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1. Introduction oselective cycloadditions (Lessmann and Waldmahiij)e
present article is the first review focused on the preparation
of heterocyclic small molecules assembled via solid-phase
[2+2], [4+2], and [3+2] cycloadditions. Only solid-phase
cycloadditions involving the formation of new heterocyclic

(SAR) studies.Cycloadditions are highly versatile in hetero- rings are _conside_red here. _On the basis of this criterion,
cyclic synthesis: [22] cycloadditions, the DietsAlder cycloadditions using a previously constructed heterocycle

reaction, and 1,3-dipolar cycloadditions are preferred routes (6-9- [4t2] cycloadditions with maleimides as dienophiles)
to four-, six-, and five- membered heterocycles, respectively. 2€ €xcluded. Although the majority of the chemistry
In drug discovery, cycloadditions are used to generate presented here is for use on polys_tyrene —_based solid supports,
diversity in compound libraries by variation of the structure there are also examples of reactions using non-cross-linked
of both reactive components (e.g., diene/dienophile or 1,3- Polethyleneglycol (PEG) supports. The latter are soluble
dipole/dipolarophile). Because libraries for biological screen- " the reaction solvent, and upon reaction completion, are
ing encompass myriad heterocyclic structures and arePrecipitated out in ether, thus making them amenable to
commonly synthesized on solid-phase, there has been a surge0!ution and solid-phase chemistry. Thus, reactions are
of interest in solid-phase cycloadditions, some of which have carried out with all reactants in solution, but the excess of
been covered in recent reviews (e.g., dipolar cycloadditions SOMe of reagents are simply removed by filtrafiéReactions
of nitrile oxides and azomethine ylides (Kantorowski and Carried out with this kind of support are denoted by the use
Kurth) 2 dipolar cycloadditions (Harju and Yli-Kauhaluonfa), ~ ©Of
the Diels-Alder reaction (Yli-Kauhaluoma),and enanti-

Solid-phase synthesis (SPS) of non-peptidic small mol-
ecule libraries has become a mainstream activity within the
pharmaceutical industry to identify novel biologically active
molecules and to accelerate structuagtivity relationship
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Heterocycles prepared by solid-phase-2 cycloaddition o DCC, DMPA
comprise diversely substituté¢ttlactams, new heterocyclic O\o OH 2HzPd-C
systems (section 2.1.1), and intermediates for the synthesis o 3. RCHO
of polycyclic compounds (section 2.1.2). MeOPEG 5000 5

Moreover,y-lactams and/-lactones have been obtained

0
using a [2+2] cycloaddition (section 2.2) to generate a O\OMO@NvR
o]

cyclobutanone, followed by a BaeyeYilliger or Beckmann
transposition to give the oxygen- or nitrogen-containing

heterocycle, respectively. These reactions are the only R = Ph, 2-thienyl, E-CH=CH-Ph
examples included herein in which the heterocycle is not ¢-CgH11, CO,CH,CH=CH,
constructed during cycloaddition and have been included

because of their relative scarcity in the literature. of TFA in DCM. Cycloadditions of achiral ketenes with

2.1. Formation of f-Lactams. MonocyclicS-lactams are  resin-bound imines derived from homochiral amino acids and

versatile intermediates in organic synthesis. The high-strain €ither aromatic oo, f-unsaturated aldehydes were highly cis
energy of the 4-membered ring makes its amide bond Selective but proceeded with only modest levels of stere-
relatively labile toward nucleophilic attack. Through this ©induction from the asymmetric center of the amino acid
mechanismp-lactams have been used as intermediates in (Scheme 1). Thus, the two cis diastereomgkiactams3
the synthesis of heterocycles, amino acids, and their deriva-and4 were formed in ratios from 1:1 to 3:1 (based
tives’ From a combinatorial perspective, th@lactam ~ NMR and HPLC).
template is a highly modular scaffold from which numerous ~ Cozzi et al'° reported the synthesis of imines immobilized
building blocks can be obtained. In addition, the reaction on polyethylene glycol monomethylether (MeOPEG) of
conditions reported by Staudin§efor the synthesis of = molecular weight 5000 and their transformation iptac-
B-lactams in solution are mild enough to tolerate a large tams by two different procedures. In their communicatfn,
variety of functional groups. Therefore, various substituents the authors used succinic acid as linker by formation of
can be incorporated into the final products throyglactam mono-MeOPEG succinatewhich was then condensed with
intermediates. In fact, the Staudinger reaction has beenN-(4-hydroxyphenyl)o-benzylcarbamate in the presence of
adapted to the solid-phase by different authors for the dicyclohexylcarbodiimide (DCC) and 4-dimethylaminopy-
preparation of3-lactams via a [2-2] cycloaddition reaction  ridine (DMAP) (Scheme 2). The resulting resin-bound
of ketenes with resin-bound imines derived from amino acids. benzyloxycarbonyl-protected aniline was then subjected to
Gallop et aP employed the Staudinger reaction to ef- catalytic hydrogenation to yield the corresponding free amine.
ficiently construct libraries of densely functionalized het- The representative imineswere prepared by the addition
erocycles. Imines were prepared by anchoring the carboxylic of the aldehyde to the melted amine, followed by stirring of
acid residue of an amino acid to a Sasrin resin (with a low the thick oily mixture and removal of the unreacted aldehyde
content of TFA-cleavable linker) or a TentaGel resin (a PEG and the released water under vacuum.
and polystyrene graft resin) derivatized with a photolabile ~ The second procedure described by Cozzi éfalvas
linker. After removal of the Fmoc protecting group by based on the use of a 4-(3-propyl)phenyl residue as a spacer.
treatment with piperidine iilN-methyl-2-pyrrolidinone (NMP), The reaction of MeOPEG mesylate with the cesium salt of
the resulting amines were condensed with an alkyl, aromatic,the commercially available 3-(4-hydroxyphenyl)-1-propanol
or a,,B-unsaturated aldehyde to yield the resin-bound imines in DMF, followed by mesylation of the resulting alcohol and
1. The addition of acid chlorides to a dichloromethane then reaction with the cesium salt@aiminophenol, afforded
(DCM) suspension of the imine resins in the presence of the resin7 in 91% overall yield (Scheme 3). Imin&were
triethylamine (TEA) led to the in situ generation of a ketene obtained by reaction of the anchored aminewith the
and to the subsequent{2] cycloaddition. Products were appropriate aldehyde in DCM using magnesium sulfate or
cleaved from the support by treatment2vith a solution trimethylorthoformate as dehydrating agent.
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Imines 6 and 8 were used in the synthesis gflactams
via the enolate/imine condensation and the 22 cycload-

dition, respectively, which are the two most popular methods

for -lactam synthesis. Thelactams9 and10were cleaved
from the resin by treatment with ceric ammonium nitrate
(CAN) to directly yieldN-unsubstituted azetidinones. Under
these conditiongj-lactamsl1 and12 were obtained in yields
ranging from 40 to 57% (Scheme 4).

Sing and Nus$ developed a methodology for the rapid
SPS of combinatorial libraries gflactams via the Staudinger

Orok ok
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o] DIEA, DCM
0 2. R'NH,, DCM
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OH
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R o]

p-MeCel-u, Me:;CCHz, O-FCGH“CHQ, F30CH2
R'= 3.4 5(Me0);CgHsCHs, c-Pr-CH5, 2-THF-CH,

temperature or OC. The hydroxyl group ofi4 was deriva-
tized usingp-nitrophenyl chloroformate as activating agent.

The solid-phase Staudinger synthesissdfictams from
commercially available fluorinated-amino-acids has been
monitored by'®F NMR spectroscopy? The substrate was
anchored through its carboxylate group onto a Merrifield or
Wang resin, both of which are polystyrene resins that can
cleaved by strong acids. The former can also be cleaved by
nucleophiles and the latter by TFA. The amine was trans-
formed into the corresponding imine by condensation with

reaction. A set of imines was synthesized by reaction of an aldehyde. The fluorine atom was used as an analytical

p-carboxybenzaldehyd&3 with various primary amines in

probe for recording NMR spectra. Each of the chemical

anhydrous DCM in the presence of molecular sieves or products linked to the resin was characterized by a single
trimethylorthoformate (Scheme 5). The desired azetidinones!F NMR signal, whereby the respective chemical shift was

14 were formed by treatment of the imines with acetoxy-
acetyl chloride in DCM in the presence of TEA at room

related to each chemical step according to the adjacent group
modifications. ' NMR spectroscopy, which is highly
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furnish iminesl6. After the products were washed with DCM
and dried under high vacuum ovei@, [2+2] cycloaddition
of 16 with ketenes, generated in situ from the corresponding
acetylacetyl or phenoxyacetyl chloride in the presence of
TEA, was carried out in DCM at-78 °C. To monitor the
reaction,-lactam intermediate$7 were cleaved from the
resin using HF/anisole and analyzed'byNMR. Reduction
of the nitro group ofL7 with SnC} produced the rearrange-
ment to give the quinolones. Polystyrene-based methylbenz-
hydrylamine (MBHA) resin was chosen as the solid support
because of its stability in the conditions used (i.e., stable to
TFA, but labile to anhydrous HF to provide the desired
amines).

2.1.2. Synthesis of Azeto[2,bjoxazol-5-one and Azeto-
[2,1-b][1,3]oxazin-6-one.Solid-phase [2-2] cycloadditions
of chlorosulphonyl isocyanate (CSI) to chiral vinyl ethers
were studied by Chmielewski et al. for different solid
supports® The authors chose 6-vinyl and ©)-5-O-
propenyl ethers of 1,2-isopropylidenea-p-glucofuranose
and @)-3-O-propenyl ethers of 1,2-isopropylidenea-p-
xylofuranose. The reported strategy consisted of binding of
the vinyl ether to the polymer support through a sulfonyl
linker, followed by the cycloaddition (Scheme 8). The

Ar=o-FCgHy R =PhCH,O (-115.7 and -115.6 ppm)

Ar = 0-FCgHy R =PhO (-115.7 and -115.9 ppm)

Ar=p -FCsH,CH, R=PhCH;0 (-115.9 and -116.0 ppm) Scheme 8

1. CSI, NapCO3 o}
" ) Q-so:

sensitive because of the natural abundancééofind which (D 2 Red 08020> Caniinitlalirie3Y | NJ
offers broad dispersion of chemical shifts because of the = 0— o
strong polarizability of the fluorine atom, is very convenient wang resin oA~ 1B
for monitoring reactions on the solid phasd&he simplicity H

of qualitative and quantitative analysis B NMR allows
rapid development of new synthetic steps (Scheme 6).
Thep-lactams obtained by {22] solid-phase cycloaddition

bicyclic compounds were obtained through a cyclization/
cleavage step by treatment of the cycloaddition prod@éct

were transformed into other heterocyclic systems as indicatedwith a strong organic base such aseP-butylimino-2-

in the following sections.
2.1.1. Solid-Phase Transformation off-Lactams into
Dihydro-2(1H)-quinolones.The SPS of 4-amino-3,4-dihy-

diethylamino-1,3-dimethylperhydro-1,3,2-diazaphospho-
rine (BEMP) or 1,8-diazabiciclo[5.4.0] undec-7-ene (DBU).
Vinyl ethers 19 and 20 were anchored to Wang resin

dro-2(1H)-quinolones from amino acids, aldehydes, and acid through thep-oxyphenylsulphonyl linker (Scheme 9). The

chlorides through the rearrangemenpefactam intermedi-
ates has been described (Schem#& Resin-bound amines
15 were condensed witb-nitrobenzaldehydes in DCM in
the presence of anhydrous J$&, as a drying agent to

polymer-bound vinyl ether&1 gave mixtures of the corre-
sponding diastereomeric clavar@ and 23 accompanied
by the oxirane24. Similarly, the oxacephanb and26 and
the oxetane7 were obtained by using0 for anchoring to

Scheme 7
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1
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I | R l/_R2 E\
= 0~ °N N
N H Qg Yo

17

R'= CHg, MeCH, p-CHzCgHa, PhCH, p-CgHa, MeaCHCH, HOZCCHZCH
R?= H, 6,7-methylendioxy, 6-Cl, 8-MeO, 6,7-(MeO),, 4'CI-Ph
R®= Ph, 4'CI-CgHg, MeCO
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the Wang resin. This cyclization/cleavage step was performedof the keteneiminium salts generated in situ fréwN-
in the presence of BEMP or DBY? dialkylamide according to Ghosez’s methiddeading to the

In a later work, the authors attached the same substratesormation of resin-bound cyclobutanone iminium s&i&
to {5-[4-(methyl)phenyl]pentyipolystyrene (MPP) resin,  Although the iminium species were sufficiently stable to be
which is based on a Merrifield resin containing a longer isolated, they were readily hydrolyzed to the corresponding
benzyl type linker, and on/to non-cross-linked chlorometh- cyclobutanone resir30 without any significant cleavage of
ylated polystyrene (NCPS), which is a soluble polydtér.  the ester, using aqueous NaHgQ®tetrahydrofuran (THF).
[2+2] Cycloaddition followed by intramolecular alkylation Baeyer-Villiger ring expansion of ketone80 using m-
of the-lactam nitrogen led to mixtures of the diastereomeric CPBA providedy-lactones31, which were cleaved from the
oxacephams or clavams with low stereoselectivity and the resin by transesterification. Similarly, Beckmann rearrange-
corresponding oxetanes or oxiranes as byproducts, respecment of 30 (R> = H, R® = Ph), followed by transesterifi-
tively. Reactions performed using a soluble polymer had cation, also proceeded cleanly to provigidactams 32.
similar results to those of reactions carried out in solution. However, subjecting resiB0 (R?, R® = Me) to the same

2.2. Formation of y-Lactams and y-Lactones. [2+2] conditions led to the Beckmann fragmentation prodd&t
Cycloaddition has been used to synthesize cyclobutanone
iminium salts that were subsequently transformed into
numerous structural classes, includingactams andg-lac- The Diels-Alder reaction is one of the most powerful
tonest® Commercially available alkenols were immobilized reactions in synthetic chemistry. Although it was first
onto a carboxylated polystyrene resin, which was preparedconceived for the construction of six-membered carbocycles,
from Merrifield resin in three simple steps (Scheme 10). The the use of heteroatomic dienes or dienophiles has broadened
ester-linked alkene resir#8 were added to a 5-fold excess the scope and utility of the reaction. In fact, these hetero-

3. [4+2] Cycloaddition
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Scheme 11
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Diels—Alder reactions are invaluable for the preparation of Scheme 13
six-membered heterocycles. Since a broad gamut of hetero-
dienes and heterodienophiles can be used in either normal #
or inverse electron-demand hetero-Diefdder reactions,
myriad heterocycles can be obtained. Extension of this
reaction onto a solid support considerably increased its
potential for generating molecular diversity. Therefore, it is
not surprising that solid-phase hetero-Diefdder reactions
have recently been used to prepare combinatorial libraries.
Several examples of this chemistry have been reported in
the literature, in which either the diene or the dienophile is
bound to the resin.

