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© ABSTRACT : '

Modes ofh attachment_ of {unctional giréups to cro.ssli‘nked"
polystyrene are diséuss;d. Atténtio‘m is drawn to the improved
stability and activity of polyrner-'bound reagents and catalysts
incorporating a dimethr‘ylene or other .short spacer between'
poly\styreneharyl and function‘al group heteroatom, and ther
simE)Iicity and versatility of their syntheses througD high-
conversion %unctional group modifications. Examples are given
in'polymér-§upported dialkylaminopyridines as acylation cata-

lysts,, and halopyridinium sglts as condensation reagents.
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Part 1.’

Preparation of -Spacer-Containing

Functional Polystyrenes



PREPARATION OF SPACER-CONTAINING FUNCTIONAL POLYSTYRENES.

INTRODUCT ION

For thre.e decades now,‘v2 crosslinked polystyrenes carrying
chemicatly reactive g‘roupé have . proliferated in form and
a'[:>plication.3'4 Many of th;se poliymer supports have Dbeen
’adapted or eépeciall; designed as photochemic‘al.5 acylation,6
and . phase-transfer /-1 catalysts, or as reaction
cosolvents,12:13  or  “ as 6xidation.14"7 | reduction, 18,18
dehydrohalogenation,20  and condensation2! reagents, or as
agents for the sequestering or exchangc- of both- ions1:22,23
and neutral molecules,24 or as inducers of molecular asym-
metry,16-19-25-25 or as protecting group"s and supports for
solid-phase synt-hesis.2-27‘29 | Generally, these solid
materials, together wiih attached prbduc_ts ‘or byproducts, are
later easily removed lfrom' the reaction mixture by filtration,
often considerahbly simplifying product purification and
increasing isolated yields; they can frequently be___regenerated'
for future reuse.

Currently, most such functional or reactive polymers are

prepared | from (chioromethyi)polystyrene, which itself is
easily made by controlled functionalization‘ﬁoim of
commercially ' available styrene-divinylbenzene copolymer .~
Facile nucleophilic  displacement  of tabile32 benzylic

chloride, frequently under phase-transfer conditions.33-34

~ //
P
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allows appropriaie " free molecules. bearing nucleophilic
heteroatoms to become attached to the macromolecular rﬁatr‘gx.
Mowever, the new carbon-heteroatom bonqs formed in these
functional group modifications are themselves relatively

. \
fragile, since resonance stabilizes the “partial charges

aeveloped during their rupture.35'36 Many e‘xamples of such
benz.ylic instability are provided by classical (free-molecule)
organic chemistry, as well as a few by the smaller and ‘more
specialized field of poiymer-supported reagents and catalysts.
Hence: }

- Benzylic quaternary phosphonium and ammonium salts are
dealkylated by ~ mild heating and/or nucleophilic anions,
particularly thiolates3® and .’iodide,37 but also ﬁydroxide.38
) A . .
N—b:irj:‘;z_.ylj—pyridinium or qué‘fé{rqr‘i‘jary arylammonium compounds are
par'fl.'c-ﬁ:larly susceptible.39 Decompositio_ns- of this sort have
serious!y:'limifed the usefulness of solid phase-transfer
cata:liy.s-ts; derived from ‘(Ehloromethy!)polystyrene.10-40

-.; Benzyl groups are cleaved from amines heated with
inorganic acids,4! carboxylic anhydrides42:43 or cyanogen
Bron‘nipeﬁg(Acids also catalyze the .disproportionation . of
benzylamine to dibenzylamine and ammonia.44

- N-benzyl-sulfonamides are cleaved under '“relatively miild
conditions" with potassium alkoxide.4?

- Benzyl ethers a-re amoqgst the easieét to cleave by Lewis
of such bonds, with consequent

acids.4® significant cli

“loss of function uring attempted HCl-catalyzed




hydro_lyses of‘ polystyrene-supported .oxazoline _inter -
mediates47+48 and chiral supports.25.49

.- Additiona; mechanisms of hydrolysis are-av.aiiable to
benzyl-type esters.90 Their consequent fragility " is well-known.
in pelymeric systems.55'57

- Acetyll bromide cleaves dibenzyl sulfide, while diethy! or
diisopropy!l are resistant.52

- Benzyl-silanes are sensitive to hydroxide and other
nthIeo;hiles.53'54

- Benzylic etlhers, sulfides, selenri‘des and silanes are
cleaved to benzylic carbanions by strdng Lewis.bases .or

radical anions. This too is known for p'olyrﬁer'ic systems.55‘57

- Benzylic nitrogen, sulfur, and ox-.ygén' bonds are rather
susCeptible to hydrogenolysis, either during catalytic
hydr?éenation,ssssg or upon treatment with L-select:ride,60 or
even tithium aluminum rlydride.61"$2

Thus, the chemist or chemical engineer may °legitimately
fear further attack by nuisance nucleophiles on benzylic
carbon, as a main or side-reaction during assembly, appli-
cation or regeneration of any member of th'is structural class
of functional polymer, leading to loss of mobile moieties from
the solid phése. As the last step of a solid-phase synthesi's,
such - as that - of polypeptides by Merrifieid, controlled
separation of a pendant from polystyre.ne support may even be
usefut2:28 __ pyt generally such decomposition of a reactive

polymer only serves to deactivate it while introducing



contarnina'n‘ts'to both solid and "quqid ;;haseé, In addition,
oxidation41,63 orl alkylation64“55 may take place at thoée
methylene carbons made particularly a’cidic —try being bound at
once to both aryl and e'lect-ron-withdrawing gr'oup's or
polariz;able second-row elements.

Direct connection of pendant hetergatom fo pblymer arene is

a synthetically more difficult, bl.l1t‘ often  still feasible,57

alternative. However, though bonds  between phenyl groups and

many common heteroatoms are reiatively strong, resonance

activates an arylated atom to leave its other, = alkyl,
substituents: alkyl-ani_lium salts39 and anilines,®8 as well as
phenglic esters,6® ar’e relatively easy to cleave. Electron-
rich aryls also make attached nonmetals easier to oxidize,
More electropositive elements, such as silicr:>n,70 are easily
displaced f-rom phényl rings by protons and other Lewis acids
through » electraophilic aromatic_subst.itutior;. Furthermore, an
antipodal electron-withdrawing _group can activate benzyl
hydroge% on the polymer I‘backbone for inopportune ionic or
radical Side-reactions.5

On the other hand, ihserting even one more methylene group
between polymer and pendant wcSuId result in a primary bond
neither unstable nor desfabilizing towards nucleophiles,
permitting a chemically more robust fu.n-ctionality while
retaining the attractive physical oproperties of polystyrene

re:?’in. Extending a reactive site further from the polymer

backbone also improves contact with free .substrate in the

-



liquid phase, for an overall increase. in catalytic or other
‘action.as"71 It is conceivable too that spacers may facilitate
cooperation lof two or wmore functional sites in the formation
of an active c¢omplex, as occurs in ‘solid potar aprotic
co-solw.rentsm'13 or phosapine-containing polymaric ligands for
palladium or Fhodium.72-?3 a’nd. still  allow thé gel to swell
despite this reversible crosslinking. Thus, among both
polymers and free molecules c'ontaining the "phenethy!"
structural \;eature, it has been observed that:
| - N—phenethyl—é—halopyridinium saits are unusually stablem
compared - to their benzyl, and even methyl or ethyl,
counterparts;74-76

- N—benzyl-N—-p'henethy—l-N,N—dimethylarrmonium chioride loses
beni'yt and not phenethyl when beéted with thiophenoxide,
giving stable N,N-dimet ylphenethyIamine;-"7

- N,N—dimethylphe‘net i’ff\e is also inert to further

treatment wjth hot acetic_anhydride;43

—_—

- simple carboxylic acids can be alkylateds1 or
photochlorinated,78 cinnamates treated with BF 5 and
photocrosstinked, ’9 . and t-butylcarbonylated amino acids

deprotected by acidolysis,80 while remaining esterified to
pblysty_rene via dimethylene 'spacer; : ’ )
- quaternary phosphonium salts connected through
dimethyle'né spacers are more stable and active phase-transfer
catalysts for ° reaction of cyanide or thiolate withu alkyl

5,

halides; rates further improve' with even longer spacv:-:rs;g'a_1
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- Polymer-supported‘ phenethyl tartarate, ‘h.mc%g as a

hé Sharpless

stable solid-phase chiral auxiliary for

epoxidation o_f allylic alcohols, gives higher )chemical and

optical yields than its benzylic analogue.”5
The promise of poiystyrenes incorpo-rati'ng dimethylene

spacers, far purer, stabler —and more active solid reagents and

catalysts, inspired a systematic exploration of simple,
general and economical reactions’ of polymer modification,
beginning  with commercial resins, and leading towards

established and novel members of this structured  class of

functional polymer.

RESULTS AND DISCUSSION

As with othel)r functionalizéd polystyrenes (Scheme 1), those
containing di‘me-thylene spacers .can be prepared from the
corresponding specialty monomers, themselves previously made
and purified by classical chemical methods before being
copolymerized in_ suspension with ‘styrene and divinylbenzene by
appropriate initiators.21.78,79,82,83 A more vgrsatile
strategy is to chemically modify existi'ng polymers, since a
single functionalized polymer, once in hand, can act as
pre’cursor to any of several others, depending on the reagent
“and reaction conditions applied. However, each conversion step
must be complete and selective, since any -unreacted, side-

reacted or over-reacted functionalities cannot be removed from

the solid product, and may ultimately interfere with its
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\
intehdéd-applicat_ion. The purity ‘of a po!ymér _lproduc_:t. can be
Acfemonst'rated by spectroscopic and elemen:ltal‘ analyses,84 and/or
inferred by analogy \.Nith- established reactions of struc‘t-ur Iy

similar free molecules.

Modificatiori reactions of potymer-bound speEies can be

glower than for the freg, analogues, when limited by the "speed
of diffusion of l"a soluble reageq_t into tp% matrix. In good
solvents such a's‘ benzene or tetr'ahydrofurim, permeation by
liquid phase, visilp_[y manifested by swelling of individual
beads, is great\ejg in resins which are least crosslinked (e.g.
initialty preha;fed by suspension . 6opOIymerizatio&_ withl only

1-2 mof% divinylbenzene). In contrast, with very poor solvents
such as water, the rigid macroporous structure conferred by

1ar-g‘e amounts {35-40—-mol%) of crosslinking agent can maintain

an acceptable surface area of contact with ligquid . phase
‘ e
against considerable hydrophobic forces of collapse -- beads

A}

of such macroporous ‘resins have been profitably employed in
f’ixed columns, -though in stirred reactors they are easily
shatteréd to very: fine _particles which clog the fritted glass
filters normallly used ‘,fdr subsequent separatioﬁ of phases.
Even at best:-relatively more forceful conditions of heat and
stirring . are sometimes necessary to achieve complete
functional group modification or other polymeric
reaction.2,10,13,27 ‘ .

At even moderate degrees of - functionalization, local

concentrations of reactive sites within a matrix of flexible

—_—

I -
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.polyAmerl chains a‘nd spacers can be extremely high, and
collisions between them frqquent: 50 that  aggregation,
cooperation,  dimerization or ’dis—proportionation between
neighbouring _' functionalities - may affectr feactions af. polymers,
for better or worse, in 'ways or to_k extents not see‘; with the
analogous free molecutes.89 -

A functionalized ‘dimeth.ylene spacer may be obtained by
extehding aggi\lable _(chloromethyl)pélystyrene by one carbon.
(Methyisulfin.ylethyl)poiystyrene and (isocyanoethyl)poly-
styrene have thus tieen!prepared with sodium methylsulfinyl-
methylli 685 or lithium isocyanomethylide87 res‘pectively; but
Comrnsr;i cya‘nide gives a polymer which is a ‘more versatile
inter/m/e.diate in the ';ynthesis of other spacer-supported func-
Tiohalitids. Several -different conditions for prerlJaring ]
(cyanomethy!)polystyrene have%ﬁ_pusly been reported, but
none give an entirely satisfactory product: thus, using
dimethylsulfoxide as solvent results in detectable (IR) oxi-
dation/ to (formyl)polystyrene,gv86 while hot w/g/ dimethyti-
formamide,27 or liquid-liquid phase-transfer catalysis in
dichIoroetl’:an‘e/wat‘era8 turn the polymer brown, possibly due to
condensatiqn between deprotonated cyanomethylene product and
unreacted chloromethyl precursor groupsi However, abc_ombi—
nation of dry polar aprotic solvent, and solid-liquid-solid
phase-transfer catalysis, ‘results exXclusively in nucléophilic

substitution “Of chloride by <cyanide anions, according to

applied tests on the product (cyanometh.yl)polys;tyrene and its
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immediate derivatives (Experiment 1 Scheme 2).

‘A mixture of suifuric and acetic acids and water89 has been
used to convert (cyanomethyl)lpo!ystyrene into (carboxymethyl)-
polystyrc-:‘ne.-c-‘vz-"-90-"9.1 Ltack of nitrogen in the product
cnonfirmed completi‘on of the hydrolysis in this study
(Experimen't 2; Scheme 2), and discount'ed. the possibility92 of
dialkylamino contaminants having been formed earlier by
:reaction with dimethylfo'rmamide " solvent. This- must - be
coﬁsidered the method of: choice to prepare (carboxymethy!)-
polystyrene: an alternative .procedure, where carbon dioxide is
added to (lithiomethyl)polystyrene,®7 surely. results in a
product containing ad‘ditional crossiinking and some ketone
and/or alcohol side-products, as is observed with anal_ogous
fre¢ molecules®3, SN (

Borane has been used to convert (carboxymethy!)nolystyrene
into (hydroxyethyl)polystyrene;? the more manageable lithium
aluminum hydride, commonly used on free molecules such as
phenylacetic acid,?4:95 quantitatively performed the same
reduction (Experiment 3; .Scheme 2). Elemental analysis of this
alcohol 'and its derivatives’prov?d that the polymer conserved
its .functionality through th_g entire synthesis via one-carbon
extension, without, for example, undergoing decarboxylation96
during the hydrolysis or reduction steps.

A dimethylene spacer terminated with a versatile hydroxyi
handle can be more easily introduced onto commercial cross-

linked polystyrene by treating the lithiated  polymer,



13

'con-trollably brepared in two steps via (bromo)polystyrene,
with  ethylene oxide.57.78,80,83,97  with free aryllithiums,
this rcagent gives, after protonation, high isolated vyields of
pl';imar‘y_ _alcohols without ‘dimerization... or rearrangem&:nt.g‘-"’99
in contrast to bulkier cations, the intermediate lithium
alkoxides, strongly associated even in ethereal so.lvents, are
completely inert towards further addifion to excess epoXide,
no resulting ethers being rtecovered from such mixtures even
after heating under pressure.l00-104 (Hydroxyethyl)polystyrene
prepared by two-carbon addition in this study - (Experniment 4;
Schem’e 2) was unaccompanied by grafted oligoethylene glycol,
thus displayiné FTIR peak-to-peak correspondence with the same
polymer prepared from specialty monomer,®! or by the one-
carbon extension described above.

Prepared either way, via (bromo);:)c»lystyrene105 or
(chlorormathyI)polystyrene,mj106 - (hydroxyethyl)polystyrene's
functionalized spacers are almost exclusively attached para to
the alkyl backbone. A slight but detectable reticulation
reportedly- accompanies similar reactions performed on scluble
pol‘ysty-rene, but this. is probably insufficient to noticeably
atffect physical or chemical behaviour of the already-cross-
linked beads used in this study.

Past efforts to attach longer reactive ‘spacers to
crosslinked polystyrene, by Friedel-Crafts alkylation viith
dihaii'des.‘o-’ or reaction of dihalidesa‘v”;’l8 or cyclic

halonium ions49 with'metarll'ated polymer, have generaliy been
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accompanied by excessive additional crosslinking of the
polymer network, significantly restricting conversion and
reducing later swelling and reactivity. A recent e@ption ts
Tomoi et al's'09 alkylation of ‘soluble or crosslinked poly-
styrene witﬁ itp-bromoalkenes and 30 mol% trifluordmethane-
sulfonic acid <catalyst, a promising | functionalization which
proceeds contjsnlably and without crosslinking of the polymer
backbone.

(Hydroxyethyl)polystyrene can be functionalized  without
breaking thé C-0 bond‘. (Diethoxyphosphinoxyethyi)po'l.y'styrene
results from treatment with chlorodiethoxy‘phosphine and
dimethylaniline in chloroform.27 The polymeric alcoho! has
also been acylated by  acetic anhydride,s3 by transesteri-
ficétion with methyl tartar;—.\te,16 by carbclwrxylicﬂ acids in the
presence of dicyclohexyIcarb’odiimide,8O and by acyl halides
and acid acceptor.sl'mv?8 |

-

Derivatization with _Q,S-dinitrobenzoyl chlioride and a
:;rtiary amine was easily followed by disappearance of the
strong C€-0-H peaks in polymer's FTIR spectrum. Subsequent
nitrog‘;':*gk analysi§ provided an indirect method of determining
the degree of functionalization of polymeric alcohol preEﬂrsor
which is.perhaps more reliable than direct oxygen quanti-
tation, in which traceg of air or moisture can obviodusly
interfere (Experiment 5; Scheme 3). .

2,4-Dinitrofluorobenzene has often been used to de(ivatize

py

free amines and alcohols,110  particularly in  peptide
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.chemis{try.- In this study, (hydroxyethyl)po!ystyrene readily
formed a polymeric ether with this reagent in the presencé of
an acid  .acceptor (Experiment 6; Scheme 3). Probably this
straightforward reaction is a!so: easily ‘accompli'shed with
other alkylating agents. |

Treatment with toluenesulfoﬁyl chloride in pyridine is
reported to give good ‘isolated yields of sulfona-\te ester from
(hydroxyethyl)benzene. 111,112 However, tosylate anion\. uniike
carboxylate, is a very good leaving group, and tosylation of
‘the macromolecular alcohol in_pyridine__must "be performed aty
ice-cold temperatures if formation of qu‘atérnary ammonium and
other side-products”3-114 is to be entirely suppressed: under

these conditions, the reaction takes a week to complete:.115

Elsewhere in this study (Experiment 38), it was observed that

tosylated polymer, once formed, _is  quite inert to futher
reaction  with even - hot diisopropylamine. With this
nonnucleophilic?18:117  amine instead of pyridine as acid

acceptor, the tosyiation mixture could be heated to reflux and
still produce, in only a few hours, - pure (toluene-
sulfonyloxyethyi)polystyrene free of amine, chloride or ether
side-products (Experiment 7; Scheme 3). The active reagent is
probably the intermediate tertiary dialkylsulfonamidre which s
formed exothermally upon initial mixing of the re:e:lgt-‘:nts."s-118
This new and very efficient tosylation prbcedure may prove
useful in other important areas of organic synthesis.

For (hydroxyethyi)polystyrene to succeed as a versatile
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! .
synthetic intermediate towards useful polymer  reagents,

techniques must be devetoped to quantitatively replace oxygen
by other atoms which may be more suited to the' desired
function of final product. Because it increases conjugation in
the product, e.l'jnﬁfﬁé'tion can be ar)_important side-reac;'tion in
phenethyl compounds undergoing nucleophilic ° substitution.
Fortunately, this can often be avoided by careful choic;e of
reaction strategy and conditions: for example, by choosing
tosylate as I.eaving group.”‘*”z‘ and by working in polar
_solvents at low or moder ate temperatpres with strong
nucleophiles that are” also weak pases. ! 10:119 “with the“ ‘targret
functional product, e_limination should no longer be a problem,
since mostbfinal functionalities {amines, etc.) are poor
leaving groups under. basic conditions.

Nucleophilic substitution at a position two carbons distant
fromi-an aromatic ring, particularly when conduc\ted on tosic
ester in a polar medium with anchimeric assistance by acid
{(SNy1 conditions), may be accompanied by a curious scrambling
of both intervening atoms, giving two distinguishable products
from branched or labelled phenethyl substrates, though"\an.l»y’ﬁ
one  from simple  (toluenesulfonyloxyethyl)benzene.120  This
rearrangement is a symptom -of the formation of a non-classical
trigonal. "phenonium" ion in.térmediate, from which products
evolve by attack of nucleophile at either of two positions.

Substitgtions capable of proceeding by this mechanism, which

is further favoured by alkyl or other electron donors at para
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on the ring, ére faster and cleaner than_ others . in which
classical Sn2 operates alone,121 «

A standard method. of conve_i'ting _alcohols to alkyl chlorides
is to heat them with thionyl chloride and a trace of pyridine:
(chloroethyt)benzene is so produced in hi‘gh yield.122 |n this
study, a model showed the rggction to proceeq entirely withouf
rearrangement (Experiment 8: Scheme 4). "-Thior_)yl chloride
swells polystyrene,z-‘r and SO this reagent w.as ablg to
penetrate to consume all alcohol groups during overnight
reflux of (hydroxyethyl)polystyrene in <carbon tetrachloride;
no (N-pyridiniumethyl)polystyrene contaminates the {chiloro-
ethyl)polystyrene product (Experiment a; Scheme “4).

Tribromophosphihe converts free phenethyl alcohols to the-
bromides in high vyields,9% and it has been reported 9 that
(bromoeéhyl)po!ystyrene is obtained from polymeric alcohol
with this reagent. However, when the reaction. was
reinvestigated for this study, strange peaks present in the
product's FTIR spectr_um indicated that phosphite intermediates
remained in the resin, not being completely cleaved to alkyl
bromri‘de even with further additien of excess HBr (Experiment
10; Scheme 4). Similar bromination of certain bulky free
molecules is also easily halted at the dialkylphosphite
stage.123 This is in contrast to the thionyil'chloride reaction
discussed above, which is pushed to completion by gvolution of
a gaseous side-product, sulfur dioxide, from the reaction

mixture. Use of a trivalent reagenf‘ may also have facilftated
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Scheme 4. Functionalization of Dimethylene Spacer.
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crosslinking of thc; polymer network by -O-P-O- bonds, perhaps
interfering with the cleavage step or washing Ql'kt ot finail
phos'[?honic acid. -

In  acetonitrile, lithium bromide/chlorotrimethylsilane  is

reported to convert free alcohols quantitatively to the

corresponding  alky! bromides:;124  the active fpecies s
probably ‘a silyl-nitrilium bromide complex.125 owever,
spectroscopic and elemental andlyses indicated incﬁmplete
transformation from (hydroxyethyl)polystyrene; a seco‘nd

identical treatment of the partially-brominated ‘polymer left
about fhe same ‘proportion of remginiﬁg hydroxyll - still
unconsumed (Experiment 11; Scheme 4). In less polar solvents,
the prefe.rred product of a hatotrimethylsilane with an alcohol
is “the trimethylsilyt ether,126:127 which the bromo reagent in
particular 'cannot further cleave.!28 Possibly, even suspended
in aqetonitrile. the_ interior c;f a polystyrene bead is
sufficielntly apolar""8 to encourage formation of substantial
(trimethylsilyloxyethyl)polystyrene, which is Thydrolyzed .ba‘ck
to starting alcohol "irin the workup. Similar "polymer _solvent
effects" may be iqfluencing the rates an(, oufcomes of aother
kinds of functional group modifications discussed in this
thesis.

L
Though reaction with hydrochloric acid is too slow, and

hydriodic acid tends to overreact, concentrated hydrobromic
acid is a standard and economical reagent for the conversion

of alcohols to haloalkanes;!29 in  particutar, excellent
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isolated vyields have - been reported from (hydroxyethyl)-.
benzene.1204130 This was confirmed for ‘this study by a .model
reactidn (Ex eri_ment 12: Scheme 4), in which the alcohaot,
diluted in afomatic‘brganic .solvent to simulate a swollen
polymer environment, was rapiély stirred with hot.HBr/HQO,
toget.her with_r a hé-.at-stable onium &catalyst capable of
transporting h‘ydrohaiide into a hydrophbbic medium’ by
hydrogeﬁ—bonding.131'133 With the polymer {Experiment 13;
Scheme 5), this ~.quaternary phosphonium salt also functioﬁned
as a surfactant, dispersing the organic solid which otherwise
formed lumps impermeable to the aqueous.phase. Nevertheless,
conversion past 90%' of polymeric hydroxyls in toluene was very
slc;w. and  was accompanied-by physical degradation of the
polymer beads resulting from chain scission, Addftives or
solvents such as chlorobenzepne, octanbic acid, toluenesulfonic
acid, pyridine or tetramethylerje sulfo'ne failed to improve the
reaction. However, substi}/u/tmg diphenyl ether as solvent,
which permitted' a higher"/ reaction temperaturg while leveling
the Lewis acidity of HBr, allowed ch;n;plete conversion in a
reasohabjle time - without disintegration of the polymer matrix
(Experiment 14; Scheme 5). '

Satisfactory _synthesis of (bromoethyl)polystyrene was also
achie,ved via available ’(toluenesuIfon}loxyethyl)polystyrene
(Experiment 1.5; Scheme 5). Finklestein-like métathesis of

phenethyt and other tosylates to the bromides has been

achieved  with excess LiBr/acetone,‘“ NaBr/dimethylsulfo-
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xid_e.‘34 and CaBrs/dimethylformamide,?35 but best yields are

reported with JI\JigBrg/c.ether.‘:36 with which equilibrium is
'-shifted to products by hard-hard ion adhesion between .
magn.esiurn cation and toéylate anion, Anhydrbus 'magr:lesium
b'rdmide etherate is very easily.méde by adding |
1,2-dibromoéthane ‘to magneésium metal, a vigorous reaction
often Qsed to help Grignard formation. . . -

loldomethane/triphenyl phosphite'/dimethylformamide converts
free pheneéhyl alcohol to (iodoethyl)benzene 'in excellent

. isolated yie'-.l-d without rear‘rangement..137 Reaction of the
polxme%c:alqﬁhm (Expe_‘riment 16:, Scheme 5) also wproceeded
‘:é“rnog:thly bto é“c?;mplet'ion without trace of the phosphite residue
seen earlier (Experiment 10; Scheme 4) with ;DBr3. The recently
dév'elcf’ggd : sodium iodide/chlorotri‘methy[silane/acetonitriIe
,rae:a‘gent1§s is as {Sffective (Experiment 17; Scheme 5), more
c"onve,nienf and I.ess wast'eful/ than the nineteen-carbon
phosbhorous species (Exp?riment 16; Scheme 5). In c_ontrast to
the bromo compound (Experiment 11; Scheme 4), iodotrimethyl- "
silane: is quit‘e strong enough125 to further cleave any
trimethylsilyl ethers!27 which might have heen formed in the
course of the reaction. _

Displacement of a good leaving group by carboxylate is an

alternative mefhod of forming an ester. Phase-transfer

catalysis, often uwsed for reactions with (chloromethyl)poly-

-~ styrene, . is not _helpful with (toluenesulfonyloxyethyl)-

poéystyrene because of catalyst poisoning by released

D
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lipophilic tosyl;\te.33-34v‘38s‘39 Fortunately, the reaction
proceeds weld withdut' onium salts or crown ethers if polar
aprotic solvents are employed; hexamethylphosphoramide notably .
solvates alkali metal cation, freeing} carboxylate anton for
nucleophilic instead of bésic action.140-142 oy e‘xample.
m—nitrob‘enzoic acid, whose nitrogen functionality make.s its
presence easy tb quantitate on insoluble polymer, was readily
attached to dimethylene spacer with Ilittle or. no elimination,
’using potassium -carbonate in a mixture 61‘ dimethylsulfoxide
and hexamethyiphosphoramide (Experimqné 18; Scheme 6). Cesium

\j(?uoride in dimethylformamide, also able to generate very
"free" anions,143.144 was effective too.

