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The s-ftd syntbesis of peptides on czossliIlkcd 
polystyrene beads, introduced by MerrifkId 15 years 
ago,’ focused a good deal of attention on the advantages 
provided by iusoh&le, polymer-bound reagents. Before 
that time, the organic chemist’s most fhqucnt contact 
with such rca@nts was in the use of ion exchaugc resins; 
since then these systems have been applied as vchicks 
for syn#eti, catdytic and mc-&a&~ z?tudk Param 
development of other solid supports (notably silica, 
grflphitc and s&arose) has also resulted, but the present 
review s&II deal only with polystyrencdivinyl benzene 
copolymers. 

Tbesc supports arc commercially avaikble as beads in 
a variety of mesh sizes and degrees of crosslink& 
Beads with <4% c~ss~ are best dcscrhd as gel 
phases wbik those with higher incomhoa of divinyl 
bcnxene, polymcrixcd in the presence of solvents and 
emulsifkrs, arc laqjc clusters of small gel beads with 
channels or pores. Both swell considerably on contact 
with typical organic solvents, pWidillg access of 
solvent-borne reagents to the interior of the beads. Ihe 
* of sweniD# -s with irKTea& cro!&&& 

To a first approximation, the beads resembk toh~~ne in 
their elcctropllilic aromatic substitution reactions. with 
beadsoflowcrosslinkin&rcactionhasbansbownto 
occur hom*neously throilgbout tbc bead’s volome.’ . . 
e is readily accomplished by IR, com- 
bustion analysis and, where appropriate, titration. 
several recent reviews3 dcscrii cIWach&d polymers 
$zsdn&mY au& fllndiom poiymlzr? may be pur- 

Much of the present interest in tbcsc vehicks r&cts 
tbccascwitbwhicbtbeyambc~tedfromsolution 
phases. For exampk, in solid phase peptide synthesis 
@lg. If huge excesses of reagents ill sohltion are used to 

drive the acyktioa of the poiymer-bound (amine) com- 
ponent to compktion. 

In the compkmentary sense: excess polymer-bound 
rcagcntmaybcuscdtoforccrca&onsofasubstratc~ 
solution. In eithcr~casc. f&f&i side! products and 
excess reagents remain in different phases from tbc 
de&cd products and p&cations arc dlccted by mere 
iUration. Additional exampks are s&own in Fii 2. 

A c&using issue t&at has emerged daring the 
development of these reagenti is the questioa of matrix 
isoktion 0T pscudodWon. Functional lpoups attached 
to the polymer backbone most cxpcrieace some reduced 
mobility with tbc umsequence that sit+& interactions 
withinthebcadarediminisbed,r&tivctotboseinbullr 
sol&ions. Attempts to exploit this phenomenon yield 
rcsuks which are frequently difkuh to in?erpret. For 
exampk, Gibbs’ has shown that the polymer-bound 
(20% crosslinked) tihmcene derivative 1 shows catalytic 
activity, whereas its sohltioa couotclpart dim&es (Fii 
3) to the catalytically inactive 2. 
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Maxof has determined that the polymer-boumi beg 
zyne derivative shown has a half-life of about 30 sec. and 
reports by Lexr~#~ indicate q onofunctionaExatkn of 
symmetrical substrate.% 

Cl-Co-Wl&cXXI HCI tff.1. IO) 

pik 4. 

evidence that site-site ill- 
Rapoport” has shown that polymeraound carboxyiic 
acids on 296 crosslinked polystyrene readfly form an- 
hydrides, even at bw levels of functionaLation (pig 5), 
and our own shnly” of thi!3 system usiug ioaeasiugty 
crosslinked polymers show sobstantial, through reduced, 
anhydride formati at even 20% avowing. 

be a function of crosslinking solvent, temperature, 
method and degree of functionaLzation and kinetic fac- 
tors which are incompletely understood. Low levels of 
functionalization are one of the molt likely means by 
which site isolation can be achieved but such levels are 
more practical for catalytic than stoichiometric reagents. 