3.1. Nitrogen-Containing Heterocycles.Nitrogen-con-
taining heterocycles can be prepared through two types of
solid-phase [4-2] cycloaddition reaction. The first uses dition with PhAG=CH as a dienophile, leading to the resin-
azadienes for introduction of nitrogen into the six-membered supported dihydroquinolin@6. The use of resiB@6 as a new
ring, while the second utilizes an imine or an azo-compound Safety-catch linker for solid-phase organic synthesis was then
dienophile as the source of nitrogen. investigated. Treatment 86 with 4-fluorobenzoyl chloride

3.1.1. Azadienes. Synthesis of Pyridines, Pyridones, and and TEA afforded resi87 (Scheme 12). The resulting amide
Polycyclic Systems.Pyridoxine (Vitamin B) has been bond was shown to be stable under conditions of acidic or
synthesized from a 2-butene-1,4-diol ketal that undergoesbasic hydrolysis, Boc/Fmoc removal, or reductive conditions
Diels—Alder addition with an oxazole derivative. The key (€.9., NaBH in MeOH). The resin-substrate bond was
step was covalent attachment of the dienophile to a polymericactivated by various oxidizing reagents such as 2,3-dichloro-

NH,

RS

H

N
» &
R3// @

R? 2
38 R

backbone (Scheme 11). Cyclic acetal re8ih was thus
prepared by condensation @-2-butene-1,4-diol and poly-
vinyl resin with formyl functionalizatiot® Diels—Alder
addition of 5-ethoxy-4-methyloxazole as diene to the
polymeric dienophil&4 gave the intermediate adduct, which
was then converted into pyridoxir& under acidic condi-
tions.

An azidomethyl-polystyrene has been developed for com-
binatorial solid-phase chemistry as safety-catch lidRer,
which is a linker that can be converted from a relatively
stable form to a labile, isolatable, and cleavable fétmhe
linker was obtained by nucleophilic substitution of a Mer-
rifield resin with sodium azide followed by an acid-promoted
Schmidt rearrangement. The resulting polymer-bound imi-
nium intermediate then underwent aza Diefdder cycload-

5,6-dicyano-1,4-benzoquinone (DDQ), CAN, and triphenyl-
carbenium tetra-fluoroborate to give the acyl quinolinium
resin. The amide bond of the acylquinolinium salt was then
cleaved using a nucleophile such as benzylamine or, for
CAN, water.

A flexible combinatorial synthetic strategy has been
developed in which an aldehyde-bridge-alkene motif is the
key component in several intramolecular reacti®n$he
strategy has been most extensively explored with the formal
aza Diels-Alder cyclization, which afforded a series of
configurationally and functionally diverse heterocyclic com-
pounds. The substrates, which included substituted salicy-
laldehydes, glyoxylic esters and amides, aNehcyl-R-
aminoaldehydes, all reacted with a variety of anilines to yield
the set of tetrahydroquinoline derivativ88 (Scheme 13).
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Scheme 14

1. amino ester HCI
NaB(OAc)sH, DMF

AcOH
2. cinnamic acid, EDC 1. aniline, AcOH, MeCN
DMAP, DCM 2. aniline, MeCN

3. wash 3x MeCN
4. Yb(OTf)3, MeCN

o}
3. LIAI(OtBu)aH, THF

4. 803.Pyr, DMSD, TEA N i =
o seas’

ArgoPore -MB-CHO
ArgoGel-MB-CHO

2

TFAA, DIEA,
DCM

[Resin]
NONARNEn

ArgoPore -MB-CHO ™~

[Resin
Neor?

ArgoGel-MB-CHO :

The resins ArgoPore and ArgoGel, which are polystyrene- Scheme 15
based resins possessing acid-labile linkers, and PEG-
polystyrene grafted, respectively, have been evaluated for
loading efficiency and acetylation, using an amino acid ester,
as well as for cleavage, using trifluoroacetic acid (Scheme
14). The resins were efficiently loaded with leucine methyl
ester and then acetylated. Functional group transformations®
provided the formyl group, which subsequently reacted with ¢,
a substituted aniline. The resulting adduct was then subject
to Diels—Alder cycloaddition to give39. After cleavage with
95% aqueous TFA, ArgoGel provided final products in
higher yield and purity than did ArgoPofé Cleavage of
the basic tetrahydroquinoline from the resin using TFA two alkoxy groups meta to the anchoring point). All solid-
proved to be difficult because of the cationic charge of the phase steps (i.e., linking, cycloaddition, and cleavage) were
molecule under acidic conditions but proceeded smoothly carried out under both thermal and controlled microwave

R' = e-TFA-Lys, Leu, Tyr, Phe,

R? = 3,4-0CH,0, 4-F, 4-Me0, 3,4,5-(Me0Q);, 4-Cl
R® = 2,3-(MeO),, H, 4-MeO, 4-F, 3,4-0CH,0, H
R*=H, CF;CO

CHO

OMe

CHO

R%_N__.O
|
. _CICN RK"/IRB
. / !

=1 / = . 40
N
r,?fa \Rs R
R* o ks
ocN—HQ ¢ NTR®
41

Q
5. _N_O R==R |
IN’IR3

Wang resin
HMPB-AM resin
Syringaldehyde resin

upon acylation of the basic nitrogen with trifluoroacetic
anhydride (TFAA).

A library of many biologically interesting structures has
been synthesized on solid-phase usingB{fyrazinone?

irradiation conditions. In general, significant rate enhance-
ments were found for reactions run under high-temperature
microwave conditions; reaction times decreased from hours
or days to minutes. The same conditions were then applied

It was based on the microwave-assisted solid-phaseBiels 4 intermolecular cycloadditions using dimethyl acetylene-

Alder cycloadditions of 2(#)-pyrazinones with dienophiles, dicarboxylate (DMAD) and intramolecular Dielg\lder
whereby a traceless linker was used to separate the resultinge(,miOnS as shown in Scheme 16.

pyridines from the pyridinone byproducts. The pyridinones
40 remained on the solid support with concomitant release
of the pyridine product41 into solution (Scheme 15). On

the basis of this chemistry, the same group later prepare

The three-component azaf2]/allylboration reaction for
highly diastereocontrolled access to polysubstituted-hydroxy-
galkyl piperidines from maleimides, 4-boronohydrazono-
libraries of 2(H)-pyrazinone analogues, which very often dienes, and aldehydes has been tested in the solid ghase.
exhibit interesting biological activit$# The solid-supported azaf£]/allylboration was carried out

Cycloadditions have also been evaluated on acid-labile Using Sasrin-MBHA resind2, a diene, and benzaldehyde
polystyrene supports, including Wang resin (which has an (Scheme 17). After the normal resin washes, the supported
alkoxy group para to the anchoring point), HMPB-AM resin product was cleaved from the resin using 0.5% TFA in DCM
(a kind of Sasrin linker-based resin with an alkoxy group to give43. The reaction was followed by HPLC (UV) and
para and a methoxy group ortho to the anchoring point), andMS (ES), whereby reaction completion was confirmed by
syringaldehyde-based resin (with an alkoxy group para andthe absence of maleimide cleaved from the resin. The
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analytical data indicated that the solid-phase tandem reactioncatalyzed reactions were also compared to a reaction without
proceeds faster than its solution-phase counterpart. any Lewis acid. There was no major difference among the
3.1.2. Diazadienes. Synthesis of PyridazineEhermally yields obtained with the four lanthanide triflates, although
promoted, inverse electron-demand Diefdder reactions that of Yb(OTf) was slightly higher. The reaction without
of resin-bound asymmetrically substituted 1,2,4,5-tetrazines Lewis acid did not yield any product. The£2] adducts
have been explored with diverse electron-rich dienophiles were efficiently cleaved from the solid support using a
(Scheme 18). The reactions afforded functionalized 1,2- traceless release method involvilgdealkylation of the
pyridazines44 and 45 bearing sulfur-based leaving groups tertiary amine via treatment of the resin-bound product with
(—SR or—SO.R) at the C-6 positioA? 1-chloroethyl chloroformate and subsequent methanolic
3.1.3. Imines as Dienophiles. Synthesis of Tetrahydro-  decomposition of the resulting carbamate. The piperidine

pyridines and Pyridones. Hydroxymethylpolystyrene has  derivatives47 were thus obtained in reasonable to excellent
been transformed into the polymer-supporteejuin- yields with purity?3

odimethanel6 and subsequently used as a diene for hetero- - .
Diels—Alder reaction$’ Dihydrobenzopyrans and tetrahy- Ba_rlugnga et ","I' repo_rted a.S|m|Iar m_ethodology using more
droisoquinolines were then obtained in moderate to good SCPhisticated dienes, in which 2-amino-1,3-butadienes un-
yields by treatment o#6 with the proper aldehydes (section derwent solid-phase imino-DietsAlder reaction to provide
3.2.1.2) or imines followed by Brwsted or Lewis acid @& highly diverse series of substituted piperidines (Scheme
nucleophilic cleavage (Scheme 19). 21)2% Solid-supported imines were prepared by condensation

Aminomethylated polystyrene resin has been directly used ©f Kobayashi's BOBA f-benzyloxybenzylamine) resfh
(i.e., without any modification) as the immobilized amine With different aromatic aldehydes, employing trimethyl
component of a solid-phase aza Diellder reaction orthoformate for dehydratation or, alternatively, from a
(Scheme 20). Direct combination of the resin, a diene, an P-hydroxybenzaldehyde-modified Wang resin. The cycload-
aldehyde, and lanthanide(lll) triflate smoothly provided a dition reaction furnished 4-piperidonds$ and 4-aminopip-
tetrahydropyridine ring. The catalytic efficiency of four eridines49 with high diastereoselectivity and very good
lanthanide triflates [hydrated or anhydrous as La(@TNy- yields and purity after cleavage of the products from the solid
(OTf);, Dy(OTf);, and Yb(OTfy] was tested, and the support.

%j

OH
Meg

> —
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An efficient method for the construction of 2,3-dihydro-

R = pNO,Ph, CO,Me, Ph
=H, Me, CH,CH=CH

an aminomethyl polystyrene-based resin. The product is

4-pyridones on solid support has been developed using acleavable from the Rink linker by TFA (Scheme 23). Even

Lewis acid-catalyzed DietsAlder reaction of Danishefsky’s
diene with polymer-bound aldimines (Scheme #2The
Wang resin-bound imines0 were treated with Danishefsky’'s
diene51in dry THF in the presence of a Lewis acid to form
the 2,3-dihydro-4-pyridones2 on the resin. Various Lewis
acids were tested, including ZnCIAICI3, EBAICI, TiCly,
BF3-OEY, and Yb(OTf}, of which the water tolerant Lewis
acid Yb(OTfg gave the highest yield. Yb(OTfjs among
the lanthanide Lewis acid catalysts that have been used
studies of solution phase aza Dielalder and other organic
reactions.

ketones were transformed into 2,2-disubstituted dihydropy-
ridones53%2 using this method.

