLy exposed to the surrounding liquid sample for 

rapid response to substrate levels. Individual "nanoparticles" could also bt: introduced into 



living cells by microinjection, liposome fusion or other techniques, or otherwise combined 

with particular rnicroscopic samples, for observation by rnicroscopic tluorescence 

imaging- They could also be more easily combined with optoelectronics apparatus, for 

example being applied to the tips of optic fibers, for intergrated instruments capable of 

repeated or continuous analyses.20'~202 

7.3.4. Isolation of a Monsmer Phase in a Solid Csntinuous 
Phase. 

ternplate-com plexing 
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Scheme 7.3. S ynthetic route toward functional surfactant stabilized nano particles. 

A cornplex of template and (fluorescent or otherwise functional) polymzr-binding 

molecule that is suongly amphiphilic (Le. one part hydrophobie. the other hydrophilic), 

would conceivably help (along with other surfactants) to stabilize monomer containing 

micelles, while positionning the generally-hydrophilic template at the surface so that the 

cavity that forms around it will be open on one side. The uniform depth, orientation and 

distribution expected of the complexed template as it "floats" as part of a surfactant's head 



group should result in i m p ~ t e d  cavities that are sirnilady uniform with respect to shape, 

exposure to the liquid phase, and relative position to nearby Eunctionalities that are capable 

of binding, fluorescence, etc.. 

In practice several factors cornplkate this approach. ThermodynamicaUy-stable 

microemulsions of significant quantities of rnonomer are in fact difllcult to achieve, 

particularly with relatively small quantites of specialty surfactants (dense packing of 

template-complexing polymer-binding molecules at the monomer/water interface would 

likely result in less well-defined imprinted cavities), and as little as possible of others. 

Though thermodynamically unstable microernulsions of monomers with smaller quantities 

of poorer surfactants, as prepared by vigorous agitation with a homogenizer or sonicator, 

can be stdl kinetically stable for hours or days, attempts to polymerize these often result in 

rapid coagulation as certain droplets containing free radicals recmit more rnonomer from 

outside their boundaries and grow at the expense of others lg7, and also agglomerate as 

they pass through a "sticky phase" where a single glancing collision will irreversibly fuse 

one to another. Surfactants that are polymer-binding c m  also be covered over during such 

growth of crosslinked polymer particles. Altematively, a surfactant cornplex, existing in 

equilibrium between the droplet interface and the aqueous phase, rnay find itself "squeezed 

out" as polymerization proceeds in the intervals of its absence, so that whcther or not the 

polymer-binding component ultimately becomes polymer-bound, an imprinted cavity has 

not b e n  dekined by the template in the polymer matrix. 

Several of these problems can be circumvented at once if the continuous (i-e. 

aqueous) phase of the microemulsion is solidified, most simply by freezing- This prwents 

exchange of monomer, to micelles that are polymerizing, from others still awaiting 

initiation. Surfactants also wouId not here diffuse away from the rnonomer droplet, 

because they would still be held at the surface through hydrogen-bonding or othzr 

adhesion to the ice. The low temperatures required for solidifying the continuous phase 

generally preclude thermal initiation of the polymerization; however, since ice is 

reasonably UV-transparent, photochernical initiation is still possible if photoinitiator has 

been included in the monomer mixture. Since the freezing process itself can cause 

coagulation of suspended material as the pure solvent crystallizes, as rapid freezing as 

possible would be desirable to prevent such crystallization. 

In the usual methods for molecular impnntirig, monomer mixtures are taken up in 

glassware, polymerimd and ground into heterogeneous particles. Our aim in this study 

was to polymenze emulsified droplets a few nanometers in diameter. Since glassware does 

not exist in this size, a new approach had to be developed. 



A number of Fast-freezing techniques have been developed in the fields of 

molecular biology and microscopy (for "freeze-fracture" preparation OC samples) to 

prevent distortion and agglomeration of subcellular components and other rnicroscopic 

e n t i t i e ~ . ~ ' ~  One of these is  to spray (ex. with an artist's airbrush) a fine aerosol of the 

suspension into Liquid propane that has been cooled to liquid nitrogen temperature (liquid 

nitrogen itself flashes into an insulating vapour as it starts to cool anything thrust in it). 

Another technique consists of adding the suspension of cells to a tlat metallic surface 

precooled to liquid nitrogen temperatures. 

In similar techniques, we propose that an emulsion of water and monomers rnay 

be frozen while preserving the distinct shape and size of the monomer droplets without 

phase separation- Additionally, due to the differing melting points of water and organic 

monomers, the organic phase rnay be liquid while the continuos aqueous phase remains 

solid. Thus, &ter spraying, the liquid propane can then b e  replaced with another less 

volatile hydrophobic liquid (ex. hexanes), as the temperature is raised (ex. -14 OC. in an 

ice-salt bath) so that the ice particles remain solid, but the monomer mixture in the included 

micelles is liquid at the tirne of photochernical polymerization. Aftterwards, separating the 

hexanes and melting the ice gives a suspension of nanoparticles, which can then be  

washed free of template by dialysis or ultrdïïltration (see scheme bdow). 

Some fluorescent chemosensor nanoparticles 9 were thus prepared from purified 

complexes (ex. 9-c from 6-49, while others 10 carne from equimolar mixtures of template 

and polymer-complexinp rnolecule salts (ex. IO-& from 6-a and Naf TGMP template). 
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Scheme 7.4. Approach toward obtaining imprinted nanoparticles by Clash-freezing and 

p ho topolymerization. 
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7.1. Emmision spectras of 9-c impnnted and non-irnprinted nanoparticles. 



Spectras obtained prior to extraction of pint molecules. Specuas were recorded at 22 OC 
in deionized water at pH 5.9. Excitation wavelength was at 365 nrn. The concentration of 

dansyl fluorophore corresponds to -10 -6 M. 
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Figure 7.2. Fluorescence emission spectra of nanoparticles 9-c. 

(top) Imprinted with CAMP and reacted with CAMP at 25 OC pH 5.5. (bottom) Imprinted 

with CAMP and reacted with cGMP. Starting emission intensity corresponds to - 10-6 M 

of dansyl fluorophore. Spectra were taken 24 h after addition of CAMP and cGMP. The 

"ref. sp." peak originates from the crosslinked polystyrene matrix on excitation at 254 nm. 



Figure 7.2 shows emmisions of nanoparticles irnprinted in one step with purified CAMP 

cornplex, as excited at 365 nm, at 25 OC. The "ref. sp." peak originates from the 

crosslinked polystyrene matrix on excitation at 254 nm, is relatively constant vs [CAMP] 

or other solutes, and c m  thus be used as an internai standard for a "ratioing" technique that 

would be independant of chernosensor concentration or sample thickness. Note that as 

little as 10-6 h4 of cAMP/E320 (top) causes more change in fluorescence than as much as 

1 0 - ~  M of cGMPEI20 (bottorn), indicating specificity. Neither CAMP nor cGMP has 

much effect on similar control "nonimprinted" nanoparticies 9-X. However these particles 

were not stable for very long and cornpletely precipitated after 48 h in water. Their 

response was also very sensitive to ionic strength, rendering the rebinding data below 

difficult to interpret, 

Table 7.1. Fluorescence Intensity Responseof Nanoparticles to Substrate 
Molecules. 
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The use of liquid propane for freezing biological sampls for microscopy was 

developed with tiny samples in mind. The large arnounts necessary for our purposes made 

this procedure dangerous and awkward, 

More conveniently for small sampIes, we established another procedure for fast- 

freezing, in which drops of aqueous microernulsion were let fa11 on a fine copper mesh 

atop a metal block, cooled in liquid nitrogen (which spreads and cools the droplets over 

the Iarge area of cold metal, faster than by a flat metal surface), which were then thrust into 



plastic pouches that h d  been chilled and deoxygenated by added liquid nitrogen. In an ice- 

salt bath, these transparent pouches with mesh-supported ice disks could then be imdiated 

with UV. 

7.3.5. Polyethylene Glycol Stabilized Nanoparticles 
A variation of our technique for making imprinted nanoparticles, is to tkst prepare "core" 

nanoparticles (ex- 11) under conditions that are optimal for producing small and uniform 

particle size (i-e. very large quantities of non-polymerizable surfactants in water to form 

me rnicroemulsions).166*167 This can be done using especially surface-active poiymer- 

binding molecules giving reactive groups on an unùnprinted surface; fluorescent groups 

can be added in a second step (ex. giving 12), then the actual imprinting accomplished 

with template only in a third (ex. giving 13, with different enantiomers of amino acids 

modilied for additional fluorescence change), perhaps with the additioii of fresh or even 

different monomer to form an imprinted "shell" over a smooth "core". "Corrlshall" 

techniques are generally known to produce latices of very small polymer particles that are 

uniform in size and spherical in shape.203*217 Even at temperatures below freezing of the 

outside continuous phase, the same solvent within the porous or Iightly-crosslinked 

interior of such nanophcles  c m  remain Liquid, and polyrner chains flexible. for continued 

reaction and imprinting.218-220 
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imprinted nanoparticles. 
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Mixture of componcnts and bond formation 

1 2) Extraction of the print molecule 

Scheme 7.6. Preorganization of polymedtemplate and monomers (top). followed by 

freezing/polymerization and extraction, leaving behind a substrate selective cavity. 

Transformation of polyethylene glycol monomethyl ether to the chloride 14. then 

the thiol 15,~~' gives a chain-transfer agent that can add polyoxyethylene groups4' to 

nanoparticle surfaces at some point during the first polyrnerization, to give both core and 

later corehnprinted shell nanoparticles capable of remaining suspended in water without 

much other surfactants. The presence at the sarne time of hydrophilic aminoaikanethi017 

results in surface template-binding groups necessary for eventual moiecular imprinting 

(scheme 7.6) 

Washing of the impnnted nanoparticles 18 DLP and DDP was easily effected 

using centrifuga1 ultrafiltration unit through a membrane with a cutoff of M.W. iO0,OCH) 

kdal (-8nm) with water. The total dilution factor obtained through repeated washings was 



- 109 fold. Thus it is expected that binding sites with affinity constants Ka, of less than 

10%-1 will be free of substrate. The resulting suspension showed fairly monodisperse 

particles according to particle size analysis, typically near 30-50 nm. Monitoring the 

effluent by spectrophotometric analysis nt 280 nm for L-N-benzoylphenylalaninc (BzPhe) 

showed that after several wash cycles no amino acid was present to interferc: with the 

rebinding analysis. Such andysis of the resulting crystal-clear particle solutions was done 

by monitoring the fluoresence enhancement when measured amounts (calibrated vs a 

standard curve ( 7 X IO-' to 1 X 10-3 )by absorbance at 285 nm) of subsuate (D or L- 

BzPhe) was added. 

