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Abstract—Seven PNA-encoded combinatorial libraries targeting proteases and phosphatases with covalent reversible and irreversible
mechanism-based inhibitors were prepared. The libraries were synthesized using modified PNA monomers, which dramatically increase
the water solubility of the libraries in biologically relevant buffers. The libraries were shown to selectively inhibit targeted enzymes.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

We have previously demonstrated that libraries encoded
with PNA tags can be synthesized in a split and mix format,
cleaved from the resin to obtain the library as a mixture in
solution, and reformatted by hybridization to an oligonu-
cleotide microarray (Fig. 1).1–6 We have further shown that
such libraries can be used to measure multiple enzymatic ac-
tivities in complex biological samples such as crude cell ly-
sates or used to discover new inhibitors. This technology has
recently been embraced by other research groups.7–9 For
small molecule screening, an interesting asset of this method
is that library members that bind to an enzyme in a mixture
can be separated from unbound compounds by size exclu-
sion separation or SDS gel.3,6 A limiting factor in these
separations is the poor solubility of PNA in biologically rel-
evant buffers and PNA’s inherent propensity to aggregate
due to the neutral peptidic backbone. This fact has thus far
required the use of denaturing conditions for the size exclu-
sion separation and is limiting the concentration or size of
the libraries that can be used.

2. Results and discussion

2.1. Modified PNA monomers

PNA monomers containing a primary amino group charged
at biologically relevant pHs were evaluated for their propen-
sity to disrupt aggregation and improve water solubility. To
Figure 1. PNA-encoded split and mix synthesis and conversion of crude libraries to a microarray format by sequence-specific self-assembly.
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Figure 2. Modified PNA monomers designed to improve water solubility and disrupt aggregation.
this end, a series of modified PNA monomers bearing a Boc-
protected primary amino group were envisioned (Fig. 2).
Upon cleavage of the library from Rink resin, these groups
would be deprotected and provide a solubilizing charge.
We have reported a validated codon system with optimized
hybridization conditions6 and based on the prominence of
cytosine in the codons, we opted to focus on modified cyto-
sines. The so-called G-clamps (1, Fig. 2) have been de-
scribed in the literature10,11 and are known to dramatically
improve hybridization affinity, however, the impact of the
additional amino group on the overall solubility of PNA
oligomers was not reported. A simplified version deprived
of the tricyclic moiety but preserving the protected amino
group was also considered (2, Fig. 2). While this later mod-
ification was not expected to improve binding affinity, it
should improve water solubility. N-carbamoyl derivatives
of cytosine have also been described in the context of natural
phosphoribose-based oligonucleotides,12,13 which led us to
consider PNA monomer 3. Last but not least, two types of
backbone modifications were also considered, modification
of the glycine portion14,15 and of the ethyl-amino por-
tion16,17 with the side chain of a lysine (4 and 5, respectively,
Fig. 2). The substitution of the glycine moiety for a lysine is
known to improve water solubility and leads to a slight in-
crease in hybridization affinity for the R stereoisomer.14,15,18

The monomers bearing an Fmoc at the N-terminus and Boc
for the exocyclic nitrogen and side chain were prepared as
shown in Scheme 1. The tricyclic moiety of the G-clamp
was prepared following previously reported chemistry, how-
ever, with a Boc-protected side chain. Thus, bromo-thymine
6 (Scheme 1) was converted to compound 7 and one of the
hydroxyl groups was derivatized via Mitsunobu reaction fol-
lowed by a cyclization of the other hydroxyl to obtain the tri-
cyclic system. Hydrolysis of the methyl ester with LiOH
afforded the modified cytosine 8 in 60% yield from 6. Mono-
mer 10 was prepared in four steps from thymine acetic acid 9
using the same activation chemistry (POCl3, triazole) as for
6 followed by displacement with mono-Boc-protected ethyl-
enediamine and hydrolysis of the methyl ester. The N-carba-
moyl cytosine derivative 12 was prepared in two steps from
benzyl acetate 1119 via formation of the isocyanate and
reaction with mono-Boc-protected ethylenediamine fol-
lowed by hydrolysis of the benzyl ester. We had previously
used a Bhoc to protect the exocyclic nitrogens of the nucleo-
tides, however, we have found that the corresponding Boc-
protected monomers are more soluble in the coupling
solutions (NMP) and afford better results in addition to being
more acid stable. Boc-protected cytosine acetic acid 13 was
obtained from the cytosine benzyl acetate 1119 in two steps.