Multiphase systans 
Our own research has been concerned with the pos- 

8ii8 a&&d by multiphase sySteUL% We reasOned 
that direct reaction between two reagents, each attached 
to a Merent polystyrene head, mup’ k e?mcged$@@ 
slow,ifitoLXursatall.sinccf~ 
polystyrene matrix can take place homogeneously 
throq&outthebe&thefractionoffunctionalgroupsat 
the surface of the bead is vanSl$y small. Moreover, 
coUi8iin.s between two beads involve only a small area of 
the total surface. Consequently a system involviug two 
incompatiie reagents suspended in the same medium 
could be envisioned (Scheme 1). 
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Moreover, crossXkisen condensation products result 
from polymers oa which two esters have been 
am” and treatment of the 2% crossliuked phos- 
phi& 3 with complex 4 gives the “polymer-chelatW 5 
0% 6). 

An exteded X-ray abso@on 6m &ucture spectro- 
scopic (EXAFS) study” of these polymers at 296 and 
2096crosldink@conaudestbatthesitbsiteinteractions 
inthelatteris”sub5~~~. 

Tber&cedmobiMyofpolymer-boundreagenQis 
tlWeforenal,bUtit8SUcCCSSfUlepplication~to 

Now Substrata 

scbcme 1. 

For exampk, an oxidixkg agent on one support would 
beinacceasi%letoa&Kingagentonasecondsopport, 
yet a substrate in sol&n would have access to both 
specks. While such a system might be used to advantage 
in synthetic chemistry (the erst such application ap- 
peared in W77’3 the mechnnistk implication is ckarz the 
overall process rcqvins the existence of an intermediate 
which is polymer&e. In even a simph form, then, the 
system cao be used for the detection of reactive inter- 
mediates (Scheme 2). 
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ApreausorforasoqectedinWmedkteis~hadto 
onesotidsuppor&andatrapfortheintenoediateis 
attachedtoa8econdsuchsupport,sosperuMinthe 
samemedium.lbeIiberatingreagentisaddedtotbe 
sohaionphase,aadtbeappeatance of polymer-bound 
addUctSigt&thepresenCe oftbeintemlediateinsohl- 
tior~ lbe system provides an urtambiguous method for 
thedete&nof intermediatea. 



Most probably the technique has its oligills in ekc- 
trochemistry but the tint explicit keep&se detection 
of a reactive intermediate was reported nearly 50 years 
ago.” By us& two separate surfaces Kautsky was able 
to demonstrate the existence of free singlet oxygen in 
1931. arKI, had the scientific community accepted his 
interpretatkur of the experiment at that time, the tech 
nique would surely have been applied to the detection of 
other reactive intermediates. Unfortunately, some Xl 
years elapsed before KautsLy’s conchrsions were 
confhmed and another decade passed before the tech- 
nique was resurrected in our ha& Technology, 
however, moved more rapidly to develop multiphase 
systems; manywater-softeners and de-ion&n consist of 
a mixed bed of ion exchange resins suspended in the 
same solution.‘9 ‘Ike systems remove salts by genemt- 
ing acidic and basic intermediates and have been com- 
mercially available for some time. 

At the outset of our studies it was clear that the types 
of intermediates amenable to study would be limited by 
reactivity. Very short-lived speciea such as free methy- 
lene would not be expected to escape the polystyrene 
matrix without reaction; at the other end of the reactivity 
scale, intermediates with life-times longer than say, 
seconds, are probably best examined by isolatioa or 
direct observation. The method was expected to com- 
plement the kinetic methods used for the former and the 
spectroscopic methods used for the latter by providing a 
bridge between these limit& cases. 

A second worry was the relevance of reactions occur- 
ring inside hydrocarbon matrices to reactions which had 
previously been studied in aqueous medii Direct com- 
parisons between our results and the conchrsions derived 
from aqueous systems are not warranted; interpretations 
have been made with caution. However, we were 
encouraged by the hope, perhaps sangine, that these 
matrices resembled enxyme interiors, and our results 
would be complementary to those found in aqueous 
media for reactions of biocbemicai relevance. 

Perhaps the most unsatisfactory aspect of the pro- 
posed method is concerned with the nature of tbe inter- 
mediates involved. The three-phase method offers un- 
ambiguous evidence for the ex&k~~e of an intermediate 
but only inferences can he drawn concerning its stmc- 
ture. Such inferences must always be supported by 

z;E ad+sct from the solid phase (using con- 
lmmmue undesired structural changes) 

fopowed by stmcture determinatkn of the moditkld 
adduct. Tllis uncermmty was regarded as acceptable 
(since it is present in any kinetic method), nevertheless, 
direct observations of the intermediates would be desk 
able and we have made some propress in this dire&m. 

