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Introduction

The 20S proteasome is an essential component of the adeno-
sine triphosphate-dependent proteolytic pathway in eukaryotic
cells, and it plays a key role in the degradation of most cellular
proteins. It has a barrel-like structure and is composed of four
stacked rings, each of which contains seven subunits. Whereas
the two inner rings contain seven b subunits (b1–b7), the two
outer rings are characterized by a subunits (a1–a7).[1] The cata-
lytic activities of the proteasome are classified into three major
categories: chymotrypsin-like (ChT-L), trypsin-like (T-L), and
post glutamyl peptide hydrolase or caspase-like (PGPH or C-L),
associated with the b5, b2, and b1 subunits that cleave after
hydrophobic, basic, and acidic residues, respectively.[2] Defects

in proteasome activity can induce tumor development owing
to anarchic cell proliferation, and thus a promising strategy for
cancer treatment is the inhibition ChT-L activity.[3] Recent stud-
ies clearly point out that an efficient reduction in abnormal
proteasome activity can be achieved only by the simultaneous
inhibition of ChT-L activity, together with a second active site,[4]

whereas inhibition of all three catalytic subunits is strongly cy-
totoxic.

Over the last years our research group has been involved in
the development of peptidomimetic 20S proteasome inhibi-
tors,[5, 6] structurally related to bortezomib (Velcade, Figure 1),
the first proteasome inhibitor approved by the US Food and
Drug Administration (FDA) for the treatment of multiple mye-
loma[7] and mantle cell lymphoma.[8] Although bortezomib has
been shown to provide significant benefits to patients with
multiple myeloma in clinical trials, its efficacy and its adminis-
tration have been limited by toxic side effects,[7] the most
severe ones include hematological toxicity and peripheral neu-
ropathy, characterized by decreased sensation, paresthesia,
and a high rate of shingles. As a matter of fact, bortezomib is
able to activate the mitochondrial-based apoptotic pathway, in
which mitochondrial and endoplasmic reticulum damage may
play a key role in bortezomib-induced side effects.

Taking into account all of these problems, the development
of peptidomimetics could present many pharmacokinetic and
pharmacodynamic advantages, as also described in the case of
selective peptidomimetic 20S proteasome inhibitors.[9] This
strategy can be accomplished, for example, by simple replace-

This paper describes the design, synthesis, and biological eval-
uation of peptidomimetic boronates as inhibitors of the 20S
proteasome, a validated target in the treatment of multiple
myeloma. The synthesized compounds showed a good inhibi-
tory profile against the ChT-L activity of 20S proteasome. Com-
pounds bearing a b-alanine residue at the P2 position were
the most active, that is, 3-ethylphenylamino and 4-methoxy-
phenylamino (R)-1-{3-[4-(substituted)-2-oxopyridin-1(2H)-yl]pro-
panamido}-3-methylbutylboronic acids (3 c and 3 d, respective-
ly), and these derivatives showed inhibition constants (Ki) of 17
and 20 nm, respectively. In addition, they co-inhibited post glu-

tamyl peptide hydrolase activity (3 c, Ki = 2.57 mm ; 3 d, Ki =

3.81 mm). No inhibition was recorded against the bovine pan-
creatic a-chymotrypsin, which thus confirms the selectivity to-
wards the target enzyme. Docking studies of 3 c and related in-
hibitors into the yeast proteasome revealed the structural basis
for specificity. The evaluation of growth inhibitory effects
against 60 human tumor cell lines was performed at the US
National Cancer Institute. Among the selected compounds, 3 c
showed 50 % growth inhibition (GI50) values at the sub-micro-
molar level on all cell lines.
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ment of natural amino acids with unnatural amino acids or by
the introduction of a rigid scaffold into peptide sequences in
such a way as to lock a defined conformation of the pep-
tide.[10–12]

In this context, we recently developed conformationally con-
strained pseudopeptide boronates[6] by using bortezomib as
a lead compound that are characterized by a 1H-pyridin-2-one
ring at P3 as a constrained motif. Overall, this new class of
peptidomimetics showed a promising inhibitory profile by
blocking two out of three proteolytic activities of the protea-
some with preference for b5 subunits. In this work, starting
from most active peptidomimetic boronate 1 (Figure 1), we de-
signed boronic acids 2–4 (Figure 1) in which the 1H-pyridin-2-
one ring was maintained in view of its ability to enclose the
amide moiety of the pyrazinamide of bortezomib.

According to the attested ability of the N4 atom of the pyra-
zine nucleus of bortezomib to establish a H-bond with the pro-
tonated D114 moiety of the b6 subunit,[13] a highly conserved
residue in mammals, we maintained a H-bond acceptor at the
4-position of the pyridone nucleus in view of the already dem-
onstrated ability of the NH group of the 4-phenylamino sub-
stituent in 1 to form a H-bond with the side chain of this resi-
due.[6] A variety of secondary and tertiary amino groups (e.g. ,
phenylamino, 3-ethylphenylamino, 4-methoxyphenylamino,
benzylamino, piperidin-1-yl, and 4-methylpiperazin-1-yl) were
introduced in that position with the aim to establish a trend of
reactivity. At the same time, 3-amino-substituted pyridone ana-
logues were developed to compare their binding mode and
their ability to interact with b6-D114. Additional structural
modifications were the incorporation of different sterically hin-
dered residues at the P2 position, such as phenylalanine in
analogy to the structure of bortezomib and b-alanine, taking
into consideration that several dipeptidyl boronic acids con-
structed from b-amino acids are endowed with a good profile
in terms of proteasome inhibition, cytotoxic activity versus
hematologic tumor cell lines, and pharmacokinetic proper-
ties.[14, 15] The Leu-boronic electrophilic moiety was maintained
as a warhead for its ability to reversibly interact with the N-ter-
minal catalytic active site T1Og. In this regard, whereas irrever-
sible blockage of an enzyme should be advantageous for para-
sitic targets,[16–19] on the contrary in the case of cancer treat-

ment or immunologically related diseases, reversible
or noncovalent inhibition would be desirable. As
a matter of fact, to overcome all inherent drawbacks
related to covalent inhibition (i.e. , off-target interac-
tions), some research groups have focused their ef-
forts on the identification of noncovalent proteasome
inhibitors with specificity for ChT-L subunits.[20] Gen-
erally, this type of inhibitor binds the active site by
means of a hydrogen-bonding network involving the
same amino acid residues of the covalent inhibitors
(i.e. , T21, G47, and A49).[21] In this context, the iden-
tification of a series of amides (i.e. , 5 a–h) as byprod-
ucts in the synthetic route to the boronates also fo-
cused our attention on these promising noncovalent
inhibitors. On the basis of our previous findings on
a number of analogous amides as proteasome inhibi-

tors[22] and according to recent literature data,[23] obtained
compounds 5 were evaluated for their inhibitory properties
against the three catalytic activities of 20S proteasome.

The covalent and noncovalent binding modes of the de-
signed inhibitors were clarified through docking experiments
by using the crystal structure of the yeast 20S proteasome.
Furthermore, growth inhibitory effects of both the boronates
and the amides were evaluated at the US National Cancer Insti-
tute (NCI) against 60 human tumor cell lines derived from 9
neoplastic diseases.

Results and Discussion

Chemistry

For the synthesis of pyridone scaffolds 11 a–i (Scheme 1), the
first step of the synthetic pathway was the nucleophilic aro-
matic substitution reaction of 2-halopyridines 6 and 7 with
benzyl alcohol in the presence of potassium hydride to afford
benzyl esters 8 and 9. The introduction of the suitable amine
at the 3- or 4-position of 2-benzyloxypyridines 8 and 9 was
performed by microwave-assisted Buchwald–Hartwig amina-
tion[24] in the presence of the suitable amine, Pd2(dba)3 as the
catalyst (dba = dibenzylideneacetone), and DavePhos [2-dicy-
clohexylphosphino-2’-(N,N-dimethylamino)biphenyl] as the
ligand system, which provided amino-substituted 2-benzyloxy-
pyridines 10 a–i in high yields. Then debenzylation accom-
plished by palladium-catalyzed hydrogenation afforded amino-
substituted 1H-pyridin-2-ones 11 a–i.

Pyridones 11 were then N-alkylated with ethyl bromoace-
tate, methyl 3-bromopropionate, or 2-trifluoromethanesulfony-
loxy-3-phenylpropionic acid methyl ester at convenience in the
presence of NaH to obtain esters 12 a–p (Scheme 2). Coupling
reactions between corresponding acids 13 a–p, obtained by al-
kaline hydrolysis, and pinanediol leucine boronate (14)[6] in the
presence of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hy-
drochloride (EDC·HCl), hydroxybenzotriazole (HOBt), and N,N-
diisopropylethylamine (DIPEA) afforded pinanediol esters 15 a–
p (Scheme 2), which were employed without any further purifi-
cation in the transesterification reaction with isobutylboronic

Figure 1. Structures of bortezomib, lead compound 1, boronates 2–4, and amides 5.
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acid under acid conditions to provide desired boronic acids
2–4.

As above mentioned, byproducts 5 were identified in the re-
ported synthesis route. Although amides are minor reaction
products, their formation from the corresponding boronates is
quite often observed in basic aqueous solutions.[25] In detail,
the coupling reaction between carboxylic acids 13 and pinane-
diol leucine boronate (14) led to the formation of amides 5 ob-
tained by spontaneous deboronation of boronic esters 15
(Scheme 2).

Inhibitory effect on the ChT-L, T-L, and PGPH activities of
human 20S proteasome

To check the selectivity of the synthesized compounds, they
were tested against bovine pancreatic a-chymotrypsin; pseu-

dopeptides 2–4 did not show any inhibition, with the excep-
tion of 2 b (dissociation constant (Ki) = 16.36 mm), showing
a certain degree of target selectivity.

Synthesized boronates 2–4 were then tested for their inhibi-
tory properties on purified constitutive 20S proteasome isolat-
ed from human erythrocytes by using the appropriate fluoro-
genic substrate for each one of the proteolytic activities (Suc-
Leu-Leu-Val-Tyr-AMC for ChT-L, Boc-Leu-Arg-Arg-AMC for T-L,
CBz-Leu-Leu-Glu-AMC for PGPH; Suc = succinyl, Boc = tert-bu-
toxycarbonyl, CBz = benzyloxycarbonyl, AMC = aminomethyl-
coumarin). First, compounds underwent a preliminary screen-
ing for ChT-L activity at 20 mm by using an equivalent volume
of dimethyl sulfoxide (DMSO) as a negative control. The
screening showed that all compounds, with the exceptions of
2 c, 3 e, and 4 b, inhibited more than 40 % of the enzyme activi-
ty.

Continuous assays were then performed [progress curve
method, at seven different concentrations ranging from those
that minimally inhibited to those that fully inhibited the
enzyme (Figure 2)] to determine the Ki values (Figure 3), which

are reported in Table 1. All com-
pounds were proven to inhibit
the ChT-L activity of 20S protea-
some with Ki values in the sub-
micromolar/micromolar range.

All compounds 2 are less
potent than lead compound 1:
the introduction of a substituent
on the PhNH moiety (i.e. , 2 a
and 2 b), as well as its shift to
the 3-position (i.e. , 2 d), led to
a decrease in the inhibitory ac-
tivity. Overall, compounds 3
bearing a b-alanine residue at P2
were the most potent inhibitors,
according to the good activity of
dipeptidyl boronic acid protea-
some inhibitors having b-amino
acid residues, which were re-

Scheme 1. Reagents and conditions : a) BnOH, KH, THF, RT, 18 h, N2, 87–96 %;
b) Pd2(dba)3, DavePhos or 2,2’-bis(diphenylphosphino)-1,1’-binaphthyl
(BINAP), suitable amine, tBuONa, toluene, microwave, 120–150 8C, 15 min,
N2, 83–89 %; c) H2, 10 % Pd/C, MeOH/EtOAc (2:1), RT, 2 h, 95–99 % or BBr3,
CH2Cl2, �78 8C, 4 h, 99 %.

Scheme 2. Reagents and conditions : a) NaH, DMF, 0 8C, 1 h; then ethyl bromoacetate, methyl 3-bromopropionate,
or 2-trifluoromethanesulfonyloxy-3-phenyl-propionic acid methyl ester, RT, 2 or 12 h, N2, 40-83 %; b) 1 n LiOH,
EtOH, 0 8C!RT, 4 h, 95–99 %; c) HOBt, CH2Cl2, �5 8C, 20 min, then EDC·HCl, DIPEA, pinanediol l-leucine boronate
(14), �15 8C!RT, 3 h, 70–87 %; d) iBuB(OH)2, 1 n HCl, MeOH/n-hexane (1:1), RT, 18 h, 37–70 %.

Figure 2. Progress curves of substrate hydrolysis in the presence of inhibitor
3 c. F = fluorescence units. Inhibitor concentrations (from top to bottom): 0,
0.1, 0.2, 0.5, 1.0, 5.0, 10.0, 20.0 mm.
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cently reported.[14, 15] In this context, boronic acids 3 c and 3 d
showed Ki values of 17 and 20 nm, respectively, against ChT-L
activity, which are quite comparable to the Ki value of bortezo-
mib (9.8 nm), which was tested under the same experimental
conditions.

In derivatives 3, the introduction of the phenylamino sub-
stituent on the pyridone nucleus positively affected the inhibi-
tory activity (i.e. , 3 b versus 3 a), whereas the position of this
group did not seem to have a significant influence: the poten-
cies of 3 b and 3 g are quite similar. Moreover, the presence of
a small lipophilic substituent on the aromatic moiety (i.e. , 3 c
and 3 d versus 3 b) seems to be relevant.