RCOO- 
L 

\ 

H a  Cl- 

Scheme 7.7. Equilibration between aqueous chlonde ions and BzPhe anions in the 

fluorophore bearing nanoparticle cavity. 

Figures 7.3 and 7.4 show that the impnnted polymers have some selectivity toward their 

complementary substrates and a high affinity for the amino acids- Controls of non- 

i m p ~ t e d  polymers also showed sorne non-specific binding of the arnino acids, and 

reactions of the irnprinted polymers by the addition 1 X 104 M of t-BOC glycine or 1-Bz- 

His showed no effect on the irnprinted polymers compared to non-imprinted polymsrs. 

The nanoparticles were found to be stable at room temperature for several weeks 

after which tubidity due to colonies of microorganisms appeared. Heating or cooling of 

these solutions resulted in reversible coagulates, typical of polyethylent: glycols. 

Increasing the ionic strength of the solutions by adding saturated NaCl solutions did not 

affect the stability or clarity of the solutions until -3 M levels. 



7.3.6. Fluorescence Behaviour of Imprinted Nanoparticles 
Rebinding studies of the pnnt molecules into these synthetic receptors showed an 

increase in fluorescence emission proportional to the concentration of the pnnt molecule. 

This increase behaved with typical saturation kinetics, and was accompanied by a very 

slight blue shift, typical of this fluorophore changing into a more hydrophobie 

environment %uch as offered by the binding BzPhe (fig 7.8). This evidence suggests that 

a specific binding of the protected amino acid is taking place into a tluorophore-containing 

300 350 400 850 500 550 600 

Emission wavelength (nm) 

Figure.7.8. Effect of L-BzPhe on L-BzPhe imprinted nanoparticles. Approximately 1 x 

10-9 M of dansyl labeled sites are contained in solution. Readings were taken at 23OC after 

4h of equilibration in water pH 6.5 at substrate concentrations of: a)l1.5 x10-6 M, b) 7.7 

x10-6 M , c) 33x10-6 M, d) LlxlO-6 M, e)O.O M 

Furthemore, stereospecificity could also be observed as diest: particles bound 

preferentially the arnino acid enantiomer they were imprinted with as shown in figure 7.4- 

Particles sirnilarly prepared in chloroform or with R and S phenylproprionic acid 2'5had 

also displayed diis type of selectivity, though not as pronounced. 



The fluorescence data below was aquired in part by Ms. G. Prevost on the Spex 

instrument. Since the above data points only represents o d y  a portion of the saturation 

curve, the resulting equilibrium constants rnay only be extracted with extrapolation. 

Limited amounts of material and erratic fluorescence ernission a t  lower concentrations of 

ligand or particles, made further experimentaion difficult In order to manipulate the data to 

obtain an affinity constant one must assume that the fluorescence maxima of one batch of 

particles will be identical for both L and D BzPhe at infinite concentration, and that a 

homogeneous distribution of binding sites exists. 

Thus assuming the equilibnurn, 

then the equilibrium constant Keq is related as 

[PLI Keq = - 
[PIP-1 

The binding curves were f'it to the equation: 

equation 7.1 175 

where F = fluoresence intensity observed, F, = fluorescence intensity at [LI = O. kpl = 

proportionality constant for the intensity of the cornplex, kp = proportionality constant for 

the intensity fluorescence of the particle at CL] = O, kl = proportiondity constant for the 

intensity of the substrate, and Ka is the binding constant. 

Since b =  O, then the equation reduces to 

equation 7.2 



L-BzPhe imprinted partides 

D-BzPhe imprinted particles 

Figure7.9. Effect of L and D-BzPhe on  fluorescence of L and D-BzPha imprinted 

nanoparticles. Approximately 1 X 10-9 M of dansyl labeled sites are contained in solution. 

Readings were taken at 23OC after 4 h of equilibration in water pH 6.5.. Error bars denote 

330% variance in sample measurments. Curves were fit to Eq. 7.2. 



Table 7.2. Affinity constants of molecular imprinted polyrners. 

a) kpr was extrapolated in both cases form the binding curves. 

Imprinted Polymer 

L-BzPhe 

D-BzPhe 

The interactions between the poIymers and the substrates clearly show preference 

between the irnprinted substrate over the opposite enantiomer, as seen in figure 7.3 and 

table 7.2. Subtraction of non-specific interactions based on non-impnnted control particles 

is included in the calculations of Ka. These however are not as pronouriced as those 

reported by Mosbach et a1191v222.2" who claimed dissociation constants in the nM ranges 

and much greater separation factors. 

Although encouraging, the above results, showing some selective f i n i t y ,  were 

only obtaiaed with one batch of both D and L irnprined particles, where tïve other batches 

failed to show any of the necessary qualities such as solution stability and tluorescence 

response, due to the generally notorious lack of reproducibility in particle preparations. 

We attempted to hr ther  retïne the procedure by replacing the shell monomer 

mixture with a photo-crosslinkable polymer poly(dimethy1siloxane-CO- 

(acryloxypropyl)methyl)siloxane) (Huls America) to increase the viscosity, and thus 

stabilized the template-host complex, by slowing molecular diffusion. However, even 

though this gave stable particle solutions, these showed no fluorescence changes in the 

presence of templates &ter washing. 

Another approach was to use pefluoro hexanes, a fluotinated solvcnt which 

dissolves neither aqueous or traditional organic systems. The idea here was to obtain a 

dispersion where the sole molecular interactions would occur in the monomer globule, 

effectively replacing the ice-tlask approach. However, due to the density of the tluorinated 

solvent, the monomer mixture did not disperse very well and floated out as a coagulum. 

Attempts at equilibrating (sinking) the monomer mixture with a dense organic solvent, 

such as tetrabrornoethane, did not work as the poIymerization did not occur readily (most 

likely due to the free radical chain transfer properties of this CO-solvent). This approach 

may be convenient, however, for larger particles stabilized with proper partially 

fluorinated surfactants, or with only partially fluorinated (Iess dense) solvents as a 

continous phase. 

akpl/kp 

1-37 

1-27 

Ka of polymers reacted with 

L-Bz Phe (M-l) 

6.20 t O. 1 1 X 105 

4.20 +, 0- 16 X 104 

Ka of polymers reacted with 

D-BzPhe (M-l) 

6-27 t 0-2 1 X 104 

6-43 k 0-33 X 105 



7.4,  CONCLUSIONS 
The techniques in the previous chapters can be used to obtain, through free-radical 

or other techniques, nanometer sized particles bearing functional groups, that furthemore 

c m  be contained in shape specific cavities. Clear or nearly clear solutions of "plastic 

antibodies" can be obtained by freezing a continuous phase containing a lower melting 

"monomer phase", and polymerizing the latter usine non-thermal initiation, ie. light or 

higher energy radiation, provided the fluorophores are not decomposed, as did the 

dimethylstyrylpyridinium salts, under these conditions. 

The frozen continuous phase acts effectively as a "molecular flask" contaking the 

monorneric droplet as it polymerizes, preventing coagulation or escape of the template as 

polymenzation proceeds. Freezing such mixtures is best done using the cold metal 

approach, that is, dropping the liquid emulsion onto a cold, clean metal surface (preferably 

of high surface area such as copper mesh) that has been cooled to liquid nitrogen 

temperatures. 

The use of the non-ionic stabilizer polyethylene glycol PEG grafted core 

nanoparticles followed, by monomerftemplate-complex infusion and the above 

polymenzation procedure, results in narrower size distribution and stable imprinted 

nanoparticles capable of binding the amino acid derivative, benzoylphenylalanine. with 

extrapolated Ka - 105 M-I- 

As can be anticipated with the one-step method for obtaining imprinted particles 

such as 9c or 10c, several problems anse, hampering the reproducibility of manufacture 

and analysis of the results. 

The method of homogenizing and freezing gave in most instances unstable 

particles and coagulates upon thawing. Furthemore, the extraction steps, necrssitating 

large volumes and excesses of replacement countenons often Ied to irreversihle 

coagulation. Even if some particles were recuperated from washing in the presence of 

salts, the subsequent addition of corresponding templates often caused coagulation, 

especially with larger particle sizes, b >> 200 nm. More difficulties were obtained with 

storaga, since these typically spoiled after 1-2 weeks. 

The fluorescent responses were also erratic for the most part. Readings required 

several hours to stabilize for each sarnple and concentration of substrate. Also background 

fluorescence, due to buried or inaccesible fluorophore, often was too intense to get 

accurate rneasurement, especially when particle sizes exceeded 100 nrn. 

However, signifïcant progress was made in the following areas; 



- A novel approach was conceived toward obtaining nanosized ( ~ 1 0 0  nm) 

polymeric materials exhibiting, through rnolecular imprïnting, some selectivity towards a 

specified print molecule- 

- The problem of stability in solution was addressed by free-radical modification of 

particles with thiol-capped polyethylene glycok, or other thiol beaïng agents. 

- A core-shell approach was found to be  an effective rneans of introducing a 

rnolecular imprint ont0 tiny particles. 

- The particles, srnaller than the wavelength of light used to analyze them, were 

conveniently washed by filtration and did not absorb or diffract light, making them easy to 

analyze b y conventional spectrop hotometric means. 

7.5.  EXPERIMENTAL 

7.5.1. Materials and Instruments. 
Aqueous solutions were prepared using double distilled deionized water (Millipore), with 

apparent pH at 5.9. Nonaqueous solvents for fluorescence studies were "Spectrograde"; 

other solvents used were "reagent" grade or better. 4-@-Dimethy1aminostyryl)pyridinc 

@MASP) w u  prepared by modifications to a published procedure (chapter 8).224 CAMP 

and cGMP compounds were used as received from Sigma Chernical Co. Inhibitor was 

removed from al1 mononers by passing them through a column (20 cm) of basic 

aluminum oxide (Aldrich). Other reagents were obtained from commercial suppliers 

(generally Aldrich) and used without fùrther purification. UV-irradiation was 

accomplished with a Rayonet Photochernical Reactor. FïIR spectra were obtained with a 

Bruker IFS-48 spectrophotomoter. IH-NMR was done with a JEOL 270 MHz 

spectrometer. Monomerfwater suspensions were sprayed using a Badger mode1 100 air 

brush. Particle sizes were measured using a Brookhaven BI-2030AT dynamic light- 

scattering photon correlation spectrometer with the help of Mr. A. Carrignan. and 

calibrated using 46.1 nm monodisperse polystyrene particles obtained frorn Bangs 

Laboratories, or for Iarger particle sizes, a Nicornp partide size analyser . 