MtcIcophilic catofysir. Our initial application of the 
method involved the detection of nucleophitic catalysis 
in acyl transfer reactions.= Such catalysis is frequently 
dithcult to detect in the presence of general base cataly- 
sis, but for imidaxole, spe&oWpicdetectionoftbe 
intermediate acyi kdaxole is pot&k. Using tire 
polymer bound acyfating agents of Pat&or& and the 
polymer-bound amines of Merritkld peptide synthesis, 
we were able to observe acyl transfer with a number of 
nucleophk3 (S&me 3). 

For the case of imidaxole, direct observation of tk 
intermediate was readily accomptiskd by UV monitor- 
ing of the sohrtion phase, or using radio-labels in the acyl 
group, by scintihation counting of the solution phase. 
The latter case establishes a unique advantage offered by 
three phase systems; the intermediate exists in all three 
phases whereas precursor and trapping agents exist only 
on the solid phase. The sohrtion phase is therefore a 
domain unique to the intermediate, and spectroscopic 
toolsappliedtotbisphasebecomemagn&dintheir 
scope. lbe shape of the concentration vs time curves 
retlecttbemteof appearaoceanddisappeamnceoftbe 
intermediate, factors which are easily controIled by the 
concentration of the catalyst and trap, respectively. 

As tInal controls, we established that grind& the 
polymer bound acylating agent and polymer bound amine 
in a mortar, with or without solvent failed to induce 
direct reaction between the solid phases. Moreover the 
imidaxole~talyxed acyl transfer occurred smoothly 
when the two solid phases were suspended in the same 
medium but were physically separated by a sintered glass 
frit. 

Two additional cases examined involved in- 
tramolecular nuckophiles.” The polymer-bound half- 
ester of phthalic acid genemted phtbalic anhydride, 
which was cleanly trapped by a second solid phase 
(Scheme 4). 

Now, phtbalic anhydride can hardly be called a reac- 
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Scheme 4. 

shown 
thattbcrateofit8llydroly8i8isaluchfasterthallit8rate 
of formation from its half-e8ter8.l%crcfore it8 steady- 

-istoolowfordiredobservotion.The 
ilEp~systcmdocsnotrequifea-- 
thnShO!d and i8 wehited for tbc detection of inter- 
mcdiatcsukrthcsccondi&s. 

Amuchmorcrcativeh!umediateircprwnMie 
lbC&tCdtertisry~~(SChClllC5).KiaeticCvidemx 
has i&bItCd its illtermadiacy in tk hJ’d&SiS Of 8Ub 

8tituMpbenyll?atcr815ycarsagoPbutonlyreumuy 
havetbe8e8pa5c8provedcapabkofi8oh&m.~llJe 
detection of 6. py the thrac+~ method rquircd 
anhydrou8co&tnms,ab08eoflowm&ophilkityand 
an electrolyte in tin? sohltion phase. 

and we examined !Wxral acyl traMfen for which eli- . . 
-dditiOll mechanism8 b9VC b990 ildiC&d.= 

Bruicc had ex9min9d th9 hydrolysis of malolmtc e8ters 
alldumchKkdthatcWbctboxyketeDc7(scbema6),was 
~iIltCImediateillthiSE,CBnoction.Arataproduct 
discrepancyrW&dthattbCintena4.ktChadbeell 
trap@byanil&,but8toppcd-iIowmethod8faikdto 
ykld SptXtX%+ evidcxe for the ketenc.= 

usiqproton8pongeastbcbasetoiu8urcagain8t 
nuckophilic catalysis, we were abk to detect Letem 
transfef ill the thnephase By&Ill 8bOWll. A80 d&!&d 

were the acyl ketene 8 and isacyanate 9 from their 

respective polymer-bound nitrophenyl esters.” IO the 
lattcrca8e,pbenylisocyanatecouldagainbedctectuiin 
thesohltionpha8e(bylR spectroscopY)* subsequently, 
we observad tin! transfer of three intemlcdiatc8 through 
~845pbeseS~beatipetheP recursorandtrapping 
re8insu&rpartialvmxumduringattempteddrying.It 
should be possiik to exploit this PhenomenOn in 8uicaMy 

ColMtruded !bw ty8tems for Synthetic prpo8e8. 