A diverse set of 2,3-dihydro-4-pyridones has also been
prepared on a soluble polymer support, where PEG-supported
amine or aldehyde was used to generate the imine component
(Scheme 2453

The same methodology was used with Danishefsky’s diene
to synthesize the peptidomimetic opioie4 and55, which

inare derived fromN-alkyl-2-alkyl-2,3-dihydro-4-pyridone
(Scheme 25). The central reaction with readily available
building blocks under mild conditions, illustrating the utility

The aforementioned procedure was performed using imi- of the [4+2] cyclocondensation in the synthesis of novel,
nes linked through the nitrogen atom to a Rink amide resin, complex heterocycle¥.
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R
Wang resin = Rink amide resin 63
. ,L R' = iPr, Cy, tBu, nBu, iBu, Ph, 4-NO,Ph, 2-BrPh,
BT NH, \f/\NHz Nk furan-2-yl, thiophen-2-yl, pyridin-2-yl, Me
o O O
MeO tetrahydropyridines have also been efficiently synthesized
O‘NHZ QNHZ on a solid support, using a resin activation/capture (REACAP)

approach (Scheme 26). REACAP is centered about the on-
resin formation of a reactive intermediate that is subsequently
3.1.4. Azo Compounds as Dienophiles. Synthesis of transformed into a stable, covalently supported moleule.
Pyridazines. In the late 1970s, GaVanet al. developed the  For example, in the synthesis of tiNacyl-2-substituted-
first example of a solid-phase aza Dielslder reaction with dihydro-4-pyridones6, the requisite acyl-pyridinium complex
their preparation of a perhydropyridazine for a mechanistic was obtained from reaction of the precursor, ether-bound
study of the pericyclic reactions of diiminésThe diimine 4-hydroxypyridine57, with an acid chloride. Treatment of
dienophile was obtained in situ by oxidation of hydrazine the complex with a Grignard reagent led to the resin-bound
hydrochloride, and then it was reacted with a solid-supported enol ether58, as well as unreacted starting material
diene. A stereospecific DielsAlder addition afforded a series
N-Acyl-2-substituted-dihydro-4-pyridones, dihydro-4-py- of highly substituted 5-oxo-2-azabicyclo[2.2.2]octab@
ridones, 3,4-ketopiperidines, 2,4-disubstituted pyridines and (Y = C) and triaza analogué&® (Y = N). The scope of the
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reaction is quite broad because excellent purity and ste-pounds that mimic the secondary structures of certain pro-

reospecificity were obtained for a variety of dienophiles and teins. PEG-5000 poly(ethylene glycol) monomethyl ether resin

dienes. The approach is readily amenable to automation andvas used to prepare the anchored die6@®¥ A typical syn-

has been used to prepare libraries based on the highly rigidthetic sequence, involving attachment of the linker, coupling

bicyclo[2.2.2]octane and triaza analogues. of the dienoic acid, DielsAlder cycloaddition, and cleavage,
Solid-phase DielsAlder cycloadditions have been shown affords products of greater than 90% purity and in high yield.

to be highly efficient for the synthesis of libraries of com- The dienophiles used for the reaction comprised several
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Scheme 27
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pyrazolinediones and 1,2,4-triazolinediones (Scheme 27). Thestructure®® has revealed that the tetrahydropyran motif is
methodology developed was then used for the prepara-among the most common of natural scaffolds, present as a
tion of libraries of analogues, from which several potent core element in myriad antibiotics, marine toxins, and
and selective inhibitors of proteases have been dis- pheromone$! Tetrahydropyranes can be synthesized on
covered® solid-phase supports via Diet®\lder chemistry, either by
A similar strategy was used for the SPS of a library of reaction of ano,S-unsaturated ketone, as oxadiene, with a
triazolopyridazines by in situ generation of the azo com- dienophile or by reaction of a carbodiene with a ketone as
pounds via oxidation of a pyrazolidindione. The Homer  dienophile.
Wadsworth-Emmons (HWE) reagent diethylphosphonoace-  3.2.1.1.a,f-Unsaturated Ketones as DienesTietze et
tic acid was attached to thé-terminus of an amino acids al. reported the first SPS of a 3,4-dihydropyran, which
on Rink amide resin (Scheme 28). HWE reaction with a involved the Knoevenagel transformation of a polystyrene
variety of a,f-unsaturated aldehydes gave high conversion resin-linked acetoacetate into anf-unsaturated ketone
to the diene amide8l. Subsequent [#2] cycloaddition with (an oxabutadiene) that then underwent inverse electron-
4-substituted urazines, followed by cleavage of the product demand Diels-Alder cycloaddition (Scheme 2% The authors
from the resin, gave triazolopyridazin&s. evaluated several aldehyde enethers for the latter step.
3.2. Oxygen-Containing Heterocycles. 3.2.1. Synthesis The resin-bound heterodiefg, obtained by esterification
of Pyrans. Chemoinformatic analysis of natural product of the free OH groups of a Wang resin with benzylidenepyru-
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vic acid in the presence of diisopropylcarbodiimide cycloaddition’® To construct a library of carpanone ana-
(DIC), has been reacted with various soluble electron-rich logues, Lindsley et al. expanded on the original chemistry
dienophiles in [4-2] heterocycloadditions catalyzed by Eu- to include intermolecular oxidative heterodimerization of
(fod); (Scheme 30). Reductive cleavage of the heterocy- o-hydroxystyrened4” The use of electronically distinct
cloadduct$3 using LiAlH4 in ether/THF at 20C, followed o-hydroxystyrenes under the influence of a suitable oxidant,
by mild hydrolysis with ag Ng5O,, proceeded smoothly to  the oxidatively more-reactive electron-rich pheied, im-
afford epimeric mixtures of the primary allylic alcoholsprod- mobilized in the solid-phase to reduce its propensity for
ucts ende64 (major epimer) andexo64 in high overall homodimerisation, reacted preferentially with the oxidatively
yields#3:44 less-reactive electron-deficient phere@l (Scheme 32).
Resin-bound dienophiles, including the carboxypolysty- A silicon-based linker combined with an amide-based
rene-bound vinyl ether of 1,4-butanediol, have been usedspacer provided the highest ratio of heterocoupled to homo-
in efficient, endo-selective hetero-Dielé\lder reactions coupled product, whereas the silicon linker and a hydrocar-
under Lewis-acid conditions with heterodienes bearing bon spacer afforded only a slight preference for heterocou-
methyl ester, trifluoromethyl, ang-tolylsulphinylmethyl pling (Scheme 33). A trityl-based linker and an amide spacer
groups at the C-2 position. Reductive cleavage of the afforded a 1:1 ratio 067 and 68,
supported adducts afforded functionalized dihydropyrans, The use of an amide-based linker attached to the resin
which are particularly interesting for combinatorial synthesis through a silyl linkage diminished competitive intrabead
(Scheme 31% coupling. In the six experiments reported, the reaction
The biomimetic synthesis of carpanone, first accomplished tolerated diverse functional groups, making it amenable to
by Chapman, involves diastereoselective oxidative homo- diversity-oriented synthesis (Scheme 34). The procedure was
coupling of an electron-riclo-hydroxystyrene followed by  recently used for the synthesis of a 10 000-member library
rapid, endo-selective, inverse electron-demand Bidlsler of carpanone analogues (see section 4.1.5.1, Schenté 72).
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Whole-cell fluorescence imaging revealed a series of mol- Evans et al. demonstrated that [Su§-t-Bu-Box](OTf),-
ecules from the library that were able to inhibit exocytosis catalyzed asymmetric hetero-Diel8lder reactions (i.e.,
from the Golgi apparatus. inverse electron-demand heterocycloadditions of vinyl ethers
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Scheme 35 derivatives with excellent diastereo- and enantioselectivities.
0 0 The authors used SynPhase Lanterns (Mimotopes), which

MeO O~ Sor? @«0 O AoR? feature a non cross-linked surface polymer grafted to an inert

| Tag® ! base (Scheme 37), as solid supports.

Tag' R O:XTEO R 3.2.1.2. Aldehydes and Ketones as Dienophilegn
SRR e </IN\ hl\‘) o example of a hetero-DielsAlder reaction using aldehydes
encode with Tag' B z%qu . encode with Tag® as dienophiles is described in section 3.1.3. Polymer-

(RR)-69 supported electron-rich dienes were prepared by Mann et
@m“//‘i‘{J‘Me i /“:O,-\@) al. using Merrifield resin and propanol as spacer (Scheme
‘o’L{o / A 38) 55 Preparation of functionalized resiY was performed
\‘}?:}T(cm? ‘x\)!}_,{? following a literature procedur® Resin77 has key advan-
RT™N =" LR2 tages over the native Brassard diene (e.g., unlike the
B R ®/f o R /—OA@ unanchored reagent, it remains inert in storage-38 °C
e we e~ 2 & for several months). The reactivity of resiid in the hetero-
. o\%l,o Diels—Alder reaction was examined using various aldehydes
::m”ei‘;“‘gzzaﬂ L= lN\CGIJ\’? l ::“;g‘ei”:h”i:‘;*;“e and ketones and several Lewis acids (e.ga*B&O, ZnCh,
®Bu 20Tf 1Bu MgBr,, and MeAICI). Of the Lewis acids tested, MAICI
(5.5)-69 was the best activator. Cycloaddition and cleavage were
o} o) achieved in a single step.
MeO.., 0L~ NoR? ®\/0~, O AR Waldmann et af’ carried out an enantioselective oxa-
| Tag* | Diels—Alder reaction between a polymer-bound aldehyde
Tag® R R and Danishefsky diene to assemble the core structure of

several natural products (Scheme 39). Cataly8tand 79,
and unsaturated ketoesters) generate a dihydropyran core witfileveloped by Katsuki et &.and Jacobsen et & respec-
up to three chiral centers in a single stépdowever, the  tively, were tested in the reaction (Figure 1).
reaction has not been widely explored for diversity-oriented
synthesis, which is generally performed on polymer sup-
port>® The asymmetric cycloaddition was used to synthesize
a set of dihydropyrancarboxamides on high-capacity,-500
600 nm polystyrene macrobeads, providing 4320 encdded
compounds with high diastereo- and enantioselectivity
(Scheme 352 Each bead contained predominantly a single
dihydropyrancarboxamicks.

Each of the vinyl ether8B70 was loaded onto pools of
macrobeads using silyl triflate. The support-bound vinyl
ethers were then treated with heterodie®&71 in THF Figure 1.

in the presence of 20 mol % of thetBuBOX)Cu(OTf)] Although both compounds catalyzed the cycloaddition, the
complex [S,9- or (R,R-69], and finally, BB72were intro-  yeaction did not proceed to completion wil9. The best
duced to provide the support-bound cycloadduits-75 results were obtained with Danishefsky’s di¢b&) and the
(Scheme 36). The polystyrene macrobead serves as &gatalyst78 at room temperature. After acidic cleavage of
microreactor: an important element of the one-bead, one-ipe product from the resin, the desired dihydropyro@@s
stock-solution technology platform. Both enantiomers of the \yere obtained in 1040% overall yield (five steps) and with
ligand were used in separate reactions to obtain a duplicategnantiomeric ratios up to99% (Scheme 39).
result and to detect potential matched/mismatched pairs 35 5 Nitrosoketones as Dienophile§he 1,2,4-oxadia-
resulting from the use of chiral starting materials (Scheme ,5|e-4-oxide ring has been attached to a Wang resin through
36). After the washing and drying steps were completed, €achposition 3 and through position 5 of the heterocycle (see
of the cycloadducts was cleaved from the silyl ether linker section 4.2.1.3), thereby providing a versatile starting point
with hydrogen fluoride/pyridine. for diverse synthon® This class of heterocycles is thermally
This library synthesis succeeded in using stereochemistrystable up to 130C and can be stored indefinitely in the
as a diversity element and extended the asymmetric heterodark, but they easily undergo photochemical cycloreversion
cycloaddition reaction to the solid-phase, but only one of to nitriles and nitrosocarbonyls. Photolysis generates the
two potential diastereomers (for the unsubstituted vinyl nitrosocarbonyl intermediate®l, which are released into
ethers) was accessed. Catalyst systems with complete externglolution and, in the case of hetero-Dielslder cycloaddi-
control over enantio- and diastereoselectivity are required tions, trapped by suitable dienes and, in the case of ene
to fully realize the potential of stereoselective catalysis in reactions, by olefins. The resin collected after the last

2le

79

diversity-oriented organic synthesis. step allows for recycling of the starting material (Scheme
Kurosu et al. used a Cu(OTLfgomplex of Inda-Box 76) 40).
to catalyze hetero-DielsAlder reactions of polymer-sup- 3.2.3. 0,0’'-Dioxothiones as Dienes. Synthesis of Thi-

ported vinyl ethers, obtaining dihydropyrancarboxylic acid apyranes.Menichetti et al. have studied,a’-dioxothiones
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Scheme 36

1. TFOH, DCM
MeMe 2. BB-70, lutidine, DCM
3. [Rhp(02CCPha)4]

M y
Q%Si)’ % Tag', DCM
\Q\OMe

from catalist (S, 5)-69

MeMe
;Jﬁé’“e
A./O o)

EJ)LOR BB-72,
PYBOP,

3

gun

@Y

Reviews

MeMe
Me—‘\ )—'ME
\@/\, 1.BB-71, THF
0/‘,0 2. [Rhy(0;CCPhs)y)
Tag?, DCM

—_— -

M EtO
\®~/e\/ O/.\J

MeMe

J—Me

OEt
@t

MeMe

;xﬁé*“

;uun

DIEA,
Tag\@/\/ ).Me EtO, o R DCM, Taga/\/ ),_MF_. EtO, o » R
DMF ;
—e 5
Tag2/ /‘ . Talg2 O/.\ : R
R® R?
; MeMe o
i SN el gt~ L e
N 1
5
Tag? : Tag?” s © . I &
R R
BB-70 BB-71
OEt
HOA~ A~ HO g O~ " Y%/?\(OAIM WNM
Ph-
Ho"‘"vo\/\o% HO. Me o]
«./‘\O"‘VO\/\/\OEI Moauﬂ
2 e o) OAllyl
HO ™"~ 0Et \ 2
(" OH =
O N~g OAllyl
1 AN 0 FY-VK,ONM
N—" ﬁ‘ N

OAllyl
@:@A)\,omm

womlyl

Allyl
OMe — MOy~ O Me W

050 oy ™

7N

AL
0" me
BB-72

NH \H2

HaN
N 0O
MeO 4 H \[JJ

H NHz N

i T

0 gNH [ ]’N'M v/
5 V/\NHZ u/\,NHz

k) PesSont §>

H  NH, CN_CNH

NH2
OH ,)
NH2 H MeO

as electron-poor heterodienes in inverse electron-demandorocedure for the formation of solid-supportedo’-di-

hetero-Diels-Alder reactions using various electron-rich
alkenes (Scheme 4%).The authors developed a practical

oxothiones, starting fronB-ketoester-modified Wang and
hydroxymethylated polystyrene (PS) resins. The hetero-
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Diels—Alder reactions of these species, used either asderivatives. The epoxyhydroisoindoline carboxylic ad@s
electron-poor dienes or dienophiles, followed by simple were then obtained in only a few steps. Endo-selectivity was
cleavage of the products from the resin by transesterification observed in all the cases.

with sodium methoxide, provided the desired cycloadducts
in overall yields up to 90%.

