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INTRODUCTION

The successful synthesis of peptides on crosslinked
polystyrene beads, introduced by Merrifield 15 years
ago,’ focused a good deal of attention on the advantages
provided by insoluble, polymer-bound reagents. Before
that time, the organic chemist’s most frequent contact
with such reagents was in the use of ion exchange resins;
since then these systems have been applied as vehicles
for synthetic, catalytic and mechanistic studies. Paralle]
development of other solid supports (notably silica,
graphite and sepharose) has also resulted, but the present
review shall deal only with polystyrene-divinyl benzene
copolymers.

These supports are commercially available as beads in
a variety of mesh sizes and degrees of crosslinking.
Beads with <4% crosslinking are best described as gel
phases while those with higher incorporation of divinyl
benzene, polymerized in the presence of solvents and
emulsifiers, are large clusters of small gel beads with
channels or pores. Both swell considerably on contact
with typical organic solvents, providing access of
solvent-borne reagents to the interior of the beads. The
degree of swelling decreases with increased crosslinking.

To a first approximation, the beads resemble toluene in
their electrophilic aromatic substitution reactions. With

drive the acylation of the polymer-bound (amine) com-
ponent to completion.

In the complementary sense,* excess polymer-bound
reagent may be used to force reactions of a substrate in
solution. In either: case, fractidus sidé products and
excess reagents remain in different phases from the
desired products and purifications are effected by mere
filtration. Additional examples are shown in Fig. 2.

A confusing issue that has emerged during the
development of these reagents is the question of matrix
isolation or pseudo-dilution. Functional groups attached
to the polymer backbone must experience some reduced
mobility with the consequence that site-site interactions
within the bead are diminished, relative to those in bulk
solutions. Attempts to exploit this phenomenon yield
results which are frequently difficult to interpret. For
example, Grubbs® has shown that the polymer-bound
{(20% crosslinked) titanocene derivative 1 shows catalytic
activity, whereas its solution counterpart dimerizes (Fig.
3) to the catalytically inactive 2.
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Mazur’ has determined that the polymer-bound ben-
zyne derivative shown has a half-life of about 30 sec, and
reports by Leznoft'® indicate monofunctionalization of
symmetrical substrates.
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Fig. 4.

Many experiments, however, have provided stmng
evidence that site-site interactions are quite facile.'
Rapoport'? has shown that polymer-bound carboxylic
acids on 2% crosslinked polystyrene readily form an-
hydrides, even at low levels of functionalization (Fig. 5),
and our own study" of this system using increasingly
crosslinked polymers show substantial, through reduced,
anhydride formation at even 20% crosslinking.
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Fig. 5.

Moreover, cross-Claisen condensation products resuit
from polymers on which two esters have been
attached,'* and treatment of the 2% crosslinked phos-
phine 3 with complex 4 gives the “polymer-chelated” §
(Fig. 6).

' 1% y

&
4 CO
/\

(Ref. 13)

Fig. 6.

An extended X-ray absorption fine structure spectro-
scopic (EXAFS) study'® of these polymers at 2% and
mqosslinkingconcludesﬂntthesite-siteintemcﬁons
in the latter is ‘‘substantially reduced”.

The reduced mobility of polymer-bound reagents is
therefore real, but its successful application appears to

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

Multiphase systems

Our own research has been concerned with the pos-
sibilities afforded by multiphase systems. We reasoned
that direct reaction between two reagents, each attached
to a different polystyrene bead, must be exceedingly
slow, if it occurs at all. Since functionalization of the
polystyrene matrix can take place homogencously
throughout the bead, the fraction of functional groups at
the surface of the bead is vanishingly small. Moreover,
collisions between two beads involve only a small area of
the total surface. Consequently a system involving two
incompatible reagents suspended in the same medium
could be envisioned (Scheme 1).
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Scheme 1.