Dispersion polymerization of divinylbenzene. 

Typically, in a clean round bottom flask, a filtered solution of technical grade 55% DVB 

(20 g, 153 mmol) (as in Chap. 2-6) with 1% by wt IRGACURE 184 (Ciba-Geigy) (0.2 g, 

15 mmol) and 90% EtOH (400 mL) containing 0.1% (0.4 g) (polyvinylpyrolidinone 

(MW - los). Photopolymenzation for 24 h in a rayonet pho toc hemical cabinet reactor, 

without stimng but occasional mild manual shaking, yielded, after centrifugation and 



drying , 18 g, 90% by mass of polymer. Resuspension in THF and precipitation by 

addition of methanol or acetone followed by centrifugation gave 17 g of polymer particles 

bearing vinyl groups (XHl.20-0.21 by FFIR). Particle size analysis showed these to be 

365 nm in diameter and monodisperse- 

Fluorescence Measurernents of Nanoparticle Fluorescent Chernosensors. 

Since these formed mostly clear solutions in the solvents employed, no special techniques 

or apparatus were necessary beyond a SPEX Spectro 1680 spectrofluonmeter, with the 

samples in a 1 cm cuvette thennostatted to 22 OC, emission detected perpendicular to 

excitation at 365 nm, and both excitation and emission slit widths at  2.5 nm- 

Measurements were made 4 h after the preparations of solutions, when by then 

fluorescence response had generaily been observed to have stabilized- 

N-(rn-Vinylbenzyl)-4-p-dimethyiarninostyrypyridinium chloride (1). 

DMASP (1.00 g, 4.50 mmol) was weighed into a 50 mL round flask equipped with a 

magnetic stirrer, reflux condenser with nitrogen inlet, and heating mande. DMF (5 mL) 

was added to the flask then heated to 90 OC. rn-Vinylbenzyl chloride (1.00 g, 6.00 mmol) 

was then added dropwise. After 8 h heating under nitrogen, thin-layer chromatorgraphy 

(ethano1:toluene 3:7/Si02) of the red reaction mixture indicated that no DMASP starting 

matenal remained. The mixture was cooled to room temperature, and the red-orange 

precipitate that had formed was collected by fdtration, washed several times with hot 

toluene, then dried under vacuum at 50 OC, to afford red-orange crystals of 1 (0.198 g, 

23% yield) that were stored in a dessicator in the  dark: mp 225-227 OC; 1 ~ - ~ ~  (CDC13) 

6 9-0-6.5 (m, 15H, ArH & Ar-CH=CH2), 5.9 (s, 2H, ArCH2PyrC), 5.5 (dd, 2H, RI- 

CH=CH-R~), 3.05 (s, 6H, NCH3)2). 

N-(rn -Vinylbenzyl)piperazine dihydrochloride (2). 

Dry piperazine (6.45 g, 75 mmol) was dissolved in 25 mL of dry ethanol. m-Vinylbenzyl 

chloride (7.69 g,  49.3 mmol) was then added in one portion and the mixtiirs s t imd  on a 

cold water bath (10°C) for 1 hr. The solution was cooled to -13OC for 2h and the resulting 

white precipitate removed. The tiltrate was acidified with dry HC1 and cooled to -10 OC for 

30 min.. The resulting white plates were fütered off and dried in vacuuo, to give 2 (12.89 

g, 94%): mp 250-253OC (dec.); 'H-NMR (CDC13) 6 7.53-7.26 (m, 4H, ArH), 6.75-6.62 

(m, lH ,  =CH), 5.83-5.73 (d, lH, =CH), 5.3-5.2 (d, lH,  =CH), 4.33 (d, 2H, 

ArCHzN), 3-48-3.46 (d, 8H, CH2). 



N-Dansyl-NI-(rn -vinylbenzyl)piperazine (3). 

N-(mVinylbenzy1)piperazine dihydrochlonde 2 (1.19 g, 4.3 mmol) was dissolved in 10 

mL distilled water, then 15 mL acetone was added with stimng, then IN NaOH to pH 12 
- DansyI chloride (0.999, 3.6 mmol) in 20 mL acetone was then added slowly. After 

stirring the mixture 15 min at room temperature, the acetone was removed by 

rotoevaporation, and the resulting precipitate collected by filtration and dried in vaccuo, to 

give 3 (1.50 g, 95%): one spot by TLC (EtOH), mp 116-120 "C (dec.), lH-NMR 

(CDCl3) 6 8-65 (d, 1H, ArH). 8.45 (d, lH, ArH), 8.15 (d, lH, ArH), 7.73-7.16 (m. 

7H, ArH), 6.75-6.62 (m, lH, =CH), 5.83-5.73 (d, lH, =CH), 5 3 - 5 2  (d, 1H. =CH), 

4.03 (d, 2H, ArCH2). 3-45-3.3 (m, 4H, CH~NRSOZ),  2.96 (d, 6H, ArNCH3). 2.52 

ppm (dd, 4 H, CH2m2)- 

N-Dansyl-Nt,N'-dimethylethylenediamine (5) .  

Dansyl chloride (0.8450 g, 3.13 rnmol) was dissolved in 50mL CH2Cl2, and N,N- 

dimethylethylenediamine (0.28 g, 3.18 mmol) was added dl at once. The yellow solution 

was retluxed 15 min, whereupon it became green. After cooling, the solution was 

extracted with saturated K2C03M20,  and the organic phase dried over MgSO4, and 

evaporated to dryness, yielding hard gIassy matenal 5 (0.91 g, 9 1%) which was used in 

the next step without characterization. 

N-Allyl-(N'-al1y!-N1-dansylaminoethyl)-N,N-diethlaon bromide 

(6-Br) ,  

N-Dansyl-N',N1-dimethylethylenediamine 5 (0.85 g, 2.6 mmol) was dissolved in dry 

tetrahydrofuran under nitrogen, then sodium hydnde (0.10 g, 4 mmol) was added in 

portions under nitrogen. After stimng for 30 min, allyl bromide (0.5 mL, 6 mmol) was 

added and the mixture refluxed ovemight. After cooling, the solution was filtered to 

remove white precipitate, and the filtrate evaporated, giving a yellow-green gIass 6-a 
(1.21 g, 97%): TLC 1 spot (EtOH); IH-NMR (CDC13) 6 8.5 (d, 1H, ArH), 8.3-8.1 (m, 

2H, ArH), 7.7-7.5 (m, 2H, ArH), 7.2 (d, lH, ArH), 6.0-5.7 (m, 4H, =CH2), 5.5 (m, 

2H, -CH=), 4.5 (m, 2H, CH2N+), 4.1 (d, 2K, CHZNSO~) ,  4.0-3.8 (m, 4H, CH2-C=), 

3.4 (s, 6H, CH3Nf), 2-9 (s, 6H, ArNCH3). 

N-Allyl-(N'-allyl-N'-dansylaminoethyl)-N,N-dimethyammonium cyclic 

adenosine 3',5'-monophosphate (6-CAMP), 

N-Allyl-(N'-dlyl-N'-dansylaminoethyl)-N,N-dimethylammonium bromide 6-a (1.10 g, 

2.28 mmol) was dissolved in 22.2 mL of 90% EtOWH20, and 11 mL was then taken 



from this (1-13 mrnol) and added to silver acetate (0.1890 g, 7-12 mmo1)- After decantine 

from the resulting precipitate, the supernatant was rnixed with CAMP acid (0.39 1 1 g, 1.19 

mmol). This solution was then evaporated, and dried under vacuum for three days, giving 

a golden glass 6-c (0.90 12 g, 109%)This was then diluted with 1 1 S O  mL D20 to a 

0.100M solution.: IH-NMR (D20) 6 8.5 (d, lH), 8.3-8.1 (rn, 4H), 7.7-7.5 (ml 2H), 7.2 

(d, IH), 6.18 (s, IH), 6-0-5.7 (m, 4H), 5.5 (m, 2H), 4.9 (m, IH), 4.7 (d, lH), 4.5 (ml 

2H), 4,4-42 (ml 4H), 4-1 (dl 2H), 4-0-3.8 (ml 4H), 3-4 (s ,  6H), 2.9 (s, 6H)- 

N-(2-Mercaptoethyl)-N',N'-dimethylethylenediamine hydrochloride (7). 

N,N-dirnethylethylenediamine (1.00 g, 11.3 mrnol) was dissolved in warrn henzene. and 

filtered ethylene sulfide (1.00 g, 16.6 mmol) was then added in one portion and the 

solution stirred at 75 OC for 2 h then at room temperature for 3 h. 25 mL of distilled water 

was then added, and the benzene layer was then separated and d k d  over MgS04, Bltered, 

then chlorotrimethylsilane (1.5 mL, 12 mmol) and hot ethanol (5 mL, 90 mmol) were 

added. Cooling of the solution 1 hr, then filtration, gave white solid 7 (1.6 g, 67%): mp 

70-76OC; positive lead acetate test for free thiol. 

Nanoparticle Fluorescent Chernosensor for CAMP: One-Step Method From 
Purified Complex (9-CAMP). 