3.3. Polycyclic Nitrogen- and Oxygen-Containing Het-
erocycles. 3.3.1. Furane as a Diene. Synthesis of Polyhet-
erocyclic Compounds. Tricyclic compounds have been
prepared by solid-phase intramolecular DieAdder reaction

Rigid, highly substituted nitrogen- and oxygen-containing
tricycles have been synthesized on ArgoGel. The resin-bound
furans84, obtained by reductive amination of the appropriate
furfural 8% were subject to intramolecular Diels Alder reaction
with several activated dienophiles. Standard TFA cleavage
of the resulting products from the resin afforded the tricyclic

of vinylfurans®? The synthesis began with treatment of a compounds85 (Scheme 43).

phosphonoacetyl-Wang resin with an Fmoc-protected amino The same method was used by Paulvafhaia tandem
aldehyde in the presence otHEtand LiBr, followed by Fmoc ~ four-component condensation/intramolecular Diel-Alder re-
group removal with piperidine to give primary amines action for the preparation of a small library of compounds
(Scheme 42). The resin-bound trier@swere conveniently  similar to 85 (Scheme 44). Oikawa also constructed a
constructed using commercially available substituted furan structurally related library using a tandem Ugi/Dielslder
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reaction of 5-hydroxymethylfurfural anchored to a PEG of 1,3-dipoles to dipolarophiles. Numerous 1,3-dipoles,
monomethyl ether solid suppd#t. containing various combinations of carbon and heteroatoms,
The furan-based scaffold 5-hydroxymethylfurfural has also are available. Dipolarophiles include alkenes and alkynes,
been used by Kund@ito prepare highly diverse libraries via as well as double and triple bond-bearing heteroatoms.
solid-phase cycloaddition, multicomponent, and cyclization Because of the possible combinations of 1,3-dipoles and
reactions. dipolarophiles, many types of 1,3-dipolar cycloadditions have
“Tandem reactions” are powerful tools for the synthesis been reported. Although the bulk of the chemistry has been
of structurally complex five-, six-, and seven-membered performed in solution, several solid-phase 1,3-dipolar cy-
rings. Tandem Ugi-4 component coupling and intramolecular cloadditions have recently been performed, whereby either
Diels—Alder reactio” was first achieved in solution to the 1,3-dipole or the dipolarophile is immobilized onto the
obtain a polycyclic compound with high stereoselectivity. solid support. Solid-phase 1,3-dipolar cycloadditions have
The same strategy was later applied to the efficient solid- been used to prepare libraries of monocyclic five-membered
phase synthesis of structurally complex compounds such asheterocycles and fused derivatives. Because early work in
88, using the triisopropylsilyl protecting group to mimic a this area has already been reviewiéderein we focus on
silicon-based linkef® The functionalized resin86 was the relevant literature published from 2003 to 2006.
obtained from polystyrene (PS) beads containing a carbon 4.1. Nitrogen-Containing Heterocycles. 4.1.1. Azome-
and silicon linker that allows attachment and release of small thine Ylides. 4.1.1.1. Acyclic Azomethine Ylides. Synthesis
molecules via silicorroxygen. The immobilized aming&6 of Pyrrolidines, Pyrroles, and Pyrrolo[3,4C]pyrroles.
was treated with excess furfural, benzyl isocyanide, and Pyrrolidines and pyrroles can be formed by-g cycload-
fumaric acid (3-bromobenzyl)monocarboxamide to give the dition reaction of azomethine ylides to alkenes and to
intramolecular Diels-Alder adduct87 as a single stereoi-  alkynes, respectively. Komatsu et al. developed a synthesis
somer which was subsequently transformed to th&-7 of pyrrolidine and pyrrole derivatives from polymer-sup-
5—7 polycyclic compound8 (Scheme 45). portedN-silylated azomethine ylides (Scheme 46)he 1,3-
. dipoles were generated from resin-boundilylimines 89
4. [3+2] Cycloadditions by treatment with trifluorophenylsilane in toluene at 40 or
1,3-Dipolar cycloadditions are among the most important 60 °C for 48 h. The reaction was performed in the presence
and versatile synthetic methods for the preparation of five- of different cyclic and acyclic dipolarophiles to yield diverse
membered heterocyclé$They proceed through the addition cycloadducts, which were cleaved from the resin with TFA.
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Thus,N-phenylmaleimide was reacted with polymer-bound derived from the dipolarophiles was retained. Finally, reac-
o-silylimines 89a—d to afford the bicyclic pyrrolidine  tion of DMAD with 894, followed by oxidation with DDQ,
derivatives90 and 91 in 61—81% vyields. Notably, com-  vyielded the expected pyrrol®6 (31% vyield) and the
pounds90aand9lawere obtained in the highest yields and byproduct97 (12% yield). The authors also described a
with high stereoselectivity. In fact, lower yields and stereo- traceless variant of the strategy, in which dimethylsilylated
selectivity were obtained whe9Daand9lawere prepared  polystyrene98is used as starting resin (Scheme 47).

in solution following a similar approach. Other dipolaro- Schreiber et al. described a catalytic asymmetri¢ 4B
philes, such as dimethyl fumarate and dimethyl maleate, werecycloaddition of olefins to resin-bound azomethine ylides
reacted with89a to give the tetrasubstituted pyrrolidines for the solid-phase preparation of substituted pyrrolidines
92—-93 (53% yield) and94—95 (43% vyield), respectively.  (Scheme 48]}t The synthesis started from alkylsilyl-deriva-
Although the stereoselectivities of these reactions were nottized PS macrobeads (56600 um), which were reacted
satisfactory, the stereochemistry of the two carbon centerswith 4-hydroxybenzaldehyde and methyl glycinate. The
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resulting macrobead-bound iminoes@was treated with
tert-butyl acrylate, DIEA, and silver(l) acetat&/{1-(2-
diphenylphosphino-1-naphthyl)isoquinoline (QUINAP) as
catalyst in THF at—45 °C for 40 h. Cleavage of the
product from the resin with HF/pyridine, followed by a
TMSOEt quench, provided the pyrrolidii€®0, having three

1,3-dipolar cycloaddition involving a resin-bound aldehyde,
sarcosineN-methylglycine), and an acyclic alkene (Scheme
50)73 When these compounds were heated in DMF, a
nonstabilized azomethine ylide was generated by decarboxy-
lation of the imine that is formed by reaction of the aldehyde
and sarcosine. Cycloaddition of the 1,3-dipole with methyl

stereogenic centers, in 79% vyield and 90% ee over threeacrylate provided diastereomel83and104in a 6:1 ratio.

steps.

The regioselectivity of the cycloaddition decreased when

A similar procedure has been used to synthesize fullero- acrylonitrile was used as dipolarophile. The reaction pro-

pyrrolidines (Scheme 49%.Treatment of PEG-polystyrene-
bound iminoesterd 01 with an excess of g fullerene in
o-dichlorobenzene at 100 for 6 h, followed by an acidic
cleavage step, afforded fulleropyrrolidine derivatit€2in

duced two major compoundsQ5and106 along with traces

of 107and108 After TFA cleavage from the resin, the final

products were obtained in high yield and purity.
Pyrrolo[3,4€]pyrroles have likewise been synthesized,

76—85% vyield. The solid-phase method proved to be more exceptN-phenylmaleimide was used as the dipolarophile,
efficient than an analogous method in solution with respect whereby either the aldehyde or the amino acid is immobilized
to reaction time, total amount of solvent needed, and on p-alkoxy aldehyde resin (Scheme 5%)in the former,

yields.

On the basis of this type of cycloaddition, Portnoy et al.

resin-bound aldehyde\-phenylmaleimide, and an amino
acid (sarcosineN-methylated alanine, oN-methylated

described a SPS of pyrrolidines through a three-componentvaline) were heated in DMF at FC for 24 h. In the latter,
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resin-boundN-benzylglycine 109 benzaldehyde, andl- and alkynes. Chen et al. prepared 1,2,3-trisubstituted in-

phenylmaleimide were heated in DMF. In both cases, dolizines on soluble polymer from in situ-generated PEG-
bicyclic, diastereomeric pyrrolidines were obtained in high bound pyridinium ylides (Scheme 52)In this study, PEG-
yields and purities and were analyzed on-resin and in solutionsupported pyridinium salt10was used as precursor to the
after TFA cleavage. pyridinium ylide. Exposure of10to alkenes in a solution
4.1.1.2. Pyridinium Ylides. Synthesis of Indolizines. of DIEA and tetrakis(pyridine)cobalt(ll) dichromate (TPCD)
Heterocyclic azomethine ylides have been reported to affordin DMF at 80-90 °C for 2—3 h led to formation of the
polycyclic derivatives via [32] cycloadditions with alkenes  pyridinium ylide, followed by cycloaddition with the alkenes
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and, finally, oxidation of the resulting dihydroindolizine Unlike 110, the pyridine ring of113 was attached to the
cycloadducts to the corresponding PEG-bound indolizines. polymer support through position 4.

Alternatively, PEG-bound indolizines were synthesized from  4.1.1.3. Quinolinium and Isoquinolinium Ylides.
110by reaction with alkynes in the presence of DIEA. The Synthesis of Pyrrolo[1,5a]quinolines, Pyrrolo[1,5-a]iso-
target compoundsllwere released from the support using quinolines, and Polycyclic Compounds PEG-supported
KCN in methanol and then purified by column chromatog- quinolinium and isoquinolinium ylides were employed as 1,3-
raphy. The final trisubstituted indolizines were isolated in dipoles in the synthesis of pyrrolo[1dguinolines114and
80—94% overall yield. Later, the authors applied the same pyrrolo[5,1-alisoquinolines115(Scheme 53%¢ The former
strategy to prepare 1,2,3,7-tetrasubstituted indolizihEs were prepared from PEG-supported quinolinium $&fon
(Scheme 52¥° In this case, PEG-bound compouhti3was reaction with alkynes and 4CQO; as base in DMF at 90C

the pyridinium salt involved in the 1,3-dipolar reaction. overnight. In these conditions, the corresponding quinolinium
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ylide was formed and underwent cycloaddition with the phenol resin used for reaction with iodoacetic acid, employ-
alkynes. A similar 1,3-dipolar reaction occurred by treating ing the standard conditions for ester bond formation (i.e., a
isoquinolinium saltL17 with either alkenes or alkynes. The polar solvent such as DMF, DIP/DMAP as coupling reagent).
resulting PEG-bound pyrroloquinolines and pyrroloisoquino- N-Alkylation of 3,4-dihydro-6,7-dimethoxyisoquinoline with
lines were subsequently cleaved from the solid support by the resin iodide afforded the quinolinium séli8 [3+2]

treatment with 1% KCN in methanol. Upon purification by
column chromatography, pyrroloquinoliné44 and pyrro-
loisoquinolinesl15were isolated in moderate to high yields
(50—84%).

An intramolecular [3-2] cycloaddition of a 3,4-dihy-

Cycloaddition using DIEA as base provided the anchored
and protected skeleton of the lamellaritiz0.

Lewis acids, such as Alglor ZnChk in dry DCM, were
used to cleave the products from the resin. The same group
later demonstrated how the cleavage conditions and the resin

droisoquinolinium salt to a triple bond, with simultaneous employed could be used to introduce diversity for pharma-
formation of two heterocyclic rings, was the key step in the cological screening, ultimately providing more druglike
total SPS of the pentacyclic compounds lamellarins U and compounds. (Scheme 55).