Even with tert-butoxide, phenethy) tosylate prefers
nuclieophilic substitution to elimination in polar aprotic
solvent; 119,145 ¢t ;:an be hoped that less hindered or basic
alcohols!11 may produce polymeric phenethyi-type ethers i;\
acceptable conversions under similar conditions. Nevertheless,
in this study, reaction with nitrophenolate still resulted in
a small but detectable loss of Ipolymer fu_nctionality,
according to e!emgita! analysis of the product, Qrobably
through competing elimination of tosylate (Expgrimeht 19;
Scherﬁe 6). Other reactiéns with primdary alkoxides gave
significant IR peaks for alkene, proving that these
modifications had fallen even ‘further short of the required
100% functional vyield. Continued exploration of conditions,

berhaps employing cations capable 6f promoting substitution by

- -
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Scheme 6. Functionalizatiaon of Dimethylene Spacer.
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anchimeric assistance of leaving group,46,136,146,147 may yet
enable efficient immabilization of useful . functionalities
through the ether Iinkage.' . -

Thiolates are stronger nucleée\hiles ahd weaker, bases 'thén
the corresponding alkoxides, and give littie or no elimination
in reactions with primary alkylating aGents,148 even with
(toluenesulfonyloxyethyl)benzene as substrate. 1 Being
themselves , very soft and lipophitic anions, they can
successfully compete with others #_s__t_Jcﬁ as iodide or'- tosylate
for transport by onium salts, which are otherwise poisoned by
these leaving groups during phase-transfer catalysis.!48-150
Overnight stirring at room temperature o; n(toluenesulfon‘yloxy-
ethyl)polystyrene with thiophenc!ate ‘and tricaprylimethyl-
ammonium chloride in benzene gave complete replacement of
tosylate with thiophenyl peaks in the polymer's FTIR spectrum
{(Experiment 20; Scheme 6). At a somewhat higher ‘temperature,
requiring a heat-resistant!48,151 phosphonium phase-transfer
catalyst, butanethiol v;:as also imo‘bili'zed in complete or
near-complete conversion (Experimen_p 21; Scheme 6).

Polymeric phosphines -have found - wide application as
sup;;orts for hydrogenation and . other catalysts;72-73»152
sulfoxides153 oxidize them to the more stable phosphine
oxides, which are also wuseful as regenerable reagents for
making acy! chlorides from carboxylic acids.2! However,

synthesis21,73  from  (chloromethyl)polystyrene  and lithium

diphenylphosphide {frequently generated in situ with lithium
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me‘tiall--‘;"))- is eélcc::ompanied by overalkylation with the reactive
benzylic alkylant, as testified b)./ a persistent residue of
ionic chloride.’54 Since metal -phosphide . also gives high
yields of free tertiaryl phosphine ligands from. primary alkyl
_tosylates, 25 (toluenesulfonyloxyethyl)polystyrene ought— to be
a good or even better alterriative solid substrate, except that
"one-pot" conditions using elemental lithium might result here
in reduction of released'tosylat'e to prodycts that might
contamin.ai-:e the polymer resin. Treatment with pre—formed'
phosphide, followed . by dimethylsulfoxide or exposure to air,
gave a polymer-bound. tertiary phosphine oxide in a single step
without guaternization or elimination, according to FTIR
spectroscopy (Experiment 22; Scheme 6). Phosbhorus anal;}ses of
the-benzylic polyrne‘rs are elsewhere reported "usually high and
nonr&pro.ducible",21 as they were found here, possibly due to
traces of only slightly soluble diphenylphosphine or
phosphinate remaining in the polymer even affter solvent wash.

(T_ributylpho_sphoniumethyl)polystyrene " "bromide has been’
obtained from (br'omoethyl)polystyreqe by heating - with
tributyiphosphine; similarly, ' heating withr-tributylarnine gives
(tributylammoniumethyl)polystyrene bromide.9 Free - alkyl
tosyl'ates--including (toiuenesulfonyIo#yethy])benzene‘1lf-are
also quaternized by heating with tertiary amine; N-alkylpyri-
dinium salts have been,- made this way.35,1567159 |eating
.(toiuenesulfonyloxyethyl)polystyrene with pyridine in organic

solvent gave, according to FTIR spectroscopy, quantil;;ative
. y _
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convers'ion to quaternary ammonium  tosylate (Experiment 23;
Scheme 7). |

Heating witﬁ tosy'rl chloride and an excess of tertiary amine
is a good ‘way' of cbnverting an alcohol to. a quaternary
ammonium salt in a single. step.160 (Hydroxyethyl)pol‘ystyrene
tfeated in‘this way (Experiment. ;4: Scheme 7) gave exactly the"
same product as from (toluenesu!fonyloxye'thyI)bolystyrene
heated in pyridine (Experiment 23'; scheme 7)., The stronger
hydrochloric acid protonated toluenesulfonate . and forced
metathes-is to the quaternary ammonium chloride. |
Pyridines with  sterically hindered nitrogen and/or

’
PO

electron-withdrawing groups are more .

difficult to
alkylate.‘15_"v161 Heating i[: a large ‘excess of pure nucleophi‘le
- as “solvent was necessary for 2-methylpyridine| to completely
displace primary tosylate from polystyrene (Exp.rimeht 25),
With 2-alkylpyridine the "single-pot" method from alc gave
a very dark product,‘ proé)ably due to partial sulfonylation'of
the  acidic methy! by excess tosyl chloride to .give a coloured
methide impurity (Experiment 26; Scheme 7).

Free alkyl halides such as iodomethane 162-164 or, much less
réversibly, 165,166 (bromoeth@)benzene.is? can alkylate the
nuclear nitrogen of 2-chloropyridine, despite steric and
electronic  inhibition by  its ortho-chlorine, to  give
- 2-chloro-N-alkylpyridinium bhalides in good to gxcellent yileld.

Nevertheless, in hot halopyridine as solvent, reaction with

(iodoethyl)polystyrehe proved difficult-(Expe_rlment 27; Scheme
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Scheme B. Functionalization of Dimeﬁhglene Spacer.

2-Halopyridinium and Pyridinone.
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Table 1. Results of Alkylation of (iodoethyl)-l

polystyrene with 2-chloropyridine.

Degree of Temp. Time Conv. Anal. Anal. Anal. Tot.X .

Functiona- oC (days) Z ZNa Zcla Z18 meq/g?
lﬁzution .
.25 61b 1 0 0.00 o 1,75
* (0.00) , (1.68)
.29 . 90 2 50 .1%23 2.56
- (1.23) . (2.63)
.29 90 4 66 1.54 S ©2.85
: (1.56) (2.81)
.25 100 3 84 1.78
(1.76) .
.21 100 5 100 1.83 5.00 16.60 2.68

(1.76) (4.64) (17.00) (2.62)

Notes:
4 Numbers in paréntheses were calculated from estimated
conversions. b Solvent was fOZ 2-chloropyridiné/CHC13;

others in pure 2-chlorogyridine.
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8, Table 1): conditions requir'ed_to. force the —reaction to
c.ompleti‘on resulted in darkening of the pqumer. possibly due
to 'self-polymerization181 . and/or ring-lopeni.ng168 reactions of
neutral or quaternized nitrogen heterocycles. A reluctance to
push paét 50% conversion‘may be attrib_uted to exchange of
mobile chloride for nearby; unreacted alkyl iodide, as has
frequently been observed of free halopyridinium salts in warm
organic sol\}'ents,162-153'159v170 giving a  1:1 mixture  of
(2~iodopyridinium-l\r-ethyl)polystyrene and relativZely inert,
(chloroethyl)polystyrene functionalities, both clea\rb\. eyident
by FTIR spectroscopy. Morevover, since halopyridinium salts
precipitate in many solvents,163,167,171 their formation may
lead t'0 shrinkaé,e of polymer gel with exclusic;n of remaining
groups from further reac.tions.
2-Alkoxypyridines are known to react with

(bromoethyl)benzene to give {(2-pyridinon-N-ethyl)benzene after
workup.’® Application of this reaction towards an alternative
synthesis of polystyrene-supported 2-substituted pyridine
functionality again proved difficu!t:' though the product was .
not so strongly coloured by ring-opening irﬁpurities, elemental
analyses indicated - that both formation of poiymer-bound
alkoxypyridinium salt and its subsequent -cleavage to pyri-
dinone had been incomplete (Experiment 28; Scheme B8). This
again may be due. to a relatively apolar and hydrophobic
environment within the polystyrene matrix., Undoubtedly as well

a certain amount of reagent is lost from the reaction mixture



33

L3

at high temperatures by rearr.angemeni to N-alkyl-pyridinone
through an O-to-N alkyl migrlation. via either intermolecular
free-radical .or fonic ‘mechan'isrns. the latter cétalyzed by
alkyl halides and other Lewis acids.172-174 | h

A standard - foute '-tow-ards free = N-alkyl-2-pyridinones
involves the oxidatio‘r;., .by ferric;,ranid«a*.w5 of the pseudo-base
formed from hydroxide and N-alkylpyridinium salts. 176,177 This
reaction works'we.ll with  (pyridinium-N-ethyl)benzene, giving
none of the d4-keto isomer.!78-180 with the polymer analogue,
the ontly splvent in wh-ich pyridinium precursor was completely
consumed was dimethylsulfoxide,‘presumably because of its
ability to swell o—r dissollve all the  species involved
(Experiment 29: Scheme 8). However, the polymer became very--
dark, because_‘- of ring-opening‘ss of some of the intermediate
pseudo—base groups before they could be oxidized; giving
conjugated aminals which - further disproportionate ' or
polymerize to coloured side-prod‘ucts. A clean synthesis of
.polymer-bobn'd pyridinones must be sought elsewhere,

Gamma trimethylsilyloXypyridine is easily prepared from tlhe
economical hydroxypyridine; it is somewhat rnore-r_éactive than
fhe ortho isomer.44.181 p general, siloxypyridines are easily
N-alkylated, then the silyl ether hydrolyzed to give the
corresPonding pyridinones, without the | rin_g_-opening,
rearrangement or self-polymerization side-reactions produced

by the more = severe conditions required with other

substituents,181-183 Indeed, with (iodoethyl)polystyrene,
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either isolated, jor generated in situ’ from other polymers by
halide exchange, the reaction appeared swift and complete,
yielding, after wor kup, (4-pyridinon-N-ethy!)polystyrene of
acceptable weight. colour, FTIR spectrum and nitrogen content
{Experiment 30; Scheme 9).

Elettrophiles react with N,N-dialkyl-4-aminopyridines
exclusively at ring nitrogen, being attracted to this position
by its enhanced electron ‘déhsity;162o184_’185 with  the
2-isomers, the more glectronegative site is . sterically
hindered by the side-chain, so that alkylation‘ ‘at peripheral
, nitrogen may become important and_ even prec'lominr:mt.186
Quaternization of pyridine generally activates tertiary amino
substituents at the 2 or 4 position for nucleophilic aromatic
substitution _ by hydroxide, but not fluoride, cyanide,
alkoxides or thiolates, for whi.ch N*—alkyl-dirnethytaminopyri—
dinium salts . are excepti-onally stable phase-transfer ca!‘.alysts
in an'hydrous media, 184,187 Under neutral  conditions,
alkylations of .primary or secondary pyridinamines occur at
either nitrogen; pyridonimines:_t arising from the " ring
alkylation, are also hydrolyzable to pyridinones.'aa'190
Alkylation of  available and easily-handled 4l-dimethy|—
aminopyridine went well with functionalized poly'styrenes, but
subsequent hydrolysis could not be accomplished without severe
dafkening by the ubiquitous ring-opening reactions of N-alkyl-
pyridinium compounds in aqueous base (Experiment 31:; Scheme

9).
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Scheme 9. Functionalization of Dimethylene Spacer.
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Many secondary amines .ére monoalkylated by ‘si‘ze'abte
tosylates, 113,158 A such  * ‘as _(toluene‘sulf.o'nyloxyethyl)-
benzene),’11 in high isolated yields without side-reaction. In
this study, {toluenesulfonyloxyethyl)polystyrene treated with
stochiometric pyfrolidine ang agid apceptor in polar z_aprotic
solvent gave a polymer om;--'f.-nitr gen content slightly lower t!‘f_‘“
‘expecte'd for complete conve“rs.ion_ to tertiary -amine; sma-‘ll
i,rregtljlarities in the FTIR spectfa suggested formation of
traces of tosylate anions and carbon-carbon double Dbonds
(Experiment, 32; Scheme 10). An extremely polar solvent Ilike
dimethylsu!fox.ide or dimefhylformamide may en'couragé
competitive quaterniz tion196,157 (often seen with the very
reactive  (chloromethyi)polystyrene)191 by  tosic ester  of
poly'n{er—bound. tertiary "arﬁine rather :_than' alkylation of
absorbed free secondary amine, - particularly w'hen . local
concentrations of the former and latter are’ respectivelly ve'ry
high and very low towards the ‘end of- a reaction; subseqguent
and/or simultaneous elimination by solvated inocrganic base is
also conceivable under these conditions.

Use of pyridine, a solvent of somewhat  lower polarity,-
resulted in complete functional group modifi.cation of tosic
ester to tertiary amine without quaternization, either of
polymer-bound functionalities or free sol;;ant (Experiment 33;
Scheme 10). With pyridine as solvent, tertiary amines coul‘d'

even be prepared directly from (hydroxyethyl)polystyrene in -a

one-pot reaction using an excess of nucleophile over toluene-

/ ]
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Scheme 10. Functionalization of Dimethylene Spacer.
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sulfonyl ch!roride (Experiment ~ 33; Scheme 10).’Tosyrlation in
_sitg.‘must be complete before adaition df secondary amine
‘pecause, unlike diisobropyl"'amine (Experiment 7:; Scheme 3), the
toluenesulphonamides of unhindered amines such as pyrrolidine
appear to be too stéble to transform alcohols to alkyl
tosylates.

It might be suggested th/at this reaction {and possibly
other nucleophilic substitutions’ emplo‘;ing_. pyridine as
salvent) proceeds via a quaternary ammonium functionality,
quickly formed by attack of pyridine onto (toluenesulfonyloxy-
ethyl)polystyréne. then slowly cleaved by 'secondary amine to*
give tertiary émine product. However, a test reactionl t;etv:een
preformed polymeric hyridinium tosylaﬂte and pyrrolidine \‘was
incomplete even after overnight reflux .(Experiment 35; Scheme
10); whatever. pyrrolidyl that became boundﬂ did.~so by attack
onto the pyridini.um ring, giving conspicuous dark dyestuff,
rathér than by displacement and expulsion of heterocycle from
polymer supporf. Therefore, the'synthesis of
(pyrroIidin-N—ethyl)polystyrene in pyridine demonstrates -
successful competition for alkylant by secondary over tertiary
amine in a nucleophilic sﬁbstitution under kinetic control.

In c-oﬁtrast to'-pyrrofidine, diisopropylamine seemed at
firgt glance = difficult or impossible to‘ alkylate with
'(toluenesulfon&onyethyl)polystyrené (see above): its anion,

notorious as a nonnucleophilic base,?®2 would be an even more

} N
unsuitable substrate. Neve(’:heless, - (diisop.ropylaminoethy})-

—
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polystfrene would be of -interest as a stabl'e, rebyclable

version of the non-nucleophilic base diisopropylethylamine,

‘much used for tricky alkylations and eliminations.193  An

unequivocal synthesis was conducéted via polymeric carboxamide,

which was -pre'pared from {carboxymethyl)polystyrene using

(toluenesulfonyl)chloride aslcondensing agent (Experiment 36;
bl

Scheme 11). Isolation of tosic-carboxylic anhydride
intermeMate194.195 was not necessary: in a one-pot reaction,

it was in situ both generated by tertiary sulfonamide then,

__qn_lik_e‘t‘he_tosic ester prepared in a similar way {(Experiment

7;' Scheme 3), aminated by excess secondary amine.  This

procedure avoi'as th'e."':'- polymeric acid c_‘hloride,2-‘.' whose
preparation and reactions may be accompanied by acylation of
ac_:i'c'iic methylene carbon, a well-known side-reaction of the
free analogue.'96., Elementa! analysis indicated that the
subsequent borane’S7T reduction of polymeric . carboxamide to
tertiary‘ amine (Experiment 37: Scheme 11) was accompanied by a
slighf loss of nitrogen, probably due to a side-reaction known
for hindereg amides in generall’ga' in which hemiamipal
reduction intermediate decomposes to aldehyde (;Jsually. further
reduced to the alcohol) and free amine,

Tﬁe target polymer was now in hand, but it had been
obtained_via a lengthy and speciélized synthetic - route;
moreover, it was less than 100% pure. So, further efforts were
made to discover.cond'itions for obtaining (N,N-diisopropyl-

aminoethyl)polystyrene dlrectly from versatile and available
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Scheme 11. Functionalization.of Dimethylene Spacer.
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(toernesulfony’loxyethyl)polyst;rrene. Using the FTIR peak ffor
isopropyl C-H (2694 cm-1) as a yardstick, it was ascertained
that the tosic ester was indeed -inert to diisopropylarﬁine in
refluxing ‘carbon-tetrachioride or .pur:amine, as \well as in
'tetramethylenesulphone' polar aprotic solvent at a similar
temperature - (850C)(Experiment ) 38; Scheme 11). n
N-methylpyrrolidinone, diisopropylamination was only barely,
detectable, and was accompanied by’ products of elimination and
possibly of attack by 'amide solvent., Acid catalysts led to
more serious decomposition o‘f the solvent, but a fortuitous
application of\&hlorotrimethylsilane: during én unsuécessful
synthesis of‘ (2-pyridinon-N-ethyl)polystyrene, seemed to
result in functionalization, not by pyridinone, but by the
diisopropylamine which was ajso present as an acid acceptor
(as well as by chloride anion). This slight improvement may
possibly be due either to anchimeric assistance of tosylate
departure by.si[icon', or to improved reactivity or persistence
of_silylated derivative above the boiling point of the free
amine. These experiments suggest new avenues of approach;
nevertheless, to date, not one of the conditions so far
e.xplored was entirely satisfactory for even bench-scale manu-
facture of this potentially useful polymer.

An amide anion will pre‘fer' substitution over elimination if
its basicity is sufficiently lowered by resonance, and can be

useful where wuncharged nitrogen is unreactive or otherwise

unsuitabte. Even free N-alkylimidazoles are exceptionally
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susceptible to over-alkylation during thein; _pr'épara_tion in
neutral media; however, the imidazolide anion, being a -much
stronger nucleophile though still. a weakl hase, can be
éelectively monoalkylated udfder controlled conditions, 199,200
With (toluenesulfonyloxyethyl)poliystyrene in cold organic
solvent, pré-formed sodium i'midazolide gave _(N-imidazolethyl)-
polystyrene, potentially wuseful as a cafalyst xsuppor't. without
crosslinking through quaternization {(Experiment - 39; Scheme
11). A one-pbt procedure'for polymer-supported imidazole,
starting from polymeric alcohol, and using'a large excess of
imidazolide over toluenesulfonyl chloride, also .‘ proved
sp_ccessful by FTIR and elemental analysis, though a slightly
darker colour may indicéte traces of quaternization/ring-
opening side-products (Experiment 40; Scheme 11).

Under neutral <.:onditions, N-atkyl and unsubstituted
4-aminopyridines are alkylated partly at ring nitrogen, to
give N-alkyi-4-pyridonimines which are easily hydrolyzed to
the corr;esponding 4-pyridinones; however, once deprotonated

with a strong base, their conjugated anions react with

iodomethane and other electrophiles predominant!y or_ .

exclusively at the side-chain, 188,189 This suggested the
reaction of metallated N-methylaminopyridine with (toluene-

sulfonyioxyethyl)polystyrene as a possible route towards

polymer -bound N,N—di;ilkylaminopyridines, which are of interest,

as solid-phase acylation catalysts (see Part '1ll1). However,

“analysis of the product (Experiment 41; Scheme 12) revealed

B e



- ' : 43

“elimination to have been thé major reaction, probably because,
at pKa = 22 (muc;h higher than for imidazolide, whose negative
charge ‘is stabilized by arlomat~icity),201 the metal amide is -
too powerful a base for phenethyl-type substrates.
Nucleophilib substitution proved more successful for both
shorter and longer spacers {see below), in which elimination
was either impossible, or, at least, not favoured by the
formation of a conjugated product. ..

Unlike alkyl electrophiles, activated acyls - become
permanently attached exclﬁsively to the side-chain nitrogen of
2- and 4-aminopyridines, giving high .isolated yiel.ds for
product_ from phenylacetic acid.202 Amination/reduction of
{(carboxymethyl)polystyrene, the _strateg‘; attempted with fair
success for making {(N,N-diisopropylaminoethyl)polystyrene when
direct alky‘la_tion had failed (see Experiment 37), was thus
repeated in an alternative synthesis of supported
dialkyaminopyridine. However, toluenesulfonyl chloride now
proved to be an ineffectual condensing agent, while thionyl
chloride®0 gave coloured C-alkylation side-products; best
results were finally achieved with dicyclohexylcarbodiimide in
tetrahydrofuran with dimethylaminopyridine as catalyst, whi.ch
after a day's reaction gave a product adequate to test the
rest of the procedure (Experiment 42: Scheme 12). This pyri-
dinyl amide polymer resisted reduction (Experiment 43; Scheme
12) far more than the earlier hindered aliphatic one

(Experiment 37; Scheme 11), perhaps because complexation of
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Scheme 12. Functionalizatian 65 Dimethylene Spacer.
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aminopyridyl with bo"r‘gne reagent dea‘ctivate_d the conjugated
carbony! towards hydridé addition, Thus, by FTIR spectroscopy,

the dominant product in the- end was merely the polymeric

P -

sodium carboxytate, produced during workup with aqueous base
normally meant to dissolve the borate‘ side-products. Since a
parallel synthesis had just vyielded an effectivg acylation
catalyst suppdrted through'trimethylene spacer (see Part I1),
further efforts with polymers containing dime\thylene spacers

were abandoned for the time being.

Electron withd’rawal by carbonyl deactivates the nitrogen of

a secondary amide for nucleophilic attack, resulting in
‘ 3

alkylation at oxygen, or - no alkylation at all, on treatment

with a carbon. electrophile - under neutral conditions.198

A

Howeéver, the conjugate base, obtainable by deprotonation with
alkali metal hydroxide, readily attacks alkyl halides such as

. {(bromoethyl)benzene 'from the less electronegative heferoatorn;

substitution dften predominates, particula-rly with
pyrrolidinone in polar aprotic solvent.203-205 The
polymer-bound versions of functionalities such as tertiary
’amides show catalytic activities sometimes superior to the
.correspor}ding free polar aprotic solvents, because of positi\{e
cooperativity effects which are enhanced by a higher local
concentration§.12-13 -support of such groups on short spacers
may even further Iincrease their mobilities, and consequently.
their abilities to cooperatively complex positive cen‘p{es,

leading to better solid catalysts or chelating agents. A
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‘
spacer-supported polymeric tgrtiary amide was readily made
from (toluenes'ul.fonyonyé'thyl)polystyrene ~and the secondary
‘cyclic  amide with little or no side-reactions, using solid
potassium hydroxide in anhydrous dimethylsulfoxide (Experiment‘
44; Scheme 13). in the absence‘of base, alcoho! groups were
produced, probably from O-alkylation of the amide foliowed by
hydrolysis during workup.. o

In the same reaction,‘ acyclic'secondary -amides such as
N-methylpropionamide 'gave significant and even predominant
elimination (Experiment ‘45; Scheme 13). Tt],e superior
nucléophilicity demonstrated by the lactam (Experiment 44;
Scheme 13) may perhaps be explained by a greater concentratidn
of negative charge on its nitrogen, since ring strain would
di.s’r'avo-ur the "imino" resonance form 'in both the neutral
carboxamide (resulting in the ‘observed upward shift of the
carbonyl peak in the FTIR spectrum) and 'its conjugated anion.
—E-Pyri.dinolate is a strong nucledphile, 'but a notoriously
ambident oneﬁ@—alkylation is reported to be favoured by polar
aprotic solvents and cain'ns which don't complex with the
leaving group.206-208 Nevertheless, no conditions could be
found from (toluenesuIfonyonyethyl)polystyrgne X;'1‘or a product
uncontaminated by O-alkylated heterocycles éExperim’ent 46;
Sclieme 13), and alternative syntheses of polymer-bound pyri-
dinones were sought elsewhere (Experiment 31; Scheme 8).
Sulfonyi being a very strong electron-withdrawing group,

secondary sulfonamides are far. more acidic than the
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correspbnding carboxamides, and thus even the acyclic ones are
easily alkylated at nitrogen in the presence of mitd base.209
I.n warm pol;ur aprotic solifent. with potassiur‘u‘carponate as
base, .N—methyl—toluenesutfonamlde readily“ gave ter\tiary
toluenesulfonamide from (toIUenesulifonytoxyethyl)polystyrene
(Experiment 47; Scheme 14). o

Like pyrrolidinone, phthalimide is also cly'clic. and the
basicity‘ of its anion is further ‘decreased by delocalization
to a second carbonyl., Its alkylation by free electrophiles
including alkyl tosylates is well-known; (chloromethyl)poly-
styrene -also reacts w,ith it to give a benzylic tertiary
in‘;ide.210'212 Analysis of its isolated pfoduct with (toluene-\
sulfonyloxyethyl)polystyrene showed t;1at the _expected'
str.a'ightforward nucleop-hilic substitution had taken placeﬂ
without significant side-reactions (Experiment "48; Scheme 14}).