0.100 M N-Allyl-(N'-allyl-N'-dansylaminoethyl)-N,N-dimethylammonium cyclic 
adenosine 3',5'-monophosphate 6-CAMP (10 PL, 1 pmol) in double-distilled water, 

55:45 diviny1benzene:ethylstyrene (1 .O099 g, 4.3:3.5 mmol), and Irgacure 1 84 (0.08 1 1 

g), were emulsified together in 10 mL degassed water using the ultnsonicator with 

shakinp for 30 min to give a pink filuorescent solution. About 5 mL of this was sprayed 

into 25 mL of propane that had been passed through a KOH drying tube and condensed 

into a two-necked 100 mL round fiask with bubbler immersed in liquid nitrogen, using an 

airbrush apparatus in short bursts with 30 psi nitrogen gas as propellant, whik keeping the 

temperarure of the liquid propane between -170 and -155 OC. The flask was then 

transferred to a -20 OC ice-salt bath and the propane dlowed to evaporate. then a portion of 

the pink fluorescent ice particles were resuspended in chilled hexanes, and the whole 

irradiated in a Rayonet Photochernical Reactor for 2.5 hours, during which the temperature 

rose from -21.7 to -6.1 OC. The ice was then allowed to thaw and the 2.4 mL of blue- 

green fluorescent, pH 4.4 aqueous phase was collected- Of this, 2.3 mL was diluted to 5 
mL with distilled water + 3 drops of saturated NaCUH20 (20 mg NaCl, 300 pmol), and 

dialysed against 2 L of distilled water ovemight After removing from the slightly blue 

fluorescent bath, the more intensely fluorescent blue, nearly clear dialysate was readjusted 



to 5 mL, and a 100 FA portion w u  evaporated and the residue weighed to determine 

concentration (1.74%) and yield (0.087 g, 35%) of 9-c solids: FTLR (KBr) 3500-3300 

(NH), 3100-2800 (CH), 1630 (C=C), 1510, 1486, 1147, 990 (C=C), 903, 836, 797, 

706 cm1; light scattering showed 60 nrn average diameter of polydisperse particles (GSD 
of 1.98)- 

Nanoparticle Fluorescent Chemosensor Control: One-Step Method ( 9 4 ) .  

As above for 9-c, but using 0.100 M N-allyl-(N'-allyl-N'-dans ylaminoeth yl) -N.N- 
dimethylammonium bromide 6-a/H20 and slightly different quantities of 55:45 

divinylbenzenestyrene (1.003 1 g. 4.2:3.5 mmol) and Irgacure 184 (0.079 1 g), giving a 

green fluorescent solution of which 8 mL was sprayed into liquid propane to give green 

fluorescent ice, from all of which irradiation and thawing gave ye!low-green fluorescent 

aqueous phase that, after NaCl dialysis and readjustment to 5 mL, was slightly turbid and 

yellow for 9-Br (1.70% solids, 30% yield): identical FTIR; light scattering showed 240 

nm diameter of very polydisperse particles (GSD of 1.99). 

Nanoparticle Fluorescent Chernosensor for CAMP: One-Step Method From 

Mixture With TempIate Salt (10-c). 

55:45 Diviny1benzene:ethylstyrene (0.55 10 g, 2.3: 1.9 mmol), 0.100 M N-allyl-(NI-allyl- 

N'-dansylaminoethy1)-N,N-dimethylammonium bromide 6-dH2O (0.1 mL, 10 pmol), 

Na+-CAMP (0.0250 g, 71 pmol), and Irgacure 184 (0.051 1 g)  were suspended in 24.50 

mL double-distilled water, sonicating for 30 minutes to give a slightly turbid yellow-green 

fluorescent suspension. This was sprayed into 30-50 mL liquid propane as for 9, which 

was then replaced by 20 mL chilled hexanes in a -13 OC ice-salt bath for 6-hour irradiation 

to give baby-blue fluorescent ice. After thawing and stimng for 30 minutes, the aqueous 

phase was drawn off and didyzed (cutoff 12000 g/mol) against 12 L of distilled water for 
3 days to give a turbid suspension with some coagulate. This was filtered (0.45 pm) to 

give about 15 mL slightly turbid solution, of which 10 mL was further dialyzed for 7 days 

against 12 L H20, changed every 48 hours, then diluted to 20 rnL of 10-c (0.18 solids, 

5% yield): FTIR (KBr; of the coagulate portion): 3500-3300 (NII), 3100-2800 (CH), 

1630 (C=C), 1510, 1486, 1147, 990 (C=C), 903, 836. 797, 706 cm-'; light scattering 

showcd 260 nrn average diameter particles with broad polydispersity (GSD of 2.00). 

Nanoparticle Fluorescent Chemosensor for cGMP: One-Step Method From 

Mixture With Template Salt (10-CG). 



As for 10-c, but using Na+ -cGMP (0.025 g, 68 pmol) and slightly different quantities 

of 5 5 4 5  diviny1benzene:styrene (0.5423 g, 2-3: 1.9 mrnol) and Irgacure 184 (0.0534 g). 

Final dilution was made to 15 mL of 10-CG in water (0,06% solids, 2% yield): light 

scattering showed 300 nm average diameter particles with broad polydispersity (GSD of 

2.02)- 

Nanoparticle Fluorescent Chernosensor Control: One-Step ~Method From 
Mixture With Ternplate Salt (IO-Cl). 
As for 10-CAMP and 10-cGMB, but using NaCl (0.02 g, 170 pmoi) and slightly 

different quantities of 55:45 diviny1benzene:styrene ( O S  1 10 g, 2.2: 1.8 mmol) and 

Irgacure 184 (0-0521 g). Final dilution was made to 21 mL of 10-CI in water (0.1% 

solids, 6% yield): light scattenng showed 190 nm average diameter particles with broad 

polydispersity. 

a-Chloro-y-rnethoxy-polyethylene glycol ( 1 4 ) ~ ~ "  

Poly(ethy1ene glycol) monomethyl ether 750 g/mol (26.16 g, 34.8 mmol) was added to 

fresh thionyl chlonde (48 mL , 480 rnrnol) under nitrogen, and the mixture retluxed 

overnight. Distillation gave a light yellow crystalline solid residue 14 (25.43 g, 95%): mp 

29-31 OC- 

a-Mercapto-y-methoxy-polyethylene glycol (15).221 

a-Chloro-y-methoxy-polyethylene glycol 14 (24.13 g, 30.5 mmol) was dissolved in 150 

m L  dry ethanol, and thiourea (13.0 g, 171 mmol) was added. The mixture was rdluxed 

under nitrogen overnight, then KOH (10 g, 178 mmol) in 25 mL of water was added, and 

reflux resumed for a further 16 h. The pH was then lowered to 4 with concentrated 

HCUH20, then the solution was filtered and the ethanol evaporated. The resulting light 

brown oil was taken up in CHC13, filtered, and the filtrate dried over MgS04 , again 

filtered and the solvent evaporated to give light brown oil 15 (21.18 g, 79%): fusion of a 

drop with 0.1 g benzoin tumed lead acetate paper b l a ~ k . ~ ~ ~  

Arnino-functionalized hydrophilic nanoparticle cores (16). 

Hexadecyltrimethylammonium bromide (2.00 g, 5.5 mrnol) was dissolved in 18 mL 
double-distilled degassed water in a 25 mL Zneck round flask, and its pH adjusted to 5 

with 1 N HCEl20. Divinylbenzene: ethylstyrene 5 5 4 5  (1.5 g, 6.3:5.2 rnmol), A D N  

(0.05 g, 0.3 mrnol) and 0.50 mL toluene were slowly added with vigorous manuai stimng 

over 5 min, and the mixture warmed to -45 OC with -120 rpm mild magnetic stimng to 



f o m  the water-clear microemulsion. Nitrogen gas was then bubbled in to the stoppered 

flask for 0.5 h, then the mixture heated a t  75 OC for 2 h before adding a-mercapto-y- 

methoxy-polyethylene glycol 15 (0.70 g, 0.9 mmol) and N-(2-mercaptoethy1)-N',Nt- 

dimethylethylenediamine hydrochloride 7 (0.2 g, 1.2 mmol). After further stirring at 75 OC 

overnight, the hot solution was added to 250 mL hot MeOH containing 5 mL 
triethylarnine, and the resulting precipitate was then spun down on a benchtop centrifuge, 

isolated and resuspendad in THE This process was repeated twics, then the pellet dned 

under vacuum at 80 OC ovemight to yield an opaque g l a s  16 (1.54 g, 68%). The particles 

had an average diameter of 16 nm (H20)with a GSD Of 1.08. These particles were also 

water disperible. 

Hydrophilic Fluorescent Nanoparticle Cores (17). 

A portion of the amino-functionalized hydrophilic nanoparticle cores 16 (1.00 g, 0.5 

mm01 RzNH) was taken up in CHClg, and dansyl chloride (0.4 g, 1.5 mmol) was than 

added with fresh triethylamine (1 mL, 7.2 mmol), and the mixture warmed with a heat gun 

for 20 min. After standing a t  room temperature a further 20 min, the soIvent was 

evaporated and the glassy residue washed 3X with 50 mL hot MeOH, isolating each time 

by centrifugation, and fmally dried in a Stream of nitrogen while mildly heating, to give 17 

fluorescent solid (0.52 g, 47%): dissolution in water and light scattering showed an 

average diameter of 16 nm with a GSD of 1.1 1. 

Nanoparticle Fluorescent Chenosensor for N-Benzoyl-L-Phenylahine Via 

Imprinting of Hydrophilic Fluorescent Cores (18-DLP). To a clean dry 5 mL 
vial were added fluorescent hydrophilic nanoparticle cores 17 (5  mg, 2.5 p m o l  

R3N-NDs),and a mixture of 10 mg of n-hexanol, N-benzoyl-L-phenylalanine (BzPhe) (4  

mg, 10.1 pmol), (TMPTMA (2 mg,) and HEM (1 mg, 7.6 mmol) methacrylate 

monomers, and Irgacure 184 (1 mg) , the mixture (22 mg) added to 1.0 m L  of dsgassed 

deionized millipore water. After shaking the vial in a rotary mixer for 30 min, it was 

purged with nitrogen, then its greenish contents were slowly dnpped ont0 a 3 cm-diameter 

disk of 250 pm-space copper mesh atop a block of brass, kept at -170 OC by bathing in 

liquid nitrogen, forming a clear glassy coating. The disk was then transferred into a 

Kadpak heat-sealable plastic pouch that was had been pre-cooled and purged by adding a 

few drops of liquid nitrogen, then the pouch was heat-sealed and stored in the refngerator 

at -14 OC for 30 min, then placed in an ice salt bath and irradiated in the Rayonet 

Photochemical Reactor at -14.1 to -12 OC for 8 hours. The pouch was then opened and 20 

mL of 5% NEt3KH30H was added, producing a white precipitate that was sepancd by 



centrifugation at O OC. The pellet was resuspended in 5 mL warm water, then 5% 

NEtiCH30H was again added to reprecipitate, and the process repeated 5 X until no 

absorbance at 280 nm (BzPhe) was apparent in the supernatant. About one quarter (-1 

mg) was removed from the last precipitate, and dned under vacuum at 60 OC overnipht. 

yielding a faint yellow g l a s  with baby blue fluorescence. Fî-IR 3500-2700 br (OH), 

1745 (C=O ester, s),1600. 1430, 1355, 1120 (C-O-C PEG, s))900, 877, 755 cmaL 
The remainder of the moist precipitate (-3 mg) was resuspended in 15 mL deionized water 
to give a slightly iridescent solution, which was filtered through a 0.2 prn Supor Acrodisc 

Gelman filter to give a clear solution that showed intense blue-green fluorescence. Particle 

size analysis showed particles of 47 nm with a GSD of 1.83. 