L (Scheme 54J7 Quinolinium salt118 constructed on a 4.1.2. Nitrilimines. 4.1.2.1. Alkenes/Alkynes as Dipo-
hydroxymethyl functionalized polystyrene resin, provided the larophiles. Synthesis of Pyrazoles and Pyrazoline€y-
backbone of the lamellarins. Anchoring of the 5-iodo-2- cloadditions of nitrilimines with alkynes and alkenes have
methoxyphenol to the resin by a Mitsunobu reaction, been used to prepare pyrazoles and pyrazolines, respectively.
followed by a PACI(PPh), and Cul-catalyzed Sonogashira Takahashi et al. applied this method to prepare a library of
cross-coupling reaction between the iodophenoxy resin and25 pyrazoles from polymer-supported vinylsulfones (Scheme
2-ethynyl-5-isopropoxy-4-methoxybenzaldehyde, gave the 56)7° The resin-bound sulfone$21 were prepared from
bisarylacetylene resihl9 An important step in this approach  Rink amide resin and then reacted with hydrazonyl chlorides
was the solid-phase BaeyeYilliger conversion of the and TEA in DCM at room temperature. In this reaction step,
aldehyde into the formate. Hydrolysis of the formate gave a cycloaddition of121 with the in situ-generated nitrilimines
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led to the resin-bound pyrazoliné2 S-Elimination of the generated in situ by oxidation of the aldehyde phenylhydra-
p-toluenesulphonyl group df22with DBU and final acidic zones 126 with (diacetoxy)iodobenzene, as 1,3-dipoles.
cleavage afforded pyrazold23in high purity, with 123a Microwave-assisted cycloaddition of the components af-
as the major isomer. The authors attributed the regioselec-forded PEG-bound pyrazolind27in 4 min. Upon treatment
tivity of the reaction to the presence of thegoluenesulpho-  of 127with NaOMe in methanol, the 1-phenyl-3-substituted-

nyl group. 2-pyrazolinyl-5-carboxylate424 were isolated in good to
Xia et al. used a similar 1,3-dipolar cycloaddition for the excellent yields (6394%) and with total regioselectivity.
regioselective synthesis of the pyrazoline derivatii/2$on An alternative synthesis of pyrazolines on soluble polymer

soluble polymer (Scheme 5% The authors employed the support was developed by Wang et al. (Scheme®5H).
PEG-bound acrylat&?25 as dipolarophile and nitrilimines,  this case, the PEG-bound pyrazolirl/ were prepared in
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DDQ. The target compounds were cleaved from the support
under basic conditions in good yields and purities.

4.1.2.2. Imines as Dipolarophiles. Synthesis of 4,5-
Dihydro-1,2,4-triazoles. Wang et al. described the first
polymer supported synthesis in solution of tetraaryl-4,5-
dihydro-1,2,4-triazoles via [82] cycloaddition of a PEG-
bound nitrilimine with imines (Scheme 5% The precursor
to the nitrilimine derivative was the hydrazonyl chloritig3
which was synthesized from PEG 4000 in three steps by
attachment of 4-formylbenzoic acid onto the support, reaction
of PEG-supported aldehyde34 with hydrazine hydrochlo-
ride 135 and a-chlorination of the resulting hydrazone.
Treatment of133 with imines 136 in the presence of
trioctylamine at room temperature afforded the corresponding
nitrilimine and led to construction of the triazole ring through
1,3-dipolar cycloaddition. The resulting PEG-bound tetraaryl-
1,2,4-triazoles were cleaved from the resin with NaOMe. This
method was successfully applied in the parallel synthesis of
a library of 25 1,2,4-triazole&37, which were obtained in
good to excellent yields (#595%) and purities (7998%).

The library was screened for optical properties, leading to
the identification of six compounds with high fluorescent
guantum yields.

4.1.3. Minchnones. Synthesis of 1,2,4-TriazolesA

parallel by a one-pot condensation of aryl aldehydes and traceless SPS of 3,5-disubstituted 1,2,4-triazoles through 1,3-

hydrazines in the presence of trioctylamine in methanol at diPolar cycloaddition of polymer-bound 1,3-oxazolium-5-
room temperature, followed by addition to the reaction °lates (muchnones) and diazodicarbonyl compounds was
mixture of chloramine-T and PEG-supported acryloyl esters developed by Yli-Kauhaluoma et al. (Scheme 80\meba
125 The nitrilimines were thus formed from the aldehydes esin-supported carboxylic acids38 were prepared via a
and hydrazines, and then they underwent cycloaddition with three-step sequence inolving reductive amination with phe-
the acrylate derivative. Cleavage of the target pyrazolines nylglycine methyl estersN-acylation with a variety of
was achieved by treatment #27 with NaOMe in MeOH. carboxylic acid chlorides, and hydrolysis with KOH. Treat-
NMR, GC-MS, and HRMS analysis revealed tH&%4 was ment of carboxylic acid&38with either diethyl diazodicar-
the only isomer present. Following this procedure, 18 boxylate (DEAD) or 4-phenyl#-1,2,4-triazoline-3,5-dione
pyrazolines were prepared in good yield {681 %) and high provided resin-bound 1,2,4-triazol&89 This involved in
purity (>89%). situ formation of nimchnones140, their subsequent 1,3-
The same group later reported a similar one-pot synthesisdipolar cycloadditions with the diazodicarbonyl compound,
of pyrazoles on soluble polymer (Scheme &8Jhey used and finally, elimination of carbon dioxide from the resulting
the PEG-bound propiolate28 as dipolarophile to form the  cycloadducts. TFA cleavage of the products from the resin,
PEG-bound regioisomeric pyrazol&89and130. When the followed by column chromatography afforded compounds
PEG-bound acrylat&25was employed as dipolarophile, the 141 in high yields and purities. It was observed that the
PEG-bound regiospecific 5-substituted pyrazolih@swere cycloaddition using 4-phenylH-1,2,4-triazoline-3,5-dione
obtained, and then they were converted to the correspondingrequired less time than that using DEAD and also led to
PEG-bound pyrazole$32 by oxidative aromatization with  slightly better yields. This strategy was also reported by
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Scheme 58
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HOchCHO MeONHNHZ-HCI
DCC, DMAP, DCM GO 135
(O—on CHO
fo} trioctylamine, EtOH

Dihydroxy-PEG 4000 134
cl
C}O NCS, DCM C}O
}—@—CH:NNH@Me — )—OQ:NNH Me
o 0 cl
133 ©

1. — —
R1@CH:N@R2 cl Me
136 MeO N-

trioctylamine, rt }_©_</ N )
2. NaOMe, MeOH 0 N @
© \R1 25 compounds
\R2

70-98% purity
137 75-95% yield

Wang et al., except with PEG 6000 as solid suppoithe 4.1.4. Pyridinium N-Imines. Synthesis of Pyrazolo[2,3-
authors prepared 11 PEG-bound 3,5-disubstituted 1,2,4-a]pyridines. Pyridinium N-imines have been employed as
triazoles in good to excellent yields (8B4%) and>92% 1,3-dipoles for the SPS of pyrazolopyridines (Schemée®®1).

purity upon isolation by ether precipitation and subsequent The resin-bound alkynes42 were prepared by attachment
of alkynoic acids to the bromo-Wang resid3 and then

TFA cleavage from the solid support.
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Scheme 60
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Q—< >ﬂ O—< >_\ o]
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Ac,0, DEAD X _R = _R
i [l e
= =
4-phenyl-4H-1,2,4- OMe OMe
triazoline-3,5-dione + =
s 0 =
DCM, 1t NS NN
Yo — =N
8] R o R’
140 139
R R!
Hor2-Cl 4-MeOCgH, TEADLM
Hor2-Cl 4-MeCgH4
Hor2-Cl 4-PrCgH,
Hor2-Cl 4-FCgH,4
Hor2-Cl 3-pyridyl =
Hor2-Cl 2-naphthyl =
Hor2-Cl 4-O,NCgH,
Hor2-Cl 4-CICgH, HN™ SN
Hor2-Cl 4-EtCgH, ):Nf 20 compounds
H Ph R' >71% purity
H 4-PnCgH, 141 83-96% yield

reacted with varioudN-aminopyridine iodides and 3O

in DMF. 1,3-Dipolar cycloaddition of42 with the in situ-
generated pyridinium imines, followed by aromatization of
the resulting cycloadduct led to resin-bound bicyclic com-
poundsl144. TFA treatment ofl44 provided the pyrazol-
opyridinecarboxylic acidsl45 and exposure to sodium
methoxide afforded the methyl ester derivativiet6. The
majority of final compounds were obtained in moderate to
high yields and in high purities. The authors explored the
side reactions and regiochemistry of the cycloaddition
extensively.

4.1.5. Azides. 4.1.5.1. Alkynes and Alkenes as Dipo-
larophiles. Synthesis of 1,2,3-Triazolesl,2,3-Triazoles
have myriad applications in synthetic and medicinal chem-
istry. The most versatile method for the synthesis of 1,2,3-
triazoles is the Huisgen 1,3-dipolar cycloaddition reaction

1,2,3-Triazoles have been shown to be excellent scaffolds
for peptidomimetics. In addition to their rigid aromatic
structure and resistance to hydrolytic cleavage, they can
mimic a peptide bond because of their topological and
hydrogen-bonding similarities to amin&4:2°In fact, incor-
poration of 1,2,3-triazoles into peptides constitutes an useful
approach for lead discovery and optimization in biomedical
research. Meldal et al. recently synthesized a library of
peptidotriazoles through azigalkyne 1,3-dipolar cycload-
dition to identify inhibitors against a recombindmishmania
mexicanacysteine protease (Scheme 62)he one-bead
two-compounds split and mix library was prepared on
PEGAg00 resin, which is a hydrophilic polyamide/polyeth-
ylene glycol copolymer, and was encoded by ladder syn-
thesis. The final resin-attached peptidotriazoles had the
structurel4?. Twenty residues were coupled at each amino

between an azide and an alkyne. This process is considered@cid position and the resit8 derivatized with propargylic

to be the best “click” reaction to date, benefiting from the
low reactivity of azides and alkynes, as well as from their
stability under common synthetic conditiof<Click chem-
istry, introduced by K. Barry Sharpless in 208%,is an
approach inspired by biosynthetic pathways, whereby small
units are joined together. Cu(l) catalysis of this reaction has
allowed the synthesis of substituted 1,2,3-triazoles in mild

acid, was treated with 5-protectgdamino azides in the
presence of catalytic amounts of Cul at 25 to produce
1,4-disubstituted triazoles. After Alloc group removal, a
substrate fol.. mexicanaCPB2.8\CTE was coupled, and
finally, all side-chain protecting groups were cleaved
using TFA. About one-half of the 800 000 possible pepti-
dotriazoles were obtained. The biological activity of the

conditions with total regioselective control and high yields. library was evaluated on solid-phase supports, and 23
These syntheses have been performed in solution and, mor€ompounds were resynthesised and evaluated in solution. The
recenﬂy' on So|id-phase Supports_ A recent review by K; values of the most active Compounds ranged from 76 to
Maarseveen et al. covers solution-phase results with some240 nM.

representative solid-phase examples and describes a mecha- Eichler et al. prepared a set of peptides based on a 1,4-
nistic approach of the Cu(l)-catalyzed azitwkyne cou- disubstituted triazole motif (Scheme €3).The authors
pling 88 Additional examples of solid-phase Huisgen 1,3- coupled the thirteen resin-bound tetrapeptiti4ég acylated
dipolar cycloaddition chemistry are summarized in this at their N-terminal amino group with propiolic acid, to the
section. protected azido-peptidesMc-T(tBu)S¢Bu)K(Boc)Y (tBu)R-
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Scheme 61
o]
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Scheme 62
0 NHAlloc
O,N
A, MO
4 az-Aa,-T(tBu)-1-S(tBu)-R(Pmc)-T({Bu)-I-N OMe
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148 | | L | resin
[Mis] [PI]

Fmoc/Boc—Aa—p{CHaN3)
Cul, DIEA, THF, rt

NHAlloc

R (0]
i : H
Fmoc/Boc—N NS az-Aag-[Mis]-[Pll-
H N=N

Sequential Fmoc removal and
Fmoc/Boc-Aa—-OH coupling steps

1. Pd(PPhg)s. CHCI/ACOH/NEM

2. Protected "Substrate®, TBTU, NEM

3. TFA/IDCM/H,0/PhSMe/(CHaSH)/TIPS
4. NaOH (aq)

R o] HN—FSubstrate®
_ H
H-Aa;—Aa,— N"\— Nwaa—ﬂar[Mls}—lPlI]— Nb
H N=N

147
Protected " Substrate®= Boc—Y{(NO2)-E(tBu}-K(Boc)-F-R(Pmc)-R(Pmc)-G-K(Boc)}-K(Abz-Boc)}-G-OH

(Pbf)E(BuU)G-OH using Cu(l) catalysis. Subsequent TFA group was obtained, either by selective removal of the
cleavage of the products from the resin afforded the peptidesprotecting group of a lysine or by reduction of the nitro group
150 in high purity. The regioselectivity of the triazole of 4-nitrophenylalanine, acylated with propiolic acid, and
formation was analyzed byH NMR spectroscopy of  coupled to the corresponding azido-peptide using Cu(l)
compoundl51 (Figure 2). On the basis of this procedure, catalysis. After formation of the third triazole, peptitib2

the same authors described the solid-phase preparation ofvas cleaved from the resin with TFA and then purified by
the peptidel52 which bears two triazole rings attached to HPLC.