The N-(2-aminoethyl)glycine 14 was selectively protected
with Fmoc via in situ silylation20 and treatment with
Fmoc-OSuc to afford 15. Surprisingly, it was found that cou-
pling yield of the different nucleotide acetic acids to this
backbone 15 was better if the acid functionality of 15 re-
mained unprotected. The modified oligonucleotides 8, 10,
and 12 were coupled to 15 using TSTU activation to obtain
products 1–3, respectively, in moderate to good yield. The
aminoethyl lysine backbone 19 was prepared in four steps
from ethanolamine starting with an Fmoc protection of the
amino group and Swern oxidation of the alcohol to obtain al-
dehyde 17, which was engaged in a reductive amination with
H-Lys(Boc)OBn followed by a hydrogenolysis. Compound
21 was prepared via a similar sequence involving a reductive
amination of glycine benzyl ester and Fmoc-protected lysi-
nal 20 followed by a reductive debenzylation. Coupling of
cytosine acetic acid 13 to the modified backbone 19 required
the more reactive HBTU activation affording compound 4 in
79% while coupling of 13 to 21 was effective with TSTU
(58%).

Oligomers containing two to four modifications capped with
a Cy3 fluorophore were prepared on an automated synthe-
sizer (Applied Biosystem Expedite) or by semi-automated
synthesis (Argonaut Quest) using standard protocols
(HBTU activation in NMP and 20% piperidine in DMF for
Fmoc deprotection). It is interesting to note that monomers
1 and 2 did not require a protecting group on the secondary
aniline. We found that reaction with acetic anhydride in the
presence of excess DMAP did not yield any acetylated prod-
uct. These modified monomers were incorporated in PNA
oligomers with comparable efficiency to the regular ones
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Scheme 1. Synthesis of modified PNA monomers 1–5. Reagents and conditions: (a) POCl3 (2.0 equiv), 1,2,4-triazole (9.0 equiv), Et3N (15 equiv), MeCN, 0 �C,
30 min, then 6, 23 �C, 4 h; (b) 2,6-dihydroxyaniline (1.5 equiv), DBU (1.6 equiv), CH2Cl2, 23 �C, 5 h, 70% (two steps); (c) PPh3 (1.5 equiv), HO(CH2)2NHBoc
(1.2 equiv), DIAD (1.2 equiv), THF, 23 �C, 4 h; (d) KF (10 equiv), EtOH, reflux, 36 h; (e) LiOH (4.0 equiv), MeOH/H2O (2:1), 23 �C, 30 min, 86% (three
steps); (f) H2SO4 concd (0.7 equiv), MeOH, reflux, 1 h, 98%; (g) POCl3 (2.0 equiv), 1,2,4-triazole (9.0 equiv), Et3N (15 equiv), MeCN, 0 �C, 30 min, add
nucleobase, 23 �C, 4 h; (h) H2N(CH2)2NHBoc (1.5 equiv), DBU (2.0 equiv), CH2Cl2, 23 �C, 14 h, 55% (two steps); (i) LiOH (2.0 equiv), MeOH/H2O
(1:1), 23 �C, 20 min, 98%; (j) CDI (1.6 equiv), H2N(CH2)2NHBoc (1.5 equiv), DMF, 6 h, 92%; (k) LiOH (4 equiv), MeOH, 0 �C, 86%; (l) CDI (1.6 equiv),
t-BuOH (1.6 equiv), DMF, 60 �C, 12 h, 93%; (m) LiOH (4.0 equiv), MeCN, H2O, 23 �C, 10 min, 70%; (n) TMS-Cl (2.0 equiv), Fmoc-OSuc (0.95 equiv), NMM
(4.0 equiv), DMF, CH2Cl2, 0 �C, 2.5 h, 61%; (o) 8, 10 or 12 (1.0 equiv), DIPEA (1.3 equiv), TSTU (1.1 equiv), DMF, 0 �C, 20 min, then 15 (1.0 equiv),
EtiPr2N (1.3 equiv), H2O, MeCN, 23 �C, 1 h, 27% for 1, 56% for 2, 57% for 3; (p) Fmoc-OSu (0.9 equiv), EtiPr2N (1.2 equiv), CH2Cl2, 23 �C, 2.5 h, 91%;
(q) (COCl)2 (1.5 equiv), Me2SO (3.0 equiv), Et3N (4.0 equiv), CH2Cl2/THF (2:1), �78 �C/0 �C, 30 min; (r) 18 (1.0 equiv), MeOH, 0 �C, 30 min, then
CH3CO2H concd (1.2 equiv), NaBH3CN (0.5 equiv), 0 �C, 1 h, 59% (two steps); (s) Pd/C 5%, MeOH, H2, 23 �C, 4 h, 94%; (t) 13 (2.2 equiv), HBTU (2.0 equiv),
EtiPr2N (2.5 equiv), 2,6-lutidine (2.0 equiv), DMF, 23 �C, 20 min, then 19 (1.0 equiv), EtiPr2N (1.3 equiv), 23 �C, 2 h, 74%; (u) 20 (1.0 equiv), benzyl glycinate
(1.0 equiv), NaBH3CN (0.55 equiv), AcOH (1.3 equiv), MeOH, 0 �C, 30 min; 23 �C, 1 h, 46%; (v) Pd/C 5%, MeOH, H2, 23 �C, 2.5 h, 92%; (w) 13 (1.0 equiv),
TSTU (1.1 equiv), EtiPr2N (2.6 equiv), DMF, MeCN, H2O, 23 �C, 80 min, 58%.
(96–99% average yield). For monomer 3, while the cou-
plings were efficient, mass spectrometric analysis (MALDI)
of the intermediates and the final product were complicated
by fragmentation of the product making qualitative assess-
ment of the success of a synthesis difficult. Monomer 4 cou-
pled with high efficiency, however, monomer 5 gave poor
yield after the second or third incorporation and its oligomer
could not be evaluated for binding affinity. The oligomers
containing modified monomers 1–4 were then individually
hybridized to a microarray containing all permutations of
the codons (625 sequences) using the condition optimized6
for unmodified PNA (see Supplementary information for hy-
bridization data). The oligomers containing the G-clamp 1
showed reduced affinity compared to unmodified PNAwhile
oligomers containing modified monomer 2 and 3 showed
no affinity under these conditions. The reduced affinity ob-
served with the oligomer containing the G-clamp may ap-
pear contradictory to previous reports. However, the use of
formamide in the hybridization may reduce the hydrophobic
stacking contribution of this tricyclic system. Oligomers
containing the modified monomer 4 were found to bind
with comparable affinity and specificity in these conditions.
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Table 2. Size exclusion filtration of a 10 mM solution of unmodified
(Lys(Alloc)-Lys- GCCG-CGA-CGA-GACG-Lys(Cy3)NH2) and modified
PNAs(Lys(Alloc)-Lys- GCC*G-C*GA-C*GA-GAC*G-Lys(Cy3)NH2)
PNAs at pH 5.5 in LCPB buffer (100 mM NaAc, 100 mM NaCl, 1 mM
EDTA, and 0.01% Brij-35)