General-ly, secondary amines are themselves too nucleophilic
to be prepared by alkylation of primary, whether with tosic
esters or other agents, without some formation of trialky!
side—product.158v1_59 For example, the amognt%of nitrogen in
the product- of a reaction between (toluenesulfonyloxyethyl)-
polystyrehe and methylamine is significantly lower than
expected for complete convérsion to pure " (methylaminoethyl)-
polystyrene, being in fac‘t consistent with 47% overalkylation
of polymer-bound c}ialkylamines to crosslinking tertiary

functionalities.f15 Se\}eral indirect approaches generally

circumvent the problem by employing amine derivatives capable
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Scheme 14. Functionalization of Dimethylene Spacer.
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only of monoalkylation, their proteéting groups such 'as
carboxyl or sulfonyl then being replaced by hydrogen through.'
hydrolysis  or reduction.29,213 Eoluenesulfonamides" are
generalrly écknowledged rather ‘difficult to cleave, recommended
methods including hydrolysis with hot HCI,45 ~or reductive
cleavage by . 'such‘ ‘reagents as HBr/phenol,“‘ :.sodiijﬁ-
naphthalenide,214:215  jithium  di-t-butyl-biphenylide216  or
potassium/alcohpl.217 However, t‘o date, polymeric dimethylene‘-
supported tertiary acyclic carboxamides have n\ot become
lreadily available (Experiment 45; Scheme 13), ° and the
N-rnethyItoluenesulfoﬁamide either resisted cleavage {(with HGl
or Li/di-t-butylbiphenyl.' or K/ROI;i). or gave considerable ©
amounts of coloured (HBr/phenol) or insolu te and sulfurated
(Na’/Naphth‘a!ene) byproducts (Experiment \1‘49; Scfjeme 1;1).
\For the same reasons, producing polymeric‘primary amine- by
alkylation . of ammonia is out of the question. Reaction of
(cyanomethyl)polystyrene with lithium aluminum hydride/
aluminum chloride has been reported to give a product
containing significantly less nitrogen t_han expected for pur
(aminoéthyl)polystyrénei the Ilow figure can be accounted ’fo&;
by about 32% transamination _’of primary to crosslinking
secondary ,amino functionalities in the' cc;urse of the
reduction.?15 Primary amino ‘groups, including (aminomethyl)-
polystyrené, are produced in excellent yields from cleavage of
tertiary phthalimidés in the second step of the <c¢lassic

Gabriel synthesis.210,212,218 A gsmall sample of

L
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(N-phthalimidoethyl)polystyrene FExpe'riment 48: Scheme 14-) was
indeed smoothly —hydrazinolyzed to (aminoethyl}polystyrene in
thié way, as shown by the disappearance of carbonyl in its
FTIR spectrum. The Delépine reaction,219 which has been proven
effective for. (chloromethyl)polystyrene,220 was also briefly
explored as a means '6f generating primary amine from (toluene-
sulfonyonyethyli)polystyrene' in fewer _steps. By = FTIR
sl.pectroscopy,- heating with hexamethylenetetramine, fo!lowed: by
‘ethanolic HCI - in - a oﬁ'e—‘pot procedure, resulted in
transfc;‘rmation of most tosic ester groups to prirnary; amine
{(Experiment 51; Scheme_ f4)'. The reaction has not yet tJeen~
optifnized; .but use of‘ a .more polar solvent for the amination
step would probabiy suffice to make it qu'antitative.

Cln, most of the functional - group modificatidns so far
discussed, nucleophilic atoms within free molecules couple to
the partially-positive carbons of tosylated or halogenated
dimethylene spacers scattered over a solid network of
crosslinked polystyrene. Were these same spacers to be
terminated instead with negatively charged carbons, other %ree
-molecules cont'aininug elec.trobhilic centres such as acyl carbon
‘or hal9-silicon could then be similarly irrrnobi.lized, giving
r‘ise,\ to whole ‘new classes. of stable and reactive functional
polymers ‘largeiynunatta‘i;nable by other routes. The synthesis
of polymer-supported primary carbanions was therefore “briefly
explored. “ |

Though lithium or magnesium turnings reduce (bromoethyl)-

‘ .



Scheme 15.

Functionalization aof - Dimethylene Spacer.
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benzene to phenethyl carbanion -in excellent . y'ielc:ls.221-222

this is generally a heterogenoué reaction only ma'de‘ possible
by direct contact between liquid-phase alkyl halide and
solid-phase metal, .and would naturally not be expected to work
with solid halogenated’polystyrene; even free molecules become
difficult to metéllate in this manner above a'_ modest molecular
weight.z-23 However, it has .r‘ecently been discovered that, in
éthereal solvents, magnesium224,225° and 1lithium. 216 "can rever-
'sibly form complex’es‘ with anthracene _and " di-t-butylbiphenyl
respectively, gi\}ing homogenous solutions of_ radical anions.
These aré then able to rapidly convert di.ssolved alkyl halides
to - metal 'é|k€|s226.,227 while _regenerating the 'poly'cycliq -
moieties‘, Which _thereforer c.an{ sometir_nes be employed in less
than stochiﬂometric- amdurilts ih-these rea_ction"s'as solid-liquid
phase-transfer cat‘alysts.z_28 _Unfortunately, these  Teagents
pr‘oved surpr'isingly‘ disappointing with ‘(bromoethyl)polystyrene
and (chloroethyl)polystyrene (Experiments 52 & 53; Scheme 15).
It is possible that these radical anions, which are reported
to precipitate ancg';‘ disproportionate back to neutral hydro-
carbon and solid metal in r'nedia iess polar than - pure
ether,224v229 -penetrated the Iargefy aromatic interior of the
--po_lystyr.ene matrix only very slowly or not at all. Under these‘
conditions, rﬁetallati;)n Qodl& be unablé to  compete  with
crosslinking side-reactions, such as between _fréshly-formed

carbanions and nearby unconsumed halides,?'6 or between free

radical intermediates230,231  which would be generated in

- .
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relatively high local concentrations aiong the reaction front
within the solid phase. Phenylalkylsurlfides al§o give - high
yields of alkyllithium with fithium naphthalenide. and are
less su‘sceptibl.e than alkyl hali.des to cross-coupling with
organometallic reagents;232. further work with ‘these or otpar
substrates or cond'it'ions‘ may vyet result in a practl‘c_:al
metallati)on reaction using radical anions.

IOrganic halides may also .traéle halogen . for metal with
pre-formed ‘organolith{\um or, to a Ie's.ser‘ extent,233
organomagnesium compound's. This exchange is generally useful
as a synthetic step only when quickly forced to completion,
' such as by ‘the formation of . a stabler and less -soéluble
carbanion in the reaction of butyll-l_ithiurn with
'(brtimo)_benzen'e%‘1 or', for that - matter, "with (bromo)poly -
styrene;®7 persistent contact of alky! halide with. reactive
organometallic eventually consume‘s both through elimination or
¢ross-coupling side-'reactions,‘which are particularly rapid. in
ethef solvents.235,236 Thus, at equilibrium, the metallated
product f‘rom primary (bromoethyl)polystyrene treated with a
five-fold excess of n-butyl lithium  contains.  sufficient
residual bromine to b'ecome crosslinked and precipitate:
reaction with even a ten-fold excess is. still incomplete.237‘
In general, the nsblid polymers investigated in this study
“-fared_ even worse, carbanions either not béing generated or
being consumed by nearby halide groups fas‘ter than they were

formed. Various conditions were tried in attempts to Improve

<
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the reaction: adding elementall lithium or magnesium, sometimes
with sonication,238 tol consume- free  halide byprodu_ct and
regenerate the metallation' reagent: using even’ more basic
sec'c‘mdary or tertiary alkyl metals, whose halides then rapjdly
decompose after, exchange;235:23% or by using coordinating
solvents such as ethers or amines, which -reportedly impro.ve
orgaﬁémetallic reactivities by rbrealu’ng‘ up oligomeric

aggregates such as may be hinde'ring reagent penetration of

X
polymer matrix, but which also increase the rates of covalent

cross-coupling and other side-reactions.235,238 oOnly  with .

(bromoethyl)polystyrene, in the presence of c¢lean magnesium
metal, with dry toiuene as solvent, catalytic phenethylmagne-
sium bromide as. metal -"shuttle", and a minimum of triethyl-
amine as Iiéand, was a polyméric carbanion even partly formed
.and functionalized with added electrophile, and-even here much
room fér optimization still remains '(Experiment 54; Scheme
15). ;

Up to now, conditions have been souéht to promote
nucleophilic s;ubstritution and prevent elimination in reactions
of spacer-contair;'ing polymers with Lewis. bases. However,
(vinyl)polystyrene is also interesting as a functional polymer
itself or as a precursor to others.64,240 |ts production
directly from, (toluenesulfonyloxyethyl)polystyrene or
(hatoethyl)polystyrene was attempted wusing several reagents
recommended by the litera.ture for such reactions, such as

diazabicycloundecene, or alkali meta! hydroxide or alkoxide,
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with or without polar 'aprotic solvents or phase-transfer
catalylsts,”1:2‘“'24:3 . but re_actiohs were ge;nerally stuggish,
and conditi-ons required for Somplete conversion often gave
products which .were visibly colloured and/or wﬁich displayed
additional peaks in their infrared spectra. Elimination was
much faster and cleaner when polymers were first treated with
a tertiary alkanclamine prior to addition of base. In neu-tral
'polar solvents. gt mild temperaturesy N,N-dimethylaminoethanol
rapidiy reacts with alkyl halides or tosylates exclusively at
nitrogen to give the corresponding onium salts; these are
generally stably‘to the conditions of their formation, though
they can subsequently be demethylated in situ by heating over
';:o 1200C wilth .excess amino élcoho|.30-244-245 “Methyl and
benzyl alkylants give quaternary ammonium alcohols which,
again unless strongly heated, are fufther stable towards even
concentrated caustic. Indeed, "Dowex 2", an ion-exchahge resin
easily and quantitatively "__prepared from N,N-dimethy!-
amfn'oethanol and (chioromethyl)polystyrene of intermediate
degree of functionalization, is a - common and useful
strong-base anion exchange resin which is regeherable by
saturated solutions of sodium  hydroxide.23:245,246  with
polymers containing Iong’e_r_rg spacers, beta-hydrogens are
available and e[imination becomes possible; its relative
rapidity, observed in this study ('Experiment 55: Scheme 15),

may be attributed to fast permeation of the polymer by base

due to good solvation by its polar functional ffmctlonai
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groups, as well las fo a favourable mechanism which probably
involves initial deprotonation of . hydroky" functionality to
give a zwitterionic intermediate which then ra'pidly decomposes
in c¢yclic fashion to generate olefinA and regenerate free
N,N-dimethylaminocethanol. This entirély new procedure for
elimination avoids the possibility of formation of alcohol‘,
ether  and ald.ehyde {with dimethylsulfoxide solvent)
sicfe-products, and would probably work as .well on so!ublé
polymers and free molecules without crosslinking or
dimerization. |

Hydrosilylation of the new (vinyl)polystyrene w:';\s briefly
irivestigated, with the object of synthesizing a stable and
recyclable trialkylhalosilyl © support for (solid—phase
synthesis. The .addition of silicon hydride\ across a

- v
carbon-carbon double bond is generally cataly,ze\'d by many

transition metal complexes, the rates and sefectivities of
attack varying with alkene, silane, solvent, temperature and
catalyst.98.247,  gpeier's catalyst, H(CgHg)PtCl 3,248 is

commonly wused but suffers from low reactivity and poor

solubility in aromatic solvents, as well as often. giving
mixtures of products from unsyrmmetrical olefins like
styr'en_e.247'249 With tetrakis(triphenytphosphine)platinum{0)

instead, reaction of halosilane with styrene is milder, faster
and 97% selective, thus producing a single primary
organosilicon species in excellent vyield after the benzylic

minor product has been converted to alkane by hot caustic
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als:;)ol.z“g Kinetics of the hydrosilyiatlc'm dispiay an
induction pe'i'iod during “which -the initially neutral noble
metal is transformed to active Pt(ll).25'3-..251

After several days m}iﬁh‘chlorodiméthylsilane and this
catalyst, FTIR spectroscopy of the reacting polymer showed
significant peaks characteristic of. both precursor' vinyl  and
product chlorotriatkylsilyl functionalities (Experiment "56;
Scheme 15). The reluctance of the reaction. to -pr(-)ceed to
compietion may be due. to decomposition of part of the active
,c;talyst to insoluble ﬁr;;a;terial. and free triphenylphosphine
which poisons the rest; this process' is known"gto eccur in
environments rich in silane -but deficient in olefin, ‘such as
must exist in the bulk of the golvent outside the polymer
bedds.247,251  The problem may.possibly be alleviat;ad by
including free- olefin as sta:bilizer‘. by adding silane dropwise
to the other reagents, by carefully admitting air into the
vessel,252 or by uéing an even better catalyst such as one of
the ©bridged complexes (Pt(SiR3H(PR3))22%3 or [PtClp(2,4,6-
trimethylpyridine}]2.254

Good preparative methods now exist for a tremendous variety
of funcfional groups to be bound through short spacers to
polystyrene. Later in this thesis it will be shown how even
short spacers may significantly improve the performance' of a

useful functional polymer over its benzylic analogue.
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CALCULATIONS

Consider 1 mal of a chosen repeating unit i, containing xf

moles of each element J, of which one mole would weigh mJ.
fFor a total weight m. .
m- = mass of 1 maol of element J

xS = # mol of element J in 1" mole of repeating unit i

m., = mass of 1 mole of the repeating unit i
5 xJn
J

Now consider a polymer consisting of several species i of

repeating unit, each numbering X;. 1 mole of which would
-welgh m, . for a tptal weight m.
X; = # mol unit 1 in 1 mol of all polumer units.

Thuts:

X,

X | | \

m = mass ofF 1 mol of all polymer units

H
i
7]

xX.,m,
i1

2
1
- E:xl xIm?
1
m>

M

[0 W

X.X;

i
The cancentratlon of an element may be expressed as sither

J) or molar capacity (CJ) for that =

%
x

weight-percent (w
element. Elemental analysis furnishes thaese valués, or they

can be-calculated from 8 given polymer composition:
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!

mJ = mass of element J in 1 gram poluymer
- J J .
En ;xixi] /m 3 _
Thus: - ‘
1 = ZMJ L4
J
(:J = # mol of element J in 1 gram polymer b
- J
[ xixi]/m
l -
Thus: }
wJ - chJ

i

Molar capacity ci can also be defined for a functional
group 1i:

ci'= # mol of unit i in 1 gram of polymer

= x./m
i
Thus:
c‘J = in)x./m
i71
1
- xJc.
i~i

Manuy Functionalized polumers consist of XD moles of cross-
linking agent (in the absence of later reticulation side-

reactions., x%x-. is the "percent crosslinking"” which deter-

0

mines polumer swelling and access to reactive sites), xl

mole of unsubstituted monomer. and xa mole (the "degree of
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Functionalization™) of functionalized repeating units that
often contain. an element J (nitrogen, halogen, sulfur) not
present in other unit species, so that the result mJ of an

elemental analysis can give c_ directly.

2
X, = # mol of crosslinked unité in 1 mole of all units
X, = # mol of unfunctionalized units infl mol

‘%X, = # mol of functionalized units in 1 mol

m, = mass of 1 mol of crosslinked unit$

m, = mass of 1 mol of unfunctionalized units

m, = mass of 1 mol of functionalized units

c” = # mol element J in 1 gram polymer

o= J
‘:i_ XiCi

But, x7 = 0O For all i except i=2. Thus:

And:

J
w /m XE
xe can be derived fram cE as follows:

CE = xa/m
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C

qu X. 15 known, and:

0

X, = 1 - X - X

1 0 2

So:

Cy = xE/CxomO * (- oxg - xa)ml + xemE)

= xe / (xo(mO - mlﬂ + m1 + xe(me - ml))
Inverting both sfdes.
1/:E = txO(mD - ml) + rnl)/xE + mE - m1
Isnlating xe.
xa = CxOCmO - ml) + ml)/(l/cE + ml - ma)

For the lightly-crosslinked gels employed in this study, an

approximation can be made based on:

m >>’x (m. - m, ) ' . fa [

1 070 1

So, in these polumers, degree of fFunctionalization is
related to functional capacity by:

x8 = m1/(1/cE + ml - me)

In a tuypical functional group modification reaction, part

of x, mole of species i =1 in a moleeoflmixed polymer

I

units weighing m is transformed into a new species i = [+1,

which numbers x

I+1 and weighs mI+1 per mole. All cther

species i=0 to i=1-1 remain unaffected. The conversion or

fFunctional wield of the reaction is y x

) 141 mgl of 1

remains, and the new total mass is m'.
{



The measured reletive weight change d

= m -

~

old #.mol of old unit in"1 mol
new # mol of new unit in 1 mol

conversion or functional yield

1+1 _ *

new mass of 1 mol of all units
1-1

E:Ximi TOXMp T XM

i=0 & E

1-1 _

ZoX{Mg XMy = Xy amp ot Xy
i=0

i+1Mp T Xre1Mier

m + (mI+ .= mI)

141 1

I+1

of all units

of all units

of all uniﬁs

Mreq

~

LT, .
can canvey useful

information on the success of the reaction. For 1 mol-

di4q

relative change in total mass i

(m' - md)/m

Cm + x1+1(mI+1 - mIJ - m J)/m
x1+1(mI+1 - mI)/m

md /{m - m.)

n reaction

63
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Functional yield, Functional capacity and degree-of func-

tionalization can also be derived For these simple polumers
from tHe results pE glemental analuysis using equations
'ptevicuslgldescribed. More complex situatigns. involving
the generation of more than 1 new species of repqéting unit
and/or the presence of the same element on several species,
may still be amenable to the same general treatment, thaggh
requiring additional aésumptions (often verifiabhle by FTIR

]

spectroscopy) and extra algebraic manipulation.
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EXPERIMENTAL
Materials. : . !
Where specified, organic reaction solvents ~and  liquid

Y

reagents wc_ré dried by distillation from sodium-benzophenone

ketyl (ethérs) or calcium. hyd'ride ;::r scarbide (aminé-'s,-
-hy-drocarbons, . acetonitrile, dimethylformamfde), or by
distilling onto _or standing = over molecu‘larl sie.ves
(dir‘rlethylsulfoxgde,, others). . Otherwise, technical ‘grade

solvents  for polymer wash, and r,eatf;e'nt grade solid reagents,
were used és- received. The starting material for all the”
following preparations was "SX-1 Bio-Beads', 2002400 mesh, a
c_opolymer Of.1°/q divinylbenzene (and.- possibly 1% ethylstyrene
contam.in‘ant, which wag ignored - in  all _caiculations) and
st‘irréblé suspensién was used in“ali polymer reactions.
Reaction.s'under inert atmosphere were perférmed in oven-dried
-

glassware under bubbleﬂrs a;d/or /Jsing Firestone valves.

anfrared spectra of KBr' pellets werJé measured on-.a Nicolet
10-DX FTIR spectrometél;. Polyrnér i-walogen. content'was measured
by Volhard titrfation of 200-300 mg samples ignitéd in a Parr
Aberoxide‘ bomb; otheﬂl". q'uantitative analysés wer'e performed by
'M'HW La_borat_o_ries (Pt’foenig. AZ}. L_aborator‘s.r. notebook pages are -

in angular brackets.
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Experiment 1. (Cyanomethyl)polystyrene. From (chloromethyl)-

polystyrene.

(Chloromethyl}polystyrene (C1oH10).01(CaHg).58(CgHaCl) 31
had been prepared from washed commercial 1%-crosslinked poly-
styrene and characterized by published procedures3!. This

white powder (59.1 g, 151 meq Cl) was stirred with sodium

cyanide pellets “(12.0 g, 245 meq) and tetrabutylammonium .

chloride crystais (1.0 g, 3.6 meq) ln 600 ml dry DMF under a
nitrogen atmosphere at 80°C for 16 hours. The pale orange
“suspension was then filtered, and the residue washed with H20

(3X), MEK (1X), CHsCls (1X), CH3OH (2X}, and dried under

vacuum overnight, yielding 56.3 'g of a very pale beige powder)‘ ’

IR (KBr) peak absent at 1265 cm-! for chloride precursor'\peak
present at 2250 cm~1 (w, CN) for cyano product (Figure 1).
Anal. Calcd for (CqigH10).01{CgHg).68(C1gHgN) 31 (100% conver-
sion): N, 3.73; Cl, 0. Found N, 3.85; Cl, 0.

<D846>.

Experiment 2. (Ca_rboxyinethyl)po_lystyrene. From (cyanomethyl)-

polystyrene.

| (Cyanomethyl)polystyrene (C10H10).01{CgHg),68(C10HgN), 31
(55.2 g, 152 ‘meq), water (30 mi, 1700 meq), 300 mi gfacial
acetic écid, then 30 ml.goncentrated sulfuric ;acld.' wg[e mixed
and refluxed with stirfing under nitrogen f{af, 19 hours. The

*qale suspension was filtered, and the residue washed HaG (3X),



Figure 1. FTIR spectra of intermediates towards (hydroxy-
\\ _ ethyl)polystyrene by 1-carbon extension.
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MEK (1X), CHpClp (1X), CH3OH (2X), and dried under vacuum
overnight, yielding 58.5 g of a pale beige-yellow powder: IR
({KBr) peak absent at 2250 em-t for ﬁitrile precursor; peaks
present at 3000 (br, O00-H), 1710 (s, C=0) and 1294 cm-1 (m,
C0-0) for carboxyl product (Figure 1). Anal. Calcd for
(C1oH10).01(CgHg).68(C10oH1002),31 (100% conversion): N, 0.0.
Found: N, <0.2.

<DB848 >,

Experiment 3. (Hydroxyethyl)polystyrene.eFrom {carboxymethyl)-

e
- ' PR .

polystyrene.‘

(Carboxymethyl)pblystyrene (C{ollh0).'01(CgHg)_eg(C10H1002)_31
(50,0 g, 127 meq) was suspended in 500 ml dry THF under
nitrogen, to which was added in porti}!ons LiAlH4 poWder (7.1 g,
748 meq H) with some fizzing, then the whole was re;luxéq,‘for
12 hours. Upon cooling were added by drops to the‘gr‘é‘y
suspension*7 ml Hp0, 7 ml 15% NaOH/H»O, then 21 ml sz, giving
a yellow suspension which was easily filtered, the residue
then being washed with 3N HCI/H0 (2X), 12N HCI/H20 (1X)}, H0
(3X), THF {1X), CHoClo (1X), CHaOH (2X), and dried under
va}cuum overnight, yielding 48.8 g of a very pale beige powder:
/f!’:{ (KBr) peaks absent at 3000, 1710 and cm~! 1294 for carboxy
precursor; peaks present at 3400 (br, CHpO-H) and 1046 cm=1
(s, CH2-O). Anal. Calcd for (C10%110)_01(CBH3),63(C10H"120)_31
'(100%‘ conver»sion): C, 87.90; H, 7.90; N,‘ﬁo.' izound: C.- 87.0'3;

" H, 7.)61;N' 0. A sample was derivatized with 3,5-dinitrobenzoyl

>
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chloride (Experiment 5). Anaf. Calcd for (CigH10),01(CgHg).68"
(C17H14N30g).31 (100% conversion): N, 4.87. Found: N, 4.87.

«<DB51>.

