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Abstract: Covalent scavenging strategies which rely upon the
chemical reactivity of primary and secondary amines have found
application in the separation of amine starting materials from com-
binatorial synthesis products. The use of solid-supported scaven-
gers, sequestration enabling reagents, and the technique of impurity
annihilation all allow theremoval of structurally diverse amines by
proceduresthat are easily carried out in parallel and are amenableto
automation.
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1 Introduction

Combinatorial organic synthesisis generally divided into
two tactical domains, solid phase synthesis and solution
phase synthesis. In the solid phase synthesis of a combi-
natorial library of isolated compounds, one has a choice of
synthetic strategies. Parallel, spatially addressed formats
may be used wherein each compound synthesized islocat-
ed in a discrete reaction well. Alternatively, an encoded,
mix and split strategy may be employed which minimizes
the number of reaction vessels and reagent dispensing
steps required. Either way, the solid support provides an
inherently simple means for separation of the desired
product from excess reactants by a simple filtration and
rinsing of the solid-supported product with solvent. When
the final product is cleaved from the support it isfound in
substantially pure form.

Solution phase approaches are limited to the parallel for-
mat. Furthermore, it is desirable to devise acommon reac-
tion work-up/purification strategy that can be applied with
broad success to isolate each synthetic intermediate or fi-
nal library product. With sufficient work-up/purification
planning for each synthetic step, the final products can be
isolated in a state of purity that is comparable to solid
phase synthesis without time-consuming chromatogra-
phy. Automation and parallel processing can reduce the
tedium and human error associated with the repetitive ma-
nipulations of parallel synthesisand purification. The cur-
rent state of the art in automation, however, is limited to
the simple manipulations such as solution or slurry trans-
fer and phase separations, including evaporation, filtra-
tion, liquid/liquid extraction, and solid/liquid extraction.

new ftanlg

Primary and secondary amines are among the most popu-
lar classes of building blocksfor combinatorial libraries of
organic molecules. There are awide variety of aminesthat
are commercialy available and nearly limitless numbers
of novel amines that are otherwise accessible through
short, robust syntheses. They are useful in a broad range
of synthetic reactions and nitrogen-containing pharma-
cophores are important in many pharmaceutical and agri-
cultural products. It is not surprising that carbon-nitrogen
bond formation reactions are found in most of the synthet-
ic routes to combinatorial libraries of organic molecules
that have been described to date®. Convenient strategies
for selective removal of primary and secondary amines
will thus have broad applicability in the combinatorial
synthesisfield.

2 Covalent Scavenging?

The demand for simple and efficient separations that can
be applied in parallel following solution phase syntheses
have given rise to anumber of practical purification strat-
egieswhich can be easily automated. Scheme 1 generaliz-
es severa powerful parale purification strategies that
employ covalent scavengers to remove primary and sec-
ondary amines from desired products. In thisgeneric reac-
tion, aglight excess of the amineis used to consume all of
reactant X and afford a maximal yield of the product,
R'R2NX. To effect purification of this product, the resid-
ual amine is sequestered to the solid phase using one or
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more insoluble and/or soluble scavenger reagents that are
tailored to covalently react with primary or secondary
amines. By virtue of the fact that the product lacks the
chemical reactivity of aprimary or secondary amine, it re-
mainsin solution whereit can readily beisolated by asim-
ple filtration to remove solid(s) and subsequent
evaporation of the solvent(s).

The strength of covalent scavenging approachesfor paral-
lel purification lie in their inherent simplicity. Even
though the set of amines used in a combinatorial array
may have markedly different structures and physical
properties, they all have acommon chemical reactivity as
nucleophiles. Hence a chemosel ective strategy which em-
ploys electrophilic scavengers and uniformly sequesters
all of the amine starting materia sto the solid phaseis easy
to deduce. Furthermore, the choice of irreversible cova-
lent reaction(s) removes equilibrium considerations from
the separation process so that large excesses of the scav-
enging reagents are typically not required. Finaly, itisa
relatively straightforward matter to determine the modest
excess of the scavenger reagent(s) required to readily
overcome the frequent situation where variable residual
amounts of individual starting amines occur from well to
well.