Unmodified PNA 20%
PNA containing monomer 1 36%
PNA containing monomer 4 70%

The values represent the percentage of the PNA that passed through a 50
kDa size exclusion filter (VivaScience, Sartorius) in the first filtration.

Table 1. Solubility of unmodified (Lys(Alloc)-Lys- GCCG-CGA-CGA-
GACG-Lys(Cy3)NH2) and modified (Lys(Alloc)-Lys- GCC*G-C*GA-
C*GA-GAC*G-Lys(Cy3)NH2) PNAs at pH 5.5 (LCPB buffer: 100 mM
NaAc, 100 mM NaCl, 1 mM EDTA, and 0.01% Brij-35); pH 7 (PBS buffer
200 mM) and in pure H2O

pH 5.5 (LCPB) pH 7.0 (PBS) H2O

Unmodified PNA 23% 19% 21%
PNA containing monomer 1 60% 51% 47%
PNA containing monomer 4 100% 100% 100%

The values represent the percentage of PNA remaining in solution after
sonication of a 10 mM PNA solution and centrifugation (concentration
measured by fluorescence).
It should be noted that formamide was previously found to
be important in reducing non-specific interaction during hy-
bridization and the addition of up to six cationic charges in
a 14-mer PNA did not lead to unspecific binding to the mi-
croarray due to electrostatic interactions with the negatively
charged DNA probes. Based on subsequent finding regard-
ing the solubility of the different oligomers (vide infra), hy-
bridization of G-clamp oligomers with different buffers was
not investigated. Oligomers containing modified monomers
1 and 4 were evaluated for their solubility in pure water and
in buffers containing 200 mM salt at pH 5.5 and 7.0. The
oligomers were sonicated at 50 �C for 10 min and then
centrifuged to pellet all colloidal suspensions. As shown in
Table 1, the unmodified oligomer is poorly soluble at
10 mM concentration with only 19–23% of the compound re-
maining in solution after centrifugation. The incorporation
of G-clamp monomer 1 did improve solubility of PNA, how-
ever, precipitates still remained. Gratifyingly, the oligomer
with modified monomer 4 was completely soluble under
these conditions. We then tested the efficiency of size exclu-
sion filtration using different oligomers by comparing the
fluorescence intensity of the filtrates using a 10 mM solution.
As shown in Table 2, while 70% of the fluorescence was
N
H