the side-chain amino group of two lysine residues and one Zhang and Fan described the SPS of the peptidotriazoles
triazole linked to a 4-aminophenylalanine residue (Scheme 154 and 155 with alternating triazole and amide backbone
64). Each triazole was selectively constructed from the resin- linkages (Scheme 65 and Figure®3Both peptidotriazoles
bound cyclic scaffoldl53 The corresponding free amino  were prepared from Rink amide resin via multiple cycles of
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Scheme 63
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7. SnCly2Ho0, DMF
8. Propiolic acid, DIC, DMF, DCM
9. NaAc-Y(tBu)GGFLG-OH
Cul, DIEA, DMF, 25 °C
10. TFA/DCM/H,OITIS
ARPGYLAFPRMG-OH  TSKYREGG-OH YGGFLG-OH
o (J\\o o
N | N | N,
N, . N
o} NNj\fo o) I N
NH NH NH
w o H 0 0 y ©
H H H
0 o]
S
152
1,3-dipolar cycloaddition of a 4-pentynoyl group and the Scheme 65
corresponding Fmoc-protected amino azide using soluble Cu- 1. 4-Pentynoic acid”
I d. d h 2. 1865 ; repeat
0] catalyst. Compound 54 was prepare fro_m the Fmoc- 3. Piperidine, DMF
proline-azidel56 and was obtained in 62% yield after TFA 4. 4-Pentynoic acid? (j\/ N=N i
. e . c f
cleavage from the resin and HPLC purification. Compound e — N N 2
155 was synthesized from side-chain protected Fmoc-Lys, _ 5 %Penynocacd®  Fmoc O,
Rink amide resin 7. 158

Tyr, Asp, and Leu amino azides and was obtained in 56% 8. 4-Pentynoic acid? 154

yield after TFA cleavage from the resin and HPLC purifica- yse { X _n, 2% eoeat .
tion. N I
In a study by Finn et al., Cu(l)-catalyzed aziemkyne aPyBop, HOBY, DIEA, DMF.bCul, ascorbic acid, DIEA, 2,6-lutidine,

[3+2] cycloaddition promoted solid-phase head-to-tail pep- DMF. cCul, ascorbic acid, piperidine, DMF.

tid lodimerizati f the Arg-Gly-Asp (RGD)-containi
\de cyclodimerization of the Arg-Gly-Asp ( )-containing peptidesl57and158 leading to the cyclic peptidelb9and

0 160, respectively, each of which contains two 1,2,3-triazole
N T-S-K_Y-R_E-G-NH, rings (Scher_’ne 66) The two key structural fea}ures of the
N starting peptide sequences wera gropargylglycine located
N oG 60 in the second amino acid position and a 5-azidopentanoyl
V-G-G-F-L-G-OH group at theN-terminus. Cyclodimerization was achieved
0 151 through triazole formation by exposure of the linear se-

Figure 2. guences to Cul, Na ascorbate, and 2,6-lutidine for 16 h at
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Scheme 66
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Reviews

the azide and alkyne groups, the monocycle was obtained
along with the cyclic dimer in a 1:2 mixture. In this case,
the linear peptide included a side-chain-derivatized glutamic
azide as second residue and propargyl glycine alNits
terminus.

1,2,3-Triazole formation through Cu(l)-catalyzed Huisgen
cycloaddition has been used to link peptides to an 2-alkoxy-
8-hydroxyadenine derivative. This approach led to the
synthesis of the hydroxyadenylpeptide conjugdiet 162
and163 which contain the major histocompatibility complex
class | epitope SIINFEKL (Scheme 6%)As exemplified
for 161, alkyne-derivatized peptide Tentagel resins were
coupled to the azidoadenine derivatit®4 under Cu(l)
catalysis in the presence of DIEA. The conjugdlt6és, 162
and 163 were released from the resin with TFA and were
obtained in 4.3, 11.3, and 2.9% overall yields, respectively,
after purification. These conjugates abolished the production
of the T helper cell (Thl)-activating cytokine IL-12p40. In
comparison with a mixture of their individual components,
they led to improved antigen presentation in vitro, but they
did not induce dendritic cell activation.

Kirshenbaum et al. developed two solid-phase azide
alkyne procedures for the synthesis of peptoids that bear
multiple triazolyl side chains. Using the first, the authors
formed triazole rings at the resin-bound 8mer, 12mer, and
24mer peptoid scaffold$65—-167 as a postoligomerization
step (Scheme 68 and Figure®)his occurred via multisite
conjugation of peptoid azido- or alkynyl-functionalized side-
chains to an alkyne or azide, respectively, in the presence
of Cul, DIEA, and ascorbic acid for 15 or 72 h at room

room temperature. Subsequent acid cleavage and HPLCiemperature. Triazoles were formed at three positiod$6&

purification revealed that59 and 160 were obtained in an

andl66aand at six positions df65band of166k, affording

approximately 60% yield for cyclodimerization. Although oligomersl68a—b and169a—b in high overall yields (88
monocyclization was achieved by switching the positions of 96%) after acidic cleavage. Notably, this procedure allowed

Scheme 67
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motif significantly decreased the redox potential of the

with biologically relevant structures, such as the fluorophore ferrocene unit, it was observed that the estradiol moiety did

170, the nucleosidel71, and the peptoid trimerl72
(Figure 4).

not affect it.
Non-peptidic structures containing the 1,2,3-triazole motif

In the second of the aforementioned procedures, the have also been prepared using click chemistry. Yli-Kau-

triazoles are formed between oligomerization cyéfeBhe
authors thus prepared the peptoid dodecai®g which
bears four distinct triazolyl side-chains, by sequential cycles
of peptoid chain elongation and azidalkyne coupling
(Scheme 69). After TFA cleavage of the products from the
resin, the triazole formation was determined to be highly
efficient (> 95% conversion), and the crude final product was
obtained with>75% overall purity. A preliminary study of
the applicability of this procedure to the development of

peptoids as biosensor platforms was also performed. The

haluoma et al. described the SPS of Nuydroxybenzyl-
triazoles174from the commercially available bromo-Wang
resin 143 (Scheme 70j7 The reaction sequence included
treatment of the resin with sodium azide and subsequent
conjugation of the resulting resin-bound azidlé5 with
various alkynes. After TFA cleavage of the products from
the resin, the authors observed that the triazbfeshad been
obtained, together with the correspondiNeunsubstituted
triazoles176. Following a similar route, the authors prepared
unsubstituted triazolek76 tracelessly from the 2-methoxy-
substituted resin77 (Scheme 70). The resin was synthesized

authors thus prepared a peptoid hexamer with two side chaing,, -|orination of commercially available polymer-bound

substituted with a triazolylferrocene unit and acifrfiaz-
olylestradiol moiety, respectively, using the above procedure.
The effect of the estradiol and triazole units on the redox

4-hydroxy-2-methoxybenzyl alcohol. Purification of crude
products by column chromatography afforded compounds
174and 176in 17—58% yield. The regiochemistry of the

properties of the ferrocene was studied. Whereas cyclic cycloaddition was determined B4 NMR of the products

voltammetry experiments indicated that the 1,2,3-triazole

N

N\ N
| N | °N NH, TFA
N N
o) -
HO P ' ‘
. [NH NH, TFA
N’N\N
SC 2
N NMNHz
o}
155

Figure 3.

and confirmed by X-ray analysis.

As part of a library of 1,2-diheterocyclic-substitutes){
olefins, Huang et al. prepared the 1,2,3-triazolyl and isox-
azolinyl derivativesl78 from the selenenyl bromide resin
179 which is a PS-functionalyzed solid support cleavable
through a selenoxide syn elimination to introduce a new E
double bond (Schemes 71 and 88)he resin179 was
treated with NaBH and propargyl bromide to give the
corresponding propargyl-functionalized resi80 1,2,3-
Triazoles were formed through a one-pot 1,3-dipolar cy-
cloaddition of the resiri80 with NaNs; and aryl halides in
the presence of Cul, proline, and TEA at 85 for 12 h in
dimethyl sulfoxide (DMSO).

A set of 78 triazole derivatives with the general structure
181 were synthesized as part of a 10.102 compound library
based on the natural product carpanone and directed to
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Scheme 70
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R3 174d  H H
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/©/\N R 174 H Ph
N=N 174g,176d CHO

- g Ph

174h, 176e CO;Et Ph

174ak 174i  CH,0H CH,OH
>90% purity 174)  SiMe; H
17-58% yield 174k —(CHy)s

discover inhibitors of exocytosis from the Golgi apparatus bead-one-stock solution” strategy. Multicomponent reaction
(Scheme 7238 The library was prepared from high-capacity of on-resin tetracycle82 with TMSN; and six hydroxy-
(500um) PS beads by the split-pool method, using a “one- lamines afforded resin-bound azid&83 which were then
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CO,Bu, H
CO,TMS, CO,TMS
CO,TMS, H
Ph, H
181 Bu, H
78 compounds (EtO),CH, H
CI{CHp)s, H
TMSOCH,, H
S
Scheme 73 1H-1,2,3-triazolesl87 (Scheme 74). Of the 48 compounds

1.TMS—=

COzR
BSA, toluene, reflux

N
N3 2 TFaDCM N N
o 0 SR Y
0 I HO,C RO,C  'SiMe,

184a R=Et 94% yield
184b R=H 99% vield

Wang resin 185

crossed with thirteen alkynes in a+2] cycloaddition to
afford triazoles181

Hlasta et al. reported the SPS dfi-l,2,3-triazoles via
trimethylsilyl-directed 1,3-dipolar cycloaddition (Scheme
73)%° The triazolesl84aandb were produced regioselec-
tively and in high yield by treatment of the Wang resin-
bound azidel85 with ethyl trimethylsilylpropynoate and
trimethylsilylpropynoic acid, respectively, in the presence
of bis(trimethylsilyl)acetamide (BSA) in toluene at reflux
for 18 h, followed by TFA cleavage of the product from the

prepared, 36 were obtained in excellent yields and purities.

Sulfones have been used to direct 1,3-dipolar cycloaddi-
tion, allowing the regioselective preparation of the 1,2,3-
triazoles188-190 (Scheme 75)°° The resin-bound vinyl-
sulfones191 and 192 were synthesized from PS sodium
sulfinate resinl93 and then they were exposed to NaN
DMF with microwave irradiation to afford the 4,5-disubsti-
tuted- and 4-monosubstitutedh2L,2,3-triazole488and190,
respectively. The vinylsulfond91 was also reacted with
alkylhalides and Napin a one-pot 1,3-dipolar cycloaddition
to yield the 2,4,5-trisubstitutedH21,2,3-triazoles189. In
these reactions, the sulfone group not only controlled the
regiochemistry of the cycloaddition but also served as
traceless linker; upon in situ elimination of the sulfone, the
triazoles were released. A total of 23 triazoles were prepared
with overall yields ranging from 37 to 78%.

resin. The procedure was used for the cycloaddition of the Azide—alkyne [3+2] cycloadditions have also been per-

acryloyl resin (REM)-bound azidel86 with trimethylsilyl-

formed on soluble polymers, such as the MeOPEG. Molteni

propynoic acid to prepare a library of the 1,5-disubstituted et al. prepared 4- and 5-monosubstituted triazoles by heating
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Scheme 74 The formylindolylmethyltriazole resi204 was prepared
1. Diamine, DMF by Cu(l)-promoted coupling of the azidomethyl polystyrene
OW . :.;lo;.;:;ﬁ; ocm O\n/\/N-diami”e'N 0 resin 206 apd N-propargylindole-3-carbaldehyde (Spheme
Q r J X 79)1°4and it was then used for the parallel synthesis of 42

° N-arylpiperazinoalkyl-substituted arylcarboxamides following

186

SRS Na a backbone-amide linker (BAL) strategy (Scheme89The
1. TMS—=—COH L 5 building blocks were incorporated by reductive amination
BSA, xylenes, 105 °C RSN diaminect- 2 of 204in the presence of NaBH(OAg)HOAY/DIC-mediated
L o BEESTE \3 acylation, removal of the Boc group by TMSOTf, and finally,
4. DIEA, DCM N-N arylation of the piperazine according to Buchwald and
SiaHkTHE M/“ Hartwig's method, using B¢tba) and @)-2,2-bis(diphe-
RPN OIS nylphosphino)-1,tbinaphtyl (BINAP) as catalyst. The re-

b nte s agents were twdl-aminoalkylN'-tert-butyloxycarbonylpip-

187 68% average yield
erazines, seven arylcarboxylic acids, and three bromoaryl
Diamines Acid chlorides cl derivatives. TFA cleavage of the products from the resin
N\ H H o afforded arylcarboxamidez10in yields ranging from 9 to
NN SN N~ C'/\fl cl ° 37% with an average purity of 85%. The compounds were
evaluated for binding affinities toward the dopaminergic
R'R'NH R'-X G-protein-coupled receptors D1, Bg, D2snor D3, and D4,