Experiment 4. (Hydrox'yethyi)polystyrene. From (bromo)poly-

styrene. L

(Bromo)polystyrene (CygH10).01(CgHg).57(CgH7Br), 42 (20.00

g, 60 meq) had been prepared and characterized from washed

commercial 1% croéslinked polystyrene resin.57 The pale beige

powder (20.00 g, 60 meq) was suspended in 500 ml dry benzene

under nitrogen, then 2.2M n-butyl lithium/hexane (60 ml, 132
meq) was injected, and the whole was stirred at 60°C'for 3
'hour;.-The liquid phase was then removed by filtration, and
the ‘beige‘ residue, still under 'nitrogen, was resuspended in
200 ml dry tetrahydrofuran, and cooled to -50°C, before
receiving condensed éthylene oxide by injection (9.5 ml, 190
meq), and being stirred under a COs-cooled condenser for a
further 18 hours while gradually Warming to room temperature.
The pale orange-yellow suspension was then filtered, and the
residue washed with THF:HoO 3:1 (1X), THF:HQO:C'OI'IC HCI/H20
8:2:1 "(1X), H20 (3X), THF (1X), CHgOH (2X), Eto0 (1X), ther
dried under vacuum overnight, to yied 18.4 g of pale yellow
powder: IR (KBr} peaks absent at 1487, 1408, 1073, 1010, and
718 cm=1 for aryl bromide precursor, and at 1150-1060 cm- Tfor
ether. side-products; 100 peaks presgnt at 3400 (br, CHpO-H) and

1046 cm-1 (s, CHp-O) for hydroxy product (Figure 2). Anal.

la -
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Calcd for (CyigH10).01{CgHg).57{C10H120},42 (100% <ctonversion):

C, 86.58; H, 7.96; O, 5.47; Br, 0. Found: C, 86.51; H, 8.05; .

O, 5.51t: Br, 0. A sample was derivatized with 3,5-dinitro-
benZoyl chloride (Experiment 5). Anal. Calcd for (CyigH10),01-
(CgHg), 57(C17H14N20g) 42 (100% conversion): N, 5.76. Fouﬁd: N,
5.66.

T <D7_34>

Experiment 5. (3,5-dinitrobenzoxyethyl)polystyrene. From

(hydroxyethyl)polystyrene.

- (Hydroxyethyl)polystyrene -(C1oH10).01(CgHg).57(CigH120).42

(0.13 g, 0.44 meq) was heated with 3,5-dinitrobenzoyl chiloride
(0,13 g, 0.55 meqg) in 2 ml dry pyridine at 1009C under
nitrogen for 2 hours, then the yellow-green suspension was

filtered, and the residue washed with HoO (3X), MEK (1X},

CHaCl (1X), CH3OH (2X), and dried under vacuum overnight;

yielding 0.20 g of a pale yellow-beige powder: IR (KBr) peaks

absent at 3400 and 1046 cm~! for alcoho! precursor; peaks

present at 3098 (w, Ar-H), 1733 (s, C=0),*_154? (s, Ar-NO2),

1344 (s, Ar-NOg), 1277 (s, CO-0), 1164 (m, CO-0), 721 cm~! (m,
y )

Ar-NOo) for ‘ester product (Figure 2). Anal, Calcd for )

(C10H10).01(CgHg),57(C17H14N206) 42  (100% conversion): N,
-5,76, Found: N, 5.68,

<D964 >,
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Figure 2. FTIR spectra of intermediates towards (hydroxy-
ethyl }polystyrene by 2-carbon addition. Products
of acylation and tosylation.
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Exgerirﬁent B. (2,4-Dinitrophenoxyethyl)polystyrene. "~ From

{hydroxyethyl)polystyrene.

(Hydroxyethyl)polystyrene (C10H10)_01(CgHg)_5'7r(C1oH120)_42
{0.51 g, 1.7- meq) was heated with 2,4—dinitrofluorobenzene
(0,30 mi, . 2.4 meq) and triethylamine (0.30 ml, 2.2 meq) in 2
ml dry toluene at 889C for 40 hours. The dark red suspension
was then filtered, and the.residu'e washed with acetone {3X)
until filtrate . was cc;lourless.. HpO  (3X), MEK (1X), CHoCls
(1X), CH3OH (2X), and dried under vacuum overnight, yielding
0.74g of bright yellow powder: IR (KBr) peaks absejnt at 3400
ané! 1046 cm-1 for alcohol precgrsor; peaks pres‘ent at 1609 (s,
Ar-NOp), 1536 (s, Ar-NO»), 1344I (s, Ar-NO»p), 1287 (s,_ Ar-NO»),
1152 (m, CHp-OAr), 1087 (m, CHp-OAr), 833 cm~! (m, Ar-H) for
complete conversion to aryl ether product.

<D934>, \

~J .
Experiment 7. (ToluenesuIfonyloxyethyl)polystysrene. From (hy-

droxyethyl)polystyrene using diisopropylamine.

. (Hy_droxyethy!)polystyrene (C1oH10).01({CgHg),70(C10H120),29
'(10.35'9.\ 35 meq‘), toluenesulfonyl chloride (8.4 g, 44 meq),
~and dry diisopropylamine (10 mi, 71 meq), were stirred
together in 70 m! carbon tetrachioride under nit;'o?en' at room
témperature, then heated to reflu:t for 6 hours., The ‘pale

yellow suspension was filtered, and the ‘residue washed with

acetone (1X), Hgd (3X), MEK (1X), CHoClp (1X), Etp0 (2X), then

é
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dried under vacUurj overnight to yield 14.2‘8 g"of a very pale.
yellow-beige . powder: IR (KBr) peaks absent at 3400 and 1046
cm'}“ for alcohol precursor, and at 2694 cm-1 for amino side-
product; peaks present at 1363 (s, SO-OC), 1180 (doublet, s,
$0-0C), 1098 (m, C-0), 964 (s, S-0-C), 905 (m, S-0-C), 815 (m,
. $-0-C), 760 (m, S-0-C), 664 (m, Ar-SO3) and 555 cm_q cm-! (s,
Ar-S03) for tosic ‘ester' product (Figure 2}). Anal. Calcd for
(CioH10).01(CgHg) . 70(C17H18S03) 29: 8§, 5.74; N". 0. Found: 8,
5.73; N, 0..Sirni!ar‘ results were obtained wusing p’)'ure diiso-

propylamine as solvent.

<DB8 1>,

Experiment 8. (Chloroethyl)benzene. From (hydroxyethyl)benzene

s

witH thionyl chloride.

Dry (hydroxyethyl)benzene (0.50 mi, 4.2 meq), clear and
colourless thionyl chloride freshly distilled from 1imon;:ne255
(0.50 ml, 6.9 meg) and dry pyridine (0.05 ml, 0.6 meq) were
mixed with 10 ml dry carbon tetrachloride at 00C, then
refluxed under nitrogen for 24 hours. Gas chromatography (SE-
30 900C) bf the reaction mixture showed only a single peak
which matched that from a commercial sample of (2-chloro-

ethyi)benzene.

[

«<D762>.

I
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Experiment 9. (Chioroethyl)polystyrene. From (hydroxyethyl)-

polystyrene'with thionyl chloride,

(Hydroxyethyl)polyst.yrene (CioH10).01(CgHg),75(C1oH120) .24
(3.03 g, 6.3 meqg), purified thionyl chloride (1.5 ml, 21 meq)
and dry pyridine (0.1 ml, 1 meq} were suspended in 30 m! dry
CCly under nitrogen, and stirred at reflux for 16 hours. The
or‘aﬁge suspension was filtered, and the residue washed with
HoO (1X), MEK (1X), Ho0 (3X), THF:conc HCI/HoO 1:1 (1X), THFY
(1X}), CHgClp .{1X), CHaOH (1X), and dried under vacuum
overnight, "yielding 3.15 g of a pale beach powder: [R {(KBr)
peaks absent at 3400 and 1046 cm-! for alcohol precursor;
peaks present “at 1245 (w, CHpCl), 657 cm~! (w, C-Cl). Calcd
for’ (CygH1g).01(CgHg),75(C1gH11Cl) .24 (100% conversion): - Cl,
7.13. Found: Cl, 7.09.
<D812>,

.

Experiment 10. (Bromoethyl}polystyrene. Attempt from (hydroxy-,

ethyl)poliystyrene with tribromophosphine.

(Hydroxyethyl)ﬁoiystyrene (C1oH10).01(CaHg).68{C1gH120},31
{(5.01 g, 13 meq) and phosphorous tribromide (0.50 rn.I. 5.3 meq)
were stirred together in 50 ml dry ether for 18 hours at 00C
under nitrogen. The vyellow suspension was quenched with
methanol (fumes), then _flltered and the residué washed CH30H
(2X), Hp0O (3X), MEK (1X}, CH»Cla (1X), CH3OH (2X), and dried

;:snde'r vacuyg - overnight, to yield 5.68 g of white powder: IR

Py



(KBr) peaks absent at 1046 cm-1 for alcohol precursor; peaks
present at 1263 (m, CHpBr) and 647 em-1 (w, C-Br) for bromo
product, but also at 1220 (m, P=0), 1068 (m, P-O) and 978 .cm-!

(m, P-0O) for phosphite side-product. Anothef reaction using

1.3 meq (hydroxyethyl)polystyrene and 1”3 meq PBrga gave~

identical . results. After r'further stirring with concentrated

hydrobromic acid at room temperature for 12 hours and again

washing and drying, the spéctrum remained unchanged.-

<D942, D943, D952>,

Experiment 11. (Bromoethyl)pofystyrene. Attempt from (hydroxy-

ethyl)polystyrene with lithium bromide/chlorotrimethylsilane.

(Hydroxyethyt)polystyrene (CygH10).01{CgHg}.58(C10H120).41
(10.00 g, 33 meq) and lithium bromide dried at 100°C under
vacuum for 2 days256 (6.96 g, 80 meq) were stirred fégether in
50 ml dry a;etonitrile .at room temperature ‘while sloywly
injecting chlorotrimethylsilané (13.0 r;11. 102 meq), fhen the
mi;ctu}e was refluxed under nitfogen for 26 hours. The grieen-
brown suspension was ‘filtered, and the residue washed with THF
{1X}), H20 (4X), CH30H (1X), CHoClo (1X), Etp20 (2X), and dried
under vacuum overnight, yietding 10.74 g of pale beige powder:
IR (KBr) peaks,present at 1046 cm- 1 (s,.C-O) for significant
residual alcohol precurscr, an-d at 1262 (m, CHs-Br) and 647
(w, C-Br) for bromo product. Anal. Calcd. for (CigH10).01-
(CaHg).53(01oH12(_3).'23(010}-{11Br).13 (44% conversion): Br,

10.75. Foun 10,71, 10.49 g of this polymer was subjected
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to a second treatment with bromina.ting agent, giving 10.99 g
of product whose iR spectrum shows weak-er -OH and stronger
CHaBr  peaks. Anal. Calcd. for  (CioH10).01(CgHg).58-
(C10H120)‘14(C10I'-i11Br)_27 (39% conversion from previous
polymer; 66% conversion from original polymeric alcohol): Br,
15.47,. Found: B‘r..15.66.

<D713, D714>,

~

Experiment 12, (Br‘omoethyl)benzene. From (hydroxyethy!)benzene

with hydrobromic acid.

(Hydroxyethyl)benzene (0.39 g, 3.2 meq), hexadecyltributyi-
phosphonium bromide!S! (0.10 g, 0.20 meg), and . colourless

concentrated hydrobromic acid freshly distilled from $tannous

chloride232 were rapidly stirred in 10 ml refluxing toluene

under nitrogen. The reaction, followed by GLC (SE-30 900C),
had progressed 50% in 2 hours, and was complete within 12,
Even after 3 days further heating, (2-bromoethyl)benzene was
the only product.

<D729>..

Experiment 13, (Bromoethyl}polystyrene. Attempt from {(hydroxy-

ethyl)polystyrene with hydrobromic acid in toluene,

(Hydroxyethyl)polystyrene (CigHi0),01(CgHg).75(C10H120) 24
(4.00 g, 8.4 meq), hexadecyltributy! phosphonium bromide (0.33
g, 0.7 meq), and colourless 48% HBr/Ho0 freshly distilled from

stannous chloride257 (10.0 m!, 90 meq) were vigorously stirred

/)
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with 40 ml toluene at stow reflux under nitrogen for 45 hours.

The sticky suspension was then filtered with- difficulty, and

- "-;, )
the residue washed with Hp0 (3X), ‘MEK (1X), CHpClp (1X), Etg0

S - ) ‘
{(1X), and dried under vacuum overnight, yielding 4.46 g of

pale yellow powder: IR (KBr) peaks absent at 1046 cm-1 for
a4lcohol precursor, as well as at 1220, 1068 and 978 cm-! for
phosphite side-products seen with PBrg reagent «(Experiment
10); peaks present at 1263 (m, CHoBr) and 647 cm-1 {(w, C-Br)
for bromo prodf.nct. Anal. Calcd. for (C10H10)_01'(08H3)_75—
(C1gH11Br).p4: Br, 14.74. Found: Br, 13.82.

<D807>.

Experiment 14.. (Bromoethyl)poiystyrene. From (hydroxyethyl)-

polystyrene with _hydrobromic acid in diphenyl ether.

(Hydroxyethyl)polystyrene (C10H1O')_01(CgHg‘)_74(C10H120).25
(0.51 g, 1.1 meq), hexadecyltributylphosphonium bromide (0:050
g, 0.1 meq), and colourliess concentrated hydroBromic acid (1.0
ml, 9 meq) were rapidly sftirreq In 7 ml dilphem‘fl ether at
1359C for 48 hours. The yellow suspension was then filtered,
and the residue washed with HpO (3X), MEK (1X)}, CHaClp (1X),

CH30H (1X), and dried under vacuum overnight, yielding 0.58 g

of pale beige-yellow powder: IR (KBr) peaks absent at 1046

em~1 for alcoho! precursor; peaks present at 1263 (m,’' CHpBr}
and 647 cm-! (w, C-Br) for bromo product\‘ﬁﬁl. Calcd for
(C10H10),01(CgHg),74(C1oH11Br) 25 . (100% conversion): Br,

15.23. Found: Br, 16.06. .

e " l__'__ L
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<D902>,

Experiment 15. . (Bromoethyl)polystyrene. From (toluenesulfonyl-

oxyethy!)polystyrene.

{2.2 ml, 25 meq) were‘ mixed under nitrogen in 50 ml anhydrous
ethef. After th'é vigorous reac.tion hqd subsided, . the
supernatant so.lution of magnesium. bhromide. etherafe was
decanted through a double-ended needle onto (tolue;nesulfonyl-
oxyethyl)pol’ys%rené (C1oH1o)_o1(CgHa),7ofC1jH18803)__29 ' '(5._(_)0
g;' . meq), and the mixture was stirr.ed at gentlé reflux
u'"nde'r argon for 17 hours. The pale brown suspension was then
fiI‘tter'ed, and the residue washed with acetone (1X), HsO (3X),
MEK" {1X), CHxClp (1X), CH30H (2X), and dried under vacuum’
ove‘rnightil yielding 4.21 g of a v;»r{’ pale beige powdgr: IR

(KBr) peaks absent .at 1363, 1180, 1098, 964, 905, 815, 760,

664 and ‘55.5 cm-1 for tosic ester precursor; peaks present due -

'to CHgBr, identical to pfdduct of the'prévious procedure

(Experiment . 14).  Anal. Caled  for  (CyoH10).01(CeHg);70-

(C10H11Br)_gé (160% conversion): ér. ‘i7.11. Found: Br, 17.18.
<D982>. |

-

Magnesium turnings (t.2 g, 50 meq) and .1,2-dibromoethane .

fEd
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Experiment 16. (lodoethyl)polystyrene. From (hydroxyethyl)-

polys(imne  with methyl - iodide/triphenyl ph'ospihite.

-A mixturé of triphenyl phosphite .("17‘.5;.inl. 67 meq)’ and
iodomethane (4.5 ml, 72 meq) was slowly warmed under nltroger‘\
reflux. then heated at 1409C for 18 hours. The resulting dark
brown mass was washed under nitrogen with dry ether, then*dry
ethyl acetate. .then quickly sucked dry to a yellow powder,
WhICh was thenkdlssolved in 110 mi dry dimethylformamide. To
" this was added (hydroxyethyl}polystyrene (C1OH10).01(033)_70-
(C10H1201).29 (16.22 g, 40 meq), an;I the mixture was stirred at
room temperature under ;nitrc':gen for 18 hou;—s.. The yellow

suspension was filtered and the residue washed with DMF (3X),

DMF:H20 1:1 (1X), H20 (3X), THF (1X), CHaOH (2X), Eta0 (1X),

and dried under vacuum ov,e.rnight,','y_ielding 20.67 g of a pale

‘yellow powder: IR (KBr) peaks absent at 3400 and 1046 crr;"‘ for
alcohol precursor, and at 1220, 1068 and 978 em-1 for
phosph‘ite intermediate (Experiment 10); peaks pre'senf at 1236
(m, CHo-1) and 1168 cm-L (m, CHa-1) for iodo product. Anal,
~Ca|cd for (C10H10)01(CBH8)70(C10H11|)29 (100% conversion):
I, 24.69. Found |, 24.49.

<D381>.
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Experiment 17. (lodoethyl)potystyrene. ‘From (hydroxyethyl)-

polystyrene with sodium iodide/chlorotrimethylsilane.
(Hydrox G hyl)polystyrene ' (CygH+40):01(CgHg),70(C10H120) 29

{0.504 g, 1.24 meq), sodium iodide dried at 100°C under vacuum

“for 2 day3256 (0.412 g, 2 75 meq), chlorotrimethylsilane (0.35
ml,' 2.8 meq) and 4 ml dry acetonitrile were stirred under
nitrogen at slow reflux for 8 hours. The red suspension was
|f.lltered,' and the residue washed with Ho0O (3X), MEK. (1X),

CHgCI;g (1X), CHgOH (2X), and dried under vacuum overnight,

yielding 0. 654 g of a very pale beige-yellow powder IR (KBr)
identical to that from the other method. Anal. Calcd for
(C10H10).01(CaHs) 70(C1oH111).29 (100% conversion): 1, 24.69.
Found: |, 24,87, '

" «D1004».

-

A

Experiment 18. {3-Nitrobenzoxyethyl)polystyrene. From

. (toluenesuIfoxyethyl)pdlystyrene.

| (Toluenesuffoxyethyl)polystyrene . (C1oH10).01(CgHg) 794~
(C17H18803),196 (0.41 g, 0.55 meq), m-nitrobenzoic acid (0.14
g, 0.83 meq) and anhydrous potassium' carbonate (0.17 g, 1.2
meq) were rapidly stirred in a- mixture. of 4 ml -dimethyl-
&fifoxlde and 0.5 ml-hexamethyliphosphoramide under nitrogen gt
~room temperature, then warmed to 60°C for 22 hours. The pale

brown suspension was filtered and washed acetone (1X), Ho0O {3X

rapidly), MEK (1X), CH2Cl2 (1?(), 1 X Etp0, and dried under

| L4
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vacuum overnight, vyielding 0.41 g of yellow-t;eige powder: IR
(KBr) peaks ‘absent at 1363 and 1176 cm-! for tdsic'es.ter
precursor, and at 1046 em=1 fo.r hydrolysis -side-product; peak'sk
' bresent at 1727. (s, C=0), 1617 (w, Ar), 1535 (s, Ar-NOp), 1351
(s, Ar-NOz), 1263 (m, CO-O), 1134 (m, CO-O) and 720 cm-! (m,
Ar-H) for- product ‘ester, 'Anal, Calcd for {CioH10).01-
(CgHé)_7g4(Cj7H15NO4)_195 (100% conversi.on): N, 1.93. 'Found:
N, 1.87. A similar regction was performéd using -anhy‘dtrous CsF
as base , in dry dimethylformamide slcszly heated to 1009C tol
give a pol_ymér which was identical by FTIR.

<D1054, D1080>,) ' -

Experiment 19. (3-Nitrophenoxyethyl)polystyrene, Attempt from

(To1‘uenesuIfonyloxyethyl}polystyrene.
(Toluenesulfonyloxy?thyl)polystyrene (C10H_1‘0)_01(03H8).70--
(C17H1gS03).29 (0.51 g, 0.91 meq), m-nitrophenol (0.25 g, 1.8
meq) and- anhydrous potassium carbonate (0.28 g, 2.0 med) were
stirred in 5 ml dry dimethylformamide under nitrogen at 6609C
for 16 hours. The red suspension was filtered, and the residue
washed with acetone (1X), HpO (3X), MEK (1X), CHoCly (1X),
Ci-l;;OH (2X), and dried under vacuum overnight to give :':\ pale
yellow pow_der: IR (KBr) peaks absent at 1363 and 1176 em-1 for
tosic ester precursor; peaks present at 1531 (S,IAF;N02)| 1351
(s, Ar-N02):, 1245 (m, .CHz-OAr), 1029 (m, CH>-OAr) and 738 cm"pi
(mi{ Ar-H) ether product. Calecd for (CigoH10).04(CgHg}.70-

(C16H15N03) .26 (90% conversion to .ether, 10% to olefin): N,



2.46. Found: N, . 2,45,

<D987>,

4

Experiment 20. (Benzenethioethyl)polystyrene. From (toluene-

sulfoxyethyl)polystyrene.

(ToluenesulfoxyethyI)polystyrene kgoH1o)_o1(CgH3j_74—
(C17H1'3'SO3)_25 _(0.9490‘.9.’ 1.54 meqg), thiophenol célourles-s’ N
liquid (0.40 ml, 3.9 meq), sodium hydroxide (0.55'9. 14 meq),”
tricaprylmethylammonium chloride (0.04 ¢, 0.1 meq), 0.5 m
water and 10 ml benzene were rapidly stirred together under
nitrogen at rodm tempefature for 24 hours. The mephitic beige
suspension was then filtelred, and the resjdue washed with HQO.J
(3X), ‘acetone (1X), CHoCls (1X), CHaOH (2X), a;}d dried under
vacuum overnight to yield 0.8583 g of odourless pale beige.;:—
yellow powder: IR (KBr) peaks absent at 1363 and 1176 em-1 for
tosic ester precursor, and a£ 1630 cm-1 for vin§l'~ side-
product; new peaks present- at 1590 (w, Ar), 1262 (m, CHo-S)
and 737 cm-1 (w, C-S) for sulfide produ_ct.' Anal. Calcd for
(C1oH10).01(CgHg),74{C1gH16S),25 (100% conversion): weight
change, -10.07%. Found: - weight cha}mgé, -9.56%.

<D1174>,
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Experiment 21. (Butanethicethyl)p I'ystyrene'.< From ‘(toluene-
. ‘ . \ . T

'sul‘foxyethyl)polystyréne.. L ¢

v

(TOIUenBSLﬂfaxyethyl)po!yéfyrene {C1oH10).01(CgHg). 74~

(C17H18S03). 25 (0.50 g, 0.81 meq), anhydrous potassium

carbonate '(0..33' g, 2.4 meq), hexadecyltrlbuty?phosphonlum'

bromide (0.077 g, 0.15 meq) and butanethiol (0.22 ml, 2;1 meq)
were rapidly stirred in 5 ml toluene under nitrogen at\ reflux
fOf-SO hours. The mephitic ite suspension was then filtered,
and the residue washed -Hy0 (SX),.MEK (1X), CHaCl2 (1X), CH3zOH

(2X), and ‘dried under vacuum overnight to yield 0.44 g of

'oddurless.white powd™r: IR (KBr) peaks absent at 1363 and 1176,

cm-1 for tosic ester precursor, and at 1630 cm-1 for vinyl
side-product; new peak preseﬁt at 2853 cm"‘-'(‘w,. alky! C-H) for
sulfide product. Anal. Célcd for (CioH10).01(CgHg).74-
(C14H208).25 (100% conversion): S, 6.01%. Found: S, 5.76%%

-

<D904>.

Experiment 22. {Oxydiphenylphosphinethyl)polystyrene. From

(toluenesulfoxyethyl)}polystyrene.

Chlorodiphenylphosphine pale vyellow liquid (0.40 mi, 2.2

meq) and 25% !ithium powder in mineral ol (0.092 g, 3.3 meq)

.were stirred In 5 ml anhydrous _tetrahydrofuran untit the

- ]

vigorous reaction had subsided. The red solution was then

decanted through a -double-ended needle onto (toluene-

sulfoxyethyl)polystyrene (C10H10).01(CgHg),79(C17H18503)},20
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(0.50 g, 0.69 meq), and the mixture stirred under argon 4t

‘room temperature for 15 hours, then at 600C for one hour

before recelving anhydrous dimethylsulfoxide (0.5 ml, 7.0
meq). After further 'stlrrl,ng for 30 hours the red lsuspenslon
was coocled, quenched with ethanol and ftlfered. and tﬁe
residue washed with acetone (1X), Ho0 (3X), MEK (_.1X). benzene
(1X), CH3OH (3X), anA dried'und—é’r’vac’uum overnight, vielding
0.51 :g of -pale beige po_wd'er: IR (KBr) peaks absent at 1363
cm-1 for tosic ester pregursor, and at 569 (ArSOg“) and 1630
cm-1 (C=C) for quaternization and elimindtion side-products
respectively; pc;:aks present at 1585 (w, Ar), 1435 (m, P-Ar)
and 1188 cm-1 (P;O) for b)lfridinium tosylate product. Anal.
Calcd for (C10H10)_61(CgHg)_'{g(ngHg‘]PO).go (100% cqnversi;n‘):
P, 4.13%. Four;d: P, 5.24%. Repeating the reaction at room
temperature in hexamethylphogphoramidg/THF I;nder argon for 8
hours, foIIowed’ by” air ‘for- 8 hours, gave a polymer with
identical IR spectrum, \ oo
<D1046, D1060>.

(— "\

Experiment 53. (N-pyridinium)polystyrene tosylate. - From

(toluenesulfoxyethyl)polystyrene.

(Toluenesulfoxyethyl)polystyrene (C1oH10).01(CgHg}.74-
(C17H18S03),%4 (0.51 g, 0.83 meq) and dry pyridine (2.0 ml, 25

meq) were reflu7ed in 7 ml toluene under nitrogen for 14

hours. The beige suspension was then filtered, and the residue .

washed with Hp0 (3X), MEK (1X), CHoCla (1X), CHOH (2X), and

84



t

g dried under vacuum overnight, yielding 0.58 g ot yellow-beige
powder: IR (KBr) peaks absent at 1363 and 1176 cm=1 for tosic

ester precursor; peaks present at 1633 (m, pyr), 1582 (w,

pyr), 1196 (s, SO3-), 1012 (s, SO3~), 682 (m, pyr*) and 569

em~1 (m, ArSO3-) for: pyridinium tosylate product (Figure 3).
<D916>, - ' -

—

Experiment 24. (N-pyridinium)polystyrene tosylate, .chloride.