H
N

N
H

H
N

O

O

OAll

O

R1R3

R2R4

O

N
H

H
N

N
H

H
N B

O

O

R1R3

R2R4

O

OH

OH

N
H

H
N

N
H

H
N

O

O

R1R3

R2R4

O

O

O

N
N
H

H
N

N
H

H
N

O

O

R1R3

R2R4

O

O

Cl

N
H

H
N

N
H

H
N

N
H

O

O

R1R3

R2R4

O

O

OH

cysteine protease - acrylates

serine protease -boronic acids

dual specific serine/cysteine protease - benzoxazoles and chloromethylketones

metalloprotease - hydroxamic acids

P N A
P N A

P N A

P N A

P N A

HN

N N

N

O

BocHN

N

N N

N

NHBoc

N

HN

O

O

N

N

O

NHBoc

B =

I

H
N

O

O
O

O

NH

HO

H
N

N
H

H
N

O

O

O

R2R4

R3

O

N
H

O

N
N
H

O
O

B

O

BocHN
H
N

N
H

O

N

N

H
N

14
O

x

X = H or -(CH2)4NHBoc

tyrosine phosphatase

N
H

H
N

N
H

H
N

N
H

O

O

R3

R2R4

O

O

P N A

NH2

O
N
H

NH2

O

R1

NH

HO
O

O

N
H

H
N

N
H

H
N

O

O

R3

R2R4

O

O

P N A

R1

HO
O

Asp
Lys
Phe
Ala
Leu

GGA*A
AA*GG
C*GGC
GC*CG
GA*AC

CC*G
C*GA
GC*A
T*GG
GGC*

GC*A
C*GA
AC*G
GT*G
A*GC

GA*GA
GA*CG
CA*GG
CGA*A
A*GGC

R
4

Cy3 Cy3

Cy3Cy3
Cy3

Cy3

Cy3

22

23

24

25 26

2827

29

HN

HN NH
Pfp

O

HN

HN NH
Pfp

4
List of PNA codon for each element of diversity

R
3

R
2

R
1

Figure 3. General strategy for the divergent synthesis of libraries 22–28 targeting diverse enzyme families. All libraries are prepared from common intermediate
29 (asterisk in the codons at positions of modified PNA).



6581F. Debaene et al. / Tetrahedron 63 (2007) 6577–6586
FmocHN
OH

O

R

FmocHN
H

O

R

H3N

R
OAll

O

c. PhSH, EDC
d. Pd/C, Et3SiH

e. 

f. DBU; HOBt or HCl
OAlll

O
Ph3P

CbzHN
OH

O

R

a. HN(OMe)Me, EDC
b. LiAlH4     

g. iBuCO2Cl; NaBH4 
h. Swern

CbzHN
H

O

R

H2N
OH

R O

N

CbzHN
O

R

N2 CbzHN
O

R

Cl H3N
OH

R

Cl

i. 

j. H2, Pd/C

N
OBrMg

k. iBuCO2Cl; CH2N2

k. HCl l. NaBH4

m. H2, Pd/C; 
   HOBt or HCl

H3N B
O

R"

O

"R
B

O

O
Cl B

O
R"

O
n. LiCHCl2, ZnCl2 o. KHMDS

p. HCl

Cl

FmocHN

I

OMe

O
TFAH3N

N
H

O

OtBu

O

NH2

R

O

FmocHN

N3

OH

O
TFAH3N

N3

N
H

O
NH2

R

O

FmocHN
N
H

O

OtBu

O

NH
R

O

FmocHN

N3

N
H

O
NH

R

Ot. DIC, HOBt u. piperidine

v. 2.5% TFA

H2N
NH

R

O

Siber resin

r. PdCl2(PPh3)2 

s. nBu3SnOH
t. DIC, HOBt

OtBu

O
u. piperidine

v. 2.5% TFA

nBu3Sn

H2N
H
N

R

O

Siber resin

FmocHN
OH

O

R

q. H2NOTr,
    HBTU, EtiPr2N

f. DBU; HOBt
H3N

N
H

O

R

OTr

X

X

BtO

30 31 32

R  = Me, CH2CH(CH3)2, CH2CO2tBu, -(CH2)4NHBoc, Bn;  R"  = Me, CH2CH(CH3)2,  -(CH2)3N3, Ph