The purification processes for amines described in
Scheme 1 are chemically distinct from the time-honored
and well-known concept of ion exchange in that covalent
reactions rather than ionic interactions are used to seques-
ter the amine. lon exchange® and covalent scavenging are
both useful meansfor removal of aminesin aparallel syn-
thesis setting. The two methods are complementary. In a
situation whereit isdesirableto remove any amine or qua-
ternary ammonium salt, cation exchange resins may well
be the sequestration reagent of choice. On the other hand,
if one desiresto selectively remove secondary and/or pri-
mary amines without removing tertiary amines or quater-
nary ammonium salts, covalent scavengers are preferred.
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Another situation where covalent scavengers would be
preferred over ion exchange resins existswhen the desired
product is sensitive to the strongly acidic groups typically
found on cation exchange resins. Amine scavenging and
sequestering strategies that combine covalent modifica-
tion by soluble sequestration enabling reagents (SERS)
with sequestration by anion exchange resins also have
been reported?©4,

3 Covalent Scavengersfor Amines

For practical reasons related to ease of automation and
cost of reagents, the removal of amines by covalent scav-
enging involves a maximum of two synthetic transforma-
tions to the excess amine. Three types of strategies have
been reported in the literature to date:

— Solid-supported scavengers

— Sequestration enabling reagent (SER) plus solid-
supported scavenger

— Impurity annihilation

Solid-supported scavengers provide the simplest means of
sequestering primary and secondary amines since they re-
quire only asingle synthetic transformation. Several resin
reagents have been described in the literature to date.
Electrophilic scavenging functionalities used on these res-
ins include isocyanate, isothiocyanate, carboxylic acid
chloride, isatoic anhydride and aldehyde. Illustrative ex-
amples of the utility of amine scavenger resins in epoxide
opening, akylation, acylation, and reductive amination
reactions are provided in the Table.

4-1socyanatophenyl-methyl-poly(styrene-divinylben-

zene) resin, 1, wasfirst reported in the late 1970s as a sol-
id-supported amine scavenger in the patent literature by
Patchornik, who made passing reference to its ability to
guantitatively remove benzylglycine from chloroform
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solution®. The usefulness of thisresin as atool for purifi-
cation remained largely unappreciated until nearly twenty
years later when research groups at Eli Lilly® and Parke-
Davis’ reaffirmed the applicability of isocyanateresins, in
this case, isocyanatomethyl polystyrene resin 2, as a
means of removing primary and secondary amines from
crude combinatorial synthesis products. The latter isocy-
anate resin is prepared by reaction of aminomethyl-
poly(styrene-divinylbenzene)  with  phosgene®  or
triphosgene’ (Scheme 2). The use of 2 for scavenging of
amines in combinatorial synthesis applications has re-
ceived considerable attention in the recent literature®”.
The analogous isothio-cyanatomethyl resin has not yet
been reported as an amine scavenger but should have sim-
ilar application®.

cocl,

—_—
NH,.HCl . NCO

Cl3COCO,CCly

U — NCO
OANHZ EtN

Scheme 2

Two other resins, 3 and 4, which bear a high loading of
isocyanate groups and are likely to be useful as amine
scavengers are shown in Schemes 3 and 4. These are both
prepared by suspension polymerization of isocyanate-
containing monomers. Resin 3is prepared by co-polymer-
ization of methacryloyloxyethyl-isocyanate and divinyl-
benzene as a suspension in a perfluorocarbon solvent®.
The perfluorocarbon solvent FC77 is preferred over
water, which is the traditional solvent for suspension
polymerization, since the isocyanate monomer is unstable
to water at the polymerization temperature. Alternatively,
3-isopropenyl-a,a-dimethylbenzyl-isocyanate ~ (TMI®)
may be co-polymerized with styrene in the presence of
TEMPO resin as a solid-supported initiator to afford resin
4 which has a high isocyanate loading®*. The result isthat
a large, isocyanate-functionalized bead is grown from a
small initiator bead via a living free radical polymeriza-
tion. Depending on one' s perspective, thisform of suspen-
sion polymerization either requires no suspending solvent
or utilizes the monomers as both reactants and suspending
solvents. Either way the potential water sensitivity of
TMI® during polymerization is avoided since water isnot
used as the suspending solvent.