For both derivatives 2 and 3, the introduction of a tertiary
amine at the C3 or C4 position of the heterocyclic nucleus, in
particular of the piperidine ring (e.g. , 3 e), was detrimental for
ChT-L and PGPH inhibition. In compounds 4, a Phe residue was
introduced at the P2 site. To investigate the importance of the
stereochemistry, we synthesized diastereoisomers 4 a and 4 b
having the S and R configuration at this site. The presence for
an (S)-Phe residue at the P2 site strongly improved the poten-
cy. Notably, compound 4 a proved to be a nanomolar inhibitor
of the ChT-L activity of 20S proteasome (Ki = 36 nm), whereas
its diastereoisomer 4 b was inactive.

The inhibitory activity towards the other two proteasome ac-
tivities (i.e. , T-L and PGPH), together with the selectivity of bor-
onates 2–4 towards the target enzyme, determined by using
bovine pancreatic a-chymotrypsin, was performed with the
same method. None of the tested compounds showed any in-
hibition of the T-L activity at 20 mm, whereas six of the
screened boronates, including the most active inhibitors 3 c
and 3 d, inhibited the PGPH activity, although with Ki one or
two orders of magnitude higher than that reported for the in-
hibition of the b5 subunit (Table 1). According to the reported
data,[4] the co-inhibition of the b5 subunit with either the b1 or
b2 subunit is strongly desirable to enhance an antitumor re-
sponse, and on the contrary, the co-inhibition of all protea-
some subunits has been proven to be cytotoxic.

Concerning amides 5 a–h, the Ki values were obtained ac-
cording to the same methods described for boronates 2–4
(Table 2). In agreement with the discussed results regarding
boronates 2–4, amides bearing the amino group at the 4-posi-
tion of the pyridone ring (i.e. , 5 a and 5 e–h) were effective

against ChT-L activity.
Among them, compound 5 h showed

a promising inhibitory effect on ChT-L ac-
tivity (Ki = 0.44 mm, one order of magni-
tude less than the others), which proved
the effectiveness of the most-hindered
phenylalanine residue. No inhibition was
recorded against the PGPH and T-L activi-
ties at 20 mm concentration.

Docking studies

To help interpret the structure–activity re-
lationship (SAR) data and to gain a better
understanding of how the described bor-
onate and non-boronate inhibitors might
bind to the 20S proteasome, we per-
formed docking simulations of most
active compounds 3 c, 3 d, 4 a, and 5 h
into the binding pocket of the b5 subunit
of the previously reported crystal struc-
ture of bortezomib bound to the yeast
20S proteasome (PDB ID: 2F16).[13] Given
that inhibitors 3 c, 3 d, and 4 a covalently
bind to the catalytic T1 residue in the b5
proteasome subunit through an ester
bond, the covalent docking procedure

Figure 3. The slopes of the progress curve (b) from Figure 2 were plotted
against the inhibitor concentrations and fitted to the four-parameter IC50

equation. Ki was obtained from Equation (1).

Table 1. Inhibition ChT-L and PGPH proteasome activities by boronates 1–4.

Compd R1 R2 Ki [mm][a] or % inhibition
ChT-L PGPH

1 H phenylamino 0.098�0.05 5.14�1.10
2 a H 3-ethylphenylamino 30 % at 20 mm n.i.
2 b H 4-methoxyphenylamino 0.23�0.05 3.37�1.62
2 c H benzylamino n.i. n.i.
2 d phenylamino H 40 % at 20 mm n.i.
2 e piperidin-1-yl H 13.09�0.20 n.i.
3 a H H 3.66�0.60 n.i.
3 b H phenylamino 0.13�0.01 5.33�0.04
3 c H 3-ethylphenylamino 0.017�0.012 2.57�0.17
3 d H 4-methoxyphenylamino 0.02�0.01 3.81�0.09
3 e H piperidin-1-yl n.i. n.i.
3 f H 4-methylpiperazin-1-yl 2.08�1.03 n.i.
3 g phenylamino H 0.19�0.04 4.52�0.27
4 a (S,Phe) H phenylamino 0.036�0.001 n.i.
4 b (R,Phe) H phenylamino n.i. n.i.
bortezomib 0.009�0.001 n.d.

[a] For Ki values, data represent the mean�SD of three independent determinations. n.d. = not de-
termined; n.i. = no inhibition.
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provided by GOLD 5.2[26, 27] was used for routine docking in
which both the protein and the ligand contained the linking
oxygen atom of T1 (Figure 4). This required that the structures
of the ligands be prepared as their corresponding hydroxyl ad-
dition products with one open valence at the oxygen atom.
The docking procedure confirmed that the boron atom of the
ligands was indeed the site of reactivity with T1. With regard
to non-boronate-containing 5 h, the conventional GOLD dock-
ing procedure was performed (Figure 5).

The binding mode of 3 c, 3 d, and 4 a was similar to that of
previously published proteasome inhibitor 1[6] and bortezo-
mib.[13] As depicted in Figure 2, the inhibitors were found to
adopt a b conformation and to fill the gap between strands S2
and S4 by forming H-bonds with residues T21 and G47, and
for 4 a only, A49 of the b5 subunit. The isopentyl substituent
of all the inhibitors was found to project into the S1 pocket by
adopting the same spatial arrangement of the P1 leucine side
chain of bortezomib. K33, M45, A49, and V31 of subunit b5 sta-
bilized the P1 isopentyl moiety through van der Waals interac-
tions. The phenylalanine group of 4 a, which is missing in 3 c
and 3 d, was not in contact with the protein and pointed to-
wards the S2 pocket, a large cavity able to accept space-de-
manding side-chain residues. The 4-phenylamino substituents
of the inhibitors stretched out into the subunit-specific S3
pocket and were in close contact with the residues of the adja-
cent b6 subunit with their N atom H-bonded to the OH group
of b6-D114. This result is in consonance with biochemical in-
vestigations showing that the size and length of the P3 side
chain is crucial for activity.[28, 29] Among the peptidomimetic
boronates tested, the 3-ethyl- and 4-methoxyphenylamino sub-
stituents at P3 (i.e. , compounds 3 c and 3 d) gave the most
active inhibition. The structure of the 20S proteasome shows
that the b5 and b6 subunits constitute the binding cleft of the
S3 specificity pocket, which is able to accommodate long and
bulky substituents. The docking results revealed that the sub-
stituted phenylamino moiety of 3 c and 3 d were able to fit
perfectly into the S3 pocket of the proteasome by making hy-

drophobic interactions with the A27 residue and the carbon
side chains of S112, D114, and S118. The 4-methoxy group of
3 d formed an additional H-bond with S118, which is at the
bottom of the S3 pocket, and it contributes to the further sta-
bilization of the inhibitor/proteasome complex. These results
are in agreement with the SAR data, which show that chain
elongation from one to two methylene units favors the proper
orientation of the phenylamino moieties in the S3 pocket, and
this causes a remarkable increase in the inhibitory activity
(compare compounds 3 b, 3 c, and 3 d versus 1 e, 2 a, and 2 b
in Table 1).

To better correlate the structures of the complexes of 3 c,
3 d, and 4 a with yeast proteasome to our findings on the in-
hibition of these compounds towards human proteasome, a su-
perposition of both bovine and mouse constitutive protea-
some[1, 30] with all three yeast docking complexes was per-
formed. Structures of bovine and mouse proteasomes were
used because they are the only two available structures of
mammalian constitutive proteasomes. Human proteasome
subunits b5 and b6, which form the ChT-L site, are 94–100 %
identical to their bovine and mouse counterparts. In yeast sub-
units, only 45–67 % of the residues are identical. The overlay
revealed a similar conformation of the side chains but with
some important differences, most of which were found in the
S3 pocket of the ChT-L site. Some of the more notable are the
replacement of E120, E122, R125, and H98 in the b6 subunit of
yeast proteasome (Figure 4 d) with Q120, D122, K125, and Y98
in bovine/mouse/human constitutive proteasome. These
changes, which lead to a more spacious S3 pocket in constitu-
tive mouse, bovine, and human proteasomes, rationalize the
observed high affinity of 3 c, 3 d, and 4 a for the human parti-
cles.

As depicted in Figure 5, inhibitor 5 h bound to the ChT-L
active site exhibited an identical positioning of the amide scaf-
fold with an extended conformation and maintaining each
amino acid side chain in the same binding pockets as for bor-
tezomib.[13] The ligand did not interact with the active-site b5-
T1Og nucleophile, which until now has been considered
a common principle of proteasome inhibitor binding. Instead,
the amide group was stabilized by H-bonds with b5-T21NH
and b5-G47CO main-chain atoms. Additional H-bonds were ob-
served between the pyridinone C = O oxygen atom of 5 h and
both b5 A49NH and b6 D114Og, this latter through an interven-
ing water molecule located crystallographically in the bortezo-
mib structure and included in our model. Moreover, the phe-
nylamino NH group made a direct H-bond to the protonated
D114 residue in the b6 subunit. The isopentyl group of 5 h pro-
truded into the S1 pocket, and made weak hydrophobic con-
tacts with V31, K33, M45, and A49, whereas the (S)-benzyl side
chain was pointing into the open S2 binding pocket. Finally,
the phenylamino substituent was inserted deeply into the S3
pocket and it plays a major role in the differing Ki values
amongst the ChT-L, T-L, and PGPH activities.

Table 2. Inhibition of ChT-L proteasome activity by amides 5 a–h.

Compd R1 R2 X Ki [mm][a]

ChT-L

5 a H 4-methoxyphenylamino CH2 1.71�0.71
5 b phenylamino H CH2 n.i.
5 c piperidin-1-yl H CH2 n.i.
5 d H H (CH2)2 n.i.
5 e H phenylamino (CH2)2 6.09�1.07
5 f H 4-methoxyphenylamino (CH2)2 1.89�0.99
5 g H piperidin-1-yl (CH2)2 3.62�1.09
5 h H phenylamino (S)-CHCH2Ph 0.44�0.13

[a] Data represent the mean�SD of three independent determinations.
n.i. = no inhibition.
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Determination of the in vitro growth inhibitory activity in
the NCI 60 cancer cell line panel

The evaluation of the cytotoxic and/or growth inhibitory ef-
fects of both boronates and amides was performed at the NCI.
Boronates 1, 3 c, 3 d, and 4 a and amides 5 a and 5 f were se-
lected for primary screening (one-dose screen). Each com-
pound was evaluated at 10 mm against 60 human tumor cell
lines derived from 9 neoplastic diseases: leukemia (L, 6 cell
lines), non-small cell lung cancer (NSCLC, 9 cell lines), colon
cancer (CC, 7 cell lines), central nervous system cancer (CNSC,
6 cell lines), melanoma (M, 9 cell lines), ovarian cancer (OC, 7
cell lines), renal cancer (RC, 8 cell lines), prostate cancer (PC, 2
cell lines), and breast cancer (BC, 6 cell lines).[31, 32]

The obtained results, expressed as % growth mean values
against each subpanel, are reported in Table 3. Within the one
dose screen, compounds 3 d, 5 a, and 5 f were essentially inac-
tive, whereas remarkable low growth percent values were ob-
tained for 1, 3 c, and 4 a.

Compounds 1 and 3 c were approved for the further screen-
ing test (five-dose screen) at 10-fold dilutions of 5 different
concentrations (from 100 to 0.01 mm) on the 60 human tumor
cell lines. The antitumor activity of the test compound against
each of the 60 cell lines is expressed by three different dose–
response parameters: GI50 (drug concentration required for
50 % growth inhibition), TGI (drug concentration resulting in
total growth inhibition), and LC50 (drug concentration required
for 50 % cell death).[32]

Figure 4. Binding modes of compounds a) 3 c (bright orange), b) 3 d (deep salmon), and c) 4 a (yellow) in the b5 (cyan)/b6 (white) active site of yeast 20S pro-
teasome depicted in cartoon form. Only amino acids located within 4 � of the bound ligand are displayed and labeled. Key H-bonds between the inhibitors
and the protein are shown as dashed black lines. The defined water molecule forming tight H-bonds to the protein is displayed as a red sphere. S1–S4 pock-
ets of the proteasome are labeled. d) Close-up view of the S3 pocket in the ChT-L sites of the yeast proteasome superposed with the murine 20S structure
highlighted by more discrete colors. Differences in amino acids involved in the substrate binding are highlighted as stick models. According to Schechter no-
menclature, the cleavage point is between subsite S1’ and subsite S1 and between the corresponding amino acids P1’ and P1 of the peptide substrate. The
S1, S2, S3, and Sn subsites are the residues toward the N-terminus, whereas the S1’, S2’, S3’, and Sn subsites are the ones from the cleavage point toward the C-
terminus of the enzyme.
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The GI50, TGI, and LC50 values against the 60 human tumor
cell lines for 1 and 3 c are reported in Table 4 and are com-
pared with those of bortezomib (data from NCI). With regard
to compound 1, most of the cell lines were sensitive to this in-
hibitor and the GI50 values were in the micromolar/sub-micro-
molar range.

Furthermore, compound 1 showed discreet GI50 and TGI
values on several cell lines: leukemia (MOLT-4, RPMI-8226),
non-small cell lung cancer (NCI-H226, NCI-H522), colon cancer
(HCT-116), central nervous system cancer (SF-539), melanoma
(LOX IMVI, MDA-MB-435, SK-MEL-28, SK-MEL-5), ovarian cancer
(OVCAR-3), and breast cancer (MDA-MB-468). Moreover, signifi-
cant LC50 values were obtained on some cell lines such as NCI-
H226, LOX IMVI, and MDA-MB-435 belonging to non-small cell
lung cancer and melanoma.

Concerning the newly synthesized boronates, inhibitor 3 c
showed GI50 values at the sub-micromolar level on all the cell
lines with the exception of A549/ATCC, HOP-62, NCI-H460,

HTC-15, IGROV1, OVCAR-5, OVCAR-8, NCI/ADR-RES, 786-0, and
PC-3 (micromolar GI50 values). Furthermore, compound 3 c
showed good GI50 and TGI values on several cell lines, mainly
on NCI-H226 (non-small cell lung cancer), SF-539 (CNS cancer),
LOX-IMVI (melanoma), MDA-MB-435 (melanoma), HS-587T
(breast cancer), and MDA-MB-488 (breast cancer). Moreover,
similarly to compound 1, inhibitor 3 c showed significant LC50

values on some cell lines such as NCI-H226 and MDA-MB-435.
Dose–response curves of 1 and 3 c against non-small cell lung
cancer and melanoma cell lines are reported in Figure 6.