33 34 35

36 37 38

39 40 41

30 42

43 46 47

44

48 49 50

45

45

a. HN(OMe)Me, EDC
b. LiAlH4

or

or

Scheme 2. Synthesis of modified amino acids 32, 35, 38, 41, 42, 47, and 50. Reagents and conditions: (a) HN(OMe)Me (1.1 equiv), EDC (1.1 equiv), HOBt
(1.1 equiv), EtiPr2N (1.1 equiv), DMF, 12 h; (b) LiAlH4 (1.0 equiv), THF, �20 �C, 1 h, 66–80% (two steps); (c) PhSH (1.1 equiv), DIC (1.6 equiv), 4-DMAP
(0.05 equiv), CH2Cl2, 23 �C, 30 min, 94% for Asp, 94% for Lys; (d) Et3SiH (4.0 equiv), Pd/C (0.2 mol %), CH2Cl2, 23 �C, 90 min, 80–87%; (e) phosphonium
iodide (1.6 equiv), EtiPr2N (1.4 equiv), toluene, 80 �C, 74–84%; (f) DBU (1.0 equiv), CH2Cl2, 10 min; HOBt (2.0 equiv); (g) i-BuCO2Cl (1.0 equiv), Et3N
(1.2 equiv), THF, 30 min, �15 �C/23 �C, NaBH4 (1.2 equiv) in H2O, 30 min, 70% for Asp; (h) oxalyl chloride (1.5 equiv), DMSO (3.0 equiv), Et3N
(4.0 equiv), CH2Cl2, �78 �C/23 �C, 30 min, 65% for Asp; (i) benzoxazole (3.0 equiv), i-PrMgCl (2.0 equiv), THF, �10 �C, 40 min; 34 (1.0 equiv),
�10 �C, 2 h/23 �C, 2 h, 65–75%; (j) Pd/C (0.1 mol %), EtOH, H2, 23 �C, 12 h, 85–96%; (k) NMM (1.4 equiv), i-BuCO2Cl (1.3 equiv), THF, �25 �C,
1 h; CH2N2 (2.0 equiv), �25 �C/0 �C, 1 h; HCl concd/CH3CO2H (1:1); (l) NaBH4 (1.05 equiv), THF/EtOH (10:1), 23 �C, 30 min, 34–65% (two steps);
(m) H2, Pd/C (0.1 mol %), HCl (1.0 equiv) or HOBt (1.1 equiv), MeOH, 23 �C, >98%; (n) CH2Cl2 (1.2 equiv), LDA (1.1 equiv), ZnCl2 in Et2O (1.7 equiv),
�20 �C/23 �C overnight, 66–78%; (o) KHMDS (1.0 equiv), THF, from �20 �C to 23 �C, 12 h; (p) HCl in dioxane (3.3 equiv), THF, �10 �C/23 �C,
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(2.5 equiv), DIC (25 equiv), DMF, 23 �C, 10 min; 45 (0.5 equiv), 23 �C, 2 h; (u) 20% piperidine in DMF, 23 �C, 5 min; (v) 2.5% TFA in CH2Cl2, 23 �C,
3�20 min.
recovered in the filtrates after the first concentration of
oligomer with modified PNA 4, only 20% and 36% were
recovered for the unmodified PNA and oligomer containing
the G-clamp 1, respectively. These differences can be attrib-
uted to the level of aggregation of PNA in the buffer. Hence,
the most suitable PNA modification for our purpose is
monomer 4.
2.2. General design of inhibitors

We then turned our attention to the synthesis of libraries tar-
geting different families of enzymes implicated in cellular
regulation through post-translational modification of pro-
teins. We have previously shown that the acrylamide func-
tionality could be used to target cysteine proteases.2,3 The



6582 F. Debaene et al. / Tetrahedron 63 (2007) 6577–6586
synthetic strategy previously used precluded the incorpora-
tion of other types of warheads. We reasoned that carrying
out the synthesis of the peptide fragment from N- to C-termi-
nus would allow us to incorporate the different warheads
required for targeting specific enzymatic mechanisms. As
shown in Figure 3, intermediate 29 could be used to access
libraries containing acrylates (22), which target specifically
cysteine protease,21,22 boronic acids (23), which target spe-
cifically serine protease,23,24 hydroxamic acids (24), which
target metalloprotease,25 and benzoxazole ketones (25)26,27

and chloromethyl ketones (26),22,28 which target both serine
and cysteine proteases. Beyond proteases, phosphatases are
known to be important post-translational regulators.29 Two
types of phosphotyrosine surrogate targeting tyrosine phos-
phatase were envisioned (27 and 28). Library 28 is based on
a Michael acceptor, which can react with the nucleophilic
cysteine residue involved in the phosphate hydrolysis. While
Michael acceptors are known for phosphatase inhibition in
the context of natural products30 or peptidomimetics,31,32

the tyrosine acrylate analog has not been reported. Con-
versely, the oxamic acid (27) functionality, which is an unhy-
drolizable mimic of a phosphophenol has been reported to
lead to sub micromolar inhibitors.33,34 The library was envi-
sioned to have four points of diversity with five different
amino acids at each position (Ala, Leu, Phe, Lys, and Asp)
representing the diversity of amino acid functionalities,
namely an aliphatic, aromatic, basic, and acidic amino acid.