From (hydroxyethy!)polystyrene.

(Hydroxyethyl)polystyrene (C10H10)_0'1(CBHB)_75(C10H126)_24
(4.99 q, 10.4 meq) and toluenesulfonyl <chloridé (5.0-g, 26

meq} were suspended in dry pyridine (60 mi, 700 meq) chilled"

in an ice bath to 09C under nitrogen. The mixture was allowed
to warm to room temperature over 4 hours, then refluxed for 2

hours, then cooled and filtered, and the residue washed with

Ho0 (3X), MEK (1X), CHaClp (1X), CHzOH (1X), Ets0 (1X), and

dried .under vacuum ovefnight, yielding 6.72 g of a peach-.
coloured powder: IR (KBr) peaks absent at 1046 cm -1 for
alcohol precursor, at 1363 and 1176 cm-! for tosyl ester
intermediate, and at 1245 and 657 cm -1 for chloro side-
product; peaks present at 1633 {(m, pyr), 1582 (w; pyr+}, 1196
(s, SO3-), 1123 (s, SOz-), 1034 (s, SO3-), 1012 (s, SO3-), €82
(m, pyrt) a‘nd 569 cm-1 (m, ArS03-) for pyridinium tosylate
product (Figure 3). The product was then washed with 12N
HCI/HoQ (1X), HCI/HoO:THF 1:1 (1X), HCI/Ho0:THF 1:4 (1X), H20

(3X), MEK (1X}, CHzClp (1X), CHaOH (1X), Et20 (1X), hexane

L
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Figure 3. FTIR spectra of polymer-bound heterocycles.
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(3><),' MEK, (1X), CHaClp (1X), CH3zOH (1X), Eta0 (1X), . hexane
.(IX),' and driéd under valcuu'm over'night, yielding 5.99 g of
"beige powder: IR (KE\Sr) peaks absent at 1196, 1123, 1034, 1012
and 569 cm-! for tosylate anion; peaks still present at. 1633,
1582 and 682 cm-! for pygidinium nucleus (Figure 3). Anal.
Caled for (C1oH10).01(CgHg),75(C15H16NCl) 24 (for 100%
conversion): Cl, 6.15..Found: Cl, 6.19. ’

<Db833, D834>, ‘ ' -

)

Experiment 25. (2-Methylpyridinium-N-ethyl}polystyrene tosyla-
¥

te. From (toluenesuIfbnyloxyethyl)po!ysty rene.

(Toluenesulfoxethyl)polystyrene {CioH10).01(CgHg},79-
(C1oH120) .20 (0.46 g, 0.63 meq) was suspﬁnded in pure 2-
‘methyl-pyridine (5 ml, 50 meg), and stirred under nitrogen ‘at
909C. for 14 hours. The brown suspension was filtered and
Washed acetone (2X), Ha0 (3X), MEK (1X), CHoClp (1X), CH3OH

(2X), and dried under vacuum overnight, yielding 0.50 g of

pale brown: powder: IR (KBr) peaks absent at 1363 and 1176 cm™}

for tosic ester precursor; peaks present at 1651 (m, Me-pyr)','
1581 (w, pyr*), 1199 (s, SO3-), 1120 (s, SO3-), 1034 (s, SO3-
), 1012 (s, SO3-), 680 (m, pyr*) and 570 cm_qy(m, ArSO3-) for
pyridinium tosylate produc't.

<D1072>, § T



Experiment 26. (2-Methylpyridinium-N-ethyl)polystyrene tosyla-

te. Attempt from (hydroxyethyl)polystyréne.

(H:{r'droxyethyl)”polyst.yrene. (C10H10).01(CgHg) 79{C10H120),20
(0.51 g, 0.9.0 meq) and toluenesulfonyl chloride (0.94 g, 4.9
meq) were stirred together In ;)ure 2-methylpyridine (5 ml, S50
meq) under nitrogen at.90°C for 14 hours. The black suspension
was then filtered, and: the residué washed with acetone (3X),
HO (3X), MEK (1X), CHpClo (1X),\ CH30H (2X), and dried under
vacuum o'vernight, vielding 0.76 g of b‘lack! powder.: AR (KBr)
spectrum simi!a_r to that from Experim?nt 25, but with an extra

small peak at 1155 cm~! (SO2).

-~ <D1070>.

Experiment 27. (2-ChloropyridiniumJN—ethyl)poIystyrene iodide.

Attempts from (iodoethyl)polystyrene.

(lodoethyl)polystyrene (C10H10).01(CgHg).70{C10H111).29
(14.4 g, 28 meq) was stirred in dry 2-chloropyridine (150 ml,
1.6 mol) under nitrogen at 95°C for 48 ho;;s._ The golden brown
suspension‘ was then filtered (2-chlorop}ridine was recovered
by distilting the filtrate), and the residue washed with dry
benzene (3X), then dry ether (2X), and dried under vacuum
overnight to yie;ld 16.0 g of brown powder: IR (KBr) pea'k.s'
absent at 1245 and 1168 cm-! for iodo precursor; peaks present

at 1659 (m, pyr*), 1539 (w, pyr*), 1159 (m, CHp-N) and 690

em-Y-(w, pyr*) for pyridintum product, but also at 1245 (w,
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CH-Cl) and 657 cm-' (w, -.C-Cl) for chloro side- product. Anal.
Calcd for .- (C1oH10).01(CgHg), 70(015H15N12) 145(C1oH110|) 145

(50% cbnversion to .iodopyridinium -iodide, “and the remalnder td
[

chloro) N, 1,23% total halogen, 2.63 meq/g; weight change, ..

+11.059’?. Found: N, 1.23; total halogen, 2.56 meq{g: weight
change, +11,11%. The reaction was repeated for longer periods
(see Table 1), eventually giving.. on a 7 g scale of Df=.21
starting polymer', a very dark bTrown powder without -CHaCl
peaks in ‘its ‘FTIR  spectrum. Anal. Calcd for (CyigHtg).01-
(CgHg).78(C15H1SNICI) 29t N, 1.83; total halogen, 2.62 meqg/g.
Found: N, 1.76; total halogen, 2.68 meq/g. .

<D353, D699, D394, D357, D369>.

Experiment 28. (2-pyridinon-N-ethyl)polystyrene. Attempts from .

(bromoethyl)polystyrene with 2-alkoxypyridines.

(Bromoethyl)polystyrene (C10M10).01(CaHg).73(C10H1 1Br). 26
(0.76 g, 1.5 meq) was suspended in ‘an excess of dry 2-
methoxypyridine (5 ml, 50 meq) and gently stirred wunder
nitrogen at 1209C for 15 hours. The red-bro‘wn suspensionh,_was
filtered, and the residue washed 3 X CHpCla, Hz0 (3X), MEK
(1X), CHoClo (1X), CH30H (2X), and. vacuum-dried overnight,
yielding 0.82 g of beige powder: IR .(KBr) peak stil! present
at 126%_ em~1  for starting bromide; new peaks at 1663 (s,
pyr=0) and 1593 cm-! (m, pyr) for product pyridinone (N-
methyt-2-pyridinone (Nujol) reported 1665 and 1595 cm";180 a

medium peak at 1538 cm-¥ éhrank with more “washing of polymer

v
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in aqueous base, and can thus be at least partly attributed to

[

2-methoxypyridinium Imtermediate. Anal. ‘Cafcd tor (CigH10).01-
(CgHg),73(C10H11Br),05(C16H18NOBr), 15(C15H1sNO) .06 . (B1%
quaternlization, followed by 40% hydrolysis): N, 1.97; Br,
10.69. Found: N, 1.98; Br, 10.47. Another reaction of Df=.25
polgfmer. with 10% 2-ethoxypyridine in tetramethylenesulfone at
1200(; for 1; fmours, ga\;:a product with simifar IR, Anal,
Caled for” (C10H10).01(CaHg).74(C10H1 181 ), 17(C16H18NOBT) 02~
(C15H15N0).dg (32%  quaternization, followed by 75%

<D873, D1024>, ‘ e

-~

Experiment 29. (2-pyridinon-N-ethyl)polystyrene. Attempt from
{(pyridinium-N-ethyl}polystyrene chloride. e
. ‘ ,

To a bright yellow suspension of '(pyridinium-N-ethyl)poly-
styrene chloride (Cq1gH10).01(CgHg),75(C1sH16NCI) 24 (0.50 g,
0.86 meq) and potassium ferricyanide (0.50 g, 1.52 meg) in a
mixtur‘é of 3.4 ml water and 6 ml! dimethylsulfoxide was added,
dropwise over. 3 hours lee stirring' u'nder nitrogen at 0°C, a
solution of 50% NaOH/H20 (1 ml, 20 meq). After stirring at 00C
for a further 16 hours, the dark brov\’m suspension {with white
precipitate) was filtered, and the residue washed with H20

(3X), " MEK (1X), CHaCly (1X), CHzOH (2X), and dried under

- vacuum overnight, yilelding 0.47 ¢ of red-brown powder: IR

{KBr) peaks absent at 1633, 1582 and 682 cm- | for'pyridinium

precursor, and at 2050 for cyano intermediate and byproduct;

hydrolysis); N, 0.83; Br, 11.29. Found: N, 0.85; Br, 11.26,

90
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peaks present at 1662 (C=0) and 1593 (m, pyr) for product; the
. . -

~ 't
remainder of' the spectrum dlsplayed some small irregularities

[y

not seen in polymer prepared by the previous method (Flgur.é

. , . .
'3). Anal. Calcd for (CygH10).01(CgHg),75(C15H15NO),24 (100%

converéion): N, 2.52. Found: N, 2.34, Similar reactions in

water, methanol, or benzene (with & - without phase—tra;nsfér
catalyst). gave (by FTIR) IittIe:_ or no pyridinone product.
Darkening was no less with botassium carbonate or fluoride as
base. |

<D790, D860>.

gl

Experiment 30, (4-pyridinon-N-ethyl)polystyrene. From

(haloethyl)polystyrene with 4-trimethylsiloxypyridine.

(Chloroethyl)polystyrene  (C1oH10),01(CgHg).74(C1gH11C!), 25
(2.034 g, 3.05 meq) and anhydrous sodium iodide (1.01 g, 6.7
meq) were suspended in 15 ml dry N-methyl-pyrrolidinone, then

freshly-prepared44 clear and colourless trimethylsiloxypyri-

.. dine (1.0 ml, 6 meq) was in)ected, and the mixture heated to

1050C and stirred for 20 hours under nitrogen. The red-brown

suspension was then filtered, and the residue washed HpO (3X),

HoO:pyridine 4:1 (1X), HsO (3X), acetone (1X), CHoCis (1X},.

CH3OH (2X), and dried under vacuum overnight, yi¢lding 2.282 ¢

of pale brown powder: IR (KBr) peaks absent at 1345 and 1236

cem-1 for alkyl chloride or {odide precursor; peals present at
1639 (s, pyr), 1582 (m, pyr=0) and 1189 cm~1 (m| C-N) for 4-

pyridinone product (figure 3). Anal. Calcd (C10H10).01-

-
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(CgHg)_ 74(C15H15NO} 25 (100% conversion to pyridinone): N,
’ [ 4

2.60; weight change, +2.59%. Found: N, 2.37; weight):hange,

+2.59. 1 ‘

.
<D1140>.

Experiment 31. (4-pyridinon-N-ethyl)polystyrene, Attempt from

(haloethyl)polystyrene with 4-dimethylaminopyridine,

(Chioroethyi)polystyrqne  (C1oH10),01(CgHg).79(C10H11C1), 20
(0.27 g, 0.46 meq), anhydrous sodium iodide (0.12 g, 0.80 meq)
and 4-dimethylaminopyridine white crystals (0.080 g, 0.65 meq)
were 'stirred in a mixture of 2 rr‘ﬂ"éiry tolueqll% and 1 ml l_\l-
methylpyrro[i_dlnone at _110°C under nitrogen fo} 24 hours. The
red-brown suspension was-then filtered, and the residue washed

N
with acetone (3X), water (3X), acetone (1X), CHsClo (1X),

'CH30H (2X), and dried under vacuum overnight, yielding 0.38 g

of beige powder: IR (KBr) peaks absent at 1245 and 1236 cm-
for chloro precursor or Jjodo active intermediate; p?aks
preser‘i‘t at 1650 (s, pyr), 1567 {m, pyr-N) and 1176 cm'ﬂ' fo::
aminopyridinium product. A qualitative halogen test\\with_
sllve; nitrate showed presence of much fonic halide. The same
reaction without sodium iodide gave recovered starting
polymer. Another compound, prepared from (toluene-
sulfoxyethyi)polystyrene, showed strong peaks at 1196, 1012
and 569 cm-1 for tosylate anjon. Treatment of this polymer

with 50% NaOH/HpO at 100°C for 8 hburs gave an extremely dark

brown‘ powder ‘'of FTIR spectrum with very weak peaks or
\‘>
S
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shoulders at 1653, 1612 and 569 cm~! for residual pyridinium
tosytate precursor; otﬁerwise similar to that of (4-—pyrld|ngn;
N-ethyl)polystxréne from the previous experiment, with peaks
present at 1640 (s, pyr), 1582 (m, pyr=0) and 1‘189 em-1 (m, C-
N) for product. The darkening was no less upon hydrolysis at
lower témperatures, or with the addition of acetate, benzoate,
methano!, diisopropylamine, 'or pl\ase_-transfer catalyst to .the
reaction r;nlxture. |

<D1122, D1116, D1111>,

Experiment 32. (Pyrrolidin-N-ethyl)polystyrene. Attempts from

(toluenesulfoxyethyl)polystyrene in dimethylsulfoxide and

dimethylformamide,

(Toluenesutfoxyethyl)polystyrene (C10H10).01{CgHg)}.74-

{C17H18503}.95 (0.19 g, 0.32 meq), dry pyrrolidine (0.050 mi,

0.60 meq), and potassiusn phosphate tribasic (0.10 g, 0.47 meq)
and dibasic (0.053 g, 0.30 meq) were_suspended in 2 ﬁl
dimethylsulfoxidel and stirred under nitrogen at room
temB‘érature for 1'6 hour.s. then at 40&3 for 24 hours. The beige

suspension was then filtered, and the residue washed acetone

(1X), HoO (3X), MEK (1X), CHaCla (1X), 1 X CH3OH, and dried

under vacuum overnight, yielding 0.17 g 6j pale beige powder:‘

IR (KBr) peaks absent at 1363 and 1176 cm-! for toslc ester
precursor; faint peaks or shoulders present, not seen by other
procedures (Experiment 33 & 34), present at 1632 (C=C), 1201

(w, SO3-) and 552 cm-! (w, SO3-) for traces of quaternization

93



and elimination side-products:—eeak present at 2784 (m, CHo-N}
and 1154 (w, C-N) for product amine. Anal, (» Caled for
(C1oH10),03(CaHg),74{C14H1gN) 23 (92% converslon to tertiary

amine, 8% to olefin): N, 2.,53. Found: N, 2.55. The reaction

94

was repeated with potassium carbonate in dimethylformamide on. __

a polymer of Df=0.29, giving a produc} of similar FTIR, but.
with impurities less pronov.;nced. Anal. Calcd for {CygH10).03-
(CgHa) 70(C14H19N} 27 (93% conversion to tertlary amine, 7% to
olefin): N, 2.88. Found: N, 2\85 o '
<D968, D995>. o

f
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Experiment _33.“\LPyr roIidin-N-ethyI)polysty rene. From (toluene-

sulfoxyethyl)polystyrene in pyridine.

(Toluenesulfoxyethyl)polystyrene (CigH1g),01(CsHsg).70-
(C17H18503) .29 (0.19 g, 0.34 meq), dry pyrrolidine {0.032 mi,
0.38 meq) and anhydrous ‘potassium carbonate (0.050 g, 0.36
meq) were stirred in 2 ml dry pyridine under nitrogen at room
temperature for 2 hours, then slowly warmed to reflux over 5

hours. The red-orange suspension was filtered, and the residue

washed Hp0 (3X), MEK (1X), CHoClp (1X), 1 X Eto0, and dried

under vacuum overnight to yield 0.17 g of yellow-beige powder:

IR (KBr) peaks absent at 1363 and 1176 cm-1 for tosic ester

1196, 1123, 1034, 1012, 682 and 569 cm-for tosylate, and 1632

cm-1 for olefin side-products; peék present at 2784 cm-! (CHo -

N} for product. Anal. Caled for (C1gH10).01(CgHg).70-

' precursor, and at 1633, 1582 and 682 cm-! for pyridinium,

———



(C14H19N).29: N, 3.06. Found: N, 2.98.

<D992>, i

g

Experiment 34. (Pyrrolidin-N-ethyl}polystyrene, From

(hydroxyethyl)polystyrene.

(Hydroxyeﬁhyi)'polystyrene (C10H10).01{(CgHg),75(C10H120) 24
(1.017 g, 2.1 meq)} and t»oluene'sulfonyl chloride (1.00 g. 5.2
meq) were ‘stlrred in dry pyridine (10 ml, 120 meq) under
nitrogen at 09C fotl'. 23 hours. Dry pyrrdﬁdine (2.00 ml, 24

meq) was then added, and the red-orange 'suspension was stirred

. for a further 45 hours, then slowly heated and refluxed for 4

hours. The mixture was then filteied,” and the residue washed
with MEK (1X), CH3OH (1X), HO (3X), 20% 'NaOH/HpO:ethanol 1:5
(1X), Hz0 (3X), EtOH (1X), MEK (1X}, CHaCla (1X), CHaOH (2X),
then dried under vacuum overnight, yielding 1.12 g pale beige
powder; IR (KBr) identical to that from previous experlmént,_
including peak absent at 1046 cm-! for alcoho! precursor.
Anal. Caled for (010H10)_01(CBHS)_75(C14H190)_24l (100%
conversion to amine): N, 2,63, Found: N, 2.69. In another
experiment, in which the pyrldlne-toluenesulfopyl chlortde

mixture was stlr‘red for only 4 hours before receiving

pyrrolidine, FTIR Indicated a small remnant of hydroxy

functional groups. Another experiment, performed [n excess__

pyrrolidine as solvent, showed no reaction whatsoever by FTIR
even after reflux (no peak at 2784 cm-1).

<D825, D824, D818>.
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Experiment 35. (Pyrrolidin-N-egthyl)polystyrene. - Attempt : from

(pyridinium-N-ethyl)}polystyrene tosylate.

(Pyridintum-N-ethyl)polystyrene tosylate (C10H10).01-

(CgHg).65(CopHo3NSO3) 34 (0.50 g, 0.86 meq) and dry

pyrrolidine (0.48 g, 6.7 meq) were stirred in,5 ml dry pyri-_

dine ,at 1150C under nitrogen reflux for 24 hours. Thé
initlallg} bright yellow suspension quickly turned ‘dark red-
brown, then eventually btack; it was filtered, .and the residue
washed with HoO (3X), MEK (1X), lCHgClg (1X), CHaOH (2X), and
dried under vacuum _overnight, yieldin‘g 6.41 g of very dark
‘chocolate-brown powcller: IR (KBr)‘\“Qeaks still present at 1633,
11582 and 682 cm-1! for pyridinium, and' 1196, 1033, 1012 and 568
cm-1 for tosylate; strange weak to medium peaks preéent at
-i64 1624, 1351 and 1220 cm~1 for 'ring-openiﬁg & decompo-
slt,izn side-products; peak at 2794 cm-1  (w, CHo-N) due to
pyr(olidinyt; but not attached in the same way as in the

y

previous experiment.

- <D1041>,

—

Experiment 36. (N,N-Diisopropylcarbamomethyl)polystyrene. From °

(carboxymethyl)polystyrene,

(Carboxymethy!)polystyrene (CigH10),01(CgHs),70(C10H1002).29
(0.46 g, 1.1 meq) and toluenesulfonyl chloride (0.68 g, 3.6
meq) were suspended in an excess of dry diisopropylamine (5

ml, 36 meq). After the initial exothermic reaction, the

e
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suspension was heated to 1059C, and stirred under nitrogen
reflux for 18 hours. The pale b:_rown suspension was filtered,
and the residue washed 2 X acgtone, Ho0 (3X), MEK (1X), CHxClo
(1X), 1 X:CH30H, and dried under vacuum overnight, yielding
' 0.55 g of pale brown powder: IR (KBr) peak absent at 1160 and
1294 cm-1! for carboxy! precursor, and at 664 and 555 cm-1 for

tosic anhydride intermediate; peaks present at 2964 (w, CH3),

1541 (s, C=0), 1370 (m, CHg), 1336 (m, CH3) and 1127 cm-! (w,

- C-N) for product amide. Anal. Caled for (C1gH10),01(CgHg), 70~

| (C16H23NO), 29 (100% conversion_qtc; amide): N, 2.79. Four;d: N, |
| 2.72.

<D893>.

Experiment 37. (N,N-Diisopropylaminoethyl)polystyrene. Attempt

from (N,N-Diisopropylcarbamomethyl}polystyrene.

(N,N'—Diisopropylcarbamomethyl)polystyrene (CioH10).01-
(CgHg),70(C16H23NO) og  (0.50 g, 0.99 meq) and 10M _,_,-I
borane/dimethylsulfide (0.30 ml, 3 meq BH3) were gently
refluxed in anhydrous THF under nitrogen f\g‘r 30 hours. The
pale yellow-green suspension was filtered, and the residue
washed with 10% NaOH/H20 (1X), H20 (2X), .acetone (1X}), H20
(1X), 10% NaOH/HP0O (1X), HoO (3X}, MEK (1X), CHaClz (1X),
CH3zOH (1X), and dried undeAr Qacuum overnight, vielding 0.48 g
of pale beige powder: IR (KBr) peak absernt at 164t cm-1 for
starting amide, and at 1730 cm~1 for aldehyde side-product;

peak present at 1046 cm-! (w, CHy-OH) for alcohol side-



product, and at 2964 (w, CHgz), 1382 (m, CH3) and 1118 em~1 (s,
CHg-N) for product amine., Anal. Calcd for (C1bH10)_01-
(CgHg).70({C10H120),04(C16H25N) 25 (86% conversion to tertiary
amine, 14% to alcoho!): N, 2.54. Found: N, 2.54.

<D896>.

Experiment 38. (N,N-Diisopropylaminoethyl)polystyr'é_ne. Attem-

#pts from (toluenesulfoxyethy!)poiys_tyrene.

(Toluenesulfoxyethyl)polystyrene (C10H10)_01(03H3)_73-’
(C17H18503),26 (0.49 gr 0.79 meq) and dry diisopropylamine
(0.5 ml, 4 meq) were he.ated together in dry tetramethylene-
sulphone at 85°C for 30 hours. The pale. orange-brown
suspension was then filtered, and the residue washed with HyO
(3X), acetone (1X), CHoClp (1X), CH3OH (2X), and dried under
vacuum overnight, yi.eldlng 0.48 g of pale beige powder: IR
{KBr) peaks present ag,1363 and 1176_ cm-1 for tosic ester

precursor; peaks absent at 2965 and 1118 em-1 for amine

product. The same reaction was performed in N-methylpyrrotli- -

dinone at B859C for 40 hours: !R (KBr) peaks much smaller at
1363 and 1176 cm~1 for tosic ester precursor; very weak peaks
present at 2965 and 1118 cm-1 for amine product, but also at
1620 (w, C=C) and 1736 cm~1 (m, C=0) for elimination and
solvent alkylation respectively. The same reaction with
toluenesulfonic’ acid added (0;05 g, 0.3 meq) gave a product
with very strong FTIR peak at. 1700 cm-1 for -COOH of alkylated

solvent, and none at 2965 em~1 for dilsopropylamine product. A

28



reaction of tosylated polymer (0,28 g, 0.39 meq) with 2-pyri-
dinone (0.068 g, 0.72 meq), c.hlorotrlmethylsilane (0.10 ml,
0.78 meq), and diisopropylamine (0.20 mi, 1.4 meq) in N-
methylpyrrolidinone at 1109C for 26 hours showed FTIR peaks
absent at 1363 and 1176 em-! for tosic ester precursor; peaks
present at 2965 and 1118 cm-! strongerithan reaction in N-
methylpyrrolidinone alone, but peaks also present at 1621 (w,
C=C) and 1245 cm-1 (w, CHp-Cl) for for elimination and
chlorination side-products respectively.
<D1159, D1147, D1135, D1090>.