Conclusions

We developed a series of novel peptidomimetic boronates 2–4
structurally related to bortezomib. The synthesized compounds
showed a promising inhibitory profile against ChT-L activity
with Ki values in the micromolar/nanomolar range; the most
active compounds bear a b-alanine or a phenylalanine residue
at the P2 site, whereas the presence of a amino group at the
4-position of the pyridone ring enhances the inhibitory proper-
ties in view of previously demonstrated ability to establish a H-
bond with the side chain of D114 of the b6 subunit.[6] The in-
hibitors were also proven to co-inhibit the b5 and b1 protea-
some subunits, essential for an appropriate antitumor re-
sponse, and to possess a strong selectivity towards the target
enzyme, as no inhibition was recorded against bovine pancre-
atic a-chymotrypsin.

Docking experiments of the most active inhibitors 3 c, 3 d,
4 a, and 5 h revealed their covalent and noncovalent binding
modes and allows future optimization of this interesting class
of 20S proteasome inhibitors for cancer treatment. Potent
compound 3 c demonstrated efficacy in cellular assays and
showed antiproliferative activity at sub-micromolar concentra-
tions.

Experimental Section

Chemistry

General : All reagents and solvents were obtained from commercial
suppliers and were used without further purification. Reactions
under microwave irradiation were performed with a CEM Discover
apparatus. Elemental analyses were performed with a C. Erba
Model 1106 (elemental analyzer for C, H, and N), and the obtained
results were within �0.4 % of the theoretical values. Merck Silica
Gel 60 F254 plates were used as analytical TLC; flash column chro-
matography was performed on Merck Silica Gel (200–400 mesh).
1H NMR and 13C NMR spectra were recorded with Varian Mercury
300 MHz and Bruker 300 MHz spectrometers by using the residual
signal of the deuterated solvent as an internal standard. Splitting
patterns are described as singlet (s), doublet (d), doublet of dou-
blet (dd), triplet (t), quartet (q), multiplet (m), and broad singlet
(br. s). Optical data were detected by a Model 341 PerkinElmer po-
larimeter.

Compounds 8, 11 a, 11 b,[6] 11 f, and 11 g,[24] were synthesized as re-
ported in the literature.

2-(Benzyloxy)-3-bromopyridine (9): At 0 8C under an atmosphere
of N2, a suspension of KH (333 mg, 8.32 mmol) in dry THF (80 mL)

Table 3. Anticancer activity of lead compound 1, compounds 3 c, 3 d, 4 a,
5 a, and 5 f as % growth at 10�5

m.

Panel/cell line 1 3 c 3 d 4 a 5 a 5 f

L 8.78 �4.66 97.36 �2.24 108.39 80.00
NSCLC 29.99 1.43 103.34 �12.87 97.21 93.51
CC 24.00 8.11 105.59 �22.66 103.20 102.65
CNSC 38.03 1.99 101.14 �10.79 97.03 97.7
M �2.98 �19.09 94.36 �35.87 104.41 76.06
OC 43.81 42.77 104.01 11.87 103.29 98.01
RC 23.17 15.07 101.93 �22.65 92.46 93.02
PC 48.87 39.44 109.81 28.24 101.77 99.94
BC 22.15 5.01 98.52 �4.43 103.55 77.59

Figure 5. Binding mode of non-boronate 5 h (green) into the b5 (cyan)/b6
(white) active site of yeast 20S proteasome depicted in cartoon form. Only
amino acids located within 4 � of the bound ligand are displayed and la-
beled. Key H-bonds between the inhibitors and the protein are shown as
dashed black lines. The defined water molecule forming tight H-bonds to
the protein is displayed as a red sphere. S1–S4 pockets of the proteasome
are labeled.
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was treated with benzyl alcohol (514 mL, 4.99 mmol).
After 1 h, a solution of 3-bromo-2-chloropyridine (7;
800 mg, 4.16 mmol) in dry THF (5 mL) was added. The
mixture was stirred at RT for 18 h. The reaction was
quenched with saturated NH4Cl (20 mL) and THF was re-
moved in vacuo. The product was extracted from the re-
sidual aqueous layer with CH2Cl2 (3 � 50 mL), and the
combined organic phase was dried with Na2SO4, filtered,
and concentrated in vacuo. The crude product was puri-
fied by column chromatography (light petroleum/Et2O
8:2) to yield 9 as a pale yellow oil (1.05 g, 96 %). Rf = 0.74
(CHCl3). 1H NMR (300 MHz, CDCl3): d= 5.42 (s, 2 H), 6.82–
6.92 (m, 2 H), 7.32–7.62 (m, 5 H), 8.21 ppm (d, J = 5.3 Hz,
1 H).

2-(Benzyloxy)-N-(3-ethylphenyl)pyridin-4-amine (10 c):
Compound 8 (400 mg, 1.82 mmol) was treated with
Pd2(dba)3 (1 mol %), DavePhos (1.5 mol %), 3-ethylaniline
(271 mL, 2.18 mmol), tBuONa (245 mg, 2.55 mmol), and
toluene (4 mL). The mixture was degassed with N2 over
5 min and heated under microwave irradiation at 120–
150 8C for 15 min. The suspension was taken up into
EtOAc (100 mL), filtered through a short pad of Celite,
and concentrated in vacuo. The crude product was puri-
fied by column chromatography (CHCl3) to give 10 c
(460 mg, 83 %) as a yellow oil. Rf = 0.19 (CHCl3). 1H NMR
(300 MHz, CDCl3): d= 1.25 (t, J = 7.0 Hz, 3 H), 2.64 (q, J =
7.62 Hz, 2 H), 5.34 (s, 2 H), 5.99 (br. s, 1 H), 6.33 (d, J =

1.8 Hz, 1 H), 6.47 (dd, J = 7.62, 1.76 Hz, 1 H), 6.94–7.02 (m,
3 H), 7.22–7.46 (m, 6 H), 7.91 ppm (d, J = 5.9 Hz, 1 H).

2-(Benzyloxy)-N-(4-methoxyphenyl)pyridin-4-amine
(10 d): According to the procedure outlined for 10 c,
compound 8 (400 mg, 1.82 mmol) was treated with 4-
methoxyaniline (269 mg, 2.18 mmol). Compound 10 d
was obtained as a yellow oil (496 mg, 89 %) after purifi-
cation by column chromatography (CHCl3/CH3OH 9:1).
Rf = 0.64 (CHCl3/CH3OH 9:1). 1H NMR (300 MHz, CDCl3):
d= 3.79 (s, 3 H), 5.34 (s, 2 H), 6.19 (d, J = 1.8 Hz, 1 H), 6.29
(br. s, 1 H), 6.35 (dd, J = 5.9, 1.8 Hz, 1 H), 6.88 (d, J = 8.8 Hz,
2 H), 7.1 (d, J = 8.8 Hz, 2 H) 7.25–7.44 (m, 5 H), 7.87 ppm
(d, J = 5.9 Hz, 1 H).

N-Benzyl-2-(benzyloxy)pyridin-4-amine (10 e): Accord-
ing to the procedure outlined for 10 c, compound 8
(400 mg, 1.82 mmol) was treated with benzylamine
(198 mL, 2.18 mmol). Compound 10 d was obtained as
a yellow oil (464 mg, 88 %) after purification by column
chromatography (light petroleum/EtOAc 1:1). Rf = 0.64
(light petroleum/EtOAc 1:1). 1H NMR (300 MHz, CDCl3):
d= 4.33 (d, J = 5.2 Hz, 2 H), 5.33 (s, 2 H), 5.97 (d, J =
1.8 Hz, 1 H), 6.21 (dd, J = 5.9, 2.3 Hz, 1 H), 7.27–7.46 (m,
10 H), 7.83 ppm (d, J = 5.9 Hz, 1 H).

2-(Benzyloxy)-N-phenylpyridin-3-amine (10 h): Accord-
ing to the procedure outlined for 10 c, compound 9
(500 mg, 1.89 mmol) was treated with aniline (207 mL,
2.27 mmol) and BINAP (1.5 mmol %) in place of the Da-
vephos ligand. Compound 10 h was obtained as
a yellow oil (486 mg, 93 %) after purification by column
chromatography (CHCl3). Rf = 0.60 (CHCl3). 1H NMR
(300 MHz, CDCl3): d= 5.50 (s, 2 H), 6.17 (br. s, 1 H), 6.82–
6.86 (m, 1 H), 7.03 (t, 1 H, J = 7.6 Hz), 7.15–7.53 (m, 10 H),
7.7 ppm (d, 1 H, J = 5.3 Hz).

Table 4. In vitro anticancer activity of lead compound 1, 3 c, and bortezomib against
60 human cancer cell lines.

Panel/Cell line Compd 1 Compd 3 c Bortezomib
GI50

[mm]
TGI

[mm]
LC50

[mm]
GI50

[mm]
TGI

[mm]
LC50

[mm]
GI50

[nm]

Leukemia
HL-60(TB) 3.32 72.6 >100 0.31 4.03 >100 1.90
K-562 3.67 >100 >100 0.77 >100 >100 1.17
MOLT-4 0.47 11.7 >100 0.24 >100 >100 0.51
RPMI-8226 0.34 0.95 >100 0.34 3.23 >100 0.23
SR 0.40 >100 >100 0.25 – >100 0.85

Non-small cell lung cancer
A549/ATCC 8.34 >100 >100 4.28 >100 >100 3.09
HOP-62 6.24 40.9 >100 2.13 8.33 >100 4.47
HOP-92 2.49 8.23 71.0 0.52 3.46 30.3 1.00
NCI-H226 0.35 1.47 6.69 0.17 0.36 0.76 0.46
NCI-H23 3.45 >100 >100 1.16 >100 >100 1.00
NCI-H322M 25.8 >100 >100 29.9 >100 >100 17.8
NCI-H460 8.41 42.5 >100 2.62 14.9 >100 4.47
NCI-H522 0.93 6.44 >100 0.28 1.54 >100 1.44

Colon cancer
COLO 205 8.25 >100 >100 1.85 >100 >100 1.23
HCC-2998 2.02 4.76 14.0 1.07 2.90 7.91 0.60
HCT-116 0.85 5.02 >100 0.33 1.88 58.0 0.60
HCT-15 8.66 >100 >100 5.41 49.9 >100 1.51
HT29 1.06 13.2 >100 0.31 11.5 >100 0.95
KM12 3.08 12.4 65.0 0.63 2.86 75.3 1.70
SW-620 2.00 23.9 >100 0.33 2.53 >100 0.55

CNS cancer
SF-268 2.88 18.6 >100 0.33 1.79 >100 1.17
SF-295 3.75 40.1 >100 0.53 2.92 35.7 1.70
SF-539 0.78 5.81 >100 0.10 0.37 >100 0.59
SNB-19 16.6 >100 >100 0.42 >100 >100 2.04
SNB-75 4.54 25.3 >100 0.34 3.00 >100 2.04
U251 5.04 >100 >100 0.45 25.5 >100 1.55

Melanoma
LOX IMVI 0.64 2.27 6.23 0.21 0.64 9.52 0.78
MALME-3M 2.08 8.77 >100 0.19 5.63 >100 0.45
M14 1.74 13.7 >100 0.26 1.13 >100 0.93
MDA-MB-435 0.59 2.29 6.91 0.15 0.32 0.67 0.44
SK-MEL-2 1.81 21.3 >100 0.31 2.67 >100 1.07
SK-MEL-28 0.66 4.49 >100 0.19 4.86 >100 0.46
SK-MEL-5 0.62 2.88 14.7 0.19 1.03 21.8 0.68
UACC-257 1.30 7.68 >100 0.72 6.61 >100 0.59
UACC-62 2.44 18.1 >100 0.37 1.98 27.0 0.91

Ovarian cancer
IGROV1 6.27 >100 >100 4.28 85.8 >100 2.24
OVCAR-3 0.51 2.78 29.7 0.18 0.47 65.0 0.54
OVCAR-4 5.68 >100 >100 0.99 59.3 >100 1.95
OVCAR-5 6.24 90.0 >100 3.94 73.4 >100 1.55
OVCAR-8 5.47 >100 >100 3.78 >100 >100 2.63
NCI/ADR-RES 65.6 >100 >100 >100 >100 >100 12.3
SK-OV-3 11.5 >100 >100 0.87 63.0 >100 13.8

Renal cancer
786-0 5.55 >100 >100 1.51 >100 >100 1.44
A498 1.07 6.78 >100 0.20 0.77 >100 0.48
ACHN 3.04 >100 >100 0.70 >100 >100 0.79
CAKI-1 4.02 60.3 >100 4.10 31.4 >100 0.66
RXF 393 1.81 4.78 18.1 0.35 1.59 7.74 0.71
SN12C 5.17 28.0 >100 0.71 6.80 >100 1.10
TK-10 3.28 25.3 >100 0.66 8.20 >100 1.00
UO-31 5.59 39.6 >100 3.26 20.0 >100 1.05
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2-(Benzyloxy)-3-(piperidin-1-yl)pyridine (10 i): According to the
procedure outlined for 10 h, compound 9 (500 mg, 1.89 mmol) was
treated with piperidine (224 mL, 2.27 mmol). Compound 10 i was
obtained as a yellow oil (451 mg, 89 %) after purification by
column chromatography (light petroleum/EtOAc 7:3). Rf = 0.51
(light petroleum/EtOAc 7:3). 1H NMR (300 MHz, CDCl3): d= 1.54–
1.79 (m, 6 H), 3.03–3.07 (m, 4 H), 5.49 (s, 2 H), 6.83–6.87 (m, 1 H),
7.12 (dd, J = 7.5, 1.8 Hz, 1 H), 7.27–7.54 (m, 5 H), 7.80 ppm (dd, J =
4.8, 1.8 Hz, 1 H).