2.3. Synthesis of modified amino acids

The required amino acid warheads were prepared as shown
in Scheme 2. The acrylates 32 were obtained in four steps us-
ing similar procedures as previously reported for the acryl-
amide library.2 Thus Fmoc-protected amino acids 30 were
reduced to the aldehyde 31 either via a thioester (Asp and
Lys) or a Weinreb amide (Ala, Phe, Leu) and were con-
densed with commercially available allyl phosphoniumace-
tate to obtain the Fmoc-protected acrylates. It should be
noted that Fmoc deprotection of these acrylates with piper-
idine led to conjugate addition of the piperidine. Neverthe-
less, the compounds could be smoothly deprotected with
DBU. Quenching of the reactions with HOBt allowed for
the crude reaction products to be used directly in subsequent
couplings (the DBU–HOBt salts do not interfere with the re-
action). For the purpose of benzoxazole derivatives 35 and
halohydrin derivatives 38, the synthesis was carried out start-
ing with Cbz-protected amino acid 33 thus allowing a facile
final deprotection with hydrogenolysis. The amino acids 33
were converted to the corresponding aldehydes via the Wein-
reb amide except for Asp, which was reduced to the corre-
sponding alcohol and reoxidized to the aldehyde by Swern
oxidation. The aldehydes 34 were then reacted with the
metalated benzoxazole prepared in situ with i-PrMgCl and
subsequently hydrogenated to obtain the desired products
35 as diastereomeric mixtures. Deprotonation of the benzox-
azole with i-PrMgCl afforded better results than with n-BuLi
as previously reported for similar reactions.35,36 Conversely,
amino acids 33 were activated with i-BuCO2Cl and treated
with diazomethane to obtain the diazonium compounds 36,
which were treated in situ with HCl thus affording chloro-
methyl ketones 37.37 Compounds 37 could not be depro-
tected under hydrogenolysis due to dechlorination and/or
polymerization, however, reduction of the ketone (NaBH4)
followed by hydrogenation in the presence of 1 equiv of
acid (HCl or HOBt) afforded the desired compound 38 with-
out the aforementioned side reactions. All the benzoxazole
and halohydrin monomers 35 and 38 were coupled to a resin
loaded with phenylalanine, oxidized with DMP, cleaved
from the resin, and analyzed by LC-MS. All the 10 reactions
showed a single peak corresponding to the desired product
suggesting that the preparation of 35 and 38 does not engen-
der any epimerization. The boronic acids warheads were
prepared according to the optimized procedure reported by
Wityak and co-workers.38 (+)-Pinanediol alkylboronates
39 were treated with the anion of dichloromethane generated
in situ with LDA followed by ZnCl2 to afford compounds 40,
which were engaged in SN2 reactions with KHMDS fol-
lowed by acid treatment to remove the silyl groups thus
affording boronates 41. The trityl-protected hydroxamic
acids39 42 were prepared from the corresponding Fmoc-pro-
tected amino acids 30 using commercially available O-pro-
tected hydroxylamine. As for the acrylate, it was found that
the crude product from the Fmoc deprotection could be used
directly in the subsequent coupling if carried out with DBU
and quenched with HOBt. The modified tyrosine warhead
was obtained by a Stille coupling between 4-iodophenyl-
alanine 43 and stannane 44. Hydrolysis of the methyl ester
using tributyl tin hydroxide40 (no Fmoc deprotection was
observed under these conditions) followed by coupling to
Sieber resin 45 afforded polymer-bound dipeptide 46. De-
protection of the Fmoc and cleavage from the resin with
low TFA concentrations afforded the dipeptides 47 without
cleavage of the side chain protecting groups. Dipeptide 50
was obtained in a similar fashion from 4-azidophenylalanine
via intermediate 49.

2.4. Divergent synthesis of libraries 22–28

Based on the improved properties of oligomers containing
modified monomer 4, we opted to include a modified PNA
monomer in each codon of the library yielding a final library
bearing a total of four homogeneously distributed modified
PNA (Fig. 3). This required the preparation of modified A
and T monomers (Scheme 3). Boc-protected adenine acetic
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Table 3. Inhibition of representative enzymes by the different libraries

22 23 24 25 26 27 28

Cathepsin B >100 mM >100 mM >100 mM >100 mM
Trypsin >100 mM >100 mM >100 mM >100 mM
MMP2 >100 mM >100 mM >100 mM >100 mM >100 mM >100 mM
PTP 1B >100 mM >100 mM >100 mM >100 mM >100 mM >100 mM
acid 51 was prepared in three steps from adenine and cou-
pled to 19 using the same procedure as for cytosine to afford
the required monomer 52. The thymine monomer 53 was
prepared using the same coupling procedure with commer-
cially available thymine acetic acid.

The library was prepared on a Rink resin loaded at
0.2 mmol/g with a bifunctional lysine2 (57, Scheme 4),
which was split into five pools. In order to introduce a spacer
between the inhibitor and the PNA tag, the first amino acid
residue 55, protected at the C-terminus as an allyl ester41

was reacted with PEG-anhydride 54.42 A simple work up
was sufficient to remove all unreacted amine and PEG and
the crude product 56 could be coupled directly to the resin
57 to obtain five pools of polymer bound intermediates 58.
For each pool, the trityl group was removed with 2.5%
TFA, and the respective PNA codon was coupled after the in-
troduction of a lysine spacer and arginine residue affording
five pools of resin 59. The completion of each reaction se-
quence was verified by LC-MS showing a single peak for
the desired product. The five pools were then combined
and the allyl ester was removed under p-allyl transfer catal-
ysis. While this deprotection is very fast with n-Bu3SnH, it
sometimes fails to go to completion due to the competing de-
composition of tin hydride to ditin and molecular hydrogen.
The addition of a second nucleophile (TMS-N3) in the reac-
tion was found to increase the reliability of the deprotection
(carrying out the deprotection with TMS-N3 alone is slug-
gish). Two reiterations of resin splits and mixes with an
amino acid coupling and PNA encoding afforded intermedi-
ate 61 via 60. The completions of these reactions were mon-
itored by MALDI analysis of the crude cleavage product at
every cycle. The resin was then split into five pools and
the respective PNA codons were introduced followed by
an arginine residue and a Cy36,43 to afford the key interme-
diate 29. With the five pools of polymer bound intermediate
29 at hand, there remained to couple the warhead and cleave
the libraries from the solid support. Thus, a fraction of each
pool was coupled, respectively, to the acrylate 32, boronate
41, hydroxamate 42, amino alcohol 35 and 38, and dipeptide
47 and 50 each containing a modified tyrosine. Libraries 22–
24 and 28 were obtained after the coupling by TFA treatment
of the resin. For the purpose of libraries 25 and 26, each pool
was subjected to a DMP oxidation prior to TFA cleavage. Li-
brary 27 was obtained by reduction of the azide using PMe3