B @/”HZ ©/\NH2 CHyl B ©/\Br as well as the adrenergig subtype. Five hits were identified
(NH as high binders to the receptor D3 subtype. The Keghlue

I was of 0.28 nM and corresponded to a biphenylcarboxamide
bearing a 2-chlorophenyl substituent and with a chain length

the MeOPEG-supported azid84 with the monosubstituted O_f 4 C?rb"f_‘s between the carboxamide group and the
acetyleneq495in toluene (Scheme 7689t After diethyl ether piperazine ring.
precipitation, a regioisomeric mixture of MeOPEG-linked ~ 1he same group reported the parallel synthesis of a library
triazoles196and197was obtained in near quantitative yields ©Of Sixty 1,2,3-triazole-4-carboxamides from the formylary-
and was subsequently analyzed ) NMR spectroscopy. loxymethyltriazole resirR05 (Scheme 813% In this case,
The 1,2,3-triazoles198 and 199 were released from the alkyne-azide 1,3-dipolar cycloaddition was used for both
polymer by treatment with formic acid and then purified by the functionalization of the resin and the synthesis of the
silica gel chromatography (7385% overall yield). compounds. The BAL-based re€05, which was prepared
Morvan et al. used microwave-assisted click chemistry to in @ manner similar to that 0P04'%* was subjected to
attach carbohydrates to oligonucleotides bound to a thymi- feductive amination using NaBH(OAcith ten primary
dine succinyl-controlled pore glass (CPG) solid support @mines, includingN-phenylpiperazinyl- and 4-phenyl-3,6-
(Scheme 7739 The three galactosy! azide derivativa80 dihidro-2H-pyridinyl-substituted alkylamines and 4-amino-
were trapped by the solid-supported trivalent alkyne oligo- 1-benzylpiperidine. The resulting amino-bound reshid
nucleotide201in MeOH/H,0 in the presence of CuS@nd were thenN-acylated with two alkynoic acids using DIC.
sodium ascorbate with microwave irradiation at®Dfor ~ Triazoles were generated by cycloaddition of the acylated
20 min. The resulting beads were treated with concentratedr€sins212with three benzylazides at 13C for 48 h. After
aqueous NEDH to afford the deprotected trigalactosylated TFA cleavage of the products from the resin, the carboxa-
compound202 Complete conversion of the three alkyne Mides213 were obtained with an average purity of 90%.
residues into triazoles was confirmed by HPLC and MALDI- The compounds were screened for binding to D1idg2
TOF MS analyses. D2shors D3, D4, a3, 5-HT;, and 5-HEa receptors. High-
Taking advantage of the click chemistry strategy, the 1,2,3- affinity binders at the D3p;, and 5-HT. receptors were
triazole formation via azid-ea]kyne Coup”ng has been found. In particular, CompOUndS W|t{] values in the medium
employed to construct linkers for solid-phase organic syn- Picomolar range for they receptor were determined.
thesis. In this context, Gmeiner and co-workers developed On the basis of the aforementioned 1,2,3-triazolyl-derived
the REM-based resi@03 as well as the amide backbone- linkers, Dolle et al. developed solid/solution-phase annulation
based resin204 and 205 (Schemes 7881). The triazolyl- (SPAn) resins for the one-step preparation of five-, six-, and
methyl acrylate resi203was obtained by cycloaddition of  seven-membered heterocyclic lactams from primary amffies.
the azidomethyl polystyrene res2@6and propargyl acrylate ~ As shown for the isoindolinonez14in Scheme 82, Cu(l)-
in the presence of Cul catalyst and DIEA at®5(Scheme  catalyzed alkyneazide coupling allowed loading of azide
78)1%3The resin was evaluated by preparation of the tertiary resin 206 with the solution-prepared propargyl 2-bromo-
amines207—209. The synthetic sequence involved Michael methylbenzoat@15through triazole formation. Subsequent
addition of aliphatic and cyclic secondary amines to resin annulation by tandenN-alkylation with a primary amine,
203 alkylation of the resulting resin-bound amines, and followed by intramolecular acylation in DMSO with excess
subsequent basic cleavage of the products from the resin viaViP-carbonate and microwave irradiation, afforded the final
Hofmann elimination. The final amines were obtained in high isoindolinone214with an average yield of 35% arxl90%
yields (53 to 82%) and purities>©1%). purity after purification. This approach was successfully

AN~
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applied to the preparation of pyrrolidinone, piperidinone,
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MW, 120 °C
/ 188

0 16 compounds
O—@ \E 37-78% yield
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5 compounds
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192 190

2 compounds
40-45% vyield

such as the functionalization of surfaces or polynigté\s

an example, the group of Collman and Chidsey described
the first report of the use of the Huisgen 1,3-dipolar
cycloaddition to modify electrode surfack¥g: The authors
formed 1,2,3-triazole rings on self-assembled monolayers
incorporating azidoundecanethiol chains at the surface by
reaction of the chains with ethynyl or propynone ferrocene
at room temperature in aqueous solvents. The two ferrocenes
required different catalytic conditions, which the authors
studied. A study by Emrick et al. exemplifies the use of solid-
phase click chemistryto searchfor polymer-based biomaté&fials.
The group prepared the PEG- and peptide-grafted aliphatic
polyester216and217as depicted in Scheme 83,w-PEG-

morpholinone, piperazinone, and quinazolinedione deriva- 1100-monomethyl ether azi@i8was grafted to acetylene-
tives, as well as to the formation of seven-membered rings, functionalized polyester through triazole-ring formation in

to yield bicyclic and tricyclic compounds (Figure 5).
Triazole formation through azidealkyne cycloaddition

the presence of sodium ascorbate and Cu&C0°C for
10-12 h. The amphiphilic nature of the resulting PEG-

has been used for applications other than organic synthesisgrafted polyesteP16 was studied, and its biocompatibility

Scheme 77

5

0
1]
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Scheme 78
(o]
I~ Q o
P S G Y~
Cul, DIEA o 0] H = o]
O/\N3 LBNG, THF: 28 0 N, 2N ...l N, N
206 203
PS resin
1. RBr, DMSO (‘) K\N’R
2. TEA, DMF rlq cl N\)
N o ¢
207-209 N R R
>91% purity cl 208a R=Alyl R=H  208a R=Alyl
53-82% vyield 208b R= p-Nitrobenzyl R'=H 209b R= p-Nitrobenzyl
207 208c R=CH,CO,Me R=Br 208¢c R=CH,CO,Me
Scheme 79 on solid-phase supports through azightrile cycloaddi-
CHO - tion.11° The authors synthesized a library of 20 biphenyl
@f\g tetrazoles that have points of diversity at both biphenyl rings
N l: (Scheme 84). Starting from the resin-bound 2-allyloxy-5-
5 f;/ ,v cyano-4-iodobenzene derivati&l9, the biphenyl system
O/\ : Cul, DIEA O/\'\'N:N was constructed by Suzuki cross-coupling with phenylbo-
206 THF, 35°C 204 ronic acids. These conditions also led to the deallylation of
PS resin the phenolic group, which was then derivatized via a
was shown by minimal essential medium and hemolysis Mitsunobu reaction. A set of five boronic acids and four
experiments. The aliphatic polyester-graft oligopep2d& alcohols were crossed in the two steps to provide the resin-

was similarly synthesized, but a higher temperature was bound alkoxy biphenyl nitrile220. The tetrazole ring was
required for the alkyneazide coupling. Notably, no deg- then formed by reaction of the nitrile group220with Mes-
radation of the polyester was detected in the 1,2,4-triazole SiNs and catalytio-Bu,SnO ino-xylene for 50 h at 90C.
step formation of either synthesis. Another example of related Biphenyl tetrazole221 were isolated in moderate yields
chemistry is the recently reported synthesis of biohybrid (14—44%) and good to excellent purities (593%) after
amphiphiles from a polymer and a protéf. TFA cleavage from the resin and purification by HPLC.
¥F-radiolabeled peptides have also been prepared using Molteni et al. extended their previously reported protocol
click chemistry. Conjugation dfF-fluoroalkynes to various  for the synthesis of MeOPEG-1,2,3-triazoles to the prepara-
peptides functionalized with 3-azidopropionic acid via Cul- tion of 1,2,3,4-tetrazoles (Scheme 8%)The electron-poor

mediated 1,3-dipolar cycloaddition yielded the desitéd nitriles 222 were used as dipolarophiles and reacted with
labeled products in 10 min with good to excellent yields and the MeOPEG-supported azid84in toluene at 90C. Upon
excellent radiochemical purity? addition of diethyl ether to the crude reactions, the MeOPEG-

4.1.5.2. Nitriles as Dipolarophiles. Synthesis of 1,2,3,4- supported 1,2,3,4-tetrazolea?3 were obtained in near
Tetrazoles.Griebenow et al. have prepared 1,2,3,4-tetrazoles quantitative yields.

Scheme 80
Amine o Arylcarboxylic acid
NaBH(OAc); N~ HOAt, DIC

N
CHO DCM, DMF N \)
O, DCM o/\ H/\,HR, N o;j\/\/('\}ﬁ/

0: ©E§ Ar

n=1,2
Ar= 4-CICgH,4

3,4-(Me0),CgH3
1. TMSOTY, 2,6-lutidine, DCM . 2-naphiyl
2. Bromoaryl, Pdy(dba)s Ar N 3-pyridyl
BINAP, NaOtBu, toluene i \/\{*')/H\N/\ 2-cp|ﬁinglyl
SRR N 0 k/ N“‘Ar’ 7-methylpyrazolo[1,5-a]pyridin-3-yl
210 biphenyl-4-yl
42 compounds Ar'= 2-CICgH4
>85% average purity 3-MQOCEH4
9-37% yield 3-pyridy!

.Boc
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Scheme 81
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_2TFADCM ©/\ Ry, Ry= H, H
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Scheme 82
@ "
0 PS resin 206 0 R-NHz, MP-carbonate O
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Br Br 214
>90% purity
215
21-61% yield
Scheme 83
0 o]
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X X
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The reaction between a nitrile and an azide to yield a ring formation was performed post-polymerization, starting
tetrazole was recently applied in the synthesis of polymeric from homopolymers of acrylonitrile and random and block

materials containing 5-vinyltetrazole unis.The tetrazole

R1
HL 0
N-R
N.
R
R'=R?=H R'=R?= R3 X= 0, NSO,Me R'=H, Ph
R'=Ph,R>=H R'=Ph R=R%H
R'=H,R%=Et R'=R%=H,R*Ph
R'=R?=H, R®= Et
i R O O R R R
N N N
L, L )
N0 N o
| /| ©
R= (CH),0Ph
Figure 5.

copolymers of acrylonitrile and styrene.

4.2. Nitrogen- and Oxygen-Containing Heterocycles.
4.2.1. Nitrile Oxides. 4.2.1.1. Alkynes and Alkenes as
Dipolarophiles. Synthesis of Isoxazoles and 2-Isoxazolines.
The 1,3-dipolar cycloaddition of nitrile oxides with alkynes
and with alkenes is a powerful method for the preparation
of isoxazoles and isoxazolines, respectively. Following this
approach, Huang et al. synthesized a library of the 1,2-
diheterocyclic-substitutede}-olefins 178 224, and225from
the polystyrene selenenyl bromide redin9 (Schemes 71
and 86)% Key steps included on-resin preparation of the
1,2,3-triazole, isoxazole, or 1,2,4-oxadiazole ring, followed
by a-alkylation with substituted allyl bromide and, finally,
formation of the isoxazoline ring. A one-pot 1,3-dipolar
cycloaddition of the propargyl resitBOwith NaN; and aryl
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Scheme 84
N=N
R' M R’
CN CN # /l N NH /I
I 1. R-B(OH)z, Pd(PPhs) X~ 1. MesSiNg, n-BuzSnO S
H DIEA, DMF H o-xylene, 90 °C HoN
o/ 2. R%-0H, DIAD o/ 2. TFAICHCly
O O<ami  PPh;DMF ieillie- = allllese
219 220 221
Rink amide resin 20 compounds
R'=H, 4-Me, 4-Cl, 2-CI, 3-MeO 59-93% purity
R?= isobutyl, 2-isopropoxyethyl, 2-phenylethyl, iPr 14-44% yield
Scheme 85 A similar approach was employed by Kurth and Quan in
R—=N the preparation of an 18-member library of isoxazol-4-yl-
o 2220 e H—Ql)\ [1,2,4]oxadiazoles (Scheme 8%}.The resin-bound alkynes
O_N3 _foene BT NR 230 were synthesized from Wang resin in a three-step
194 é R= Bz sequence and then were reacted with benzaldehyde oximes
O_ = Me(OCH,CHar— CO,Et in the presence of excess bleach for 3 days. The correspond-
223 CO2Bn ing nitrile oxides were generated in situ, leading to the 3,4,5-
MeOPEG MW= 5000 092-96% Ts

trisubstituted isoxazolea31through a [3-2] cycloaddition.
halides, catalyzed by Cul and proline, produced 1,2,3- Subsequent formation of the 1,2,4-oxadiazole ring was
triazoles. Isoxazoles and isoxazolines were obtained usingachieved by hydrolysis of the methyl est&31, followed
nitrile oxides as 1,3-dipoles based on previous work by the by a Porco’s two-step, one-pot condensation with diverse
same group® A Porco’s two-step one-pot condensation of benzamidoxime derivatives. After TFA cleavage of the
the resin226 with amidoximes furnished 1,2,4-oxadiazoles. products from the resin and purification by column chro-
Final treatment with KO, prompted selenoxide syn elimina- matography, the final compound&32 were obtained in
tion of the resin, releasing the expected compounds in 7—27% overall yield.