Nanoparticle Fluorescent Chernosensor for N-Benzoyl-D-Phenylalanine 

Via Imprinting of Hydrophilic Fluorescent Cores (18-DDP). As for 18-DLP. 
but employing Denantiorner N-benzoylated arnino acid (4.mg, 10.1 prnol), or no tmplate 

and slightl y different quantities of hydrophilic fluorescent nanoparticle cores 17 (5 mg, 
2.5 pmol R3N-NDs) and methacrylate rnonomer mixture, and resulting in solid and 

solution 18-DDP and 18-C of similar appearances. 

Particle size analysis of 18-DDP showed particles of 47 nm with a GSD of 1.96. and for 

the non-imprinted particles, 50 nm with a GSD of 1.99. 



CHAPTER S. 

FLUORESCENT PROBES FOR VISCOSITY 
MEASURMENTS IN MICROVOLUMES AND 
BIOLOGICAL APPLICATIONS 

8.1 .  INTRODUCTION 
As a result of the efforts to obtain polymeric fluorescent molecular recognition 

elements through rnoIecular imprinting, some of the fluorophores developed for that 

purpose displayed severd attributes which would make them attractive fluorescent probes 

for biological applications. Among these the dimethylaminostyrylpyridinium salts 

synthesized for use in nanoparticles discussed in chapter 7 had dual tluorescence 

properties and high sensitivity for solution viscosity. Efforts to apply these in vivo with 

the collaboration of Dr. B. Wandelt and Ms. P Turkewitch are discussed in this chapter. 

The measurement of the physico-chernical properties of solutions in microvolumes 

is of great fundemental interest in polymer chemistry and especially in molecular bioiogy. 

We wished to develop convenient tooIs for the study of cellular development, motility, 

con tractility or other chemornechanical responses for possible applications in dmg 

screening, histology or clinical diagnosis. We believed the study of' the macroscopic 

effects of the macromolecules in the microvolumes of the cells through tluoresencs 

spectroscopy and microscopy to be convenient and broad in scope enough to merit hrther 

development. 226-230~everal ways of measunng viscosity in small volumes have 

previously been described, usualiy involving microinjection of probe substances. 2'7*2'" 

Non-invasive techniques such as NMR or ESR have also b e n  used to study the problem, 

although several ambiguities arise due to the unknown subcellular localization of the 

probes. The measurement of cellular micro-viscosity 229 has attracted increasing attention, 

as a rneans to follow the development of cells and detecting their motile, contractile or 

other chemornechanical responses, for possible appIications in dmg screening, tissue 

typing, clinical diagnosis, and fundamental studies of ce11 biology, 

The development of a new method of rneasuring microvolume viscosity is 

described, that uses a probe consisting of a single mokcule exhibiting two modes of 

fluorescence, one of which involves a twisted intramolecular charge transfer (TICT) 

excited state, 206*209*23L whose nonradiative decay process is strongly inhibitsd by the 

stiffer solvent shell that goes with increasing viscosity of the local microenvironment This 



more viscosity-sensitive mode c m  be compared to the other as an intemal standard, giving 

a ratio that, after cdibration, indicates viscosity with litde regard for concentration of the 

dye, or thickness or other geometry of the sarnple in a manner similar to the use of the 

calcium ion probe ~ura-2.L73 The technique conveniently uses apparatus süch as 

spectrofluorometers and fluorescence imaging microscopes that are already available for 

other "ratiometric" tluorescence methods of analysis, such as the determination of 

intracellular calcium using the molecular probe, Fura- 2. L73 

Several ways of measuring intracellular viscosity have previously been descnbed. 

usually involving microinjection of probe substances. Apparent values varied with sample 

and technique, ranging from : 

-1 cP (near that for pure water) in nonmotile interphase CV1 and Pt& cells frorn 

relative fluorescence emissions of two i n d o ~ ~ a n i n e s , ~ ~ ~  or the tluorescence of other rotor 

fluorophores and in 3T3 fibroblasts from picosecond-scale decay of fluorescence 

anisotro p y of p yrene and fluorescein derivatives 

-1.8-3.0 cP also in 3T3 fibroblasts by electron spin r e ~ o n a n c e . ~ ~  

-5-7 cP in Euglena gracilis and 10-14 cP in y e s t  by depolanzation of tluorescein 

fluorescence. 2337234 

-hundreds of cP in macrophages from the motions of magnetic particles in a 

magnetic field? 229 This latter technique rneasures the bulk viscosity which includes 

cytoskdetal networks and the molecular viscosity. 

Plan of Study 

Our a h  was to develop a tluorescent system which would: 

- passively and irreversibly be incorporated into the ce11 cytoplasm without 

signifkant corn partrnentalization 

- possess an intemal reference so as to eliminate the concentration rffects tlirough a 

ratioing technique. 

Such passive incorporation of fluorophores without reversible loss into cellular 

systems can be effected b y using a "caging " technique which u tilizes ubiquitous cellular 

enzymes to modify a pro-fluorophore. Such a technique is commonly used with the 

popular in vivo calcium ion probe ~ura-2.173 

Thus a simple synthetic scheme was devised to produce caged derivatives of the 

known cornpound dirnethylarninostyrylpyndine (DMASP) which should Fosses by virtue 

of the flexible dimethyl amine donor group, dual fluorescence. The mathylenecarboxy 

ester groups obtained after quatemization with the DMASP with 2-haloesters, give caged 



functional cationic saltç which c m  passively pemeate the cell membrane and be converted 

to membrane impermeable amino acid mitterions after ester hydrolysis- This resulting 

amino a d ' s  fluorescence is expected to remain stable at physiological pH and ionic 

strength ranges by virtue of its buffering capacity- 

FoIlowing their design and synthesis, studies of the effects of macromolecular and 

small molecule solutes in aqueous medium on the fluorescence of 6, analogous to the 

molecules 1-8, were mostly carried out by visiting scientist Dr. B. Wandelt and students 

G. Prévost and R. Ganju. Cell culture and preliminary synthesis of 6 was done by Ms. P. 

Turkewitsch, whose Ph.D thesis with B. PoweU and the late S. Heisler at the Meakins- 

Christie Laboratories, Dept. of Medicine, McGil1 University also includes work on 

charge-transfer interactions of these dyes with n u ~ l e o t i d e s . ~ ~ ~  The photophysical studies 

of the molecules in solution have already been pubrished in detail. The focus of this 

chapter is to demonstrate the design and applications in vivo and not to elucidate the 

photophysical properties, which was Dr. B. Wandelt's contribution. 

Microbial studies with the dyestuff were carried out by Dr. E C S -  Chan and Dr. 

P. Noble in the department of Microbiology & Immunology, McGi11 University. 
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Scheme 8.1- Synthesis and structures of the fluorophores 1-8 

8 .2 .  RESULTS AND DISCUSSION 

8.2.1. Viscosity Dependant Fluorophores 
Several types of fiuorophores have been found to Vary their fluorescent properties 

in media of diffenng viscosity. Excimer and depolarization studies of the common 

fiuorescein and pyrene derivatives 1739227*233*234 from relative fluorescence emissions of 
two indocyanines, 228 or the fluorescence of other rotor fluorophores 23L.2357236 have 

been correlated with viscosity in to a few studies. However, we chose to combine the 

rotor type molecules similar to those described in the litenture '35*z7 with new functional 

groups to arrive at new compounds displaying unique proprties. These previously studied 



systems employed methylated and octadecylated compounds which localized in 

mitochondria and membranes of several species of ~ e l l s ? ~  

Arnong various compounds capable of dual fluorescence through TICT, we 

prepared and studied several N--1-4-[4-(dimethylamino)styryl]py~dinium (R-DMASP) 

salts, 47*69 including the membrane-permeable butyl ester 3 to be applied for irreversible 

uptake into cells, and the membrane-impermeable free acid 1 to which it would be 

transforrned once inside a cell, and which was used to cdibrate the method. Visible or 

near-UV waveIengths for excitation and emission of the DMASP group made such dyes 

particularly convenient for studying both populations and single cells with readily available 

apparatus-Our study of fluorescent molecule 6, possesing the electron donor and acceptor 

rn~ ie t i es~ '~ .  showed some spectral properties similar to molecules that have been recently 

reported. Abdel-Mottaleb et a P 5  who studied the fluorescence behaviour of truns-2-(4- 

N,N-dimethy1aminostyryl)pyridinium betaine and reported fluorescence enhancement in 

viscous organic solvents. Various other characteristics of these nonaqueous solvents, such 
as parameters for polarity (dielectric constant E, or the e m p i n c a l ~ ~ ( 3 0 ) ) ~ ~  or hydrogen 

bonding (donating or accepting abilities), however, introduced additional specific solute- 

solvent interaction parameters that would make it d f i cu l t  to correlate hydrodynamic and 

photophysicd properties. Intrarnolecular charge transfer fluorescence intensity of molecule 

with flexible donor-acceptor subunits such as 1-8 (scheme 8.1) are strongly affectcd by 

the viscosity of the r n e d i ~ r n . ~ ~ ~ ~ ' ~ ~  
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a) LE and TICT processes on excitation at 360 nrn; 
b) lm processes on exdation at 469 nm. 