Carboxylic acid chloride on polystyreneresin (5) is a sec-
ond type of solid-supported amine scavenger®. Compared
to the isocyanate resins above, it has the inherent disad-
vantage that HCl is generated during the scavenging pro-
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cess. Thus a strategy for HCl removal is also necessary.
There may be instances where the reactivity of an acid
chloride would be preferred over an isocyanate. The acid
chloride resin 5 is prepared by treatment of benzoic acid
resin with thionyl chloride'? or oxalyl chloride'® (Scheme
5).
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A third class of polystyreneresin that has been reported as
ascavenger of primary and secondary aminesisthe isato-
ic anhydrideresin, 6. Thisresin is simply prepared by re-
acting the sodium salt of isatoic anhydride with a high
loading Merrifield resin'* (Scheme 6). Isocyanate resin
and isatoic anhydride resins appear to have roughly equal
reactivity with primary and secondary amines and are es-
sentially interchangeable. The ease of preparation of a
high loading isatoic anhydride resin from inexpensive
starting materials results in a significant price advantage
per mmol relative to the lower loading isocyanatomethyl
resin.

; (0]
Isatoic
anhydride )J\
O/\Cl e O/\N o
NaH, DMA
[¢]

6 (3.2 mmol/g)

Scheme 6

Aldehyde polystyrene resins are a final chemical class of
solid-supported amine scavengersthat offer an alternative
to acylation in the scavenging reaction. They can be used
to selectively scavenge primary amines via imine forma-
tion. This makes them useful for separation of primary
amine starting materials from secondary or tertiary amine
products following a reductive amination (Table). Com-
pared to the amine acylating resins described above, alde-
hyde resins are subject to more facile reversa of the
covalent scavenging reaction since water can readily hy-
drolyse the imine and thereby liberate offending amines
from the scavenger resin. Practically speaking thisisnot a
major difficulty, especialy if an excess of the aldehyde
resin is used. The synthetic routes to aldehyde resins are
shown in Scheme 7. Merrifield resinisreadily oxidized to
benzaldehyde resin 7 by heating with DM SO and sodium
bicarbonate’®. Alternatively aldehyde resin 8, also known
as “Wang aldehyderesin”, may be prepared either by ox-
idation of Wang resin'® or by reacting 4-hydroxybenzal-
dehyde with Merrifield’ sresin in the presence of abase'’.
Anisomeric relative of Wang adehyderesin (9), whichis
similarly prepared by reacting 3-hydroxybenzaldehyde
with Merrifield’ sresin, can also be used®. Two examples
of covalent scavenging with aldehyde resinsfollowing re-
ductive amination® 1° are shown in the Table.

Cs,CO3
o= O
—_—
HO CHO O CHO

O/\u O/\

Scheme7

Asan alternative to electrophilic scavenger resins, remov-
a of primary and secondary amines may also be effected
in two reaction steps:1) Derivatization of the amine with
an excess of a soluble bis-electrophile and 2) sequestra-
tion of the resulting amine derivative and remaining bis-
electrophile with a larger excess of a nucleophilic scav-
enging resin. This strategy has been effectively employed
with hexafluoroisopropyl oxaate (10) as the SER¥
(Scheme 8). In this process 10 first reacts with the amine
starting material to form a hemi-amide which is subse-
quently sequestered by reaction with the supported amine,
11, which also covalently binds any remaining 10. The
hexafluoro-isopropanol that is liberated in the process is
volatileand easily evaporated with solvents. In addition to
the added complexity of two reagent addition stepsfor the
two scavenger reagents and two quantitative covaent re-
actions, this procedure has the inherent danger of produc-
ing asymmetrical oxalamide which would be an impurity
that is likely to be difficult to separate from the desired
product. However, with careful attention to the stoichiom-
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etry and order of addition, it isa useful alternative to one-
step scavenging with an electrophilic resin. A number of
commercially available bis-electrophiles, including bis-
isocyanates and bis-aldehydes, could potentially serve as
aternative SERs that, when paired with an amino resin,
would also be effective covalent scavenger systems for
primary and secondary amines. Table 1 shows a selected
example of this two-step solution and solid phase scav-
enging technique.