Phosphate tmufer. As with acyl tralufen, pboaphate 
transfer8canoccurbybothadditioncKnationand 
clWmtion-addititm mcchani8ms. Indeed, the latter mode 
is oat of tbc urst E,CB react&3 dcscribcd. llE phos- 
pbofou8 analog8 to the LetelBa are the mctaphosphates, 
and evidence for tbcir intermediacy in plKMphate tran8- 
fer nction8 had been deduced by Westbei from 
kiNtiC StUdks, e.g. pi 7. 
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The 6rst monomeric metaphosphate succumbed to full 
characterization in 1974, aml the methyl ester has been 
generated as shown in the gas phase,= but the parent ion 
and its less hindered derivatives remain onknown. Our 
ioitialeffortsweredir&edatthcamide1o,sclEnle7 
and successful transfer was accomplished to the 
polymer-bound leucine.~ supportine evidence for the 
eknioatbn mechanism shown was provided by the 
failore of the folly akykted 11 to tmoafer under iden- 
tical conditions. 

Subsequently phosphate transfer from the polymer- 
bound mixed anhydride was detected.” The radioactive 
phosphorous used ill these studies enabled us to establish 
that 7096 of the phosphorous rekased from the polymer 
wastrappcd,arMlthat90960fthephosphoroustrapped 
appeared as glycine monopbospl& in soh&n after 
!Japon&ation. RaX?ntly,J’ we have observed phosphate 
transfer duriog the Conant-Swan reaction (!kheme 8). 

In any of these cases, the actual St- of the 
phosphorylatQ agent is a matter of uuztainty. Cuntrol 
experiments established that the polymer-bouod am&s 
were not phosphorykted with pyrophosphate under 
these co&ions, and higher oligomers of phosphate are 
seemingly ruled out by the nearly exclusive mom+os- 
phoryktion in the observed products. It is probable that 
the parent iOn, m-, would form a complex with diox- 
ane (as does the isoelectronic SW,” which could act as 
the plmspaorylatiae agent, but reactions in which 
acetonitrile was the sohltion phase gave results nearly 
identical to those observed in dioxane. A specks as 
ekctrophilic as metaphosphate would react with what- 
ever nuckophiks are available and pendant carboxyl 

groups could provide successive park& places as the 
ion works its way to the surface. However, we cannot 
ruk out disproportiolmtiom3 within the solid phase pre- 
cursors that w polymer-free iotermediates say, 
tklCtaphosph2tCS,y whichcouldactascarrkrsina 
catalytic sense. 

*lobutodkne. Evidence for the existence of free 
cycbbatadkne in inert matrices at bw temperatures has 
been presenta?” and mu&&us&” In solution, 
GNbW has provided excellent ev&ce that cyclo- 
b~isfreeofironwhen~byoxidatbnof 
its iron t&ubonyl complexes, and we felt such a rcac- 
tie specks would provide a stringent test for the scqpe 
of the three-phase method. A polymer-bound precursor 
arxltrapforthisspeckswerefonndinthemakimideand 
phenanthrol& compkx, respedively, (Scheme 9), arsd 
control experiments estabMed that the iron did not 
escape the savage gasp of the polymer during oxida- 
tions.!SlowadditbnofoxidantstotbethWe+sesys- 
teminwhichthetmppioga@waspmentinexcess 
resulted in nmarlrably dlkknt (90%) transfer of cycl* 
buucne through the solutbn phasCS 

!Sngkt oxygen. The known lifetime of siogkt oxygen? 
‘OZ,ill&tion~andhrthegasphlW~S~tedthBtit 
mightbeuscdtoestabMthetimeframeinwhkhthe 
three-phase method operates. Moreover, such an 
exp&Wntlmsthehisto&lcharmofretum@the 
metbodtoits&stsocccssfulapplkatbn.Polymer-bouDd 
sensitixen for ‘0, were avaikbkkugh t!~ w$t 
Necka~~‘and,aftercun&rab ru&atnm 
polymer-bound diphenyl anthra~ne de+ativer a suit- 
aMetrapwasouadintbeokfln13(Fyt8).Reactionof 

!3chcme 1. 