Scheme 8.2. Proposed photophysical processes of 6. a) LE and TICT processes on 

excitation at 360 nm and b) ICT processes on excitation at 469nm 

This effect has been proven for a variety of simple ionic molecules in various 

solvents for constant ternperatures. 209 Mechanisrns for photophysical properties of 1-8 

(Scheme 8.2) show how, in aqueous solutions, intramolecular charge transfer 

fluorescence emrnision bands, close to 600 nm result from excitation at both 360 nm and 

469 nm. Excitation at 360 nm results in emission of a twisted intramolecular charge 

transfer (TICT) state through relaxation of the locally excited (LE) state dong  with 

emission from the LE state. Excitation at 469 nm gives a direct excitation of ground state 

intrarnolecular charge transfer, ICT, where fluorescence ernission strongly depends on 

viscosity. 

The construction of caged fluorophores 2-5 was achieved with conventional 

procedures. However increased yields for the synthesis of dimethylaminopyridine were 

obtained when 4-picoline was used as solvent and 0.1 equivalents of Zn(OAc)2 were 

added to the reaction mixture. Quatemization reactions were optimal with DMF as solvent. 

Compound 1 was made in a similar fashion and was used to calibrate and act as a non- 

membrane permeable fluorophore. Purifying the quatemary ammonium compounds was at 

first difficult. Colurnn chromatography only seemed to compound the num ber of 

impurities, thus we found that recrystallization gave the purest material, although thin layer 



chromatography stU allowed evaluation of punty- These dyes, being used in tluorescent 

studies, demand the highest pur@ possible since artifacts are easily introduced by impure 

material, 

8.2.2.  Viscosity measurement of solutions 
Figure 8.1 presents the W-visible absorption spectra of 6 in different aqueous 

solvents. Upon addition of sucrose, PEG-6000 or glycerol, absorbtion increased at lower 

energies, and decreased at higher energies, for an overall apparent red shift of the single 

broad absorption band (curves 1-4), which was also seen with alcohol as a solvent (curve 

5 )  - 

Figure 8.1 Absorption spectra of 1 in (1) pure water, or  in water with (2) 280 g l L  

sucrose, (3) 100 glL PEG-6000, or (4) 560 g/L glycerol, and in (5 )  pure ethanol. 



Table 8.1 Absorbtion characteristics of compounds 1-8 

Compound Extinction coefficient 
(h max nrn) 

29987 (465) 

31020 (466) 

30567 (466) 

31288 (470) 

46777 (485) 

28034 (469) 

33300 (460) 

29060 (469) 

solvent 

water 

water 

water 

water 

water 

water 

waer  

water 

Since the polarities of al1 the aqueous solvents would b r  similar, the  shifts in 

overall absorbtion may be due to viscosity induced differences in the relative absorbtion 

efficiencies of two species (Le. each with absorbtion matching either of the two excitation 

,rature bands described above), rather than solvatochromisrn. No influence of tempo 

between 290 and 350 K was observed on the positions and intensities of absorption 

maxima of 6 in any of these solvents. Extinction coefficients were similar for 1-8 (table 

8.1). 

Fluorescence emission of 1-8 depended on both temperature and viscosity. The 

appearance of the excitation spectrum of 1-8 in water depended on the chosen emission 

wavelength, though generally revealing two maxima, at 360 and 469 nm . The excitation 

maximum at 360 nm corresponded to the higher-energy band in the absorption spectrum 

(Figure 6.3) and the 469 nm maximum to the lower-energy absorption rrgion. 

Figure 8.2 presents changes of the fluorescence intensity of the free acid of 

DMASP in aqueous solution of sucrose for fluorescence emissions with both 

excitations.We did not observe any significant changes in absorption with media and its 

viscosity in the observed range- 



exc. 469nm 

600 
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Figure 8.2 Fluorescence intensity of emission spectra for 360 and 469 nm excitations in 

aqeous glycerol solutions of indicated viscosities. 



0.02 

--e- Quantum yield 360nm 
--B- Quantum yield [469nrn] 

Figures 8.3a and 8.3b Fluorescence quantum yield @F as a function of q 

(viscosity)/T at T = 296 K for the dye in aqueous solutionsp of glycerol for 600 nm 
ernission a t  both excitations: at 469 nm and 360 nm (top) and ration of d&g/@360 

(bo ttom)vs viscosity. 



Emission at 600 nm from both exctitation bands( 469 nm and 360 nrn) were 

showing different sensitivities to viscosity and different slopes in Figures 8.3a. Both of 
the emission bands have shown Iinear dependence between @F and q in agreement with 

previously reported similar small molecules. The slopes due to different media as well as 

viscosity range are similar and only srnall decrease of the value £rom aqueous sucrose 

solution to glycerol solution probably result from nonLineax5ties observed in fiterature for 

higher viscosity range for sirnilar systerns 209. The ratio of emission at 600 nm resulting 

from excitations 469 nmf360 nm give a linear curve in a srnall range of viscosity, 1-50 cP 
(figure 8 -3 6) .  

Effect of pH and Ionic Strength 

Figure 8.4 show dependence of the fluorescence quantum yield of free acid 

derivative of DMASP on ionic strength and pH. 
The lack of any sensitivity of @ toward these parameters contirms our hypothesis 

that functionalization of the dye as an amino acid stabilizes it under these conditions. 

Changes of the fluorescence quantum yield, for both CT bands, have been observed up to 

1M ionic strength. For higher values of ionic strength (higher than HEPES buffer ionic 

strength) negligible changes were noted. Over a broad range, we: did not observe 

signifcant effects of pH of the aqueous solution on the fluorescence quantum yield of the 

both CT bands of the dye (exc 469 nm and exc 360 nm). 



2.0 3.0 4.0 

Ionic Strength (M) 

Figure 6.6. Effect of pH and ionic strength (pH 7, T = 296 K) on a. 
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Scheme 8.3. Mode1 for uptake and enzyrnatic release of the pro-tluorophores 2-4. 

Uptake and ViabiIity in Vivo 

A mode1 for the irreversible uptake of the caged fluorophores is shown in scheme 

8.3, where a membrane permeable cationic ester is  converted through enzymatic 

hydrolysis to a membrane impermeable zwitterion. 

T h e  uptake of these fluorophores into live cel ls  was  monitored 

spectrophotornetricdly and showed that fluorophores 3 and 4 were taken up and retained 

by the smooth muscle cells in a few minutes, and that the signal remained stable for 

several hours (Figure 8.6). Hydrolysis of 3 by a high concentration of Candida 

cylindricea lipase to the mi t t enon  1 was monitored by pH stat, and so proved nearly 

complete in - 15 min. (Figure 8.5). The  uptake of 1 by smooth muscle cells was 

negligible, and uptake of 6, 7 and 8 appeared to be reversible since continuous washing 

rernoved the fluorophore. The concentration of the dye for the spectroscopie studies was 

3.8 10-5 M, similar as. for example, that used for intracellular Ca++ concentration 

measuremen t indicator Fura-2. 



Times 

Figure 8.5. Rate of hydrotysis of 3 in the presence of Candida qlindricea lipase. 10 

mM 3 in 1mL CHCI3,2.5 mg /mL of lipase at pH 7.00 and 23 OC. 

2 idT 90 min incubation 

110,150 min incubation 

wavelength (nm) 

Figure 8.6. Retention of the fluorophores in smooth muscle cells grown on plastic 

strips. Readings after 90 min incubation and repeated lavage with fluorophore free buffer 

at 100, 1 10 and 150 min, 



8 -3, VISUALrZATIION OF MICROBIAL MORIPHOLOGY 

The caged fluorophore derivatives may be used to determine microbial morphology 

using a typical microscope ~ e t - u p . ~ ~ ~  Microscopie observation of aqueous suspensions of 

bacteria or  other microorganisms are difflcuit to observe, due to their hyaline nature, with 

the usual bnght field illumination microscopy. Staining with synthetic aniline dyes such as 

malachite green, increases contrast between the microorganism and the background, or 

dternatively the use of fluorochromic dyes such as fluorescein and tetramethyl rhodarnine 

isocyanates and their antibody linked conjugates highlight microbes under a fluorescence 

microscope.242 

The  use oE compounds 1,2, 4 , 5  and 8 for staining microorganisms was 

demonstrated to be highly effective as well as convenient and non-toxic to the cells 

studied. The microenvironment sensitive nature of our dyestuff makes it ideal for 

contrasting between a highly viscous medium such as a ce11 wall or endospore and an 

aqueous background.In particular, the passive uptake of compound 2 also is a great 

advantage over current procedures (which date back to the 19th century) requiring harsh 
. 

procedures and heating to force the dye into the spores, killing the organisms. dong  with 

its non-toxic nature, 

Bacterial cells as well as their spores were highly fluorescent, revealing their 

morphology without distortion or fluorescence quenching o r  bleac hing du ring the 

prolonged examination. Figure 8.7 shows what we believe to b e  the first observation of 

bacterial spores in live microorganisms. It also demonstrates the versatility of its use inr 

microbiological applications. 

Thus microorganisms cultured in standard fashions were suspended in solutions 

containing 1mM of the compounds in phosphate-buffered saline (PBS) for 10-60 min. 

shaken, washed (centrifugation and resuspension) with PBS and suspensions dripped 

ont0 microscope slides, covered with cover slips and sealed with nail polish. Table 8.2 

Iists the tluorescence characteristics of the microorganisms observed. 



Table 8.2. Fluorescence Characteristics of some Microbial Cuitures 

Microorganism 

Spore Forming Bacteria 

Bacillus cereus 

Bacillus subtilis 

Clostdium tetmonwrphun 

Closmdiurn sporogenes 

Clostridiurn te tani 

Clostridium butyricurn 

Capsule Forming Bacteria 

Klebsiella pneurmniae 

Streptococcrrs pnerrmoniae 

- 

Acid-fast Bacteria 

Mycobacterium phlei 

Mycobacte rium smeg matis 

Other Bacteria 

Escerichia coli 

Staph y lococcus aureus 

Trepanema denticola 

Eucaryotic Microbes 

Penicillium no tatun 

Saccharomyces cerevisiae 

No tes 

All cuitures stained well after 60 min 

with 2 and spores were highly refractile. 

The dye was non-toxic as further cultures. 

grew. Dye 6 also stained but not as well. 