and direct coupling of the iminophosphorane to di(N-succin-
imidyl)oxylate prior to TFA cleavage. For the coupling
of the boronate 41, it was found to be essential to wash the
resin with KCN solution in DMSO to remove residual palla-
dium in order to avoid deboronation during the coupling/
cleavage.44 While the TFA cleavage only leads to partial
hydrolysis of the boronate, preliminary screens showed that
the boronate was as active as the boronic acids. All the librar-
ies were precipitated in Et2O, resuspended in H2O, and
lyophilized.
2.5. Screening of libraries

The integrity of the warhead from each library was then
validated with a screen of each library against a panel of en-
zymes representative of the families targeted by the libraries:
cathepsins B, a cysteine protease; trypsin, a serine protease;
MMP2, a metalloprotease; and PTP 1B, a phosphatase. As
shown in Table 3, library 22 with the acrylate warhead
show low micromolar inhibition of cathepsin B in agreement
with our previous observations,6 but did not have notable in-
hibition for the other enzymes. Library 23 with the boronic
acid warhead, which can form a reversible covalent bond
to the nucleophilic serine residue of a serine protease inhibits
trypsin at nanomolar concentration but does not inhibit the
other proteases. Library 24 with the hydroxamic functional-
ity, which can coordinate to the metallo-center of the prote-
ase inhibits selectively MMP2 at low micromolar. Libraries
25 and 26 are both ketone library, which can react with cys-
teine or serine protease but library 25 does so reversibly
whereas 26 does so irreversibly. Both of these libraries
showed potent inhibition of cathepsins B and trypsin. Librar-
ies 27 and 28 did not inhibit any protease despite the acrylate
function present in the tyrosine surrogate of library 28. On
the other hand, library 27 showed selective inhibition of
PTP 1B. Disappointingly, library 28 did not show significant
inhibition in our assay conditions.

Together, these results add further evidence that PNA and
the modified PNA used in these libraries do not interfere
with biological assays and that the warhead was successfully
incorporated in the libraries.

3. Conclusion

The incorporation of modified PNA monomers dramatically
increases the solubility of PNA-encoded libraries in biolog-
ically relevant buffer without compromising the specificity
of hybridization and should widen the scope of such librar-
ies. The divergent strategy developed for the library synthe-
sis allows the incorporation of a wide variety of warhead at
the last step as was demonstrated with the synthesis of seven
libraries extending the scope of enzyme classes that can be
targeted with PNA-encoded libraries. The libraries of inhib-
itors were shown to be selective for their target enzyme
families.

4. Experimental

4.1. General

All solid phase reactions were carried out on an Argonaut
Quest 210 or an Applied Biosystems Expedite PNA synthe-
sizer under a nitrogen atmosphere at room temperature with
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dry solvents obtained by passing them through commer-
cially available activated alumina columns (PureSolv, Inno-
vative Technology, MA). Substituted polystyrene resins
(100–200 mesh, 1% DVB) and amino acids were purchased
from Advanced Chemtech or Novabiochem. MALDIs were
performed on a Bruker Autoflex TOF. LC-MS were recorded
on HP1100/Surveyor MSQ spectrometers.