4-(3-Ethylphenylamino)pyridin-2(1H)-one (11 c): A solution of 10 e
(460 mg, 1.51 mmol) in MeOH/EtOAc (2:1, 30 mL) at RT was treated
with 10 % Pd/C (10 mol %) and fluxed with H2. After 2 h under stir-
ring, the mixture was filtered through a short pad of Celite and
washed with EtOAc (150 mL). The solvent was removed in vacuo,
and the resulting residue was taken up into Et2O (15 mL) and fil-
tered to provide 11 c as a white powder (320 mg, 99 %). Rf = 0.19
(CHCl3/MeOH 9:1). 1H NMR (300 MHz, CD3OD): d= 1.22 (t, J =
7.0 Hz, 3 H), 2.62 (q, J = 7.0 Hz, 4 H), 5.90 (s, 1 H), 6.11 (d, J = 6.5 Hz,
1 H), 6.96–7.28 ppm (m, 5 H).

4-(4-Methoxyphenylamino)pyridin-2(1H)-one (11 d): Starting from
10 d (496 mg, 1.62 mmol), compound 11 d (347 mg, 99 %) was ob-
tained according to the procedure outlined for 11 c. Rf = 0.18
(CHCl3/MeOH 9:1). 1H NMR (300 MHz, CD3OD): d= 3.83 (s, 3 H), 5.60
(s, 1 H), 5.64 (d, J = 7.9 Hz, 1 H), 6.88–7.02 (m, 3 H), 7.27 ppm (d, J =
7.0 Hz, 2 H).

4-(Benzylamino)pyridin-2(1H)-one (11 e): Starting from 10 e
(464 mg, 1.60 mmol), compound 11 e (304 mg, 95 %) was obtained
according to the procedure outlined for 11 c. Rf = 0.2 (CHCl3/MeOH
9:1). 1H NMR (300 MHz, CD3OD): d= 4.32 (s, 2 H), 5.40 (d, J = 1.6 Hz,
1 H), 5.96 (dd, J = 7.0, 2.2 Hz, 1 H), 7.10 (d, J = 7.5 Hz, 1 H), 7.20–
7.35 ppm (m, 5 H).

3-(Phenylamino)pyridin-2(1H)-one (11 h): Starting from 10 h
(486 mg, 1.76 mmol), compound 11 h (317 mg, 97 %) was obtained
according to the procedure outlined for 11 c. Rf = 0.38 (CHCl3/
MeOH 95:5). 1H NMR (300 MHz, CD3OD): d= 6.32 (t, J = 6.5 Hz, 1 H),
6.87 (dd, J = 6.5, 1.8 Hz, 1 H), 6.45–7.0 (m, 1 H), 7.17–7.33 ppm (m,
5 H).

3-(Piperidin-1-yl)pyridin-2(1H)-one (11 i): Starting from 10 i
(451 mg, 1.68 mmol), compound 11 i (296 mg, 99 %) was obtained
according to the procedure outlined for 11 c. Rf = 0.68 (CHCl3/
MeOH 9:1). 1H NMR (300 MHz, CD3OD): d= 1.58–1.79 (m, 6 H), 2.98–

3.01 (m, 4 H), 6.32 (t, J = 7.0 Hz, 1 H), 6.94 (dd, J = 7.5,
1.8 Hz, 2 H), 7.04 ppm (dd, J = 6.6, 1.8 Hz, 2 H).

Ethyl 2-[4-(3-ethylphenylamino)-2-oxopyridin-1(2H)-
yl]acetate (12 a): A solution of 11 c (160 mg, 0.75 mmol)
in dry DMF (10 mL) was treated with NaH (22 mg,
8.96 mmol) at 0 8C. After 1 h, ethyl bromoacetate (83 mL,
0.75 mmol) was added, and the mixture was stirred for
2 h at RT. The mixture was quenched with saturated
NH4Cl (5 mL), and the product was extracted with CH2Cl2

(3 � 70 mL). The organic layer was washed with water
(3 � 100 mL), dried with Na2SO4, filtered, and concentrat-
ed in vacuo. The crude product was purified by column
chromatography (CHCl3/MeOH 9:1) to give 12 a as
a yellow oil (295 mg, 66 %). Rf = 0.43 (CHCl3/MeOH 95:5).
1H NMR (300 MHz, CD3OD): d= 1.09–1.21 (m, 6 H), 2.47–
2.64 (m, 2 H), 4.07–4.14 (m, 2 H), 4.47 (s, 2 H), 5.89–5.92
(m, 2 H), 6.83–7.15 ppm (m, 5 H).

Ethyl 2-[4-(4-methoxyphenylamino)-2-oxopyridin-
1(2H)-yl]acetate (12 b): Starting from pyridone 11 d

(173 mg, 0.80 mmol), compound 12 b (162 mg, 67 %) was obtained
as a yellow oil according to the procedure outlined for 12 a. Rf =
0.44 (CHCl3/MeOH 95:5). 1H NMR (300 MHz, CD3OD): d= 1.29 (t, J =
7.9 Hz, 3 H), 3.81 (s, 3 H), 4.23 (q, J = 7.0 Hz, 2 H), 4.69 (s, 2 H), 5.79–
5.84 (m, 2 H), 6.03–6.13 (m, 1 H), 6.87–7.13 ppm (m, 4 H).

Ethyl 2-[4-(benzylamino)-2-oxopyridin-1(2H)-yl]acetate (12 c):
Starting from pyridone 11 e (304 mg, 1.52 mmol), compound 12 c
(305 mg, 70 %) was obtained as a yellow oil according to the pro-
cedure outlined for 12 a. Rf = 0.28 (CHCl3/MeOH 95:5). 1H NMR
(300 MHz, CD3OD): d= 1.25 (t, J = 7.0 Hz, 3 H), 4.18 (q, J = 7.0 Hz,
2 H), 4.31 (s, 2 H), 4.54 (s, 2 H), 5.43 (d, J = 2.3 Hz, 1 H), 5.98 (dd, J =
7.6, 2.9 Hz, 1 H), 7.22–7.33 ppm (m, 6 H).

Ethyl 2-[2-oxo-3-(phenylamino)pyridin-1(2H)-yl]acetate (12 d):
Starting from pyridone 11 h (158 mg, 0.85 mmol), compound 12 d
(178 mg, 77 %) was obtained as a yellow oil according to the pro-
cedure outlined for 12 a. Rf = 0. 67 (CHCl3/MeOH 95:5). 1H NMR
(300 MHz, CDCl3): d= 1.29 (t, J = 7.3 Hz, 3 H), 4.25 (q, J = 7.3 Hz, 2 H),
4.68 (s, 2 H), 6.17 (t, J = 6.9 Hz, 1 H), 6.70 (d, J = 6.9 Hz, 1 H), 6.96–
7.33 ppm (m, 6 H).

Ethyl 2-[2-oxo-3-(piperidin-1-yl)pyridin-1(2H)-yl]acetate (12 e):
Starting from pyridone 11 i (296 mg, 1.66 mmol), compound 12 e
(285 mg, 65 %) was obtained as a yellow oil according to the pro-
cedure outlined for 12 a. Rf = 0.48 (CHCl3/MeOH 98:2). 1H NMR
(300 MHz, CDCl3): d= 1.27 (t, J = 7.3 Hz, 3 H), 1.55–1.72 (m, 6 H),
3.03 (s, 4 H), 4.22 (q, J = 7.6 Hz, 2 H), 4.59 (s, 2 H), 6.11–6.16 (m, 1 H),
6.65 (d, J = 7.0 Hz, 1 H), 6.87 ppm (d, J = 6.5 Hz, 1 H).

Methyl 3-[2-oxopyridin-1(2H)-yl]propanoate (12 f): According to
the procedure outlined for 12 a, compound 11 a (300 mg,
3.15 mmol) was treated with methyl 3-bromoproprionate (481 mL,
4.41 mmol). Compound 12 f was obtained as a yellow oil (474 mg,
83 %) after purification by column chromatography (CHCl3/MeOH
95:5). Rf = 0.70 (CHCl3/MeOH 95:5). 1H NMR (300 MHz, CDCl3): d=
2.33 (t, J = 6.5 Hz, 2 H), 3.13 (s, 3 H), 3.69 (t, J = 7.0 Hz, 2 H), 5.67 (t,
J = 7.0 Hz, 1 H), 5.98 (d, J = 8.8 Hz, 1 H), 6.82–6.88 (m, 1 H), 7.05 ppm
(dd, J = 6.5, 1.8 Hz, 1 H).

Methyl 3-[2-oxo-4-(phenylamino)pyridin-1(2H)-yl]propanoate
(12 g): A solution of 11 b (300 mg, 1.61 mmol) in dry DMF (10 mL)
was treated with NaH (46 mg, 1.93 mmol) at 0 8C. After 1 h, methyl
3-bromopropionate (246 mL, 2.54 mmol) was added, and the mix-
ture was heated at reflux for 12 h. The mixture was quenched with
saturated NH4Cl (5 mL), and the product was extracted with CH2Cl2

Table 4. (Continued)

Panel/Cell line Compd 1 Compd 3 c Bortezomib
GI50

[mm]
TGI

[mm]
LC50

[mm]
GI50

[mm]
TGI

[mm]
LC50

[mm]
GI50

[nm]

Prostate cancer
PC-3 5.06 36.0 >100 3.50 >100 >100 2.63
DU-145 10.7 >100 >100 0.74 53.3 >100 1.70

Breast cancer
MCF7 0.43 >100 >100 0.24 >100 >100 0.55
MDA-MB-231/
ATCC

3.09 15.2 >100 0.95 5.88 96.7 1.26

HS 578T 1.86 7.16 >100 0.28 0.87 >100 1.02
BT-549 1.19 11.7 >100 0.15 1.78 >100 0.55
T-47D 1.01 3.38 62.4 0.37 3.90 >100 0.60
MDA-MB-468 0.23 5.88 >100 0.09 0.59 >100 1.48
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(3 � 70 mL). The organic layer was washed with water (3 � 100 mL),
dried with Na2SO4, filtered, and concentrated in vacuo. The crude
product was purified by column chromatography (CHCl3/MeOH
95:5) to give 12 g as a yellow oil (263 mg, 60 %). Rf = 0.34 (CHCl3/
MeOH 95:5). 1H NMR (300 MHz, CDCl3): d= 2.55 (t, J = 7.0 Hz, 2 H),
3.57 (s, 3 H), 3.88 (t, J = 7.0 Hz, 2 H), 5.73 (d, J = 2.2 Hz, 1 H), 6.00 (dd,
J = 7.5, 2.2 Hz, 1 H), 7.01 (t, J = 7.5 Hz, 1 H), 7.15–7.40 ppm (m, 5 H).

Methyl 3-[4-(3-ethylphenylamino)-2-oxopyridin-1(2H)-yl]propa-
noate (12 h): Starting from pyridone 11 c (160 mg, 0.75 mmol),
compound 12 h (130 mg, 58 %) was obtained as a yellow oil ac-
cording to the procedure outlined for 12 g. Rf = 0.40 (CHCl3/MeOH
95:5). 1H NMR (300 MHz, CDCl3) d= 1.13 (t, J = 7.5 Hz, 3 H), 2.52 (q,
J = 7.5 Hz, 2 H), 2.74 (t, J = 6.2 Hz, 2 H), 3.59 (s, 3 H), 4.02 (t, J =
6.2 Hz, 2 H), 5.91 (dd, J = 7.5, 2.2 Hz, 1 H), 5.96 (d, J = 2.6 Hz, 1 H),
6.84–7.15 (m, 5 H), 7.43 ppm (s, 1 H).

Methyl 3-[4-(4-methoxyphenylamino)-2-oxopyridin-1(2H)-yl]pro-
panoate (12 i): Starting from pyridone 11 d (173 mg, 0.80 mmol),
compound 12 i (145 mg, 60 %) was obtained as a yellow oil accord-
ing to the procedure outlined for 12 g. Rf = 0.38 (CHCl3/MeOH
95:5). 1H NMR (300 MHz, CDCl3): d= 2.82 (t, J = 6.2 Hz, 2 H), 3.67 (s,
3 H), 3.80 (s, 3 H), 4.08 (t, J = 6.2 Hz, 2 H), 5.72–5.75 (m, 2 H), 5.84
(br. s, 1 H), 6.84–6.90 (m, 2 H), 7.07–7.12 (m, 2 H), 7.23 ppm (d, J =
7.0 Hz, 1 H).

Methyl 3-[2-oxo-4-(piperidin-1-yl)pyridin-1(2H)-yl]propanoate
(12 j): Starting from pyridone 11 f (300 mg, 1.68 mmol), compound

12 j (275 mg, 62 %) was obtained as a yellow oil according to the
procedure outlined for 12 g. Rf = 0.45 (CHCl3/MeOH 95:5). 1H NMR
(300 MHz, CDCl3): d= 1.50 (s, 6 H), 2.69–2.73 (m, 2 H), 2.85–3.16 (m,
4 H), 3.54 (s, 3 H), 3.95–3.98 (m, 2 H), 5.57 (s, 1 H), 5.79 (d, J = 7.6 Hz,
1 H), 7.10 ppm (d, J = 7.6 Hz, 1 H).