1 did not stain 

2, 4 and 8 stained K. pneumoniae well 

but not S. pnezmoniae. Capsules were not 

distinguis hed 

2 stains very well for both cultures 

2 stains very well for d l  cuItures 

1 and 2 stain well, not 6, Due to " flaring", 

heliciy was seen only under dark field 

illumination 

both cultures stain with 1 

Mold Conidia were highly visible 



Figure 8.7 Appearance of microbes after staining with Buorochromes 1 and 2. 
a) Bacillus subtilus s h e d  with 1. Note highly refractile endospores. b) Bacillus subtilis 
stained with 2. c) Mycobacterium phlei stained with 1. d) Trepenoma denticoiu stained 
with 1. Note both individuai cells and multicellular bodies are visible. e)  Saccharomyces 
cerevîtiae stained with 2. fl Penicillium nomturn s h e d  with 2. Note the conidia are 
yellow. 



8 .S. CONCLUSION 

The design and synthesis of the fluorophores gave products with desired 

characteristics such as dual fluorescence, passive irreversible uptake and stahility in 

fluorescence emission at physiological pH and ionic strength ranges- Experiments relating 

the ratio of the fluorescence intensities to solution viscosity concluded that a useful 

chromophore exhibiting dual fluorescence was isolated. This fulfilled our goal of 

obtaining a viscosity-sensitive fluorescent dye containing an intemal reference for 

concentration independant measurement. Studies of the dyes in vivo (eukaryotic and 

prokaryotic organisms) showed that the caged form (2-4) were passively takcn up hy cells 

and smoothly coverted to a membrane impermeable form by ubiquitous enzyme such as 

Lipases. This was clearly demonstrated by pH-stat titration of the dye with Lipase. The non- 

toxic properties of the dye were shown by incubation in the presence of the fluorophori: 

where ce11 growth was observed dong with nearly quantitative survival. The localization 

of the fluorophore in the ce11 was found to be in the cytoplasm with no panetration of the 

nucleus in smooth muscle cells in contrast to similar probes which nearly exclusively 

remain in the membranes. The effect of obtaining a zwitterionic species 1 after decrrging is 

fundamental in stabilizing the fluorescence toward variations in pH and ionic strength. 

parameters which usually strongly affect fluorescence measurment in vivo. Thus, even if 

the original uses of these Buorophores was to couple to molecular irnprinted particles for 

molecule specific chenosensor application (chapter 7), other important uses hava been 

foundXor these non-macromolecular fluorescent mater&, such as their unique ability to 

passively detect bacterial spores or monitor their growth, and produce viscosity maps of 

the interior of cells without cell death. 

8.6.  EXPERIMENTAL 

MATERIALS AND METHODS 
Chernicals and solvents were obtained from Aldrich Chernical Co-Glycerol was 

purchased from Fisher Scientific Co., and sucrose and polyethylene glycol 1500 @mol 

(PEG 1500) from Sigma Chernical Co.. AU aqueous solutions were prepared using double 

distilled and deionized water.Mo0ified HEPES buffer was prepared by mixing the 

following reagents from Sigma Inc. to the indicated concentrations: HEPES 1.19 f /L. 
glucose 1.818 g/L, NaCl 8 g/L, N a C o 3  0.353 g/L, KCI 5.4 mM, Na2HP04 3.0 mM. 



m 2 P 0 4  0-4 mM, CC12 1.3 mM, MgCl2 0.5 mM, MgS04 0.8 mM . then adding HC1 or 

NaOH to further adjust pH. 

Physicochemical Measurements 

The viscosities of the solutions used for calibration were determined using capillary 

Ubbelohde dilution type viscorneters, submerged in a temperature bath controlled to +O. 1 

OC. The solutions themselves were prepared from water or buffer and glycerol or sucrose 

mixtures. The mean of three measurements of flow tirnes gave the kinematic viscosity, 

which was then conveaed to intrinsic viscosity with appropriate correction for density 24'. 

The viscosities of more concentrated aqueous solutions of glycerol were taktn from 

published t a b l e d o 6  The NMR spectra were taken with a JEOL 270 MHz 

spectrometerFï-IR measurements were taken on a Bruker IF-48 spectrometer.Elementa1 

analysis was done by Robertson Microlit Labs (NJ).Fluorescence data from ce11 

populations were acquired using a Photon Technology International (PTI) 

spectrofluorometer Deltascm mode1 4000, with slit widths at 4 nm for both excitation and 

ernission bearns. lcrn X 2.5 cm plastic strips with cell populations were placed diagonally 

inside the quartz cuvette tïlled with buffer, with both source and detector at 45" to the strip 

surface and 90Q to each other, A heated cuvette holder controlled the temperature of 

samples to k0.1 OC. Single cell imaging was performed using Nikon tluorescence 

microscope equipped with a PTI microphotometry system, and a heated slidr stage 

accurate to B. 1 OC- 

Ce11 Culture 

DB 1X rat embryonic thoracic aorta smooth muscle cells were purchased from American 

Type Culture Collection, Rockville, Maryland, cat# ATCC CRL 1476. Ce11 culture 

reagents were purchased from Sigma Co. Cells were grown in Dulbecco 1nc.k modified 

Eagle's medium (D-MEM): fetal bovine serum 80:20 purchased from GibcoBRL Inc., 

Burhgton ON Canada. 
Cell cultures were maintained at 37 OC in humidified 5% CO2 atmosphere. Crlls were 

grown to confluence (6 days) on glass strips (0.9 X 2 cm ) for ce11 population studies by 

spectrofluorimetry, and on glass cover slips for imaging of single cells by fluorescence 

microscope. Both the g l a s  strïps and the glass cover slips were entirely transparent to UV 

wavelengths from 320 nm up. 



Dye Loading 
The smooth muscle cells were uicubated at 37 OC in a 3.8 x 10-5 M solution of 1 in 

modified HEPES buffer for 25 min, then rinsed three times with 37 OC buffer. 

Fluorescence was measured t'rom the ceils in buffer at 23 OC- Trypan hlue stain and 

hemocytometer showed 100% of the cells were dive after 25 min of loading and 30 min 

of studies after rinsing; 70% remained alive after 24 h of Ioading without rinsing 

pH stat Kinetic measurement, 

A 10 mM solution of 3 in 40 water was adjusted to pH 7.00 while stirring in the pH stat 

apparatus. An aliquot of 1 mL containing 100 mg Candida cylindricea lipase (Sigma) was 

then added and the pH stat experirnents begun using 0-1 M NrtOH as titrant. 

Synthesis of DMASP derivatives 

Dimethylarninostyrylpyridine (DMASP) was prepared by a published p r o c a d ~ r e . ~ ~ ~  

Prepsration of N-carboxymethy1dimethyIaminostyrylpyridinium Bromide 

1 
Bromoacetic acid (3.37 g, 0,024 mol) was reacted with W C 0 3  (2.40 g, .O24 mol) in 40 

mL DMF. The mixture was heated to 100°C where DMASP (4-54g,0.020 mol)was added 

portion-wise and stirred for 3 h. Upon cooling, the crystals forméd were collected and 

recrystallized from water giving 7.66 g of bright red crystals (94% yield): m.p. 226-229 

OC-FT-IR 1673 c r n - l ; ' ~  NMR (D20 (DSS)) Q p m )  8.50 (d, J = 6, 2H). 7.43 (d, J = 

8.6, 2H), 7.31 (d, J =  6, 2H), 7.24 (d, J =  15,8, 1H), 6.80 (d, J =  15.8, lH), 6-71 (d, J 

= 8.6, 2H), 4.46 (br s ,  2H), 3-01 (s, 6H). A n d  Calcd for C17H18N202: C, 67.40; H, 

6.35; N, 9.97; Found: C, 67.42; H, 6.33; N, 9-97, 

Preparation of N-butoxycarbonyImethyl-dimethytaminostyrylpyridini~m 

Bromide 2 

Butyl-brornoacetate (4.10 g, 0.022 mol) in 40 mL DMF was heated to 1 10°C where 

DMASP (4.54 g, 0.020 rnol)was added portion-wise and stirred for 3 h. Upon cooling, 

the mixture was poured into ether precipitating crystals which were collecred and 

recrystallized from CHC13 : CC4 2:l giving 8-11 g of bright red crystals (96 % yield): 
m-p. 210-212 O C ;  FT-IR 1745 c r n - l ; l ~  NMR (CDCL3,TMS) G(ppm) 8.94 (d, J = 7.4. 

2H), 7.81 (d, J=7.4,  2H), 7.64 (d, J =  15.8, lm, 7.54 (d, J=9.2 ,  SH), 6.90 (d, J =  

15-8, lH), 6.78 (ci, J = 7.4, 2H), 5-98 (s, 2H) 4.20 (tr, J =  13.2, 2H), 3.09 (s, 6H), 



1.63 (quint, J = 14.5, 2H), 1-35 (hex, J= 22-5, 2H), 0.90 (t, I = 24.4, 3H). Anal Calcd 

for C2iH27N202Br : C, 58.88; H, 6-42; N, 6.60; Found: C, 58-80; H, 6.42; N, 6-60. 

Preparation of N-methoxycarbonylmethyI-dimethylaminostyryIpyridinium 

ChIoride 3a 

Methylchloroacetate (10 rnL, 0.091 mol) in 10 rnL DMF was heated to llO°C where 
DMASP (4.54 g, 0-020 mo1)was added portion-wise and stirred for 3 h- Upon coolïng, 

the mixture was poured into ether where the crystals formed were collected and 

recrystallized from CHCL3 : CC4 2:l giving 4.21 g of bright red crystals (63% yield): 

m-p. 240-241 OC; FT-IR 1743 c d ;  NMR (CDCL3,TMS) 6: 8.94 (d, J =7.4, 2H). 

7-81 (d, J=7 .4 ,  2H), 7-64 (d, J =  15.8, lH), 7-54 (d, J=9.2 ,  2H), 6-90 (d, J =  15-8, 

lH), 6.77 (d, J = 7.4, 2H), 5-98 (s, 2H), 4-34 (s, 3H), 3.09 (s, 6H)- Anal Calcd for 

C1SH21N202C1 : C, 64-96; EI, 6.36; N, 8.42; Found: C, 65.00; H, 6.38; N, 8.46- 

Preparation of N-methoxycarbonylmethyl-dimethytaminostyry~pyridinium 

Bromide 3b 

Methylbromoacetate (10 mL, 0.10 mol) in 10 mL DMF was heated to 110°C where 

DMASP (4.54 g, 0.020 mo1)was added portion-wise and stirred for 3 h. Upon cooling, 

the mixture was poured into ether where the crystals formed were collected and 

recrystallized frorn CHC13 : CC4 2:l giving 4.21 g of bnght red crystals (55% yield): 
m.p. 236-239 OC; FT-IR 1747 cm-1; IH NMR (CDCL3,TMS) 6: 8.96-8.93 (d, J = 7.4, 

2H), 7-83-7.80 (d, J =  7.4, 2H), 7.67-7.61 (d, J =  15.8, lm, 7-56 -7.52 (d, J = 9.2, 

2H), 6.93-6.87 (d, J = 15.8, lH), 6.79-6.76 (d, J = 7.4, 213, 5.98 (s, 2H), 4.34 (s, 

3H),, 3.09 (s ,  6H). Anal Calcd for Cl8HZtN2O2Br: C, 57-30; H, 5.61; N 7.43; Found: 

C, 57-33; H, 5.62; N, 7.46. 