For example, an oxidizing agent on one support would
be inaccessible to a reducing agent on a second support,
yet a substrate in solution would have access to both
species. While such a system might be used to advantage
in synthetic chemistry (the first such application ap-
peared in 1977'7) the mechanistic implication is clear: the
overall process requires the existence of an intermediate
which is polymer-free. In even a simpler form, then, the
system can be used for the detection of reactive inter-
mediates (Scheme 2).
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Scheme 2.

Aprewrsorforasuspectedmtermedlatelsattacbedto
one solid support, and a trap for the intermediate is
attached to a second such support, suspended in the
same medium. The liberating reagent is added to the
solution phase, and the appearance of polymer-bound
adduct signals the presence of the intermediate in solu-
tion. The system provides an unambiguous method for
the detection of intermediates.
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Most probably the technique has its origins in elec-
trochemistry but the first explicit three-phase detection
of a reactive intermediate was reported nearly 50 years
ago." By using two separate surfaces Kautsky was able
to demonstrate the existence of free singlet oxygen in
1931, and, had the scientific community accepted his
interpretation of the experiment at that time, the tech-
nique would surely have been applied to the detection of
other reactive intermediates. Unfortunately, some 30
years eclapsed before Kautsky's conclusions were
confirmed and another decade passed before the tech-
nique was resurrected in our hands. Technology,
however, moved more rapidly to develop multiphase
systems; many water-softeners and de-ionizers consist of
a mixed bed of ion exchange resins suspended in the
same solution.' These systems remove salts by generat-
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 species 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 isolation 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 limiting cases.

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

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

removal of the adduct from the solid phase (using con-
ditions which minimize undesired structural changes)
followed by structure determination of the modifield
adduct. This lmeertainty was regarded as acceptable
(since it is present in any kinetic method), nevertheless,
direct observations of the intermediates would be desir-
able and we have made some progress in this direction.

Nucleophilic catalysis. Our initial application of the
method involved the detection of nucleophilic catalysis
in acyl transfer reactions.® Such catalysis is frequently
difficult to detect in the presence of general base cataly-
sis, but for imidazole, spectroscopic detection of the
intermediate acyl imidazole is possible. Using the
polymer bound acylating agents of Patchornik* and the
polymer-bound amines of Merrifield peptide synthesis,
we were able to observe acyl transfer with a number of
nucleophiles (Scheme 3).

For the case of imidazole, direct observation of the
intermediate was readily accomplished by UV monitor-
ing of the solution phase, or using radio-labels in the acyl
group, by scintillation 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 solution phase is therefore a
domain unique to the intermediate, and spectroscopic
tools applied to this phase become magnified in their
scope. The shape of the concentration vs time curves
reflect the rate of appearance and disappearance of the
intermediate, factors which are easily controlled by the
concentration of the catalyst and trap, respectively.

As final controls, we established that grinding 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
imidazole-catalyzed 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 nucleophiles.™ The polymer-bound half-
ester of phthalic acid generated phthalic anhydride,
which was cleanly trapped by a second solid phase
(Scheme 4).

Now, phthalic anhydridé can hardly be called a reac-
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Scheme 3.
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tive intermediate, but in solution, Bender® has shown
that the rate of its hydrolysis is much faster than its rate
of formation from its half-esters. Therefore its steady-
state concentration is too low for direct observation. The
three-phase system does not require a concentration
threshold and is well-suited for the detection of inter-
mediates under these conditions.

A much more reactive intermediate is represented in
acylated tertiary amine 6 (Scheme 5). Kinetic evidence
has implicated ltsmtermedmcymthe hydrolysis of sub-
stituted phenyl esters 15 years ago,” btnonlyrecenﬂy
havethesespecmprovedcapableofmolanon.”
detection of 6 by the three-phase method required
anhydrous conditions, a base of low nucleophilicity and
an electrolyte in the solution phase.

Elimination reactions. Intermediates in elimination
reactions are particularly compatible with the method,
and we examined several acyl transfers for which eli-
mination-addition mechanisms have been indicated.*
Bruice had examined the hydrolysis of malonate esters
and concluded that carbethoxy ketene 7 (Scheme 6), was
an intermediate in this E,CB reaction. A rate-product
discrepancy revealed that the intermediate had been
trapped by aniline, but stopped-flow methods failed to
yield spectroscopic evidence for the ketene.”