Methyl 3-[4-(4-methylpiperazin-1-yl)-2-oxopyridin-1(2H)-yl]pro-
panoate (12 k): Starting from pyridone 11 g (300 mg, 1.55 mmol),
compound 12 k (238 mg, 55 %) was obtained as a yellow oil ac-
cording to the procedure outlined for 12 g. Rf = 0. 37 (CHCl3/MeOH
95:5). 1H NMR (300 MHz, CDCl3): d= 2.32 (s, 3 H), 2.53 (t, J = 5.3 Hz,
4 H), 2.79 (t, J = 6.5 Hz, 2 H), 3.31 (t, J = 5.3 Hz, 2 H), 3.63 (s, 3 H), 4.06
(t, J = 6.5 Hz, 2 H), 5.76 (d, J = 2.9 Hz, 1 H), 5.88 (dd, J = 7.6, 2.9 Hz,
1 H), 7.24 ppm (d, J = 7.6 Hz, 1 H).

Methyl 3-[2-oxo-3-(phenylamino)pyridin-1(2H)-yl]propanoate
(12 l): Starting from pyridone 11 h (158 mg, 0.85 mmol), compound
12 l (163 mg, 71 %) was obtained as a yellow oil according to the
procedure outlined for 12 g. Rf = 0.40 (CHCl3/MeOH 95:5). 1H NMR
(300 MHz, CDCl3): d= 2.90 (t, J = 6.6 Hz, 2 H), 3.69 (s, 3 H), 4.27 (t,
J = 6.6 Hz, 2 H), 6.14 (t, J = 7.0 Hz, 1 H), 6.89 (dd, J = 7.0, 1.8 Hz, 1 H),
6.98–7.07 (m, 2 H), 7.18 (d, J = 7.5 Hz, 1 H), 7.32 ppm (q, J = 7.5 Hz,
2 H).

(S)-Methyl 2-[2-oxo-4-(phenylamino)pyridin-1(2H)-yl]-3-phenyl-
propanoate (12 m): According to the procedure outlined for
12 g, compound 11 b (300 mg, 1.61 mmol) was treated with (R)-
methyl 3-phenyl-2-(trifluoromethylsulfonyl)propanoate (603 mg,

Figure 6. Dose–response curves of a) 1 and b) 3 c against non-small cell lung cancer (NSCLC) and melanoma cell lines.
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1.93 mmol) synthesized as reported in the literature.[5] Compound
12 m was obtained as a yellow oil (280 mg, 50 %) after purification
by column chromatography (EtOAc/n-hexane/iPrOH 6:3:1). Rf =
0.58 (EtOAc/n-hexane/iPrOH 6:3:1). 1H NMR (300 MHz, CD3OD): d=
3.65 (s, 3 H), 4.08–4.15 (m, 1 H), 4.38–4.45 (m, 1 H), 5.11–5.16 (m,
1 H), 5.84–5.92 (m, 2 H), 7.00 (d, J = 7.6 Hz, 1 H), 7.08–7.38 ppm (m,
10 H).

(R)-Methyl 2-[2-oxo-4-(phenylamino)pyridin-1(2H)-yl]-3-phenyl-
propanoate (12 n): According to the procedure outlined for 12 g,
compound 11 b (300 mg, 1.61 mmol) was treated with (S)-methyl
3-phenyl-2-(trifluoromethylsulfonyl)propanoate (603 mg,
1.93 mmol) synthesized as reported in the literature.[5] Compound
12 n was obtained as a yellow oil (319 mg, 57 %) after purification
by column chromatography (EtOAc/n-hexane/iPrOH 6:3:1). Rf =
0.58 (EtOAc/n-hexane/iPrOH 6:3:1). 1H NMR (300 MHz, CD3OD): d=

3.63 (s, 3 H), 4.11–4.16 (m, 1 H), 4.36–4.44 (m, 1 H), 5.17–5.21 (m,
1 H), 5.80–5.88 (m, 2 H), 7.12 (d, J = 7.0 Hz, 1 H), 7.11–7.43 ppm (m,
10 H).

2-[4-(3-Ethylphenylamino)-2-oxopyridin-1(2H)-yl]acetic acid
(13 a): 1 n LiOH (1.96 mL) was added at 0 8C to a solution of ester
12 a (295 mg, 0.98 mmol) in EtOH/H2O (1:1, 30 mL). After 4 h at RT,
the organic layer was evaporated in vacuo and the residual aque-
ous solution was treated with 6 n HCl (pH�6.8). The mixture was
concentrated at reduced pressure, and the residue was purified by
column chromatography (3 % HCOOH in CHCl3/MeOH 9:1) to give
13 a as a white powder (264 mg, 99 %). Rf = 0.24 (3 % HCOOH in
CHCl3/MeOH 9:1). 1H NMR (300 MHz, CD3OD): d= 1.20 (t, J = 7.0 Hz,
3 H), 2.56 (m, J = 7.0 Hz, 2 H), 4.50 (s, 2 H), 5.87–5.93 (m, 2 H), 6.80–
7.11 ppm (m, 5 H).

2-[4-(4-Methoxyphenylamino)-2-oxopyridin-1(2H)-yl]acetic acid
(13 b): Compound 13 b (145 mg, 99 %) was obtained from ester
13 b (162 mg, 0.54 mmol) according to the procedure outlined for
13 a. Rf = 0.26 (3 % HCOOH in CHCl3/MeOH 9:1). 1H NMR (300 MHz,
CD3OD): d= 3.83 (s, 3 H), 4.74 (s, 2 H), 5.81–5.85 (m, 2 H), 6.12–6.20
(m, 1 H), 6.94–7.11 ppm (m, 4 H).

2-[4-(Benzylamino)-2-oxopyridin-1(2H)-yl]acetic acid (13 c): Com-
pound 13 c (271 mg, 99 %) was obtained from ester 12 c (305 mg,
1.06 mmol) according to the procedure outlined for 13 a. Rf = 0.19
(3 % HCOOH in CHCl3/MeOH 9:1). 1H NMR (300 MHz, [D6]DMSO):
d= 4.18 (s, 2 H), 4.27 (s, 2 H), 5.06 (s, 1 H), 5.76–5.79 (m, 1 H), 7.20–
7.28 ppm (m, 6 H).

2-[2-Oxo-3-(phenylamino)pyridin-1(2H)-yl]acetic acid (13 d): Com-
pound 13 d (153 mg, 97 %) was obtained from ester 12 d (178 mg,
0.65 mmol) according to the procedure outlined for 13 a. Rf = 0.25
(3 % HCOOH in CHCl3/MeOH 9:1). 1H NMR (300 MHz, CDCl3): d=
4.67 (s, 2 H), 6.27 (t, J = 6.9 Hz, 1 H), 6.99 (d, J = 6.9 Hz, 1 H), 7.12–
7.43 ppm (m, 6 H).

2-[2-Oxo-3-(piperidin-1-yl)pyridin-1(2H)-yl]acetic acid (13 e):
Compound 13 e (253 mg, 99 %) was obtained from ester 11 e
(285 mg, 1.08 mmol) according to the procedure outlined for 13 a.
Rf = 0.28 (3 % HCOOH in CHCl3/MeOH 9:1). 1H NMR (300 MHz,
CD3OD): d= 1.57–1.71 (m, 6 H), 2.95–2.98 (m, 4 H), 4.54 (s, 2 H), 6.29
(t, J = 6.5 Hz, 1 H), 6.91 (d, J = 6.5 Hz, 1 H), 7.19 ppm (d, J = 7.0 Hz,
1 H).

3-[2-Oxopyridin-1(2H)-yl]propanoic acid (13 f): At 0 8C, 1 n LiOH
(5 mL) was added to a solution of ester 12 f (474 mg, 2.62 mmol)
in MeOH/H2O (1:1, 30 mL). After 4 h at RT, the MeOH was evaporat-
ed in vacuo. The residual aqueous solution was treated with 6 n

HCl (pH�3), and the product was extracted with EtOAc (3 �
30 mL). The organic layer was dried with Na2SO4, filtered, and

evaporated in vacuo to provide 13 f (416 mg, 95 %), which was di-
rectly used without further purification. Rf = 0.33 (MeOH). 1H NMR
(300 MHz, [D6]DMSO): d= 1.57–1.71 (m, 6 H), 2.95–2.98 (m, 4 H),
4.54 (s, 2 H), 6.29 (t, J = 6.5 Hz, 1 H), 6.91 (d, J = 6.5 Hz, 1 H),
7.19 ppm (d, J = 7.0 Hz, 1 H).

3-[2-Oxo-4-(phenylamino)pyridin-1(2H)-yl]propanoic acid (13 g):
Starting from a solution of ester 12 g (263 mg, 0.96 mmol) in
MeOH/H2O (1:1, 30 mL), compound 13 g (245 mg, 99 %) was ob-
tained according to the procedure outlined for 13 a. Rf = 0.29 (3 %
HCOOH in CHCl3/MeOH 9:1). 1H NMR (300 MHz, [D6]DMSO): d=
2.57 (t, J = 6.6 Hz, 2 H), 3.89 (t, J = 7.0 Hz, 2 H), 5.73 (d, J = 2.2 Hz,
1 H), 6.0 (dd, J = 7.5, 2.2 Hz, 1 H), 7.02 (t, J = 7.5 Hz, 1 H), 7.16 (d, J =
7.5 Hz, 2 H), 7.31 (t, J = 7.9 Hz, 2 H), 7.42 ppm (d, J = 7.5 Hz, 1 H).

3-[4-(3-Ethylphenylamino)-2-oxopyridin-1(2H)-yl]propanoic acid
(13 h): Compound 13 h (123 mg, 98 %) was obtained from ester
12 h (130 mg, 0.44 mmol) according to the procedure outlined for
13 g. Rf = 0.31 (3 % HCOOH in CHCl3/MeOH 9:1). 1H NMR (300 MHz,
[D6]DMSO) d= 1.11 (t, J = 7.5 Hz, 3 H), 2.53 (q, J = 7.5 Hz, 2 H), 2.76
(t, J = 6.2 Hz, 2 H), 4.15 (t, J = 6.6 Hz, 2 H), 6.01 (dd, J = 7.5, 1.8 Hz,
1 H), 6.66 (d, J = 1.8 Hz, 1 H), 6.91–7.23 ppm (m, 6 H).

3-[4-(4-Methoxyphenylamino)-2-oxopyridin-1(2H)-yl]propanoic
acid (13 i): Compound 13 i (137 mg, 99 %) was obtained from ester
12 i (145 mg, 0.48 mmol) according to the procedure outlined for
13 g. Rf = 0.31 (3 % HCOOH in CHCl3/MeOH 9:1). 1H NMR (300 MHz,
[D6]DMSO): d= 2.94 (t, J = 6.3 Hz, 2 H), 3.76 (s, 3 H), 4.16 (t, J =
6.3 Hz, 2 H), 5.88–5.97 (m, 2 H), 6.90–7.21 ppm (m, 5 H).

3-[2-Oxo-4-(piperidin-1-yl)pyridin-1(2H)-yl]propanoic acid (13 j):
Compound 13 j (248 mg, 95 %) was obtained from ester 12 j
(275 mg, 1.04 mmol) according to the procedure outlined for 13 g.
Rf = 0.33 (3 % HCOOH in CHCl3/MeOH 9:1). 1H NMR (300 MHz,
[D6]DMSO): d= 1.43 (s, 6 H), 2.70 (t, J = 6.3 Hz, 2 H), 2.83–3.11 (m,
4 H), 3.93 (t, J = 6.3 Hz, 2 H), 5.79 (s, 1 H), 6.03 (dd, J = 7.6, 1.8 Hz,
1 H), 7.22 ppm (d, J = 7.6 Hz, 1 H).

3-[4-(4-Methylpiperazin-1-yl)-2-oxopyridin-1(2H)-yl]propanoic
acid (13 k): Compound 13 k (220 mg, 97 %) was obtained from
ester 12 k (238 mg, 0.85 mmol) according to the procedure out-
lined for 13 g. Rf = 0.23 (3 % HCOOH in CHCl3/MeOH 9:1). 1H NMR
(300 MHz, [D6]DMSO): d= 2.30 (s, 3 H), 2.55 (t, J = 5.3 Hz, 4 H), 2.88
(t, J = 6.5 Hz, 2 H), 3.33 (t, J = 5.3 Hz, 2 H), 4.13 (t, J = 6.5 Hz, 2 H),
5.88 (d, J = 2.2 Hz, 1 H), 6.03 (dd, J = 7.0, 2.2 Hz, 1 H), 7.27 ppm (d,
J = 7.0 Hz, 1 H).

3-[2-Oxo-3-(phenylamino)pyridin-1(2H)-yl]propanoic acid (13 l):
Compound 13 l (152 mg, 99 %) was obtained from ester 12 l
(163 mg, 0.60 mmol) according to the procedure outlined for 13 g.
Rf = 0.31 (3 % HCOOH in CHCl3/MeOH 9:1). 1H NMR (300 MHz,
[D6]DMSO): d= 3.11 (t, J = 6.6 Hz, 2 H), 4.20 (t, J = 6.6 Hz, 2 H), 6.23
(t, J = 7.0 Hz, 1 H), 6.95 (dd, J = 7.0, 1.6 Hz, 1 H), 7.13–7.38 ppm (m,
5 H).

(S)-2-[2-Oxo-4-(phenylamino)pyridin-1(2H)-yl]-3-phenylpropanoic
acid (13 m): Compound 13 m (259 mg, 97 %) was obtained from
ester 12 m (280 mg, 0.80 mmol) according to the procedure out-
lined for 13 g. Rf = 0.15 (3 % HCOOH in CHCl3/MeOH 9:1). [a]20

D =
�26.8 (c = 0.5, DMSO). 1H NMR (300 MHz, CD3OD): d= 3.47–3.55 (m,
1 H), 3.99–4.06 (m, 1 H), 5.49–5.56 (m, 1 H), 5.86–6.08 (m, 2 H), 7.07–
7.33 ppm (m, 11 H). .