Schema 8. 
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l3 with known ‘02 sources in solutions gave a mixture 
of hydroperoxide “ene” products which were charac- 
terized as the alcohols 14 after removal from the 
polymer. 

We were disappointed to fkd that no eae products 
were formed when a suspension&l3 aikl’i5 in &&ion 
was exposed to prolonged irradiation; neither did they 
form when the ‘02 source was the polymer bound 
cyanate/Hfi system,” 16. Successful transfer occurred 
through the gas phase when the irradiation was per- 
formed on mixtures of 13 and 15 under partial pressures 
of oxygen. The observed pressure dependence is also in 
accord with that expected for ‘a, a species readily 
deactivated by collisions ia the gag phase. 

Intro 0s inte&ecuIar. Multiphase systems are ca- 
pable of application to mechanistic problems posed by a 
number of reanangement reactions. Does the reaction 
proceed by way of intramolecular rearraogement, path a, 
or through dissociation to intermediates, path b? 

/ Intrgoloculor \ 

A-6-C A-C-B 

M&othm Recofl?binatkn 

\, A*0-C - 
(b) 

Fig. 10. 

The detection of crossover product in appropriately 
labeled system has been frequently used to answer such 
questions, and in multiphase systems the polymers 
themselves can serve as labels. Consider !Scheme 10 in 
which the two solid polymer phases could be dis- 
tinguished by mesh sixes or by physical separation with a 
frit as previously described. The dissociation mechanism 
generates a polymer-free intermediate whiclr lrcu no his- 
tory, and could recombioe with either solid phase. 

I I 

schcmc 10. 

A beautiful example of this example of this technique 
was provided rec&ly by Warshawski.” In a mechanis- 
tic study of the Fries mment, it was shown that 
treatment of the ester 17 (Scheme 11) with AK% in the 
prcscnce of 18, resulted in acylation of the latter. This 
requires the existence of a polymer-free acylating agent, 
for which the acylium ion st~cturc was proposed. 

In our own application of this method, we examined 
the reaction of isocyanates with carboxylic acids.” The 
formation of the amide product may arise by in- 
tramolecular O+N acyl transfer of the initially formed 
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mixed anhydride 19, or by disproportionstion to the 
symmetrical anhydride 20 (Fig 11). 

It would be ditlicuit to imagine a nuckopMe which 
reacts selectively with tbe symmetrical anhydride ia the 
presence of the mixed anhydride and the isocyanate in 
solution. However, if tbe nuckqhile were corded to 
one solid pba!3e and the isocyanate to another, the sym- 
metrical anhydride would be the only acylating agent 
with access to the oucleophile. In the event” the 
polymer-bound kocyanate 21 and the polymer-bound 
amine 22 were suspended in a solutioo of tbe carboxylic 
acid (Scheme 12). 

Acylation of both polymers resulted, but 8096 of tbe 
acylation occurred 00 22 as shown. llxrefore ill- 
tramokcular 0-N acyl migratioo of 23 cannot be a 
rapid process compared to its disproportionatioo to a 
polymer-free acylating agent. 

Triphare catalysis. A recent development that blends 
the advautages of insoluble supports with the catalytic 
effects of phase transfer4 agents is represented by 
Regen’~~ Wiphase” system. The polymer-bound cata- 
lyst and two immisciik liquids provide the three phases 

involved and the system has been efficacious in 
stitutioo reactions (Scheme 13). cyclopropanatioos 
diclllo~ and 0xidatioIls. 

n9 

Liquid membmnes. For the sake of completeness, we 
conclude with the use of three liquid phases. Such sys- 
tems are easily constructed within a U-tube (Fii 12) and 
their simplicity accounts for their popularity as models 
for bSogkal membranes.” Recent studies of ion trans- 
port by macrocyclic polyethers are particularly elegent” 
and suggest that the application of multiphase systems to 
probkms in chemistry is limited only by the experimeo- 
ter’s imagination. 

!Wxmc 13. 
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