moderate to good yield and with good purity. Similarly, the ~ The nitrile oxide 1,3-dipolar cycloaddition with alkynes

same group prepared resin-bound isoxazolig2g from was also reported by Fukazawa et al., who used it to prepare
allyl-selenium resin228'12 In this case, cleavage was a library of liquid crystalline isoxazoles (Scheme 88).
performed by treatment with MelNal to yield the 3-sub- Immobilization of the alkyne233on Rink amide resin was

stituted 5-(iodomethyl)isoxazolin@29in 71—-87% yield and followed by cycloaddition with nitrile oxides generated in
>89% purity. The isoxazoline ring was further derivatized situ from chlorooxime®34 upon reaction with TEA. TO
at the iodine group. treatment yielded the expected isoxazo@35 or 236

Scheme 86
1. NaBHg4, THF, DMF

2. CHz=CHCHzBr, THF
Q-ses Qs
1. NaBHy4, THF, DMF
228

! 179
2. Propargyl bromide, PS resin 1. NaBH,, THF, DMF
st 2. BICH,COOH RCH=NOH, NCS
TEA, DCM, rt

Qs (Q—SeCH,COOH Qse
180
221 o/
J Ar'CH=NOH, NCS }MC(NHZFNOH N

TEA, DCM, rt DCC, 1,4-dioxane JMEL Mal, DMF

|

N R

229 7 compounds
>89% purity
71-87% yield

al

(1) LDA, THF;

{2) CH,=CR2CHBr, THF;

(3) R®CH=NOH, NCS, TEA, DCM, rt;
(4) HzOgz, THF

224 6 compounds 225 19 compounds
89-96% purity 87-97% purity
57-77% yield 48-72% yield
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Scheme 87
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R
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Scheme 88
HO}_C’\ 1, HO-N s
X >—< >—R
I} \ x\ _
233a 3-ethynyl 0\'1'
233b S-ethynyl TEA DCM
Qi Bemm g ] Se oz YT
"DIC, HOBY, DMF 2. Tf,0, pyridine, DCM g1 r?
Rink amide resin R2
22 compounds
49-98% yield
235a-k R.=H, R;=CN, Rs= H or alkoxy
236a-k R;= CN, Ry= H, Rs= H or alkoxy
Scheme 89
||
CO,H COZCHZ ”
PS resin
v T
C=N-0
238
Ether, rt

‘W WF (R=Ph)
N-Q NH, O
/
240

>95% punty 34% yield
48-69% yield ~ R=n-Bu, Ph, H

which were purified by column chromatography and iso- Isoxazole-containing phosphinic tripeptides, designed as

lated in yields ranging from 49 to 98% and#95% purity. potential matrix metalloprotease inhibitors, were prepared
The mesomorphic properties of the products were thenon SynPhase Lanterns through an alkynérile oxide
studied. cycloaddition (Scheme 90} The alkynyl-functionalized

Back and Zhai synthesized isoxazolyl sulfones from the Phosphinic tripeptid@41linked to Rink amide lanterns was
resin-bound acetylenic sulfon@87 and nitrile oxide238  synthesized as both optically pure and a mixture of epimers
(Scheme 89316 Upon completion of the cycloaddition, the at the R’ position from242aand 242b, respectively. The
resulting adducts were released from the resin with LiOH cycloaddition of241 to nitrile oxides was optimized by
to afford the sulfone239in yields ranging from 48 to 69%  Multipin technology. The best results were obtained by
and with a crude purity of95%. However, the 5-phenyl-  treating241 with a 0.56 M chloroform solution of in situ-
substituted cycloadduct was instead treated with 5% sodiumgenerated nitrile oxide at 43C for 24 h. The reaction
amalgam, leading to reductive desulfonylation and @l required three to four repetitions of the treatment to proceed
cleavage to produce compoudQ, obtained in 34% yield  to completion. TFA cleavage of the products from the lantern
after purification by flash chromatography. afforded the phosphinic peptid@¢l3in good yields (65



560 Journal of Combinatorial Chemistry, 2007, Vol. 9, No. 4 Reviews
Scheme 90
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0
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OH bz
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\\ oN-Trp 7
o OH
N I
f
242b= cpz. L9 R 243
” ®P 11 compounds
OH .
\ 61-89% purity
N 55-93% yield
Scheme 91
Ar 1. 2N NaOH
NOH 2. HCI/H20
Z>cocl 0 o|>: 0 or ? o
TEA, DCM TEA, DCM, rt O~y NaOMe, MeOH O«
Or-on TS () o TS, (0 o Oy et e, o O
PEG 4000 125 Ar 245 Ar
R=H, Me 10 compounds
Ar= Phe, 4-MeCgH,, 4-MeOCgH4 >95% purity
4-FCgHy, 4-OoNCgHy4, 2-CICgH, >85% vyield
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Scheme 92

1. HOZCOCHO

DCC, DMAP, DCM

(0] (0] Cl
O—OH O_ ; : : \ NCS, DCM Q_ : ::: \:
(0] N—-OH (o} N-OH

2. NHo0OH-HCI
Dihydroxy- TEA, DCM 244
PEG 4000
R' R?
Q N- MeO N—,
TEA, DCM, rt O_ AR NaOMe, MeOH ) ,O
o ~ R? 4 2PN R2
R’ 246 R
10 compounds
>95% purity

85-92% yield

93%) and purities (7989%). Only the cycloaddition involv-  sponding nitrile oxide, which then underwent cycloadditions
ing a nitrile oxide that bears@cyanophenyl substituent did ~ with alkenes or alkynes (Scheme 92). In both procedures,
not go to completion; hence the corresponding peptide wasthe one-pot isoxazoline and isoxazole syntheses were per-
obtained in lower yield (55%) and purity (61%). Interestingly, formed by stirring the oxime wititN-chlorosuccinimide in
no racemization was observed when optically pure tripeptidesDCM at 25-30 °C, followed by addition of the dipolarophile
were used in the cycloaddition reaction. and TEA and, finally, stirring of the reaction mixture at room
Wang et al. described a one-pot synthesis of isoxazolestemperature. Cleavage of the products from the support using
and isoxazolines on soluble polymer support (PEG 4000), NaOMe in methanol or agueous 2N NaOH afforded the
in which the nitrile oxide is trapped with an alkene or target isoxazolines and isoxazol245 and 246. A total of
alkyne!'8 The authors developed two procedures according 20 compounds were prepared in high yields{82%) and
to polymer-bound component involved in the cycloaddition. purities ¢95%).
In the first, the PEG-bound acrylai5 was reacted with 4.2.1.2. Imines as Dipolarophiles. Synthesis of 1,2,4-
nitrile oxides generated in situ (Scheme 91), whereas in the Oxadiazolines.Wang et al. reported the first one-pot SPS
second, the PEG-supported oxir2é4 provided the corre-  of 1,2,4-oxadiazolines through a-+2] cycloaddition of
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imines with resin-bound nitrile oxides (Scheme 93).  of nitrile oxides to amidoximes and were then used for
Conversion of the resin-supported oxi2é4to the chloro- photochemical generation of nitrosocarbonyl derivatives
oxime 247 and subsequent cycloaddition between the cor- (Scheme 94%° The change of the resin-bound component
responding nitrile oxide and the imin@d8were performed of the cycloaddition altered the reaction outcome. Hence,
in a parallel one-pot fashion. The resulting cycloadducts were reaction of the resin-bound nitrile oxid&50 with excess
cleaved from the resin by treatment with either NaOMe in benzamidoxime in toluene at room temperature for 48 h led
methanol and THF or 70% ethylamine in THF. The authors to the 1,2,4-oxadiazole-4-oxid&51, which are linked to
thus prepared a 20-member library of the 1,2,4-oxadiazolinesthe Wang resin through position 3. In contrast, reaction of a
249, which were obtained in good yields (696%) and resin-bound amidoxime such &b52 with an excess of
purities (7797%). The same group later applied the benzhydroximoyl chloride in the presence of TEA led to the
aforementioned chemistry using PEG 4000 as soluble 1,2,4-oxadiazole-4-oxidezb3 which are linked to the resin
polymer support to prepare a variety of 1,2,4-oxadiazolines through position 5. Photolysis @1and253led to the on-
in good yields and puritie®° In a separate work, they solution and resin-bound nitrosocarbony2§4 and 81,
described an alternative approach for the synthesis of 1,2,4-respectively, which were then trapped in situ by dienes in
oxadiazolines, based on the cycloaddition of PEG-bound hetero-Diels-Alder reactions or by olefins in ene reactions
imines to in situ-generated nitrile oxid&s. (see section 3.2.2).

4.2.1.3. Amidoximes as Dipolarophiles. Synthesis of 4.2.2. Nitrones. Synthesis of Isoxazolidines, 4-Isoxazo-
1,2,4-Oxadiazole-4-oxidedl,2,4-Oxadiazole-4-oxides have lines, Pyrrolo[1,2-blisoxazoles, and Isoxazolo[2,3]py-
been prepared on Wang resin by 1,3-dipolar cycloaddition razinones. Isoxazolidines and 4-isoxazolines can be syn-
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thesized via [3-2] cycloaddition of a nitrone with an alkene use on solid-phase supports. However, a variety of structures
and with an alkyne, respectively. Although this reaction has have been obtained using the procedure by employing either
been widely used in solution, there are few examples of its solid-supported alkenes or nitrones. This chemistry has been
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extensively reviewed by Rik-Braun et al?? Preparation of
the tricyclic compoun@55from the pyrrolineN-oxide 256
exemplifies the utility of cyclic nitrones as 1,3-dipoles in
SPS (Scheme 933 The nitrone was key to the {32]
cycloaddition reaction between the chiral pyrroliexide
256 and a solid-supported dipolarophile, leading to the
formation of the isoxazolidine ring of the pyrrolo[1{#}-
isoxazole?257. This step served to linRk56to the solid-phase,
as well as to mask the nitrone functionality to avoid later
racemization of the C-3 stereocentre of the pyrroline ring.
The authors used two solid-supported dipolarophiles contain-
ing a maleate or acrylate moiety. Reaction with the poly-
styrene maleate resip58a was carried out in toluene at
60 °C for 2.5 h, and reaction with the REM res?#b8bwas
performed in toluene at room temperature in 24 h. After THP
group removal and esterification of the free hydroxyl group
with monomethyl maleat&€59was transformed to the final
compound {)-255 through a 1,3-dipolar cycloreversion/
intramolecular cycloaddition domino process for which the
nitrone group was again crucial. This step was completed in
7 h by the heating o259ain o-dichlorobenzene at 16TC

or 259hin xylenes at 140C, affording (-)-255in 21 and
42% overall yields, respectively.

Ruck-Braun and Wiershem recently synthesized isoxazolo-
[2,3-a]pyrazinones from the polymer-supported cyclic nitrone
260 (Scheme 96¥?4 Using alkenes as dipolarophiles, the
authors obtained the isoxazolidir@8lin >85% purity after
basic cleavage from the resin and-B2% yields after HPLC
purification. [3+2] Cycloaddition of 260 with alkynes,
followed by sodium methoxide cleavage from the resin,
provided the isoxazoline derivativé62 in >90% purity,
which were then purified by HPLC and isolated in-24%
yields. Finally, isoxazolin63was prepared from the resin-
bound tricyclic isoxazolidin264 (R; = R, = CsHio) by
oxidative N-O bond cleavage with MCPBAQ-acylation,
[3+2] cycloaddition reaction of the resulting nitroR&5with
phenylacetylene, and finally, treatment with sodium meth-
oxide. Interestingly, oxidative NO bond cleavage of the
resin-bound isoxazolidinezs4led to the 1,3-aminoalcohols
266 or the lactam267, which were further derivatized by
N-acylation or Mitsunobu reactions, respectively.

5. Tandem [4+2]/[3+2] Cycloadditions

High-pressure-promoted tandemt2]/[3+2] cycloaddi-
tions of ethyl vinyl ether, styrene, and resin-bound nitroalk-
enes have been describB8 A wide array of the bicyclic
nitroso acetals268 were thus obtained as mixtures of
diastereomers. Various resin-bound nitroalkenes were pre-
pared in one step from resin-bound nitroacetic acid and a
wide variety of aldehydes via a microwave-assisted Knoev-
enagel reaction (Scheme 97). Ethyl vinyl ether (as dienophile)
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