5

Experinién_t 39. (Imidazol-N-ethyl)polystyrene. From (toluene-

sulfoxyethyl)polystyrene,. *

Sodium hydride (9.23 g, ‘1_0‘meq) was suspended in 15 ml dry
dimethylformamidek at 109C wunder nitrogen, then anhydrous
crystalline irnidazolge.‘ (0.72 g, 11 meq) in 5 ml dry DMF was
a'ldded by drops over 20 minutes. After effervescence h_f.;d
subsided, - (toluenesulfoxyethy!)polystyrene (C1oH10).01-
(CgHg),70(C17H18503),29 (1.898 g, 3.4 meq) was added by powder
dror:vping funnel over 15 minuteé, then the mixture was gently
stirred at 109C under nitrogen for 16 hours, The pale red-
_brown';‘suspenslon was then filtered, and the residue washed
with iHQO (3X), MEK (1X), CHoClo (1X), CHa0H (2X), then dried
under vacuum overnight, yielding 1.546 g of pale beige po.wder:

IR (KBr) peaks absent at 1363 and 1176 cm-1 for tosic ester

precursor, at 1630 p-1 for elimination and at 1375
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(RpImz+),258 1196, 1123, 1034, 101£and 569 cm"1 for quaterni-
zation side-products; peaks present at 3':1'05 (w, llm_zf-l'H),"ISdS
(m, Imz), 1284 (m, Imz-H), 1231 (m, Imz), 1108 (m,  Imz-H),
1076 -(m, Imz), 905 (m, Imz), 663 (s,lﬁi) and 624 (w,lnu)ffor
Imidazole259 product (Figure 3). Anal. Calcd for (C10H],Q);0-1—
(CgHg),70{C13H14N2) 29 (100% conversion): N, 6.1'7‘;‘7"‘weigh\t
change, -18.66. Found: .N, 5.87; welght change, '~18.51. In
another experime‘nt,’ sodium imidazolide was formed with sodium
" metal in tetrahydrofuran, and reacted with (toluene-
suifoxy.ethyl)polystyrene in cold pyridine, to give a product

with identical IR (Figure 3). Attempts (with sodium hydride or

potassium hydroxide) to form Imidazolide in situ with.

tosylated polymer resulted in detectable (FTIR) elimination.

<DY83, D1075, D948, D1058>,

Experiment 40. (Imlda‘iol—N—ethyl)polxstyrene. From (hydroxy-

ethy!l)polystyrene.

(Hydroxyethyl)polystyrene (CygH10).01(CgHg),75(C10H120),24
(0.97 g, 2.0 meq) and'toluer;esulfoqy_l chloride (1.00 g, 5.2
meq) were stirred in 10 m! dry pyridine under nitrogen at 0CC
for 16 hours. A white suspension of excess sodium imidazolide,

prepared by stirring anhydrous crystalline imidazole (1.50 g,

22 meq) with sodium metal (0.39 g, 17 meq) In anhydrous.

tetrahydrofuran for 18 uTs,)was then decanted from unreacted

sodium (about 0. nto the red-orange polymer

suspension, which became yellow.'After stirring for a further
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2 hou!'s at r'oom temperature, the mixture was warmed over 1
hour to reflux, then cooled, and the green-brown suspenslon
was filtered and washed with Hp0O (1X)}, 20%NaG-i/H20 EtOH 1:2
(1X), HoO (3X), MEK {(1X), CHaClo (1X), and CHzOH (2X), then
dried under vacuum overnight to yield 1.09 g of pale brown
powder: IR (KBr) spectrum identical to thét from pr‘evlous

experiment. Anal. Calcd for (C10H10),01(CgHg),75(C13H14N2) 24
(100% conversion): N, 5.29. Found: N, 5.15.

Kl

<D823>.

Exper iment 41, (N-(4—pyridin)-N-methyl-arhinoethyl)poly styrene.

Attempts from (toluenesulfoxyethyl)polystyrene and others.

N-Methylaminopyridine (1.08 g, 10 meq) was suspended with
sodium hydride (0.23 g, 9.6 meq) in 15 ml dry dimethyi-
Iformamide at 79C under nitrogen. After stirring for 17 hours,
slow effervescence had completely subsided, and (toluene-
sulfoxyethyl)polystyrene (C1oH10).01(CgHg).70(C17H18S03),29
'(1.936 g, 3.5 meq) was then added from 'a powderdropping
funnel. After stirring for a further 20 -h:ours, the dark red-
brown suspensionlwas filtered, and the residue washed with H0
(3X), MEK (1X), CHsClp (1X), CHzOH (2X), then dried under
vacuum overnight, yielding 1.361 g of pale yellow-white
powder: IR (KBr) peaks absent at 1363 and 1176 em-1 for tosic
ester precursor, and at 1663 cm-1 for pyridinone slde-'product;
peaks very weak or absent at 1230 and 800 cm-1 (see Part tll)

for dialkylaminopyridine functional group, but substantial at

-
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1629 cm-! (CzC) for vinyl slde-product. Apal. Calecd for

.(C1oH1o).28(CgH3),'(o(C15H18N2).02 (7% conversion to dialkyl-

'amlnopyridtne. 93% to olefin): weight change, -29.51. Fou.nd:
-29.67. étﬁer reactions with (chloroethyi)polystyrene and
{lodoethyl)polystyrene gave similar ‘results‘| bd'nflrmeq by' very
low or negliglbu‘a nitrogen content. Reactiqns in THF, in
benzene/Ho0 with phase-transfer catalyst, or in the absence of
base, gave significant FTIR absorbtion at 1665 cm-1 for ring-
alkylated products.

<D984>. .-
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Experiment 42, (N-(4-pyridin)-N-methyl-carbamomethyl)polysty- .

rene. From {carboxymethyl)polystyrene.

(Carboxymethyl)polystyrene (C10H10).(:11(CQHB).YO(C1O’T‘1002).29
(0.51 /g, 1.2 meq), N-—methylamlnopyridi"\ne'(0.22"9, 2.0 meq),
dicyélohexylcarbodiimide (0.46 g, 2.2 meq) and dimethy |-
émlnopyridlne (0.02 g, 0.2 meq) were stirred in 5 ml dry THF
under nitrogen at rocom tempefature for 26 hours. The very pale
yellow beige suspension was filtered, and the residue washed
wih MEK (1X), CHsCls (1X), methanol (2X) and dry ether (2X),
then dried under vacuum overnight: IR (KBr) very small

shoulder remains at 1710 cm-1 for carboxy precursor; peak

present at 1671 (s, C=0) and 1587 cm~1 (s, pyr) for amide

product. Similar reactions with toluenesulfonyl chloride were
incomplete after 130 hours reflux; treatment with thionyl

chloride followed by N-methylaminopyridine gave a black solid.

i



<0990>,

Experiment 43. (N-(4-pyridin)-N-methyl-aminoethyl)polystyrene.

Attempt  from (N-(4-pyridin)-N-methyl‘-c‘arbamomethyl)polysty-
(N~(4-Pyridin)-N-methyl-carbamomethyl)polystyrene (C10H16)_01—
(CgHg).70({C16H16N20), 29 (0.49 g, 0.97 meq) was suspended in 5
ml anhycri;rous THF under nitrogen, then 10M BHg/dimethylsulfide
(0.50 ml, 5.0 meq) was slowly Injec‘ted., and the mixture
refluxed for 25 hours. The white suspension was then quenched
with methanol and filtered, and the r.esi'due washed with 10%
NaOH/Ho0 (1X), Hp0O (3X), MEK {1X), CHoClo .(1X), CHgzOH (2X),
then dried under vacuum ovefnight to vyield 0.48 g of white
powder: IR (KBr) peaks absent at 1671 and 1587 cm-! for amide
precursor, and at 173M6 em-1 for aldehyde and alcohol
side-products, but also at 1595 cm-1 for dialkylaminopyridine
product (see Part Ill); peaks '.'present at 1636 cm-1 (s, C=0)
and 1399 cm-1 (w, C-0) for carboxylate side-product.

<D991, DN39B>,

Experiment =~ 44, (Pyrrolidlnon-N—ethyl)polysty‘rene.‘ From

(tdluenesulfoxyethyI)polystyrene.

(Toluenesulfokyethyl)po!ystyrene (C1oH10).01(CgHg),794-

(C17H18503)_. 196 (0.31 g, 0.42 meq), powdered potassium
b

hydroxide (0.11 g, 2.0 meq) and dry pyrrolidinone (0.050 ml,

0.66 meq) were stirred in 4 ml dry dimethylsulfoxide under
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nitrogen at room temperature for 3 hbufrs. then at $00C for 23
/hours. The beige-brown "sﬁspen'slon was then was jd with Ifig-(-)
" (3X), MEK (1X), CHaCla ({1X), ngOH (2xX), t en drled under
vacuum overnight to glve" 0.26 g of pale"yeHow-beige powder:

IR (KBr) peak absent at 1176 em-1 for tosic ester precursor,

and at 1636 cm-1 for ring-opened carboxylate side-product;

peak pre:s'ent at 1691 om-1 (s, Q:O) for cycIIE: tertiary amide
oroduct (Figure 4). Anal. Calcd for (CigH10)0.01(C8Hg)0.794-
(C14H17NO)0. 196 (100% cbnversion\to amide): N, 2.18. Found: N,
2,06, A simildr experiment was performed without potassihm
hydroxide: IR (KBr) peak present at 1046 em~1 for alcohol
side-product.

R

<D1062, DI0T1>.

Experiment 45, {N-methyl-propionamidoethyl)polystyrene. At-

tempt from (toluenesuifoxyethyl)polystyrene.

(Toluenesulfoxyethyl)polysty rene (CTOH10).01¢(CBHBQ.74-

(C17H18503). 25 (0.3347 g, 0.53 meq), dry N-methy!-propionamide

(0.34 g, 4.7 meq), and powdered potassium hydroxide (0.45 g, 8

meq) were stirred in a mixture of 3 ml dry d—i-rhethylsulfoxide'

"and 0.5 ml hexamethylphosporamide under nitrogen at room
.temperature for 17 hours, then at 500C for 5 hours. The

yellow-brown suspension was then filtered, and the residue

y
washed with water (3X), acetone (1X), CHoClo (1X), CH30H (2X),

then dried under vacuum overnight, yielding 0.2492 g of yellow

powder: IR (KBr) peaks absent at 1363 and 1176 em-1 for tosic
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Figure 4. FTIR spectra of polymer-bound carboxamide,
‘ sulfonamide, imide, carboxyl (via metallation)
and viny!l functiona]ities.
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ester precursor; peaks present at” 1653 cem-1 {w,” C=0) for "anly
small amounts of amide product, and at 1628 cm-1 (w, C=C) for
substantial olefin side-product. Anal. Calcd fFJ {C1oH10).22-
(CgHg),74(C14H1gNO) 04 (16% Eonversion to an:[de. 84% to
olefin): welght change, -25.70. Found: -25.55. Other reactions
using dimethylformamide as - solvent, or spdium hydride or
cesium fluoride as base, or with N-mqthylformamide, N-
methylacetamide or N-methyl-o-toluamide as seco\ndary amide
'substrates,@e compar‘able result;._
<D1137>'D1006, D1134, D1141>. .

@ . : e —

4

i

Experiment 46. (2-pyridinon-I\i-ethy_l)po!ystyrene. Attempts from

_(toluenesuIfoxyethyl)polystyrene-_Mth 2-pyridingclate.,

(Toluenesu‘lfo::_yethyI)polystyrene ' (C|0H10).01(CéH8).79-
(C17|:|13803)_20 (0.32 g, 0.44 meq), 2-pyridinone beige crystals
(0.068 g, 0.72 meq)' and ;'mhydrous potas.siﬁm carbonate (0.23 g,
1.7 meq) were stirred in dry dimethylsutfoxide under nitrogen
at room temperature -for 2 hours, ‘then at 609C fSr 23 hours.

The beige-brown suspension was then filtered, d the residue

washed with water (3X), MEK (1X), CHoClo (1X), CH30H (2X),’

then dried under vacuum o¢vernight to yield 0.30 g of beige

powder: IR (KBr) peaks absent at 1363 and 1176 cm-1 for tosic .

ester precursor, and at 1629 cm-' for. elimination side-
product; peaks present at 1662 (s, C=0) and 1593 cm~1 (m, pyr)
for 2-pyridinone product, but also at 1432 (m, pyr), 1463 (w,

pyr), 1474 (w, pyr), 1570 (w, pyr) and 1540 cm-1 (m, pyr-OR),
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not seen in polymeric 2-—pyr’id'lnpne prepared by ferricyanide
oxidatlon\(Experiment I29). fdr pyridyl ether side-product.
Similar reactions using cesium fluoride or barll;gn_ oxide as
base also gave produc':ts_ contalngng these anomal'c";'t_;f‘s peaks.
Largé Fosic,ester peaks remained. in polymer he'é.‘te_ad with 2-

pyridinone in the absence of base.

4
<D1055, D1081,. D1089>,

Experiment 47. (N-methyl—toIﬁenesulfonam'ldoethyl)polystyrene.

From (toluenesulfoxyethyl)polystyrene.

(Toluenesulfoxyethyl)polysty rene (C1oH10).01 (cha)_‘7g-

 (6T9H18503).20 (0.39 g, 0.53 meq), N-methyi-toluenesulfonamide

The—

(0.14' g, 0.74 meq) and potassium carbonate {0.21 g, 1.5 meq)

were stirred in a mixture o\ 4 ml dry dimethylsulfoxide and

. 0.5 ml hexamethy!phosphoramide under nitrogen at 609C for 22

hours. The pafe brown suspension was then ‘flltered, and the
re;idue washed with acetone (1X), Ha0O (2X), lMEK (1X}, CHoClo
(1X}, CH3OH (2X), then dried under vacuum overnight, yielding
0.38 g of beige-white powder:\ IR (KBr) peaks absent at 1363
and 1176 crn'_'1 for tosic ester precursor, and 1630 cm-1 for
elimination side‘-product; peaks present, at 1344 (s, SO2-N),
1161 (s, SO5-N), 653 (m, ArSOs) and 549 em-1 (m, ArSOp) for
sulfonamide product (FiQEre 4}. Anal. Caléd for (Ci1oHi10).01-
(CeHa).79(C18H21NS02) 20 (100% conversion): N, 1.91; S, 4.37.
Found: N, 1.98; S, 4.80,

<D1056>.
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Experiment

~

\ .
48. (N-Phthal{imido-ethyl)polystyrene. From (tolue-

nesulfoxyethyl)polystyrene.

(Toluenesulfoxyethyl)polystyrene  (Cy1gH10).01(CsHg).70-
(C17H18503),29 (0.200 g, 0.36 meq), phthalimide (0.062 g, 0.42

meq), and anhydrous potassium carbonate (0.057 g, 0.41, meq)

‘were stirred in 2 ml dry dimethyl!formamides under nitrogen at

room temperat-.yrg for 27 hours, then at 68009C for 18 hours. The
ye!low-gree;‘l su‘sp_ension was then filtered, and the res‘idue'
washed with HpO (3X), MEK (1X), CHaCla (1X), CH3OH (2X), and
dried under vacuum overnight, yielding 0.199 g of pale‘ yellow-
beige powder: IR (KBr) peaks absent at 1363 and 1176 cm-1 for
tosic yester precursor, and at 1629 cm-! for olefin side-

product; peaks present at 1774 (w, C=0), 1716 (s, C=0)} and 719

cm-1 (m, Ar-CQ) for phthalimide product (Figure 4). Anal.

Calcd for (CygH10).01(CaHg),70(C1gH15N02) 209 (100% conver-
sion): N, 2.63. Found: N, 2.54,

—— e

Experiment 48, (N-methylaminoethy!)polystyrene. ‘Attempts from

(N-methyl-toluenesulfonamidoethyl)polystyrene.

(N-methyl-toluenesulfonamidoethyl)polystyrene (CigH10).01-
(CBHB)_79£C13H21N802)_29 (0.378 g, 0.65 meq) was added in

portions to a blue mixture of naphthalene (0.63 g, 4.9 g) andM

_ sodium metal (0.094 g, 4.1 meq) in 4 ml anhydrous dimethoxy-

ethane under argon, and the mixture was then stirred at room
N

S~
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temperat;ure for 30 hours. The brown éuspensloh was th'en
filtered, sx"rfd the residue washed with HpO (3X), MEK (iX).
CHoClo (1X)}, CH3OH (2X), then dried under vacuum overnight to
yteld 0.348 g pof pale yellow-green powder: IR (KBr) peaks
" absent at 1344 and 1161 for sulfonamide precursor; peak
present at 279Q em-1 (w, N-CHg) for amine product. Anal. Calcd
for 75 wt% (Cq1oH10).01(CaHs),70(C11H15N), 29 (100% conversion
to secondary amine} + 25 wt% other -insoluble materiat: N,
2.52:> S, 0; weight change, -5.30. Found: N, 2.43; §, 1.05;
weight change, -7.91. Similar reactions were conducted with
Li/di-t-butyl-bipheny!/THF and K/isopropanol: FTI'R showed
cleavage to be incomplete. Sulfonamide peaks disappeared with
refluxing HBr/phean/HgO/O—igOOCH, but the product was dark
brown. Refluxing HCI/HQO/CHQ,OOOH had no effect. |

<D989, D1154, D1056, D1005, D1181>,

Experiment '50. (2—Aminoethyl)polystyr'en'e. From (phthatimido-

ethyt)polystyrene.

(Phthalimidoethyl)polystyrene (CqgH10),01(CgHgl.70(C1gH15-
NO2).2g (0.14 g, 0.26 meq) and 0.1 ml 40% hydrazine/H20 (1.2
meq) were fefluxed together in 2 mt ethanol under nitrogen for
5 hours. The white suspension was then filtered, and the
residue washed with acetone (1X), HoO (3X), 5% NaOH/EtOH (1X},
HaO (3X), EtOH (1X), MEK (1X), CHaClp (1X}, CHgOH (2X), then
dried under vacuum overnight, yielding 0.11 g of white powder:

R (KBr) peaks absent at 1774 and 1716 cm-! for phthalimide

109



precursor:
<D1003>,

o

Experiment 51. (Aminoethyl}polystyrene. Attempt from (tofuene-

sulfoxyethyl)polystyrene with hexamethylenetetramine/hydro-
lysls. |

{Toluenesulfoxyethyl}polystyrene - (C10M10).01(CgHg).74-
(C17H18503) .25 (0.51 g, 0.83 meq) and hexamethylenetetramine
.white crystals (0.25 g, 1.8 meq) were refluxed together in 6
mi carbon t.etrachloride under nitrogen for 22 hours, then
concentrated HCI/HZQ (1 ml, 1.2 meq) in 3 m! ethanol was added
and reflux continued for a further 2 hours. The bright yvellow

suspension was then filtered, and the residue washed with BtOH

(2X), H20 (3X), 5% NaOH/EtOH (1X fast), HO (3X), EtOH (1X),

CHoClo (1X), CHaOH -(1X), EtpC {1X), then dried under vacuum
overnight to yield 0.46 g yellow powder: IR (KBr) peaks
present but less than half the intensity at 1363 and 1176 cm-1
for tosic ester precursor; ?.;").ectrum otherwise similar that

from the other route (Experiment 50).

<D1182>,

- Experiment 52, (Lithium-ethyl)polystyrene. Attempt from {chlo-

., roethyl)polystyrene with lithium di-t-butylbiphenylide.
Di-t-butylbipheny! wés prepared, pu'rified and
characterized as described in the _Ilterature.260 A 0.2 M

solution of !tithium di-t-butytbi'phé:‘m_?l-idé- 216 was prepared by
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stlrrlng a mixture of di-t-butyibiphenyl (1.69 g, 6.3 meq),
fresh-cut lithium rne}tal {0. 0406 g, 5.9 meq) &30 m|
anhydrous tetrahydrofuran with a glass coated magnet under
\argpn at 09C for 3.5 hours. The dark blue solution was then
cooled to. -789C, al.1d (chloroethyl)polys‘%ne (C1oM10).01-
(C3H3L74(C10H11C|L25. {(0.848 g, 1.8 meq) Was added in

portions from a powder dropping funnel under argon over 1

Hour. Stirring was continued for an additional hour before tﬁe‘

blue solution was warmed to room tempe'rature and quenéhed with

’

chlorotrimethylsilane {1.5 ml, 12 meq). After a further 12

hours, the resulting pale orange suspension was filtered, and’

"the residue washed with acetone (2X), HoQO (3X), acetor;e (1X),

CHoClo {1X), CH3OH (2X), and dried under vacuum overnight to

yield 0.823 g ‘of pale beige-brown powdell': IR (KBr) spectrun
wa$ identical to that of starting material. Similar absence of
reaction was noted with radi;-:él anion generated in situ from
lithium and a catalytic amount  of di-t-butylbiphenyl.

<D1158>.

=, '

h

Experiment 53. (Chloromagnesium-ethyl)polystyrene. Attempt

from (chloroethyl)polystyrene with magnesium anthracenide,

Anthracene was recrystallized twice frdm hot ethanol and
dried under vacuum, A suspension of magnesium anthracenide231
was prepared by stirring a mixture of these white crystals
(1.2 g, 6.7 meq), magnesium turnings (0.60 g, 2% meq),

iodomethane (0.37 g, 2.6 meq) and 15 ml anhydrous tetra-
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hydrofuran with a glass-coated magnet under argon at room
temperatur‘e' for 5 days. The thick orange suspension was
decanted from unconsumed magnesmm, filtered ,under argon and
vacuum-dried to yield 0.7164 g of orange powder (1.71 meq of
Mg.Anthr.3THF). This was resuspended in 5 ml anhydrous THF and
rapidly transferred under argon to a flask containing

(chloroethy!)polystyrene (C10H10).01(CaHg). 75(C10H11C!) .24

112

(0.379 g, 0.76 meq). After stirring a further 18 hours with a .~

glass-coated magnet at room temperature under argon, the
yellow-beige polymer was allowed to settle, and the cloudy
veliow supernatant was decanted through a double-ended
syringe. Chlorotrimethylsilane (2.0 m!, - 16 meq) in 15 ml
anhydrolus tetrahydrofurhn was then adéed and the mixture was
stirred under argon at 509C for a further 24 hours before
being filtered, and the residue washed with CHoClpo (2X), THF
(2X), acetone (1X),—tfien dried under vacuum overnight to yield
a pale beige-"h‘oWn powder: IF? (KBr) spectrum was identical to

that of starting material. Similar absence of reaction was

on .

“'observed using (bromoethyl)polystyrene ,as substrate, or

generating radical anion in situ ‘with -a catalytic amount of
anthracene, or quenching with dry ice.

<T455>. ' -



Experiment 54. (Bromomagnesium-ethyl)polystyrene. Attempt from

(brom.oethyl)polystyrene with phenethyl Grignard.

(Bromoethyl)polystyrene  (C1oH10),01(CsHg).g5(C10H11Br), 34
(0.265 g, 0.74 meq).- magnesium metal (0.103 g, 4.2 meq),
(bromoethyl)benzene (l0.01 mli, .07 meq), and triethylamine
(0.11' ml, 0.79 meq) in 8 ml anhydrous foluene were stirred
with a glass-coated magnet unﬁger nitrogen at 450C for 2:
hours, then the gray suspension was coofed to -78°C and dry
ice (about 10 g, 200 meq) was added In portions. After warming
to room ‘temperature. the gray suspension was filtered and the
residue \\(ashed with BN HpS04/HoO:THF 1:1 (1X) to dissolve
residual Mg, then with H20 (3X), 'HQO:THF 1:1 (1X), THF (1X),
CHaClg (1X), CHgOH (2X), then dried under vacuum overnight to
yield 0.170 g of pale beige-yellow powder:' IR (KBr) peaks
still present "'at 1263 cm~1 for bromo precursor, but new peak
also present at 1747 cm-1/(m, C=0) for product from carbanion
(Figure 4); qualitative ana'lysls of a sodium’ f'usion sample
indicated substantial residual bromine. FTIR spectroscopy
showed that a similar reaction after 48 hours gave much less
carboxylated product, and none at all with a tolurene-ether
;ﬁxture as solvent, or with methyl, Iisopropyl or t-butyl

shuttle, or with lithium or no added metal at all.

<D941, D967, T422, D960, D965, T417, T419>.
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Experiment 55. (Vinyt)polystyrene. Attempts from (toluene-

sulfoxydthyl)polystyrene with diazabicycloundecene.

(ToluenesuIfoxyethyl)‘po[ystyrene (C1oH10).01(CsHsg),.70-
(C17H18803),2¢ (2.00 g, 3.6 meq), anhydrous potassium
carbonate (0.70 Q, 5.1 meq) and ca;alytic diazabicyclou‘nd'ecene
(0.12 g, .0.79 meq) " were stirred together in 15 mt dry
dichloromethane under nitrogen at room'ternperature for 6
hours. The beige-brown suspension was filtered, and the
residue washed with HpO (3X), MEK (1X), CH2Clz (1X), CH3OH
(2X}, then dried under vacuum'overnight, givi_ng a pale brown
powder: IR (KBr) shows large peaks remaining at 1176 and 1363
cm-1 for tosic ester precursor, and only a very small peak at
1629 cm-! for vinyl product. The same reaction in
dimethylsulfoxide at.100°C was still incomplete after 2 hours;
moreov‘ef, the FTIR spectrum showed an extra peak at 1734 cm-1
{w, CHO). |

<T424, T426, T429>,

114



+

Experiment 56. (Vinyl)polystyrene. From (toluenesulfoxyethyl)-

polystyrene with N,N-dimethylaminoethanol.

(ToluenesuIfoxyethyl)polystyréne (C1ioH10).01(CgHg) .70~
(C17H18S03),29 (0.98 g, 1.8 meq) and N,N-dimethylamincethanol
(0.49 g, 5.5 meq) were sti.rred together in 4 ml dry
dimethylsulfoxide at room temperature‘ under nitrogen for 2
hours, then sodium hydroxide (1.0 g, 25 meq) was added and
stirring was continued an additional 3 hours. The beige
suspension was then filtered, and the residue washed with Ha0
(3)(),_- MEK (1X), CHQCIZ (1X), CHaOH (2X), then dried under
vacuum overnight to yield 0.83 g of pale beige powder: IR

(KBr) peaks absent at ¥1363 and 1176 em~1 for tosic ester

precursor, at 1046 em-1 for hydroxyalky! intermediate, and at

1730 cm-1 for aldehyde side-produci; peak present at 1629 cm-.1
(m, C=C) for vinyl product (Figure 4)-. Similar results were
obtained- upon substituting '(chloroethﬁl)polystyrene as
substrate, N,N-dimethylephedrine as reagent, or hexamethyl-
phosphoramide as solvent.

. <T427, T428, T429>.