The latest addition to the armamentarium of methods for
covalent scavenging of aminesis atechnique called “im-
purity annihilation”? (Scheme 9). Two scavenging re-
agents are also required for impurity annihilation but in
this case they are both soluble. Addition of a solution of
benzene-1,4-di-isocyanate (12) followed abrief timelater
by a solution of tetraethylenehexamine (13) to a crude re-
action product that contains a primary or secondary amine
starting material results in the preparation of a cross-
linked urea polymer. The amine starting material is con-
sumed by the di-isocyanate and the resulting benzene-1-
urea-4-isocyanate is covalently entrained during the poly-
merization reaction, making chain-terminating ureas. The
highly cross-linked polyurea that is formed precipitates
quantitatively from solution. Upon filtration and evapora-
tion, product that is free of both the amine and the two
monomers is isolated. This method is quite analogous to
the stepwise addition of a SER and an amino polymer.
However with impurity annihilation, one adds a
polyamineinstead of an amino-polymer and the insoluble
support is created during the scavenging process, not be-
fore. The first step of the annihilation method also con-
tains the inherent danger of creating soluble impurities by
reaction of the di-isocyanate with two equivalents the
amineto be scavenged. However if the prescribed stoichi-
ometry and excesses of reagents are used, the production
of symmetrical benzene-1,4-di-ureas can be avoided. One
particular advantage of impurity annihilation is that both
monomers are added as solutions and hence the process
should be very easy to automate with liquid handling ro-
bots. Another advantage is cost. Since both scavenging
monomers are common components of polymeric adhe-
sives, they are very inexpensive compared to polymer-
supported scavenger reagents.

12 (excess)

+
S -
tartin
Amineg 2. HoNCH2(CHZNHCH2)4CHzNH,

13 (excess)
N N
N
H
Scheme 9

4 Conclusions and Outlook

A variety of covaent scavenging methods for the selec-
tive separation of secondary and/or primary amine start-
ing materials from desired synthetic products are now
available. The inherent ssimplicity and generality of the
methods makes them suitable for parallel application and
amenabl e to automation. Thusthey are of particular value
to solution phase combinatorial synthesis since they avoid
tedious and time-consuming chromatography. Addition-
aly they may be useful in conventional organic synthesis
in situations where an amine starting material has similar
physical properties to the desired product and is difficult
to remove by traditional means such as extraction, distil-
lation, crystallization and chromatography.

Covalent scavenger resins are perhaps the most common-
ly employed tools today since they require only a single
covalent reaction to effect a separation. Numerous poly-
styrene-based electrophilic scavenger resins with a range
of reactivity toward secondary and/or primary amines
have recently become commercially available??. Future
extensions of these tools are likely to involve solid sup-
ports other than polystyrene. For example, covalent scav-
engers supported on silica, glass, and polypropylene may
provide solvent compatibility or reactivity advantages
over polystyrene resins in certain applications. Addition-
aly, solid-supported scavengers in a variety of other
forms such as wells, rods, pellets, tubing, etc. may even-
tually displace some of the resin bead scavengersin use
today since dispensing and removing them with automa-
tion would be simpler than dispensing and filtering resin
dlurries. Two-step covalent scavenging protocols which
either employ SERs with a solid supported scavenger or
impurity annihilation monomers will likely gain greater
acceptance as more exampl es appear in theliterature since
these reagents frequently have cost advantages over elec-
trophilic scavenger resins and yet the methods are till
easily automated.
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Table

Excess Amine Product Scavenger(s) Yield Purity Ref.
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(a) purity estimated by HPLC (b) purity estimated by NMR (c) % purity and % yield after subsequent acylation by thiophene-2-
carboxylic acid chloride (d) purity estimate by GCMS and NMR.
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