(R)-2-[2-Oxo-4-(phenylamino)pyridin-1(2H)-yl]-3-phenylpropanoic
acid (13 n): Compound 13 n (304 mg, 99 %) was obtained from
ester 12 n (319 mg, 0.91 mmol) according to the procedure out-
lined for 13 g. Rf = 0.15 (3 % HCOOH in CHCl3/MeOH 9:1). [a]20

D = +
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27.1 (c = 0.5, DMSO). 1H NMR (300 MHz, CD3OD): d= 3.40–3.49 (m,
1 H), 3.90–4.01 (m, 1 H), 5.55–5.67 (m, 1 H), 5.89–6.08 (m, 2 H), 7.13–
7.31 ppm (m, 11 H).

(R)-1-{2-[4-(3-Ethylphenylamino)-2-oxopyridin-1(2H)-yl]acetami-
do}-3-methylbutylboronic acid pinanediol ester (15 a): A suspen-
sion (�5 8C) of acid 13 a (264 mg, 0.97 mmol) in dry CH2Cl2 (20 mL)
was treated with HOBt (315 mg, 2.33 mmol) at �5 8C. After 20 min,
the reaction mixture was further cooled to �15 8C and EDC·HCl
(446 mg, 2.33 mmol), a precooled (0 8C) solution of commercially
available pinanediol l-leucine boronate trifluoroacetate salt (14 ;
368 mg, 0.97 mmol) and DIPEA (202 mL, 1.16 mmol) in dry CH2Cl2

(5 mL) were added. After 1 h and additional 2 h at RT, the solution
was washed in sequence with 0.1 m KHSO4, 5 % NaHCO3, and brine,
and then dried with Na2SO4, filtered, and concentrated under re-
duced pressure. The residue was taken up into Et2O (20 mL) and fil-
tered. The organic layer was evaporated to give 15 a (403 mg,
80 %) as a pale yellow oil, which was directly used in the next step
without any further purification. Rf = 0.72 (CHCl3/MeOH 9:1).

(R)-1-{2-[4-(4-Methoxyphenylamino)-2-oxopyridin-1(2H)-yl]aceta-
mido}-3-methylbutylboronic acid pinanediol ester (15 b): Accord-
ing to the procedure described for 15 a, 15 b (214 mg, 77 %) was
obtained from acid 13 b (145 mg, 0.53 mmol). Compound 15 b was
directly used in the next step without any further purification. The
solid residue, obtained from filtration, was purified by column
chromatography (CHCl3/MeOH 95:5) to provide byproduct 5 a
(42 mg, 23 %) as a white powder. Rf = 0.58 (CHCl3/MeOH 95:5).

(R)-1-{2-[4-(Benzylamino)-2-oxopyridin-1(2H)-yl]acetamido}-3-
methylbutylboronic acid pinanediol ester (15 c): According to the
procedure described for 15 a, compound 15 c (372 mg, 70 %) was
obtained from acid 13 c (271 mg, 1.05 mmol) and was directly used
in the next step without any further purification. Rf = 0.64 (CHCl3/
MeOH 9:1).

(R)-1-{2-[2-Oxo-3-(phenylamino)pyridin-1(2H)-yl]acetamido}-3-
methylbutylboronic acid pinanediol ester (15 d): According to
the procedure described for 15 b, compounds 15 d (217 mg, 75 %)
and 5 b (39 mg, 20 %) were obtained from acid 13 d (153 mg,
0.63 mmol). Compound 15 d was directly used in the next step
without any further purification. Rf = 0.83 (CHCl3/MeOH 9:1).

(R)-1-{2-[2-Oxo-3-(piperidin-1-yl)pyridin-1(2H)-yl]acetamido}-3-
methylbutylboronic acid pinanediol ester (15 e): According to the
procedure described for 15 b, compounds 15 e (430 mg, 83 %) and
5 c (36 mg, 11 %) were obtained from acid 13 e (253 mg,
1.07 mmol). Compound 15 e was directly used in the next step
without purification. Rf = 0.22 (CHCl3/MeOH 95:5).

(R)-1-{3-[2-Oxopyridin-1(2H)-yl]propanamido}-3-methylbutylbor-
onic acid pinanediol ester (15 f): According to the procedure de-
scribed for 15 b, compounds 15 f (825 mg, 80 %) and 5 d (59 mg,
10 %) were obtained from acid 13 f (416 mg, 2.49 mmol): Com-
pound 15 f was directly used in the next step without any further
purification. Rf = 0.73 (CHCl3/MeOH 9:1).

(R)-1-{3-[2-Oxo-4-(phenylamino)pyridin-1(2H)-yl]propanamido}-3-
methylbutylboronic acid pinanediol ester (15 g): According to
the procedure described for 15 b, compounds 15 g (339 mg, 70 %)
and 5 e (56 mg, 18 %) were obtained from acid 13 g (245 mg,
0.95 mmol). Compound 15 g was directly used in the next step
without any further purification. Rf = 0.56 (CHCl3/MeOH 9:1).

(R)-1-{3-[4-(3-Ethylphenylamino)-2-oxopyridin-1(2H)-yl]propana-
mido}-3-methylbutylboronic acid pinanediol ester (15 h): Accord-
ing to the procedure described for 15 a, compound 15 h (187 mg,

82 %) was obtained from acid 13 h (123 mg, 0.43 mmol) and was
directly used in the next step without any further purification. Rf =
0.61 (CHCl3/MeOH 9:1).

(R)-1-{3-[4-(4-Methoxyphenylamino)-2-oxopyridin-1(2H)-yl]propa-
namido}-3-methylbutylboronic acid pinanediol ester (15 i): Ac-
cording to the procedure described for 15 b, compounds 15 i
(206 mg, 80 %) and 5 f (34 mg, 20 %) were obtained from acid 13 i
(137 mg, 0.48 mmol). Compound 15 i was directly used in the next
step without any further purification. Rf = 0.61 (CHCl3/MeOH 9:1).

(R)-1-{3-[2-Oxo-4-(piperidin-1-yl)pyridin-1(2H)-yl]propanoyloxy}-
3-methylbutylboronic acid pinanediol ester (15 j): According to
the procedure described for 15 b, compounds 15 j (418 mg, 85 %)
and 5 g (51 mg, 16 %) were obtained from acid 13 j (248 mg,
0.99 mmol). Compound 15 j was directly used in the next step
without any further purification. Rf = 0.57 (CHCl3/MeOH 9:1).

(R)-1-{3-[4-(4-Methylpiperazin-1-yl)-2-oxopyridin-1(2H)-yl]propa-
namido}-3-methylbutylboronic acid pinanediol ester (15 k): Ac-
cording to the procedure described for 15 a, compound 15 k
(308 mg, 72 %) was obtained from acid 13 k (220 mg, 0.83 mmol)
and was directly used in the next step without any further purifica-
tion. Rf = 0.29 (CHCl3/MeOH 9:1).

(R)-1-{3-[2-Oxo-3-(phenylamino)pyridin-1(2H)-yl]propanamido}-3-
methylbutylboronic acid pinanediol ester (15 l): According to the
procedure described for 15 a, compound 15 l (230 mg, 77 %) was
obtained from acid 13 l (152 mg, 0.59 mmol) and was directly used
in the next step without any further purification. Rf = 0.59 (CHCl3/
MeOH 9:1).

(R)-1-{(S)-2-[2-Oxo-4-(phenylamino)pyridin-1(2H)-yl]-3-phenylpro-
panamido}-3-methylbutylboronic acid pinanediol ester (15 m):
According to the procedure described for 15 b, compounds 15 m
(361 mg, 79 %) and 5 h (69 mg, 22 %) were obtained from acid
13 m (259 mg, 0.78 mmol). Compound 15 m was directly used in
the next step without any further purification. Rf = 0.49 (CHCl3/
MeOH 9:1).

(R)-1-{(R)-2-[2-Oxo-4-(phenylamino)pyridin-1(2H)-yl]-3-phenyl-
propanamido}-3-methylbutylboronic acid pinanediol ester (15 n):
According to the procedure described for 15 a, compound 15 n
(354 mg, 70 %) was obtained from acid 13 n (304 mg, 0.91 mmol)
and was directly used in the next step without any further purifica-
tion. Rf = 0.49 (CHCl3/MeOH 9:1).

(R)-1-{2-[4-(3-Ethylphenylamino)-2-oxopyridin-1(2H)-yl]acetami-
do}-3-methylbutylboronic acid (2 a): A solution of 15 a (403 mg,
0.78 mmol) in MeOH/n-hexane (1:1, 30 mL) was treated with isobu-
tylboronic acid (398 mg, 3.9 mmol) and 1 n HCl (1.95 mL). After
18 h at RT, the methanolic phase was washed with n-hexane (3 �
10 mL) and the n-hexane layer was washed with MeOH (3 � 10 mL).
The combined methanol phase was evaporated in vacuo. The resi-
due was taken up into 5 % NaHCO3 (30 mL) and washed with
CH2Cl2 (2 � 30 mL). The product was extracted with CHCl3 (3 �
30 mL), and the combined organic phase was dried with Na2SO4,
filtered, and concentrated under reduced pressure. The crude
product was purified by column chromatography (CHCl3/CH3OH
9:1) to give 2 a (171 mg, 57 %) as a white sticky solid. Rf = 0.10
(CHCl3/MeOH 9:1). [a]20

D =�11.5 (c = 0.1, DMSO). 1H NMR (300 MHz,
[D6]DMSO): d= 0.96–1.22 (m, 9 H), 1.31–1.70 (m, 3 H), 2.56–2.66 (m,
2 H), 2.98–3.04 (m, 1 H), 4.50 (s, 2 H), 5.89–5.95 (m, 2 H), 6.82–
7.10 ppm (m, 5 H). 13C NMR (75 MHz, [D6]DMSO): d= 15.8, 22.8,
26.2, 32.0, 32.3, 45.6, 51.9, 88.1, 111.1, 114.6, 123.9, 129.5, 135.0,
150.5, 156.1, 162.3, 167.0, 170.1 ppm. Elemental analysis calcd (%)

� 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemMedChem 2014, 9, 1801 – 1816 1812

CHEMMEDCHEM
FULL PAPERS www.chemmedchem.org

www.chemmedchem.org


for C20H28BN3O4 (385.27): C 62.35, H 7.33, N 10.91; found: C 62.11, H
7.17, N 10.96.

(R)-1-{2-[4-(4-Methoxyphenylamino)-2-oxopyridin-1(2H)-yl]aceta-
mido}-3-methylbutylboronic acid (2 b): Starting from 15 b
(214 mg, 0.41 mmol), compound 2 b (94 mg, 59 %) was obtained
according to the procedure outlined for 2 a. Rf = 0.13 (CHCl3/MeOH
9:1). [a]20

D =�6.7 (c = 0.1, DMSO). 1H NMR (300 MHz, [D6]DMSO): d=
0.73–0.90 (m, 6 H), 1.14–1.75 (m, 3 H), 3.30–3–34 (m, 1 H), 3.73 (s,
3 H), 4.31 (s, 2 H), 5.45 (d, J = 1.8 Hz, 1 H), 5.82 (dd, J = 7.0, 2.3 Hz,
1 H), 6.90–7.10 ppm (m, 5 H). 13C NMR (75 MHz, [D6]DMSO): d= 22.6,
22.8, 25.5, 29.5, 31.8, 45.7, 55.7, 114.9, 124.6, 133.1, 140.0, 154.6,
156.2, 162.8, 167.4, 167.7 ppm. Elemental analysis calcd (%) for
C19H26BN3O5 (387.24): C 58.93, H 6.77, N 10.85; found: C 58.77, H
6.83, N 10.66.

(R)-1-{2-[4-(Benzylamino)-2-oxopyridin-1(2H)-yl]acetamido}-3-
methylbutylboronic acid (2 c): Starting from 15 c (372 mg,
0.74 mmol), compound 2c (187 mg, 68 %) was obtained according
to the procedure outlined for 2 a. Rf = 0.12 (CHCl3/MeOH 9:1).
[a]20

D =�2.7 (c = 0.1, DMSO). 1H NMR (300 MHz, [D6]DMSO): d=
0.78–0.87 (m, 6 H), 1.05–1.28 (m, 3 H), 3.01–3.08 (m, 1 H), 4.18–
4.4.26 (m, 4 H), 5.51–5.54 (m, 1 H), 5.55 (dd, J = 7.5, 2.2 Hz, 1 H),
7.07–7.35 ppm (m, 6 H). 13C NMR (75 MHz, [D6]DMSO): d= 22.8,
23.3, 26.1, 32.3, 45.9, 76.7, 127.3, 127.6, 128.9, 139.2, 139.4, 156.4,
162.8, 170.1, 175.3 ppm. Elemental analysis calcd (%) for
C19H26BN3O4 (371.24): C 61.47, H 7.06, N 11.32; found: C 61.73, H
7.01, N 11.44.

(R)-1-{2-[2-Oxo-3-(phenylamino)pyridin-1(2H)-yl]acetamido}-3-
methylbutylboronic acid (2 d): Starting from 15 d (217 mg,
0.44 mmol), compound 2 d (79 mg, 50 %) was obtained according
to the procedure outlined for 2 a. Rf = 0.11 (CHCl3/MeOH 9:1).
[a]20

D =�13.7 (c = 0.1, DMSO). 1H NMR (300 MHz, [D6]DMSO): d=
0.86 (t, J = 6.6 Hz, 6 H), 1.28–1.72 (m, 3 H), 3.39–3.44 (m, 1 H), 4.57 (s,
2 H), 6.27–6.33 (m, 1 H), 6.97 (d, J = 7.0 Hz, 1 H), 7.08–7.37 ppm (m,
6 H). 13C NMR (75 MHz, [D6]DMSO): d= 22.7, 25.5, 32.2, 44.4, 51.8,
89.1, 111.3, 116.7, 117.9, 129.4, 134.4, 153.3, 162.1, 170.1 ppm. Ele-
mental analysis calcd (%) for C18H24BN3O4 (357.21): C 60.52, H 6.77,
N 11.76; found: C 60.44, H 6.61, N 11.88.