Using proton sponge as the base to insure against
nucleophilic catalysis, we were able to detect ketene
transfer in the three-phase system shown. Also detected
were the acyl ketene 8 and isocyanate 9 from their

oun-Oredy

respective polymer-bound nitrophenyl esters.® In the
latter case, phenyl isocyanate could again be detected in
the solution phase (by IR spectroscopy). Subsequently,
we observed the transfer of three intermediates through
the gas phase, on heating the precursor and trapping
resins under partial vacuum during attempted drying. It
should be possible to exploit this phenomenon in suitably
constructed flow systems for synthetic purposes.

Phosphate transfer. As with acyl transfers, phosphate
transfers can occur by both addition-elimination and
elimination-addition mechanisms. Indeed, the latter mode
is one of the first E,CB reactions described. The phos-
phorous analogs to the ketenes are the metaphosphates,
and evidence for their intermediacy in phosphate trans-
fer reactions had been deduced by Westheimer™ from
kinetic studies, e.g. Fig. 7.
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The first monomeric metaphosphate succumbed to full
characterization in 1974, and the methyl ester has been
generated as shown in the gas phase,™ but the parent ion
and its less hindered derivatives remain unknown. Our
initial efforts were directed at the amide 10, Scheme 7
and successful transfer was accomplished to the
polymer-bound leucine.” Supporting evidence for the
elimination mechanism shown was provided by the
failure of the fully atkylated 11 to transfer under iden-
tical conditions.

Subsequently phosphate transfer from the polymer-
bound mixed anhydride was detected.® The radioactive
phosphorous used in these studies enabled us to establish
that 70% of the phosphorous released from the polymer
was trapped, and that 90% of the phosphorous trapped
appeared as glycine monophosphate in solution after
saponification. Recently,”® we have observed phosphate
transfer during the Conant-Swan reaction (Scheme 8).

In any of these cases, the actual structure of the
phosphorylating agent is a matter of uncertainty. Control
experiments established that the polymer-bound amines
were not phosphorylated with pyrophosphate under
these conditions, and higher oligomers of phosphate are
seemingly ruled out by the nearly exclusive mono-phos-
phorylation in the observed products. It is probable that
the parent ion, PO,~, would form a complex with diox-
ane (as does the isoelectronic SOs),** which could act as
the phosphorylating agent, but reactions in which
acetonitrile was the solution phase gave results nearly
identical to those observed in dioxane. A species as
electrophilic as metaphosphate would react with what-
ever nucleophiles are available and pendant carboxyl

0

i
®-ch_ 0-P-(NH-R)y
NO,

groups could provide successive parking places as the
ion works its way to the surface. However, we cannot
rule out disproportionations within the solid phase pre-
cursors that generate polymer-free intermediates say,
trimetaphosphates,* which could act as carriers in a
catalytic sense.

Cyclobutadiene. Evidence for the existence of free
cyclobutadiene in inert matrices at low temperatures has
been presented®® and much-discussed. In solution,
Grubbs™ has provided excellent evidence that cyclo-
budadiene is free of iron when generated by oxidation of
its iron tricarbonyl complexes, and we felt such a reac-
tive species would provide a stringent test for the scope
of the three-phase method. A polymer-bound precursor
and trap for this species were found in the maleimide and
phenanthroline complex, respectively, (Scheme 9), and
control experiments established that the iron did not
escape the savage grasp of the polymer during oxida-
tions. Slow addition of oxidants to the three-phase sys-
tem in which the trapping agent was present in excess
resulted in remarkably efficient (90%) transfer of cyclo-
butadiene through the solution phase.”

Singlet oxygen. The known lifetime of singlet oxygen,
'0,, in solution” and in the gas phase® suggested that it
might be used to establish the time frame in which the
three-phase method operates. Morcover, such an
experiment has the historical charm of returning the
method to its first successful application. Polymer-bound
sensitizers for 'O, were available through the work of
Neckers*' and, after considerable frustration with a
polymer-bound diphenyl anthracene derivative,* a suit-
able trap was ound in the olefin 13 (Fig. 8). Reaction of
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Scheme 9.