Experiment 57. (Chlor.odimethylslIylethyl)boljgyrene. Attempt

from (vinyl)polystyrene. -

Tetrakis(triphenylphosphine)platinum({Q) was prepared, puri-
fied and characterized as described in the literature,261, 262

This pale yellow powder i0.014 g, 0.012 meq) was stirred with
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(vinyl)polystyrene (CtioH10),01(CgHg),70(C10H10),29 (0.161 g,
0.42 meq), chlorodimethylsilane (2.0 ml, 18 meq) andﬂ_‘2' ml
anhydrous benzene under nitrogen at room temperature for 95
hours, then a small por‘tion __of the beige suspension ‘was
rapidly rinsed with anhydrous toluene (3X) and dried under
vacuum at 450C: !R‘(KBr) peak still present at 1629 cm“, for
vinyl precursor, but new peak also present at 1262 (m, Si-CHj)
for silane product. Vinyl peak had not disappeared after
heating at 400C for a furthe‘rr 120 ho;.:rs. .

<T447>.
o
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APPLICATION OF, SPACER-CONTAINING FUNCTIONAL POLYSTYRENES.

' A. POLYMER-BOUND DIALKYLAM INOPYRIDINES.
“\ ) l

INTRODUCTIGN

Though simple acylation reactions using acid chlorides or
anhydrides and pyridine have been known gjince the turn of the
century,232 their remarkable agceleration in the presence of
ﬁ—(N,N-d_imetHylamino)pyr[dit.;e only became noticed approxi-
mately fifteen years ago.263.264 gince then, a number of. other
catalytically active ‘dialky.laminopyrldines have been deve-
loped, 32,265 arid these reagents have taker their place on the
shelves of chemists for a ' variety of applications from the
1aborétory b.ench to the production reactor.

"DMAP" and related compounds catalyze many reactions,
lnclru-d?_ng vdarious acylations, alkylations, silylation;‘,; and
condeﬁsatio;1592-265'-265'?57. | some, such as the acetylation
of g:e'rtain hindered alcohols amines used in pharm?ceuticall
formulations, .it is particufarly necessary to ensure that all
traces of the catalyst be removed from the product mixture
after the reaction., This requiremenf, and the general advan-
.tage of being able to recqver and recycie a relatively costly

v

chemlcal, warrant the development of solid-phase versions of

known acylation catalystsy that s, insolubte polymer
matrices? to which are attached functional groups similar to
- T

4-(N,N-dimethylamino)pyridine (DMAP), 4-(1-pyrrolidinojpyri-

.dine, 4-(1-piperidino)pyiidine, and others which are reported



- 19

active in the chemical Ilterature.92-265-268
Tomaoi aﬁd cdworkerse- have previously incorporated 4—(N-
benzyl-N-methylamino)pyridiné moieties " into crosslinked poly-
styrehe beaﬁd“g by t-reaiing the sodium salt of 4,'-([\'1‘-methyl_-
amino)pyr'idine\either di;'ectly with Merrifield resin2 or with
(chioromethyl)styrene which ﬁ.vas- tater' polymerized.. Tomoi's
method was also used by Menger and McCann269 to modify linear
(chioromethyl)polystyrene to givé a_  ‘soluble but easily
precipit?le”-“re(agent.“ Rea::tion of the same anion with poly-
styrenes bearing much longer  haloalkyl270 functionalized
spaceré gave/ somewhat more reactive and stable cataly‘s.t;. 4-
(N-Alkyl-N-methylamino)pyridine moieties have. also been linked
to poly.sdtyrenl,é through amide bonds,‘3 bﬁt thelse ri_s‘k'-’beirfg
cleaved qW’fing reactio.n or regeneration‘ of the polymer
catalyst. 'rFir;élly,' other polymers incorporating ,linteresting
dialkylaminopyridine ' structures in their  backbones have.

recently been made,271:272  but these lack -the attractive

physical and/or chemical properties of reticulated polystyrene
L] ! /-

beads.
< , .
The present study examines the syntheses and acylating
abilities -of several . other novel, readily-attainable polymers
containing aminopyridine moieties  supported through short
spacers, in or8er to discover and) optimize factors which
afford effective functional polymers in general, and efficient

solid-phase acylation catalysts in particular.
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RESULTS AND DISCUSSION

A plausible92,265,268 mechanism for dialkylaminopyridine-
catalyzed acylations (Scheme 16) passes throﬁgh a soluble and
stable acylpyri.dinlum complex (PyrAct* OAc~), which exists in
equillb'rium with anhydri'de reagent (Acp0) and free dialkyl-
aminopyridine (Pyr)-: | -
| (PyrAc* OAc-) = Pyr + Acs0
This equilibrium istdefined by a hdlsso'ciatiqn constant Ky,
such thz;:: !

-~

Kg = -[E’yr}[AczO]/[(PyrAc* OAc-))

*

The total of catalyst in all forms (Py,r-r)‘ Fremains constant:

[Py.rT] = [(PyrAac* OAc-)] + [Pyr]

Sﬁstituting ‘and rearranging,

~ [(PyrAc* 0Ag3)] = [PyryllAc20l/(Kg + [Ac20])

Attack of alcohol (ROH).decorr(mses this charged complex to

neutral products, namely the ester (ROAc), regenerated

catalyst (Pyr) and free acid (HOAc), which is later consumed

by an adc]ed acid accéptor to prevent protonation and
consequent deactivation of the basic catalyst.

(PyrAct QAc-) 7+ ROH k—) Pyr + HOAc + ROAcC
The rate of this step isza function of a second-order rate
constant kgl, so that:

d[ROAc‘j/d't 3 -kg[(PyrAc+ OAc - }][ROH]
Substituting the earlier equaTn/gives a complete pxpression

for the reaction rate:

d[ROAc]/dt = ko[PyrT][Ac20)[ROH]/{Ky + [Aco0])

120
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Scheme 16: Catalysis of Alcohol Acetylation:
by Dialkylaminopyridine..
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For conditions in which the complexed form of the catalyst
is the minor species (Kqg >> [Ac20]), this simplifies to:
d[ROAc]/dt = kz[PyrT]{Ac20][ROH]/Kgy

SinceT”the second step is essentially irreversible, and since
as much_ acetate would be released as consumed in a reaction
with the intermediate gcylpyridi'n'ium acetate complex, this
mechanism precludes direct inhibition by acetate or any other
product.

Free models of proposed polymeric catélysts were made from
reaction of 'sodium 4-pyridin-N-methylamide with the
appropriate (haloalkyl)benzenes in dimethylformamide; all were
purified by vacuum distillation. The latter reagent also
transformed 2%-crosslinked (ch{oromethyl)polystyrene and
(brgmopropyl)polystyrene to the <corresponding polymér-
supported dialkylamigopyrldines in satisfactory conversion
(Scheme 17). However, .unacceptable levels of unremovable side-
products were encountered on attempted reaction. at higher
temperatures, in tetrahyd"rofuran, under' phase-transfer
catalysis) or with (haloethyljpolystyrene {Part 1), Other
resins possessing nonstandard copolymers or degrees of cross-
linking or functionalization were made by copolymerization of
dialkylaminopyridine-containing monomer with divlnyllbenzene
and styrene or vinylpyridine (Scheme 18).

The acetylation of 1-methylcyclohexano! has been used to

assay the catalytic actlvlties‘of many d[alkylamljpyrl-

L

.J . 7 -
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Scheme 17. Functional Group Modification

with N-Methylaminopyridine. —
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Scheme 18. (N-(4-Pyridin)-methylamino-propyl}polystyrene
by Functional Grdup Modification or Functional
Monomer Polymerization.
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dines.265,273 This hindered tértl;ry alcohol is easily made
from cyclohexanone and methylmagnesium bromide.274 and
recycled from its acetate with hot aqueous base.275 Al
acetylations in _this study were performed at 60°C under
nitrogen, with identical quantities of alcohol (2.00 mméJ
meq), acetic anhydride (3.00 mL, 31.7 meq), wtjrtethylamine_
(3.00 mL; 21.5 meq) and dialkylaminopyridine moieties (0.819
meq}, and sufficient additional toluene and/or other organlc' “
solvent to make up a total voltime of ei’ther 18.0 or 28.0 mL.
Progress-was monitored by periodic removal of small liquid

for identical

samples for immédfate analysis by GLC.' Resu’

- " reactions were reproducible to about 2%.
The mixtures were 'all stirred at about 4 rlevolutions per
second, though lowering the speed to 1 revolution per second
had no significant effect on reaction rates with fre 2%-
crossliﬁked solid caltalrysts. Such dlalkylamlnopyridiné-
containing polymers were al! in the form of spherical beads of
?0-140 micron size, which maintained theijr shapé t-hrough
repeated reaction and recycling; delibérate crushing to 4-9
ot micron particles was onl_y -@;hieved with difficulty, and did
not significantly improve cata'lytic activity. Resin beads weore
swollen in the medium for 15 minutes before addition of acetlc
anhydride to initiate reaction; further .overnI%ht pre—soakinrg
made no difference. Thus, with .catalysts in the form of free
mol'ecules or polymer géls. the kinetics of the acetylation

reactions were not controlled by mass-transfer effects.

—_—
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Under these mild conditions, the fastest reaction (with
free DMAP) required 6 hours for 66% completion; no side-
reactions arising from acetic anhydride éelf-condens»ation, or

from decomposition of even the benzytic catalysts, were

detected. The polymeric catalysts could be recycled at least

10 times without loss of activity. No acetylated products
could be detected in the absence of dialkylaminopyridine
moi‘eties-,meven if the _mixture had been supplemented\wd_gh/
(imidazol-N-ethyl)polystyrene™-(Part ) or unfunctionalized
polystyrene or polyvinylpyridine resins.

The intrinsic activities of various dialkylami-n.opyriding
moietfes were evaluated using free molecules (Table 2; Figure
5). In these expei'iménts, the proposed functionalities
compared favourably with <E_<_)[rmercially—available dimethylamino-
pyridine as catalytic sites: in particunlar, catalytic activity
was seen to increase with the length of alkyl spacer between
pheny! and pyridine rings, abruptly from (N-(4-’pyridin)-
methylamino-methyl)benzene, which was relatively inept, to (N-
(4-pyridin)-méthyilamlno-ethyl)benzene, then slightly more to
(N-{4-pyridin)-methylamino-propyl)benzene, which? was as
efficient as DMAP itself. Still longer spaclers, such as
advocated by Tomoi270, would probably have given no better
activity, mereiy supplementing the inert bulk in a polymeric
reagent. These findings were in accord with the theory of

dialkylaminopyridine action described above: thus, a nearby

phenyl group is unable to rotate into the plane of the pyri-
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Table 2. Relative catalytic activities of (N-(&-pyridin%;
N-methyl-amino(CH9)y)benzenes in the acetylation

of l-methylcyclohexanol®,

n o Relative Yield IHMR Shift
(z)b (ppm)C
1 83 - 6.52
¢
2 95 6.45
3 . 100 6.38

30.82 meq catalyst, 2.00 mL l-methylcyclo-

hexanol, 3.00 mL Ac20, 3.00 mL Et3N, 60°C,

- toluene to total 18.0 mL. bWith respect to
| performance of DMAP under the same conditions
after 6 hours (82% conversion to ester). ¢In .

CDCl3, of pyridine beta hydrogen.
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Figure 5. Graph of 1-methylcyclohexanol acetylation vs time

vs dialkylaminopyridine catalyst.
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dine ring, which would be requiréd if electrons are to be
supplied -from sitde-chain nitrogen towards s;_;ablllzation of the
in'termediate acylpyridinium complex.""Besldes ralsing Kq, the
elect;onic impoverishment brought on by this apparently remote
steric ‘hindrance is also manifested in the compound's NMR
spectrum by a shlft/ in the peak corresponding to the beta
nuclear hy\droge‘ns (Table 2).269,273 |
The catalyzed reaction can also be affected by nﬁ\izulatlng
ko. In the second step of the proposed mechanism, a \charged.,
complex is transformed to unéharged products, decreasing
electron dispersa! in the transition state. Reactions of this
ta.rpeé9 are slo-v;ed by an increase in the dielectric constant of
the local microeqgvironment such as would be induced by the
proximity of other polar functionalities, which at even
modergte degrees of functionalization would be locally more
éoncentrated within a polymer matrix than the corresponding
“free rr{olecules dispersed in a homogenous reaction medium. 'l;hls
negative cooperativity effect may account for the slight drop,
mole for mole, in catalytic activity with respect to free
model, wﬁich wés observed (Figure 5: Table 3) for dialkyl-
aminopyridine moieties affixed to 15-25% of the‘ repeating
units of 2%-crosslinked polystyren'e resin. The magnitude of
this inhibition was similar whéther monomethylene or
trimethylene 'space’r lay between nitrogen and phenyl, or
whether the solid catalyst had been made via polymerization of

aminated monomer or modification of halogenated polystyrene,

129
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Table 3. Relative catalytic activities of (N—(A—pyridﬁn);
N—methyl-amino(CHp),)polystyrenes in the
acetylation of l-methylcyclohexanold,

v .
n Preparation Cross- Degree of Nitrogen Relative

link ?unctiona— Content Inhibition
(%) lization (wt %) ()b

1 Polymer 2 .16 3.71 6

3 Polymer 2 .16 3.37 ° ‘s

3 Monomer 2 .22 4.58 6

3 Monomer 2 .96 - 10.73 23

1 Monomer/Butanol 34 .08 1.72 44

1 Monomer/Heptane 33 .09 1.83 60

80.82 meq catalyst, 2.00 mL l-methylcyclohexanol,
B.CO ml, AQQO, 3.00 mL EtgN, 60°C, toluene to total
18.0 mL. bWith respect to performance of correspon-
ding model compound after 6 hours under the same

conditions.
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but was much larger in the "homopolymer" lacking styrene
apolar diluent. tn macroreticular resins, rates did~ become
limited by access to the catalytic sites, which was worse for
beads copglymerized in the presence of heptane rather than
butano! as porogen.

Since the Immediate acid acceptor in the second step is_the
acetate counterion \(the complexes formed with acety! chloride,
whose anions are far less basic, Va're correspondingly more
difficult to ‘alcoholyze)S2, adding amine beyond the
stochiometric amount would contribute no additional general
base catalysis. indeed, pyr.idine. unable‘: to contribute much
nucleolphilhic f:atalysls either, actually inhibited  this
acetylation (Table 4) by Incr;easing the .polarity of the
medium, whether it was present in the Iicruid medium or as part
of the pblymer backbone (Scheme 19). Taking into account
negative effects consequent ;rom immobilization alone,
inhibition of the polystyrene-bound cata;lysts by pyridine
coso!.vent was less than expected, p’éi’tlicularly with
trimethylene spacer. This was probably because apolar styrene
moieties were ‘a\ble to "shield" the catalytic sites by simply
displacing polar solvent moleCUPIes fi‘em the surroun-ding micro-
_environment. On the other hand; the pollarity within polyviny!-
pyridine swollen in pyridine apparently exceeded the greatest
which was possible in the homogenous phase -alone, since the

P
dielectric constant of the latter must necessarily fall upon

additiop’' of less .polar reagents required in the écetylation.
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Table 4: Relative catalytic activities of (N-(4-pyridin)-

‘Nnmethyl—amino(CHz)n)-R in the acetylation of

I-methylcyclohexanol in the presence of pyridine?.

-.\‘

. R Degree of Nitrogen pyridine Relative
Functiona- Content Conc. Inhibition
lization (wt 2) (vol %) (%)b

1 Benzene’ - ) - 0 0
’ ' 24 * 23

71 47

3 Benzene - - 0 ’ 0
' 71 47

1 Poly- .16 3.71 0 15
styrene 69 49

3 Poly- 16 3.37 0 Il
styrene " 69 42

1 Polyvinyl- .08 - 12.04 0 38

pyridine ) 67 74

, q
40.82 meq catalyst aé free model or bound to 2%-

crosslinked‘polymer matrix, 2.00 mL l-methylcyclo-
hexanol, 3.00 mL Ac20, 3.00 mL Et3N, 600C, toluene
and/or pyridine to total 28.0 mL. bWith respect to
=
performance of corresponding model, with ug:;;;ié S

dine, after 6 hours.
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Scheme 19. (N-(Hyridin)—metﬁy]amino-methy])po]ystyrene and
(N-(4-Pyridin)-méthylamino-methyl }poly{styrene-
co-vinylpyriding). . ' -
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~ The introd‘hction of even v'erxyhort's.pacers car; therefore
significantly improve the performance of a polymer-bound
functional group. Under certain conditions, polymer-bound
dialkylamtna:yridines may catalyze difficult acylations better

than the analogous free molecules in the same tiquid medium,
EXPERIMENTAL

Materials

Styrene, 4-vinylpyridine and 1-methylcyclohexanol _(Aldrich)
were distilled prior to usé. Divinyibenzene (polyscliences)
contéining about 45% ethylbenzene and used without further
purification, as were other lchemlcals (Aldrich).

(Chloromethy.l)polysty-rene had been prepared by chemical

" modification of washed 1%-crossiinked polystyrene Bio-beads

SX-1 (Bio-Rad Laboratories}3!, and {(bromopropyilpolystyrene
from the fulnctionallzed monomer 25, 4-dimethylaminopyridine
(DMAP) and 4-methylaminopyridine were gifts of Reilly Tar and
Chemical Company. Infrared spectra were measured Qn a Nicolet
10-DX FT-iR, NMR spectra were recorded In COClg + TMS using
Varian EM 360, CFT-80 or XL-30Q, spectrometers while mass
spectra were obtained on a VG-TO7T0E double focusing mass

spectrorheter using chemical Ionization where appropriate.
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Fred model catalysts. {(N-{4-pyridin)-methylamino-propyl}-

benzene.

\ Sodium hydride (0.65 g, 28 meq) was stirred wit

l

N-methyl -
aminopyridine (2.7 g, 25 meq) in 12 mL anhydroug dimethyl-
formamide at room temperature under nitrogen for 1 hour.AWhe‘n
fiz‘zing had subsided, {(bromopropyt)benzene (5.0 g/ 25 meq) was

added in 5 mL_more DMF, and the solution wgs stirred at room

/

bromide, solvent was flash evaporated, and the residual oll

temperature for 20 hours. After filtering to’ remove sod‘lum
redissolved in CHpClo and thrice extracted with water, then
dried over MgSO4 and distilled under vacuum, yielding 3.2 g
(57%) of a thick yellow liquid: bp 151-1520C (0.1 rm); MS m/e
226 (M*), 121; TH NMR (CDCl3) : 1.90 (m, 2H},.2.63 (t, 2H);
2,92 (s, 3H), 3.22 (t, 2H), 6.38 and B.14 (2d, 4H, pyridy!),
7.15-7.28 (m, 5H, phenyl); IR (KBr) 1595 em=1 (pyr, s). Anal.
Cal for CigHigNa2: C, 79.61; H, 8.02; N, 12.37. Found: C,
79.36; H, 7.89; N, 12.48.

<ALO64>

(N-('4—'pyridin)-meth amino-ethyl)benzene.

Bp 147-1490C (0.1 mm); MS m/e 212 (M*), 121; TH NMR (CDCI3)

2.84 (m, 5H), 3.56 (t, 2H), 6.45 and 8.18 (2d, 4H, pyridyl),

 7.14-7.30 (m, 5H, phenyl); IR (KBr) 1595 cm~1 (s, pyr). Anal,
Calc for ‘C14H1'5N2: C, 79.21; H, 7.60; N, 13.20. Found: C,

79.10; H, 7.58; N, 13.45.

<AL09 1>



(N-(4-pyridin}-methylamino-methyl}benzene.

Bp 148-150 (0.1 mm); MS m/e 198 (M+), 121, 91;!H NMR
(cocta) 3.05 (s, 3H), 4.56(s, 2H), 6.54 and 8.18 (2d, 4H,
pyridyfl, 7.15-7.30 (m, S5H, phe_llil); IR-(KBr) 1595 qm’1 (s,
pyr). Anal. Calcd for CqigHyaNo: C, 78.75; H, 7.12; N, 14.13,
Found"::,{:, 78.63; H, 6.96; N, 14.00.

<AL038> O

, Xs

Polymer-bound- catalysts by polymer modification. (N-(4-

pyr ldin)-methyIamino-p-rfopyI)poLysty rene.

Sodium hydride (0,18 g, 7.5 meq) was stirred with N-methyi-
amlnopyri-dine, (0.70 g, 6.5 meq) in 1.0 mL anhydrous dimethyl-
formamide at room temperature under nit;'ogen for 3 hours. When
- fizzing had subsided, (bromopropyl}polystyrene (CigH10).02-

(CSH8)'82(C;)QJiBr)'1'G (2.5 g, 3.3 meq) was added in 15 mL

-

4nore DMF, and the solution was stirred at room temperature for
86 hours. The suspension was then filtéfed and washed with DMF
(1X), CHZOH (1X), HO (3X), CH3OH (1X), CHaCly (1X), CHaOH
(2)(),‘ and dried under vacuum overnight to give a pale beige
powder: IR (KBr)} peaks absent at 1263 .cm-! for bromo
precursor, and at 1663 cm-1 for pyridinone ;g 1629 cm-1 for
vinyl side-products; peak present at 1595 cm-! (s, pyr) for
aminopyridine p'roduct ’(};igure 6). Anal. Calcd for (CygH10).02-
(CaHs)_gg(C17H20N2)_16 (100% conversion}): C, 88.68; H, 7.76;

N, 3.48; Br, 0. Found: C, 84.77; H, 7.74; N, 3.37; Br, O.
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<AL 080>,

(N-{4-pyridin)-methylamino-methy!)polystyrene.

>

A product -was obtained from (chloromethyl)polystyrene
(C1oH10).01(CgHg).83(CoHgCl), 163 IR (KBr) peaks absent at 1263

cm-1 for bromo precursor, and at 1663 cm~1 for pyridinone

side-product; ‘peak present at 1595 cm-1 (s, pyr)  for

aminopyridine product (Figure 7). Anal. Calc for (C1oH10).01-

(CgHg).g3(C15H16N2).16 (100% copversion): N, 3.63 ; Cl, O.
<l .

Found: N, 3.71; Cl, O.

.- <DN022)

Catalyst monomers. (N-(4-pyridin)-methylamino-propyl}styrene.
&

Sodium hydride (1.3 g, 54 meq) was stirred with N-methyl-

aminopyridine (5.4 g, 50 meq) in 25 rﬁL anhydrous dimethyl-
formamide at room temperature under nitrogen for 1 hour. When
~fizzing had subsided, the mixture was chilled to 0°C and
{(bromopropyl)styrene (11.25 g, 50 meq) was added in 10 mL more
DMF, t'hen the solution was stirred at room temperature for 20
hours. After filtering to remove sodium bromide, solvent was
flash evaporated, and the residual oil redissolved in CHoClo
and thrice extracted with wafer, then dried over MgSOg to
yield 17.4 g of brown oil. A portion (3.06 g) was
cpromatographed on silica gel (EtOACc:MeOH 1:1) and
recrystallized (ether:petrolem ether 1:1) to yield 0.61 g pale

yéllow crystals (27% overall):mp 50-5100';‘_'MS m/e 252 (M+),

o {
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Figure 7. FTIR spectrum of {N-(4-pyridin)-methylamino-
~—__methyl)polystyrene.
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121; 1H NMR 1.88 (m, 2H), 2.59 (t, 2H), 2.90 (s, 3H}, 3.30 (t,
2H), 5.16, 5.66 and 6.64 (2d + m, 3H, vinyl), 6,36 and 8.11
(2d, 4H, pyridyl),7.08 and 7.28 (2Id; 4H, phenyl); IR (KBr)
1629 (m, C=C), 1595 cm-1 (s, pyr). Anal, Calc for Cy7H2poN2: C,
80,91; H, 7.99; N, 11.10. Found: C, 80.60; H, 7.99; N, 11.12,

<AL111>,

N—@—pyridln)-methytamlno-methyi)st}rene.
TH NMR (CDCl3) 3.05 (s, 3H), 4.§m(s. 2H), 5.31, 5.54 and

6.90 (2d + m, 3H, vinyl), 6.52 and 8,20 (2d, 4H, pyridyl),
7.17 and 7.27 (2d, 4H, phenyl); IR (KBr) 1629 (m, C=C) and

1595 cm~1 (s, pyrl.
<DN035>,

Polymer-bound catalysts by polymerization of catalyst

monomers. {(N-{4-pyridin)-methylamino-propyl)polystyrene.
(N-(‘4—pyr'idin)-rnethyIamlno-propyl)styréne {(2.70 g, 10.7
meq) was dissolved in 16 mL toluene and filtered, then mixed
.with styrene (5.2 g, 49.9 meq), 55% divinyl!benzene (0.33 g,
2.5 meq monomer) and azo-bis-isobutyronitrile (0.2 g, 1.2
meq), then added  to 74 mL of degassed 1.5% poly-
vinylalcohol/H20 ("polyviol W25/140", Wwacker Chemie) in a
Buchi BEP 280 stirred autoclave using a 250 mL thermostatted
vessel fitted with overhead anchor-type stirrer. After further
bubbting of nitrogen for a further 10 minutes, the mixture was

stirred at 330 rpm under nitrogen, at room temperature for 10

140



minutes, then at 759C for 8_ hours, then at room temperature
.for 16 hours. The su‘pernatant was decanted from the beads of
polymer precipitate, which were then ?esuspeJnded i'n water ‘and
the process repeated (5X) until the supernatant was clear. -The
prcduct was washed z;lgaln with methanoll (3X), toluene (2X),

-

methano! (2X), then dried under vacuum overnight to yield 2.33

v

g (28%) white powder: IR (kBr) identical to that of same

polymer made by modification). Anal. Calec for (CqipoH10).02-

(C1oH12),.02(CgHg),74(C17H20N2), 22 (5% more catalyst than the
monomer ratio): N, 4.4\7. Found: 4.58.