(R)-1-{2-[2-Oxo-3-(piperidin-1-yl)pyridin-1(2H)-yl]acetamido}-3-
methylbutylboronic acid (2 e): Starting from 15 e (430 mg,
0.89 mmol), compound 2 e (171 mg, 55 %) was obtained according
to the procedure outlined for 2 a. Rf = 0.14 (CHCl3/MeOH 9:1).
[a]20

D =�2.4 (c = 0.1, DMSO). 1H NMR (300 MHz, [D6]DMSO): d=
0.75–0.85 (m, 12 H), 1.13–1.25 (m, 2 H), 1.30–1.70 (m, 7 H), 3.10–3.17
(m, 1 H), 4.17 (s, 2 H), 5.43 (s, 1 H), 5.93- 0.03 (m, 1 H), 7.20–
7.24 ppm (m, 1 H): 13C NMR (75 MHz, [D6]DMSO): d= 23.2, 26.0,
26.2, 26.5, 32.1, 44.3, 48.4, 51.8, 103.4, 111.8, 134.3, 147.5, 161.0,
167.0 173.5 ppm. Elemental analysis calcd (%) for C17H28BN3O4

(349.23): C 58.47, H 8.08, N 12.03; found: C 58.33, H 8.21, N 12.00.

(R)-1-{3-[2-Oxopyridin-1(2H)-yl]propanamido}-3-methylbutylbor-
onic acid (3 a): Starting from 15 f (825 mg, 1.99 mmol), compound
3 a (206 mg, 37 %) was obtained according to the procedure out-
lined for 2 a. Rf = 0.15 (CHCl3/MeOH 9:1). [a]20

D =�6.7 (c = 0.03,
DMSO). 1H NMR (300 MHz, CD3OD): d= 0.87 (d, J = 6.6 Hz, 6 H), 1.30
(m, 2 H), 1.42–1.56 (m, 1 H), 2.65 (t, J = 6.6 Hz, 2 H), 3.11–3.16 (m,
1 H), 4.23 (t, J = 6.6 Hz, 2 H), 6.31–6.36 (m, 1 H), 6.52 (d, J = 8.4 Hz,
1 H), 7.48–7.59 ppm (m, 2 H). 13C NMR (75 MHz, [D6]DMSO): d= 23.3,
26.1, 32.1, 33.6, 44.3, 45.3, 111.4, 118.8, 134.1, 138.2, 161.5,
172.9 ppm. Elemental analysis calcd (%) for C13H21BN2O4 (280.13): C
55.74; H 7.56; N 10.00; found: C 55.27, H 7.63, N 10.11.

(R)-1-{3-[2-Oxo-4-(phenylamino)pyridin-1(2H)-yl]propanamido}-3-
methylbutylboronic acid (3 b): Starting from 15 g (339 mg,
0.67 mmol), compound 3 b (137 mg, 55 %) was obtained according
to the procedure outlined for 2 a. Rf = 0.10 (CHCl3/MeOH 9:1).
[a]20

D =�13.5 (c = 0.2, DMSO). 1H NMR (300 MHz, [D6]DMSO): d=

0.80–0.87 (m, 6 H), 1.20–1.56 (m, 3 H), 2.41 (t, J = 6.5 Hz, 2 H), 3.14–
3.21 (m, 1 H), 3.91 (t, J = 6.5 Hz, 2 H), 5.71 (d, J = 2.3 Hz, 1 H), 5.88
(dd, J = 7.0, 2.3 Hz, 1 H), 7.04 (t, J = 7.0 Hz, 1 H), 7.13 (d, J = 7.0 Hz,
2 H), 7.30–7.35 ppm (m, 3 H). 13C NMR (75 MHz, [D6]DMSO): d= 22.8,
25.4, 35.2, 37.0, 38.5, 45.2, 45.2, 94.1, 98.9, 121.5, 123.5, 129.7,
139.4, 140.6, 153.3, 162.7, 169.9 ppm. Elemental analysis calcd (%)
for C19H26BN3O4 (371.24): C 61.47, H 7.06, N 11.32; found: C 61.29, H
7.22, N 11.01.

(R)-1-{3-[4-(3-Ethylphenylamino)-2-oxopyridin-1(2H)-yl]propana-
mido}-3-methylbutylboronic acid (3 c): Starting from 15 h
(187 mg, 0.35 mmol), compound 3 c (98 mg, 70 %) was obtained
according to the procedure outlined for 2 a. Rf = 0.11 (CHCl3/MeOH
9:1). [a]20

D =�17.1 (c = 0.1, DMSO). 1H NMR (300 MHz, [D6]DMSO):
d= 0.79–0.89 (m, 9 H), 1.13–1.29 (m, 3 H), 2.39–2.44 (m, 2 H), 2.57
(q, J = 7.6 Hz, 2 H), 2.98–3.05 (m, 1 H), 3.88–4.03 (m, 2 H), 5.69 (dd,
J = 6.5, 1.8 Hz, 1 H), 5.86 (dd, J = 7.0, 2.3 Hz, 1 H), 6.87–6.96 (m, 3 H),
7.18–7.34 ppm (m, 2 H). 13C NMR (75 MHz, [D6]DMSO): d= 16.0,
22.8, 23.7, 24.1, 25.5, 28.6, 35.2, 38.1, 38.5, 93.9, 119.0, 121.1, 123.0,
129.5, 140.5, 145.4, 153.2, 153.5, 162.6, 169.8 ppm. Elemental analy-
sis calcd (%) for C21H30BN3O4 (399.29): C 63.17, H 7.57, N 10.52;
found: C 63.25; H 7.31; N 10.71.

(R)-1-{3-[4-(4-Methoxyphenylamino)-2-oxopyridin-1(2H)-yl]propa-
namido}-3-methylbutylboronic acid (3 d): Starting from 15 i
(206 mg, 0.38 mmol), compound 3 d (101 mg, 66 %) was obtained
according to the procedure outlined for 2 a. Rf = 0.13 (CHCl3/MeOH
9:1). [a]20

D =�13.3 (c = 0.1, DMSO). 1H NMR (300 MHz, [D6]DMSO):
d= 0.85–0.89 (m, 6 H), 1.23–1.47 (m, 3 H), 2.29–2.33 (m, 2 H), 2.98–
3.05 (m, 1 H), 3.70 (s, 3 H), 4.11–4.23 (m, 2 H), 5.71 (dd, J = 7.0,
1.8 Hz, 1 H), 5.99 (dd, J = 7.0, 2.3 Hz, 1 H), 6.94–7–27 ppm (m, 5 H).
13C NMR (75 MHz, [D6]DMSO): d= 22.7, 22.9, 26.2, 32.1, 33.5, 45.8,
56.3, 88.4, 115.3, 127.3, 134.2, 143.6, 154.7, 157.3, 162.8, 168.7,
169.2 ppm. Elemental analysis calcd (%) for C20H28BN3O5 (401.27): C
59.87; H 7.03; N 10.47; found: C 59.88, H 7.01, N 10.73.

(R)-1-{3-[2-Oxo-4-(piperidin-1-yl)pyridin-1(2H)-yl]propanamido}-
3-methylbutylboronic acid (3 e): Starting from 15 j (418 mg,
0.84 mmol), compound 3 e (204 mg, 69 %) was obtained according
to the procedure outlined for 2 a. Rf = 0.11 (CHCl3/MeOH 9:1).
[a]20

D =�3.9 (c = 0.1, DMSO). 1H NMR (300 MHz, CD3OD): d= 0.64–
0.89 (m, 12 H), 1.15–1.31 (m, 2 H), 1.39–1.59 (m, 5 H), 2.30–2.44 (m,
2 H), 3.11–3.17 (m, 1 H), 3.82–3.97 (m, 2 H), 5.41 (s, 1 H), 5.96–6.01
(m, 1 H), 7.26–7.30 ppm (m, 1 H). 13C NMR (75 MHz, [D6]DMSO): d=
23.3, 26.0, 26.3, 26.9, 32.0, 33.7, 44.4, 45.2, 48.7, 87.2, 111.3, 134.5,
161.3, 167.4, 173.6 ppm. Elemental analysis calcd (%) for
C18H30BN3O4 (363.26): C 59.52, H 8.32, N 11.57; found: C 59.37, H
8.44, N 11.50.

(R)-1-{3-[4-(4-Methylpiperazin-1-yl)-2-oxopyridin-1(2H)-yl]propa-
namido}-3-methylbutylboronic acid (3 f): Starting from 15 k
(308 mg, 0.60 mmol), compound 3 f (159 mg, 70 %) was obtained
according to the procedure outlined for 2 a. Rf = 0.11 (CHCl3/MeOH
9:1). [a]20

D =�7.9 (c = 0.1, DMSO). 1H NMR (300 MHz, CD3OD): d=
0.85–0.93 (m, 6 H), 1.27–1.51 (m, 3 H), 2.33 (s, 3 H), 2.52–2.54 (m,
4 H), 2.59 (t, J = 6.5 Hz, 2 H), 2.98–3.01 (m, 1 H), 3.19 (t, J = 6.6 Hz,
2 H), 3.36–3.38 (m, 4 H), 5.70 (d, J = 2.4 Hz, 1 H), 6.20 (dd, J = 7.9,
1.5 Hz, 1 H), 7.33 ppm (d, J = 7.9 Hz, 1 H). 13C NMR (75 MHz,
[D6]DMSO): d= 23.3, 26.1, 32.0, 35.6, 43.1, 44.7, 45.2, 50.7, 55.7,
86.8, 111.1, 134.5, 161.3, 166.9, 173.3 ppm. Elemental analysis calcd
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(%) for C17H29BN4O4 (364.25): C 56.06, H 8.02, N 15.38; found: C
56.22, H 8.00, N 15.41.

(R)-1-{3-[2-Oxo-3-(phenylamino)pyridin-1(2H)-yl]propanamido}-3-
methylbutylboronic acid (3 g): Starting from 15 l (230 mg,
0.45 mmol), compound 3 g (75 mg, 45 %) was obtained according
to the procedure outlined for 2 a. Rf = 0.15 (CHCl3/MeOH 9:1).
[a]20

D =�18.0 (c = 0.1, DMSO). 1H NMR (300 MHz, [D6]DMSO): d=
0.87 (t, J = 6.6 Hz, 6 H), 1.23–1.61 (m, 3 H), 2.38 (t, J = 6.5 Hz, 2 H),
3.39–3.44 (m, 1 H), 4.17 (t, J = 6.5 Hz, 2 H), 6.21–6.30 (m, 1 H), 6.89
(d, J = 7.0 Hz, 1 H), 6.98–7.04 (m, 3 H), 7.12–1.16 ppm (m, 2 H).
13C NMR (75 MHz, [D6]DMSO) d= 23.1, 26.1, 32.3, 33.4, 44.7, 45.2,
105.8, 111.5, 116.5, 118.3, 129.6, 134.7, 140.2, 144.5, 158.6,
173.4 ppm. Elemental analysis calcd (%) for C19H26BN3O4 (371.24): C
61.47, H 7.06, N 11.32; found: C 61.31, H 7.26, N 11.22.

(R)-1-{(S)-2-[2-Oxo-4-(phenylamino)pyridin-1(2H)-yl]-3-phenylpro-
panamido}-3-methylbutylboronic acid (4 a): Starting from 15 m
(361 mg, 0.62 mmol), compound 4 c (161 mg, 58 %) was obtained
according to the procedure outlined for 2 a. Rf = 0.12 (CHCl3/MeOH
9:1). [a]20

D =�16.4 (c = 0.1, DMSO). 1H NMR (300 MHz, [D6]DMSO):
d= 0.83–0.87 (m, 6 H),1.13–1.56 (m 3 H), 3.10–3.16 (m, 1 H), 3.46–
3.55 (m, 1 H), 3.87–3.96 (m, 1 H), 5.45–5.53 (m, 1 H), 6.06–6.13 (m,
2 H), 7.17–7.31 ppm (m, 11 H). 13C NMR (75 MHz, [D6]DMSO): d=
22.9, 23.0, 24.4, 24.5, 25.2, 35.4, 44.5, 45.6, 47.3, 71.2, 94.6, 97.1,
138.8, 157.2, 162.7, 169.7 ppm. Elemental analysis calcd (%) for
C25H30BN3O4 (447.34): C 67.12, H 6.76, N 9.39; found: C 67.09, H
6.78, N 9.27.

(R)-1-{(R)-2-[2-Oxo-4-(phenylamino)pyridin-1(2H)-yl]-3-phenyl-
propanamido}-3-methylbutylboronic acid (4 b): Starting from 15 n
(354 mg, 0.64 mmol), compound 4 b (151 mg, 53 %) was obtained
according to the procedure outlined for 2 a. Rf = 0.12 (CHCl3/MeOH
9:1). [a]20

D = + 12.9 (c = 0.1, DMSO). 1H NMR (300 MHz, CD3OD): d=
0.82–0.88 (m, 6 H),1.12–1.56 (m 3 H), 3.13–3.19 (m, 1 H), 3.44–3.52
(m, 1 H), 3.99–4.07 (m, 1 H), 5.33–5.46 (m, 1 H), 6.11–6.18 (m, 2 H),
7.21–7.33 ppm (m, 11 H). 13C NMR (75 MHz, [D6]DMSO): d= 23.3,
26.1, 32.2, 35.6, 44.2, 46.5, 60.7, 116.2, 125.6, 126.4, 128.0, 128.5,
128.9, 129.3, 134.5, 138.8, 152.2, 161.4, 172.5 ppm. Elemental analy-
sis calcd (%) for C25H30BN3O4 (447.34): C 67.12, H 6.76, N 9.39;
found: C 67.23, H 6.62, N 9.44.