13 with known 'O, sources in solution® gave a mixture
of hydroperoxide ‘‘ene™ products which were charac-
terized as the alcohols 14 after removal from the
polymer.

We were disappointed to find that no ene products
were formed when a suspension-of-13 afid 15 in solution
was exposed to prolonged irradiation; neither did they
form when the 'O, source was the polymer bound
cyanate/H,O. 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 'O, a species readily
deactivated by collisions in the gas phase.

Intra vs intermolecular. Multiphase systems are ca-
pable of application to mechanistic problems posed by a
number of rearrangement reactions. Does the reaction
proceed by way of intramolecular rearrangement, path a,
or through dissociation to intermediates, path b?

I
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@- Rose Bengal

¢)cHe -@—o—csu
15 NO
~v

o
phase) 02 ['ot]
(®-otetin

(13)

— Intramoleculor ~
A-B-C (@)

A-C-B
Dlngcloﬂon Rocom'binotlon
N A+B-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 sizes or by physical separation with a
frit as previously described. The dissociation mechanism
generates a polymer-free intermediate which has no his-
tory, and could recombine with either solid phase.

@ ame-c [e c]
©- Ka c? -
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Scheme 10.

A beautiful example of this example of this technique
was provided recently by Warshawski.*’ In a mechanis-
tic study of the Fries rearrangement, it was shown that
treatment of the ester 17 (Scheme 11) with AICl; in the
presence of 18, resulted in acylation of the latter. This
requires the existence of a polymer-free acylating agent,
for which the acylium ion structure 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

Oz2H

{w*’c"z‘@ é%—c“;@-cu,-o,c ) Ho-cHe(P)
—

1) NaBH,
2) NaOMe H
OH + N
COzMe Me0,C
14
Lo d
Yield Pressure
1-2% 25 mm

10 mm

!3) a-5%

@- Ene" peroxides

Fig. 9.
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mixed anhydride 19, or by disproportionation to the
symmetrical anhydride 20 (Fig. 11).

It would be difficult to imagine a nucleophile which
reacts selectively with the symmetrical anhydride in the
presence of the mixed anhydride and the isocyanate in
solution. However, if the nucleophile were confined to
one solid phase and the isocyanate to another, the sym-
metrical anhydride would be the only acylating agent
with access to the nucleophile. In the event,*” the
polymer-bound isocyanate 21 and the polymer-bound
amine 22 were suspended in a solution of the carboxylic
acid (Scheme 12).

Acylation of both polymers resulted, but 80% of the
acylation occurred on 22 as shown. Therefore in-
tramolecular O—»N acyl migration of 23 cannot be a
rapid process compared to its disproportionation to a
polymer-free acylating agent.

Triphase catalysis. A recent development that blends
the advantages of insoluble supports with the catalytic
effects of phase transfer*® agents is represented by
Regen’s®” “tnphase" system. The polymer-bound cata-
lyst and two immiscible liquids provide the three phases

involved and the system has been efficacious in sub-
stitution reactions (Scheme 13), cyclopropanations with
dichlorocarbene and oxidations.

Liquid membranes. For the sake of completeness, we
conclude with the use of three liquid phases. Such sys-
tems are easily constructed within a U-tube (Fig. 12) and
their simplicity accounts for their popularity as models
for biological membranes.* Recent studies of ion trans-
port by macrocyclic polyethers are particularly clegent™
and suggest that the application of multiphase systems to
problems in chemistry is limited only by the experimen-
ter's imagination.

N R—Br R-CN
®_'|4’_ * ..(i'q.c_"hi — ey - - —~ =
I X d ¢ -
’ Na CN No* Br
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Scheme 13.
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Transfer rates (mol/he x 107)
with Dibenzo-18-¢rown-8

NaCl 0.31

NaBr 1.6

NoI L]

KC1 6.1

Ker 88

KI 620
(Ref. 51)

Fig. 12,
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