<AL 120>,

(N—(4-pyridin)-methyIamino-propyl)pbm-m{,v;omopolymer.

The procedure was repeated with 9.0 g of (N-(4-pyridin)-
methylamino-propyi)styrene, 0.19 g of 55% divinylbenzene, and
no styrene. Product was isolated in 75% yield: IR (KBr)
similar to that of same polymer made by.modlficatlon, but
peaks at 1595 cm-1 and elesewhere for p)_zridine dre more
i.ntense. Anal. Calc for (C1gH10).02(C10H12).02(C17H20N2).96
(equal to the monomer ratio): N, 10.87. Found: 1'0.73.

<AL166>.
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A :
(N-{4-pyridin)-methylamino-methyl)polystyrene. Macroreticular,

-

using butanol.

*

The prdcedure was repeated "with 1.60 g..(N-(4-pyridin)-
methylamino-methyl)styrene, 6.75 g of 55% divinylbenzene, 2.73
g- of styrgne, and butano! instead of toluene. Product was
isolated iiag% yield: IR (KBr) similar to other polymer-bound
diafkylaminopyridines. Calc for {CqygH10).34(C1oH12).27(Cg-
Hg).31(CisH1gN2) o8 (equal to the monomer ratio): N, 1.72,

<DNQO36>

(N-{4-pyridin)-methylamino-methyl!)polystyrene. Macroreticular,

>

using heptane,

The procedure was repeated with 1.78 g (N-(4-pyridin)-
methylamino-methyl)styrene, 6.75 g of 55% diviﬁylbenzene. 2,73
g of styrene, and heptane instead of toluene. Product was
1_§olated in 72% yield: IR (KBr) similar to other p‘ol-ymer-bound
dlalkylaminopyridines.” Calc for (CygHyg).33(CqgH12).27(Cg-
Hg),31(C15H{gN2),09 (equal to the monomer ratic): N, 1.92.

Found: N, 1.83,

<DP1025>
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(N-(4-pyridin)-methylamino-methy!)polyvinylpyridine.

The procedure was repeated with 1,80 g (N-(4-pyridin)-
methytamino-methyi)styrene, 0.689 g of 55% divinylbenzene and

7.77T g of of 4-vinylpyridine instead of styrene. Product was

isolated in 66% yield: IR (KBr) peak present at 1595 cm-1 as,

with other polymers, but polystyrene ﬁgaks missing at 6§9 cm- !
and elsewhere, while polyvinytpyridine peaks at 1415 and 819
em-1  are very strong. (CyoH10).03(C10H12),03(CTHIN) 86-
(C1sH1eN2) . 0g f(equal to‘the monomer ratio): N, 12,29, Found:
‘N, 12.04,

<DN020>

&\ o

Evaluation of the catalysts. General procedure.

A mixture of 1-methylicyciohexano!l (2.00 mbL, 16.2 mmol),
dialkylaminopyridine (0.81 mmoi, 5 mole %) and triethylamine
(3.00‘mL. 21.6 mmol), in toluene to total 18.0 or 28.0 mL
solution, was placed in jacketed cell whose temperature was
regulated at 60.009C. After stirring under nitrogen for - 15
min., acetic anhydride (3.00 mL, 31.6 mmol) was added while

stirring continued. Progress of the reaction was monitored by

timely withdrawal of 10 wulL aliquots for chromatographic

analysis (10% SE-30 on Chromosorb G).
<AL 20, 28, 30, 31, 34, 57, 99, 106, 123, 155, 157, 181; D
1094, 1095, 1099, 1100, 1102, 1107, 1108»>

>



T

oy

APPLICATION OF SPACER-CONTAINING FUNCTIONAL POLYSTYRENES.
8. POLYMER-BOUND HALOPYRIDINIUM SALTS.

/.
INTRODUCTION . \

.I'n 1964, Sutherland and Widdowson170 flrét reported the use
of 2-Iodo-N-meth‘yl—pyrld,lnlum iodide, made by the reaction of
hot 2-halopyridine with an excess of lodomethane,163 to
acylate nucleophiles with carboxylic acids. 2-Chloro-N-methyi-
pyridintum iodide, from the samé alkylation conducted at lower
temperatures, 167,169,170 was later employed by Mukaiyama and
COWOTr ke/g/s/t@rds one-pot syntheses of esters, ‘amldes and many '
other cgampounds from carboxylic acids in excellent ylelds and
under mild conditiofs; N-pheny!-2-chloropyridinium | tetra-
fluoroborate and N—mét’hyl-Z-fluoropyrldinium tosylate were
also effective.164,171 | general, the reaction starts (Schern.e
20) with carboxylate displacing halide from the pyridinium
ring by nucleophilic aromatic substitution, which is then
followed by attack Tof nuclet;phile onto the activated acyl! to
form a condensed product and N-a!kyl-2—pyridinone; side-
product; a tertiary amine acts as basic catalyst, and accepts
hydrogen halide released in the course of the reactionl64,

Partial dealkylailon of Iabille methyl, ethyl or benzyl
substituents from halopyridine has been observed during some

of these condensatlons.165 as well as during attempted regene-

rations from the corresponding N-alkyl-pyridinones with
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Schehe 20. Condensation of Alcohal with Carboxylic

) . )
Acid Using N-Alkyl-2-Halopyridinium Salt.
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phosphoryl chloride, thionyl chloride, phosgené" or other
.rea‘gents commonly employed to convert amides to Vilsrpeyer
Jreagent or other iminium salts.7%276 However, numerous
workers have nbticed that 2-phenethyl substituents.resist such <
decomposition even under severe conditions,? 176 possibly
because steric hindrance in the preferred anti conformation
prevents nucleophilic attack by counterion onto aminated
carbon (Scheme 21). Phenethyl pyridinone "is also stable
towards aqueous base._277 Thus, an expensive halopyridinium
salt, if connected to aryl through a dimethylene spacer, after
assisting in the preparatién of an equimolar‘ quantity of ester
or amide, need not be discarded but can be regenerated with
inexpensive chemicals for multiple- reuse, -provided that the
recov;ary of heterocyglic moiety from the reaction mixture is

clean ‘and efficient. This final requirement for a useful

recyclable reagent is easily fulfilqed by simple filtration if

the phenethyl substituent is incek/po'rated in a solid phase,

such as an insoluble matrix of crosslinked polystyrene.
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Scheme 21. N-Phenethul-2-Halopyridinium Salt.

Stablest Conformation.
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RESULTS AND D!SCUSSION:

o~
B
s

The acylation of benzyl alcoho! with phenylacetic acid in
the presence of tertiary amine {Scheme 22) has been used to
measure the ~condenslng abilitiess of free halopyridinium
salt‘s.164 In a prelimlnéry reaction, an excess of (2-iodo-
pyridinium-N-ethyI)polystyrene iodide, previously prepared
f:"gm -,(iodoethyi)polystyr-e\:ne and 2-chloropyridine and

quantitated by elemental analysis (Part |: Experiment 27),

~though admittedly irhpur_e, was nevertheless abie to produce the

standard ester in qﬁantitative yield, under conditions
comparable to those necedsary for the free analogue. However,
regeneration of’ the polymefiCré-pyridinone (Scheme 23) proved
unexpectedly difficult, requiring. ..proionged reflux with
thionyl chloride in the presence of dlmethylformamide catalyst
for conversi\on to be judged complete by FTIR spectroscopy.
Even then: the resulting 2-chioropyridinium chloride was much
less active than the original iodide in promoting the same

esterification (30%  yield of benzyl phenylacetate).

{4-Pyridinon-N-ethyl)polystyrene was also available,

“through a much cleaner and higher-yielding synthesis (Part I:

Experiment 36). 4-Pyridinones and halopyridinium salts are

.reported to be even more reactive than the Z2-isomers, the

-+

reactive centre being less sterically .hindered by nitrogen
alkylant, 161,163,169 Thus, far milder conditions (e.g. COClo
at room temperature for 2 -hours without catalyst) were

i
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Scheme 22. A Standard Esterification Used to

Test the POlgmar Reagents.

-

o+
@-cuci,-N( )Y + @cazcoon + @-CH20H
Cl. |
N A . V g . .

Recycling (Bu) ;N
(®)-cH,CH,-N /> 4 @-CHZCOOCHZQ .
® - rowoscone ¢
= Polystyrene
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required to ellminate pyridinone peaks in ‘the FTIR spectrum of
®Rhe 4—Ispmer. However, like the 2-isomer, 4-chloropyridinium
.chLorlde also gave only poor '(8%) yl\elds of ester from alcohol
"r‘and acid. Fortunately, this reluctancve was greatly offset by
the addition of a soft'er anion, such as iodide (57%) or tetra-
fl‘aoroborate {(62%), to the reaction® medium. In -general.

-

condensations employing only catalytic trialkylamine, and
excess tdipotasslu% phosphate, gave combarable results to
others using stochiometric organic base alone, while
simpltfyin‘g workup and isofation of the des{redl ester.

Iminium‘ halides, including halopyridinium salts, are not
very soluble in apolar organic  solvents such as
benzene.171,276 However, tipophilic iodides and tetrafluoro-
borates -are probably somewhat {ess subject to aggregation and
precnpltatlon\whnle concentrated inside an aromatic polymer
matrix than the chliorides from which they can be derived by
metathesis.279:280 |t js also possible that the polymer-bound

chloro-pyridinium chlorides were relatively more inhibited by

complexation or covalent reaction with polar trialkylamine, or

even with nearby N-alkylpyridinone groups as these were formed

during esterification. Finally, during regeneration, some of
the 4-pyridinone functionalities may merely have been
_protonated by hydrogen chloride, either endogenous to the
activating reagent 6r generated irn situ 'by traces of moisture,
to give 4-hydroxypyridinium moieties difficuft to distinguish

from haio groups by FTIR spectroscopy -- addition of ‘py'rridine
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at this time may have been of some bqnefit in prgventing this,
but the'- resulting hydrochlor}de preclbltate would still be
capable of interfering with later condensations through proton
transfer to t-rialkyl:amlne needed as base.

Thus, it has been dehonstrated that a po1ymer—bound ver'sion
of. Mukalyama's reagent - is capable of promoting acyl
condensations in excellent yields. However, lregeneratlon
remains to be optimized, probably by taking greater -pains to
replace chloride with a more lipophilic counterion, and to

remove interfering protons from the reaction environment.
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EXPERIMENTAL

Materials.

Phenylacetic acid and sodium iodide crystals were dried In
a warm vacuum oven. Reagent-grade benzyl alcohol and
acetonitrile were dlistilied onto molecular sieves. Pyridine,
triethylamin%. . and tributylamine were distllled from and
stored over calcium carbide. 1M OOClo/CHCI3 was preparied from
phosgene gas and ethanol-free chloroform; SOClp was purified
by distillatiqp/lfllom limonene255, All polymers were originally
prepared from "SX-1 Bio-Beads", .200-400 mesh -particles of
polystyreﬁe crosslinked with 1% divinylbenzene (Part 1).

Infrared spectra of KBr pellets were measured on a Nicolet 10-

DX FT-IR Spectrometer, and NMR spec%’ra were recorded in COClg "’

+ TMS using Varian EM 360, CFT-80 or XL-300 spectrometers.

o+
-

i

Benzyl .phenylacetate. With (2-iodopyridinium-N-ethyl}poly-

styrene iodide.

— Previousl_y-prepared (Part |: Experiment 27) (2-lodo-
" pyridinium-N-ethyl)polystyrene iodide-{chloroethyl)polystyrene
" copolymer (C1oH1o).o1L§A§%’).70(C15H15NI2).145(C10H11é|).145
(t.80 g, 1.58._m§q) was stirred with phenylacetic acid (0.136
g, 1.00 meq), ber;\z‘y\l.alcohol (0.108 g, 1.00 meq) and triethyl-
amine (,245 g,ﬁz,ﬁg,,v:'meq) in 12 ml CHoClo under nitrogen reflux
at 400C for ’\‘1-.5._hours. The brown suspenslén was filtered and

thg,.nee#l-éue washed with ethyl acetate and water, then the
; )
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filtrate was separated, dried over Nas9S04, flasi evaporated
and subjected to thin-layer chromatography, to give 0.225 ¢
{100%) of clear and colourless liquid: TH NMR (CDCig) 7.27 (s,
10H)}, 5.02 (s, 2H), 3.56 (s, 2H). A similar experiment using
only 5% excess halopyridinium salt gave 74% yield of Isolat%d
ester. After further washing with acfueous base, the pale brown
residue was dried under vacuum: IR (KBr}) peaks absent at
1640-185% for 2-.halopyrldlntum salts; strong peaks present at
1663, 1582 and 1539 cm-! for 2-pyridinone product, and a
ShOl.l[der‘ at 1245 cm-1 for original chlofro impurity.

<C719, C722, C720>,

Benzyl phenylacetate. Attempts with regenerated (2-chloro-

pyridinium-N-ethyl)polystyrene chloride.

(2-Pyridinon-N-ethyl)polystyrene-{chloroethyl}polystyrene
copolymer {C10H10).01{CgHg), 78(C15H15NO}, 145{C10H11Cl), 145
(1.0 g, 1.1 megq), thionyl chloride (1.5 ml, 21 meq) and
dimethylformamide (0.5 ml, 6.5 meq) in 10 il benzene were
stirred under nitrogen reflux at 800C for 36 hours. The brown
suspension was then filtered under nitrogen, and washed with
dry methylene chloride (3X), then dried under vacuum: IR (KBr)
peaks absent at 1663, 1582 and 1539 cm-! for pyridinone

precursor; peak present at 1646 cm-1 (m, pyr*) for 2-halo-

’f‘ .
pyridinium product. This chloropyridinium chloridé\g

(C10H10).01(CgHg),70(C15H15NCI2) 145(C1gH11Cl)_ 145 (1.0 g, 1.1

meq) was then stirred with phenytlacetic -acid (.136 g, 1.00
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meq),\enzyl alcoho! (.108 g, 1.00 meq) and triethylamine

4

(.122 g, 1.21 meq) in 12 m! CH2C|2 under nitrogen reflux at
400C for 3 hours. The brown suspension was flltered and the
residue washed with ethyl acetate and water, then the filtrate
was separated, dried over NasSO4, flash-evaporateq. and
subjected to thin-layer chromatography, to give 0.037 g (16%)
of clear and colourless liquid: H NMR (CDCI3) 7.27 (s, 10H),
5.02 (s, 2H), 3.56 (S,'..EH).' in another experiment, a larger
(120%) excess of another polymer bearing the same species
(C10H10).01(CgHg),73(C15H15N0) 21{C10H11C) 05 (0‘?77 g, 1.1
meq)} was stirred with phenylacetic acid (0.50 meq), benzyl
alcohol (0.50 meqg) and triethylamine (1._(20 meq) in refluxing
CHoClo for 1.5 hours; a con;/ersion of 30% was estimated by
comparing the areas under the PhCHoO singlet peaks for alcohol
precursor and ester product, which were easily distinguishable
from a!l others in the NMR spectrum of the orgénic filtr'ate
after flash-evaporation. After further washing with aqueous
-tése, the pale brown, residue was dried under vacuum: IR (KBr)
peaks absent at 1640-1659 for 2-halopyridinium sz;\lts; strong
peaks present at 1663, 1582 and 1539 cm-! for 2-pyridinone
product, and a shoulder at 1245 -1 for original chloro
Impurity.

Alternatively, treatment of polymeric pyridinone with
phosphoryl chioride gave a product whose FTIR spectrum showed
no pyridinone peak at 1663 cm-1, but very large peaks at 1018

and 1240 cm~'! were present due to phosphate or halophosphoryl.
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Thionyl chloride without heat. or DMF, or other reagents such:

as carbonyl chioride, oxalyl chloride or chlorotrlmethylf
silane, with or without catalytic or stochiometric tertiary
amines, gave polymers whose IR spectra displayed no change
from their 2-pyridin;)ne precﬁrsors,‘ and which-gave 0% yields
of benzyl phenylacetate from benzyl! alcohol ana phenylacetic
acid.,

<C726, 730, 735; D1024, 1026-1032, 1032>

Benzy! phenylacetate. Attempts with (4-chloropyridinium-

N-ethyl)polystyrene chloride.

Previously-prepared (Parf .I; Experiment 30) (4-Pyridinon-
N-ethyl)polystyrene'(C1gH10).01{CgHg) 74(C15H15NO) 25 (0.40 g,
0.75 meq) was stirred with COClo (4 meqg) in 4 ml CHCI3 at room
tempera_ture under nitrogen for 16 hours. The brown suspensi;)n
was then ffitered under nitrogen, and the residue washed with
dry CHoClp (2X), and dried in a stream of nitrogen: IR (KBr)
peak absent at 1582 cm-] (m, C=0) for pyridinone precursor;
peaks present at 1637 (smaller, m, pyr) and 1522 (m, pyr+) for
halopyridinium product, or hydroxypyridinium side-product (the
two spectra were very similar)280, The polymer (0.75 meq) was
then resuspended in § ml .dry CHoCls with phenylacetic acltd
(0.40 meq), benzyl alcohol (0.40 meq), and diazabicyclo-
undecene (0.17 mi, 1.4 meq), with stirring at room tenﬁpera-ture
under nitrogen for 24 hours: NMR of the concentrated filtrate

Indicated 8% conversion to ester; after washing with aqueous
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base and drying, FTIR spectrum of the polymer was identical to
Starting 4-pyridinonk.

«<D1169>

Benzyl phenylacetate. Attempts with (4-chloropyridinilm-

.

N-ethyl)polystyrene iodide.

The same phosgene-treated polymer (0.65 meq), after washing )
with dichloromethane and drying, was resuspended -under
nitrogen in 5 ml dry acetonitrile with phenylacetic acid (0.30 l
meq), benzyll alcoho! (0.30 meq) and tributylamine (0.72 meq).

Ory sodium iodide (0..05 g, 0.3 meq} was added, forming a clear
yellow solution from which rapidly formed a white micro-
crystalline precipitate. Stirring was continued at 709C for 17
hours: NMR of the concentrated filtrate indicated 26%
conversion to ester; after washing with aqueous base and
drying, FTIR spectrum of the.“ polymer was identical to the

&
starti'ng 4-pyridinone. In another experiment, the polymeric

4-pyridinone (1.21 g, 2.24 meq) was firet trea;ed with a
mixture of COClp (20 rr;eq) and SCClo (1.0 ml,'14 meq) under
nitrogeﬂt room temperature for 2 hours. After washing with
dry CHoClp (3X) and drying, sodium iodide (0.15 g, 1.0 meq),
phenytacetic acid (0.139 g, 1.02 meq), benzy! alcoho! (0.111 -
g, 1.02 meq) and 12 ml dry CHoClo were added, then triethyi-
amine (0.34 ml, 2.4 meq) in 3 portions 30 minutes apart. After

stirring under nitrogen at 400C for a total of 6 hours, the

brown suspension was filtered and the flltrate evapdrated: NMR 1



of fhe concentrated filtrate indicated 57% conversion to the
ester; after washing with aqueous base and drying, FTIR
spectrum was identical to the starting pyridinone.

Phosphate in a polymer which had been treated Qith POCl3
was not displaced by washing?d with concentrated KI/HéO. An
attempt to Introduce iodide during thg regeneration step
(COClo) led to a clear purple solution due to the liberation
of elemental iodine. :

<D1139, D1163, D1169, D1183>.

Benzyl phenylacetate. Attempts with (4-chloropyridinium-

-N-ethy!)polystyrene tetrafluoroborate.

The polymeric 4-pyridinone (1.15 g, 2.1 meq) was first .

combined with COClg (10 meg) and SOClp (1 mi, 14 meq) to which
was also added anhydrous sodium tetrafluoroborate (0.‘30 g, 2.7
meq) and '.pyridine (2.0 mi, 25 meq}. After stirring wunder
nitrogen at room temperature for 24 hours,. the brown
susbepsion was filtered, and the residue washed with dry
CH»Clo (3X), and dried in a stream of nitrogen: IR (KBr) peak
absent_at~ 1663 cm-! for'pyridinone; several very strong peaks
present near 1000-1100 cm-! for both organic and inorganic

tetrafluoroborate salts280, The polymer (2.1 meq) was

158

resuspended in 10 ml dry CHoClo with phenylacetic acid "(1—'5_—-

meq), benzy! alcoho! (1.0 meq), and tributylamine (0.55 ml,
2.3 meq), and stirred under nitrogen at room temperature for

18 hours: NMR of the concentrated filtrate indicated 62%



conv'ersion to the ester; after washing with aqueous base and

drying, FTIR spectrum was identicat to the starting

pyridinone.

Substituting methanesulfonyl chloride, tributylamine or
potassium tetrafluoroborate for, r_eépectively. thloﬁyl/
carbonyl chloride, pyridine or sodlur'p tetrafluoroborate in
this recipe for halogyridinium regenerétion gave polymérs only
able to promote 10-30% esterification. Use of dimethylaniline
instead of pyr‘idine with phosgené during the regeneration step
produced a coloured solution due ‘to the . formation171  of
crystal violet. Neither dir{mthyllaminopyridine nor tricapryl-
methylammonium chloride catalysts, nor dipétassium phosphate

acid acceptor, seemed to affect the outcome o& the esteri-

\_\

fication.

<D1139, 1142, 1143, 1146, 1157, 1160,_1170-117'3, 1175,
1177, 1180, 1183>.
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CLAIMS TO ORIGINAL RESEARCH |

Preparation of crossiinked polystyrenes c¢ontaining dimethy-
lene spacers-bearing various leaving groups, as Verfsatile
intermediates toviards other functional polymers, - '
A new method for the clean tosylation of alcohols, employing
dlisopropylamine as a nonnucleophilic acid acceptor.
Preparation, by quanfitative polymer modification, ‘of
itlustrative or useful oxygen, nitrogen, sulfur or phosphorus
functionalities supportedr‘on polystyrene through dimethylene
spacer, General conditioﬁs to minimize common side-reactions.
Dis‘covery of several new examptes of "polymer effect", in
which funcfional groups immobilized within the special
a
microenvironment provided by a polymer matrix behavéd
eccentrically compared to the analo_gous .frémcules.
Metallation at insoluble primary carbon.
A new and probably general method for the clean formation of
alkenes from alky! halides and tosylates, involving treatment
with N,N-dimethylaminocethanol, then mi'ld base; Its application
towards crosslinked (viny!)polystyrene.
New _polymer-supported dialkylgminopyridine - acylatio-n
catalysts w‘hose acjivities, improved by spacers, approached or
equalled thbse of the best free molecules a\)ailable.

A new polyrner—bound‘reagent for the acylation of nucleo-

philes. Its partial regeneration by inexpensive chemicals,

. [y
-

160



161

:

SUGGESTIONS FOR FUTURE RESEARCH

uw

- The ';wo néw synthetic methods discovered during this work,
for tosylation ar)d for elimination, can be t‘ested on a
\‘se!ectic.m of free molecules tb'determine their usef_dlness to
the gen;ral organic chemist, A' one-p'ot ‘procedure’ employing
them both is easi‘ly envisaged for the conversio;'l of alcohols
to olefins. A recyclable, polymer-bound beta-amincalcohol,
perhaps prepared from Iithi-ated polystyrene 'and epichloro-
hydrin, would further simplify workup and purification of the
desired olefin._ product. ‘

- Elimination might be more or less .suppressed in the
synthesis of (alkoxy-ethyl)polyst’yrenes from alkoxides If a
positive counterion were employed c'a;;able of anchimericaflly
assisting departure of leaving group},.,&uch as mercury ofr
thallium wit-h polymeric- halide, or magnesium with tosylate.
Perhaps even diisopropylamine might be immobilized in this
manner.

- The synthesig of (diisopropy_laminoethyl)polﬁ(st_yrene can also
be attempted through a new, entirely different route employing
diisopropylaminoethyl chloride or tosylate and polystyrene
copper or magnesium, derived from the lithiated polymer by
metal exchange. Some illustrative alpp_lications of the new non-
nucleophilic polymer base Would then be in order.

- Certain . other photochemical, basic and/or reducti_ve



procedures have yet to be attempted for the clean cleavage of
pplyrhéric tosylamide to segondary am_ine..‘FaiIing this, the

mor_é,la._bile but expensive triflamide may be more suitable.

~

. C - Condi_i:idns for the metallation. of insoluble pol.ystyrene
aIUI can .probably be imp'-.ro-ved.,. if hot. tﬁ’e reasons may also.
be interesting for the understanding 'of metaliation reactions

. and polymer chaln dynamics. Hydroboration of vinylpolystyrene

would be a step towards many other interesting derivatives.

- Nucleér_ magnetic re_'sonance s'pé;chtroscopy would greatly help .

in the analysis of functionalized reticulated p.olystyrenes.
", Since polystyrene gels are swollen by common NMR solvents,
_advanced hardware accessories .u,sually‘ required for solid

samples may not be necessary.

- The effect of spacers on cooperativity phenomen‘? can berhapsl

be tested with polystyrene-supported t‘ertiary" pyrrolidinone.
- Metal complexes with spacver-suppgpted phosphine, imidazole
and quaternary ammonium groups may -be particularly potent and

stable catalysts, Here, too, cooperativity may play a role.

- (Hydroxypropyljpolystyrene may be acCessibIeQ‘}rom commercial '

- I+

crosslinked p'c_alystyrene by coupting. the metalfated -polrymer

with allyl halide, followed by hydroboration-oxidatiori.

tm

Further func,tion"al\‘-mod'ific'atiohs would be the séme_ as for the

~

dimethylene 'spacer.

- Cor'n'plet? optimization of the regeneratien of active polymer-

bound halopyridinium reagent may be only one experiment

h ~
away... o P _ N
O %

o A
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