Characterization of amides 5 a–h

2-[4-(4-Methoxyphenylamino)-2-oxo-2H-pyridin-1-yl]-N-isopenty-
lacetamide (5 a): Rf = 0.49 (CHCl3/MeOH 95:5). 1H NMR (300 MHz,
[D6]DMSO): d= 0.75–0.88 (m, 6 H), 1.05–1.59 (m, 3 H), 3.33–3.49 (m,
2 H), 3.73 (s, 3 H), 4.31 (s, 2 H), 5.45 (d, J = 1.8 Hz, 1 H), 5.82 (dd, J =
7.0, 2.3 Hz, 1 H), 6.91–7.10 (m, 4 H), 7.28 ppm (d, J = 7.0 Hz, 1 H). Ele-
mental analysis calcd (%) for C19H25N3O3 (343.42): C 66.45, H 7.34, N
12.24; found: C 66.39, H 7.48, N 12.09.

N-Isopentyl-2-(2-oxo-3-phenylamino-2 H-pyridin-1-yl)acetamide
(5 b): Rf = 0.59 (CHCl3/MeOH 95:5). 1H NMR (300 MHz, [D6]DMSO):
d= 0.81 (d, J = 6.4 Hz, 6 H), 1.21–1.61 (m, 3 H), 2.95–3.07 (m, 2 H),
4.11 (s, 2 H), 6.11 (t, J = 7.0 Hz, 1 H), 6.89 (t, J = 7.0 Hz, 1 H), 6.99–
7.25 ppm (m, 6 H). Elemental analysis calcd (%) for C18H23N3O2

(313.39): C 68.98, H 7.40, N 13.41; found: C 68.77, H 7.55, N 10.09.

N-Isopentyl-2-(2’-oxo-3,4,5,6-tetrahydro-2H,2’H-[1,3’]bipyridinyl-
1’-yl)acetamide (5 c): Rf = 0.17 (CHCl3/MeOH 95:5). 1H NMR
(300 MHz, CDCl3): d= 0.84–0.94 (m, 6 H), 1.18–1.76 (m, 13 H), 3.02–
3.05 (m, 2 H), 4.67 (s, 2 H), 6.19–6.24 (m, 2 H), 7.51–7.54 ppm (m,
1 H). Elemental analysis calcd (%) for C17H27N3O2 (305.42): C 66.85, H
8.91, N 13.76; found: C 66.79, H 8.99, N 13.54.

N-Isopentyl-3-(2-oxo-2H-pyridin-1-yl)propionamide (5 d): Rf = 0.42
(CHCl3/MeOH 95:5). 1H NMR (300 MHz, CD3OD): d= 0.86 (d, J =
6.6 Hz, 6 H), 1.29 (q, J = 7.0 Hz, 2 H), 1.42–1.56 (m, 1 H), 2.65 (t, J =
6.5 Hz, 2 H), 3.14 (t, J = 7.5 Hz, 2 H), 4.23 (t, J = 6.6 Hz, 2 H), 6.29–6.37
(m, 1 H), 6.52 (d, J = 8.4 Hz, 1 H), 7.44–7.58 ppm (m, 2 H). Elemental
analysis calcd (%) for C13H20N2O2 (236.31): C 66.07, H 8.53, N 11.85;
found: C 67.09, H 8.44, N 11.87.

N-Isopentyl-3-(2-oxo-4-phenylamino-2H-pyridin-1-yl)propiona-
mide (5 e): Rf = 0.35 (CHCl3/MeOH 95:5). 1H NMR (300 MHz,
[D6]DMSO): d= 0.82 (d, J = 6.4 Hz, 6 H), 1.20–1.58 (m, 3 H), 2.42 (t,
J = 6.4 Hz, 2 H), 2.98–3.05 (m, 2 H), 3.91 (t, J = 6.4 Hz, 2 H), 5.70 (d,
J = 2.3 Hz, 1 H), 5.87 (dd, J = 7.0, 2.3 Hz, 1 H), 7.01–7.14 (m, 3 H),
7.30–7.35 ppm (m, 3 H). Elemental analysis calcd (%) for C19H25N3O2

(327.42): C 69.70, H 7.70, N 12.83; found: C 69.55, H 7.88, N 12.85.

N-Isopentyl-3-[4-(4-Methoxyphenylamino)-2-oxo-2H-pyridin-1-
yl]propionamide (5 f): Rf = 0.57 (CHCl3/MeOH 9:1). 1H NMR
(300 MHz, [D6]DMSO): d= 0.83–0.89 (m, 6 H), 1.19–1.33 (m, 3 H),
2.55–2.71 (m, 2 H), 2.89–2.95 (m, 2 H), 3.88 (s, 3 H), 4.14–4.23 (m,
2 H), 6.01 (d, J = 1.8 Hz, 1 H), 6.39 (dd, J = 7.0, 2.3 Hz, 1 H), 6.99–7–
25 ppm (m, 5 H). Elemental analysis calcd (%) for C20H27N3O3

(357.45): C 67.20, H 7.61, N 11.76; found: C 67.44, H 7.53, N 11.83.

N-Isopentyl-3-(2’-oxo-3,4,5,6-tetrahydro-2H,2’H-[1,4’]bipyridinyl-
1’-yl)propionamide (5 g): Rf = 0.34 (CHCl3/MeOH 95:5). 1H NMR
(300 MHz, [D6]DMSO): d= 0.77 (d, J = 6.4 Hz, 6 H), 1.15–1.30 (m,
3 H), 1.39–1.59 (m, 10 H), 3.13–3.27 (m, 3 H), 3.84–3.96 (m, 2 H), 5.41
(s, 1 H), 5.99 (t, J = 7.0 Hz, 1 H), 7.26–7.30 ppm (m, 1 H). Elemental
analysis calcd (%) for C18H29N3O2 (319.44): C 67.68, H 9.15, N 13.15;
found: C 67.77, H 9.07, N 13.31.

(S)-N-Isopentyl-2-[2-oxo-4-(phenylamino)pyridin-1(2H)-yl]-3-phe-
nylpropanamide (5 h): Rf = 0.62 (CHCl3/MeOH 9:1). 1H NMR
(300 MHz, [D6]DMSO): d= 0.83–0.87 (m, 6 H),1.07–1.46 (m 3 H),
3.03–3.19 (m, 2 H), 3.37–3.44 (m, 1 H), 3.69–3.81 (m, 1 H), 5.57–5.73
(m, 1 H), 6.09–6.16 (m, 2 H), 7.21–7.36 ppm (m, 11 H). Elemental
analysis calcd (%) for C25H29N3O2 (403.52): C 74.41, H 7.24, N 10.41;
found: C 74.55, H 7.22, N 10.65.

Computational chemistry

General : Molecular modeling and graphics manipulations were
performed by using Maestro 9.2 (Schrçdinger)[33] and UCSF-CHI-
MERA software packages[34] running on a E4 Computer Engineering
E1080 workstation provided of a Intel Core i7-930 Quad-Core pro-
cessor. GOLD 5.2[26, 27] was used for all docking calculations. Figures
were generated by using Pymol 1.0.[35]

Protein and ligands preparation : Coordinates for the ChT-L b5
subunit derived from the X-ray crystal structure of the yeast 20S
proteasome determined at 2.8 � resolution (PDB ID: 2F16)[13] were
employed for the automated docking studies. The protein setup
was performed by the Protein Preparation Wizard in Maestro.[31]

Hydrogen atoms were added to the protein consistent with the
neutral physiologic pH. Arginine and lysine side chains were con-
sidered as cationic at the guanidine and ammonium groups, and
the aspartic and glutamic residues were considered as anionic at
the carboxylate groups. The crystal structure of 20S/bortezomib
complex revealed one well-defined water molecule in proximity to
D114 Og, which coordinates a tight H-bonding network, interacting
with b6-D114Og, b5-A49N, and b5-A50N of the protein and with
the C = O oxygen atom of bortezomib.[13] Moreover, one of the pyr-
azine nitrogen atoms of bortezomib was found to interact through
a direct H-bond with the protonated b6-D114. In fact, it has been
observed that the pKa of pyrazine is approximately 1.0 and thus
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b6-D114 is most likely protonated. This is supported by the fact
that in the X-ray structure the O�N distance is 2.9 �, which is indi-
cative of a strong H-bond. Accordingly, the intervening water mol-
ecule and the proper protonation state of D114 were included in
the docking experiments. The protonation and flip states of the
imidazole rings of the histidine residues were adjusted together
with the side chain amide groups of the glutamine and asparagine
residues in a H-bonding network optimization process. Successive-
ly, the protein hydrogen atoms only were minimized by using the
Impref module of Impact with the OPLS_2005 force field. The ini-
tial structures of 3 c, 3 d, 4 c, and 5 h were created, modified, and
energy-minimized with Schrçdinger’s Maestro.[33]

Docking studies : Compounds 3 c, 3 d, and 4 c were covalently
docked to the binding pocket of the b5 subunit by using GOLD
5.2.[26, 27] For non-boronate-containing compound 5 h, a convention-
al docking procedure was performed. A radius of 20 � from the b5
catalytic N-terminal threonine was used to direct site location. For
each of the genetic algorithm runs, a maximum of 100 000 opera-
tions was performed on a population of 100 individuals with a se-
lection pressure of 1.1. Operator weights for crossover, mutation,
and migration were set to 95, 95, and 10, respectively, as recom-
mended by the authors of the software. The distance for H-bond-
ing was set to 2.5 �, and the cutoff value for van der Waals calcula-
tion was set to 4 �. Covalent docking was applied, and the termi-
nal boron atom of 3 c, 3 d, and 4 c was bonded to the hydroxyl
oxygen atom of b5-T1. The water molecule near b6-D114 (crystallo-
graphically determined for the proteasome/bortezomib complex)
was specified in GOLD by switching state settings to “toggle” and
orientation mode to “spin”. The Goldscore-CS docking protocol[36]

was adopted in this study. In this protocol, the poses obtained
with the original GoldScore function are rescored and reranked
with the GOLD implementation of the ChemScore function.[6, 36–39]

To perform thorough and unbiased search of the conformation
space, each docking run was allowed to produce 200 poses with-
out the option of early termination by using standard default set-
tings. The top solution obtained after reranking of the poses with
ChemScore was selected to generate the proteasome/ligand com-
plexes.

Biology

In vitro 20S proteasome inhibition assays : Human 20S proteasome
was obtained from Biomol GmbH, Hamburg, Germany. The three
distinct proteolytic activities of the 20S proteasome were measured
by monitoring the hydrolysis of the peptidyl 7-amino-4-methyl
coumarin substrates (all obtained from Bachem) Suc-Leu-Leu-Val-
Tyr-AMC, Boc-Leu-Arg-Arg-AMC, and Cbz-Leu-Leu-Glu-AMC for
ChT-L, T-L, and PGPH activity of the enzyme, respectively. Fluores-
cence of the product AMC of the substrates’ hydrolyses was mea-
sured by using an Infinite 200 PRO microplate reader (Tecan, M�n-
nedorf, Switzerland) at 30 8C with a 380 nm excitation filter and
a 460 nm emission filter. The preliminary screening for the inhibi-
tion of the three proteolytic activities of the 20S proteasome was
performed at 20 mm inhibitor concentrations by using an equiva-
lent amount of DMSO as a negative control. Compounds showing
at least 40 % inhibition at 20 mm were subjected to detailed assays.
The dissociation constants Ki of the noncovalent complex E·I were
obtained from progress curves (10 min) at various concentrations
of inhibitor by fitting the progress curves to a four-parameter IC50

equation and correction to zero substrate concentration by using
Equation (1). The Km values were determined in separate experi-
ments: ChT-L activity with Suc-Leu-Leu-Val-Tyr-AMC 13 mm and
PGPH activity with Cbz-Leu-Leu-Glu-AMC 53 mm.

Ki ¼
IC50

1þ S½ �K�1
m

ð1Þ

in which [S] is the fixed substrate concentration and Km is the con-
centration of the substrate at which enzyme activity is half maxi-
mal.

Assaying the chymotryptic activity of the 20S proteasome : Human
20S proteasome was incubated at 30 8C at a final concentration of
0.004 mg mL�1 with test compound present at variable concentra-
tions. The reaction buffer consisted of 50 mm tris(hydroxymethyl)a-
minomethane (Tris) pH 7.5, 10 mm NaCl, 25 mm KCl, 1 mm MgCl2,
0.03 % sodium dodecyl sulfate (SDS), and 5 % DMSO. Product re-
leased from substrate hydrolysis (75 mm) was monitored continu-
ously over a period of 10 min.

Assaying the tryptic activity of the 20S proteasome : Human 20S pro-
teasome was incubated at 30 8C at a final concentration of
0.0025 mg mL�1 with test compound present at 20 mm. The reac-
tion buffer consisted of 50 mm Tris buffer pH 7.4, 50 mm NaCl,
0.5 mm ethylenediaminetetraacetic acid (EDTA), 0.03 % SDS, and
7.5 % DMSO. Product released from substrate hydrolysis (85 mm)
was monitored continuously over a period of 10 min.

Assaying the post glutamyl peptide hydrolyzing activity of the 20S
proteasome : Human 20S proteasome was incubated at 30 8C at
a final concentration of 0.004 mg mL�1 with the test compound
present at variable concentrations. The reaction buffer consisted of
50 mm Tris buffer pH 7.5 containing 25 mm KCl, 10 mm NaCl, 1 mm

MgCl2, 0.03 % SDS, 5 % DMSO. Product released from substrate hy-
drolysis (80 mm) was monitored continuously over a period of
10 min.

Assays for bovine pancreatic a-chymotrypsin inhibition : The enzyme
(250 mg mL�1) was incubated at 20 8C with test compound. The re-
action buffer consisted of 50 mm Tris buffer pH 8.0 containing
100 mm NaCl and 5 mm EDTA and 7.5 % DMSO. Product released
from substrate hydrolysis (75 mm final concentration, Suc-Leu-Leu-
Val-Tyr-AMC from Bachem) was determined over a period of
10 min.
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