4.1.1. Library synthesis. Rink amide resin (0.8 mmol/g)
was loaded with a substoichiometric amount of N-a-Fmoc-
N-3-4-methyltrityl-lysine (0.2 mmol/g), DIC (1.0 equiv),
and HOBt (1.0 equiv) in DMF (10 mL/g) for 12 h and acetic
anhydride (5.0 equiv) with 2,6-lutidine (5.0 equiv) was
added to cap the resin (2 h). The resin was distributed into
five pools of 20 mmol and, after 30 min swelling in
CH2Cl2, the resins were deprotected with 20% piperidine
in DMF for 5 min. An automated washing procedure was
used after each step involving four DMF washes (2 mL/g
of resin) with a 30 s agitation (no contracting solvents
such as methanol or diethyl ether were used). The resins
were then treated with a solution of compound 56 (5.0 equiv)
preactivated (5 min) with HOBt (5.0 equiv) and DIC
(5.0 equiv) in DMF (6 mL/mg of resin) for 3 h to obtain
intermediates 58. The reaction was repeated to ensure its
completion. The pools were then treated with a 2.5% TFA
solution containing 5% Et3SiH three times for 10 min and
washed with a 0.1 M solution of EtiPr2N to free base the
polymer-bound amine. Each pool was then coupled to Boc-
Lys(Fmoc)OH (4.0 equiv) by preactivating the acid with
DIC (4.0 equiv) in the presence of HOBt (4.0 equiv) in
DMF (0.14 M) for 5 min prior to its addition to the resin.
2,6-Lutidine (6 equiv) was then added and the reaction
was allowed to proceed for 3 h. The Fmoc group was re-
moved (20% piperidine in DMF for 5 min) followed by cou-
pling to FmocArg(Pbf)OH using the same condition. Each
pool were then analyzed by cleavage of an analytical sample
(0.1–0.3 mg) using 4:1 TFA/m-cresol for 1 h followed by
pelleting from Et2O. The product from each pool showed
a single peak by LC-MS with the expected mass (see Supple-
mentary data for spectra). Each pool was encoded according
to the general procedure below to obtain polymer bound in-
termediate 59. Cleavage of an analytical sample from each
pool showed the desired compound as a single peak without
truncated sequences. The pools were mixed and the allyl
group was removed according to the general procedure be-
low. The resin was redistributed into five new pools for a sec-
ond cycle involving an amino acid coupling and encoding
according to the general procedures below afforded resins
60. Cleavage of an analytical sample from each pool showed
the desired compounds as the five expected product without
truncated sequences. The third cycle of mix and split af-
forded five pools of 61. Cleavage of an analytical sample
from each pool showed the desired compounds (25 per
pool) as the expected range of masses without significant
truncated sequences due to incomplete reactions. The library
was mixed and redistributed in five pools to introduce the
last PNA codon, remove the allyl, and to introduce the fluo-
rophore (Cy3 (5.0 equiv) was preactivated with TNTU
(4.5 equiv) in the presence of 2,6-lutidine (10 equiv) to
form the NHS-ester for 1 h in NMP and the mixture was
added to the resin and agitated for 2�3 h) thus yielding
29. Cleavage of an analytical sample from each pool showed
the desired range of molecular weights (125 compounds per
pool (it should be noted that the presence of the Cy3-fluoro-
phore greatly reduce the ionization of the library). A tenth of
each pool (2 mmol) was then coupled the respective war-
heads (32, 41, 42, 35, 38, 50, and 47) according to the gen-
eral procedure for amino acid coupling. For 35 and 38, the
coupling was followed by a treatment with DMP (10 equiv)
in CH2Cl2 for 1 h. For library 27, the coupling was followed
by treatment with PMe3 (10 equiv) for 10 min, filtration and
addition of di(N-succinimidyl)oxalate (10 equiv) in wet
DMF (1% water) for 2 h. Cleavage of the library using
a 4:1 mixture of TFA with m-cresol for 2 h (500 mL) fol-
lowed by precipitation in Et2O (5 mL) and centrifugation
afforded a pink pellet characteristic of the Cy3 color. The
pellets were washed with Et2O, resuspended in water and
lyophilized to afford 5–6 mg for each pool (expected ca.
12 mg). MALDI analysis of each pool showed a shift in
the molecular weight range corresponding to the weight of
the warhead. While this shift in molecular weight can not
be used to asses the productivity of the DMP oxidation,
the selective inhibition of cathepsins B and trypsin with
both these libraries can only come from the ketone product.

4.2. General procedure for PNA encoding

The resin was treated with 20% piperidine in DMF for 5 min,
washed according to the aforementioned procedure. During
the course of the deprotection, the PNA monomer 11
(5.0 equiv) was preactivated for 5 min using EtiPr2N
(5.0 equiv), HBTU (4.4 equiv), and 2,6-lutidine (7.5 equiv)
in NMP (0.17 M in PNA monomer) for 1 h. This solution
was added to the deported resin and the reaction mixture
was agitated for 1 h. The resin was filtered without washing
and acetic anhydride (5.0 equiv) followed by 2,6-lutidine
(5.0 equiv) in DMF (0.17 M) was added. The resin was
agitated for 5 min and then washed according to the afore-
mentioned washing protocol.

4.3. General procedure for allyl deprotection

The resin was treated with a solution of Pd(PPh3)2Cl2
(0.2 equiv), Ph3P (0.8 equiv), and TMS-N3 (10 equiv) as
a CH2Cl2 solution (0.1 M) followed by a solution of n-
Bu3SnH (5.0 equiv) in CH2Cl2 (1 M) for 15 min. The reac-
tion was repeated twice and then washed five times with
CH2Cl2 prior to the aforementioned washing procedure.
Prior to the introduction of the boronates, it was found to
be important to wash the resin with a saturated solution of
KCN in DMSO (3�5 min) to remove any precipitated
palladium.

4.4. General procedure for amino acid coupling

The polymer bound acid was preactivated with DIC
(4.5 equiv) and HOBt (4.5 equiv) in DMF (0.15 M) for
5 min. The amine (5.0 equiv) was then added with 2,6-luti-
dine (10 equiv) as a DMF solution (1 M for the amine) and
the reaction was continued for 10 h.
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