Preparation of N-[4-(methoxycarbonyl)benzylj-dimethylaminostyryl 

pyridinium Bromide 4 

4-(bromomethyl)methylbenzoate (0.52 g, 0.0021 mol) in 10 mL DMF was haated to 

llO°C where DMASP (0.45 g, 0.0020 rno1)was added portion-wise and stirred for 3h. 

Upon cooling, the mixture was poured into ether where the crystals formed were collrcted 

and recrystallized from ether: methanol 5:l giving 0.94 g of bright red crystals (93% 
yield): m.p. 150-153 OC; ET-IR 1743 cm-l; lJ3 NMR (CD30D,TMS) 6: 8.75 (d. J = 6.6, 

2H), 8.20 (d, J = 2.0, 2H), 8.17 (d, J= 2.0, 2H), 8.09 (d, J = 6-6, 2H). 7.96 (d, J = 

5.8, lH), 7.69 (q, J =  21.8, lH), 7.18 (d, J =  15.8, lH), 6.87 (d, J = 8.6, 2H), 5.82 

(s, 2H), 4.00 (s, 3H),, 3.09 (s, 6H). 



Preparation of N-octadecyloxycarbonylmethyl-dirnethylarninostyryl 

pyrîdiniumn dodecylsutfonate 5 

Octadecyl bromoacetate (7.82g, 0.022 mol) in 40 mL DMFwas heated to llO°C where 

DMASP (4.54g 0.020 mo1)was added portion-wise and stirred for 24 h. Upon cooling, 

the mixture was poured into ether where the mass formed was collected and placed under 

vacuum 24 h giving 11.1 1 g (90 % yield) of 5-Br- This was then taken up in a minimal 

arnout of ethanol and poured in 600 rnL dned petroleum ether containing 5.50 g sodium 

dodecyl sulfonate (99%) and stïrred 24 h. Filtration through Celite and evaporation of the 

solvent under high vacuum afforded 15.88 g dark red waxy residua 5. m.p. 210-2 12 

OC-FPIR 1745 cm-I;'H NMR (CDCL3,TMS) 6: 8.94 (ci, J = 7.4, 2H), 7.8 1 (d, J = 7.4, 

2H), 7.64 (d, J =  15-8, 1H), 7.54 (d, J =  9.2, 2H), 6.90 (d, J = 15.8, lH), 6.77 (d, J = 

7.4, 2H), 5.88 (s, 2H) 4.23 (m, J = 13-2, 2H), 3.09 (s, 6H), 1.25 (br m 60 H), Anal 

Calcd for C46H80~205S : C, 71-88; H, 9.42; N, 2-86; S, 3-77; Found C ,71.86; H, 

9.42; N, 2.56; S, 3-77. 

Preparation of N-2-phenethyI-dirnethylaminostyrylpyridinium Bromide 6 

Phanethyl bromide (10 mL , 0.071 mol) in 10 mL DMF was heated to 1 lO0C where 
DMASP (4.69 g, 0.021 rno1)wa.s added portion-wise and stirred for lh. Upon cooling, 

the crystals formed were collected and recrystalhzed from EtOH giving 4.7 1 g of bright 

red crystals (56 5% yield). m.p. 270-272 O C . ~ H  NMR (CDCL3,TMS) 6: 8.79-8.77 (d, J = 

5.94, 2H), 7.70-7.67 (d, J =  6.4, 2H), 7.58 ( s ,  1H), 7.52-7.48 id, J =  9.3, 2H), 7.27 
(s, lH), 7.24 -7.16 (q, J = 21.8, SH), 6.84-6.78 (d, J = 16.5, lH), 6.70 - 6-67 (d, J 

=7.2, 1 H), 4.99 -4.94 (t,J = 13-2, 2H), 3.32-3.27 (t, J = 13.2, 2H), 3.06 (s, 6H)- Anal 
Calcd for C2~HZN2Br : C 67.63, H 6-17, N 6.86; Found C 67.60, H 6.22, N 6.87. 

Preparation of N-2-propenyi-dimethylaminostyryIpyridinium Brornide 7 

Allyl brornide (2.52 g, 0.021 mol) in 10 mL DMF was heated to 1 10°C where DMASP 
(4.69 g, 0.021 mo1)was added portion-wise and stirred for lh. Upon cooling, the crystals 

forrned were colkcted and recrystallized from EtOH giving 5.7 1 g of bright red crystals 
(79 % yield). m-p. 250-252 O C . ~ H  NMR (CDCL3,TMS) 6: 8.78 (d. / = 5.94, 2H). 7.68 

(d, J=6.4, ZH), 7.58 (s, lH), 7.50 (d, J =  9.3, 2H), 7.27 (s, lH), 7.20 (q, J = 21.8, 
5H), 6.81 (d, J = 16.5, lH), 6-68 (d, J = 7.2, lH), 5.93 (m, lK), 5.10 (d, 2H) 4.99 

-4-94 (t,J = 13-2, 2H), 3-06 (s, 6H). 



Preparation of N-(napthalene-2-methyl-dimethyIaminostyryIpyridinium 

Brornide 8 
2 brornomethylnaphthalene (4.62 g, 0-021 mol) in 10 mL DMF was heated to  I 10°C 

where DMASP (4.69 g, 0.021 mo1)was added portion-wise and stirred for lh.  Upon 

cooling, the crystals fomed were collected and recrystallized from EtOH giving 8-7 1 g of 
bright red crystals (93 % yield). m-p. 253-255 OC.IH NMR (CDCL3,TMS) 8 : 8.78 (d, J 

= 5-94, ZH), 7.72 (m. , 10 H), 7.58 (s, 1H), 7.45 (m, 5 H), 7.27 (s, 1H). 7.20 (q, J = 

21.8, 5H), 6.81 (d, J =16.5, IH), 6.68 (d, J = 7.2, lH), 4.97 (t,J = 13.2, SH), 3.06 (s, 

6 H), 



approach is taken to build fluorescent chernosensor nanoparticles capable of distinguishing 

CAMP from cGMP or L-Benzolyphenylalanine from D-Benzoylphenylalmine. 

(8) Other fluorescent chernosensors based on dimethylaminostyryl~dium salts show 

dual fluoresence ability and can be used to measure viscosity in microvolumes such as 

ceus by using an intemal standard method. Their high sensitivity to viscosity makes them 

useful in Live-staining procedures, so common in microbiology, to distinguish between 

microorganisms and identify bacterid spores. 

The following papers have so far been generated as a result of this research: 

Stranix, B.R., Darling, G.D. " Functional Polymers from (Viny1)polystyrcne . Dicls- 

Alder Reactions with olefins." ( LOrg. Chem ,1997, in press). 

St ranix ,  B.R., Liu,  H.Q.. Darling, G.D. " F u n c t i o n a l  polymars from 

(Viny1)polystyrene.Recyclable Polymer-Supported Organosilicon Protecting Groups for 

Solid-Phase Synthesis." J. Org. Chenz. 1997, 62, 18, 6 183-6 186 

S tranix, B .R., Gao, J.P., Darling, GD. :"Functional polymers from (Viny1)polys tyrene. 

Short routes to B inding Functional Groups to Polystyrene Resin Through a Dimethylene 

Spacer:Bromine, Sulfur, Phosphorous, Silicon, Hydrogen, Boron and Oxygcn." (J- Org. 

Cham-, 1997, in press) 

Chan, E.C.S., Stranix, B.R., Darling, G.D. and Noble, PB.: "A Novel Fluorochrome 

for the Microscopic Observation of Microbial Morphology in Wet Mounts." C u n J  

Microbiol., 42, 875-879 (Aug.1996) 

Wandelt, B. Turkewitsch, P. Stranix, B.R., Darling, G.D.: "Efkc t  of temperature and 

v i s cos i t y  o n  in t ramolecular  c h a r g e  t ransfer  f luorescence  o f  4 -p -  

dimethylaminos tyrylpyridinium salt in protic solvents." J. Chem Soc.. Furcrchy Truns., 

1995, 9 1(23), 4199-4205. 

Stranix, B.R., Darling, G.D.: "Functional polymers from (viny1)polystyrene. Enzyme 

immobilization through a cysteinyl-S-ethyl spacer." Biotrch. Tech. 1995 (9), 2 75-80. 



Suggestions for future research 

Most of the methods developed for the modification of divinyibenzene derived 

polyrners rnay also be used to modify crosslinked polyacryIates, to give new famiIies of 

reactive polymers. Also, as mentioned in the introduction, crosslinked polymers beanng 

pendant vinyl groups are not timited to tiny spheres. These materials c m  now be devised 

in au  shapes and sizes, such as colurnns and films, for several applications. Therefore 

similar modifications may be attempted on these systems with minor deviations frrorn the 

merhodologies described in this thesis. 

The versatility and scope of the Diels-Alder reaction with polymers bearing 

pendant vinyl groups should be explored in greater detail. In particdar, the reversibk 

nature of this reaction offers an attractive avenue toward obtaining themally reversiblc 

protecting groups or handles for solid-phase synthesis. In addition, other pericyclic 

reactions such as 1,3 dipole reactions and several other hetero Diels-Alder reactions should 

be inves tigated. 

The enantioselectivity of the polymer supported lipases should be invastigated and 

compared to already existing systems. Also other enzymes should bc immohilized to sce if 

other polymer effects can be observed- 

The rrproducibilty of the molecule imprinted chernosensors should be addressed. 

Tests for enantioselectivity of these should be supported by tluorescance polarization 

anisotropy- 
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